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Abstract

Mammalian oocytes engage in a remarkable series of cytoskeletal and cell
cycle modifications that prepare the oocyte for the initiation and continuance of
development. Multiple signaling pathways appear to operate during the process of
oocyte maturation to ensure that the quality of the cytoplasm and genome will meet
the standards required to initiate and complete development. In this thesis we have
taken a systematic approach to understand the role of Src-family kinases (SFKs)
during oocyte maturation, fertilization and early cleavage in the mouse. We first
demonstrate that the SFK that controls the progression of meiosis at the first
metaphase anaphase transition is most likely FYN (Chapter 2). This proposal is then
supported by the demonstration that tyrosine kinases act upon discrete subcellular
compartments that include the oocyte cortex and spindle poles in a way that is
spatially and temporally distinguishable from the targets of ser/thr kinases (Chapter
3). Moreover, this work reinforces the specific role of FYN at these sites within
mouse oocytes using mice null for this SFK. Finally, in Chapter 4 we show that the
functions of SFKs that drive completion of the meiotic cell cycle extend to and
through the first embryonic cell cycle after fertilization. Thus, previously
unanticipated functions for SFKs have been identified for the first time that mediate
the spatial and temporal remodeling of cytoskeleton and cell cycle during oocyte
maturation and early development. These findings will have an immediate impact on
the field of human assisted reproductive technologies (ARTs) as this pathway has

been completely overlooked up to now.
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Chapter One

Introduction

Assisted reproductive technologies (ART) including in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI) are commonly used to treat
infertility. By the year 2008 over 4 million children had been conceived by ARTs
[2]. In vitro maturation (IVM) of immature oocytes is now being incorporated into
clinical IVF as an additional option for treatment. This procedure is indicated for
women who present under the following conditions: (1) patients with polycystic
ovarian syndrome who are highly susceptible to ovarian hyper stimulation syndrome;
(2) women who have failed to ovulate or had poor quality oocytes from previous
ART attempts; (3) young women undergoing treatment for cancer whose ovarian
tissues would require cryopreservation to protect immature oocytes from chemical
and radiation induced damage.

The first child born from IVF, Louis Brown is now 30 years old [3, 4]. The
vast majority of children conceived by ARTs appear to be completely healthy.
However, research conducted with animal models as well as numerous clinical
studies of IVF and ICSI children have shown a significant rise in developmental
abnormalities associated with ARTs (see editorial and discussion from Nature [2, 3]).
Animal models of IVM have demonstrated changes in the expression patterns of
mRNA & proteins in oocytes and embryos [5, 6]. In vitro matured oocytes exhibit
decreased fertilization [7] and reduced embryonic developmental competency [8-11].
In a recent study examining the health and longevity of adult mice produced by IVM,
while the majority of parameters measured were normal, adult mice from IVM
oocytes had significantly reduced pulse rate and cardiac output as compared to mice
produce by IVF from in vivo matured oocytes [12]. These studies suggest a need for
a better understanding of the intricacies of oocyte maturation and how local
environmental factors affects the developmental competence of oocytes and the long-

term health of adults derived from this procedures.



Signaling at ovulation

Mature mammalian females experience rhythmic changes in the secretion of
endocrine and ovarian factors that lead to the cyclic production of large antral
follicles within the ovary. In each estrous cycle, one or a few follicles (depending on
species) are selected by unknown mechanisms to undergo growth and differentiation
into a mature Graafian follicle [13, 14]. Follicle stimulating hormone (FSH)
produced by the anterior pituitary induces ovarian granulosa cell proliferation and
subsequent antral follicle development. Each Graafian follicle consists of an outer
layer of theca cells lying on a basement membrane that separates the theca from the
granulosa cells. As the follicle matures, granulosa cells separate into two distinct
populations: 1) the mural granulosa that line the inner follicular wall and 2) the
cumulus complex that consists of specialized granulosa cells enclosing a fully grown
and developmentally competent oocyte (for early reviews of follicular structure see
[15, 16]). Ovulation and the induction of oocyte maturation have long been seen as
downstream events following the surge of luteinizing hormone (LH).

Early studies on the effects of LH on the antral follicle leading to ovulation
took little notice of the oocyte. Review articles describing the mechanics of ovulation
often ignored the presence of the oocyte as it was not considered an active participant
within the ovulatory system (for example [17, 18]). Although it was recognized that
the oocyte may have some inductive influences on granulosa cells during follicular
development [19, 20] and that oocyte growth occurs in concert with the proliferation
of the surrounding granulosa cells [21, 22].

Prior to the 1990s, the complexities of intracellular signaling pathways and
gene expression patterns were not yet fully appreciated. Autoradiographic studies
demonstrated that LH and FSH each bound to specific subsets of cells within the
Graafian follicle; LH bound to theca and interstitial cells and occasionally to
granulosa, while FSH bound to granulosa cells exclusively (reviewed in [20]). In
large antral follicles, FSH could induce the expression of LH receptors on granulosa

cells [23]. It was also recognized that FSH and LH activities were linked to the



production of estrogen within the ovary [24] and that the levels of nuclear estrogen
receptor seemed to correlate with follicle size [25] but the specific links in these
pathways were unknown. By the 1980s, the regulation of follicle development took
on a more complex character with the recognition that cAMP levels increased within
follicular cells in response to FSH, LH and prostaglandins (reviewed in [17, 20, 26]).

Receptors of this family are transmembrane proteins known as G protein-
coupled receptors. Ligand binding the receptor N-terminus on the outer cell surface
activates the G-protein at the inner leaflet of the cell membrane. This activation of
the G protein in turn activates adenylate cyclase to produce cAMP [27]. Thus,
binding of FSH or LH to their specific receptors induces an intracellular rise in
cAMP. It was long known that cAMP added to the in vitro culture media could
prevent gonadotropin induced maturation of mouse oocytes [28, 29]. When Hubbard
and Terranova (1982) cultured hamster COC in media with cAMP or cGMP then
stimulated cumulus cells with LH, they demonstrated that cuamulus cells may play a
vital role in suppressing oocyte maturation [30]. Indeed this was confirmed the
following year in simultaneous publications from the Eppig and Schultz laboratories
with mouse COC [31-33] followed by other mammalian species [34]. The one-
directional model arose whereby FSH stimulation of cumulus cells lead to the rise of
cAMP in the oocyte and subsequent maturation arrest [35]. However, the model
would gain in complexity with the discovery of oocyte produced factors that
regulated the companion cumulus cells.

In 1987, Findlay and Risbridger argued that two-way communication between
germ cells and gonadal cells was necessary for proper germ cell function [36].
Discovery of the oocyte specific proteins, bone morphogenic protein-15 (BMP15)
and growth differentiation factor-9 (GDF9) has proven this to be the case. GDF9 and
BMP15 are members of the large TGFp superfamily of proteins [37]. Oocyte
expression and secretion of GDF9 [38-40] and BMP15 [41, 42] are key regulators of
ovarian follicular development and subsequent oocyte survival (for review see [43,

447).



Transmission of molecules between oocytes and their cumulus cells occurs by
both secretory and gap junctional communication and is essential for oocyte survival
[45]. Oocytes secrete growth factors such as GDF9, BMP15 and FGFS into the
extracellular milieu for paracrine regulation of cumulus cells [46] (for further
discussion of interactions during follicle development see [47]). These proteins bind
cell surface receptors to initiate intracellular signaling cascades within the cumulus.
However, small molecules can pass directly from cell-to-cell through gap junctions.

Cumulus cells develop long trans-zonal projections (TZPs) that reach-out
through the zona pellucida to contact the microvilli on the surface of the oocyte. Gap
junctions form between the oocyte and these TZPs [48]. The gap junctional complex
consists of two units, each comprised of six connexin proteins formed into a
characteristic symmetrical unit (connexon) within the cell membrane. Intracellular
channels are formed when connexons from neighboring cells are joined. The
resulting pore metabolically couples neighboring cumulus cells with each other and
the oocyte allowing transfer of low molecular weight (<1 kDa) molecules such as
ions, nucleotides, amino acids and other metabolites (for reviews see [38, 39]. The
connexin family includes at least 20 genes with three produced in cumulus cells:
connexin 32, 43 and 45 [49, 50]. Connexin 43 (Cx43) is the predominant form found
in cumulus cells while oocytes express almost exclusively Cx37 [51, 52]. Gap
junctions between cumulus cells are mostly homologous connections of Cx43 while
gap junctions between oocyte and cumulus are heterologous formed from Cx43
(cumulus cell) and Cx37 (oocyte). Deletion of either Cx43 or Cx37 severely disrupts
communication between oocyte and cumulus cells and causes the failure of both
oocyte and follicle development [51-54]. Interestingly, while the oocyte produces
paracrine growth factors that stimulate cumulus cells, several metabolites required by
the oocyte are produced by the cumulus cells and fed into the oocyte through gap
junctions [55] including histidine, alanine, pyruvate [56, 57] and possibly ATP [58].

Even intracellular acidity of oocytes is controlled by their companion cumulus cells



via gap junctional passage of pH; [59] further demonstrating the importance of this
cell-to-cell connection.

Communication via gap junctions also returns us to the subject of cAMP and
the regulation of oocyte maturation. As mentioned previously, early studies
demonstrated that decreased intracellular cAMP content of oocytes lead to a
resumption of meiosis both in vivo and in vitro. FSH binding to its receptor produces
increased cAMP in cumulus cells with transient meiotic arrest [33, 60]). However,
LH and prostaglandins (produced by granulosa cells in response to maturation [61,
62]) also increase granulosa cell cAMP but subsequent decreases in cAMP in oocytes
result in resumption of meiosis (for more details on cAMP signaling see sections
Integrating Kinase Signaling and Signaling in Oocyte Maturation) [63]. These
differential effects of gonadotropins on oocyte maturation demonstrate a complicated
interplay of signaling cascades [48, 50, 52] as well as intact gap junctional
communication between the oocyte and cumulus [64, 65]. Further research is needed
to fully understand the mechanisms involved but this system is a good example of
what was once considered a simple model but is now recognized as extremely
complex.

Recent studies have turned toward molecular expression analysis of cell
communication and gene regulation within oocytes and cumulus cells [66]. FSH
receptor activation initiates multiple signaling cascades including PKA, PKC, MAPK,
meiosis activating sterol (MAS) and epidermal growth factor (EGF) in addition to
cAMP, cGMP, gonadal steroid hormones and prostaglandins all of which play roles
in subsequent follicular development and oocyte maturation [67] (see sections on
Integrating Kinase Signaling and Signaling in Oocyte Maturation). Activation of the
LH receptors on mural granulosa cells also initiates the production and release of
EGF with subsequent activation of EGF receptors on the cumulus cells leading to

meiotic maturation [68].



Can the story be any more complicated? The answer seems to be YES. With
the advent of microarray technology many studies are now reporting vast changes in
gene expression as results of apparently simple receptor activation. As mentioned
previously, FSH and LH receptor activation leads to increases in cAMP. We now
know that cAMP mediates changes in gene expression by activating PKA which in
turn phosphorylates and activates CREB (cAMP-regulatory element binding protein).
Once activated, this transcription factor binds to the cAMP regulatory elements
present within the promoter region of specific genes such as aromatase and inhibin-A
to initiate gene transcription [69]. While cAMP itself can activate entire pathways
and regulate gene expression, recent studies have shown that cAMP-independent
activities are also initiated following FSH receptor activation including
phosphorylation and activation of PKB/Akt and p42/44 MAPK [57, 58].

Wayne et al (2007) published an elegant set of experiments attempting to
work-out some of the missing pieces in the FSH signaling pathway that leads to
granulosa cell maturation and ultimately oocyte maturation [69]. Using multiple
molecular tools, they have pieced apart the signaling pathways of FSH versus EGF
and discovered an unrecognized player in follicular regulation: the Src-family kinases
(SFKs: For descriptions, see section on Src-Family Kinases in Oocyte Maturation).
They concluded that “FSH orchestrates the coordinated activation of three diverse
membrane-associated signaling cascades (adenylyl cyclase, RAS, and SFKs) that
converge downstream to activate specific kinases (PKA, ERK1/2, and
PKB/FOXO1a) that control granulosa cell function and differentiation” [69]. As the
story of cumulus cell signaling continues to develop, so too does the web of signaling

cascades in the oocyte.

Signaling of oocyte maturation
Oogonia commit to meiosis at the time of birth or shortly thereafter in mouse
oocytes. They enter meiosis but arrest at prophase of meiosis-I where they will

remain in stasis until signaled to resume in adulthood (for a review of ovarian



development see [47, 70]). During the initial phases of oogenesis in the mouse,
meiosis is arrested under the negative control of cell cycle regulatory proteins at the
translational and post-translational levels [71, 72]. In the adult ovary, when the
follicle begins to grow and an antral cavity begins to form, oocytes acquire the ability
to resume meiosis. However within the follicle, resumption of meiosis is prevented
by regulatory factors within the follicular environment until a cue is triggered by the
LH surge which leads to the resumption of meiosis-I (see Signaling at Ovulation).
The specific activating signals for the resumption of meiosis-I are not known,
but several interacting pathways that participate in this process have been identified
(see also the sections on Signaling at Ovulation and Integrating Kinase Signaling for
additional discussion of this activation process by LH, PKA and other pathways).
Immature oocytes arrested at prophase of meiosis-I (GV stage) contain low levels of
maturation promoting factor (MPF; Cdkl and Cyclin B together form MPF; see
section on Integrating Kinase Signaling for detailed description). The LH surge
initiates the resumption of meiosis and a rise in MPF activity leading to germinal
vesicle breakdown (GVBD), condensation of chromatin, formation of the first meiotic
spindle and entry into metaphase-I. Once activated, MPF promotes dramatic
structural reorganization that drives formation of the metaphase spindle (see section
on Integrating Kinase Signaling). In addition to MPF, a rise in MAPK is also
essential to the progression of normal maturation. The rise in MAPK and continuous
activation of MPF requires the translation of maternal mRNA for MOS (Moloney
murine sarcoma oncogene) and Cyclin B. This translation is triggered with the
initiation of maturation, although the specifics of this activation are unknown. MOS
codes for a serine/threonine kinase that phosphorylates and activates another kinase,
MEK (MAP-ERK kinase) which in turn activates MAPK. MOS and cyclin B are
maternally derived mRNAs that accumulate during meiosis and are stored at high
concentrations in the cytoplasm of the prophase arrested oocyte [73-76]. Resumption
of meiosis induces the rapid translation of numerous mature mRNAs including MOS

and cyclin B which are essential in the processes of maturation (see also the



activation of CPEB by Aurora kinases in the section on Integrating Kinase Signaling
and the discussion of cytoplasmic maturation below) [77]. Activated MAPK in early
MI prevents the ubiquitination and degredation of cyclin B by the anaphase
promoting complex (APC/C), thus contributing to both the entry into and
maintenance of meiosis-I.

Pro-metaphase of meiosis-I is a prolonged cycle with high levels of MPF and
MAPK. However, after 7-9h the chromosomes align on the metaphase plate
followed by a transient decline in cyclin B allowing for an increase in APC/C
ubiquitin-ligase activity [78]. This slight decline in MPF activity promotes the
anaphase-telophase transition and extrusion of the first polar body. At this point,
rather than enter interphase, cyclin B levels raise again thus activating MPF and
deactivating APC/C and the oocyte enters metaphase-II. As with so many other
stages of oocyte maturation, this stage of the meiotic cell cycle is tightly controlled
and relies on the interplay of multiple signaling systems [78]. With the maintenance
of active MPF and MAPK, the oocyte remains arrested in metaphase-II until activated
by a fertilizing sperm. The coordination of MPF, MAPK and APC/C are regulated by
multiple intersecting pathways and are the subjects of many recent studies (for more

details see [78-86]).

Completion of meiosis and entry into the first mitosis

Metaphase-II arrest is released by fertilization which initiates a pulsating
release of intracellular calcium. These cytoplasmic calcium waves trigger egg
activation. One of the first events following fertilization is the extrusion of cortical
granules through the oocyte cortex and into the perivitellin space, thus setting-up the
membrane block to polyspermy [87-89]. The full mechanisms involved in this
blockade to supernumerary sperm entry require both calcium-dependant and
independent mechanisms and it is essential for the prevention of polyploidy and

subsequent embryonic death [87, 90, 91]. Calcium waves also induce the full



activation of the APC/C which degrades cyclin B thus inactivating MPF and initiates
the exit from M-phase [92].

Proper oocyte maturation involves both nuclear and cytoplasmic maturation
which prepare the oocyte to support fertilization and subsequent embryonic
development. A critical part of the cytoplasmic maturation is the acquisition of
machinery capable of epigenetic remodeling of chromatin after fertilization. Sperm
DNA is wrapped tightly around protamines and packaged into teroid coils to form
one of the densest tissues found in nature [93, 94] (for discussion of sperm DNA see
also [95]). Once inside of the oocyte, egg cytoplasmic machinery must unwind this
DNA and remove the protamines in a process known as chromatin remodeling.
Protamines are replaced by histones and DNA binding proteins as the nuclear
envelope forms to produce the male pronucleus [96]. Coincident with the
reprogramming of the male DNA, the female undergoes anaphase-telophase and polar
body extrusion to yield a haploid egg. Male and female pronuclear formation
accompanies an increase in egg metabolism and chromatin duplication with
progression through S-phase [97].

The fertilized egg next enters a lengthy prophase allowing for the synthesis of
cyclin B which must rise above a threshold level before entry into the first mitosis can
begin. The timing of MPF activation is also determined by the phosphorylation state
of the complex. Dephosphorylation of Cdkl1 is essential for MPF activity, but the
kinase is kept inactive during interphase by dominant inhibitory phosphorylation at
T14 & Y15. The final activation step following fertilization is the removal of these
inhibitory phosphates by the dual-specificity protein phosphatase Cdc25. This
phosphatase is activated downstream of the calcium waves by Ca®*/Calmodium-
dependent Kinase-II [98].

Once activated, MPF drives the zygote into the first mitotic cell cycle. This
first mitotic cell cycle is almost twice as long as that of subsequent embryonic mitosis
due to a prolonged M-phase which is reminiscent of MII arrest. This transient

metaphase arrest is likely caused by the presence of maternal factors left-over from



the meiotic milieu, although the precise mechanisms involved are unknown [99].
Regardless of this delay, most of the primary signaling pathways that drive the cell
cycle in meiosis are also required for completion of the first and subsequent
embryonic mitosis [100].

In addition to cell cycle initiation, fertilization involves changes in protein
synthesis and the translational silencing and degradation of maternal mRNA [101,
102]. In mammals, a low level of gene transcription begins in both the male and
female pronuclei within hours after fertilization [103] however, the primary zygotic
gene activation occurs after several rounds of DNA replication and cell cleavage (2-4
cells in rodents; 8-16 cells in large domestic animals and primates) [104]. Once
thought of as a global gene activation, microarray analysis have proven that zygotic
gene activation is highly regulated with genes being turned-on or off in a
developmentally coordinated pattern [105]. Throughout development from the
immature oocyte until full zygotic gene activation, the egg depends on the maternally
stored mRNA. Some maternal mRNAs are required even as late as the blastocyst
stage of development. For example, maternally derived JY-1 (an oocyte-expressed
gene shown to regulate the function of both ovarian granulosa cells and bovine
embryogenesis) [106] and -catenin [107] both of which compose maternal stores of
mRNA that are required for the development of blastocysts. Other genes that are
oocyte specific are lost after zygotic gene activation and not apparently turned-on
again until formation of primordial germ cells in the next generation fetus (for
example, GDF9, BMP15, MATER, ZAR1 [108] and FILIA-MATER [109]). Many
recent reviews have been published regarding gene expression profiling in
mammalian oocytes and is beyond the scope of this thesis (for example see [105]).
As more maternal effect genes are discovered, it is becoming evident that proper
development and maturation of the oocyte ultimately regulates the fate of the

developing embryo and the health of the adult [110].
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In the next section, we will examine some of the known mammalian oocyte
signaling pathways and their involvement in oocyte maturation with emphasis on the
organization of the cytoskeleton and chromosomes leading to proper chromosome
segregation and embryo development. Errors in spindle formation and microtubule
dynamics cause deregulation of chromosome organization and aneuploidy. These
gross abnormalities are likely a consequence of aberrant molecular signaling
pathways and a serious concern in the field of human development and clinical ARTs
(advanced reproductive technologies). (See also the section on Src-Family Kinase
Signaling in Oocyte Maturation for a discussion on the importance of proper oocyte
maturation and concerns of aneuploidy in clinical ART). This coordination of
intracellular signaling and cytoskeletal dynamics is essential for the production of a

healthy oocyte and subsequent normal offspring.

Integrating signaling with chromatin and cytoskeletal organization

Oocyte signaling is an amazingly complex cellular system with intricate and
intersecting molecular pathways. One of the primary components of meiotic
maturation is the reorganization of the microtubule cytoskeleton and the formation of
the meiotic spindle. Abnormal spindle and chromosome dynamics produce
aneuploidy, the primary cause of developmental failure in clinical ART and the
oocytes/embryos of older women [111-114]. Because of the critical importance of
proper spindle formation and subsequent chromosome segregation, we have focused
our studies on the molecular signaling cascades that influence these cytoskeletal and
chromosome dynamics.

Prophase-I arrested (GV) oocytes contain long, stable microtubules that
radiate throughout the cytoplasm and surround the oocyte cortex. As oocyte
maturation progresses through GVBD, cytoplasmic microtubules shorten and become
less stable [115, 116] while microtubule organizing centers (MTOCs) coalesce to the
region of condensing chromosomes and nucleate dynamic microtubules forming the

MI spindle [117]. Chromatin-associated Ran-GTP coordinated microtubules also
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play a role in production of the fully functional meiotic spindle [4-8].
Phosphorylation of MTOC proteins increases their microtubule nucleating
capabilities during mitosis [9-11]. In meiotic maturation of mouse oocytes, a subset
of MTOC:s are constitutively phosphorylated [118] although, increased
phosphorylation of MTOC: is associated with meiotic competence [119]. Cell cycle
dependant phosphorylation of microtubule associated proteins contributes to the

regulation of dynamic microtubules [120].

MAPK and spindle microtubules

Mitogen activated protein kinases 42/44 (MAPK, also called ERK1/2) and
protein phosphatase 2A (PP2A) are two partners involved in these phosphorylation
events [7-11]. Active phospho-MAPK (pMAPK) and PP2A localize to the region of
the meiotic spindle in mouse oocytes and both are required for spindle formation
[121] although their direct functions on spindle microtubules and centrosomes are
unknown.

The Mos protein activates the MAPK pathway [21-24] binds to tubulin in
somatic cells [122] and localizes to microtubules of xenopus oocytes [123]. Knock-
out mice lacking the MOS gene produce MII oocytes with abnormally diffuse
spindles and loose chromosomes [124]. Many of these oocytes fail to arrest at MII,
undergoing parthenogenic activation and pronuclear formation. The MOS effector
MEK also localizes to microtubules but primarily to the spindle poles [125]. Thus
several key regulators of the MAPK pathway are closely association with
microtubules and the meiotic spindle [25, 27]. Normal mouse oocytes matured in
vitro will progress to metaphase-II and extrude the polar body within 14h of culture.
When MEK/MAPK was inhibited with 20 uM U0126 beginning at the GV stage,
oocytes underwent GVBD but failed to form normal MI spindles. Various
abnormalities were seen including oocytes that blocked at the pre-MI stage with
central aster of microtubules, monopolar MI spindles and bi-polar spindles with

misaligned chromosomes [126]. The majority of oocytes failed to mature beyond MI.
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When oocytes were matured for 4 h (allowing for GVBD and entry into pro-MI)
before inhibition of MEK/MAPK, oocytes matured to MII and extrude a polar body.
However, MII spindle abnormalities were produced including failure to sort
chromosomes and formation of irregular spindles. Two proteins that normally
associate with the spindle poles in MII oocytes were either absent (NuMA) or
dislocated (y-tubulin) [126]. These abnormities caused by inhibiting the MAPK
pathway are reminiscent of our results with SFK inhibition; including a block at MI
when Src was inhibited from the GV stage and formation of abnormal MII spindles
[127]. This suggests the possibility of an interaction between the Src and MAPK
signaling pathways in the progression of meiotic maturation, chromosome sorting and
spindle dynamics.

Src kinases are known inducers of MAPK activation through the
Src/Raf/MAPK pathway. [For further discussion of this pathway, see the section on

Src-Family Kinases in Oocyte Maturation]

Src-family tyrosine kinases and microtubule dynamics

Tyrosine kinases also associate with centrosomes and microtubules. Src
family members including Src, Fyn and Lyn and the closely related PTKnamed Fes
can bind to microtubules and phosphorylate alpha and beta tubulin in somatic cells
[17-19] while Fyn also phosphorylates tubulin in mammalian oocytes [128, 129]. (For
a detailed description of SFKs, see the section on Src-Family Kinases in Oocyte
Maturation). The centrosomes are another site of tyrosine kinase activity during the
somatic cell cycle. y-Tubulin and ring complex proteins, members of the centrosomal
protein milieu are tyrosine phosphorylated by the kinases Fyn and Syk (spleen
tyrosine kinase) in budding yeast [130] as well as activated mast cells [131] and
differentiating P19 embryonal carcinoma cells [132]. In addition, Fyn PTK and PI3-
kinase together interact with y-tubulin in acentrosomal MTOCs, whereby it appears
they regulate microtubule nucleation by membrane bound y-tubulin in differentiated

P19 cells [133]. Interestingly, we have found phosphotyrosyl proteins localized
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specifically to the spindle poles in the region of the centrosomes in MII mouse
oocytes [134]. Phosphorylated y-tubulin is likely present at this stage of mouse
oocyte also (Barrett and Albertini unpublished observations). This suggests the
possibility that the phosphotyrosyl proteins at the spindle poles maybe y-tubulin and
ring complex proteins which comprise the centrosome of the mammalian oocyte [26-
29].

Src-family kinase activity is greatly increased during mitosis (reviewed in
[135, 136]). This activity is due to the dephosphorylation of the inhibitory Y527
carboxy-terminal regulatory tyrosine by phosphatases (PTP) and an activating
phosphorylation by Cdk1. Two of the phosphatases responsible for the
dephosphorylation of Y527 include PTP alpha (PTPa) [137] and epsilon (PTPg)
[138]. PTP activity is also increased during mitosis [137, 139]. Interestingly, EGF
receptor activation causes translocation of PTPg to microtubules [138]. Although this
binding causes a decreased PTPg activity, the binding is transient and would provide
a mechanism for co-localization of SFKs and their activating PTPs at the site of
polymerized microtubules. Interestingly, Wu and Kinsey [140] found Fyn kinase
bound directly to PTPa via the SH2 domain in Zebrafish eggs while McGinnis et al
[134, 141] and others [142] have found both activated and inactive SFKs associated
with microtubules in both oocytes and cumulus cells. Co-localization of Fyn and
activating PTPa and/or PTPe¢ at the spindle microtubules may also be involved in
meiosis and/or regulation of cellular dynamics. Depolymerization of microtubules
with nocodazole causes increased PTPe¢ activity [138]. Therefore, active PTPe maybe
in constant flux near the microtubule cytoskeleton where it could activate the Fyn
PTK which binds to and phosphorylates tubulin [30, 33, 35, 36, 50]. The functional

significance of tubulin tyrosine phosphorylation is unknown.
Tyrosine modifications to microtubules

Microtubules are composed of alternating alpha and beta tubulin

heterodimeric subunits that polymerized to form microtubules. Lafanechere and Job
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(2000) described that “tubulin is subject to several post-translational modifications,
include acetylation at a specific lysine close to the N-terminus of the a-subunit [143],
poly-glutamylation near the C-terminus of both the o and 3 subunits [52, 53] and a
cycle of tyrosine removal and addition at the C-terminus of the a-subunit [54-58]”
[144]. The reactive tyrosine can be removed by a tubulin carboxypeptidase (TCP)
[40, 41] that acts specifically on polymerized microtubules [42-44]. Tubulin
tyrosine-ligase (TTL) catalyses the incorporation of tyrosine back into detyrosinated
tubulin and acts primarily on free alpha tubulin subunits [62-65]. The interplay of
TTL and TCP results in a cycling of tyrosination and detyrosination of a-tubulin.

The significance of tyrosination cycling on a-tubulin is unknown. There
appears to be no difference in the assembly or dynamics between microtubules of
tyrosinated or detyrosinated tubulin [145]. Although interphase cells contain
primarily detyrosinated tubulin [46, 47], detyrosination of tubulin does not directly
alter the stability of polymerized microtubules [146, 147]. Inhibition of TTL in
cultured cells prevents tyrosination but does not affect the cytoskeletal structure or
cell function, at least not in short-term studies [71, 72].

In a study of Xenopus tadpole heart, tyrosinated (Tyr) microtubules were
found in the spindle at all stages of the mitotic cycle. The localization of non-
tyrosinated (Glu) microtubules changed according to the stage of the cell cycle. The
Glu tubules were “mainly restricted to the peripheral regions of the half spindles
where the MTs have to sustain a bending stress”. Glu tubulin 