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Abstract of thesis entitled: 

The Bone Morphogenetic Protein (BMP) System in Zcbrafish Ovary 

Submitted by LI Cheuk Wun 

for the degree of Doctor of Philosophy 

at the Chinese University of Hong Kong 

It is. well established that gonadotropins regulate ovarian functions and development. 

However, increasing evidence suggests that local growth factors released from the somatic 

components of the follicles or oocytes, or both, also form a regulatory network regulating 

ovarian functions. Bone morphogenetic proteins (BMPs) comprise a large group in the 

transforming growth factor-p (TGF-p) superfamily, a family that is essential for morphogenesis 

and organogenesis. Unlike the mammalian models, few studies have been conducted on the 

BMP family in fish reproduction except BMP 15 and GDF9. Using zebra fish as the model, we 

have characterized the BMP system in female reproduction, in view of the emerging evidence 

that BMPs take part in reproduction in addition to growth and differentiation. 

Spatiotemporal distribution of selected BMP ligands and receptors in the ovary was 

inve'stigated. With a newly developed method in our laboratory to mechanically separate the 

follicular layer and oocyte, we were able to localize the BMP ligands and receptors in the two 

compartments. Localization studies revealed the presence of the BMP ligands (hmp2a, hmp2h, 

bmp4, bmp6 and bmp7d) in the denuded oocytes while their type II receptors {bmpr2a and 

bmpr2b) were expressed exclusively in the follicular layers, indicating a potential paracrine 

signaling from the oocyte towards the follicular layer by various BMP ligands, as opposed to the 

traditional belief that the oocyte is passively controlled and nurtured by the follicular layer for its 

growth and development. The expression of bmp2a, bmp2b, bmp4 and bmp6 increased during 

the transition from primary growth (PG) to pre-vitellogenic (PV) stage but decreased as 

folliculogenesis proceeded. On the contrast, both BMP receptors increased in expression during 

folliculogenesis, reaching the peak levels prior to oocyte maturation. 

Using the Chinese hamster ovary (CHO) cells as the bioreactor, we established two stable 

cell lines that expressed recombinant zebrafish BMP2b (zfBmp2b) and BMP4 (zfBmp4). Both 
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BMPs could significantly stimulate phosphorylation of Smad 1/5/8 in cultured zcbrafish follicle 

cells, and their activities could be diminished by the recombinant extracellular domains of the 

putative BMP type II receptors (BMPR2a and BMPR2b). With the recombinant cell lines 

available, we have developed a novel co-culture system involving the recombinant CHO cells 

producing BMPs and zebrafish follicle cells. Both zfBMP2b and zfBMP4 could regulate the 

expression of zebrafish gonadotropin receptors {fshr and Ihcgr) and activin-inhibin-follistatin 

system {inhbaa, itihbab, inhbb, inha and f s f ) . Briefly, the recombinant CI IO cells were pre-

plated, followed by co-incubation with zebrafish follicle cells. The CHO cells secreting 

zfBMP2b and zfBMP4 would mimic the oocyte secreting factors in the zebrafish follicle and 

their effects on the expression of potential target genes in the follicle cells were investigated. 

zfBMP2b and zfBMP4 were found to be one of the long-sought growth factors that 

differentially up-regulated luteinizing homione/choriogonadotropin receptor (Ihcgr) and down-

regulated follicle-stimulating hormone receptor (fshr). On the other hand, all activin beta 

subunits {inhbaa, inhbab, and inhbb) were down-regulated while their antagonist, inhibin alpha 

(inha) and their binding protein, follistatin (fst) were up-regulated. To further validate the 

regulatory effects of zfBMPs, siRNA was applied to knock down BMP4 expression in the CHO 

cells. The up-regulatory effect on follistatin and inhibin alpha by BMP4 was diminished by 

siRNA transfection. The modulating effects of zlBMP2b and zffiMP4 on both gonadotropin 

receptors and the activin-inhibin-follistatin system in folliculogenesis highlight the significance 

of BMP system in zebrafish ovary and provide important insights into the functionality of BMPs 

as oocyte-derived factors, particularly during oocyte maturation. 
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摘要 

‘“ 促性腺激素對卵奥功能和發育的調控作用已被鹿泛肯定，但亦有一系列的證據顯示滅泡細 

胞和卵i細胞也舍分泌出各類生長因子，形成一個調控網絡調節卵觅功能。骨成型蛋白質(BMPs) 

是轉彳b生長因數5(TGF-/3)家族中數目最多的成員。背成塑蛋白質家族對於形態發生和器官形成 

.有重要影響。目前只有很少魚類繁殖的研究是關於货成型蛋白質家族，遠少於其在哺乳類動物的 

研究。只有货成塑蛋白質15 (BMP15)和生長和分化因子9 (GDF9)在魚類繁殖中齊被探討‘。基於不 

斷有研究指出BMP除了在生長和分化有作用外，在生殖中亦起了作用，本研究利用斑馬魚作為模 

型，硏究了斑馬,&BMP家族在雌性生殖系统的各種特性。 

本研究首先探討了BMP家族的配體和受體的時空分佈。我們實驗室在近年發明了一種新的 

方式去分開嫌泡細胞和卵母細胞。因此，我們可以清晰地掌握BMP配體和受體在卵泡的分佈。研 

究結果表明，BMP配體包括/w]p2a，bmp2b, bmp4, 和bmpZ•？都在卵母細胞表達，而牠們的受 

體，即^«27广；"23和6777厂7"2頒1』只在漩泡細胞中表達，意味著卵母細胞所製造的BMP家族配體可能對嫌 

泡細胞發揮潛在的旁分泌調控作用。這是有別於’一般傳統的觀念：卵細胞是受著游細胞的控制和 

滋费�bnip2a�bmp2b, 表達在卵泡早期發育時有明顯的上升，但隨著卵泡的發肓•其 

mRNA的水平卻逐漸下降。相反地，兩個BMP受體的表達卻顯著地在卵泡發生過程中不斷增加， 

直至最後卵泡成熟，並且在卵母細胞成熟前達到徵峰。 

利用中國倉鼠卵與細胞糸(CHO cells)作生物反應器，我們克隆並表達了和6/np4，成功 

建立了兩個能穩定表達的細胞系，隨後我們檢查了其生物學活性。 B M P 在斑馬魚的 

原代培養的嫌泡細胞中能激活Smadl/5/8隣酸化，而其活性可以被重組BMP受體的胞外區競爭抑 

m。有了重組BMP的細胞系，我們發明了一種共培费糸統，即迅組BMP細胞糸和原代濂泡細胞一 

同培孩。重組BMP2b和BMP4都能調控斑馬魚促性腺激索受體，激活索，抑制索和激活索結合蛋 

白。润單來說，在共同培養的過程中，我們先將重組中國倉鼠卵坂細胞糸傳代，待其貼壁後再加 

上斑馬魚嫌泡細胞，使其共培養。中國倉鼠卵雄細胞系分泌出來的zfBMP2b和zfBMP4則可模擬卵 

母細胞中釋放出來的BMPs .並直接作用于共培赞的滅泡細胞，從而使得我們可以研究牠們對不 

同耙基因的表達影堪。研究發現，zfBMP2b和zfBMP4是我們韩找了許久的一棰可以激活促黃體索 

受體表達又能同時^^1]制促卵泡激素受體表達的生長因子》同時地，zfBMP2b和zfBMP4能抑制所有 

激活素/S亞盛，並且激活牠們的括抗劑抑制素a亞甚(inhibin a)和激活素結合蛋白（follistatin)� 

為了浑人研究zfBMP的調控作用，我們利用siRNA去敲除zfBMP4在中國倉鼠卵巣細胞系中的表達。 

siRNA轉化可以部分消除zfBlVIP4對inhibin a和follistatin的激活作用�zfBMP2b和zfBMP4在促性腺激 
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素受體和激活素’，抑制素和激活素結合蛋白糸统的調控作用中突顯了BMP糸統作為在卵ni細胞生 

%囚子在斑馬魚卵與中的11要性，尤其链在卵母細胞成熟過程中。 

- . > 
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Chapter 1 

General Introduction 

1.1 Ovarian development and structure in mammals 

Sex determination occurs genetically at conception, depending on whether the zygote has 

the XY (male) or XX (female) chromosomes. For males, Sry, the Y-chromosome gene, is 

responsible for the testis formation and development of male sexual characteristics, while the 

female development was thought to be default (1) although Wnt4 and follislalin were reported to 

be important in female development (2). In this study, by investigating ovary development, we 

Jiope to understand more about female reproduction. 

Primordial germ cells (PGCs) are the precursors of gametes. They undergo colonization 

by gonadal tissues. The germ cells are important for the formation and maintenance of the 

ovary; otherwise, they degenerate into cord-like structures (3). When the PGCs arrive in the 

gonads, they start proliferating and are called oogonia, which will undergo mitosis and meiosis. 

In human, by the week of gestation, there are 10,000 oogonia. The number of oogonia 

increases to 600,000 at the week of gestation and 6 million by the week of gestation. The 

rate of oogonial mitosis then declines and ends at the 28出 week of gestation, counteracting with 

the increasing rate of atresia. The result is that the newborn ovary contains 1 million germ cells, 

of which 3000-4000 remain at puberty, while less than 1% will ovulate (4). It is also believed 

that post-natal oogenesis can oocur as well (5). 

The ovary, as the sexual organ for females, possesses two major functions. First, the 

ovary is responsible for the production of ferlilizable oocytes, which can potentially unite with 

sperm to form zygotes. Second, the ovary is responsible for the secretion of steroid hormones 

for preparation of fertilization and pregnancy as well as maintaining secondary sexual 

characteristics and regulation of sexual behavior (6). The follicle is the functional unit of ovary, 

which undergoes successive stages of growth and final maturation. 

The development of the follicle starts from the primordial follicle stage, of which the 

follicles first appear in small size, with the oocyte surrounded by pregranulosa cells. The 

follicles are arrested at diplotene stage (4). Some follicles are activated during the female 

reproductive life, while some remain quiescent. It is suggested that primordial follicles are 

activated when inhibitory signals are removed, leading to the initiation of growth (7). The 



primordial follicle activation is thought to be gonadotropin-independent, since no follicle-

stimulating hormone receptor (FSHR) is expressed in primordial follicles (8). Kit ligand and its 

receptor Kit (KL-Kit) were reported to be important for primordial follicle growth when FSHR 

was not expressed (9-11). PI3K signaling, which is the major signaling pathway activated by 

KL-Kit, has been reported to be functional in primordial follicle activation (12). It was reported 

that KL activated PI3K signaling pathway in cultured primary oocytes of mouse and rat, 

inducing the phosphorylation of Akl, Foxo3a, glycogen synthase kinase 3a (GSK-3a) and GSK-

3p ( I3 , 14). 

Deletion of some other factors in the oocyte also revealed their importance in primordial 

follicle activation. For example, deletion of I)TEN as a tumor suppressor gene in the oocyte in 

the knockout mice caused premature activation of the primordial follicle pool, implying their 

suppressive effect in primordial follicle activation (15). Also, the ovaries of Foxo3a knockout 

mice had larger number of growing follicles with the primordial follicles pool depleted, 

indicating the suppressive role of Foxo3a in primordial follicle activation (16). 

During the transition from primordial to primary stage follicles, the flattened granulosa 

cells become cuboidal. in addition, the oocyte diameter increases, accompanied by zona 

pellucida 'acquisition (17). During the transition from primary to preantral and antral follicle 

stage (also known as secondary follicles), the granulosa cells undergo mitosis, resulting in 

multiple layers. The oocyte diameter continues to increase. There is also the formation of basal 

lamina, which is the blood-follicle barrier separating the granulosa cells and theca cells. Zona 

pellucida and the theca layer also form. The most observable change of this transition stage is 

the development of fluid-filled spaces within the granulosa cells, which will coalesce to form 

antral cavity (18). Growth differentiation factor 9 (GDF9) was reported to increase the number 
t 

of primary and • secondary follicles in human and rodents, indicating its importance in follicle 

growth (19, 20). This is further evidenced by the knockout and mutational animals of GDF9, 

which suffered from arrested follicle growth (21，22). Bone morphogenetic protein 15 (BMP15) 

is another growth factor that regulates this transition. BMP 15 stimulates granulosa cell 

proliferation independent of FSH (23). Other positive regulators during this transition include 
K 

transforming growth factor-p (TGF-p) from the granulosa cells and theca cells, as well as 

activins from the granulosa cells (24, 25). On the contrast, anti-MuIlerian hormone (AMH) was 

reported to play an inhibitory role during this transitional process (26). 
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As the antral follicles grow, they become gonadotropin responsive. Also, their 

steroidogenic activity is modulated and prevention of premature luteinization is needed in order 

to select a dominant follicle for maturation (4). Activin A was shown to be a regulator in this 

process through regulating aromatase activity, estrogen synthesis, luteinizing hormone receptor 

(LHR) expression and oocyte maturation (27). On the contrast, AMH played a negative role by 

reducing the responsiveness of antral follicles to FSH, affecting the selection process (28，29). 

Also, as the antral follicles grow, inhibin A becomes dominant rather than activin A, thus 

increasing the effect of LH for the follicles to mature (30). 

Ovulation occurs as the follicles mature. During ovulation, the oocyte is released for 

fertilization. The remaining granulosa cells become luteinized to form corpus luleum, which 

releases progesterone for maintaining pregnancy. It is the LH surge that leads to ovulation. 

Furthermore, the EGF-like factors including amphiregulin, epiregulin, betacellulin induce 

changes in granulosa ceils leading to resumption of meiosis in the oocyte and the formation of 

extracellular matrix, causing cumulus expansion, facilitating the release of oocyte (31). 

1.2 Ovarian development and structure in tcleosts 

Like other vertebrates, pituitary gonadotropins are the major hormones controlling the 

growth and maturation of the ovary in teleosts, while the ovarian steroid hormones also play an 

indispensable role. The ovarian follicle of teleosts consists of the oocyte and the surrounding 

follicle cells, namely the granulosa cells and theca cells. The granulosa cells surround the 

oocyte, while the .outer theca layer also contains connective tissues, capillaries and collagen 

fibers. The granulosa cells and theca cells are separated by the basement membrane (32). 

The fish ovary can be synchronous, in which the ovary contains oocytes al the same stage 

of development, or it can be asynchronous, in which different stages can be found (32). The 

zebrafish ovary consists of two lobes. The eggs are ovulated into the ovarian lumen, which then 

pass through the oviduct and are led to the genital opening. The oviger©us lamellae consist of 

follicles of different stages that are randomly arranged. The growing oocytes are enclosed within 

the ovarian follicles and surrounded by the follicle cells (33). 

Oocyte development of zebrafish can be divided into five stages, according to their size 

and morphology. The five stages are namely primary growth stage (Stage I), cortical alveolus 

stage (Stage II), vitellogenesis stage (Stage III), oocyte maturation stage (Stage IV) and mature 
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stage (Stage V) (33). Each stage is characterized by its morphology as well as physiological and 

biochemical events, although we mainly focus on describing the morphology in this chapter. 

During the primary growth (PG) stage (Stage I), the oocyte is arrested in the first meiolic 

division. The follicles at primary growth stage are around 100 fim in diameter and they appear 

to be transparent. The primary growth stage can be divided into 2 phases, depending on whether 

the oocyte is within a nest or within a follicle. In the first phase, namely the pre-follicle phase, 

the oocytes reside iiT nests and arc separated from the ovarian stroma by a single layer of follicle 

cells. As the oocytes grow, they are enclosed by pre-follicle cells which separate them into 

individual follicles. In the second phase, namely the follicle phase, the oocytes leave the nest 

and become individual follicle. The oocyte is surrounded by a layer of follicle cells lying on the 

basement membrane. It is then further covered by theca cells, which is a connective tissue 

compartment (33). 

The cortical alveolus stage (Stage 11) follows the primary growth stage. This is 

corresponding to pre-vitellogenic stage (PV) as described in our study. The follicles of size 

aro\jnd 250 fim in diameter are classified into pre-vitellogenic stage. During this stage, cortical 

alveoli appear as yolk vesicles. The follicles increase in size as the cortical alveoli proliferate. 

The follicles become opaque, versus the transparent appearance at primary growth stage. The 

vitelline envelope also forms, which is the future chorion. The follicle cells become cuboidal 

and further divide (33). 

After the pre-vitellogenic stage, the follicles enter vitellogenesis (Stage III). Follicles of 

size around 350 jim to 650 |im in diameter are classified into this stage. Our group further 

divides this stage into early vitellogenic stage ( E V , � 3 5 0 nm), mid-vitellogenic stage ( M V , � 4 5 0 

Hm), late vitellogenic stage (LV, - 5 5 0 urn) and fully-grown stage ( F G , � 6 5 0 |im), according to 

their size and morphology. During vitellogenesis, the follicles increase in size. Vitellogenin is 

sequestered by the oocyte and processed into yolk proteins. The yolk proteins accumulate and 

lead to the increase in size of the follicles. As vitellogenin accumulates, the cortical alveoli arc 

displaced to the periphery. The follicles are not responsive to endogenous hormones at primary 

growth and pre-vitellogenic stage. Yet, they become gonadotropin-dependent at the vitellogenic 

stage, as they approach oocyte maturation. Under the influence of gonadotropins, estrogen is 

produced by the ovary, which stimulates the synthesis of vitellogenin in the liver. The 



vitellogenin is then taken up by the developing oocyte. The accumulation of vitellogenin leads 

to the growth of the oocyte and provides nutrition need.', for the developing embryo (32, 33). 

During oocyte maturation (Stage IV，�0.65-0.75 |im), meiosis is resumed. During final 

oocyte maturation, the germinal vesicle migrates to the periphery and the nuclear envelope 

breaks down. Germinal vesicle breakdown (GVBD) is a marker for oocyte maturation，in which 

the follicles become translucent due to cleavage of yolk proteins and ooplasmic clearing. As the 

follicles mature, the interior of the follicles become more homogenous as the yolk proteins 

encounter structural changes (33). 

Oocyte maturation i« regulated by three major mediators (32). Gonadotropin is the 

primaiy mediator of oocyte maturation. The gonadotropins are the primary hormones from 

pituitary that stimulate growth and trigger oocyte maturation. Follicles mature by injection of 

gonadotropins preparation or when they are incubated in vitro with gonadotropins preparation. 

Two types of gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), 

were predominant during vitellogenesis and oocyte maturation respectively. LH is the major 

hormone that triggers oocyte maturation. 

Maturation-inducing hormone (MIH) is the secondary mediator of oocyte maturation. 

17a, 20p-dihydroxy-4-pregnen-3-one (DHP) is a naturally occurring maturation-inducing 

hormone in fish, and it is an effective inducer of GVBD in amago salmon and other teleosts. In a 

study using salmon, the follicles respond to gonadotropins by producing DHP. Both granulosa 

cells and theca cells are necessary for the production of DHP. Theca cells produce 17a-

hydroxyprogesterone as the steroid precursor, which is metabolized to DHP in the granulosa 

cells by 20p-HSD, an enzyme that is involved in the conversion of the precursor to DHP (32). 

Maturation-promoting factor (MPF) is the tertiary medrator of oocyte maturation. MPF 

activity was first identified when the cytoplasm from mature fertilized goldfish oocytes was 

injected into starfish oocytes to induce GVBD. MPF was found in extracts of mature oocyte 

under the influence of DHP, but not in immature oocytes. MPF is believed to be the cytoplasmic 

mediator of MIH, mediating the action of MIH that acts on the receptors on the oocyte plasma 

membrane. Fish, MPF consists of cdc2 kinase and cyclin B. Threonine phosphorylation of cdc2 

kinase and serine phosphorylation of cyclin B are required for activation of MPF (32). 

The final stage of oocyte development is the mature stage (Stage V，�750 |im). The 

mature eggs are ovulated into the ovarian lumen and they are fertilizable (33). They are 
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translucent in appearance. Usually, it takes 10 days for the follicles to grow from primary 

growth stage to mature stage in zebrafish (34). 

1.3 Oocyte control of folliculogenesis 

1.3.1 Metabolic coopcrativity between the oocyte and granulosa cells 

Although it is well established that gonadotropins play vital roles in development and 

function of vertebrate ovary, bi-directional communication between oocyte and the somatic 
身 

compartments of the follicle is also needed (35). Granulosa cells are well-known to nurture the 
» 

oocyte by providing nutrients (36). However, the oocyte also plays an active role in 

orchestrating the development of the oocyte, for example the formation and activation of 

primordial follicles. This is supported by the findings that targeted deletion of Figh4, a germ 

cell-specific transcription factor, caused failure of primordial follicle formation (37). Also, 

oocyte-specific deletion of Pten causes premature activation of the primordial follicle pool, 

demonstrating the importance of oocyte for the development of the follicle (15). 
Besides regulating follicle growth, the oocyte is also involved in promoting granulosa % 

cell proliferation, cumulus expansion, as well as orchestrating the rate of ovarian development. 

The oocyte and the granulosa cells are coupled through gap junctions which allow the delivery of 

metabolites and amino acid, while the knockout of these gap junctions would disrupt 

folliculogenesis (38). 

There is the presence of metabolic coopcrativity between the oocyte and granulosa cells 

as demonstrated in processes such as glycolysis, amino acid uptake and cholesterol biosynthesis 

(39). Denuded oocytes cannot utilize glucose as energy for maturation. Nevertheless, the 

cumulus cell-enclosed oocytes could do so. However, denuded oocytes can mature with 

pyruvate supply (40). The cumulus cells "aclsually metabolize glucose into pyruvate for the 

oocyte duri孿 glycolysis (41). This is proven by the presence of the transcripts encoding key 

enzymes in glycolytic pathway in the cumulus cells but not the oocytes (42). 
f— 

Another example showing metabolic coopcrativity between the oocyte and the granulosa 

cells is the uptake of amino acids. The mouse oocytes cannot uptake amino acids. In an 

experiment performed in 1983 by Colonna and Mangia, the cumulus cell-enclosed oocytes or 

denuded oocytes were cultured in media containing [ '̂̂ C] L-alanine. It was found that 
radioactivity was higher in the cumulus cell-enclosed oocyte, demonstrating the cumulus cells 

« 

. 6 



took up the L-alanine and transported to the oocyte (43). The transcript of slc38a3 which 

encodes an amino acid transporter was highly expressed in cumulus cells but not in the oocyte, 

providing further evidence that the cumulus cells bear amino acid transporter to deliver amino 

红cids to the oocyte (44). � 

A third example of metabolic cooperativity between the oocyte and granulosa cells is 

cholesterol biosynthesis. As the oocyte cannot synthesize cholesterol nor uptake cholesterol, 

they require the cumulus cells for synthesizing and providing cholesterol to them. The 

transcripts of the genes involved in cholesterol biosynthesis pathway are expressed in cumulus 

cells but not the oocytes, giving proof that the cumulus cells as the source of cholesterol for the 

oocyte (45). 

1.3.2 Oocyte control of metabolic activities 

Having seen that metabolic cooperativity exists between the oocyte and granulosa cells, 

the oocyte actually takes control of the metabolic activities in granulosa cells as well. There arc 

two types of granulosa cells, classified according to their proximity to the oocyte. The mural 

granulosa ceils are farther away from the oocyte, while the cumulus cells surround the oocyte. 

Some genes that are involved in metabolic processes such as glycolysis and amino acid transport 

have higher expression in cumulus cells (42，44). However, the oocyte may be Influencing their 

expression and the metabolic process involved. In an experiment with the oocyte removed 

(OOX, oocytectomy), there was a reduction of transcripts encoding key enzymes involved in 

glycolysis and amino acid transporter. Glycolytic activity and uptake of radioactive L-alanine 

were also reduced in OOX cumulus cells. However, when co-cultured with the fully-grov^ 

oocytes, the transcript levels of those key genes involved in glycolytic activity and uptake of 

radiolabeled L-alanine increased, indicating that the oocyte is responsible for promoting these 

metabolic activities (42, 44). Furthermore, in mouse, the oocyte promotes cholesterol 

biosynthesis in cumulus cells. There is a higher transcript level of enzymes responsible for 

cholesterol biosynthesis in the cumulus cells versus the more distant mural granulosa cells. In 

OOX cumulus cells, there was reduced level of these transcripts encoding enzymes responsible 

for cholesterol biosynthesis. Co-culturing with fully-grown oocytes restored the transcript 

levels, suggesting that the oocytes promote the expression of these transcripts for cholesterol 

biosynthesis through paracrine factors derived from the oocyte (45). 



1.3.3 Oocyte factors regulating metabolic processes 

• In the oocyte, there are various growth factors that could possibly be involved in 

promoting follicle growth. GDF9 and BMP 15 are the most widely studied examples in the 

mammals. They are both oocyte-derived factors, and were demonstrated to be important in 

reproductive function in mammals. This is supported by the phenotype of the knockout animals. 

GdJ9 -/- mice are infertile and the granulosa cells were unable to proliferate in primary follicles 

(21), while Bmpl5 -A mice exhibited defects in ovulation and fertilization (46). In the double 

mutant Bmpl5 -/- Gdf9 +/- (DM), the cumulus cells underwent abnormal development before 

LH surge (47). The expression of some transcripts were affected in Bmpl5-/- and DM cumulus 

cells. These transcripts were mostly involved in metabolic processes such as glycolysis and 

sterol biosynthesis (45). As Bmpl5-/- oocytes cannot promote the expression of these transcripts 

involved in cholesterol biosynthesis and glycolysis in the OOX cumulus cells, this therefore 

suggested the importance of BMP15 in regulating these transcripts in the metabolic processes 

(45). 

As a conclusion, the oocyte control of folliculogenesis is based on the fact that oocyte 

cannot metabolize glucose, carry out cholesterol biosynthesis, nor uptake of amino acids for 

follicle growth and development. Therefore, the oocyte participates in follicle growth and 

development by promoting the expression of the transcripts that encode the key enzymes 

involved in these metabolic processes in the cumulus cells, which then provide the oocyte with 

their nutritional and energy needs. 

1.3.4 Oocyte control of folliculogenesis rate 

It was reported that the oocyte controls folliculogenesis by orchestrating the rate of 

follicular development (48). The mouse oocyte usually takes 12 days to reach the secondary 

follicle stage, while it takes 18-24 days to become ftill-grown. Eppig et al. carried out a grafting 

experiment by isolating the oocytes from secondary follicles on day 12 and reaggregated them 

with the somatic cells of newborn mouse ovaries. They discovered that it took only 9 days for 

the follicles to become fully grown, with the presence of antral cavity. The reaggregated follicle 

exhibited abnormal pattern of granulosa cell differentiation, with LH mRNA expression in mural 

granulosa cells but not cumulus cells, as usual. Also, cumulus expansion was accelerated and the 

follicles were able to resume and complete meiosis. More importantly, they were capable.of 
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undergoing fertilization and developing into the blastocyst stage. Therefore, the oocyte not only 

influences the metabolic processes to support the growth of the follicle, but it also orchestrates 

the rale of follicle development, leading to the conclusion that the oocyte takes an active role in 

follicle development, instead of being passively nurtured by the somatic compartment for its 

growth and development (48). 

1.4 BMP family 

1.4.1 BMP ligands 

1.4.1.1 History of the discovery of BMPs 

Bone Morphogenetic Proteins (BMPs) were first identified by Urist in 1965, referring to 

the decalcified bone matrix that are capable of inducing bone formation when implanted at 

ectopic sites (49). Nowadays, BMPs are identified as pleiotropic cytokines that can regulate 

growth, differentiation and apoptosis in various tissues (50). Yet originally, BMPs were found to 

be involved in morphogenesis of bone and cartilage. In the classical study by Urist in 1965，the 

bone from different donors (mouse, rat, guinea pig, rabbit, calf, human) underwent different 

preparations such as by acids, chemical treatment or heat treatment, followed by implanting into 

various sites (mostly the rectus abdorhinus) into the host, which sometimes the same or different. 

The implant was invaded by mesenchymal cells, which later developed into cartilage-forming 

cells. The bone cells later replaced the cartilage and deposited as bone (49). 

The bone consists of three components. First it is the mineral component that is 

responsible for its structural integrity. Second, it is the collagenous matrix component. Third, it 

is the growth factor component that contains BMP activity. After mineralization of the bone 

using acids, this growth factor component can be extracted (51). Sampath and Reddi did an 

experiment by reconstituting the bone extracts from bovine with the rat bone collagenous matrix, 

with the endogenous BMP activity removed. They implanted this reconstituted fractions of bone 

extracts and collagenous matrix into the rat. The implanted area was invaded by undifferentiated 

cell types, after,which the undifferentiated mesenchymal cells differentiated into chondrocytes, 

which later became mature and calcified. New bone later replaced the cartilage (52). Although 

it was known that the demineralized extracts could induce bone formation, they were not able to 

determine which proteins were performing the osteogenic activity (53). Therefore, an alternative 

approach was undertaken to identify these proteins with potential osteogenic activity (54). 
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Bovine bone proteins that had bone inducing activity were isolated. The mixture of 

polypeptides was digested with trypsin. Wozney el al. deduced the amino acid sequence from 

the highly purified preparation of BMPs obtained from bovine bones. After that, probes were 

designed which hybridized to a recombinant from a bovine genome library. This recombinant 

was then used as a probe to screen the human cDNA encoding the protein. BMPl, BMP2A, 

BMP2B and BMP3 were identified in this way. The cDNA inserts were cloned into vector and 

expressed in COS cells and CHO cells. The recombinant proteins were proven to induce 

cartilage formation. BMPl through BMP7 were all identified (54, 55). 

Wozney et al. asked the questions whether the recombinant BMP proteins that they 

produced would be therapeutically useful in humans. Therefore, they collaborated with others 

and performed some experiments to demonstrate the induction of bone in the segmental defect 

model. Together with Yasko et al. (1991), they created a femoral defect in the rat and implanted 

recombinant human BMP2 (rhBMP2) in the defect. With the defect treated with rhBMP2, bone 

formation was observed with high dose of rhBMP2, demonstrating the bone inducing activity of 
A 

rhBMP2 (51). 

In the second study, Wozney et al. collaborated with Gerhart et al. A defect was created 
.t 

in the sheep femur and BMP2 was implanted in the defect. Biomechanical studies showed that 

the BMP2-trealed bone resulted in large amount of bone forrnation, again demonstrating the 

bone-inducing activity of BMP2 (51). 

In the third study, Wozney et al. collaborated with Toriumi et al (56), created defect in 

the dog mandibles. When treating with BMP2, the defect was filled with bone after 3 months, 

identifying the ability of )BMP2 to induce bone formation.' 

Other BMP family members were later identified and many of them were identified by 

homology-based cDNA cloning. As a result, not ail of them'were proven to have osteogenic 

activity. In addition, they were given different names such as osteogenic protein, growth and 

differentiation factor (GDF) and cartilage-derived morphogenetic protein (CDMP). Table 1.1 

listed some alternative names for the BMP family members (57). 

Zebrafish bmp2a, bmp2b and bmp4 were first cloned by Martinez-Barbera in 1997 (58). 

The deduced amino acid sequences showed high homojogy to the mammalian counterparts. In 

addition, their mRNA expression was detected in zebrafish embryos by in situ hybridization, 

opening the door to investigate more of the roles of BMPs in zebrafish development. Up to date, 
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there are 16 zebrafish BMPs being identified. A phylogenetic analysis has been performed lo 

compare the sequences of the zebrafish BMPs with their mammalian counterparts, human and 

mouse. It was observed that individual BMP ligands have high homology among themselves in 

the three species (Fig. 1.1). 

BMPs are morphogens, as indicated by the name, “bone morphogenetic protein". BMPs 

exert different effects on cells depending on the concentration gradient. The same BMP might 

affect cells in different ways, for example, stimulating proliferation or promoting differentiation, 

depending on the concentration. For example, BMP4 as a morphogen can pattern the Xenopus 

epidermal cells into different fates at high and low concentration (59). It was also demonstrated 

that a gradient of BMP activity specified the dorsal-ventral fate in early Xenopus embryos, 

although the gradient was not caused by simple diffusion of BMP4 but tue inhibitory binding 

proteins that act on a uniform level of BMP4 to specify dorsal-ventral patterning (60). 

1.4.1.2 Structure 

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-P (TGF-

P) superfamily, which consists of more than 35 members, including the BMPs, TGF-Ps， 

acfivins/inhibins, Mullerian inhibing substances (MIS) and some others. BMP family is the 

largest among the TGF-p superfamily, which consists of around 20 members (61). . Different 

from TGF-P and the activin family which have nine conserved cysteine residues, BMPs are 

characterized by seven conserved cysteine residues, which form a specialized structure called a 

cystine knot (62, 63). One of the conserved cysteine residues forms a disulfide bridge to form 

dimer (64，'65). It is believed that BMPs form homodimers and heterodimers. Heterodimers 

were shown to be more active both m vivo and in vitro (66) . GDF9 and BMP 15 lack the 

cysteine residue which is for' disulfide bridge formation (67, 68). Yet, it was demonstrated that 

GDF9 and BMP15 form homodimers that are non-covalently linked and also heterodimers when 

co-expressed (69). Therefore, it is not necessary to form disulfide bridge in order for the BMP 

subunits to dimerize. 
f . 

BMP family members share structural homology with others, with the exception of 

BMPl , which is a metalloprotease thai can cleave procollagen I，II, III into monomers. BMPl 

can also cleave chordin, which is a BMP binding protein, in order to antagonize BMP activities 

(70). 
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BMPs undergo post-translational processing in order to become biologically active. They 

are first translated as preproproteins, which consist of the signal peptide, prodomain and mature 

domain. The proprotein dimerizes upon removal of the signal peptide. The proteolyic enzymes 

then cleave the proprotein at RXXR site to generate the mature dimer protein (71) (Fig, 1.2). 

1.4.1.3 Function 

BMPs are multifunctional cytokines that participate in cell proliferation, differentiation 

and apoptosis in various tissues (72). BMPs have wide range of functions in different species, 

such as mesoderm formation and patterning. During gastrulation in Xenopus, BMP4 as a 

ventralizing factor promotes ventral mesoderm cell fate in the marginal zone (73). BMP4 also 

participates in neural patterning by inducing the formation of epidermal cells versus neural 

tissues at the ectoderm (59). In terms of skeletal development, BMPs promote multipotent stem 

cells to become chondrogenic or osteogenic, versus myogenic or adipogenic (74, 75). It was also 

suggested that BMPs promote growth of cells that are committed to chondrogenic or osteogenic 

lineage, while at the same time promoting the differentiation of cells that are committed to other 

lineages (76). In mouse, BMP2, BMP4 and BMP7 have different expression pailerns in the 

mesenchyme of the limb, suggesting their potential roles in limb patterning (77). BMPs are also 

involved in kidney development. BMPS was demonstrated to have a role in ureter development 

(78) while BMP7 was important for nephrogenesis (79). Besides, BMPs participate in tooth 

development by regulating cell proliferation, apoptosis, epithelial-mesenchymal interactions and 

differentiation in different stages of tooth development (80). In addition, with hmp4, hmp5 and 

bmp7 detected in embryonic lung, a potential role of BMPs in lung development is implicated 

(78). 

In the zebrafish, BMPs have been widely studied in developmental area. For example, 

bmp2a and bmp2b were identified to be important in fin development (81). bmp6 is involved in 

fin regeneration (82). bmplb is involved in morphogenesis of the semi-circular caua4s (83)， 

while bmp4 helps establishing left-right asymmetry (84). bmp7 participates in dorsal-ventral 

patterning (85, 86)， while the new homolog, hmp7b, plays a significant role in organ 

development (87). 

1.4.2 BMP reccptors 
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There are two major types of membrane-bound receptors in the TGF-p supcrfamily, 

namely the type 1 and type II receptors. The TGF-P receptors contain the extracellular binding 

domain, transmembrane domain and intracellular domain which has the serine/threonine kinase 

regions. The difference between type 1 and type 11 receptor is that the type I receptor has a 

characteristic GS domain (SGSGS), which is important for signal transduction (88). The first 

receptor that was cloned in the TGF-p supcrfamily was an activin type II receptor, ActR-ll (89). 

Following the cloning of ActR-II, other mammalian type II receptors were cloned, including 

ActR-IIB, AMHR-n, BMPR-II and XpR-Il (90-94). The type I receptors, also called activin 

receptor-like kinase (ALK) 1-7 were also subsequently cloned (95-99). A novel type I receptor, 

ALK8, was also cloned (100). BMPR-II is specific for BMP ligands, including BMP2 (101)， 

BMP4 (101, 102)，BMP6 (103), BMP7 (93，101), BMP 15 (104) and GDF9 (105). Yel, some 

BMP ligands may bind to activin receptors. In contrast to BMPR-11 which specifically binds 

BMP ligands but not the activins, ActR-II and AclR-lIB can bind BIV1P6 (103)，BMP7 (106)， 

GDF5 (107) in addition to activins. For type I receptors, ALK2 (ActR-IA), ALK3 (BMPR-IA) 

and ALK6 (BMPR-IB) have been designated as BMP type I receptors (107-110). BMP7, BMP2 

and GDF5 have been shown to bind AclR-I (ALK2) as well as BMPR-IA and BMPR-IB. 

Although a particular BMP ligand may bind different type I receptors in different cell types, 

there are still some preferences for the BMP ligands to bind to particular BMP type I receptors. 

For example, BMP2, BMP4 and GDF5 preferentially bind ALK3 or ALK6 (107，108，111), 

while BMP6 and BMP7 mostly bind ALK2 or ALK6(103, 106, 108, 110, 111). 

It is well established that for TGF-p and activins, the ligands bind to type 11 receptors 

first, which then recruit type I receptors, since the ligands do not have affinity for type I receptor 

but type II only (90). However, the situation is different for the BMPs. BMPs have little affinity 

for BMPR-II but more for type I receptors. Yet, the affinity of BMPs for BMPR-II is increased 

if BMPR-II is over-expressed with type I receptor (102, 108, 109). Therefore, the two types of 

receptors may act together to form a complex to bind BMP ligands. However, it was also 

proposed that BMP ligands bind to type I receptors first, and then recruit type H receptors (104， 

112), This proposed model is in contrast to that for TGF-p and activins, which bind to type II 

receptors first, then recruit type I. 

Disruption of the BMP receptors causes blockade of BMP signaling and thus affects the 

development processes. In Xenopus, BMP4 induces ventral mesoderm formation (73). 
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However, the truncated form of BMPR-IA could block BMP4 signaling, resulting in dorsal 

mesoderm formation (113, 114). In chicken, BMPs mediate apoptosis in the interdigital regions 

of the chicken feet. However, the dominant negative form of BMPR-IB could block BMP 

signaling, causing the formation of webbed feet as well as the transformation of scalcs to feathers 

(115). 

In mouse embryos, BMPR-IA has ubiquitous expression (except in the liver) while 

BMPR-IB has a more restricted expression (116). This may reflect their differential roles in 

organogenesis. Yet, both of them were observed in developing cartilage and bone, indicating 

that they have potential roles in bone morphogenesis (117). 

1.4.3 Smads 

Smads are intracellular molecules that participate in BMP signaling. Smads were first 

identified in Drosophila. The BMP-2/4 homologue, Decapentaplegic (Dpp) binds to type II 

receptor, Punt and type I receptor. Thick veins and Saxophone (.118). Mother against dpp {Mad) 

was identified in a genetic screen as enhancer for dpp (119, 120). Mad mutants were found to 

have similar phenotype as dpp mutants (120). Besides, Mad could partially rescue the eye 

phenotype of dpp, suggesting Mad acted downstream of dpp (121). In C. elegans, sma-2, snia-3 

and sma-4 were identified as they had similar phenotypes as daf-4 mutants (122), which encode 

serine/threonine kinase. In addition, daf-4 was unable to rescue sma-2 mutation, indicating that 

Sma molecules acted downstream of daf-4. sma-2, sma-3 and sma-4 were structurally similar to 

Mad in Drosophila (122). Xenopus Xmad 1-4 and mammals MADRl and DPC4 were also found 

to be homologous to Sma and Mad (123-126). For easy nomenclature, the name ‘‘Smad，，was 

suggested for .the vertebrate homologue of Mad and Sma (118). 

Smad molecules are around 50-55 kDa. They have conserved N-terminal and C-terminal 

domains, named MHl and MH2, which are linked by a spacer sequence that is rich in serine, 

threonine and proline (88). It is believed that MHl and MH2 domains make contact with each 

other while in inactive form, and they open up upon activation by the receptors (118). In BMP 

signal transduction, it is proposed that type II receptor phosphorylates type I at the GS domains, 

which is rich in glycine and serine (96, 127). The phosphorylated type I receptor then 

transphosphorylates the Smad molecules. The Smad molecules that are phosphorylated by type I 

receptor are called R-Smads (receptor-activated Smads). Smad I，2，3, 5 and 8 are R-Smads. 
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Activins and TGF-P use Smad 2 and 3 as R-Smads while Smad 1，5 and 8 are specific for BMPs 

(128, 129). The common partner for R-Smads, Smad 4，is known as Co-Smad. Smad 4 interacts 

with Smad 1/5/8 to form a complex, which translocates into the nucleus and interacts with other 

transcription factors to regulate gene expression (130). In addition, there are inhibitory Smads, 

Smad 6 and 7，that can inhibit BMP signaling pathway by inhibiting the phosphorylation of 

Smad 1/5/8 (131’ 132). 

1.5 Regulation of BMP action 

There are two types of regulation of BMP action, namely extracellular and intracellular. 

In extracellular regulation, BMP ligands are prevented from access to the receptors by BMP 

binding proteins, while in intracellular regulation, inhibition of intracellular signaling molecules 

are involved. 

Follistatin is an activin-binding protein. However, it was found that follistatin could also 

regulate the activities of BMP4, BMP7, BMP4/7 heterodimers and BMP15 (106，133，134). 

Mice over-expressing follistatin show defects in reproduction. For example, female mice over-

expressing follistatin have small ovaries as a result of folliculogenesis (135). This could be the 

result of action of follistatin in inhibiting BMPs. Besides follistatin, there are also other BMP 

binding proteins responsible for extracellular regulation. Connective-tissue growth factor 

(CTGF) is another BMP-binding protein that binds BMP4 and TGF-P. Yet, CTGF exerts 

different actions on them. CTGF inhibits the activity of BMP4, while enhancing that of TGF-p 

(136). Noggin is also a binding protein that exerts inhibitory actions on BMP2, 4，7，14 and 

GDF5 (137-140). Chordin, another binding protein, binds BMP2 and BMP4 with high affinity, 

while binding BMP7 with low affinity (141, 142). Noggin and chordin are important regulators 

in development. Inhibin belongs to TGF-p superfamily. It binds to P-glycan, which is a 

membrane-bound binding protein, which then associates with activin receptor，sequestering them 

and thus blocking activin signaling (143). It was found that inhibin A can inhibit BMP signaling 

by sequestering ActR-II, ActR-IIB and also BMPR-II (144). 
» f 

Besides extracellular regulation by the BMP bmding "proteins, intracellular regulation is 

also performed by the intracellular Smad proteins, the inhibitory Smads, including Smad 6 and 7. 

It was found that Smad 6 can form complex with Smad 1, competing with Smad 4 to form the 

complex to be translocated into the nucleus (145). BMP and activin membrane bound inhibitor 
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(BAMBI) resembles type I receptor in structure, though lacking the intracellular serine/threonine 

kinase domain. BAMBI competes with type I reccptor for ligand binding and thus inhibits the 

signaling of BMP ligands as well as other members in the TGF-p superfamily (146). SMURF-1 

(Smad ubiquilination regulatory factor-1) targets Smad 1 and Smad 5 for ubiquitination and 

leads to proteasome degradation, thus inhibiting BMP signaling. SMURF-1 is specific for BMP 

signaling based on its specificity in targeting Smad 1 and Smad 5 only (147). 

1.6 BMP family in reproduction 

1.6.1 Reproductive function of BMP family in mammals 

In addition to bone formation, BMPs have been demonstrated by numerous studies to be 

pleiotropic factors that play important roles m growth, differentiation and apoptosis in various 

tissues. For example, in Xenopus, BMP4 functions as a ventralizing factor, patterning the 

development of the embryo (73); and it promotes epidermal fate of the tissue versus neural fate 

(148). BMPs are also involved in limb patterning. Expression of BMP2, BMP4 and BMP7 

occurs in the fore limbs at different stages of mouse embryonic development (77). In recent 

years, the physiological importance of BMPs in reproduction has been demonstrated (71). A 

functional BMP system in the ovary was demonstrated using primary cultures of rat granulosa 

cells, supported by the finding that both BMP4 and BMP7 could increase FSH-induced estrogen 

production and decrease FSH-induced progesterone production (149). In addition, BMP4 and 
I 

BMP7 have been shown to promote early folliculogenesis in the rat and mouse model 

respectively (57, 150). A study revealed the expression of BMP 15 in rat granulosa cells exerting 
t 

stimulatory actions on granulosa cell proliferation and inhibitory actions on progesterone 

production (151). Using cultured sheep granulosa cells, it was demonstrated that BMP2 could 

increase FSH-induced estradiol and inhibin A production (152), while using cultured rat 

granulosa cells, it was demonstrated that BMP6 could inhibit FSH-induced progesterone 

synthesis (153). BMP 15 was identified as an oocyte factor and it was found that BMP 15 could 

stimulate granulosa cell proliferation as well as inhibiting FSHR expression (23, 154). Thus, 

numerous studies have reported the functional roles of BMPs in mammalian reproductive 

system, emphasizing the importance of BMPs in reproduction. 

Knockout and mutational studies provide convincing evidence of BMPs in reproduction, 
V 

For example, the Inverdale strain of sheep was found to carry a single point mutation in the 
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BMP 15 gene. Both the heterozygous and homozygous displayed aberrant reproductive 

phenotypes, with the heterozygous Invedale female mutants having increased ovulation rates and 

precocious follicle maturation, while the homozygous Inverdale female experienced infertility 

because of arrested follicle development at primary foilicle stage (155-157). Besides the 

naturally occurring mutations, knockout anirnals also provide important hints on the role of the 

BMP family in reproduction. GDF9 knockout mice were created, with the observation thai 

homozygous females being infertile as a result of arrested folliculogenesis at the primary stage 

(21). Further characterization of the GDF9 knockout homozygous females revealed the 

importance of GDF9 in regulating granulosa cell proliferation, differentiation of follicle cells and 

oocyte development (158, 159). 

Mutations in the BMP receptors also disrupted BMP signaling in the ovary and led to 
1 

defects in reproductive function. For example, mutation of bmprlh ewes were associated with 

increased ovulation (160). In addition, null knockout of bmprlb in mice resulted in defects in , 

cumulus expansion (161). The demonstrated functional roles of BMPs and the 

knockout/mutalional studies revealed the important roles that BMPs play in mammalian 

reproduction. 

1.6.2 Reproductive function of BMP family in tcleosts 

Although quite a number of studies suggested the importance of BMPs in mammalian 

reproduction, relatively fewer studies have been performed on leleosts. A real-time PCR-bascd 

gene expression survey was performed in the rainbow trout to investigate the expression profiles 

of some target genes, including BMPs, during maturation competence acquisition or oocyte 

maturation. bmp7 increased in expression in maturing females and those females that acquired 

high competence to mature, while hmp4 expression increased later at the time of oocyte 

maturation, suggesting potential role of BMPs in the control of oocyte maturation in the rainbow 

trout (162). A similar study was performed Igter in the rainbow trout, focusing on selected target 
/ 

genes during gonadal differentiation and early gamelogcnesis. bmp7 was found to be among the 

group of genes with the highest relative expression in the ovary during gonadal differentiation 

and at the beginning of gametogenesis, while bmp4 showed a similar expression profile in testis 

and ovary (163). Recently, the spatiotemporal expression of bmp4 and bmp7 has been 

investigated in the rainbow trout (164). In this study，Lanlcford et al. looked at the expression 
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pattern of bmp4 and bmp7 during f^liculogencsis. They found that bmp4 and hmp7 peaked at 

pre-viteHogenic stage and steadily decreased in the following stages. This implied a potential 

role of bmp4 and bmp7 in promoting early folliculogenesis. In another study, gdf9 and bmp 15 

cDNA were cloned in the European sea bass and had their expression examined in the ovarian 

reproductive cycle (165). It was found that gdf9 and bmp 15 had high level of expression during 

primary oocyte growth and pre-vitellogenic stage, followed by a decline during vitellogcncsis 

and maturation. This might suggest an important role of gdf9 and bmp 15 in early primary oocyte 

growth. 

In zebrafish, only gdf9 and bmp 15 in the BMP family have been characterized. Zebrafish 

BMP15 cDNA has been cloned. However, in contrast to its oocyle-specific expression in 

mammals, hnip 15 was found to be expressed in various tissues including the ovary. In the ovary, 

BMP 15 could be detected in both oocyte and follicle cells, at both RNA level and protein level. 

Expression of bmp 15 was fouml in follicles at all stages of development with no significant 

changes during folliculogenesis. By incubating the follicles with antiserum against zfBMPlS, it 
• « “ 

was found that the rate of oocyte maturation increased. On the contrast, when the follicles were 
< •,-

incubated with recombinant human BMP 15，it was found that human chorionic gonadotropin 

(hCG)-induced oocyte maturation was suppressed (166). In a following study, zebrafish were 

injected With BMP 15 antiserum and it was found that the number of early stages follicles was 
I • 

decreased while the number of mature follicles was increased. Furthermore, BMP15 antiserum 

caused precocious oocyte development and maturation, knockdown of BMP 15 in oocytes using 

antisense zfBMP15 morpholino was performed, which resulted in an increase in oocyte 

maturation. On the contrast, when over-expressing BMP 15 in oocytes, MIH or hCG-induced 

oocyte maturation was significantly reduced, implying a role of BMP 15 in suppressing oocyte 
• - » 

maturation. While over-expression of BMP 15 had no effect on spontaneous oocyte maturation, 

it prevented oocyte maturation by reducing the sensitivity of the follicles to MIH (167). GDF9, 

on the other hand, is another BMP family member that has been cloned and characterized in the 
» 

zebrafish ovary (168). In contrast to bmp J 5 which has ubiquitous tissue distribution, gdJ9 was 

shown to be expressed exclusively in the gonads, and the expression was restricted to the oocyte 

in the ovary, similar to its counterpart in mammals as an oocyte-derived factor in the ovary. 

Furthermore, the expression of gdf? exhibited dynamic changes during folliculogenesis with the 
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iQvel being the highest in the primary growth (PG) stage followed by a gradual decrease during 

follicle development toward the full-grown (FG) stage. 

J- " 

1.7 Objectives of the study 

In the current study, we use zebrafish as the model for investigating the role of BMPs in 

female reproduction. Zebrafish is becoming a more popular model in development in the past 

decades. It serves as an excellent model for female reproduction for several reasons. First, 

zebrafish has small size and it is easy to maintain. Second, it has asynchronous ovary, with 

follicles of different stages available throughout the year. Also, more information on the genome 

of zebrafish is available nowadays, facilitating our study. 

As of today, only BMP 15 and GDF9 have been characterized in the zebrafish ovary. 

Little is known about other members in the BMP family.. In this study, we choose to study 

bmp2a, bmp2b, bmp4, bmp6 and bmp7a because some of them have been characterized or partly 

characterized in the zebrafish. We will also study the two type II receptors, bmpr2a and hmpr2b. 

We will first investigate whether they are expressed in the ovary, followed by revealing their 

spatiotemporal expression in the ovary. We will find out how their expression level changes 

during folliculogenesis, which will provide important information on their potential roles in the 

ovary. Also, we will find out the localization of the BMP ligands and receptors in the follicle, in 

order to find out how BMPs signals in the ovary.. 

After investigating the spatiotemporal expression of the BMP ligands and receptors, we 

would like to find out the functional role of the BMPs in zebrafish ovary. To carry out 

functional studies, it is essential that we have the recombinant BMP proteins. Therefore, our 

next step is to produce recombinant BMP proteins, followed by assaying their activities. An 

assay will be designed to serve this purpose. With the help of the recombinant BMPs, we will 

investigate the functional role of the BMPs in the zebrafish ovary, as well as finding out how 

they will regulate other important genes that are well-known to be regulators in zebrafish ovarian 

development. Throughout this comprehensive study, we hope to gain a more thorough 

understanding on the role of BMPs in the zebrafish ovary, as weft as revealing the importance of 

BMPs in reproduction on lop of their well known functions in other developmental aspects. 
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Table 1.1 .Alternative names for BMP family members 

Ligand Alternative names 

BMP2 BMP2A 

BMP3 Osteogenin 

BMP3b GDFIO 

BMP4 BMP2b 

BMP6 Vgrl 

BMP7 GPl 

BMP8a 0 P 2 

BMP8b OP3 

BMP9 GDF2 

BMP12 GDF7, CDMP3 

BMP13 GDF6，CDMP2 
* 

BMP 14 GDF12 

BMP 15 GDF9B 

BMP 16 _ Nodal 

GDF3 Vgr2 

GDF5 CDMPl 

GUF15 PLAB, MICl , PDF, PTGF-P 

Vgr, Vg-related protein; OP, osteogenic ^protein; CDMP, cartilage-derived morphogenetic 

protein; PLAB, placental bone morphogenetic protein; MIC, macrophage inhibiting cytokine; 

PDF, prostate differentiation factor; PTGF-p, placental TGF-P (71) 
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Fig. 1.1 Phylogenetic relationship of zebrafish BMP ligands with their counterparts from the 

human and mouse as demonstrated by bootstrapping analysis using neighbor joining method. 
i 

The numbers at the forks are the bootstrap proportions. The BMP ligands investigated in this 

study are boxed. 
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Fig. 1.2 Processing and secretion of BMP. After the signal peptide is removed, BMP dimerize. 
1 

The proprotein undergo proteolytic cleavage to generate the mature BMP protein. The mature 

BMP protein is then secreted. 
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Chapter 2 

Spatiotemporal Expression of the BMP Family in Zebrafish Ovary 

2.1 Introduction 

� � N u m e r o u s studies have reported that BMP family plays an important role in zebrafish > 
development, particularly during eHibryogenesis. For example, bmp2a and bmp2b have been 

detected in the developing median fins of zebrafish, suggesting their potential roles in fin 

development (81). bmp6 has also been demonstrated to be involved in fin regeneration (82). 

bmp2b also plays a critical role in morphogenesis of semicircular canals in zebrafish inner ear 

(83)，while bmp4 is important for establishing left-right asymmetry (84). The two BMP type II 

receptors, hmpr2a and bmpr2b, are also believed to establish left-right asymmetry, supporting 

the presence of BMP signaling in the zebrafish (169). In the bmp7 mutant snail house, strongly 

dorsalized phenotype was observed (85, 86). In addition to establishing dorsal-ventral axis and 

organ development, BMPs are also important for post-embryonic development. A newly found 

homolog, bmpVb, was found to be expressed in the eyes, ears, pronephic kidney and the 

gastrointestinal system, suggesting the potential roles of bmp7b in post-embryonic development 

(87). 

Though some BMP ligands have been characterized in the zebrafish and have their roles 

identified in development, their roles in reproduction are known to a much lesser extent. Only 

GDF9 and BMP 15 have been characterized in zebrafish reproduction (166, 168). gdf9 has been 

cioned, with its spatiotemporal expression characterized (168). gdf9 was gonad-specific, and 

within the ovarian follicle，it was expressed exclusively in the oocyte. Its temporal expression 
t 

profile showed a gradual decrease in expression during folliculogenesis with the lowest level at 

tife full-grown (FG) stage. When incubating FG follicles and ovarian fragments with hCG，it 

was observed that the expression of gdJ9 was down-regulated by hCG. Therefore, gdf9 might be 

under the regulation by pituitary gonadotropins. 

BMP 15 is another member in the BMP family being characterized in the zebrafish ovary 

(166). z fBMPlS has been cloned and found to be expressed in various tissues, including the 
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ovary. In contrast to GDF9, BMP 15 was detected in both the oocyte and the follicle layer, with 

no significant change in expression during folliculogenesis. With regard to its function, BMP 15 

was found to have an inhibitory role in oocyte maturation as demonstrated by knockdown studies 

(167). 

There is a new perspective on ovarian follicle development in recent years. Instead of 

being passively regulated by endocrine hormones, there are actually differentiation factors 

released by the oocyte that regulate its own growth and development. In mammalian studies, 

GDF9 has been identified to be an oocyte-specific factor which modulates ovarian development 

in the mouse and human (21, 170). While in the zebrafish, GDF9 has also been identified as an 

oocyte-derived factor (168). In addition, members of the EGF family including egf，tgfa, hbegf 

and btc have also been identified to be oocyte factors in the zebrafish, potentially acting on their 

receptor, egfi\ on the follicle layer through a paracrine manner (171). In the present study, we 

examined the spatiotemporal expression profiles of other BMP family members including the 

ligands bmp2a, bmp2b, bmp4, bmp6 and bmp7 {bmp7a rather than the newly found homo log 

bmp7b was studied (87))，as well as the two BMP type II receptors, in the zebrafish ovary. We 

added on top of gdf9 and the EGF family another group of differentiation factors, the BMP 

family, as oocyte-specific factors which act on follicle cells to modulate follicle development. 

Our results strengthen the belief that instead of being passively nurtured by the endocrine 

hormones, the oocyte actually plays an active role by releasing various differentiation factors that 

act on the follicle ceils in a paracrine manner. 

2.2 Materials and methods 

2.2.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), Invitrogen 

(Carlsbad, CA) and USB (Cleveland, OH) unless otherwise stated. 

2.2.2- Animals 

. Zebfafish {Danio rerio) were purchased from local pet stores and maintained in flow-

through aquaria at 28土 1°C on a 14-h light/10-h dark photoperiod. The fish were fed thrice a day 

with commercial tropical fish food. The animals were anaesthetized on ice and sacrificed by 

decapitation before dissection. All experiments were performed under license from the 
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Government of the Hong Kong Special Administrative Region and endorsed by the Animal 

Experimentation Ethics Committee of the Chinese University of Hong Kong. 

2.2.3 Isolation of ovarian follicles 

Zebrafish ovary was dissected in Cortland's medium and dispersed gently using plastic 

pipette. Follicles were manually separated using fine forceps and grouped according to size and 

morphology: full-grown (FG; -0.65 mm), mid-vitellogenic ( M V ; � 0 . 5 mm), early vitellogenic 

(EV; -0 .40 mm), pre-vitellogenic ( P V ; � 0 . 3 mm) and primary growth follicles ( P G ; � 0 . 1 mm). 

Follicles were stored in Tri-Reagent (Molecular Research Center, Cincinnati, OH) for RNA 

extraction, followed by reverse transcription and real-time qPCR for detection of transcript 

levels. 

2.2.4 Separation of oocytes and follicle layers 

Zebrafish ovary was dissected and the full-grown immature follicles were selected and 

placed in Cortland's medium devoid of calcium and magnesium to weaken the attachment of the 

follicle layer to the oocyte as described in our previous report (171). The follicle layer was 

carefully peeled off from the oocyte using fine forceps under microscope. Five follicle layers or 

five denuded oocytes were pooled and stored in Tri-Reagent until RNA extraction. To ensure 

the cleanliness of the separation, molecular markers specifically expressed in the two 

compartments were used. gdf9 was the marker expressed only in the oocytes while Ihcgr was the 

marker exclusively expressed in the follicle layers (168，172). 

2.2.5 Ovarian fragment incubation 

Ovaries were dissected from zebrafish and put in Cortland's medium supplied with 0.1% 

glucose. The follicles were dispersed gently using plastic pipette and dissection blades, resulting' 

in 7-8 follicles in one clump (called ovarian fragments below). The ovarian fragments were 

incubated in a 24-well plate (BD, Franklin Lakes, NJ) with 500 jii medium per well in the 

presence or absence of actinomycin D (1 ^ig/ml) for 24 h at 28°C. After the incubation period, 

the ovarian fragments were collected in Tri-Reagent for RNA extraction. 

2.2.6 Embryo collection 
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Sexually mature male and female zebrafish were put in the same tank in a sex ratio of 1:1 

the night before embryo collection. Embryos were collected the next morning when the lights of 

the aquarium were on. Embryos were observed under microscope and collected according to 

different developmental stages. Embryos at stages of 4-cell, 16-cell, 32-cell, 256-celI, high, 

sphere, shield, tailbud，10 somites, 25 hpf and 2 dpf were collecte(J al different time points (5 

embryos per sample). As a reference, full-grown follicles were also collected from a freshly 

dissected zebrafish on the same day. Embryos and full-grown follicles were stored in 丁ri-

Reagent until RNA extraction. 

2.2.7 RNA isolation and reverse transcription 

Total RNA was isolated from the tissues, ovarian follicles, ovarian fragments, follicle 

layers,, denuded oocytes and embryos using Tri-Reageni according to manufacturer's instruction. 

Various organs or tissues were dissected for RNA extraction, including the brain, ovary, testis, 

gill, kidney, liver and muscle. Organs/tissues and embryos were homogenized before RNA 

isolation. Total RNAs from the tissues and ovarian follicles of different stages as well as ovarian 

fragments were quantitated and 3 |ig from each was used for reverse transcription in a 10 )il 

volume containing 1 x M-MLV RT buffer, 0.5 mM of each dNTP, 0.5 ^g oligo(dT), 0.1 mM 义、 

DTT and 100 U M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). The entire total RNA 

from five follicle layers and five denuded oocytes as well as the embryos were reverse 

transcribed using the same reagents. Reverse transcription was performed at 37°C for 2 h. 

2.2.8 Real-time and semi-quantitative PGR ( • ， 

Real-time qPCR was used to monitor the expression changes of different target genes 

during folliculogenesis. Real-time qPCR was carried out on the iCyclcr iQ Real-Time PCR 
i 

Detection System (Bio-Rad, Hercules, CA) in a volume of 30 |ii containing 10 fj.1 of 1:20 diluted 

RT reaction 1 x PCR buffer, 0.2 mM of each dNTP, 2.5 mM MgCl2.0.2 }xM of each primer, 

0.75 U Taq Polymerase, 0.5 x EvaGreen (20 x concentrated; Biotiurri, Hay ward, CA) and 20 nM 
fluotescein (Bio-Rad). The reaction profile consisted of 40 cycles of 95°C- for 30 sec, 56°C-# 
60°C for 30 sec (annealing temperature varies for different target genes), 72°C for 40 sec and 

* X 

84°C for 7 sec for signal detection. A melt curve analysis consisting of 180 cycles of 7 see with 

temperature increase of 0.2°C/cycle was performed at the end of the reaction to demonstrate the 
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specificity of the reaction. Results were normalized to the housekeeping gene efla. Semi-

quantitative PCR was used lo detect the expression in the tissues, follicle layers and denuded 

oocytes. For semi-quantitative PCR, the reaction was carried out in a volume of 15 |il, which 

consisted of 1 x PCR buffer, 0.2 mM of each dNTP, 2.5 mM MgCb, 0.2 |iM of each primer and 

0.6 U Taq polymerase, using the Thermal Cycler (Bio-Rad). For the follicle layers and denuded 

oocyte samples, 33 cycles were performed under the following conditions: 94°C for 30 sec, 

56°C-60°C for 30 sec (annealing temperature varies for different target genes) and 72°C for 40 

sec. The cycle numbers used for different genes were listed in Table 2.1. The P^R products 

were visualized on a 1.5% agarose gel containing elhidium bromide. The primers for PCR were 

designed according to the sequences available in the GenBank and synthesized by Integrated 

DNA Technologies (IDT, Coralville, 1 八 ) .Pr imers used for amplification of different target 

genes were listed in Table 2.1. 

2.2.9 Statistical analysis 

All real-time qPCR data were normalized to the housekeeping gene efla All values 

were expressed as the mean 士 SEM and the data were analyzed by one-way ANOVA followed 

by Newman-Keuls test for comparisons of ail pairs of groups using the GraphPad Prism 5 for 

Mac OS X (GraphPad Software, San Diego, CA). 

2.3 Results 

2.3.1 Validation of semi-quantitative PCR quantification 

Five members of the BMP ligands (bmp2a, bmp2b, bmp4, bmp6 and hmp7a) and the two 

type II receptors {bmpr2a and bmpr2h) have been cloned and their nucleotide sequences were 

obtained from the GenBank. The primers were designed for each target gene and were 

•synthesized by Integrated DNA Technologies (IDT, Coralville, lA) (Table 2.1). The optimal 

number of cycles for amplification was determined for each gene. The middle points in the 

curve were chosen as the optimal cycle numbers. The optimal cycle number for hmp2a and 

bmp2b was 34 while that for bmp4, bmp6, bmp7a and the two receptors {bmpr2a and hmpr2b) 

was 33 (Fig. 2.1). 

2.3.2 Tissue distribution of BMP family in the zebrafish 
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All the BMP ligands and type LI BMP receptors {hmpr2a and 2b) were found to be 

ubiquitously expressed in all the tissues examined, though the expression levels seemed to vary 

among different molecules and tissues. Inhibin a (inha) was used as a marker for gonadal tissues 

as it has been shown to be expressed in the gonads only (173). The exclusive expression of inha 

indicated that the other tissues were free from contamination by the gonadal tissues. The 

housekeeping gene, efla, was abundantly expressed in all tissues as expected. bmp2a and 

bmp2b seemed to have more abundant expression in most tissues as compared to other ligands 

and the receptors. The expression of bmp7a was relatively low, especially in kidney, liver and 

muscle (Fig. 2.2). ” 

2.3.3 Temporal expression patterns during folliculogencsis 

The temporal expression profiles of BMP ligands and receptors during folliculogencsis 

were analyzed using real-time qPCR. The expression of hmp2a, bmp2b’ bmp4 and bmp6 

increased significantly from PG to PV, though the increment varied to different degrees with 

hmp2b showing the most dramatic change during this transition. After reaching the peak at PV, 

the expression levels declined steadily toward the end of folliculogencsis. The expression of 

bmp7a did not show much change during folliculogencsis. bmp2h and bmp4 were relatively 

more abundant as compared to other BMP ligands, while bmp7a appeared to be the least 

abundant. In contrary to the BMP ligands, the expression levels of bmprla and bmpr2b 

increased their expression steadily from PG to MV and the level surged al the FG stage (Fig. 

2.3). 

2.3.4 Spatial distribution of the BMP ligands and reccptors within the follicle 

The zebrafish follicle consists of a developing oocyte and a surrounding follicle layer 

containing granulosa and theca cells. To demonstrate the localization of BMP ligands and 

receptors in the two follicle compartments, we separated the two compartments manually 

followed by RNA extraction from each and RT-PCR detection. The oocyte marker gene gcif9 

and follicle cell marker gene Ihcgr were used to ensure the cleanliness of the oocyte and follicle 

layer samples (168, 172). As a specific marker of the oocyte, the expression of gdf9 was 

demonstrated in both the intact follicle办nd the denuded oocytes, but not the follicle layers. In 

contrast to gdf9, Ihcgr was expressed exclusively in the follicle layers. hmp2a, bmp2b, hmp6 and 
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bmp7a were found to be expressed only in the denuded oocytes under the current experimental 

conditions, while the expression of bmp4 was found in both compartments. On the contrary, the 

receptors bmpria and hmpr2h were found to be located exclusively in the follicle layers under 

the current experimental conditions (Fig. 2.4). 

2.3.5 Transcription dependence of the expression of BMP ligands and rcccptors in the 

ovary 

Actinomycin D, as a pharmacological drug which blocks transcription, was applied on 

the ovarian fragments. It was observed that the BMP ligands (bmp2a, bmp2b, hmp4, bnip6 and 

bmp7a) which were oocyte-derived factors do not have significant changes in expression upon 

the blockade of transcription, suggesting they have low turnover rate in the oocyte. On the 

contrast, the two BMP receptors, which were located exclusively in the follicle layer under the 

current experimental conditions, showed a drastic drop in expression upon incubation with 

actinomycin D. As the receptors in the follicle layer have high turnover rate, it is hypothesized 

that the genes that are located in the follicle layer are more likely to be subjected to regulation 

(Fig. 2.5). 

2.3.6 Temporal expression patterns during embryogcnesis 

The BMP ligands showed a distinct expression pattern during embryogcnesis. 

Expression of bmp2a increased gradually, while that of bmp2b peaked at sphere stage and hmp4 

peaked at shield stage. Bmp6 exhibited an irregular expression pattern, while bmp7a peaked at 

sphere and shield stage. For the BMP receptors, both hmpr2a and hmpr2h dropped their 

expression to zero at 4-celled stage and gradually increased as the embryo developed (Fig. 2.6). 

2.4 Discussion 么 

In the mammals，the locations of the BMP ligands and receptors are diverse in different 

species, and sometimes controversial. A comprehensive study was performed on the 

spatiotemporal expression of the BMP family in adult rats (174), Through in situ hybridization 

analysis, it was found that BMP2 was located in the granulosa cells, while BMP3, BMP3b, 

BMP4 and BMP7 were in the theca cells. BMP6 was found in both the oocyte and granulosa 

cells with increasing expression during folliculogenesis. BMP15, however, was oocyte-specific. 
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While the BMP ligands were localized in various compartments, BMPR-IA and BMPR-IB were 

found in oocytes, granulosa cells and theca cells, whereas BMPR-II was restricted to the 

granulosa ceils and weak expression in oocytes only. In another study using rat as model, it was 

demonstrated that BMP5 was located in the granulosa cells and it exerted stimulatory actions on 

granulosa cell proliferation and inhibitory actions on progesterone production (151). BMP3 was 

studied in the human ovary (175), Also localizing in the granulosa cells, human BMP3 was 

subjected to regulation by hCG, On the contrary, human GDF9 and its novel homolog GDF9B 

(BMP 15) were restricted lo the oocyte in primary follicles (170). In sheep, BMPR-IB was found 

in oocyte and granulosa cells, while BMPR-II was found in theca cells, in addition to the oocyte 

and granulosa cells (176). In another study using ewe as the model identified BMPR-IA, 

BMPR-IB and BMPR-II in all three compartments from primary to preovulatory stage (152). 

Therefore, in mammals, the localization of the BMP ligands and receptors was highly diverse in 

different species. Yet in the Zebrafish, only GDF9 and BMP15 arc known for their spatial 

distribution in the ovarian follicle (166，168), but much less is known about other members in the 

BMP family. 

The present study revealed the presence of bmp2a，bmp2h, bmp4, bmp6 and bmp7a in the 

oocyte compartment, identifying the BMPs as oocyte-derived factors. While the receptors 

bmprla and bmpr2b were located exclusivety in the follicle layer under the current experimental 

conditions, it is suggested that there' is a potential paracrine BMP signaling going from the 

oocyte towards the follicle layer, as opposed to the traditional belief that the oocyte is passively 

nurtured by the follicle layer for its growth and development. Instead, the oocyte may play an 

active role by releasing various growth factors to regulate ovarian development. In contrast to 

BMP15 which was found in both the oocyte and follicle layer compartment (166)，the BMP 

ligands that we studied were exclusively in the oocyte under the current experimental conditions，, 

except for bmp4 which was found in the follicle layer as well. There was further evidence 

supporting our results in the localization study. In the embryogenesis experiment, the BMP 

ligands exhibited a distinct expression pattern, with the highest expression at different stages. 

This not only implies their importance in embryogenesis, but also provides us some insights on 

the spatial distribution of the BMP ligands and receptors. We observed that from full-grown 

follicle to 4-celled stage embryo, the expression of the BMP ligands did not change significantly. 

This is most likely because the BMPs are maternal factors that were carried over from the oocyte 
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through fertilization into embryonic stage. On the contrary, the expression of BMP receptors 

dropped to zero at 4-ceiled stage followed by a gradual increase. The disappearance of these 

receptors can be explained by the localization of the receptors on the follicle layer. During 

ovulation, the follicle layer was shredded off. Therefore, we observed the expression of the 

receptors at an undetectable level. The embryogenesis experiment provided indirect evidence to 

support the results of our localization studies. 

We also performed another experiment to further validate our localization studies. While 

hormones such as the gonadotropins act on the follicle layer to regulate the oocyte, the oocyte 

also releases growth factors and exerts its actions on the follicle layer in a paracrine manner. 

Thus the follicle layer appears as a converging point where the endocrine and paracrine signals 

act and interact. In other words, the follicle layer is more likely to be subjected to regulation and 

genes expressed in the follicle layer are expected to have a higher turnover rate as compared to 

those in the oocyte. From the experiment using actinomycin D which blocks transcription in the 

follicles, the expression of the two BMP receptors dropped drastically, indicating a high turnover 

rate. This also suggests that these genes are more likely to be subjected to regulation. On the 

contrast, the BMP ligands did not show significant change in expression. Therefore, they were 

more likely to be in the oocyte, which is subjected to regulation to a lower extent than the follicle 

layer. Our study added the BMP family as another group of oocyte-derived growth factors in 

addition to GDF9 and the EGF family in the zebrafish (168，171), in contrast to BMP 15 which 

was found in both oocyte and follicle layer compartment (166). 

The distribution of the BMP ligands and receptors in this study suggests a paracrine 

signaling from the oocyte to the follicle layer, and we will provide further evidence in the next 

chapter that the follicle layer is the target for BMP signaling. Under the experimental conditions 

in this study, we showed that all the BMP ligands studied were located exclusively in the oocyte 

except for bmp4 which was found in both compartments. This situation is similar to that of EGF 

family, of which btc was found in both the oocyte and the follicle layer (171). Studies in 

mammals suggested BTC as one of the downstream mediators of LH in the ovarian follicle, 

strongly arguing for its presence in the follicle layer (177). Whether btc and bmp4 have a similar 

role in mediating the action of gonadotropins will be an interesting issue for us to investigate in 

the future. Also, we have to be cautious that the spatial expression was based on FG follicles 

only in this study, and might not apply to other stages. It will be interesting to investigate the 
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spatial distribution of follicles at earlier stages to see if the spatial distribution is consistent 

throughout different stages in order to get a more comprehensive picture. 

The temporal expression pattern of most members in BMP family has not been studied in 

the zebrafish except for BMP15, which did not show a significant change over the course of 

folliculogenesis. Yet, bnip4’ hmp7 and gdf9 had been characterized in the rainbow trout (164). 

The expression of hmp4 and bmp7 peaked at pre-vitellogenic stage, which was similar to our 

findings in the zebrafish with expression of most BMP ligands peaked at pre-vitellogenic stage. 

The pre-vitellogenic stage represents the time that the follicle is activated and starts 

incorporating vitellogenin for its growth. It represents a very important transition during 

folliculogenesis. This is crucial to the whole developmental process of the follicle, becausc 

arrest in early stage of folliculogenesis will result in failure of the follicle to continue 

development. Participation in this important transition may require co-operation of various 

factors. The peak at pre-vitellogenic stage might suggest a potential role of BMPs in promoting 

primordial follicle development. In fact, in mammalian studies, BMP4 and BMP7 had been 

shown to promote early folliculogenesis in the rat and mouse model respectively (57, 150). 

Whether BMPs in zebrafish exhibit a similar functional role in the ovary needs our further 

investigation in the future. 

Interestingly, the two BMP receptors surged at the full-grown stage during 

folliculogenesis, which is similar to that of egfr (171). EGF and TGF-a, as oocyte-derived 

factors, have been shown to promote oocyte maturation (178). With their common receptor, 

egfr, reaching peak level at FG stage so as the BMP receptors, it will be interesting to investigate 

whether BMP signaling exerts an important role in regulating oocyte maturation. Also, the rise 

in expression of BMP receptors during folliculogenesis paralleled thai of the gonadotropin 

receptors (172). In the hamster, it was reported that FSH up-regulated BMP receptors in the 

perinatal ovary (179). Whether the gonadotropins exert a similar effect on the BMP receptors 

remains a question to be investigated in the future. 

In conclusion, several members in the BMP family have been characterized, including 

bmp2a, bmp2b, bmp4, bmp6 and bmp7a, as well as the two type II receptors, hmpr2a and 

bmprlb. They were all expressed in the zebrafish ovary, and within the ovarian follicle, spatial 

distribution studies under our experimental conditions suggested the BMP ligands located 

exclusively in the oocyte and follicle layer，except for bmp4 which was found in both 
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compartments. We are unsure why bmp4 has a different localization pattern from other BMP 

ligands, and this is worth further investigation in our study. In contrast to the BMP ligands, the 

BMP receptors were located exclusively in the follicle layer, suggesting a potential paracrine 

signaling from the oocyte towards the follicle layer. In addition, the temporal expression pattern 

revealed BMPs increased from PG to PV stage, while the receptors surged at the full-grown 

stage, arguing for a potential role of BMPs as oocyte-derived factors actively participating in 

modulating ovarian function by promoting early follicle development as well as regulating 

oocyte maturation. 
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Table 2.1 Primers used in semi-quantitative RT-PCR and real-time qPCR 

\ 

Gene • Accession no. Sequence 
Expected 

Size (bp) 

Cycle 

No. 

used 

bmp2a NM 131359 ‘ 

1 

GCAGAGCCAACACTATCAGGAG 

CCAC n rAAI^ACAGCAGG八GTTACG 

335 34 

bmp2b 

j 

NM 131360 GCACAAGTATGAACAAGAAGAGGC 

CCGAACATAITGAGCAAGCGTAG 

339 34 

bmp4 NM 131342 CCAACACCGTGAGAGGATTCC 

TCCACAGC'AAGGCCATGATTAG 

379 33 

bmp6 NM 001013339 AACCGCAACCGCXCCAATAG 

AAGGCACCACCATGTTCCTG 
\身 -

376 33 

bmp7a NM 131321 ACCTTCCATGTCAGCGTGTTC • ‘ -. 
TGACCTTTCTGTTTGCCTCCTG 

335 • 33 

hmpr2a NM 001039817 
a 

ACCGCC AGC AG 1 “ 1C ACTA ATG � 

TCCGTCTTAACCAGCACATTCC 

322 33 

bmpr2b NM 001039807 GGCTCTGCTCACTGCTTCTG 

TGCG ATGGCG' 1 “! GTGGTA AC 

298 33 

efla NM 131263 GGCTGACTGTGCTGTGCTCATTG • 

CTTGTCGGTGGGACGGCTAGG 

409 24 

gdp NM 001012383 TCTCCATCACTCCtTCTCTATCtT 
• i 

ATCCCAATGGTTTGATGTCAGAT 

102 30 

Ihcgr NM 205625 GACGGCCTGAAAGGAGTAAG 

GCGCAGATTC^GGTTATCAC 

279 32 

inha XM 693951 
« 

AGCCTCCTCTQCCAGTGITG 

ATGl' l 'GATGGAAGCGATGGTCTC 

301 ‘ 26 • 
• 
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/ 
bmp2b 

mtttSBBSBBBSm 
bmptZb 

Cycto i 

Fig'. 2.1 Validation of semi-quantitative RT-PCR assay for zebrafish BMP ligands {bmp2a, « -
bn^2b, bmp4, bmp6 and bmpJd) and the two BMP type II receptors (hmpr2a, bmprlb). RT-

PCR was performed on the RNA isolated from whole ovary for different cycle numbers. 
I 
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Brain Ovary Testis 
1+ - If 

Gill Kidney Liver Muscle 

Fig. 2.2 Tissue distribution of the BMP family ligands and receptors in the zebrafish. B, brain; • -
0，ovary; T, testis; G, gill; K, kidney; L, liver; M, muscle; +’ RT with reverse transcriptase; -’ RT » 
without reverse transcriptase, efla, housekeeping gene; inhu, marker specific for the gonads; 

bmp2a, hmp2b, bmp4, bnip6, bmp7a; BMP ligands; bmpr2a. bmpr2b, BMP receptors. 

. 36 



bmp2a 
bmp2b 

bmp4 
bmp6 

bmp7a 

4 
' EV MV FG 

Foll icle Stage 

bmpr2a O bmpr2b 

Q 

0.0 
f EV MV 

Foll icle Stage 

FG 

Fig. 2.3 Temporal expression profiles of BMP ligands bmp2a, bmp2h, bmp4, bmp6 and bmp la 

(A) and type II BMP receptors bmprla and bmpr2b (B) during folliculogenesis. The relative 

mRNA levels were determined by real-time qPCR and normalized to the housekeeping gene 

efla. The values are the mean 土 SEM (n=3) from a representative experiment. Letters indicate 

statistical significance (P<0.05). PG, primary growth; PV, pre-vitellogenic; EV, early 

vitellogenic; N1V, mid-vitellogenic; FG, full-grown. 

. 37 

I
S
A
®
-
!

 V
N
K
E

 In
-
e
a
 

A) 

(
c
-
o
 t

 *
 
-

k
u
B
Z
卜
d
l
 
.

g
d
u
j
q
 i
l
u
q
 
查
 1
}
 

V
N
a
E
 

(
c
-
o
l
.

 x
‘
U
W
B
Z
J
d
t
u
q
)
 

-
0
>
®
J
 V
N
a
E
 0
A
I
S
0
K
 

B) 



Follicle layer Denuded oocyte 

vr — i r 
9f1a 一 

Ihcgr 

gdf9 」 

bmpla 一 

bmplb 

bmp4 

htnp6 

bmp7a 一 

Marker 

BMP 
ilgands 

BMP 
rcccptors 

Fig. 2.4 Intrafollicle distribution of the BMP ligands and receptors in the full-grown follicle. 

The housekeeping gene, eflu’ was expressed in both compartments whereas the follicle cell-

specific marker {Ihcgr) and oocyte-specific marker {gdf9) were only detected in the follicle 

layers and denuded oocytes, respectively. Under the current experimental conditions, the BMP 

ligands {bmp2a, bmp2b, hmp6 and bmp7a) were exclusively detected in the denuded oocytes 

whereas hmp4 was detected in both compartments. On the contrast, the two type II receptors, 

bmpr2a and bmpr2b, were detected exclusively in the follicle layers. 
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400-
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100-

0-
Ctri 

國 bmp2a 
翅 bmp2b 
目 bmp4 
國 bmpS 
國 bmp7a 

Actinomycin D (24 h, 1000 ng/ml) 

Fig. 2.5 Expression of BMP ligands {bfnp2a, bmp2b’ hmp4, bmp6, hmp7a) and the BMP type il 

receptors {bmpr2a and bmpr2h) of ovarian fragments upon incubation of Actinomycin D (1000 

ng/ml) for 24 h. The values are the mean ± SEM (n=3) from a representative experiment. 

Asterisk (*) indicates statistical significance (**, P< 0.01 vs. control). 

. 39 
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JL 

m 
4-celled embryo 

T 

FG follicle 

bmpr2a EHI bmpr2b 

ND 

FG follicle 4-celled embryo 

H bmp2a 
國 bmp2b 
目 bmp4 

bmp6 
bmpTa 

Fig. 2.6 Expression of BMP ligands {bmp2a, bmp2b, bmp4, bmp6, bmp7a) and the BMP type II 

receptors {bmpr2a and hmpr2b) during embryogenesis (A). Follicles at FG stage were also taken 

as a reference (B). The relative mRNA levels were determined by real-time qPCR, normalized to 

the housekeeping gene afla’ and expressed as percentage changc compared with the levels at 2 

dpf. The relative mRNA level of FG stage and 4-celled stage were also compared separately. The 

values arc the mean 土 SEM (n=3) from a representative experiment. Letters indicate statistical 

significance (P<0.05). 
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.—-- Follicle layer 
BMPR2b J 

Fig. 2.7 Schematic diagram of spatial localization of BMP ligands [hmp2a, hmplh, b"ip4� 

hnip6, bmp7a) and receptors (bmpr2a, hmpr2h) in the zebrafish follicle. Under our experimental 

conditions, BMP ligands were found to be located exclusively in the oocylc (except for hwp4 

which was found in both compartments) while BMP receptors were located exclusively in the 

follicle layer, suggesting a potential paracrine signaling from the oocyte towards the follicle 

layer. 
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Chapter 3 

Recombinant Production and Functional Characterization of 

Zebrafish BMP2b and BMP4 

3.1 Introduction 

Having investigated the spatiotemporal expression of BMP family, our next step would 

be to unravel the functional roles of BMPs in the ovary. Yet before we can study their function, 

it is essential that we have the recombinant BMPs available. BMPs can be purified from bone, 

yet the yield is very low and the purification procedure is complex (180) . Several reports have 

tried to produce recombinant BMPs using prokaryotes or eukaryotes. For example, BMP2 was 

produced from E. coli, though refolding or solubilization was required (181-184). Expression of 

the ovine type II BMP receptor ectodomain was also done in E. coli followed by purification 

process (T85). Xenopus BMPs were also expressed using a baculovirus expression system by 

infecting the insect cells (186，187). Mammalian Chinese Hamster Ovary (CHO) cells have also 

been reported to produce Xenopus BMP4 with demonstrated bioactivily (188). Each system has 

their advantages and disadvantages. 

Currently, some forms of BMPs are commercially available. Yet, they are from species 

other than zebrafish. We cannot assume that these commercially available BMPs are 

biologically active and exhibit the same function in the zebrafish model. In addition, some of 

them are made in bacterial system, which lacks post-translational modification or proper folding. 

Because of this, the ED50 of these recombinant products is often unexpectedly high. Also, the 

high cost of these commercially available recombinant proteins is another hindrance in our study. 

Therefore, we decided lo make our own recombinant proteins in this study. 

In our present study, we have chosen CHO cells as the bioreactor for producing zebrafish 

BMPs. Early in 1992, the production of human BMP2 in CHO cells was reported (64). As 

BMPs always form homodimers or hcterodimers, a mammalian system was chosen for this study 

since in the mammalian system, refolding of protein and post-translational modification can be « 

done. Also, CI IO cells are easy to maintain and the cost is relatively low. 
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Flp-In CHO cells were used to produce zebrafish recombinant BMP proteins. 

Homologous recombination occurred between the FRT sites in the host cells and pcDNA5/FRT 

(the construct with cDNA sequence of zebrafish BMPs cloned in) through the help of the Flp 

recombinase expressed by pOG44，the plasmid that was co-transfecled. In this study, BMP2b 

and BMP4 were chosen for recombinant protein production because BMP2b displayed the most 

dynamic change in expression during folliculogcnesis and BMP4 was the only ligand examined 

that showed expression in both oocyte and follicle layer compartments. To ensure the 

recombinant proteins are active, a bioassay is needed. The present study has developed an assay 

to demonstrate the bioactivity of the recombinant BMPs by making use of Smad 1/5/8 

phosphorylation in cultured follicle cells. It is well established that Smad 1/5/8 are downstream 

mediators of BMPs, and Smad 1/5/8 phosphorylation is classical in BMP signaling (128，129). 

Therefore, to test the bioactivity of the recombinant BMPs, we investigated whether these 

recombinant BMPs could induce Smad 1/5/8 phosphorylation in cultured follicle cells. Further, 

we tested whether zfBMP4 had a functional role in oocyte maturation. 

Recently, the two BMP type II receptors, bmpr2a and hmpr2b, have been reported to be 

involved in establishing the left-right asymmetry in the zebrafish, indicating that these two 

receptors were functional in the zebrafish (169). In our study, we demonstrated the presence of 

these BMP receptors in the ovary. Yet, whether they are involved in BMP signaling in the ovary 

remains to be questioned. We use bioinformatics tools to predict the extracellular domains of the 

two receptors, and produced the truncated forms of them using CHO cells, similar to what we did 

for recombinant zfBMP2b and 4. Ovine type II BMP receptor ectodomain has previously been 

expressed by bacterial system as mentioned earlier (185). Furthermore, a truncated BMP 

‘receptor has been reported to affect dorsal-ventral patterning in Xenopus embryos (114). To 

prove that the BMP receptor ectodortiains were bioactive, we tested them by evaluating their 

ability to attenuate BMP signaling in cultured follicle cells through their binding with BMP 

ligands. 

3.2 Materials and methods 

3.2.1 Chcmicals 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), Invitrogen 

(Carlsbad, CA) and USB (Cleveland,OH) unless otherwise stated. 
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3.2.2 Animals 

Zebrafish (Danio reho) were purchased from local pel stores and maintained in flow-

through aquaria at 28士 1°C on a 14-h light/10-h dark photoperiod. The fish were fed thrice a day 

with commercial tropical fish food. The animals were anaesthetized on ice and sacrificed by 

decapitation before dissection. All experiments were performed under license from the 

Government of the Hong Kong Special Administrative Region and endorsed by the Animal 

Experimentation Ethics Committee of the Chinese University of Hong Kong. 

3.2.3 Total RNA isolation and reverse transcription 

Total RNA was isolated from CHO cells using Tri-Reagent according to manufacturer's 

instruction. Total RNAs was used for reverse transcription in a 10 |il volume containing 1 x M-

MLV RT buffer, 0.5 mM of each dNTP, 0.5 [ig oligo(dT), 0.1 mM DTT and 100 U M-MLV 

reverse transcriptase (Invitrogen, Carlsbad, CA). Reverse transcription was performed at 37°C 

for 2 h. 

3.2.4 Construction of expression constructs 

To produce recombinant zebrafish BMP2b and BMP4, the open reading frames of hmp2b 

and bmp4 were cloned into pcDNA5/FRT (Fig. 3.1) respectively, provided in the Flp-In 

Expression system (Invitrogen). The restriction sites of BamHI and Xhol as well as Kozak 

sequence were added in the primers used. To produce the truncated forms of zebrafish type II 

BMP receptors {bmpr2a and bmpr2b) containing extracellular domain only, the region 

corresponding to the ectodomain of each receptor was predicted by ExPASy (Expert Protein 

Analysis System, Proteomics Server of the Swiss Institute of Bioinformatics) and cloned into 

pcDNA5/FRT as described above for BMP2b and BMP4. Similarly, the restriction sites of 

BamHI and Xhol as well as Kozak sequence were added in the primers. The restriction enzymes 

BamHI and Xhol were purchased from Promega. Zebrafish ovaries were dissected and RNA 

extracted, followed by reverse transcription and amplification. KAPA HiFi DNA polymerase 

(Kapa Biosystems, Woburn, MA) was used for amplification because of its high fidelity. After 

successful cloning into the vector, the expression constructs were sequenced by Tech Dragon 

Limited DNA Sequencing Service to confirm the identity of the constructs. 
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3.2.5 Cell culture and transfection of Flp-In CHO cells 

The Flp-ln Chinese Hamster Ovary (CHO) cells (Invitrogen) were used for recombinant 

protein production. F-12 medium (Gibco) supplied with 6 g/L HEPES (USB, Cleveland, Oil) 

and 10% FBS (Hyclone) containing antibiotics (streptomycin, 100 |xg/ml; penicillin, 100 U/ml) 

was used to culture the CHO cells. Transfection was performed in 6-well plates (BD, Franklin 

Lakes, NJ), when the growing CHO cells reached 80% confluency. The expression constructs of 

zfBMP2b, zfBMP4, or the ectodomains of zfBMPR^IIA and zfBMPR-IIB (1 ng each) were 

transfected into the Flp-ln CHO cells using Transfectin Lipid Reagent (Bio-Rad). The plasmid 

pOG44 (Invitrogen) that expresses the FIp recombinase for homologous recombination between 

the FRT sites in the host cells and pcDNA5/FRT was also co-transfected to enhance the 

integration of the expression constructs into the host genome. The transfected CHO cells were 

re-plated into 10-cm culture dishes (BD) the next day and underwent hygfomycin B (Invitrogen) 

selection at 500 fig/ml (optimized dose) for 1 month. The transfected CHO cells were plated into 

96-well plate (BD) after 1 -month selection at the density of 1 to 2 cells per well. One week after, 

the wells that contained single clones were selected and the cells from each well were re-platecl 

into a new 10-cm culture dish. One clone for each protein (BMP2b: #B12; BMP4: #E7; BMPR-

IIA: #A1 and BMPR-IIB: #E6) was selected for establishing stable cell lines for recombinant 

protein production. RNA extraction and reverse transcription were performed to confirm the 

expression of hmp2b, bmp4, bmprla and bmpr2b respectively. The cells were also transfected 

with empty pcDNA5/FRT in a similar way to generate a control cell line. 

3.2.6 Real-time qPCR and semi-quantitative PCR 

Real-time qPCR was used to detect the copy number of bmp2b and bmp4 per 5,000,000 

recombinant C H O cells. Real-time qPCR was carried out on the iCycler iQ Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA) in a volume of 30 |j.I containing 10 |il of 1:20 diluted 
» 

RT reaction mix, I x PCR buffer, 0.2 mM of each dNTP, 2.5 mM M g C b . O � | . i M of each primer, 

0:75 U Taq Polymerase, 0.5 x EvaGreen (20 x concentrated; Biotium, Hayward，CA) and 20 nM 

fluorescein (Bio-Rad). The reaction profile consisted of 40 cycles of 95°C for 30 sec, 58°C for 

30 sec, 72°C for 40 sec and 84®C for 7 sec for signal detection. A melt curve analysis consisting 

of 180 cycles of 7 sec with temperature increase of 0.2°C/cycle was performed at the end of the 

reaction to demonstrate the specificity of the reaction. Semi-quantitative PCR was also 
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performed. For semi-quantitative PGR, the reaction was carried out in a volume of 15 |il’ which 

consisted of 1 x PGR buffer, 0.2 mM of each dNTP, 2.5 mM MgCb, 0.2 ^iM of each primer and 

0.6 U Taq polymerase, using the Thermal Cycler (Bio-Rad). For the CHO cells, 33 cycles were 

performed under the following conditions: 9 4 � C for 30 sec, 5 8 � C for 30 sec and 7 2 � C for 40 sec. 

The PGR products were visualized on a 1.5% agarose gel containing ethidium bromide. The 
w 

primers for checking the expression of bmp2h and bmp4 were designed according to the 

sequences available in the GenBank and synthesized by Integrated DNA Technologies (IDT, 

Coralville, I A) and they are listed in Table 3.1. 

3.2.7 Recombinant protein production 

The established clones of CHO cells stably transfected with bmp2b, bmp4，and truncated 

forms of bmprla and bmpr2b were used for recombinant protein production. The established 
% 

cell lines were sub-cultured into 175 cm^ flasks (Nunc, Rochester, NY) and allowed to grow for 

3 days at 37°C with 5% CO2 in 50 ml F-12 medium with 10% FBS (Hyclone). After 3 days, the 

cells were changed to serum-free condition and the culture continued for 5 days at a lower 

temperature of 28°C. The medium was then harvested and concentrated by 200 folds using 

Amplicon Ultra 10000 MWCO (Millipore, Billerica, MA). The same was done for the control 

cell line. 

3.2.8 Primary folliclc cell culturc 

Around 40 zebrafish ovaries were dissected and the follicles were dispersed slightly using 

plastic pipette. The follicles were washed with 60% L-15 (Gibco) several times in a 15 ml 

Falcon tube (BD) and filtered through a sieve to remove large size FG follicles. The filtered 

follicles were then washed several times with medium M l 9 9 (Gibco) and plated into 10-cm 

culture dishes. The follicles were grown for 3 days at 28°C in M l 9 9 with 10% FBS (Hyclone). 

Fresh medium of the same components was replaced after 3 days. After continuous incubation 

for 3 more days, the follicle cells were sub-cultured into .12-well plates (BD), with 400,000 cells 

per well. After 24-h incubation with the supplement of FBS, the medium was replaced with 

serum-free M199 for starvation purpose. The follicle cells were treated with the CHO cell-

produced recombinant proteins or human BMP2 (Biovision, Mountain View, CA). The treated 
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follicle cells in each well were collected with 80 |il SDS sample buffer (62,5 mM Tris HCI [pH 

6.8], 1% SDS, 10% glycerol, 5% 2-mercaptoethanol) for Western blotting. ‘ 

3.2.9 Western blotting � 

The samples collected above were boiled at 95°C for 10 min before loading onto the 

acrylamide gel (12%) for SDS-PAGE. A biotinylated ladder (Cell Signaling, Danvers, MA) was 

used as size markers. After the proteins were separated by SDS-PAGE, they were transferred 

onto a nitrocellulose membrane at 90 V for 90 min. The membrane was blocked with 5% skim 

milk for I h after th—"blotting procedure, followed by washing twice with 1 x TBS with 1% 

Tween-20 (USB, Cleveland, OH) (called TTBS below) for 10 min. The primary antibody 

against phospho-Smad 1/Smad5/Smad8 (Cell Signaling) was diluted at 1:1000 in 5% skim milk 

and incubated with the membrane overnight at 4°C. On the next day, the membrane was washed 

twice with TTBS for 10 min, followed by incubation with the secondary antibody (bovine anti-

rabbit-HRP, Santa Cruz Biotechnology, Santa Cruz, CA) at 1:2000 dilution for 1 h at room 

‘temperature. The membrane was washed twice with TTBS for 10 min before detection using the 

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Rockford, 

IL). The chemiluminescent signal was visualized and analyzed with the Lumi-imager and the 

software LumiAnalyst 3.1 (Roohe Applied Science, Indianapolis, IN). 

3.2.10 Oocyte maturation assay 

Full-grown follicles of size around 0.65 mm were isolated and placed in Cortland's 

medium. After the healthy follicles were selected, they were transferred into a 24-well plate, 

with 40 follicles per well, in a total of 400 medium. The follicles were subjected to different 

treatments, with 3 replicates for each treatment. The treatments included 17a, 20p-dihydroxy-4-

pregnen-3-one (DHP，5 ng/ml, Sigma-Aldrich)，the control medium from a" CHO cell line 

transfected with the vector only (25 |xl/ml), the conditioned medium from the CHO cell line 
I 

producing recombinant zebrafish BMP4 (25 ^il/ml), or combination of DHP (5 ng/ml) with either 

control medium or recombinant zebrafish BMP4 (25 jil/ml). A control for spontaneous 

maturation was also included with no treatment. The follicles were incubated at 28°C for 12 h 

and scored for germinal vesicle breakdown (GVBD), which is a marker for oocyte maturation. 
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The follicles that have undergone GVBD exhibited translucent appearance as a result of 

ooplasmic clearing due to cleavage of yolk proteins. 

3.3 Results 
A. 

3.3.1 Establishment of stable CHO cell lines that express recombinant zfBMP2b and 

zfBMP4 

. The result on the distribution of BMPs and their receptors in the follicle strongly suggests 

that the somatic follicle cells are likely the target of BMP ligands which mostly come from the 

oocyte. To provide evidence for direct actions of BMP ligands on the follicle cells, we 

established two stable CHO cell lines that expressed recombinant zebrafish BMP2b and BMP4. 

These two BMP ligands were chosen because bmp2b was most abundantly expressed in the 

follicle and its expression level exhibited most significant change during folliculogenesis, 

whereas bmp4 was the only ligand expressed in both oocytes and follicle cells. To confirm the 

expression of bmp2b and hmp4 in the established CHO cell lines, RNA was extracted from these 

CHO cells for quantitative analysis by qPCR. A negative control was" included in each assay by 
T 

eliminating the reverse transcriptase, M-MLV, in the RT reaction. As shown in Fig. 3.2 and 3.3, 

both cell lines expressed the target genes; however, the expression level of htnp4 was higher than 

that of bm'p2b (Fig. 3.4). 
、 、 \ 

�» 

3.3.2 Smad 1/5/8 phosphorylation in cultured follicle cclls in response to recombinant 

zebrafish BMP2b and BMP4 

As BMPs signal through the Smad 1/5/8 pathway, cultured zebrafish follicle cells were 

treated with 50 ng/ml human BMP2 (Biovision, Mountain View, CA) to test the response of 

Smad 1/5/8 in the follicle cells. Using an antibody for phospho-Smad I/5/8 (Cell Signaling’-

Danvers, MA), we were able to detect 如 increase in Smadi/5/8 phosphorylation at 60 RDa in the 
* 

cells treated with human BMP2. The effect was detectable at 30 min of treatment and increased 

significantly at I h (Fig. 3.5). Similarly, both recombinant zebrafish BMP2b and BMP4 

produced from the CHO cells could also significantly induce phosphorylation of Smad 1/5/8 

dose-dependently at 2 h of treatment (Fig. 3.6 and 3.7). � 
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3.3.3 Blockadc of zfBMP4-induced Smad 1/5/8 phosphorylation in cultured follicle cells by 

truncated BMP receptors 

Two isoforms of type II BMP receptors were analyzed in the present study (BMPR-IIA, 

bmprla： BMPR-IIB, bmpr2b). To provide evidence for their being cognate receptors of BMPs 

in the zebrafish, we produced truncated forms of zebrafish BMPR-IIA and BMPR-IIB 

corresponding to the extracellular domains of zfBMPR-lIA and zfBMPR-IIB (Fig. 3.8 and 3.9). 

As shown in Fig. 3.10, the zfBMP4-induced phosphorylation of Smad 1/5/8 was reduced by 

inclusion of the conditioned media containing BMPR-IIA and BMPR-IIB ectodomains in the 

treatment. 

3.3.4 Suppression of spontaneous oocytc maturation by zfBIVrP4 

It was reported previously that BMP 15 had an inhibitory effect on final oocyte 

maturation in the zebrafish (167). To test if other forms of BMP have similar effects, we 

examined the rate of oocyte maturation in the presence or absence of recombinant zebrafish 

BMP4 together with DHP. As a positive control, DHP significantly promoted oocyte maturation 

compared to the spontaneous maturation, while the control medium exerted little effect on 

spontaneous maturation. By comparison, zfBMP4 could slightly but significantly suppress 

spontaneous maturation. However, zfBMP4 had no significant effect on DHP-induced oocyte 

maturation (Fig. 3.11). 

3.4 Discussion 

While recombinant proteins are needed for functional studies, researchers make use of 

various prokaryotic and eukaryotic systems to produce recombinant proteins, although they face 

different challenges when utilizing different systems. 

E. coli is a widely used bacterial system for recombinant protein production. One of the 

major challenges in using the bacterial systems for recombinant protein production is the 

production of inclusion bodies, which are inactive aggregates that might affect the biological 

activities of the proteins produced. In 2002，the production of human BMP2 (hBMP2) in E. coli 

was reported (181). Since the recombinant protein hBMP2 was produced as inclusion bodies, 

. they isolated the inclusion bodies followed by solubilization. In vitro refolding and purification 

was followed. Later, another group also attempted to produce hBMP2 in E. coli (182). In view 
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of the complicated refolding procedures and the expensive reagents, they developed a new 

approach to refold the protein by a specialized refolding buffer after the isolation of inclusion 

bodies and purification. Investigators have been trying to develop simple and inexpensive 

methods to produce hBMP2 in soluble form without the need for refolding or solubilization 

steps. To increase solubility, Ihm et al. co-expressed thioredoxin as a separate protein using the 

same vector, avoided unnecessary tags, and expressed hBMP2 in E. coli Rogetta-gamiB (DE3), 

allowing the formation of dimer through the disulfide bridges. No renaluration or solubilization 

steps were required, yet purification was needed (184). 

To demonstrate that the recombinant protein is biologically active, an assay is needed. 

hBMP2 was assayed by their induction of alkaline phosphatase activity in C2C12 cells, which is 

a murine myoblast cell line (181-184). hBMP2 was also assayed by its ability to induce FGF-

receptor 3 (FGFR3) (181). A study by Bessa et al., who also produced hBMP2 in E. coli, 

demonstrated for the first time that recombinant hBMP2 produced in E. coli is bioaclivc in 

human cell cultures by ability of hBMP to increase the activity of the early osteogenic marker in 

human fat-derived stem cells (183). 

There are advantages and disadvantages using E. coli for recombinant BMP production. 

Since the proteins are produced in the form of inclusion bodies, protein production is enriched. 

Also, the recombinant protein can be protected from degradation and allows easy purification. 

On the other hand, it is time-consuming to go through the solubilization, refolding and 

purification steps. These processes are complicated and often result in low yield. Also, 

producing the recombinant BMPs ih E. coli may encounter post-translation problems. In 

addition, the protein may be improperly folded and thus resulting in inactive form. Therefore, 

other eukaryotic expression systems may be considered for production of recombinant BMPs. 

Early in 1995, researchers used the baculovirus expression system to produce 

heterodimeric BMPs. It involves transfecting insect cells to generate recombinant virus. The 

production of homo- and heterodimer BMP using baculovirus as a vector was reported (186). 

Xenopus BMP2, 4 and 7 (xBMPs) were generated, as well as the heterodimer xBMP4/7. The 

baculovirus system allows simultaneous expression of multiple genes, and they demonstrated the 
o 
heterodimer xBMP4/7 to be most active as assayed by the mouse osteoblastic cell line (MC3T3-

El ) for differentiation markers. The same group also demonstrated the bone-inducing activity of 

n
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the Xenopus BMPs that they produced (187). The advantages of using the baculovirus system 

are the higher yield and the production of either homodimeric or heterodimcric BMPs. 

Yet, using the mammalian expression systems for recombinant protein production is still 

the. choice for many researchers because it allows proper processing of the proteins. Israel et al. 

expressed human BMP2 in Chinese Hamster Ovary cells and had it characterized (64). hBMP2 

was expressed with proper modifications such as signal and propeptide cleavage, N-linked 

glycosylation and dimerization. Yet, the authors also stated some limitations in producing 

mature BMPs from CHO cells. For example, since only one-third of the open reading frame 

encodes the mature region of BMP2, large amount of proteins expressed were actually 

byproducts. Xenopus BMP4 was also expressed in CHO cells as demonstrated by Northern and 

Western blotting (188). Dimerization and processing of xBMP4 also occurred correctly using 

CHO cells as the bioreactors and was shown to be bioactive. 

Although not as many literatures have reported using mammalian expression system, for 

example CHO cells, to produce BMPs than in prokaryotic system, for example E. coli, we have 

finally decided to use CHO cells as the bioreactors for producing recombinant proteins for 

several reasons. First, in the mammalian system, appropriate post-translational modifications arc 

expected. The protein can be properly folded and assembled. This is especially important as 

BMPs occur as dimers. This saves us the time for solubilization, renaturation and purification 

processes, as these steps are time-consuming and involve expensive reagents. On the other hand, 

CHO cells are easy and cheap to maintain. Although the production yield of recombinant protein 

might not be high, our project does not require huge amount of recombinant proteins for the 

study. A lab scale production would be sufficient for our purpose. Therefore, the low yield does 

not»pose a problem for us. 

CHO cells have been used as a bioreactor for the production of various recombinant 

proteins. While environmental effects such as pH, pOj and osmolarity would affect the yield of 

recombinant protein, culture temperature is also an essential factor. CHO cells are usually 

cultured at 37°C, the optimal temperature for mammalian cells. Yet, researchers have used 

lower culture temperature in an attempt to increase the production of recombinant proteins (57, 

189, 190). Although low culture temperature decreases the specific growth rate, it can maintain 

high viability of cells for longer period (191). Also, by reducing glucosc and glutamine 

consumption rate, less metabolic waste is produced (192, 193). Low culture temperature can 
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also reduce O2 uptafke and protease activity (194), as well as increasing tolerance against stress 

(195) . The effect of low culture temperature on the production of erythropoietin (EPO) in Cl iO 

cells was investigated and proven to be effective (190). 

Although growing the recombinant CHO cells at lower temperature has beneficial effects 

on' productivity, the cell growth is slower, which increases the batch time, reducing the overall 

productivity. Therefore, researchers developed a new method to maximize production. A 

biphasic process was employed to maximize the production of interferon-y (196). The 

recombinant CHO cells were first grown at 37°C to reach a high density, which afterwards were 

shifted to 32°C to reach high specific productivity. They developed and validated a model for 

predicting the optimal time to shift and found that if they did the temperature shift after 3 days at 

37°C, the volumetric productivity was greater than growing at either 37°C or 32°C. Our lab has 

adopted this biphasic process to produce zebra fish gonadotropins in earlier years, and was found 

to be efficient (197). In our study, we employed a similar strategy to produce the recombinant 

z f B ^ ^ s in CHO cells. We first allowed the recombinant CHO cells to grow at 37°C for 3 days, 

followed by shifting the culture temperature to 28°C, hoping to maximize the productivity and 

improving viability. 37°C is the proliferation phase of the CHO cells, in which cell growth 

occurs. 28°C is the production phase of the CHO cells, in which recombinant proteins are 

secreted. Therefore, by shifting the recombinant CHO cells from 37°C to 28°C, we can 

maximize the production of recombinant proteins as well as allowing enough time for the CHO 

cells to proliferate. , 

In our study, we chose to produce zebrafish BMP2b and BMP4. Among all the BMP 

ligands that we studied, BMP2b is most abundant in the follicles, implicating its significance in 

the zebrafisH ovary. BMP4 is the second most abundant in the follicles among the BMP ligands 
4 

that we studied. Different from other BMP ligands in this stijdy, it was found in both oocyte and 

follicle cell compartments. Its special localization pattern arouses our interest in finding out its 

functional role. Other BMP lignds including BMP2a, BMP6 and BMP7a showed relatively low 
4 

abundance when compared to BMP2b and BMP4. Although we are interested in investigating 

their functions as well, due to the time limit, we decided to produce zrBMP2b as the 

representative of an oocyte-derived BMP, and zfBMP4 due to its special localization pattern 

compared to other ligands. 
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, After making the zebrafish recombinant BMPs, we needed to demonstrate that they were 

biologically active. In this study, we have developed an assay to demonstrate that zfBMPs were 

active by their ability to induce Smad 1/5/8 phosphorylation in cultured zebrafish follicle cells. 

Human BMP2 which is commercially available was first used to establish this assay. After 

demonstrating its ability to induce Smad 1/5/8 in cultured follicle cells, the biological activity of 

the recombinant zebrafish BMPs made in CHO cells were evaluated in a similar manner, 

demonstrating their bioactivity in the zebrafish ovary. For the recombinant BMPs that were 

made in other systems, various assays have been used to demonstrate their biological activity. 

For example, hBMP2 made in K coli was assayed by their induction of alkaline phosphatase 

activity in C2C12 cells, which is a murine myoblast cell line (181-184). In addition, hBMP2 

could also induce FGF-receptor 3 (FGFR3), which can be used as an assay as well (181). 

Compared to other assays, the assay that we developed was simple and convincing. It is an assay 

developed from cultured zebrafish follicle cells, which is an excellent proof that the recombinant 

zebrafish BMPs worked in zebrafish ovary. On top of that, we had the phospho-Smad 1/5/8 

antibody available and Western blotting was easy and cheap to perform, making this assay 

favorable for our study. An improvement to this assay would be that a loading control, lor 

example total Smad 1/5/8 or a housekeeping gene, should be included in the assay to make our 

results more convincing. 

In our study, we also made the truncated forms of the two type II rcccptors, BMPR-IIA 

and BMPR-IIB and demonstrated their ability to bind BMP4 as well as their involvement in 

BMP signaling. Both receptors were able to block the Smad 1/5/8 phosphorylation by BMP4 in 

the cultured follicle cells, indicating their involvement in BMP signaling. Previous studies have 

reported ability of BMP ligands to bind their receptors. A novel type II receptor from human 

skin fibroblasts, tBRK3 (truncated BMP Receptor Kinasc-3) was cloned, which could bind 

BMP4 (102). When expressed in COS cells, BRK3 specifically bound BMP4. Binding was 

enhanced by co-expression with type I receptor. In the same year, the binding of BMP2 and 

BMP7 to hBMPR-II was also reported. Similarly, BMP binding increased in concert with the 

type I receptors (ActR-I, BMPR-IB and BMPR-IA) (101). 

We have made truncated forms of the BMP reccptors and demonstrated that they were 

functionally active. Early in 1994，it was reported that a truncated BMP receptor that could 

affect the dorsal-ventral patterning in the developing Xenopus embryo (114). The truncated form 
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of BMPR-Il was also used to demonstrate its involvement in GDF9 signaling (105). Regarding 

our study, we again used a simple assay to demonstrate the potential binding of BMPR-II to 

BMP4 and its involvement in BMP signaling. Wc simply incubated the eclodomains of BMPR-

Il with BMP4, and observed their ability to reduce phospho-Smad 1/5/8 level that was induced by 

BMP4. This not only demonstrated potential binding of BMPR-Il to reduce the ability of BMP4 

to induce Smad phosphorylation, but also suggested involvement of BMPR-II in BMP signaling 

in the zebrafish ovary. 

After testing the biological activity of the zfBMPs, we proceed to test the functional role 

of the zfBMPs in oocyte maturation. By incubating the full-grown follicles with zfBMP4 or 

DHP, or combination of zfBMP4 and DHP, we investigated the role of zfBMIM on oocyte 

maturation in vitro. Although we are eager to test the biological activity of 7iBMP2b as well, 

zfBMP2b was run out by the time we conducted this assay. In the future, the biological activity 

of zfBMP2b should be tested as well after more production of zfBMP2b from the CHO cells. 

Germinal vesicle breakdown (GVBD) is used as an indicator for oocyte maturation, in which the 

germinal vesicle migrates to the periphery and the follicle becomes translucent due to ooplasmic 

clearing and cleavage of yolk proteins. The oocyte maturation assay is an excellent assay in 

monitoring the biological activities of the CHO cell-produced recombinant zfBMPs, since the 

assay is relatively easy to perform and it does not require expensive reagents. Also，the result 

can be easily interpreted as GVBD is a clear indication that oocyte maturation occurs. In 

,addition, a positive control is available for the assay, in which DHP can significantly promote 

oocyte maturation. Our results indicated that zfBMP4 slightly, yet significantly suppressed 

spontaneous oocyte maturation, though it did not have effect on DHP-induced oocyte maturation. 

Previously it was reported that BMP 15 had a suppressive role in oocyte maturation, by 

decreasing hCG- or DHP-induced oocyte maturation (166, 167). Our results showed that 

zfBMP4 did not have significant effect on DHP-induced maturation. Therefore, BMP4 and 

BMP 15 might have differential roles in suppressing oocyte maturation, which is worth 

investigating in the future. 

In conclusion, we have produced recombinant zebrafish BMP2b and BMP4 for our study 

using CHO cells as the bioreactor. Both BMPs were demonstrated to be biologically active 

based on their ability to induce Smad phosphorylation in cultured follicle cells. In addition, this 
f 

strengthened our belief that BMPs as oocyte-derived factors may signal from the oocyte and 
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exert their actions on follicle cells. BMPR-U ectodomains were also produced in a similar 

manner, and it was suggested that they 

phosphorylation in cultured follicle cells. 

Finally, we have tested the functional 

suppress spontaneous oocyte maturation. 

bound to BMP4 to reduce its ability to induce Smad 

providing hints of their participation in BMP signaling, 

activity of zfl3MP4 and demonstrated its ability to 
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Table 3.1 Primers used in semi-quantitative PGR and real-time qPCR 

Gene Accession no. Sequence 
Hxpecled 

Size (bp) 

hmp2b NM 131360 

bmp4 NM 131342 

bmpr2a NM 001039817 

bmpr2h NM 001039807 

CGGGGA TCCGCCACCATGGTCGCCGTGGTCC 丨 97 

GC 

CCGAACATATTGAGCAAGCGTAG 

CCAACACCGTGAGAGGATTCC 379 

TCCACAGCAAGGCCATGATTAG 

CGGGGATCCGCCGCCACCATGCAGA 414 

GCGCTCGAGTCATTCCTCTCTGTGCA 

CGGGGATCCGCCGCCACCATGCAGA 420 

GCGCTCGAGTCACTCATCTCTGTGTA 
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Fig. 3.1 pcDNA5/FRT expression 

and hmp4. The inserts were cloned 

vector used for cloning opening reading frames of hmp2h 

into the restriction sites Bam HI and Xhol. The FRT site 

allows homologous recombination event to occur between the host cell line and the expression 

vector. 
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A3 Bl B6 B8 BIO B12 C2 C5 C7 C9 D5 E5 

1236bp 

RT+ RT-

B12 

Fig. 3.2 (A) 12 clones were generated for hmp2b, of which 11 of them (cxcepl BIO) were 

positive for bmp2b by RT-PCR. (B) Clone B12 was chosen to generate a cell line stably 

expressing bmp2b. 
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(A) 

C2 C4 C5 C6 C8 D12 E5 E7 E l l F2 G5 G8 

1203bp 

(B) 

RT+ RT-

E7 

Fig. 3.3 (A) 12 clones were generated for bmp4’ of which 11 of them (except E5) were positive 

for b'mp4 by RT-PCR. (B) Clone E7 was chosen to generate a cell line stably expressing bmp4. 

60 



3X1007. 

lO 

i 1x1007 
c 

O 
0, 
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2b+ 2b- CTL-

(C) 

Fig. 3.4 (A) Copy number of BMP-producing cell lines per 5,000,000 cells vs. control. bmp4 

cell line has a higher expression than that of bmp2b. (B) RT-PCR result showing expression of 

8mp2b. From left: bmp2b RT+，hmp2b RT-, control RT+, control RT-. (C) RT-PCR result 

showing expression of bmp4. From left: bmp4 RT+, hmp4 RT-, control RT+, control RT-. 
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Fig. 3.5 Western blotting result , showfrjg recombinant hBMP2 inducing Smad 1/5/8 

phosphorylayion (60kDa) in cultured follicle cells at a concentration of 50 ng/ml. From left: 0 h, 
< 

5 min, 15 min, 30 min, 60 min, 120 min, 180 min. 

6 2 



0 10 40 70 100 

60kDa 

Fig. 3.6 Western blotting result showing zfBMP2b inducing Smad 1/5/8 phosphorylation 

(60kDa) at 2 h. The zfBMP2b-containing medium (0 - 100 (il) was mixed proportionally with 

different amounts of control medium (from control CHO cells) in a total of 100 and added to 
- • , 

the follicle cells resulting in a final volume of 1 ml per well. From left: 0 [i\, 10 jil, 40 …，70 f.il, 

lOO^il. 

63 



20 40 70 80 Ml 

60kl)a 

Fig. 3.7 Western blotting result showing zfBMP4 induced Smad 1/5/8 phosphorylation (60kDa) 

at 2 h. The zfBMP4-containing medium (0 - 80 |il) was mixed proportionally with the control 

medium in 80 p.1 before adding to the follicle cells, resulting in a total of 1 ml. From left: 0 f.il, 2 

îl，20 40 n丨，70 80 ^il. 
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A1 A7 A8 AlO B2 B4 B5 B8- B9 BIO NTC 

I ^ H H I ^ B 
RT+ RT-

A1 

/ 

Fig. 3.8 (A) 10 clones were generated for bmpr2a, of which all of them were positive for 

bmpr2a by RT-PCR. (B) Clone A1 was chosen to generate a cell line stably expressing hmpr2a. 
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A4 B4 B7 C5 C6 C8 C l l D6 £ 6 NTC 

385bp 

RT+ RT-

E6 

Fig. 3.9 (A) 9 clones were generated for bmpr2b, of which all of them were positive for bmpr2b 

by RT-PCR. (B) Clone E6 was chosen to generate a cell line stably expressing bmpr2b. 
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5 zlBMlM (Ml/ml) 

2.5 BMPR-IIA ED (^l/ml) 

2.5 BMPR-IIB ED (pl/ml) 

Fig. 3.10 Suppression of zfBIVIP4-induced 

recombinant ectodomains (ED) of type II 

Smad 1/5/8 phosphorylation in the follicle cells by 

BMP receptors BMPR-IIA and BMPR-IIB. The 

control medium, zfBMP4 and receptor cctodomains-containing media were mixed in different 

combinations in 10 and added to the follicic cells resulting in a total of 1 ml. 
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Control medium 

zfBMP4 medium 
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Fig. 3.11 Effect of recombinant zfBMP4 on oocyte maturation. Full-grown follicles were 

isolated and incubated for 12 h with different treatments. Germinal vesicle breakdown (GVBI)) 

was used as an indicator for oocyte maturation. DHP (5 ng/ml) was used as a positive control. 

The control medium from the CHO cell line transfectcd with vector only (25 |il/ml) or 

conditioned medium from zfBMP4 cell line (25 }il/ml) was administered either alone or in 

combination with DHP (5 ng/ml). The values are the mean 土 Sl^M (ii=3) from a typical 

experiment representing 5 independent experiments, and different letters indicate statistical 

significance (P < 0.05). 劣 
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Chapter 4 

Regulation of the Ovarian Activin-lnhibin-FoMistatin System by 

Zebrafish BMPs 
4.1 Introduction 

Although it is well established that gonadotropins play an indispensable role in ovarian 

development, the intraovarian local factors have been gaining increasing attention on their 

regulatory effects in the vertebrate ovary. In the zebrafish, the activin-inhibin-follistatin system 

has been well characterized as a group of local growth factors in the ovary, with their functional 

roles investigated or proposed, highlighting their significance in zebrafish ovarian development 

(34，173，198，199).产 

During follicle development, the activin-inhibin-follistalin system exhibits dynamic 

changes in expression from primary growth (PG) to fully-grown (FG) stage. 1 he expression of 

activin PA (inhhaa) is low at PG stage, but it increases dramatically during follicle growth, 

reaching the peak level at mid-vitellogenic (MV) stage and followed by a slight drop at stage. 

On the other hand, activin PB (inhbb) exhibits a slight but significant increase in expression 

starting at early vitellogenic (EV) stage, although the fold increase is much less than thai of 

activin pA. The expression of follistalin (Jst), the activin-binding protein, is low at PG stage, 

similar to thai of activin pA. Yet, its expression increases drastically as it enters vitcllogenesis, 

reaching the peak at MV stage. In contrast to activin pA, there is a sharp dcclinc in expression of 

follistatin at FG stage (198). Inhibin a (inha), as the activin antagonist, has extremely low 

expression in PG stage. 'I here is a steady increase in expression of inhibin a during 

vitcllogenesis, followed by a drastic surge at FG stage prior to final oocyte maturation (173). 

The dynamic changes in expression of the activin-inhibin-follistatin system strongly suggest thai 

it must be under regulation to increase or decrease expression at specific stages. 'I his leads us to 

search for the factors that participate in regulation of the activin-inhibin-follistatin system. 

In earlier years, our group has identified the expression of activin pA and activin pB in 

the follicle layer compartment, while follistatin was found to localize in the oocyte (198), 

although low expression in the follicle layer was observed in primary follicle cell culture (199). 

In recent years, our group has developed a more sensitive method to mechanically separate the 

follicle layer away from the oocyte compartment and verify the cleanliness of each compartment 

using specific markers, which provides more convincing results for the localization studies (168). 
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Using the new method, the expression of the activin subunits was confirmed in the follicle layer, 

while follistatin was confirmed to localize in the oocyte compartment (171), which might 

modulate the activities of activin by binding and neutralization. The localization of inhibin (i 

was also studied using the new method, and it was found lo localize exclusively in the follicle 

layer (173). 

In the previous chapters, we have identified BMPs as oocyle-derived (actors, while the 

BMP receptors were located exclusively in the follicle layer. Therefore，we hypothesize thai 

BMPs signal from the oocyte towards the follicle layer in a paracrine manner. However, the 

targets of BMPs in the tbilicie layer remain unknown. Unlike the EGF family members which 
I 

arc mostly located in the oocyte (171), or the IGF family which is located in both the follicle 
» 

layer and oocyte (Yu and Ge, unpublished), activin subunits and inhibin a are exclusively 

expressed in the follicle layer (171，198). Together with their dynamic changes during 

folliculogenesis, these two pieces of evidence suggest them to be potential targets of BMP 

signaling from the oocyte. Although follistatin was found to localize in the oocyte, there was 

low expression detected in primary follicle cell culture (199), suggesting that it can be potential 

targets of BMP signaling as well. In fad , it has been reported that EGF family members (BGF, 

BTC, TGFa, MB-EGF) derived from the oocyte up-regulale activin (iA and f3B in the tbilicic 

layer (171)，demonstrating a paracrine regulation from the oocyte to the follicle layer. As a 

potential BMP-mediated oocyte-to-follicle cell communication is observed, we hypothesize the 

activin-inhibin-follistatin system to be a potential target of F3MP signaling. 

There were a few reports documenting the regulation of activin-inhibin-follislalin system 

in the ovary by BMPs. Such studies were found in different species, including chicken, human, 

rat, bovine and sheep (152, 153, 200-202). In the chicken ovary, BMP6 was expressed in the 

Iheca cells. Pre-ovulatory granulosa cells were cultured with theca-derived BMP6, and it was 

found that BMP6 could enhance basal and gonadotropin-induced inhibin A production, as well 

as increasing basal inhibin a and PA subunits in Fl , F2, F3/4 follicles and increased basal (̂ B 

subunit in F3/4 cells. BMP6 also enhanced FSH/LH-induced a subunil in all follicles as well as 

FSH-induced pA subunit in F2, F3/4 cells. When the cclls were co-treated with gonadotropins 

and BMP6, the expression of pB subunit also increased. Collectively, these studies on the 
regulation of activin-inhibin subunits and production of inhibin by BMP6 revealed a functional % 

BMP system in the avian ovary (200). 
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In human granulosa cell culture, BMP6 expression was detected. Addition of BMP6 

stimulated the expression of activin pA and pB subunils, but not Ihe a subunit (201). On the 

contrast, in ral granulosa cell culture, BMP6 decreased a and p subunils mRNA (153). In bovine 

granulosa cell culture, BMP4, 6 and 7 enhanced inhibin A and activin A production (202), while 

in sheep granulosa cells，BMP2 could also cnhancc inhibin A production (152). Therefore, in 

mammals, BMPs were shown to modulate the aclivin-inhibin-fbllislatin system in ovary 

development. However, the significance of the regulation was not disciisscd in detail in these 

studies. 

In this study, we have developed a novel approach to study the regulation of I he activin-

inhibin-follistatin system by BMPs. By co-incubating the zfBMP-prodiicing CMC cells (Chapter 

3) with zebrafish primary follicle cells, the BMPs secreted IVom tlK,iCHO cells would act on the 

follicle cells in a paracrine manner, mimicking the BMPs secreted from the oocyte and acting on 

the neighboring somatic cells. The siRNA targeting ztBMP4 was introduced into the CHO cells 

cells by transfection to knock down the expression of zfBMP4, demonstrating the specificity ol" 

the effect of zlBMIM on inhibin a and follislalin. In order to provide further evidence for a 

paracrine signaling mechanism by the BMP family, microinjection experiment was also 

performed using morpholino to target the splicing site of bmp2h. We attempted to knock down 

expression of BMP2b in the oocyte and by using inhibin a as the marker gene on the follicle 

layer, we expected a drop in expression of inhibin a along with the knockdown of BIVlP2b in the 

oocyte. By investigating the regulatory roles and the signaling mechanism of BMPs on the 

activin-inhibin-follislatin system, our understanding of the physiological importance of BMPs in 

the zebrafish ovary can be enhanced. 

4.2 Materials and Methods 

4.2.1 Chemicals 

All chemicals were purchased IVom Sigma-Aldrich (Si. Louis, MO), Invitrogen 

(Carlsbad, CA) and USB (Cleveland, OH) unless otherwise stated. 

4.2.2 Animals 

Zebrafish {Danio rerio) were purchased from local pet stores and maintained in now-

through aquaria at 28士 1°C on a l4-h light/10-h dark photoperiod. The fish were fed thrice a day 
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with commercial tropical fish food. The animals were anaesthetized on ice and sacrificed by 

decapitation before dissection. All experiments were performed under license IVoni ihc 

Government of the Hong Kong Special Administrative Region and endorsed by the Animal 

Experimentation Ethics Committee of the Chinese University of 1 long Kong. 

4.2.3 Primary follicle cell culturc 

Around 40 zcbrafish ovaries were dissccled and the follicles were dispersed slightly using 

plastic pipette. The foHides were washed with 60% L-l 5 (Gibco) several times in a 15 ml 

Falcon tube (BD) and filtered through a sieve to remove large FG follicles. The filtered follicles 

were then washed several times with medium M199 (Gibco) and plated iiUo 10-cm culture 

dishes. The follicles were grown for 3 days at 28°C in M199 with 10% FBS (Hyclonc). Fresh 

medium of the same components was replaced after 3 days. Afler continuous incubation for 3 

more days, the follicle cells were sub-cultured into 24-well plates (BD), with 200,000 cells per 

well. After 24-h incubation with the supplement of FBS, the medium was replaced with scrum-

fVee M199 for starvation purpose. The follicle cells were treated with recombinant zebra fish 

B!V1P4 (R&D，Cat no. 1128-BM) or BMP2a (R&D，Cat no. 111-BM)). The treated follicle cells 

in each well were collected with 200 {.it 1 ri-reagent for RNA extraction and reverse transcription. 

4.2.4 Culture o f C H O cells 

The CI lO cell lines expressing recombrhant zcbrafish BMP2b and BMFM were 

established as described in the previous chapter. A control cell line expressing the empty vector 

(pcDNA5) was also established. The CIIO cell lines were maintained in V-12 medium (Gibco) 

supplied with 6 g/L HEPES (USB, Cleveland, OH) and 10% FBS (Hyclone) supplied with 

antibiotics (Streptomycin, 100 ^g/ml; penicillin, 100 U/ml). The CI IO cells were maintained in 

10-cm culture dishes and passed twice a week when the cells readied 100% conflucncy. 

4.2.5 Co-incubation of primary follicle cells and CHO cells 

Recombinant zfBMP2b and ztBMP4-producing Ci lO cells, as well as the control CHO 

cells, were seeded in 12-well plates, with 200,000 cells in 0.5 ml F-12 medium with 10% FBS. 

The CHO cells were allowed to attach within a 24-h incubation period at 37°C. On the next day, 

200,000 follicle cells from the step 4.2.3 were added to each well in 0.5 ml F-12 medium with 
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10% FBS (incubation medium was changed from M 199 to I:-12 during subculture at the step 

4.2.3 when resuspending the pellet). The addition of the zebraflsh follicle cells to the CHO cells 

already plated resulted in a total of I ml F-12 medium containing 400,000 cells in total (200,000 

CHO cells and 200,000 follicle cells). The incubation temperature was reduced to 28"C, which 

is the optimal temperature for the growth of zebra fish follicle cells and production of 

recombinant zfBMP by the CHO cells. After 24 h of co-incubalion, the follicle cclls became 

attached to the well surface and the medium was changed to 0.5 ml of serum-free F-12 for 

another 24 h after washing onc.e with 1 ml of F-12. The 24 h incubation period was followed by 

RNA extraction with Tri-reagcnt and reverse transcription. For the control setting, 200,000 

control CHO cclls (transfected with empty vector) were seeded, followed by adding 200,000 

follicle cells. The lower dose included 100,000 BMP-producing CHO cells plus 100,000 control 

CHO cells, followed by adding 200,000 follicle cells, resulting in a total of 400,000 cells. The 

higher dose included 200,000 BMP-producing CHO cells added with 200,000 follicIc cells, 

reaching a fixed total of 400,000 cells. 

4.2.6 siRNA transfcction 

siRNA targeting zcbrafish hmp4 (Duplex of 5, AUGGGAAAGUUUCGACGUUIJU 3’ 

and 5' AACGUCGAAACUUUCCCAUUU 3') was designed by AB! siKNA Target finder and 

synthesized by Integrated DMA technologies (IDT, Coralville, lA). The negative control 

targeting zebrafish g欢9 (Duplex of 5’ GCAGUUCUCGGACUGUCAA. 3’ and 5, 

UUGACAGUCCGAGAACUGC 3') was designed by Invitrogen's online BLOCK-iT RNAi 

Designer and synthesized by IDT. For the siRNA transfeclion, the reverse transteclion protocol 

rather than the forward transfcction protocol (Invitrogen) was used, and was performed in 12-

well plates. Six pmol RNAi duplex was diluted with 100 |il F-12 free of scrum and antibiotics. 

One |il of Lipofectamine RNAiMAX (Invitrogen) was added to the diluted RNAi duplex, 

followed by mixing and incubating at room temperature for 20 mm. The recombinant or control 

CHO cells at 200,000 cells/500 were added to the complex ( � 1 0 0 叫，resulting in a total of 

600 ).il and final RNAi concentration of 10 nM. The transfected CHO cells were allowed to 

incubate for 24 h at 37 °C. Follicle cells were added on the transfected CHO cclls the next day 

and incubated for 24 h at 2 8 � C . Starvation was performed as previous described. The co-

cultured cells were collected in Tri-reagent for KNA extraction Followed by reverse transcription. 
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4.2.7 Microinjection 

Zebrafish ovaries were dissected and around 200 FG follicles of size around 600 |iin were 

isolated in Cortland's medium. Healthy follicles were selected for microinjection. Needles for 

microinjection were prepared from glass capillaries (World Precision Instruments, Inc, Sarastoa, 

FL). Glass capillaries were pulled into needles by a micropipcttc puller (Model # PC-10) 

(Narishige, International USA, Inc., East Meadow, NY) and had the tips of needles polished 

using a inicrogrindcr (EG-400) (Narishige). Microinjection was performed using the Nanoliler 

Injector (Drummond Scientific Co., Broomall, PA, Cat no. 3-000-203-XV). Control morpholino 

(5' CCTCT'rACCTCAGTTACAATTTATA 3，）and morpholino targeting the splicing site of 

inlron 2-3 and cxon 3 of bmp2h (5' ATATCAAATCAGGCCTCACCTTCGT 3，）(Gene Tools, 

LCC, Philomath, OR) were designed by Ihe online program of the manufacturer. Figure 4.1 

illustrates the targeting site of morpholino. The follicles were injected with 4.6 nl of around 200 

\iM of morpholinos, with the injection volume approximately equaled to 1% of the follicle 

volume and reached the final concentration of 10 f.iM inside the follicles. Water was also 

injected as a control. The injection experiment was repeated for 3 days with the order of 

injection (water, control morpholino, hmp2b-targct'mg morpholino) rotated for each day. The 

follicles were incubated for either 2 h or 15 h after injection. Ten healthy follicles were collected 

for each group on each day in Tri-reagenl for RNA extraction and reverse transcription. 

4.2.8 RNA isolation and reverse transcription 

Total RNA was isolated from the cultured folliclc cells, co-cultured cells or injected FG 

follicles using Tri-Rcagent according to manufacturer's instruction. Total RNAs from the 

foilicle cells, co-cultured cells or FG follicles were used for reverse transcription in a 10 }.il 

volume containing 1 x M-MLV RT buffer, 0.5 mM of each dNTP, 0.5 |xg oligo(dT), 0.1 niM 

DTT and 100 U M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). Reverse transcription 

was performed at 37°C for 2 h. 

4.2.9 Real-time qPCR 

Real-time qPCR was used to monitor the changes in expression of the activin-inhibin-

follistatin system under regulation by the zfBMPs. Real-lime qPCR was carried out on Ihe 

iCycler iQ Real-Time PCR Detection System (Bio-Rad, Hercules，CA) in a volume of 30 “I 
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containing 10 \i\ of 1:20 diluted RT reaction mix, 1 x PGR bulTer, 0.2 inM of each dNTP, 2.5 

mM MgCb. 0.2 jiM of each primer, 0.75 U Taq Polymerase, 0.5 x EvaGrccn (20 x concentrated; 

Biotium, Hay ward, CA) and 20 nM fluorescein (Bio-Rad). The reaction profile consisted of 40 

cycles of 95°C for 30 see, 56°C-60°C for 30 sec (annealing temperature varies for different 

target genes), 72°C for 40 sec and 84°C for 7 sec for signal detection. A melt curve analysis 

consisting of 180 cycles of 7 see with temperature increase of 0.2°C/cycle was performed at the 

end of the reaction to demonstrate the specificity of the reaction. Results were normalized to the 

housekeeping gene cfla. The primers for PGR were designed according to the sequences 

available in the GenBank and synthesized by Integrated DNA Technologies (IDT, Coralvillc, 

I A). Primers used for amplification of different target genes were listed in Table 4.1. 

4.2.10 Statistical analysis 

All real-time qPCR data were normalized to the housekeeping gene efla.八II values 

were expressed as the mean 土 SEM and the data were analyzed by one-way ANOVA followed 

by Dunnett's test or by Newman-Keuls test for comparisons of all pairs of groups using the 

GraphPad Prism 5 for Mac OS X (GraphPad Software, San Diego, CA). 

4.3 Results 

4.3.1 Regulation of inhhaa, inhbah^ inhph, fst and mha expression by z fBMPlb and 

z!BMP4 

When recombinant zfBMP2b or zfBMP4-producing CHO cells (200,000 cells) were 

incubated with zebrafish follicle cells for 24 hours, all activin (3 subunils {inhhaa, inhbab, inhhb) 

were down-regulated, whi le the acl ivin-binding protein, follistatin (/."s7), and ihc activin 

antagonist, inhibin a (inha), were up-regulated. zlBMP2b could reduce the expression of inhhaa 

and inhhb to around 50%, and increase the expression of inha to around 400%. However, the 

effect of zfBMP2b on inhbab and fst was not significant. The effect of zfBMP4 was more potent 

when compared to that of zlBMP2b, which might be due to the higher expression level of bmp4 

in the CHO cell line as shown in previous chapter (Chapter 3). zfBMP4 could reducc the 

expression of all activin p subunits to less than 50%, while increasing the expression ot�fit to 

around 300% and that of inha to 1500%, respectively (Fig. 4.2). 
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4.3.2 zfBMP2b and zfBMP4 dosc-dcpcndcntly dowii>regulateil activin p subunits and up-

regulated fst and inha at 24 h 

When zfBMP-producing CHO cells were incubated with zebrafish follicle cells for 24 

hours, both z(BMP2b and zfBMP4 down-regulated all activin (5 subunits (inhhaa, inhhah, inhhh) 

in a dose-dependent manner (0，100,000 and 200,000 zfBMP2b or zfBMFM-producing CHO cells 

together with 200,000 follicle cells), although down-regulation of inhhah was not statistically 

significant by zfBMP2b. zmiVIP2b at low concentration (100,000 CHO cells/well) reduced the 

expression of the activin p subunits to around 75%, while at the same concentration, ztBMP4 

could reduce those to around 50%. With 200,000 ztBMP2b-producing CHO cells, the expression 

of the activin p subunits could be reduced to around 50%, while 200,000 zfBMP4-producing 

CHO cells could reduce inhbab and inhhh to around 50% but inhha by less than 50%. While 

both zfBMP2b and zlBMP4 could down-regulate all activin P subunits, they up-regulated fst and 

inha in a dose-dependent manner (6, 100,000 and 200,000 ztBMP2b or zfBMP4-producing CHO 

cells together with 200,000 follicle cells). zfBMP2b at low concentration (100,000 Cl IO 

cells/well) did not significantly up-rcgulated fst, while 200,000 zlBMP2b-prodiicing Cl lO cells 

could increase expression o\'fs! to around 150%. With 100,000 zfBMP2b-producing CHO cells, 

expression of inha was increased lo 200%, while al higher concentration (200,000 CHO 

cells/well), inha expression was increased to 300%. Similar dose-dependent effect was also 

observed for zfBMP4, but it was much more potent than that of zfBMP2b. zlBMIM at low 

concentration (100,000 CHO cells/well) could increase expression oi fst to around 250%, while 

with 200,000 zfBMP4-producing CHO cells, expression o f /v / was increased to close to 300%. 

While low concentration of z tBMP4 (100,000 CHO cells/well) could increase expression t)f mZ/fl 

to slightly less than 1500%, a higher concentration of ztBMP4 (200,000 CHO cells/well) could 

increase inha to slightly more than 1500% (Fig. 4.3). 
；' 

4.3.3 z lBMP2b and zfBMP4 down-regulated activin p subunits and up-rcgulatcd fst and 

inha at 48 li 

When zfBMP2b-producing CHO cells were incubated with zebrafish follicle cells for 48 

hours, all activin p subunits were down-regulated. However, only inhhah was down-regulated in 

a dose-dependent manner (0，丨00’000 and 200,000 z(BMP2b-producing CHO cells together with 

200,000 follicle cells). When z(BMP4-producing CHO cells were incubated with zebrafish 
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follicle cells for 48 hours, all activin P subunits were down-regulated in a dose-dependent 

manner (0，100,000 and 200,000 zfBMP4-producing CHO cells together with 200,000 follicle 

cells). Both concentrations o f z f B M P 4 (100,000 or 200,000 CHO cell/well) could reduce^/>//7/k7« 

and inhbab to around 50%, while reducing that of inhbb to around 70%, although significance 

was not shown at the concentration of 100,000 zfBMP4-producing cells. While the activin P 

subunits were down-regul琳d，inha was up-regulated in a dose-dependent manner by zfBMP2b 

(0，100,000 and 200,000 ztBMP2b-producing CHO cells together with 200,000 follicle cells). 

Low concentration of zfBMP2b (100,000 CHO cells/well) could increase inha expression to 

200%, while higher concentration of zfBMP2b (200,000 CHO cells/well) cells could increase 

inha to 300%, zfBMP2b produced no significant change for fst at 48 h, indicating that the 

incubation time is critical for the regulation to occur. The effect of ztBMP4 was more potent 

than that of zfBMP2b. When zfBMP4-producing CHO cells were incubated with zebrafish 

follicle cells for 48 hours, fst and inha were up-regulated in a dose-dependent manner (0, 

100,000 and 200,000 zfBMP4-producing CHO cells, together with 200,000 follicle cells). At 

both concentrations (100,000 and 200,000 CHO cells/well), zfBMP4 could increase expression 

of fst to around 150% while increasing that of inha to around 1000%, slightly less than the 

percentage increase at 24 h (Fig. 4.4). 

4.3.4 Effects o f z f B M P 4 and zfBMP2a (R&D) on inha 

To confirm the effects of the recombinant zfBMP2 and zfBMP4 from co-cultured CHO 

cells, we also tested a commercially available recombinant zebrafish BMP4 and BMP2a (R&D). 

Treatment of the cultured zebrafish follicle cells with the commercial zfBMP4 also up-regulated 

inha at 24 h, consistent with our results from the co-culture experiment. The percentage 

increase, however, was much less than that obtained from co-culture experiment (expression of 

inha increased to 200%, compared to 1500% when using the co-culture approach). This is likely 

due to the low potency of the commercial molecule as it is produced in E. coli with ED50 0.2-1 

^ig/ml (R&D). Also because of the low potency, we could not observe significant changes in the 

expression of other genes of the activin-inhibin-follistatin system. Despite this, the consistent 

response of inha not only confirmed our finding with the co-culture system but also indicated the 

advantages of animal cells as the bioreactor for recombinant protein production. Although we 

are interested to see whether commercial recombinant zebrafish BMP2b would give the same 
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result as the co-culture system, zfBMP2b is not commercially available. However, zfBMP2a was 

available instead. zfBMP2a with ED50 100-400 ng/inl (R&D) could also up-regulate inha at 24 h, 

exhibiting a similar effect as that of zfBMP2b and zfBMP4 that we produced from CHO cells. 

This indicates that the BMPs might have a redundant role in regulation of inha in cultured 

zebrafish follicle cells (Fig. 4.5). « 

4.3.5 siRNA transfection on zfBMP4-producing CHO cells 

To further confirm the specificity of the observed effects of zebrafish BMPs on activin-

inhibin-follistatin expression in the follicle cells, we used siRMA to knock down the expression 

of zfBMP4 in the CHO cells before co-culturing them with the follicle cells. A blank control 

(with lipofeclamine only) and a negative control {gdf9 siRNA) were also included. A control 

with no transfection was also included. bmp4 siRNA specifically targeted zfBMP4 production 

from the CHO cells, and thus diminished the up-regulatory effect on the expression of inha and 

fat, the two genes of the activin-inhibin-follistatin that responded to BMPs the most. Expression 

of inha was reduced by half when compared to the untransfected zfBMP4 control. Expression of 

fst was reduced to a greater extent, close to the basal level of the control CHO cells which were 

untransfected. Lipofectamine and gdf9 siRNA did not have significant effect on the expression 

of inha, though slightly decreasing that of fst. However, the effect of bmp4 siRNA on expression 

of fst was much more drastic when compared to that of lipofectamine and gdf9 siRNA controls 

(Fig. 4.6). 

4.3.6 Microinjection of morpholino to knock down expression of BMP2b in the oocyte 

To provide evidence for the importance of the endogenous oocyte-derived BMPs in 

regulating follicle cells, we used morpholinos to knock down the expression of zflBMP2b in the 

oocytes of FG follicles. zfBMP2b was chosen because it has the highest expression level in the 
* 

follicle as compared to others. Water, control morpholino and morpholino targeting bmp2b were 

injected into the oocytes. Expression of inhihin a, as a marker gene in the follicle layer, was 

approximately the same after injection of water and control morpholino. However, there was a 

slight yet insignificant drop of expression of inhibin a when morpholino targeting bmp2b was 

injected. The drop in expression was observed at both 2 h and 15 h post-injection (Fig. 4.7). 
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4.4 Discussion 

The activin-inhibin-follistatin system, as a group of important regulators in ovarian 

development, has been characterized in the zebrafish. The dynamic changes in the expression 

pattern of ^ c h of them during folliculogenesis (34) strongly suggest they are under tight 

regulation. Further evidence has shown that activin and inhibin subunits (a and (i) are 

exclusively expressed in the follicle layer whereas follistatin is predominantly expressed in the 

oocytes (173, 198). These two pieces of evidence regarding spatiotemporal distribution suggest 

the activin-inhibin-follistatin system to be potential target genes of BMPs deriving from the 

oocyte which signal to the follicle cells. Therefore, in this study, we intend to investigate the 

regulation the activin-inhibin-follistatin system by BMPs in the follicle. 

We have developed a novel approach to study the regulatory actions of BMPs on the 

activin-inhibin-follistatin system by making use of the recombinant zfBMP-producing CHO cells 

and the cultured zebrafish follicle cells. We co-incubated the zfBMP-producing CHO cells and 

the zebrafish follicle cells (Fig. 4.8). In this co-culture system, zfBMPs secreted from the CHO 

cells can act directly on the follicle cells in a paracrine manner. This would mimic the BMPs 

from the oocyte to act on the neighboring somatic follicle cells and exert regulatory effects on 

the target genes in these cells. As the activin subunits (pA and pB) and inhibin a are all 

expressed exclusively in the follicle layer (173，198)，we can investigate how the BMPs from the 

recombinant CHO cells would mimick the BMPs from the oocyte to regulate the expression of 

activin subunits and inhibin a in the follicle cells in a paracrine manner. 

Besides mimicking the paracrine action in the ovarian follicle, the advantage of using the 

co-culture system is that it eliminates the need to concentrate and purify the recombinant proteins 

produced by the CHO cells. Furthermore, our result is confirmed by the commercial recombinant 

zebrafish BMP proteins, z fBMP4 and zfBMP2a (R&D), further validating this newly developed 

system. Also, Iransfection of the CHO cells by siRNA to knock down the production of 

recombinant BMPs is possible in the co-culture system, allowing, further manipulations of the co-

culture system (Fig. 4.6). 

In our study, we found that both zfBMP2b and zfBMP4 produced from the CHO cells 

can up-regulate inha and fst�while down-regulating the three activin p subunits (inhbaa, inhhab, 

inhbb), with the effect of zfBMP4 being more potent. However, the more potent effect of 

zfBMP4 could probably only due to the high expression in the CHO cells. It should be noted 
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that both zff iMP2b and zfBMP4 caused the same response of the target genes, further supporting 

the specificity of the actions. The difference in their potency correlated well with the expression 

levels of the two proteins in the CHO cell lines (Chapter 3). The similar effects of the two BMP 

proteins also imply the redundant roles of the BMPs in ovarian development. This also brings up 

a question, i.e., why are there so many BMPs in the follicle? The answer to this question 

remains entirely unknown. Our speculation is that mutation or deletion of BMPs may lead to 

severe consequences as these proteins are important pleiotropic factors involved in many aspects 

of development and function (71, 72). Therefore, if some BMPs have redundant functions, even 

if one or more BMPs are mutated or deleted, other BMPs with the same functional role can 

compensate for the loss and ensure proper development. 

In the microinjection experiment, we attempted to knock down the expression of BMP2b 

in the oocyte by targeting the splicing site of bmp2b. We chose to inject BMP2b morpholino 

because it is most abundantly expressed in the follicle. Any changes in expression of inhibin a 

on the follicle cells due to the knockdown in the oocyte would be more easily delected. Injecting 

BMP4 morpholino might not be a good choice because bmp4 was found in both the oocyte 

compartment and the follicle cell compartment. Even if we knock down bmp4 in the oocyte, 

expression of bmp4 is still found on the follicle cells, and it might have regulatory role on inhibin 

a as well and thus making us difficult to interpret the results. Therefore, it might not be an 

appropriate approach to use BMP4 morpholino to demonstrate the paracrine signaling from the 

oocyte to the follicle cells. 

With BMP2b knocked down in the oocyte, we expected to see a decrease in expression 

. o f inhibin a in the follicle layer as the up-regulatory effect by BMP2b was diminished. Wc 

observed a tendency of decrease in the expression of inhibin a after injection of morpholino 

targeting btnp2b，at both 2 h and 15 h post-injection. Yet，the effect was not significant. One 

possibility is that BMP2b is not the sole oocyte-derived BMP that up-regulates inhibin a. Other 

BMPs present in the oocyte may compensate the loss of BMP2b in stimulating inhibin a 

expression. Therefore, the single knockdown of one of the BMP ligands may not be sufficient in 

abolishing the up-regulatory actions in a significant manner. We suggest using a cocktail of 

morpholinos to perform multiple knockdowns in future studies in order to diminish the signal 

from the oocyte more completely. We might also perform over-expression experiment by 

injecting bmp2b mRNA into the oocyte. An increase in expression of inhibin a will be expected, 
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though we are unsure whether the presence of abundant mRNA binding proteins in the oocyte 

might bind to the injected mRNA and make translation inefficient. 

Although in mammalian studies, it was reported that BMPs can regulate the activin-

inhibin-follistatin system (152, 153，201，202), the reason behind was not discussed thoroughly. 

Here in zebrafish, we observed that BMPs up-regulated inha and fst, while down-regulating the 

activin p subunits. We therefore proposed a model to explain the regulation of BMPs on the 

activin-inhibin-follistatin system. This proposed model is partly based on our findings that in 

both goldfish and zebrafish, activin stimulated fshb (FSHp) while suppressing Ihh (LHp) 

expression in the pituitary (203-205). When FSH reaches the ovary, it up-regulates inhibin a 

(173). This situation is the same in mammals, in which expression of inhibin a is regulated by 

FSH from the pituitary (206, 207). When the follicle develops to the full-grown stage and 

becomes ready to mature, inhibin would act as a signal from the ovary to travel as a hormone 

through the bloodstream to the pituitary, signaling the pituitary that the oocyte is ready for 

maturation. This is evidenced by the temporal expression profile that expression of inhibin a 

surged at the FG stage (173). When inhibin travels to the pituitary, activin is likely suppressed 

due to the antagonistic action of inhibin. With activin action reduced, FSH release is likely 

reduced as well, but LH release is increased，which is the master regulator that triggers the 

oocyte to undergo maturation. From our observation in this study, BMPs from the oocyle 

drastically up-regulate inhibin a, thus amplifying the signal in the pituitary to switch from 

producing FSH to LH in order to trigger oocyte maturation. This also explains why the 

expression of BMP receptors rose to the highest level towards maturation, since BMPs play a 

possible role in up-regulating the expression of inhibin a as the follicle approaches maturational 

stage. BMPs, by increasing the expression of inhibin a, also divert the synthesis from activins to 

inhibins in the follicle cells. BMPs also up-regulated follistatin, which is a binding protein of 

‘activins, to further modulate the activity of activins. 

To support our proposed model, it is essential that we obtain evidence that inhibin 

secreted from the follicle does travel through the bloodstream to the pituitary and acts as an 

antagonist of activin to block FSH action and trigger LH action. We can try to inject an antibody 

raised against inhibin to the zebrafish ovary, in order to block inhibin from travelling to the 

pituitary. Due to the blockade of inhibin signaling, we expect to see oocyte maturation rate 
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being affected as LH action decreased. This is an on-going project in our lab and the results will 

surely provide more insights to our hypothesized model. 

It was reported that activin promoted oocyte maturation (208). In chapter 3, we 

demonstrated that zfBMP4 suppressed spontaneous oocyte maturation, which is similar to the 

reported effect of BMP 15 in the zebrafish. BMP 15 was found to suppress DUP or hCG-induced 

oocyte maturation, yet it has no effect on spontaneous maturation (166, 167). However, our 

results demonstrated the opposite. zfBMP4 exerted a slight, but significant suppressive effect on 

spontaneous maturation; yet, it had no effect on DHP-induced oocyte maturation. This indicates 

that BMP 15 and BMP4 may act through different mechanisms in suppressing oocyte maturation. 

One possibility is that BMPs may exert their inhibitory effects on oocyte maturation by 

modulating activin activity in the follicles as both zfBMP4 and ztBMP2b suppressed activin 

subunits but dramatically increased inhibin and follistatin. 

This inhibitory tone may help to prevent precocious oocyte maturation while BMPs are 

activating the upper level of the HPG axis by increasing inhibin output. By preventing the 

follicle from precocious maturation, BMPs ensure synchronous maturation of the follicles. Once 

the follicle is ready for maturation, BMPs drastically induce the production of inhibin, which in 

turns signals to pituitary to switch the biosynthesis of FSH and LH, which is the master regulator 

controlling final oocyte maturation. This hypothetic role of oocyte-derived BMPs is further 

supported by the differential effects of BMPs on FSH and LH receptor expression in the follicle 

cells. 

In conclusion, using a novel co-culture approach to co-incubate the BMP-producing CHO 

cells and zebrafish follicle cells, we have identified the regulatory effects of BMPs on the 

activin-inhibin-follistatin system. Our results indicated that BMPs down-regulated the activin 

subunits, while up-regulating follistatin and inhibin a. The significance of this finding is that 

BMPs are potentially important signals derived from the oocyte that up-rcgulate inhibin a on the 

follicle layer, which in turns signals the pituitary for the readiness of the oocyte to mature. By 

suppressing the actions of activins in promoting oocyte maturation, BMPs help to prevent the 

follicle from precocious maturation. Therefore, BMPs are important in ensuring synchronous 

maturation of the follicle, which is important in the reproductive process. 
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•4: 

Table 4.1 Primers used in real-time qPCR 

Gene Accession no. Sequence 
Expected 

Size (bp) 

inhbaa NM 130916. 

inhbb NM 131068.2 

inhbab NM 001018156.1 

inha XM 693951 

fst NM 131037.3 

efla NM 131263 

AACAGGCAGAACAGACGGAGATC 丨 80 

GCAGCCGAATGTTGACGTTAGC 

TAGGGAGGACGGCAGGGTTG 150 

TCGTTGGAGATCAGAAAGTAGAGGC 

AGCCCTTCGAGATCATCACCTTC 103 

GCCTGCTCCACCACTGACAG 

AGCCTCCTCTGCCAGTGTTG 301 

ATGTTGATGGAAGCGATGGTCTC 

TAAAGAGACGTGTGATAATGTGGACTGTG 466 

ATCGCATGACTTGGCCTTGATG 

GGCTGACTGTGCTGTGCTGATTG 409 

CTTGTCGGTGGGACGGCTAGG 
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Morpholino 
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site 
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Exon 1 Exon 2 Exon 3 Exon 1 Exon 2 Exon 3 

Intronl -2 lntron2 -3 

Fig. 4.1 Morpholino targeting splicing site of BMP2b. Morpholino was designed to target the 

splicing site between intron 2-3 and exon 3. 
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Fig. 4.2 Effects of recombinant zebrafish BMP2b and BMP4 on the expression of activin-

inhibin-follislatin system in the follicle cells. CHO cell-produced zfBMP2b and zfBMP4 down-

regulated activin p subunits {inhbaa, inhbab and inhbb), while up-regulating follistatin (Jst) and 

inhibit! a (inha) at 24 h. The effect of zfBMP4 is more potent than that of BMP2b. The values 

are the mean 士 SEM (n=6) from a representative experiment. Asterisk (•) indicates statistical 

significance (*，P<0.05; *•*, P<0.001 vs. control). 

85 

(
_
2
;
u
o
3
i
o
%
-
e
e
e
/
)
 

l
a
>
 
① 
I
 

I
9
>
 
① 
I

 <
Z
^
E
 



Inhbaa 

BMP2b-produclng CHO cells 

Inhbab 

BMP2b-pro<luclng CHO cells 

inhbb 

a 
_ * 

BMP2tH>rodudng CHO cells 

inhbaa 

BMP4-producing CHO c«lls 

inhbab 

BMP4-produclng CHO cells 

inhbb 

m. m 
_ 

BMP4-producing CHO cells 

Control CHO cells 200,000 100,000 0 

zfBMP2b/zfBMP4-producing CHO cells 0 100,000 200,000 

86 

(H 

0-

50. 

50-

{
5
1
1
8

 0
X
0
 _
o
m
 0
0
0
.
0
0
N

 
V
 
/
 •
e
c
a
/
}
 

V
N
a
E

 o
l
«
K
 

{
s
n
s
 ox
o

 1
8
0
 O
0
0
.
O
O
N

 y
"

 •e
c
a
/
)
 

_
0
>
0
-
 <
i
E
 e
A
B
B
t
e
a
 

(
s
l
l
s
 o
x
u
 -
o
l
o

 o
o
o
_
o
o
z
 j
o
 ̂
r
 

-
0
1
 <
i
E

 a
A
l
s
a
a
 

50. 

00-

50-

(
£
s
 0
X
0
 -
o
l
o

 o
o
o
.
e
o
N
 
於
 

一
 e
>
a
l

 V
N
U
E

 o
i
o
a
 

50. 

(
8
n
s
 0
X
0
 -
o
b
i

 0
0
0
-
o
o
z
 J
O

 达
-
B
e
e
/
)
 

-
I

 V
N
U
E
 a
A
l
s
e
a
 

M
 
M

 
M

 
^
 

1
 1
 

互
 1
8
 ox
o
 I
O
J
1
U
8

 O
O
O
.
O
O
N

 
%

 •
®
c
®
/
)
 



fst 
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BMP2b-prodiJCing CHO cells 

Control CHO cells 200,000 100,000 0 
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Fig. 4.3 Dose-dependent effects of zfBMP2b and zfBMP4 on the expression of activin-inhibin-

foliistatin system in the follicle cells at 24 h. CHO cell-produced zfI3MP2b and zfBMP4 down-

regulatcd activin p subunits (Jnhbaa, inhhah, inhbb) at 24 h in a dose-dependent manner, 

although statistical significance was not reached for the down-regulation of inhhab by BMP2b. 

CHO cells-produced zfBMP2b and zfBMP4 up-regulated fst and inha at h in a dose-

dependent manner The values are the mean 士 SEM (n=6) from a representative experiment. 

Asterisk (*) indicates statistical significance (*，P<0.05; P<0.01; P<O.Oai vs. control). 
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in ha 

BMP2b-producing CHO cells 

fst 

BMP2b-produclng CHO cells 

inha 

B M P 4 - p r o d u c i n g C H O CBIIS 

fst 

BMP4-produclng CHO cells 

Control CHO cells 200,000 100,000 0 

zfBMP2b/zfBMP4-producing CHO cells 0 100,000 200,000 

Fig. 4.4 Dosc-dependcnt effects of zfBMP2b and zfBMP4 on the expression of activin-inhibin-

follistatin system in the follicle cells at 48 h. CHO cell-producedzfBMP2b and zfBlVIP4 down-

regulated activin (3 subunits (inhbaa, inhbab, inhbb) at 48 h in a dose-dependent manner, 

although not all of them showed significance. zlBMP2b up-regulated inha but had no significant 

effect on fst. zfBMP4 up-regualted both fst and inha at 48 h. The values are the mean 士 SEM 

(n=6) from a representative experiment. Asterisk (•) indicates statistical significance (*，P<0.05; 

P<0.01; PO.OOl vs. control). ‘ 
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inha 

BMP4 (1 M̂ g/ml) 

inha 

- T -
BMP2a Vehicle 

BMP2a (40t) ng/ml) 

Fig. 4.5 Effects of recombinant zfBMP4 and zlBMP2a (R&D) on inha. 1 ^ig/ml of recombinant 

zfBMP4 or 400 ng/ml recombinant zfBMP2a (R&D) was administered to the cultured zebrafish 

follicle cells and incubated for 24 h. zfBMP4 and zfBMP2a increased the expression of inhibin 

a (inha), while the vehicle that was used to dissolve the recombinant protein was included as a 

control. The values are the mean 士 SEM (n=6) from a representative experiment. Asterisk (•) 

indicates statistical significance (***, P<0.001 vs. control). 
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Fig. 4.6 Blockade of zfBMP4 expression in the CHO cells by siRNA and its effect on inha and 

fst expression in the co-cultured follicle cells. zfBMP4 from CHO cells significantly up-

regulated inha and fst. The blank control (with Lipofectamine only) and negative control 

(transfected with gdf9 siRNA) were included, and they showed significant increase of inha and 

fst. However, when bmp4 siRNA was transfected into the zfBMP4-producing CHO cells, 

expression of inha and fst were significantly knocked down. Expression of inha was knocked 

down by half when compared to the untransfected zfBMP4-producing cells. Expression of fst 

was knocked down to close to basal level of untransfected control CHO cells. The values are the 

mean 土 SEM (n=6) from a representative experiment. Letters indicate statistical significance 

(P<0.05). 

9 2 



2h in ha 

50-

MO bmp2b-MO 
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50-
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HjO or morpholino (10^M) 

Fig. 4.7 Morpholino knockdown of bmp2b in oocytes. Control morpholino or morpholino 

targeting bmp2b were injected into oocytes. Water was also injected as a control. Inhibin a was 

used a marker to detect the drop of^xpression of genes located in the follicle layer. A slight,.yet 

insignificant drop in expression of inhibin a was detected by injecting morpholino targeting 

bmp2b’ compared to water and control morpholino. Similar results were obtained at 2 h or 15 h 

post-injection. “ 
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CHO cells 

: , . “ . . - . J • ‘ 

Folliclecells 

Fig. 4.8 Recombinant CHO cells and zebrafish follicle cells in the co-culture system. CHO cells 

were seeded one night before follicle cell subculture. The two types of cells were able to grow 

together in a healthy manner in F-12 medium at 28°C. Cell morphology and survival rate 

appeared to be normal for both kinds of cells. 
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Chapter 5 

Regulation of Gonadotropin Receptors by Zebrafish BMP2b and BMP4 

5.1 Introduction 

Vertebrate folliculogenesis can be divided into two phases, namely growth and 

maturation, and it is subjected to regulation by gonadotropins. The pituitary gonadotropin, 

follicle-stimulating hormone, FSH, is responsible for follicle development, while luteinizing 

hormone, LH, is responsible for oocyte maturation and ovulation. In teleosts, as in other 

vertebrates, the folliculogenesis is also governed by pituitary hormones. Two types of 

gonadotropins have been identified in fish，namely FSH and LH (formerly termed G I H-l and 

GTH-II, respectively), which are homologous to FSH and LH in tetrapods (32). 

With two gonadotropins isolated, two gonadotropins receptors were also found, which 

were designated as FSHR and LHCGR (formerly termed GTHR-I and GTHR-II respectively). 

They are both G-protein-coupled receptors, with large extracellular domain, seven 

transmembrane helices and a carboxy-terminal intracellular tail (209). A two-receptor model for 

salmon gonadotropins has been proposed. According to this model, FSHR is localized on the 
s 

theca and granulosa cells, while LHCGR is on the granulosa cells only. Receptor specificity 

assay demonstrated that salmon FSHR bound both GTHs, with higher affinity for FSH, while 

LHCGR was specific for LH only. This is in contrast to mammals in which the two 

gonadotropin receptors have high specificity for their respective ligands (210). 

In the zebrafish, FSHR (which is actually follicle-stimulating hormone receptor, Fshr) 

was first cloned by Laan et al. (211), which showed high similarity to tetrapod FSHR and FSHR 
‘ * 

from salmon and catfish (212, 213). When COS-7 cells were transfected with zfFSHR, there 

was an increase in cAMP in response to the treatments with carp pituitary extracts or human 

FSH, but not hCG (211). 

Later, our group carried out the experiment to clone both zebrafish follicle-stimulating 

hormone receptor (Fshr) and luteinizing hormone receptor (Lhcgr). When CHO K-1 and COS-1 

cells were transiently transfected with fshr and lhcgr, there was increase in SEAP expression in 
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both Fshr and Lhcgr-expressing cells when goldfish pituitary extract was administered. On the 

other hand, hCG could only increase the response of Lhcgr-expressing cells but not that of Fshr-

expressing cells (172). Stable cell lines expressing the gonadotropin receptors were also 

generated and their specificity was also tested, with the conclusion that FSH is specific for Fshr 

only, while LH can act on both Fshr and Lhcgr (197). 

The temporal expression patterns of the zebrafish gonadotropin receptors were 

investigated in order to get some hints on the functional roles of the gonadotropin receptors 

during follicle development (172). During follicle development, the expression of both fshr and 

lhcgr was initially low. The expression of fshr increases at PV stage, peaks at MV stage, but 
r 

decreases at the FG stage prior to oocyte maturation and ovulation. The expression of fshr is not-

accompanied by lhcgr, whose expression lags behind thai of fshr, with a significant increase at 

MV stage, followed by a surge at FG stage. Thus, there exists a differential regulation of the 

gonadotropin receptors during folliculogenesis; however，the mechanisms that control the 

expression o f f s h r and lhcgr in the zebrafish and in teleosts in general are largely unknown. 

The gonadotropin receptors are subjected to control by various endocrine or paracrine 

factors including pituitary hormones, steroids and local growth factors (214-222). In the 

zebrafish ovary, the expression levels of fshr and lhcgr are clearly stage-dependent, suggesting 

that their expression must be controlled or modulated by certain internal factors from the follicle. 

Since our earlier studies have shown that the BMP family members are largely expressed in the 

oocyte and their receptors are exclusively expressed in the follicle cells, it is likely that the 

gonadotropin receptors that are exclusively expressed in the follicle cells may be subjected to the 

regulation by oocyte-derived factors such as BMPs. Using the co-culture system we developed 

and described in Chapter 4, we demonstrated that BMPs did participate in the regulation of 

gonadotropin receptors. It was found that both zfBMP2b and zfBMP4 produced from CHO cells 

could differentially regulate the two gonadotropin receptors, with fshr being down-regulated, 

while lhcgr being up-regulated in folliculogenesis by the BMPs. This study identified BMPs as 

one of the long-sought growth factors that differentially regulate the two gonadotropin receptors. 

5.2 Materials and Methods 

5.2.1 Chemicals 
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All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), Invilrogen 

(Carlsbad, CA) and USB (Cleveland, OH) unless otherwise stated. 

5.2.2 Animals 

Zebrafish {Danto rerio) were purchased from local pet stores and maintained in flow-

through aquaria at 28±1°C on a 14-h light/10-h dark photoperiod. The fish were fed thrice a day 

with commercial tropical fish food. The animals were anaesthetized on ice and sacrificed by 

decapitation before dissection. All experiments were performed under license from the 
* 

Government of the Hong Kong Special Administrative Region and endorsed by the Animal 

Experimentation Ethics Committee of the Chinese University of Hong Kong. 

5.2.3 Primary follicle ccll culture 

Around 40 zebrafish ovaries were dissected and the follicles were dispersed slightly using 

plastic pipette. The follicles were washed with 60% L-15 (Gibco) several times in a 15 ml 

Falcon tube (BD) and filtered through a sieve to remove large size FG follicles. The filtered 

follicles were then washed several times with medium Ml99 (Gibco) and plated into 10-cm 

culture dishes. The follicles were grown for.3 days at 28°C in Ml99 with 10% FBS (Hyclone). 

Fresh medium of the same components was replaced after 3 days. After continuous incubation 

for 3 more days, the follicle cells were sub-cultured on top of the recombinant CHO cells 

(described below), with 200,000 cells per well. 

5.2.4 Culture of CHO cells 

The CHO cell lines expressing recombinant zebrafish BMP2b and BMP4 were 

established as described in the previous chapter. A control cell line carrying the empty vector 

(pcDNA5/FRT) was also established. The CHO cell lines were maintained in F-12 medium 

(Gibco) supplied with 6 g/L HEPES (USB, Cleveland, OH) and 10% FBS (Hyclone) supplied 

with antibiotics (Streptomycin, 100 |Ag/ml; penicillin, 100 U/ml). The CHO cells were 

maintained in 10-cm culture dishes and passed twice a week when the cells reach 100% 

confluency. 

5.2.5 Co-incubation of primary follicle cclls and CHO cclls 
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Recombinant zfBMP2b and zfBMP4-producing CHO cells, as well as the control CHO 

cells, were seeded in 12-well plates, with 200,000 cells in 0.5 ml F-12 medium with 10% FBS. 

The CHO cells were allowed to attach within a 24-h incubation period at 37°C. On the next day, 

200,000 follicle cells from the step 5.2.3 were added to each well in 0.5 ml F-12 medium with 

10% FBS (incubation medium was changed from Ml99 to F-12 during subculture at the step 

5.2.3 when resuspcnding the pellet). The addition of the zebrafish follicle cells to the CHO cells 

already plated resulted in a total of 1 ml F-12 medium containing 400,000 cells in total (200,000 

CHO cells and 200,000 follicle cclls). The incubation temperature was reduced to 28°C, which 

is the optimal temperature for the growth of zebrafish folliclc cells and production of 

recombinant zfBMPs by the CHO cells. After 24 h of co-incubation, the follicle cells became 

attached to the well surface and the medium was changed to serum-free F-12 for starvation for 

another 24 h, after washing oncc with 1 ml of F-12 medium. The 24 h starvation period was 

followed by RNA extraction with Tri-reagent and reverse transcription. For the control setting, 

200,000 control CHO cells (transfected with empty vector) were seeded, followed by adding 

200,000 follicle cells. The lower dose included 100,000 zfBMP-producing CHO cells plus 

100,000 control CHO cells, followed by adding 200,000 follicle cells, resulting in a total of 

400,000 cells. The higher dose included 200,000 zfBMP-producing CHO cells added with 

200,000 follicle cells, reaching a fixed total of 400,000 cells. 

5.2.6 RNA isolation and reverse transcription 

Total RNA was isolated from the co-cultured cells using Tri-Reagenl according to 

manufacturer's instruction. Total RNAs from the co-cultured cells were used for reverse 

transcription in a 10 volume containing 1 x M-MLV RT buffer, 0.5 mM of each dNTP, 0.5 ^g 

oligo(dT), 0.1 mM DTT and 100 U M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). 

Reverse transcription was performed at 37°C for 2 h. 

5.2.7 Real-time qPCR 

Real-time qPCR was used to monitor the changes in expression of the gonadotropin 

receptors under regulation by the BMPs, Real-time qPCR was carried out on the iCycler iQ 

Real-Time PCR Detection System (Bio-Rad, Hercules, CA) in a volume of 30 |il containing 10 

of 1:20 diluted RT reaction mix, 1 x PCR buffer, 0.2 mM of each dNTP, 2.5 mM MgCb.O.l 
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M-M of each primer, 0.75 U Taq Polymerase, 0.5 x EvaGrccn (20 x concentrated; Biotium, 

Hayward, CA) and 20 nM fluorescein (Bio-Rad). The reaction profile consisted of 40 cycles of 

95°C for 30 sec, 62°C for 30 sec, 72°C for 40 sec and 84°C for 7 sec for signal detection. A melt 

curve analysis consisting of 180 cycles of 7 sec with temperature increase of 0.2°C/cycle was 

performed at the end of the reaction to demonstrate the specificity of the reaction. The data were 

normalized to the housekeeping gene efla. The primers for PCR were designed according to the 

sequences available in the GenBank and synthesized by Integrated DNA Technologies (IDT, 

Coralviile, lA). Primers used for amplification of the gonadotropin receptors were listed in 

Table 5.1. 

5.2.8 Statistical analysis 

All real-time qPCR data were normalized to the housekeeping gene efla. All values 

were expressed as the mean 士 SEM and the data were analyzed by one-way ANOVA followed 

by Dunnell's test for comparisons of all pairs of groups using the Graph Pad Prism 5 for Mac OS 

X (GraphPad Software, San Diego, CA). 

5.3 Results 

5.3.1 Regulation o f f s h r and Ihcgr expression by zcbrafish BlVIP2b and BMP4 

When recombinant zfBMP2b or zfBMP4-producing CHO cells (200,000 cells) were 

incubated with zebrafish follicle cells for 24 hours, fshr expression was significantly down-

regulated as compared to the follicle cells co-incubated with the control CHO cells, while Ihcgr 

was up-regulated. The effect of zfBMP4 was more potent when compared to that of zfBMP2b, 

which might be due to the higher expression level of hmp4 in the CHO cell line as shown in 

previous chapter (Chapter 3) (Figure 5.1). 

5.3.2 zfBlVIP2b and zfBlVIP4 dosc-dcpcndcntly down-regulated fshr but up-rcgulatcd Ihcgr 

expression at 24 h 

When BMP-producing CHO cells were incubated with zebrafish follicle cells for 24 

hours, both zfBMP2b and zfBMP4 down-regulated fshr expression in a dose-dependent manner 

(0，100,000 and 200,000 zfBMP2b- or zfBMP4-producing CHO cells together with 200,000 

follicle cells). In contrast, both forms of zebrafish BMPs could up-regulate the expression of 
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Ihcgr. zfBMP2b from the recombinant CHO cells at the density of 100,000 cells/well could 

down-regulate fshr to around 75%, while 200,000 zfBMP2b-producing CHO cells could down-

regulate fshr expression to around 60%. Similarly, the zfBMP4-producing CHO cells at 100,000 

cells/well could down-regulate fshr mRNA level to around 65%, while 200,000 zfBMP4-

producing CHO cells could down-regulate fshr expression to around 60%. On the contrast, 

zfBMP2b-producing CHO cells at lower dose (100,000 CHO cells/well) could up-regulate Ihc^r 

expression to around 135%, although it was not significant, while 200,000 zfBMP2b-producing 

CHO cells could up-regulate Ihcgr to around 150%. ztBMP4-producing CHO cells at 100,000 

cells/well could up-regulate Ihcgr to around 150%, while 200,000 zfBMP4-producing CHO cells 

per well could up-regulate Ihcgr to around 160%. Collectively, the effect of zfBMP4 was more 

potent than that o fz fBMP2b (Figure 5.2). 

5.3.3 zfBMP2b and zfBMP4 dose-dependently down-regulated fshr and Ihcgr at 48 h 

When zfBMP2b or zfBMP4-producing CHO cells were incubated with zebraflsh follicle 

cells for 48 hours, zfBMP2b still showed an inhibitory effect on fshr expression in a dose-

dependent manner (0，100,000 and 200,000 zfBMP2b-producing CHO cells). zfBMP2b-

producing CHO cells at 100,000 cells/well could down-regulate fshr to around 50%, while 

200,000 zfBMP2b-producing CHO cells per well could down-regulatc fshr to slightly 丨ess than 

50%. However, different from its effect on Ihcgr expression at 24 h, the extended incubation 

with zfBMP2b for 48 hours also down-regulated Ihcgr expression at both doses. Both 100,000 

and 200,000 zfBMP2b-producing CHO cells could down-regulate Ihcf^r expression to around 

75%. When zfBMP4-producing CHO cells were incubated with zebrafish follicle cells for 48 

hours, fshr was down-regulated in a dose-dependent manner (0，100,000 and 200,000 zfBMP4-

producing CHO cells) as that observed at 24 h. zfBMP4-producing CHO cells at 100,000 

cells/well could down-regalate fshr expression to slightly less than 50%, while 200,000 zfBlVlP4-

producing CHO cells per well down-regulaled fshr expression to around 35%. The effect of 

zfBMP4 on fshr expression level was more potent than that of zfBMP2b. However, no 

significant effect was observed on the expression of Ihcgr (Figure 5.3). 

5.4 Discussion 



Similar to mammals, fish also possess two gonadotropins, although their physiological 

functions are not well-defined in most fish species. In salmonids, FSH and LH were well 

characterized. With their differential expression patterns during the reproductive* cycle, PS 11 is 

most likely involved in recruitment and promoting follicle growth, while LH \s most likely 

associated with oocytc maturation and ovulation (223, 224). However, this is not the case in 

some other fish, like in goldfish, which has a different mode of ovarian development (225). To 

find out the possible roles of the gonadotropins, we can investigate the expression patterns of 

their receptors during the reproductive cycle. 

Our lab has cloned zebrafish follicle-stimulating hormone receptor (fshr) and luteinizing 

hormone receptor (Ihcgr) and characterized their temporal expression profiles during 

folliculogenesis (172). The expression of fshr increased with vitellogenesis. It started to 

increase at PV stage and peaked at MV stage, followed by a drop at FG stage. The expression of 

Ihcgr, on the other hand, lagged behind that of fshr with low expression during vitellogenesis but 

surged expression at FG stage, indicating its potential role in oocyte maturation and ovulation 

(172). The distinct expression patterns of the two gonadotropin receptors during folliculogenesis 

leads to the hypothesis that they may have differential roles in follicle development. What 

controls the expression of these gonadotropin receptors becomes an interesting question. What is 

the switch that turns off fshr at MV stage, while pushing up Ihcgr after MV stage leading to the 

surge at FG stage, followed by oocyte maturation? The coordination of fshr and Ihcgr 

expression and their precise control during folliculogenesis are believed to be important to assure 

proper ovarian development. In the zebrafish, we are still in search of the hormones and growth 
4 

factors that differentially regulate these two gonadotropin receptors, though similar studies have 

been done in mammals. In rats, administration of estradiol to hypophysectomized rats led to an 

increase in FSHR and a decrease in LHR in granulosa cells (214). This represented one of the 

differential regulations by steroids. In another study, when LH was administered in immature 

hypophysectomized rats, LH caused a decrease in fshr and Ihr in preovulatory follicles (215). 

Yet, another study showed that LH stimulated granulosa eel丨 differentiation in immature 

hypophysectomized rats by inducing Ihr (216). FSHR was also found to be increased by 

testosterone and Salpha-dihydrotestosterone (DHT) in bovine granulosa cells (217). Thus, it 
i 

appears that the gonadotropin receptors are mostly subjected to the regulation by endocrine 

hormones from the pituitary or steroids from the gonads. 



However, there has been evidence that local factors such as insulin-like growth factor 

(IGF-I) (219), activin，follistatin (218, 220’ 222) may also exert regulatory actions on the 

gonadotropin receptors. It has been recently shown that BMPs are also among the various 

ovarian growth factors that regulate the gonadotropin receptors. 

BMP7 was shown to increase FSI JR transcript level in neonatal mouse ovaries in vitro 

(57)，while in human granulosa cells, BMP7 could up-regulate FSHR and suppress LHR gene 

expression (226). BMP6 was also reported to increase FSHR gene expression in human 

granulosa cells (201). In chicken granulosa cells, BMP6 could increase LHR gene expression in 

Fl cells, while increasing FSHR gene expression in F l , F2, F3/4 cells (200). With these studies 

reported in other vertebrates on the roles of BMPs on gonadotropin receptors, we wonder if 

BMPs could possibly regulate the fshr and Ihcgr as well in the zebrafish ovary. We adopted the 

co-culture system as described in the previous chapters. Briefly, the zfBMP2b or zfBMP4-

producing CHO cells were co-incubated with the zebrafish follicle cells followed by examining 

the expression of zebrafish fshr and Ihcgr. Interestingly, after 24 hours of co-culture with 

zfBMP2b/4 from the CHO cells, fshr expression was found to be suppressed and Ihc^r 

expression was found to be elevated in cultured zebrafish follicle cells. 

As described in Chapter 2 the expression of BMP receptors increased steadily during 

folliculogenesis, reaching the peak at FG stage, indicating an increase in BMP signaling as the 

follicle develops. The peak of BMP signaling at FG stage coincides with the time when fshr 
t 

expression drops and Ihcgr expression rises prior to final oocyte maturation and ovulation. The 

timing of the expression of BMP receptors {bmpr2a and bmprlb) and the differential effects of 

zfBMP2b and zfBMP4 on fshr and Ihcgr expression suggests that the BMPs from the oocyte 

might participate in the differential expression of the two gonadotropin receptors at final oocyte 

maturation, and this regulation may represent an important signal from the oocyte for the 

readiness of the follicle to mature and ovulate. 

In the previous chapter, we discussed that activin from the pituitary stimulates production 

of FSH, while suppressing that of LH (203). FSH acts on FSHR in the ovary to up-regulate the 

expression of inhibit! a (173), which may act as a signal from the ovary to the pituitary for the 

readiness of the oocytes to mature. Inhibin acts al the pituitary to shut down activin signaling, 

leading to a decreased expression of FSH but an increase in LH. Thus LH is released, probably 

as a preovulatory surge, and acts on LHCGR in the ovary, triggering oocyte maturation and 



ovulation. The fact that BMPs from the oocyte up-regulate inhibin a in the follicle cells further 

supports this hypothesis. While r e d u c i n g e x p r e s s i o n in the pituitary through inhibin, BMPs 

from the oocyte might as well down-regulate fshr on the follicle cells to help diminishing FSH 

actions. This happens when the follicle is close to maturation, i.e. MV stage, when BMP 

signaling is reaching towards the peak and fshr expression starts decreasing. Meanwhile, LH 

production increases in the pituitary again by inhibin, and the expression of its receptor Ihc^r 

also increases in the FG follicle. BMPs from the oocyte might as well help to up-regulate Ihcgr 

to facilitate the action of LH to help the oocyte to mature. This explains why BMP signaling 

reaches the highest at the FG stage, since it needs to perform the job of promoting oocyte 

maturation by boosting up LH production and action at both the pituitary and ovary levels. This 

hypothesis is supported by localization studies with BMPs located in the oocyte and the 

gonadotropin receptors located on the follicle layer, suggesting a paracrine regulation of BMPs 

from the oocyte to the gonadotropin receptors on the follicle layer. The temporal expression 

pattern further supports our hypothesis, with the expression of BMP receptors increased 

gradually and raised to the highest at FG stage, at the exact time when fshr expression decreases 

and Ihcgr increases, to facilitate final oocyte maturation. Although we are not sure of the 

mechanism of how BMPs regulate the gonadotropin receptors, this will be an interesting 

question to investigate in the future. Moreover, from the co-culture experiment, we observed 

that the effect of zlBMP2b and zfBMP4 on Ihcgr at 48 h was different from that at 24 h 

(zfBMP2b down-regulated Ihcgr at 48 h, while zfBMP4 had no effect on Ihcgr at 48 h). This 

indicated that the differential regulation occurred at the critical time of 24 h. 

In conclusion, we have demonstrated that BMPs from the oocyte may serve as one of the 

long-sought growth factors that differentially regulate the two gonadotropin receptors during 

follicuiogenesis in the zebrafish ovary. Both zfBMP2b and zfBMP4 suppressed the expression 

of fshr but increased the expression of Ihcgr prior to oocyte maturation and ovulation. With 

BMPs localized in the oocyte and the gonadotropin receptors in the follicle cells, the BMPs from 

the oocyte may signal the follicle cells in a paracrine manner. The precise control of the 

expression of the gonadotropin receptors by the BMPs may help to ensure proper development of 

the ovary. 



Table 5.1 Primers used in real-time qPCR 

Gene Accession no. Sequence 
Expected 

Size (bp) 

fshi NM 001001812.1 

Ihcgr NM 205625.1 

efla NM 131263 

AACATGCACATAGAGAGGATTCCCAG 

GCTCAGTAAACAGCTCCAGGC 

TGAATACGCCACAATGAATCTCrr 

ATGACGATCCAATGACATCTGACTC 

GGCTGACTGTGCTGTGCTGATTG 

CTTGTCGGTGGGACGGCTAGG 

334 

470 

409 
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Fig. 5.1 Effects of zfBMP2b and zfBMP4 from the CHO cells on fshr and Ihcgr expression. 

zfBMP2b and zfBMP4 differentially regulated the two gonadotropin receptors by down-

regulating fshr and.up-regulating Ihcgr at 24 h. The values are the mean 士 SEM (n=6) from a « 
representative experiment. Asterisk (*) indicates statistical significance (*，P<0.05; *•, P<0.01; 

…，P<0.001 vs. control). 
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Fig. 5.2 Dose response of zfBMP2b and zfBMP4 regulation of fshr and Ihcgr expression in co-

cultured follicle cells. Both CHO cell lines dose-dependently down-regulated fshr but up-

regulated Ihcgr at 24 h. The values are the mean 土 SEM (n=6) from a representative experiment. 

Asterisk (*) indicates statistical significance (*, P<0.05; PO.Ol ; P<0.001 vs. control). 
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Fig. 5.3 Effects of zfBMP2b and zlBMP4 from the CHO cells on the expression of fshr and 

Ihcgr in the follicle cells. zfBMP2b and zfBMP4 dose-dependently down-regulated fshr at 48 h. 

zfBMP2b down-regulated Ihcgr at 48 h as well, though zfBMP4 did not have significant effect 

on Ihcgr at 48 h The values are the mean ± SEM (n=6) from a representative experiment. 

Asterisk (•) indicates statistical significance (*, P<0.d5; **, P<0.01; P<0.001 vs. control). 
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Chapter 6 

General Discussion 

As one of the most dynamic organs in leleosts, the ovary and its development have 

attracted the interest of many scientists. It is well known thai ovarian development is subjected 

to hormonal control by the pituitary hormones, namely the gonadotropins, FSH and LH. 

However, there are also various intraovarian factors that act locally in the ovary to control its 

own development (227). Such local factors include epidermal growth factor (EGF) family (178, 

228)，transforming growth factor-p (TGF-P) superfamily (229) and the activin-inhibin-follistatin 

system (34，173). BMPs, belonging to the TGF-p superfamily, have also aroused the interest of 

scientists to investigate their roles in reproduction, BMPs have been found to modulate ovarian 

development in addition to their roles in growth and differentiation (71). So far, only BMP 15 

and GDF9 have been characterized in the zebrafish (166-168). Other BMP family members 

remain unknown about their roles in the zebrafish ovary. Hence in this study, we aim to explore 

the rest of the BMP family by characterizing bmp2a, bmp2b, bmp4, bmp6’ bmp7a, as well as the 

two type II receptors, bmpr2a and bmprlb. Their spatiotemporal expression profiles were first 
� _ 

investigated. Recombinant zebrafish BMPs (zfBMP2b and zfBMP4) were produced and their 
峰 

regulatory roles in controlling the activin-inhibin-follistatin system and the gonadotropin 

receptors were investigated. 

6.1 Characterization of BMPs in the zebrafish ovary 

The current study started off with characterizing the BMP ligands, hmp2a, bmp2h, bmp4, 
» 

bmp6’ bmpla and the two BMP type II receptors, bmprla and bmprlh. These BMP ligands and 

receptors were found to be expressed ubiquitously in different tissues in the zebrafish. This is 

not surprising as BMPs are well known to be important for growth and development of different 

organs. Their expression in the gonads (ovary and testis) indicated their potential functional 

roles in reproduction. Following the tissue distribution studies, we investigated the 

spatiotemporal expression patterns of these proteins. The zebrafish ovarian follicle consists of an 

oocyte surrounded by the somatic follicle layer which is made up of granulosa cells and theca 
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cells. To understand how BMPs signal in the ovarian follicle, we localized the BMP ligands and 

receptors within the follicle. In recent years, our lab has developed a novel approach to 

mechanically separate the follicle layer away from the oocyte (168), making localization analysis 

more sensitive and convincing. Our results showed that the BMP ligands were located 

-exclusively in the oocyte (except for bmp4 which was found in both compartments), while the 

two forms of BMP type II receptors were located exclusively in the follicle layer, indicating a 

potential paracrine signaling from the oocyte towards the follicle layer. This is opposite to the 

activin system in which the ligands were exclusively in the follicle layer while the receptors were 

abundant in the oocyte (171). Also, our findings are different from that in mammals, in which 

the distribution patterns of the ligands and receptors are more diverse among different species 

(151, 152, 174，175). Thus, this study represents the first to identify BMPs as oocyte-derived 

factors in the ovary of teleosts. 

In addition to the localization studies, we also examined the temporal expression changes 

of the BMPs and receptors during folliculogenesis. Unlike the situation in mammals in which 

the growth of the follicle is mainly due to proliferation of follicle cells, the growth of zebrafish 

follicle is mainly caused by the growth of the oocyte, due to the formation of cortical alveoli and 

incorporation of vitellogenin. During folliculogenesis, the BMP ligands increased their 

expression from PG to PV stage, followed by a drop as folliculogenesis continued. The increase 

was most drastic for bmp2b, having a 10-fold increase from PG to PV stage. This led us to 

hypothesize its potential role in promoting early folliculogenesis. As documented in mammalian 

studies, BMPs also promote primordial follicle development (57, 150) . Thus, the role of BMPs 

in early folliculogenesis is worth investigating in the future. 

Interestingly, we observed a steady increase in expression of the BMP receptors during 

folliculogenesis, and finally a surge at the flill-grown stage. This signifies that BMP signaling is 

the most prominent at the final oocyte maturation stage, paralleling that of LH receptor, 

suggesting a potential role for BMPs at final oocyte maturation and/or ovulation. 

6.2 Production of recombinant zfBMPs 

With the BMPs characterized in the zebrafish, we want to find out their functional roles. 

The availability of homologous BMPs from the zebrafish would be essential tools for functional 

characterization. We decided to use CHO cells as the bioreactors to produce the zebrafish 
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BMPs. Our lab has previously used CHO cells to establish stable cell lines for producing 

recombinant zebrafish gonadotropins (197), goldfish activin (204) and follistatin (230). We used 

CHO cells because it is a mammalian cell line that can perform post-translational modifications 

and refolding processes. Also, they are easy to maintain. They do not have the problem of 

forming inclusion bodies as the prokaryotes do. After we have established the CHO cell lines for 

recombinant zfBMP2b and zfBMP4, some zebrafish BMPs, namely zfBMP2a and zlBMP4, 

became commercially available (R&D). They are made from E. coli with unexpectedly high 

EDso values (zfBMP4, Ca4 no. 1128-BM, ED50： 0.2-1 ng/ml; z(BMP2a, Cat no. 111-BM, ED50： 

100-400 ng/ml). When tested in our experiments, our recombinant BMPs (z}BMP2b and 

zfBMP4) from CHO cells actually out-performed these commercial ones although they showed 

similar effects. This indicates that the recombinant proteins produced from mammalian cell lines 

are more potent with better bioactivity. 

After producing the recombinant proteins, we tested their biological activity. Earlier, we 

have established an assay using zebrafish primary follicle cell culture and Western blotting. We 

found that human BMP2 induced phosphorylation of Smad 1/5/8, which are downstream 
> 

mediators in BMP signaling, in cultured follicle cells starting from 30 min of incubation Smad 

phosphorylation is an indication that active BMP signaling occurred in the zebrafisb follicle 

cells, and that the BMPs being administered had biological activity. When we administered Ihe 

CHO cell-derived recombinant zfBMPs onto the cultured follicle cells, the BMPs could 

successfully induce Smad phosphorylation, indicating that they were biologically active. Also, 

this further confirmed the paracrine mode of BMP actions in the zebrafish follicle. 

Previously, the two type II receptors, bmpr2a and bmpr2b, were found to establish left-

right asymmetry in the zebrafish (169). Yet, their roles in reproduction remain unknown. In 

view of this, we have also produced the ectodomains of the two type II receptors using CHO 

cells. Our data showed that the truncated forms of the receptors could attenuate BMP signaling 

induced by the CHO cell-derived recombinant zfBMPs, as we observed a decrease in Smad 

signaling. Thus, the involvement of the two receptors in BMP signaling of the zebrafish ovary is 

confirmed. 

6.3 Establishment of co-culture system 
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In this study, we have developed a novel approach to conduct regulation studies. We co-
* 

incubated the recombinant BMP-producing CHO cells and the zebrafish follicle cells. 

Interestingly, the CHO cells grew with the follicle cells in a healthy manner. The morphology of� 

both kinds of cells appeared to be the same as if they were cultured alone. In addition，ihe 

observed survival rate of both kinds of cells was reasonable high. The BMPs that were secreted 

from the CHO cells would act directly on the follicle cells in a paracrine manner, mimicking the 

environment in the follicle, in which the BMPs from the oocyte would act directly on the follicle 

cells in a paracrine manner. 

The CHO cells enter high production phase at 28°C (rather than al 37°C during 

proliferation phase), which is coincidently the optimal temperature at which the follicle cells are 

usually incubated at, making this approach feasible. There are several advantages to this 

approach. By using the co-culture system, we eliminated the need to concentrate and purify the 

recombinant proteins. Also, sometimes even the concentrated control medium made from CHO 

cells transfected with empty vector would have unwanted effects on some target genes due to 

factors such as increased osmolality, making it hard to interpret the results. Using the co-culture 

system would reduce this problem. In addition, the CHO cells can be easily transfected, 

allowing easy manipulation of target gene expression. For example, in this study, we used 

siRNA approach to knock down zfBMP4 expression in the CHO cells followed by examining the 

changes in target gene expression in the co-cultured follicle cells. Most importantly, our results 

obtained from the co-culture experiment were validated by the commercial recombinant ztBMPs 

made from prokaryotic cells. This definitely adds credibility to this novel approach and 

increases its potential to become a research platform in the future. 

There is still room for improvement for the design of the co-culture system. In the 

follicle, the factors are released from within the oocyte and target on the somatic cells outside. 

Our co-culture system can only place the recombinant CHO cells and follicle cells side by side, 

without the‘“inside-outside’’ arrangement. We can try to improve the design of the co-culture 

system in a more three-dimensional way in order to further mimick what happens in the follicle. 

Our laboratory has previously established several cell lines, such as the gonadolropins-

producing cell lines (FSH and LH) (197). In the future, we can possibly incubate a mix of the 

BMP-producing cell lines with the gonadotropins-producing cell lines to observe their interactive 

effects on the target genes in the follicle cells. Furthermore, it will be an interesting idea to co-
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incubate the recombinant BMP cell lines directly with the zebrafish follicles. The zebrafish 

follicles, sitting on top of the "carpet" of BMP-producing CHO cells, will possibly be subjected 

to regulation by the BMPs secreting from the 'C l lO cells in a paracrine manner. More 

manipulations on this novel co-culture approach will be possible, and hopefully this can bring 

more insights on the regulatory role of BMPs in ovarian development. 

6.4 Regulation studies 

In this study, using the co-culture approach, we found out that BMPs exert regulatory 

roles on the activin-inhibin-follistatin system as well as the gonadotropin receptors. Zebrafish 

BMP2b and BMP4 slightly but significantly down-regulated the expression of the three activin p 

subunits {inhhaa, inhbab, inhbh) but dramatically up-regulated the antagonist of activin, inhibin 

a {inha), as well as the activin-binding protein, follislatin {fst). BMP signaling reaches the 

highest at the FG stage. We hypothesize that BMPs from the oocyte may signal the upper level 

of the brain-pituitary-gonadal axis (HPG) by pushing up the expression of inhibin in the follicle 

cells, which may travel to the pituitary through circulation as a hormone to shut off activin action 

in the pituitary, resulting in-a decrease in FSH, but an increase in LH production, triggering 

oocyte maturation. By down-regulating the expression of activin subunits, BMPs may hinder ihe 

process of oocyte maturation as activin has been shown to promote maturational competency 

(208) and final oocyte maturation in the zebrafish (231). This was supported by our evidence 

that zfBMP4 slightly but significantly reduced spontaneous maturation rate of FG follicles in 

vitro. The increased inhibin a expression also helps to divert the synthesis from aclivins to 

inhibins in the follicle cells. Also, zebrafish BMP2b and BMP4 significantly up-regulated 

follislatin, the activin-binding protein, to modulate the activity of activin, which may represent 

another mechanism to down-regulate activin output, leading to the suppression of oocyte 

maturation. 

Prior to and during oocyte maturation, there is a decrease in FSH signaling and an 

increase in LH signaling, as suggested by the expression of their receptors, fshr and Ihcgr. 

BMPs modulated the gonadotropin receptors by down-regulating fshr and up-regulating Ihc^r, 

helping to promote oocyte maturation (Fig. 6.1). As the activin and inhibin subunits and 

gonadotropin receptors are all located on the follicle cells, the BMPs action on these molecules 

may represent a mechanism by which the oocyte regulates the function of the follicle cells and 
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the entire HPG axis in general (Fig. 6.2). This hypothesis is truly cxciling and it will be further 

tested in the future. 

With BMP signaling reaching the peak at FG stage as well as its action in pushing up 

inhibin a and leading to LH production to trigger oocyte maturation, BMPs apparently helps to 

trigger oocyte maturation. However, our studies indicated that the CMO-recombinanl zfBMP4 

suppressed spontaneous oocyte maturation. Our speculation is that the seemingly contradictory 

roles of BMPs may be physiologically relevant in that while they help to trigger or activate the 

HPG axis for final oocyte maturation and ovulation, these molecules also exert an inhibitory tone 

locally on the FG follicles to prevent precocious maturation before the LH from the pituitary and 

DHP from the follicle arrive. This would ensure a synchronous maturation of the follicles, 

which is believed to benefit the reproduction. In the isolated full-grown follicles, BMPs 

suppressed activin but increased inhibin a and follistatin expression (as demonstrated in chapter 

4)，thus decreasing the stimulatory effect of activin on oocyte maturation and leading to a 

decrease in the maturation rate. 

In our study, we tried to demonstrate that knockdown of BMP2b in the oocyte can lead to 

a decreased expression of inhibin a. There was a trend that expression of inhibirt a decreased 

when morpholino targeting BMP2b was injected into the follicle. However, the result was not 

significant. This is probably due to the presence of other oocyte factors, including the BMPs, 

that might compensate the regulatory role of BMP2b. Due to this possible redundant role of the 

BMPs, we cannot conclude yet BMPs are indeed signaling from the oocyte to the follicle cells 

using this in vivo model. Other approaches are needed to validate our hypothesis. An alternative 

approach would be to over-express BMP2b in the follicle by microinjection, although there 

might be a possibility that the presence of abundant mRNA binding proteins in the oocyte might 

bind to the injected mRNA and make translation inefficient. 
‘ V 

Though our understanding of the regulatory roles of BMPs as potential modulators in 

ovarian development is still limited, our study opens the doorway to further explore the 

physiological significance of BMPs in ovarian development. 

6.5 Significance of the study 

‘ 'Besides the pituitary hormones that govern the ovarian development, there also exist the 

intraovarian growth factors that modulate ovarian development. The identified intraovarian 
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factors include the epidermal growth factor family, aclivin-inhibin-fbllistatin system, 

transforming growth factor-p, growth differentiation factor 9，bone morphogenetic protein 15 

and insulin-like growth factor (227). The current study has identified the BMP family, a group 

of the transforming growth factor-p superfamily, as one of the intraovarian growth factors as 

well. More importantly, we have identified the BMPs as oocyte-derived factors, signaling from 

the oocyte towards the follicle layer in a paracrine manner. This added on top of the EOF family 

and GDF9 another group of growth factors derived from the oocyte in the zebrafish. 

Besides growth and differentiation, we have identified the potential roles of BMPs in 

zebrafish female reproduction through their modulation on other important regulators, the 

activin-inhibin-follistatin system and the gonadotropin receptors. We have established stable cell 

lines of BMP-producing CHO cells, and have established a co-culture platform for future studies. 

Further understanding on the BMPs could help to improve fertility of livestock," endangered 

species and human beings. BMPs could potentially be used as therapeutic drugs for fertility 

problems. The identification of BMPs as oocyte-derived factors and their regulatory roles in the 

zebrafish ovary, has deepened our understanding of vertebrate ovarian physiology. 

6.6 Perspectives of the project 

The current study has investigated the spatiolemporal expression profile of the BMP 

family, identifying BMPs as oocyte-derived factors signaling the somatic follicle cells. 

Recombinant BMP proteins have been produced and their biological activity has been 

confirmed. Furthermore, BMPs were found to exert regulatory effects on the activin-inhibin-

follistatin system as well as the two gonadotrppin receptors. Yet, our understanding of the BMP 

system in zebrafish ovary is just the tip of an iceberg. Also, the expression pattern of the BMP 

family as well as their regulation on the activin-inhibin-follistatin system and the gonadotropin 

receptors are mainly based on mRNA levels. More future work on the protein expression pattern 

and functional studies are needed to explore the role of BMPs in zebrafish ovary. 

6.6.1 Early follicle development 

Based on the temporal expression profile data, all the BMP ligands (except bmp7a) 

exhibited an increase in expression from PG to PV stage. It would be interesting to investigate if 

BMPs play a role in promoting early folliculogenesis. In fact, in mammals, it has been 
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demonstrated that exogenous BMP4 promoted early follicle development in the whole ovary 

organ culture from 4-day old rats for 2 weeks. It was found that the BMP4-treated ovaries had a 

significantly higher proportion of developing primary follicles and fewer arrested primordial 

foHides than untreated controls, suggesting that BMP4 promoted primordial follicle 

development and the primordial-to-primary follicle transition (150). Another study also 

proposed a role for BMP7 in promoting primordial-to-primary follicle transition, based on the 

effect of BMP7 on cultured neonatal mouse ovaries (57). In the zebrafish, we can try to develop 

an organ culture system, incubating the zebrafish ovaries with the recombinant BJvlPs and 

observe their morphological and histological changes after long-term treatment. This will help 

us to find out whether BMPs could promote early folliculogenesis. Limited studies have been 

done tQ investigate the role of local growth factors in promoting early folliculogenesis in teleosts 

as compared to those in mammals. 

6.6.2 Oocyte maturation 

Studies have been done to investigate the roles of activin, EOF and BMP 15 in oocyte 

maturation in the zebrafish ovary. Activin and EGF both promote oocyte maturation (178, 208). 

Yet, BMP 15 has been found to suppress hCG-induced oocyte maturation (167). The role of 

other BMP family members in this event remains unknown. The significant increase in the 

expression of BMP receptors at FG stage strongly implicates BMP family in the control of final 

oocyte maturation and ovulation. In our study, recombinant zlBMP4 was found to reduce the 

spontaneous maturation; however, its effect was mild, suggesting that the BMP system may play 

other roles in the final stage of follicle development. This would be an interesting issue to 

explore in future studies. 
、 

6.6.3 Regulation of BMP reccptors 

In contrast to the BMP ligands which exhibited an-increase follovyed by a decrease in 

expression during folliculogenesis, the BMP receptors steadily increase in expression throughout 
t 

folliculogenesis, reaching 'the peak at FG stage. We have attempted to find out what factors 

could possibly push up the expression of the two receptors during folliculogenesis. We have 

used the follicle cell culture system trying to search for the factors that possibly up-regulate the 

two BMP receptors, yet we still cannot identify any yet. More searches on this will be needed as 

115 



it will provide important insights on how the BMP system is being regulated in the zebrafish 

ovary. 

6.6.4 Steroidogenesis 

Steroidogenesis, the production of steroids in the zebrafish ovary, is an important process 

in follicle development. Steroids that are produced in the follicle are essential for its growth and 

maturation. For example, vitellogenins are synthesized in the liver under the stimulation of 

estrogen. Vitellogenins are then sequestered by the follicles to be incorporated into the yolk in 

the oocyte, which provides nutrients for the developing embryo after fertilization. 

It has been reported in mammalian studies that BMPs modulate FSH-induced 

steroidogenesis. It was demonstrated in primary cultures of rat granulosa cells that FSH 

increased estrogen and progesterone production in dose-dependent manner, while BMP4 and 

BMP7 could increase FSH-induced estrogen production and decrease FSH-induced progesterone 

production. Yet, treatment with BMP4 and BMP7 alone had no effect on basal estrogen and 
•c? 

progesterone production (149). We can make use of the primary, follicle cell culture system to 

investigate the effects of BMPs in steroid production. We can incubate the cultured primary « 
follicle cells with BMPs, either with or without gonadotropins, followed by collecting the culture 

media and measuring steroid production, for example, estradiol or DHP, by ELISA. Also, we 

can examine the effects of BMPs on the steroidogenic enzymes, for example, aromatase, to see 

whether BMPs exert regulatory effects on steroidogenesis. , 

6.6.5 Interaction with gonadotropins 

So far we have seen that BMPs, as intraovarian local factors, may play important 

regulatory roles in the zebrafish ovary. Yet, it is important to bear in mind that the pituitary 

hormones, mainly the gonadotropins, play an indispensable role in regulating ovarian 

development. The interaction of t(ie BMP system and the gonadotropins is worth investigating. 

With the co-culture platform established, as well as the availability of the gonadotropin-

producing cell lines, we can co-incubate the gonadotropin-producing cell lines and BMP-

producing ccll lines to investigate their interactive effects on important regulatory genes in the 

ovary. The gonadotropins from pituitary and the oocyte-derived BMPs are expected to converge 
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their signals at the follicle cells. How the target genes in the follicle cells are subjected to the co-

regulation by the pituitary hormones and BMPs from the oocyte will be interesting to explore. 

6.6.6 Target genes of BMPs 

It is well established that downstream of BMP signaling are the Smads. Our current 

study has demonstrated the biological activity of the recombinant proteins by their ability to 

induce Smad signaling in cultured follicle cells. However, less is known about their target genes 

in the zebrafish ovary. Another class of genes that are targeted by BMP signaling is the Id 

family (inhibitors of DNA binding/differentiation) that signals in various types of cells. In 

mammals, there are four members of the family, namely Id! to !d4. They are negative regulators 

of basic helix-loop-helix transcription factors, being important in cell fate determination and 

embryonic stem cell self-renewal (232). However, apparently, the Id genes have not been 

studied in the zebrafish ovary yet. Characterization of them would help us to further understand 

BMP signaling in the zebrafish ovary, so as to get a more complete picture. 

6.6.7 Transgenic zebrafish of BMPs 

Knockout or mutational studies of BMPs in mammalian models have provided 

convincing evidence that BMPs are important in reproduction. For example，BMP15 knockout 

mice were proven to be subfertile (46). A mutation in BMPR-IB in ewes is associated with 

increased ovulation (160). In fact, zebrafish with mutations in BMPs have been generated by 

crossing two heterozygotes to result in homozygous offspring lacking BMPs. For example, 

zebrafish defective in bmp2b {swirl) were generated, and could be rescued by mRNA injection at 

early embryonic stage to survive to adulthood. Yet, they did not have enough hmp2b during 

their subsequent development and exhibited development defects, for example in balancing (83). 

We could try to produce these homozygous zebrafish embryos lacking BMPs, rescue them with 

mRNA injection at early stages and let them survive to adulthood until they are sexually mature. 

In this way, we can investigate the development and function of the zebrafish ovary without 

specific BMPs, which promises to provide insights into the role of specific BMPs in the ovary. 

Yet, the difficulty lies in that the BMP-defective zebrafish might exhibit developmental defects 

in other organs as BMPs are essential for many growth and differentiation processes, and the 
• ‘ 

individuals may not be able to survive to sexually mature stage. 

» • 
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6.7 Conclusions 

In conclusion, we have found from the current study that BMPs (bmp2a, hmp2b, hmp4, 

bmp6’ bmp7d) are oocyte-derived factors that potentially signal to the follicle cells in a paracrine 

manner. bmp4�as an exception, was found in both the oocyte compartment and the follicle cell 

compartment. We are unsure of the reason behind its different localization pattern with other 

BMP ligands. Therefore we chose to produce zfBMP4 as one of the recombinant BMP proteins 

using CHO cells. Our results from the co-culture experiment indicated that the actions of both 

zfBMP2b and zfBMP4 were similar. The actions of zfBMP4, which expresses in both 

compartments, were not different from those of zfBMP2b, which was identified as an oocyte-

specific factor. This might point out the redundant role of the BMPs in the follicle. It will be 

exciting to investigate the reason behind the localization of bmp4 in the follicle cell 

compartment. 

Although we have studied the regulatory role of BMPs and their signaling in the 

zebrafish ovary, our understanding of the system is still very limited. Many questions on the 

BMP system in the zebrafish ovary remain unanswered and it is worth further investigation. We 

have proposed some possible experiments in the last chapter to further explore the BMP system. 

More platforms, for example, the ovary organ culture, measurement of steroid production, or 

transgenic zebrafish generation, will be usefiil to facilitate our study. With more platforms being 

established, our understanding on the BMPs as important regulators in ovarian development and 

function will definitely be enhanced and deepened. 
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Fig. 6.1 Hypothesized working model for BMPs in the zebrafish ovary. Activin from the 

pituitary leads to production of FSH, which acts on FSHR for follicle growth. When the follicle 
J 

is ready to mature，BMPs from the oocyte up-regulate inhibin a on the follicle cells, increasing 

the signal of inhibin traveling to the pituitary to inform the pituitary for its readiness to mature. 

Inhibin antagonizes activin in the pituitary!, reducing the production of FSH but increasing the 

production of LH. LH in turn acts on LHCGR^in the ovary to trigger oocyte maturation. 
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Fig. 6.2 Paracrine regulation of activin-inhibin-follistatin system in the follicle cells by BMPs 

from the oocyte. BMPs from the oocyte down-regulate activin and up-regulate its antagonist 

inhibin and binding protein follistatin in the follicle cells, leading to reduced activin output in the 

follicle. This may help keeping the oocyte in check to prevent it from precocious maturation. 

Meanwhile, the increased inhibin output would signal the pituitary fbivthe readiness of the 

oocytes to mature and ovulate. Inhibin is expected to antagonize activin in the pituitary, leading 

to reduced FSH secretion but increased LH secretion. The increased LH in turn acts on LHCGR, 

which readies its highest expression level in the FG follicles, will drive the follicles to mature 
4； 

and ovulate. . 
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