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oVery few bei ngs really seek knowledge in this world. Mortal or immortal, few

really ask . On the contrary, they try to wring from the unknown the answers

they have already shaped in their own minds (é) .
To really ask is to open the door to the whirlwind . The answer ma y
anni hilate the question and |
Anne Rice.

A man should look for what is, and not for what he thinks should be.

Information is not knowledge.

Albert Einstein



Abstract.

Cyclin dependent kinases (Cdks) belong to a large family of evolutionary
conserved kinases that are at times divided into mitotic and post -mitotic Cdks,
classifications based on their expression/function profile. Neuroblast proliferation rates,
differentiation, developmental apoptosis, migration, a xogenesis and maintenance are
some of the processes which Cdks regulate in the Central Nervous System (CNS).
Additionally, Cdks have a role in mature neurons mediating survival/degeneration.

Their deregulation has been functionally linked to conditions suc h as Stroke,

Al zhei mer 8s di sease and Parkinsonds. However
involvement in neurons are far from being clear. Accordingly, this thesis research

explored two subjects relevant to the functions of Cdks in the CNS: first, the
mechanism through which Cited2, a Cdk4 -dependent signal, mediates neuronal
apoptosis after DNA damage and second, the potential role of PFTAIRE, a post -mitotic
Cdk, in CNS development.

Cited2, a CBP (cAMP response element -binding protein -binding protein)/p300
interacting transactivator, was identified as a signal upregulated in neurons after DNA
damage. We showed that Cdk4 activation is required for Cited2 upregulation and that
this event is upstream  of mitochondrial cytochrome c release. Additionally, we repo rt
that Cited2 activates peroxisome proliferator -activated receptor -y (PPARy), an activity
that proved to be critical for DNA damage -induced death. We show that these two
molecules require each other,  forming an active complex that ultimately triggers the
mitochondrial pathway of death. Our results not only define a novel Cdk4 -mediated
neuronal prodeath pathway but report for the first time functional data on Cited2
biological roles in neurons

In the second project, we explored the effects of the deficienc y of PFTAIRE, a
novel Cdk highly expressed in neurons , in development of the Drosophila ventral nerve

cord (VNC). Using two different PFTAIRE Drosophila mutant lines, we demonstrated that
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the deficiency leads to CNS defects as early as stage 11 of embryoni ¢ development . Our
findings show that PFTAIRE mutation leads to premature axon outgrowth, axon
misguidance and defasciculation accompanied by disorganization of neuronal and glia
cell bodies that affect both commissural and longitudinal axons of the VNC. Our data
confirms for the first time that PFTAIRE has an essential role in CNS developmental

processes and it may be required in neurons for proper axogenesis to occur.
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Thesis format

Following the guidelines of the Departments of Neuroscience and Cellular and
Molecular Medicine, this thesis was w ritten as a compendium of manuscripts preceded
by a general introduction and followed by a general discussion of thesis research as it
relates to current knowledge in these fields.

Chapter one, the introductory section, is a summarized review of the scient ific
literature relevant to the research presented on chapters two and three. It includes a
general section dedicated to Cdks, their structure, regulation and functions in the CNS
which is separated into  of the knowledge preceding the research presented in following
chapters work basic to the subjects accumulated to date on the subjects relevant to the

Chapter two presents a manuscript entitled: OCITED2 signals through
peroxisome proliferator -activated receptor -gamma to regulate death of cortical neurons
after DNA damage 6 . This work was published on the
year 2008 and it is included here exactly as published.

Chapter three presents a manuscript entitle  d: 0Eip63E, the Drosophila PFTAIRE,
is required for the proper development of the Central Nervous System & This manuscript
is still in preparation for publication.

An overview of the major findings of this thesis is presented in chapter four. A
discussion on the potential direction that each of the project could take in the futu reis

included as well.
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I CHAPTER 1 .

General Introduction.



Cyclin Dependent Kinases.

Cyclin Dependent Kinases (Cdks) were first identified in yeast (CDC28 and cdc2)
and initially described for their regulatory role in cell cycle progression. Cdks are , by
definition, members of a cdc2 -related family of serine/threonine kinases that require
binding to cyclin proteins  (positive regulatory subunits) for their activation. Since the ir
initial identification , more than 21 family members have been di scovered (Liu and
Kipreos, 2000) .

Several Cdk members: CDC2/Cdkl, Cdk2, Cdk3, Cdk4 and Cdk6 , indeed
regulate cell cycle progression directly (Grana and Reddy, 1995; John et al., 2001) and
so are regarded as prototypical Cdks . They appear to mediate the transition from one
distinct phase to another and their activatio n is refereed by the phase -specific
expression and binding of a cyclin partner (Pines, 1993b, a; van den Heuvel and
Harlow, 1993; Morgan, 1997) . For example, Cdk4 /cyclinD regulates progression
through the restriction point during G1 phase by phosphorylat ing and inactivating the
tumor suppressor  factors of the retinoblastoma (Rb) gene family ( p105Re, pl07,
p130 Rb2), the only characterized in  -vivo substrates for this Cdk (Weinberg, 1995; Bartek
et al.,, 1996; Farkas et al., 2002) . During cell cycle, phospho -Rb (pRb) acts as a signal
transducer between several C dks and the transcription machinery, promoting the
expression of sets of genes that mediate the progression of the cell through the critical
growth phases (Weinberg, 1995; Bartek et al., 1996) . Hyperphosphorylation of Rb by
cyclinD/Cdk4/6 leads to the release and acti vation of the E2F family of tra nscription
factor s and the expression of g enes required for cell cycle progression (Chan et al.,
2001; Farkas et al., 2002; Ren et al., 2002)

Further research into Cdks  6functions revealed that not all Cdks are involved in
cell cycle regulation. Cdk7 to Cdkl1l2 participate in the regulation of transcription and

RNA splicing (Loyer et al., 2005; Bagella et al., 2006; Chen et al., 2006; Even et al.,



2006; Loyer et al., 2008) and Cdk7 has the additional function of being the only known
eukaryotic Cdk -activating kinase (CAK) (Kaldis, 1999) .

It was believed for many years that Cdks were irrelevant to neurons once these
cells exited cell cycle and fully differentiated. Nevertheless, additional investigation
revealed that such was not the case (Herrup and Yang, 2007) . Surprisingly, other Cdks
were identified that appear to have biological functions in postmitotic cells unrelated to
cell cycle regulation. Cdk5, PCTK1 -3 (PCTAIRE), and several others of still unknown
functions (PFTK1 -2 (PFTAIRE) (Besset et al., 1998) , CDKL1 (KKIALRE) (Yenetal., 1995) ,
CDKL2 (KKIAMRE) (Sassa et al.,, 2004) and CDKL5 (STK9) (Montini et al., 1998) ) were
found to be h ighly expressed in the Central Nervous system (CNS). Due to the discovery
of these neuronal Cdks, family members have been divided by researchers into cell-
cycle related and post -mitotic Cdks. Th is introductory chapter will then make use of

this classific ation to discuss the roles of Cdks in the CNS.



Cdks s tructure and regulation . Generalities.

Cdks are small proteins (~34 -60 kDa) with distinct structural features. Based on
Cdk2 structure, these molecules have: 1) a large C -terminal lobe that contains the T -
loop, a flexible conformational structure that covers and blocks the substrate binding
site in the absence of cyclin binding (De Bondt et al.,, 1993) . As part of the T -loop
sequence, there is a conserved activating threonine phosphorylation site (T160 in Cdk2)
(Desai et al., 1992; Gu et al., 1992) . 2) A smaller N -terminal lobe that is usually drawn
above the C -terminal lobe an d contains a glycine -rich loop and a helix with a conserved
PSTAIRE amino acid sequence that is part of the cyclin binding region (De Bondt et al.,
1993; Jeffrey et al., 1995) . Variations on this sequence have been used to denominate
novel family members (see above). Inhibitory threonine and tyrosine phos phorylation
sites are present in the N -terminal lobe as well (T14 and Y15 in Cdk2) (Gu et al., 1992) .
And 3) The active site as a deep cleft defined by the lobes that contains the ATP binding
residues (aspartic acid (D)127, lysine (K)129 and asparagine (N)132, a conformational
aminoacid (AA) triad, plus K33 and D145). Substrate binds to this region as well (De
Bondt et al., 1993) (reviewed in (Morgan, 1997) ). These general structural features have
been so far confirmed for all studied Cdks, including Cdk5 (Tarricone et al., 2001) |, the
leader of the post -mitotic/neuronal  Cdks.

Cdks are inactive as monomers. Their activation is subjected to complex and

multilayered regulatory mechanisms.

Activating mechanisms:

e Binding to requlatory subunit: cyclin or non -cyclin partner.

As mentioned before, cyclins are members of a fami ly of proteins which levels
oscillate during cell cycle  (Murray, 2004; Fung and Poon, 2005 ). Originally, they were

the only known partners to Cdks. Later on, the identification of postmitotic Cdks



pointed to the existence of non -cyclin partners. p35 and p39, the known Cdk5
activators, are the only ones that have been so far characterized (Lew et al., 1994; Tsai
et al., 1994; Delalle et al., 1997; Patrick et al., 1998)

In the case of Cdk2, cyclinA interacts with regions on both lobes and this leads
to conformational changes that impact both ATP orientation and substrate binding. 1)

The PSTAIRE helix is pushed inwards and drives proper orientation of the ATP

phosphates for phosphotranfer to occur and 2) the T -loop moves out of the cleft
entrance, allowing substrate interaction (Jeffrey et al., 1995; Morgan, 1996) . It is now
known that this Cdk2/cyclinA mod el of interaction is not completely true for all Cdk

complexes (Echalier et al., 2010) . For example, the extension of th e Cdk9/cyclinT
interface area is only a 40% of that of Cdk2/cyclinA, reduced only to the N -terminal
lobe, but still constitute an activating interaction (Echalier et al., 2010)

For most studied cases, cyclin binding is enough to render a partially active Cdk
complex, the exception being, so far, the Cdk4/cyclinD complexes. In these cases,
cyclinD isoforms bind only to the N-terminal lobe region as it happens for
Cdk9/cyclinT, but do not drive enough conformational changes to render an active Cdk
complex (Day et al., 2009; Takaki et al., 2009)

Finally, other Cdk activating protein partners exist apart from cyclins. For
Cdk4, Sertadl (also known as p34 SE and TripBrl) is such a n interactor (Sugimoto et
al., 1999; Li et al., 2004 ). It has been reported that  Sertadl directly binds and activates
Cdk 4 even in the inactivating presence of p16 (Sugimoto et al., 1999) . It appears as well

that the Sertadl effect on Cdk4 activity is concentration -dependent, since higher

concentrations of Sertadl are inactivating instead of act ivating over Cdk4 (Li et al,,
2004) .
e Phosphorylation of conserved threonine residue at the T -loop.

Cyclin A binding to C dk2 is enough to render an active Cdk2/cyclinA complex

(Connell -Crowley et al.,, 1993) . Nevertheless, phosphorylation of the T160 residue



enhances Cdk2/cyclinA  level of activity ~80 -300 folds (Gu et al., 1992; Morgan, 1997)
In eukaryotic cells, this is an event regulated by the Cdk7/cyclinH/Matl complex
(Kaldis, 1999) . T106 phosphorylation  stabilizes the Cdk/cyclin interactio n, the T -loop is
flattened and moves closer to cyclinA, leading to critical changes in the shape and girth
of the substrate obinding site (Russo et al., 1996) .
The level on which the activity of other Cdks depends on this phosphorylation

event varies. For Cdk4/cyclinD complexes, phosphorylation is required but still not

enough for full activity  (Takaki et al., 2009; Echalier et al., 2010) . Cdk5/p25 does not
require this phosphorylation at all (Tarricone et al.,, 2001) and Cdk8 even lacks the
phosphorylatable equivalent threonine residue (Tassan et al.,, 1995) . Additionally,

Cdk9/cyclinT (Baumli et al., 2008) and PFTK1 (Lazzaro et al, 1997) show
autophosphorylation activity, which may render them independent of the Cdk7 CAK

activity.

e Dephosphorylation by Cdc25 phosphatases.

Removal of the inhibitory phosphorylation at T14 and Y15 sites in Cdk2 constitute S
a rapid way to activate readily available Cdk/cyclin complexes (Lew and Kornbluth,
1996) . This event is regulated by the Cdc25 family of phosphatases (Sebastian et al.,

1993), isoforms A, B and C, that are in turn activated by Cdk/cyclin complexes and

other kinases (reviewed in  (Karlsson -Rosenthal and Millar, 2006) ).

Inactivating mechanisms:

e Phosphorylation of the glycine  -rich loop residues.

As previously mentioned, phosphorylation on threonine/tyrosine residues of the
N-terminal lobe inhibits Cdk activity. This inhibition happens even in the presence of
T160 -equivalent phosphorylation (Morgan, 1997) . For Cdkl/2, two sites have been

described: T14 and Y15, which are the targets of Weel and Mytl kinases (Obaya and



Sedivy, 2002) . In the case of Cdk4/6, Y17 is the equivalent residue, but no kinase has
been identified yet that mediates this phosphorylation.

As wit h other regulatory aspects discussed earlier, the consequence of the
T14/Y15 phosphorylation is not as clear for other Cdks. For example, Y15
phosphorylation for Cdk5/p35 appears to be activating instead of inactivating
(Zukerberg et al., 2000) , the contrary to what happens when the partner is p25 (Mapelli

and Musacchio, 2003) , the product of p35 excision.

e Endogenous Cdks inhibitors (CKIls)

Two gene families of Cdk inhibitors have been described:

a. The INK4 family (pl6'Nkda p15 INK4b 'n18 INKdc  and pl9 INKad), These proteins bind
to Cdk4 and Cdk6 blocking their association with all cyclinD isoforms and so inhibiting
their kinase activity  (Sherr and Roberts, 1999)

b. The Cip/Kip family ( p2lCipliwail/sdil = p27 Kipl = and p57 Kirz), Members of this
family block the kinase activity associated to cyclins A and E by binding to both Cdk
and cyc lin (Sherr and Roberts, 1999) . Originally and based on in  -vitro experiments, it
was though t that these proteins had an inhibitory effect on the activity of all Cdk/cyclin
complexes (Xiong et al., 1993) , but further studies showed that the contrary is true for
cyclin D -associated C dk activity. It has been reported that the Cip/Kip proteins can
facilitate assembly of Cdk4/cyclinD and so enable its kinase activity, as well as

targeting the complex to the nucleus (LaBaer etal.,, 1 997).



Cell cycle related  Cdks inthe Central  Nervous System .

The initial body of research on cell cycle related Cdks was mostly focus on their
roles in dividing cells. The last decade though has revealed that this group of Cdks has
essential functions d uring development and degeneration of the CNS. Following is a

discussion on those roles.

In CNS development

The proper t iming of cell cycle progression and exit is critical in C NS
development and so, the essential role of Cdks in proliferation and cell cycle exit of
neuronal precursors  should be apparent . Research has shown that that is indeed the
case (Cunningham and Roussel, 2001; Calegari and Huttner, 2003; Li and DiCicco -
Bloom, 2004; Dehay and Kenned vy, 2007) . For instance, pharmacological inhibition of
Cdks dactivity leads to premature differentiation of neuroprogenitor cells (Calegari and
Huttner, 2003) . Additionally, in -vivo overexpression of Cdk4/cyclinD1 in neural
progenitors promotes their expansion and delays neurogenesis (Lange et al., 2009) .
Furthermore, t he E2F/Rb pathway, the convergent molecular switch for cell cycle
progression signals and Cdks target, has also been implicated in regulating survival and
differentiation  of distinc t cell types of the CNS (Swiss and Casaccia, 2010) . Data show
that in vivo inactivation of pRb in neuroprogenitor cells leads to increased proliferation
and apoptosis, reduced glial cell population, abnormal morphology and aberrant cell
patterning in the mouse brain (McLear et al., 2006)

The above mentioned evidence has led to the thesis that regulation of cyclinD -
associated Cdks in dividing progenitors is key to the fate of daughte r cells (Fichelson et
al., 2005) . Accordingly, a long G1 phase is linked to differ entiation while shorter G1
correlates with proliferation (Calegari et al.,, 2005; Dehay and Kennedy, 2007) . The

mechanisms by which Cdks participate in this process are yet unknown.



In CN S degeneration

For a long period of time, it was a well accepted believe that cell cycle Cdks were
generally no t expressed in mature neurons, due to the non -dividing nature of these
highly differentiated cells. Fairly recently correlative evidence started accumulating that
negated that dogma leading to intense research on the matter.

Results revealed that cyclinD1 and its associated Cdks, Cdk4/6, are
upregulated and aberrantly activated in models of neuronal excitotoxicity and ischemia
(Li et al., 1997; Timsit et al., 1999; Park et al., 2000a) . Upregulation of cyclinD1, Cdk4,
cdc2 and cyclinB1 in s everal areas of post -mortem brains appeared to correlate with
Al zhei mer 8s d({Nagy et alge 1997A\ncent et al., 1997; Busser et al., 1998;
Tsujioka et al., 1999) . Additionally, the use of other in -vitro models showed that
Cdk4/6 activation appeared to be required for neuronal death due to proteosomal
inhibition  (Rideout et al., 2003) , superoxide dismutase deficiency (Nguyen et al., 2003)
and DNA damaging a gents (discussed ahead, (Morris et al., 2001) . These models are
relevant to conditions s uc(Alamaesal.,PLa97;KvicNesghtraids di seas e
Olanow, 2006) , Hunt i ngt o nangotraphicslatesakselerosis (Vucic and Kiernan,
2009), AD (Lovell and Markesbery, 2001 ) and Stroke (Rashidian et al., 2007) , among
others (Greene et al., 2007) . These finding s consolidated the notion of the involvement
of Cdk4 activation in neurodegenerative conditions.

Mechanistic studies then showed thatt he upregulated cyclinD1/Cdk4  complex
appeared to lead to Rb phosphorylation , since this last event was detected after
ischemic i njury in vivo (Osuga et al., 2000) . Furthermore, pharmacological inhibition of
Cdks blocked Rb phosphorylation and led to significant protection (Osuga et al., 2000) .
Equally, Cdk4 inhibition, either by a pharmacological agent or a dominant negative
form of the kinase, protected primary cortical neurons from death induced by -Amyloid
treatment. This protection appeared to be mediated by inhibitio n of caspase activation

(Giovanni et al., 1999; Giovanni et al., 2000) . Later on, functional data was reported



showing that inhibition of Cdk4  (dominant negative approach) and cyclinD1 (germline

deficiency ) protected neurons from delayed/apoptotic death induced by
ischemic/hypoxic stress (Rashidian et al., 2005; Rashidian et al., 2007) . For most of
these paradigms, the Rb/E2F pathway appeared to mediate the Cdk4 -induced apoptotic

events (Giovanni et al., 2000; O'Hare et al., 2000; Park et al., 2000b; Rashidian et al.,
2005; Rashidian et al., 2007)

Developmental neuronal a poptosis due to the lack of neurotrophic factors
support seems to be dependent as well on cell cycle Cdk activity (Greene et al., 2007) .
It has been reported that Cdk4 inhibition, either by virally -delivered dominant negative
form (Park et al.,, 1997b) or shRNA (Biswas et al., 2005) , promote s survival of nerve
growth f actor ( NGF)-deprived sympathetic neurons. This is not true for  cdk2/3, since
dominant negative forms of these Cdks failed to protect neurons from death evoked by
NGF deprivation (Park et al., 1997b) . The mechanisms mediating this Cdk4 -dependent
death pathway appear to be similar to those activated during apoptosis of mature
neurons.

The fin dings discussed in this section had led to the notiont hat, far from being
permanently post -mitotic, neurons must constantly hold their cell cycle in check.
Failure to do so would lead to the re  -initiation of the cell cycle in adult neurons and
subsequent death (reviewed in (Herrup and Yang, 2007) ). Therefore, cell -cycle Cdks may
be dynamically i mpo-béant 0 f-mifoticperens.do we | |

Questions still remain regarding the mechanisms regulating the activation of
Cdks after these apoptotic insults, as well as the possible downstream pathways
extending from this event. A ccordingly, the research discussed in chapter two of this
thesis addr esses this matter . We have explored the role of Cited2, a transcriptional co -
activator that appears to be induced by Cdk4 , as part of the pro -apoptotic events that
occur in neurons after DNA damage. For the relevance they have to our work, separate
section s of this introduction have been dedicated to the discussion of the neuronal DNA

damage apoptotic model and Cited2.
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DNA damage in neurons.

DNA damage in neurons has been identified as one important component of
neurodegenerative conditions including Ischem ia (Chen et al., 1997) , Par ki (Alanonos
etal,1997) and Al z hei me rfLovwll abd Markeskery, 2001) , among others.

Studies suggest that DNA damage , rather than only a consequence, is a key
initiator of apoptosis in neurons. For instance, m ice deficient in a variety of DNA
damage repair pathways (DNA end-joining proteins: DNA ligase IV and XRCC4 and 2
and Ku proteins and DNA polymerase Beta ) display aberrant neuronal loss and
impaired neurodevelopment  (Barnes et al., 1998; Deans et al., 2000; Sugo et al., 2000)
Additionally, DNA damage sensing enzymes such as poly ADP -ribose polymerase (PARP)
and p53, appear to be required for  death evoked by ischemic injury (Crumrine et al.,
1994; En dres et al., 1997) . Finally, in vitro experiments has shown that DNA damaging
agents, such as camptothecin and etoposide, induce apoptosis in murine cortical
neurons through the activation of distinct signals (discussed ahead) that are not
activated by ot her apoptotic agents such as staurosporine (Morris et al., 2001; Kruman

et al., 2004) .

e The camptothecin model.

Camptothecin is a  cytotoxic quinoline alkaloid derived from the Chinese tree
Camptotheca acuminata Decne.  Itis a powerful inhibitor of topoi  somerase I, an enzyme
that regulates DNA superhelicity during cellular processes such as DNA replication and
transcription  (Wang, 2002) . During thes e processes, topoisomerase | relaxes the
supercoiled DNA by transiently cleaving one strand and rotating it over the intact one
while suffering topological changes (Champoux, 2001) . This is done in such a manner
that religation of strands is ultimate ly facilitated. During camptothecin toxicity, its

molecules intercalate between the topoisomerase I/DNA complex and so prevent strand
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religation (Staker et al., 2002) . As a result, double -stranded cuts of DNA accumulate
eventually leading to cell death.

In neurons, camptothecin induce s DNA breakage as rapidly as 10 minutes after
exposure, as shown by single -cell-gel-electrophoresis comet -assay analyses (Zhang et
al., 2006) . This toxicity appears to be dependent on transcription, since transcription
but not replication blockers protect neurons from camptothecin -induced death (Morris
and Geller, 1996) . Although surprising at first, the effects of camptothecin on
transcription regulation has been confirmed by numerous reports (reviewed in
(Capranico et al., 2007) ).

The use of camptothecin treatment of primary cortical neurons has proven to be
a powerful tool as an in  -vitro model of neuronal apoptosis. Many of the signals involved
in neuronal DNA damage -induced death have been identified exploiting this paradigm.

The pathways such identified are discussed ahead.

¢ DNA damage -induced apoptotic pathways.

The signaling pathways which regulate DNA damage -induced neuronal death
are intricate and balanced by b oth pro - and anti -apoptotic signals. These early activated
signals converge in the classical apoptotic pathway mediated by BAX translocation to
mitochondria membrane and successive caspases activation (Fig1.1).

The involvement of the intrinsic mitochondr ial pathway in DNA damage -evoked

neuronal apoptosis is widely accepted today. There is evidence that camptothecin -

induced apoptosis is mediated by cytochrome c release and caspase -3 activation
(Stefanis et al., 1999; Keramaris et al., 2000) . Furthermore, BAX deficient neurons and
caspase-3 deficient neurons show significantly delayed camptothecin -induced death

(Keramaris et al., 2000; Morris et al., 2001)
Three main early pro -apoptotic pathways have  been shown to regulate the
mitochon drial pathway of death after DNA damage. (i) p53 activation, known for its role

in a DNA damage check point in proliferating cells, appears to be induced by at least

12



three independent signals: nuclear factor kappa beta (NF-xB) (Aleyasin et al., 2004) |,
ataxia telangiecta sia-mutated (ATM) (Keramaris et al., 2003) and Calpains (Sedarous et
al., 2003) . (ii) The Cdc42 -INK-c-jun pathw ay (Ghahremani et al.,, 2002) , known as a
stress response in other death models , also has an impact in DNA damage -induced
apoptosis . (iii) Almost immediate ly after insult, activation of G1/S cyclin -depending
kinases (D1/C dk4, 6) can be detected which leads to E2F transactivation through Rb
hyperphosphorylation  (Park et al., 1998; Park et al., 2000b)

Research shows that both  Cdk s and p53 need to be activated for death to occur
(Morris et al., 2001) . It is apparent as we |l that they are activated in an independent
manner, since inhibition of one has no impact on the activation of the other  (Morris et
al., 2001) . They both however act upstream of the mitochondrial pathway of death,
since inhibition of both signals results i n the inhibition of B AX translocation,
cytochrome c release and caspase activation (Morris et al., 2001) . Alternatively, there
appears to exist crosstalk between the Cdks and the c -jun signals, since  c-jun
phosphorylation level seems to be dependent on Cdk activation as well as on JNK
activation (Ghahremani et al., 2002; Besirli and Johnson, 2003)

Recent developments had brought some light on the signals that appear to
regulate de activation of cell cycle Cdks after DNA damage. It appears that mechanisms
that exist in proliferating cells for the same purpose get activated in neurons after
genotoxic insult. Such is the case of the Chkl/Cdc25A pathway, where checkpoint
kinase 1 (Chkl) basal activity is inhibited after DNA damage with a n associated
increase in cell division cycle (Cdc) 25A phosphatase activity leading to Cdk4/6
activation and Rb phosphorylation (Zhang et al ., 2006) . An additional signal appears to
reinforce Cdc25A activation in this paradigm. After DNA damage, Pim -1 transcript,
protein and kinase activity are upregulated by the NF-xB pathway , leading to Cdc25A
activation (Zhang et al., 2010) . Finally, Sertadl/TripBrl, a Cdk4 activator in

proliferating cells (Sugimoto et al.,, 19 99; Li et al.,, 2004) , is significantly upregulated

13



after DNA damage in neurons and appears to be required for Rb phosphorylation to

occur (Biswas et al., 2010)
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Figure 1 .1. Pro-apoptotic pathways activated in neurons after DNA damage

The requirement for JNK, p53 and Cdk4/6 signals for apoptosis to occur is well
documented (see text for  scientific evidence). Nevertheless, the upstream signals that
regulate them and those that mediate their effects over the mitochondrial classical

pathway of death are only now being elucidated ,
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Cited2: CBP/p300 interacting transactivator with Aspartic an d Glutamic

acid (ED) rich termini 2

Cited2 was first identified as a cytokine -induced transcriptional coactivator
(Shioda et al., 1997) . Research showed thatitis  ubiquitously expressed and localized to
the nucleus where it is almost entirely bound to p300 and/or CBP (CAMP response
element -binding protein -binding protein) , key regulators of RNA pol ymerase Il -mediated
transcription  (Bhattacharya et al., 1999; Leung et al., 1999) . The characterization of
Cited2 -defficient mice revealed that this coactivator is critical to development since its
deficiency leads to embry onic lethality from stage E13.5 (Bamforth et al., 2001; Yin et
al.,, 2002) . Knockout (KO) embryos exhibit cardiac malformations, adrenal agenesis,
neural crest defects and exenceph aly (Bamforth et al., 2001) , with the cardiac defects
being the primarily cause of death . Investigation on the possible mechanisms involved
in Cited2 roles during development has revealed some of its targets.

Cited2 is a target and a negative regulator of the Hypoxia -Inducible factor 1- «
(HIF 1-a) (Bhattacharya et al., 1999) . Bhattacharya and collaborators showed that HIF1 -
o induces Cited2 transcrip tion and that the latter, in turn, competes with it for the
interaction with the Tazl domain of CBP/p300. This competition leads eventually to the
downregulation of HIF -la in a negative feedback mechanism (Bhattacharya and
Ratcliffe, 2003; Freedman et al., 2003) . This pathway appears to be the main one
behind the Cited2 role on heart development. HIF -1a levels were found to be
upregulated in hearts of Cited2 deficient mice embryos and heterozygosity for HIF-1a
almost completely rescued the heart defects (Xu et al., 200 7).

Relevant to CNS development, Cited2 has been identified as a transcriptional

coactivator of all isoforms of tfap2 (AP -2) (Bamforth et al., 2001) , transcription factors

essential in neural crest, neural tube and cardiac development. Although it could be
considered a secondary effect of the cardiac malformations, t he exencephaly phenotype
present in Cited 2 KO mice could be justified at least in part by this interaction . It has
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been reported that exencephaly in Cited2 KO mice can be rescued using folic acid
supplementation  (Barbera et al., 2002) , a treatment normally used to prevent neural
tube defects. Moreover, AP-2 deregulation also leads to exencephaly (Kohlbecker et al.,
2002) and this transcription factor appears to participate in  tissue folate homeostasis
by regulat ing the expression of the human reduced folate carrier (hRFC) gene
(Whetstine et al., 2002) . These observations support  the notion of Cited2 having a more
direct role in CNS development.

Additionally, Cited2 can act as a ligand independent activator of peroxisome
proliferato r-activated receptors (PPARsS) o and y (Tien et al, 2004) . This interaction
could explain part of the systemic impact of Cited2 deficiency in mice, since PPAR
transcription factors have been implicated in numerous processes such as cell growth,
lipid homeostasis, angiogenesis, apoptosis and differentiation of the adipose tissue,
brain, placenta and skin (Michalik et al., 2002; Lehrke and Lazar, 2005; Chaturvedi
and Beal, 2008; Abbott, 2009)

Extensive research has linked Cited2 activity to tumor development and
transformation  (Chou et al., 2006; Bai and Merchant , 2007; Daino et al., 2009; van
Agthoven et al., 2009) . Nevertheless, no functional studies have ever been done to
elucidate if and how Cited2 indeed has a role in cell cycle regulation. One existing
hypothesis states that Cited2 promotes proliferation potentially by the activation of the
expression of the polycomb -group genes Bmi -1 and Mell8 (Kranc et al., 2003) , negative
regulators of the ink4a -ARF locus. Further research would be needed to test this theory.

Previous to our own work ( chapter 2), no functional studies had ever been done
on the possible roles of Cited2 in neurons regarding development or neurodegeneration.
Correlative data suggested that Cited2 was upregulated in ischemic brains, but in those
regions that appear to be re sistant to degeneration (Sun et al., 2006) . This piece of
evidence led the authors to hypothesize that Cited2 could be a potentially protective
signal. Contrary to that idea, our work suggest s that Cited2 is a proapoptotic signal,

regulated by Cdk4 activation after genotoxic insult (Gonzalez et al., 2008) .
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Post -mitotic Cdks in the C entral Nervous System.

As mentioned before, postmitotic Cdks are r egarded as atypical due to their
presence in neurons. Cdk5 was almost simultaneously reported on under different
names as a neurofilament kinase (Hellmich et al., 1992) , a Cdk human f amily member
(Meyerson et al.,, 1992) , a bovine brain kinase (Lew et al., 1992) and a Tau kinase
(Ishiguro et al., 1992) . Later on, the Cdk5 name was adopted following its recognition as
the active subunit of the compl  ex that had been previously identified (Kobayashi et al.,
1993) . These findings triggered intense research on the possible roles of what appeared
to be a very special Cdk (revie wed in (Dhariwala and Rajadhyaksha, 2008) ). Although
Cdk5 itself is ubiqu itously expressed, it was initially thought to be only active in
neurons due to the  high expression of its activating partners (p35/p25 and p39) in the
CNS compared to other tissues (Tang and Wang, 1996) . Nevertheless, research has
revealed that Cdk5 appears to have extraneuronal functions, such as regulation of
myoblast differentiation and secretory exocytosis in pancreat ic cells, among others
(reviewed in (Rosales and Lee, 2006) ). However, this se ction will concentrate on those
Cdk5 -related findings relevant to CNS development and degeneration.

PCTAIRE and PFTAIRE kinases share the same  evolutionary ancestor  with
Cdk5 (Liu and Kipreos, 2000) . This would suggest that they are also relevant in
neurons . Accordingly, research is starting to reveal some of the potential roles of these
two neuronal Cdks. Virtually nothing is known about the rest of the members of this

subgroup.

In CNS degeneration

Presently, Cdk5 is the only postmitotic Cdk that has been linked to
neurodegeneration. Since its identification, the Cdk5/p25 complex was known to
phosphorylate Tau and promote the formation of paired helical filaments (Ishiguro et

al., 1992) . Such Tau transformation is an event that mediates the formation of
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neurofibrilary tangles, a pathological hallmark of nume rous neurodegenerative
di sorders, such as Al zheimerds and Parkinsonds di sece
early stages of AD revealed increased Cdk5 activity when compared to controls as well
as Cdk5 co -localization with neurofibrilary tangles (Pei et al., 1998) .
Addit ional research showed that neurotoxic events such as oxidative stress, B-
amyloid treatment, and excitotoxicity triggers calpains activation. These proteases, in
turn, mediate cleavage of membrane -bound p35 into p25 enabling the formation of the
Cdk5/p25 cy toplasmic complex with access to a different set of substrates (Dhavan and

Tsai, 2001) . Investigation using in  -vivo models has implicated the previou sly described

events i n P¢grotkerretsab, 2@38; Smith et al., 2006; Qu et al., 2007) and
stroke -related neurodegeneration  (Rashidian et al., 2005; Rashidian et al., 2009) . Data
demonstrate that Cdk5 inhibition is neuroprotective in the MPTP Parkinsonian model.
Additionally, it appears that Cdk5 -induced neuronal death is mediated, at least in part ,
by phosphorylation (and inactivation) of MEF2 (Smith et al., 2006) and Prx2 (Qu et al.,

2007). In this way, Cdk5/p25 shuts down survival and antioxidant pathways in
dopaminerg ic neurons. Equally, these two same targets, Prx2 and MEF2, were
implicated in Cdk5 prodeath mechanisms during stroke (Rashidian et al., 2009)
Interestingly, recent developments have led to th e hypothesis that Cdk5
mediates the maintenance of cell cycle arrest in differentiated neurons and that los s of
this role would lead to cell cycle re  -entry and apoptosis. It has been shown that cell
cycle control is deficient in Cdk5 KO embryos, since cell cycle appears to still be active
in neurons found in the cortical plate . Additionally, in-vitro transfection of these cells
with a wild -type Cdk5 construct  restored cell cycle control  (Cicero and Herrup, 2005) . It
was later argued that this Cdk5 rol e is dependent on its nuclear localization and that
export of Cdk5 to the cytoplasm correlates with cell cycle re -entry. Data revealed that
pharmacological inhibition of Cdk5 translocation abolishes cell cycle activation (as
detected by BrdU staining) in w ild type neurons after  B-amyloid insult (Cicero and

Herrup, 2005) . Furthermore, Cdk5 nuclear vs. cytoplasmic overexpression in Cdk5
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deficient neurons blocks cell cycle activation after insult (Zhang et al., 2008; Zhang and

Herrup, 2008) . Further investigation showed that Cdk5 pharmacological inh ibition
blocks Cdk4 activation and Rb phosphorylation in neurons after B-amyloid treatment
(Lopes et al., 2009) . This group of evidence reinforces the notion that Cdk5 -mediated

cell cycle re -entry could be important to neurodegenerative processes relevant to AD . It
would be interesting to explo re if such is the case for other neurodegenerative
conditions. A previous report show that inhibition of nuclear Cdk5 activity using a
dominant -negative approach does not protect neurons against DNA damage induced
apoptosis (O'Hare et al., 2005) , a model of death that is known to be mediated by

activation o f cell cycle Cdks.

In CNS development

Cdk5 expression and basal activity in the mature CNS pointed to its potential
roles in neuronal physiology and maintenance. Consequently, Cdk5 have been shown to
regulate many essential neuronal processes, including intracellular trafficking and
transport (Smith and Tsai, 2002) , cytoskeletal dynamics (Xie et al., 2006) and synaptic
plasticity (Hawasli and Bibb, 2007)

Relevant to CNS development, the generation of a Cdk5 deficient mouse
demonstrated that the CNS requirement for this kinase starts before birth, since the
deficiency leads to  perinatal lethality (E18 -P5) (Ohshima et al., 1996) . The
characterization of the brain of mutant mice revealed they have abnormal
corticogenesis, with inverted cortical laminar structure (Ohshima et al., 1996; Gilmore
et al., 1998) . Additionally, thalamocortical axons showed to be clearly misguid ed
(Gilmore et al., 1998) . These findings suggested that Cdk5 had a role in neuronal
migration and differentiation as well as ax ogenesis. Further research confirmed these
hypotheses.

The generation of a Cortex -specific Cdk5 conditional KO mouse showed that
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they replicated the same inverted layering of the cerebral cortex and the abnormal
axonal trajectory and dendritic development,  just as the germline KO (Ohshima et al.,

2007) . Furthermore, in-utero electroporation of green fluorescent protein (  GFP) revealed

that radially migrating neurons present in wild -type embryos were absent in the Cdk5
KO embryos. When specific Cdk5 inhibition (dominant -negative approach) was driven in
wild -type migrating neurons, the multipolar -to-bipolar transition of these cells was
impaired in an obvious cell -autonomous manner (Ohshima et al., 2007) . These data

confirmed that Cdk5 is required for cortical de velopment due to its role in regulating
migration and differentiation.

Moreover, Cdk5 appears to mediate the neuronal reception and intracellular
signaling triggered by extracellular cues to regulate neurite outgrowth and
synaptogenesis (reviewed in  (Cheung and Ip, 2007) ). Research revealed that Cdk5
involvement in these events is multilayered. For example, along the brain -derived
neurotrophic factor  (BDNF)-Trk receptors -neurite outgrowth signaling pathway, (i) Cdk5
phosphorylates (activates) and is phosphorylated by (activated) the TrkB receptor.
Blocking of this event by overexpression of a TrkB molecule lacking its Cdk5 -
phosphorylation site abolishes BDNF signaling. Additionally, TrkB pharmacological
inhibition eradicates Cdk5 activation by BDNF treatment and Cdk5 inhibition blocks
BDNF -induced dendritic growth (Cheung et al., 2007) (ii) Cdk5 activation is required for
BDNF -induced Cdc42 (GTPase family member) activation, and overexpression of a
constitutively active Cdc42 rescues the lack of dendritic growth in Cdk5 KO neurons
following BDNF stimulation (Cheung et al., 2007) . This last event would put Cdk5 as
the link between BDNF signaling and, potentially, cytoskeleton rearrangements to
enable neurite outgrowth, since Cdc42 has a well known role in the regulation of actin
dynamics (Kuhn et al.,, 2000) . Furthermore, Cdk5 appears to regulate cytoskeletal
dynamics as well, since it is capable of inactivating PAK1 by hyperphosphorylating it, in
a Rac (GTPase member) dependent manner  (Nikolic et al., 1998; Smith, 2003) . There is

evidence as well linking Cdk5 activity to the regulation of microtubules and
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neurofilament dynamics (Dhavan and Tsai, 2001; Smith, 2003) . It is clear that these
roles of Cdk5 would as well have an impact in migration, neurite outgrowth and
synaptogenesis.

Regarding the PCTAIRE kinases, their involvement in CNS development has not
as yet been explored. This is probably due to the potential compensation mechanisms
that would trigger the lack of only one of the three mammalian isoforms. Intriguingly,
evidence shows that, in myocites, PCTAIRE -1 interacts with p35 and is phosph orylated
by Cdk5 with a resulting increase in its kinase activity. Furthermore, PCTAIRE -1 is
accumulated at the neuromuscular junction, just as Cdk5 is, and Cdk5 KO mice show
decreased expression of PCTAIRE -1 both in brain and muscle (Cheng et al., 2002)
Additionally, both PCTAIRE-1 and Cdk5 ha ve been associated with exocytosis
mechanisms (Lilja et al., 2004; Palmer et al., 2005; Liu et al., 2006) . Although studies
need to be done using CNS relevant models, t  hese findings suggest that PCTAIRE and
Cdk5 may be part of the same pathway S.

It is the main objective of chapter three of this thesis to explore the potential
roles of PFTAIRE during CNS development. Consequently, the evidence related to
previous studies on this Cdk, as well as the description of the animal model used for

our studies, have been included as separate se ctions o f this chapter.

PFTAIRE

PFTAIRE was first identified in a screen for neuronal cdc2 -1 i ke ¢ Q&rZafds
et al.,, 1997) . Its initial denomination was taken f rom its variation of the conserved
PSTAIRE amino acid sequence of classical Cdks (Lazzaro et al., 1997; Besset et al.,
1998) . Later on, it was called PFTAIRE kinase 1 (Pftkl1 in mice, PFTK1 in humans,
currently denomin ated Cdk14 (Entrez -gene, 2010) ). This Cdk proved to be conserved
from worms to humans (Liu and Kipreos, 2000) . In invertebrates, there is only one

PFTAIRE complex gene, encoding for multiple mRNA splicing forms and protein
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isoforms (Stowers et al., 2000) . Alternatively, vertebrates have two different PFTAIRE
genes, each encoding for multiple protein isoforms (Yang and Chen, 2001; Entrez  -gene,
2010) . Interes tingly, the second mammalian gene Pftk2/PFTK2 (currently denominated

Cdk1l5 (Entrez -gene, 2010) ) was only identified as a result of the genome sequencing
project and no research on it has ever been published.

Pftk1 transcripts appear to be highly expressed, but not exclusively, in the CNS
during and after development (Lazzaro and Julien, 1997; Besset et al., 1998)
Interestingly, protein expr  ession studies suggest a tight posttranscriptional regulation,
since MRNA expression does not always correlate with detectable protein levels. For
example, in lung murine tissue very high mRNA levels can be detected while no protein
seems to be expressed (Lazzaro et al.,, 1997) . Additionally, a Ithough PFTK1 appear s to
have two nuclear localization sequences (NLS), the protein seems to be mainly cytosolic
(Lazzaro and Julien, 1997; Yang and Chen, 2001)

Research using Drosophila melanogaster revealed that PFTAIRE is essential for
developmental proces ses (Stowers et al.,, 2000) . Flies deficient for Eip63E, the
Drosophila PFTAIRE homolog, die during embryonic/larval stages. This lethality could
be rescued by re-introducing the expression of  the conserved kinase domain common to
all isofo rms, but not when the PFTAIRE sequence which potentially mediates cyclin
binding was mutated. This led authors to suggest that the role of this kinase in
development might be mediated by its potential involvement in cell cycle regulation
(Stowers et al., 2000) . Nevertheless, none of the classical known cyclins appeared to
interact/activate Eip63E (Rascle et al., 2003) .

In addition to Eip63E apparent requirement for development, s everal other
observations imply that PFTAIRE ¢ ould be a s relevant for CNS development as Cdk5 . (i)
PFTAIRE and Cdk5 are two of the three major subbranches from a same evolutionary
ancestor (Liu and Kipreos, 2000) . (ii) PFTAIRE and Cdk5 share the highest amino acid
sequence identity between Cdks (50 -52%) (Besset et al., 1998) . (iii) PFTAIRE expression

profile during murine embryonic development is far closer to that of Cdk5 than to Cdc2
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expression profile (Lazzaro et al., 1997; Besset et al., 1998) . (iv) Both Cdk5 and
PFTAIRE seem to have a role in axogenesis (see chapter three for PFTAIRE related
evidence). Nevertheless, they may function in  opposing pathways, since inactivatio  n of
Cdk5 in cortical neurons results in inhibition of axonal growth (Nikolic et al., 1996) ; the
opposite to the one obtained in our lab af ter expression of kinase -dead PFTAIRE in
cortical neurons  (unpublished data). (v) A Ithough Cdk5 deficiency has an effect on axon
guidance, it does not totally prevent axons from projecting (Gilmore et al., 1998;
Connell -Crowley et al., 2000) . This could suggest that other signals including PFTAIRE

may be involved in the regula  tion of the axon guidance mechanisms.

Looking for clues on PFTAIRE potential biological functions, several approaches
have been used to identify its interacting proteins (Yang et al., 2002; Barrios -Rodiles et
al., 2005; Gao et al.,, 2006; Ewing et al., 2007; Jiang et al., 2009) . However, the
functional relevance of very few of these interactions has been explored. PFTK1
specifically interacts with cyclin D3 (CCND3) in ma mmalian neuroblastoma cells (Shu
et al., 2007) . This interaction appears to enable PFTK1 to phosphorylate Rb, and this
activity is inhibited by the formation of a ternary complex with p21. Add itionally, PFTK1
siRNA caused cell cycle arrest at G1, whereas ectopic expression of PFTK1 promoted
cell proliferation . These findings suggest that  this Cdk has a role in cell cycle regulation
in transforming cells but does not confirm if that would be the case under physiologic
conditions, specially since PFTK1 does not appear to interact with any of the rest of the
cyclinD isoforms.

Three of these yeast -two hybrid approaches to find PFTAIRE interactors led to
the identification of a novel cyclin: CCNY or cycliny (Stanyon et al., 2004; Gao et al.,
2006; Jiang et al., 2009) . PFTK1 association to cyclinY, appears to mediate the kinase
sequestration to the plasma membrane and its further activation (Jiang et al., 2009)
Although the cytoplasmic PFTK1/CyclinY complex was also active, the targets
specificity seems to depend on cellular localization, since cyclinY itself appears to

always be a target for phosphorylation, but Rb is phosphorylated only by the
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cytoplasmic complex (Jiang et al., 2009) . Even though PFTKZ1 interaction to cyclinY has
been confirmed in brain tissue, all the findings associated to the kinase activity were
done in kidney cell lines  (Jiang et al., 2009) and so the relevance of the interaction for
the CNS -related PFTK1 functions remains to be explored. Nevertheless, the
PFTK1/cyclinY complex has been shown to phosphorylate, in-vivo, the Low-density
lipopro tein re ceptor related proteins 6 (LRP6), a transmembrane receptor that mediates
Whnt/catenin signalling (Davidson et al., 2009) . LRP6 phosphorylatio n appears to be
dependent not only on the presence of cyclinY but on cell cycle activity, since
downregulation of both cyclinY and Cdc25 inhibited LRP6 phosphorylation (Davidson et
al., 2009) . Additionally, research in Drosophila showed that cyclinY is essential for
proper development, with a lethality effect for the deficiency very similar to that of
Eip63E (Liu and Finley, 2010) . Furthermore, the Wnt pathway appears to be required
for proliferation/differentiation of neuroprogenitor cells (llle et al., 2007; Grigoryan et
al., 200 8). Put together, this group of evidences points to the possibility of a cell cycle -
related PFTAIRE role that could be relevant in neuroprogenitor cells and dependent on
cyclinY interaction and Wnt signalling.

Finally, our own data included in chapter three of this thesis confirms that
Eip63E is required in differentiated neurons for Drosophila CNS development, especially
axogenesis, since EIip63E downregulation in neurons leads to precocious axon

outgrowth, misguidance and defasciculation.

The Drosophila melanogaster model

Drosophila melanogaster has become a powerful research  model due mainly to

its rapid generation time (~10 days at 250C), inexpensive culture requirements and
large progeny number from a single cross. This organism provides for a vast ba ttery of
genetic tools: rapidly expanding collection of mutants, transposon -based methods for

gene manipulation, systems that allow controlled ectopic gene expression and balancer

chromosomes (see ahead). Flies, like worms, facilitate the carrying out of | arge-scale
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functional genetic screens, inexpensively and rapidly, to find mutations that affect
relevant processes. Additionally, the small Dr osophi |l a me lbrain d-g2b68000er & s
neurons ) is organized in a way similar to mammals, with areas specialized in learning,
memory, olfaction and vision (Tanaka et al., 2004; San chez-Soriano et al., 2007) . These
facts have led to the use of Drosophila melanogaster for research of mechanisms
relevant to neurodegenerative conditons such as Al zhei mer86sd6 and Par ki
(reviewed in (Cauchi and van den Heuvel, 2006) )

Additionally and more relevant to us, the ventral nerve cord (VNC) provides for
an excellent in situ model to study CNS -related processes. Although much remains to
be clarified on the mechanisms involved, the main developmental events of the
Drosophila VNC have been well described. Moreover, a plethora of specific markers to
light up different structures are readily available. This enables for relatively easy
characterization of phenotypic effects associate d to the deficiency/manipulation of any
given gene on VNC development. Since results in chapter three of this thesis are based

on the use of this model, a description of neurogenesis and axogenesis at the VNC has

been included, as well as a review on the g enetic tools used for the research.

e Embryonic development of the Ventral Nerve Cord

Neurogenesis.

The first events in Drosophila CNS development occur during blastoderm
(embryonic stage 5). At this stage, the dorso -ventral specification mechanisms (Flores -
Saaib and Courey, 2000) give rise to the presumptive neurogenic (ectoderm), midline
(mesectoderm) and mesoderm regions (Weigmann et al., 2003) . Later on during
gastrulation (stages 6 -7), the mesoderm anlage (characterized by expression of the twist
gene (Furlong et al., 2001) ) invaginates and cells migrate and pro liferate leading to
mesoderm formation  (Leptin et al., 1992) .

This last event brings together the midline cells (characterized by expression of
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the single -minded gene (Nambu et al., 1990) ). Until that moment, mid line anlage cells
are organized as two parallel rows dividing the mesoderm and the presumptive
neurogenic regions. Once they meet at the ventral furrow, precursor cells from it will

give rise to a variety of neurons (Jacobs and Goodman, 1989b) and midline glial cells

(Jacobs and Goodman, 1989a) that will have a key role in axon development at the

VNC.

Once the ventral midline is formed (stage 8), the cells of the neurogenic anlage
(characterized until that moment by stripes of expression of the rhomboid gene (Ip et
al., 1992) ) undergoes enlargement and reorganization into proneural clusters of 5 -7
cells with the potential  to form neuronal precursors. Cellular interactions (Delta -Notch

pathway (Campos-Ortega and Knust, 1990) ) will lead to only one of these cells
expressing neurogenic genes (achaete -scute and othe rs (Campos -Ortega, 1995; Hassan

and Vaessin, 1996) ). This unique cell will then migrate internally (delamination) to

position itself between the mesoderm and the ectode rm and will constitute a
neuroblast.
From this first delamination event and for approximately 3 hours (stages 8 -11)

neuroblasts will segregate from the ectoderm in 5 pulses (segregation waves) to
complete a set of 30 -32 neuroblasts per hemisegment (Campos -Ortega, 1993) . After
each consecutive segregation wave, neuroblasts will form a monolayer between
ectoderm and mesoderm in such a way that they can be distinguished from each other

based on their size and location within t he array (Sl to SV neuroblasts) (Doe, 1992) .
Nevertheless , proliferation and differentiation of neuroblasts starts scarcely 10 -20
minutes after the beginning of segregation, and so SlI-SV neuroblasts insert
themselves into a much more complex cellular arrangement than that one encountered

by SI-SlI neuroblasts. Although not completely understood, this process appears to be
dependent as wel | er baard-kt hlee 66 c @ b k in® Mmpased by thd
anterior -posterior and dorso -ventral patterning genes expressed since early embryonic

stages (Skeath and Thor, 2003) . For instance, deficiency for engrailed  -invected, two of
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the segment polarity genes, leads to identity change of row -five neuroblasts (N5 -3) to

row -four ones (N4 -2) (Bhat and Schedl, 1997)

It is through embryonic stage 11 that neuroblasts originat ed from the
mesectoderm or midline start to segregate (Klambt et al., 1991) . These comprise the
unpaired median neuroblast (MNB), the midline precursor cells (MPs), three midline

glial precursors (MGP, MGM, MGA) and th e ventral unpaired median precursors (VUM)
(Klambt et al., 1991) . These cells will give rise to a very distinct progeny (discussed
ahead).

Based on their progeny, neuroectoderm -derived neuroblasts can be divided into
two types: those that will only give rise to glial cells, called glioblasts, and those with the
potential to give rise to both neurons and glial cells, called neuroglioblasts. Shortly after
delamination, most neuroglioblasts divide asymmetrically up to 12 times, giving birth
each time to a ganglion mother cell (gmc) and a new neuroblast that again undergoes
asymmetrical division. A mechanism involving the miranda and prospero genes is
responsible for the asymmetry of this division (Ikeshima -Kataoka et al., 1997; Shen et
al.,, 1997) ). A tight ly regulated gene cascade of transcription factors ( Hunchback
—Kruppel — Pdm —Castor —Grainyhead , (Brody and Odenwald, 2002; Skeath and
Thor, 2003) ) confers temporary identity to bo  th daughter cells (new neuroglioblast and
gmc) and determine their ultimate fate (Grosskortenhaus et al., 2005; Tran and Doe,
2008). In the c ase of midline -derived precursors, the gene cascade mechanism
described above does not apply, since they appear to be fate -constricted from birth and
some of them only divide once before differentiating (Jacobs and Goodman, 1989a;
Klambt et al., 1991)

At the time of their birth, gmcs are committed to a distinct differentiation
pathway and when they terminally divide they may produce either two neurons, one
neuron and one glial, or  two glial cells (Jones, 2001) . Not much is understood about the
mechanisms that regulate the pattern of glial versus neuronal progeny determination.

Nevertheless, it is well accepted that the decision to make a glial cell instead of a
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neuron depends on the activation of the glial cells missing gene (gcm) (Hosoya et al.,
1995) . Gem is a transcriptional activator that is transiently expressed in all glial cells,
except midline -derived ones. This nuclear factor acts as a binary switch, turning on
glial fate and off the default neuronal fate, since gcm deficiency leads presumptive glial
cells to develop into neurons and gcm overexpression results in all presumptive
neurons becoming glial cells  (Kim et al., 1998) . The regulation of the expression of gcm
varies in lineages derived from different populations of neuroglioblast. Evidence
suggests that gcm upregula tion in some of the presumptive glial cells is dependent on
the expression of the prospero gene (Akiyama -Oda et al., 2000) , although the
mechanism linking both events is still unknown. The alternative mechanism regulating
gcm expression in lineages from the rest of the neuroglioblasts involves inhibition of
Notch signaling by the asymmetric factor Numb . In that scenario, Notch positively
regulates gcm expression, while Numb promotes neuronal fate (Udolph et al., 2001)
Little is known a bout the genes downstream  gcm activation. Most of those identified so
far are transcription factors that are differentially expressed in different glial cells
populations (Jones, 2001; Egger et al., 2002) . The most ubiquitously expressed of them
is the reverse -polarity gene (repo), present in all glial cells, except for midline -derived
ones (Xiong et al., 1994; Halter et al., 1995)

Even less is known of the mechanisms involved in full differentiation of neurons
and no master gene for regulation of general neuronal fa te has ever been identified.
Evidence suggests that all neurons in a hemisegment have a distinct identity, with a
unique combination of lineage, location, axon pathfinding and target tissue (Landgraf et
al., 1997) . Genes that appear to be involved in the specification of subsets of neurons;
i.e. islet and apterous (Thor and Thomas, 2002) , seem to play a role both in axon
pathfinding as well as neurotransmitter and neuropeptide expression (Thor and
Thomas, 1997; Benveniste et al., 1998)

The result of the above described complex pattern of neurogenesis is the

presence of approximately 30 glial cells (midline and lateral glial (Halter et al., 1995) )
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and 350 neurons (motor neurons and interneurons (Schmid et al.,, 1999) ) per
hemisegment (at each side of the midline). These cells are orga nized in a stereotypical
pattern that is repeated in each segment or neuromere. Axon tracts (discussed ahead)

run along the synaptic area (neuropile) while neuronal cell bodies are excluded to the
surrounding area, mainly ventrally (cell cortex) (Campos -Ortega and Hartenstein, 1997,

Sanchez-Soriano et al., 2007)

Axogenesis.

The final structure of the main axonal pathways of the Drosophila VNC is a
ladder -like scaffold with the midline running at the centre. Each segment is crossed by
two commissure s (anterior and posterior) and al | segments are connected by
longitudinal tracts (longitudinal connectives). The intersegmental and segmental nerves
are the axon bundles leaving the VNC laterally towards target tissues.

As it happens in vertebrates, axogenesis in the VNC starts with pion eer axon
tracts projected by single neurons that will subsequently be used as guidance cues by
follower axons. Midline derived cells play a key role during this process with functions
similar to those of the neural tube or floorplate in vertebrate embryos. A discreet
number of neuroectoderm derived neurons complete the list of pioneer cells involved in
the first stages of axogenesis. Accordingly, Median glial (MGA, MGM and MGP), MP1
neurons and VUM neurons from midline precursors; as well as longitudinal gl ial, RP
neurons, MP2 neurons and anterior and posterior corner cells (aCC and pCC) of
neuroectoderm origin, play a key role in early axogenesis (Jacobs and Goodman, 1989b;

Klambt et al., 1991; Weigmann et al., 2003)

Development of anterior and posterior =~ commissure s.
The pioneering of the posterior  commissure s is the first event. Once midline glial
and neurons are specified (~7:40h into development, early stage 12), early diffe rentiated

lateral neurons extend axons that elongate towards the anterior VUM neurons at the
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midline. Once there, growth cones change direction to extend anteriorly around VUM

and across the space previously occupied by MP1 neurons (which immediately befor e
moved laterally and ventrally away from the midline). That location constitutes the
fasciculation point of the contralaterally growing axon bundles. Once they contact each

other and fasciculate, they cross the midline (towards peripheral nervous system) and
thus form the posterior commissure s (Klambt and Goodman, 1991; Klambt et al.,
1991) . At this point (~8:20h into development, mid -stage 12), the posterior commissure s
has a 6Vd shape pointing anteriorly.

After the migration of MP1 neurons, MGA and MGM glial move closer to the
developing posterior commissure s and VUM neurons move slightly anteriorly and
ventrally while extending their own axons anteriorly along the midline. At the same
time, the anterior = commissure s pioneer axons start growing from lateral neurons
towards the midline. Once there, they contact and fasciculate with the VUM a Xons
which bifurcate and extend laterally, while anterior commissure s pioneers cross the
midline. In this way, the anterior commissure s are formed straight across the midline.
Therefore, at mid -stage 12, the anterior and posterior commissure s meet at the midline,
right between MGA and VUM cells  (Klambt and Goodman, 1991; Klambt et al., 1991 ).

Once both commissure s are formed, MGM glial migrate posteriorly over the
MGA, while RP1 neurons migrate medially. Therefore, at the end of stage 12, MGM and
RP1 cell bodies come to ultimately lie between the two commissure s, leading to their
progressiv e separation. At stage 14 (~10:40h into development), the separation of the
commissure s is completed and the posterior commissure s are totally straighten across
the midline (Klambt and Goodman, 1991; Klambt et al., 1991)

The mechanisms regulating midline crossing in Drosophila are highly conserved
(from worms to humans) and have been exten sively studied (Hummel et al., 1999;
Araujo and Tear, 2003; Parker and Auld, 2004; Sanchez -Soriano et al.,, 2007) . Since
this section mostly concentrates on the description of the sequence of events leading to

VNC formation, we will only mention the genera lities of these mechanisms.  Two major
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regulatory pathways are involved : the Netrin/Frazzled and the Slit/Robo ones. In
general, the first pathway attracts axons to the midline while the second one inhibits

them from doing so. Midline glial at the VNC expre ss both Netrins (A and B) and Slit
simultaneously. The first signal is recognized by Frazzled receptors at the membranes of
commissural growth cones and attracts them to the midline. Alternatively, Slit
molecules are recognized by Robo receptors leading to the inhibition of longitudinal
cells and axons from  elongating medially.

It is apparent that the proper development of both anterior and posterior
commissure s relies on these afore mentioned regulatory pathways. Added to this,
research has shown that th ere are distinct mechanisms operating as early as
neuroblasts segregation to differentially regulate the development of posterior versus
anterior commissure s (Joly et al., 2007; Colomb et al., 2008) . For instance ; deficiency of
gooseberry -neuron, a segmen t polarity gene, leads to the absence of posterior but not
anterior commissure s. Furthermore, ectopic gooseberry -neuron expression in
neuroblasts of KO embryos rescues the posterior commissure s defect, while ectopic

expression in mature neurons does not (Colomb et al., 2008)

Development of longitudinal connectives.

A different set of neurons pioneer s the axon s that will constitute the longitudinal
connectives of the VNC : MP1 from the midline, and the MP2 (ventral and dorsal) and
pCC from neuroectoderm precursors. At stage 12, all these neurons are already
differentiated and located around the = commissure s of each segment (Thomas et al,,
1984).

During stage 13 (~9:40h into development (Jacobs and Goodman, 1989b) ), the
pCC neuron at each hemisegment extends its axon anteriorly to contact the vMP2 axon
that until that moment ha  d been extending laterally. Both growth cones continue to
extend anteriorly to reach the lateral glial cell #5 (LG5) (Jacobs and Goodman, 1989a,

b). Meanwhile, at 9 :50-10h into development, the MP1 neuron, and shortly after the
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dMP2, extend axons laterally, away from the midline, until they contact the pCC axon.
At this point, these growth cones turn posteriorly along the pCC axon until reaching the
pCC cell body and then the LG5 glial. There, they meet and fasciculate with the
pCC/VMP2 axons coming from the adjacent segment (Jacobs and Goodman, 1989b;
Hidalgo and Bran d, 1997; Hidalgo and Booth, 2000) . In this way, the pioneer
longitudinal tracts are formed.

From stage 14 on, a series of defasciculation/re -fasciculation events occur.
First, the two axon pathways (pCC/VMP2 (inner) and MP1/dMP2 (outer) separate,
maintain ing the contact only at the segment boundaries (Hidalgo and Brand, 1997)
Between stages 14 -15, these two fascicles come closer to each other but completely
separate, adopting parallel pathways at each side of the midline. Finally (state 16), re -
fasciculation happens and some axons unite the alternative partner: dMP2 with pCC,
while vVMP2 runs closely but independently along the same tract and t he MP1 runs

dorsally along the middle tract (Hidalgo and Brand, 1997) . This configuration remains

till the end of embryogenesis. Nevertheless , at the end of stage 16 a third axon tract
appears of still unknown origin (Hidalgo and Brand, 1997; Sanchez -Soriano et al.,
2007) .

All the events described above require glial -glial and glial -neuron interactions to
occur (Hidalgo et al., 1995; Hidalgo and Booth, 2000) . Longitudinal glial differentiated
from the neuroectoderm, pla vy a key role both in formation and maintenance of the axon
connectives. At first, they appear to provide guidance cues, since they are already
located along presumptive axon tracts before any axon is pioneered (Jacobs and
Goodman, 1989a) . Furthermore, early ablation of these cells leads to longitudinal axon
defects (Hidalgo and Booth, 2000) . Once longitudinal axons start to extend, these glial
cells undergo shape changes that enab les them to ensheath and support the neuropile
(Jacobs and Goodman, 1989a) . Later on, it seems that they are still necessary for
guidance of secondary axons and maintenance of the axo n scaffold, since late ablation

of these cells leads to disruption and degeneration of longitudinal connectives (Hidalgo
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et al.,, 1995) . Additio nally, evidence show that the sequential fasciculation and
defasciculation events are also dependent on glial (Hidalgo and Booth, 2000) . For
instance, specific ablation of glial normally located at the point of fasciculation of the
pCCNMP2 and MP1/dM P2 pathways leads to axons misrouting along the

intersegmental nerve  (Hidalgo and Booth, 2000)

e Genetic tools .

One of the most remarkable strengths of Drosophila melanogaster as a model is
its flexibility to genetic manipulation. The genetic tools th at have been developed during
the last years have placed Drosophila at a relevant position for studies of in-situ gene

action. Presently, researchers can take advantage of balancer chromosomes, specific

anatomical antibody probes, varied systems for tissue [ cel l specific ectopic
expression, P -element transformation techniques, the FLP/FRT strategy for generation

of mosaic animals, sophisticated genetic screen strategies, stock centres and

bioinformatics tools  (Fujita et al., 1982; Ryder and Russell, 2003; McGuire et al., 2004;

Beckingham et al., 2005; Matthews et al., 2005) . Two of these methodologies were used

for the research descri bed on chapter three of this thesis and so will be further

described.

Balancer chromosomes

Balancer chromosomes are chromosomes that have been modified in at least two
ways. (1) Multiple inversions and rearrangements  have been induced to prevent

synapsis between homologous chromosomes during meiosis. As a result, minimal or no

recombinati on occur s, SO all el es i n t he O6bal ancec
together with those in the balancer. (2) A recessive lethal gene mutation has been

introduced that le ads to lethality of homozygous balancer flies. The mutation involved is

usually accompanied by a dominant phenotypic defe
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anatomical structures, such as wings and bristles. This phenotype then acts as a
marker for the presence of the balancer and all ows for visual 6gen
Consequently , balancer chromosomes allow for mutant or transgenic flies to be kept
without constant screening . In addition, lethal mutations can be maintained as
heterozygous lines without danger of wild type flies taking over the colony. (Greenspan,
2004; Beckingham et al., 2005)

Looking for balancers that would provide for embryonic markers, a new
generation was created (Reichhart and Ferrandon, 1998; Casso et al., 2000; Halfon et
al., 2002) . For the purpose, classical balancer chromosomes have been modifi ed to
include either a fluorescent protein under the regulation of an well -characterized
promoter (e.i, actin Ac5, armadillo) or an internal GAL4 -UAS system (explained ahead)
that drives the expression of a fluorescent protein in a tissue -specific manner (Fig 1.2A) .
The latter has the additional advantage of enabling the identification of the embryonic
stage, since the Gal4 regulatory element is usually associated to structures that change
along development. The invention of these new balancers has signific antly simplified the

task of linking lethal mutations to embryonic developmental processes.

The Gal4 -UAS system.

The Gal4 - upstream activated sequences (UAS) system is a result of the
application of the P -element transformation techniques in Drosophila to enable targeted
gene expression (Brand and Perrimon, 1993; Beckingham et al., 2005) . This system is
based on the galactose -induced gene expression mechanism in yeast, where the Gal4
protein binds to the UAS enhancer  -like elements to induce a discreet set of genes. Once
the system proved to be separable and defined (Ptashne, 1988) and Gal4 expression in
Drosophila appeared to be phenotypically inert; the Gal4 -UAS system in  Drosophila was
created (Brand and Perrimon, 1993)
In general, one fly is transformed with a tissue specific 0enhancer trapo

construct that contains the Gal4 gene (instead of the original lacZ one) and called
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O6Drivegd. fA second fly is alternatively transfor med
of interest under the control of a promoter that contains several copies of the UAS
sequences. Thi s second | ine would be the ©O6responder f|
flies are crossed, the resulting progeny would expressed both constructs and the
expression of the gene of interest would only occur in those tissues expressing Gal4 (Fig
1.2B) (Brand and Perrimon, 1993; Duffy, 2002)

The maintenance of driver and respon  der as separate parental lines has several
advantages. First, responder lines can be developed for genes that are toxic or lethal.
This allows for strategies such as targeted cell ablation (Hidalgo et al., 1995; Hidalgo
and Brand, 1997) and it facilitates the elucidation of cellular functions of lethal genes
(e.., our own data, chapter three). Additionally, rescue and functional cell autonomy
experiments are permitted, since the expression of genes of interest can be spatially
targeted by using different driver lines for the approach. Presently, a wide array of
driver | ines that include almost every major tissue type is available from Drosophila
stock centers.

Besides this classical methodology, two additional approaches have been
developed. In one, the Gal4 -UAS system is modified so that Gal4 expression is activated
only when a hormone analog (RU486) is present. In the other one, Gal4 activity is
repressed by Gal80 at accommodating temperatures (~19 0C) but not at higher ones
(~30°C) (McGuire et al., 2004; Elliott and Brand, 2008) . These new strategies add
temporal targeting to the existing spatial one provided by the system, making it into an

even more powerful t ool.

The above discussed Drosophila model and genetic tools were used as
methodology for the PFTAIRE -related research presented in chapter three of this thesis
(Fig 1.2) . Mutants deficient for Eip63E (fly PFTAIRE) and UAS-RNAIEIp63E transgenic
lines were characterized for VNC developmental stages/structures. This allowed for the

evaluation of the potential relevance of PFTAIRE on CNS development.
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Figure 12. Exampl es of application of Drosophil a mel an«
included in chapter three experi ments.

Simplified schematic representation of crossing strategies. (A) ldentification of Eip63E

deficient embryos using a green balancer for chromosome three. Embryonic progeny is a

mix of possible genotypes where only KO embryos are negative for GFP expre ssion. The

lethal nature of homozygocity for either balancer or Eip63E deficiency leads to 100%

heterozygous adult populations. (B) Functioning of the Gal4 -UAS system as applied to

driving tissue -specific downregulation of Eip63E expression (RNAI for Eip63 E)) on a

wildtype background.
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Statement of research problem, rationale and objectives

The research content of this thesis is part of the general objective of exploring
the roles of Cdks in CNS development, maintenance and apoptosis. Since two
independen t projects are included, the problem, rationale and objective of each are
presented separately.

Cell cycle Cdk4in neurodegeneration . The Cited2 project.

Previous to this work, it had been reported that Cdk4 activation was one of the
main pro -apoptotic si gnals to be activated in neurons after DNA damage. Data showed
that Cdk4 activation was independent of the p53 pathway and required for neuronal
death to occur. Additionally, ¢ -jun phosphorylation levels appeared to be dependent on
Cdk4 activation. Althoug h the Rb/E2F pathway was shown to mediate the Cdk4 -
induced death, it was possible that other signals might also be involved in the death
process. Accordingly, a Gene Array screening was then performed looking for leads into
potential Cdk targets with roles in the DNA damage -induced neuronal death pathways.
Data revealed that Cited2, a CBP/p300 interacting transactivator with ED rich termini,
was significantly up -regulated 8 hours after insult and that the upregulation appeared
to be blocked by flavopiridol (Cdk inhibitor) treatment but unaffected by p53 deficiency

A project was started driven by the hypothesis that Cited2 was a pro -death
signal in cortical neurons exposed to DNA damage , induced by Cdk4 activation . Several

objectives were established: (1) To confirm Cited2 up -regulation after DNA damage and

to test the relevance of the signal to DNA damage -induced neuronal death; (2) To
determine where in the known DNA damage -death pathway network Cited2 was
functioning, i.e. in relation to C dk and caspase activity ; (3) To specifically test the

effects of the downregulation of e ndogenous C dk4 activity on the Cited2 DNA damage -
induced upregulation and (4) To identif y the possible(s) Cited2 target(s) mediating its
neuronal pro -apoptotic effects. The results ass ociated to this project are included in

chapter two of this thesis.
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Post -mitotic Cdks in CNS development. The PFTAIRE project.

The identification of  post-mitotic Cdks challenged the original belie f that Cdks
were molecules exclusively related to cell cycle regulatory processes in dividing cells.
Accordingly, the characterization of the neuronal functions of these molecules is clearly
necessary for our full understanding of the development and functioning of the brain.

Cdk5, the first identified neuronal Cdk , is involved in a variety of cellular processes key

to CNS development and maintenance. PFTAIRE is the one post -mitotic Cdk closest to
Cdk5 in sequence, with a common evolutionary molecular ancestor. Additionally,
PFTAIRE deficiency in  Drosophila melanoga ster had proved to be lethal at embryonic -
larval stages. These observations suggested that PFTAIRE may potentially be as relevant

to CNS development as Cdk5. Nevertheless, nothing was known about its regulation

and biological functions.

A project was desig ned triggered by the hypothesis that PFTAIRE was required
for CNS developmental processes . Based on the availability of two Drosophila lines
deficient for Eip63E, the fly PFTAIRE, a first objective was established: t 0 characterize
the effects of PFTAIRE de ficiency in CNS development using the Drosophila VNC model .
The main aim of this objective was to understand when (during development) and where
(which CNS cells) Eip63E  functions during  CNS development. The approach was t o
reveal and score any abnormal CN S phenotype of KO embryos at different stages of

embryonic development  using immunostaining techniques for markers specific to

neuroblasts, neurons, glial and axons. A second, but closely related objective was to
determine if Eip63E function was autonomous to neurons and/or glia |. For this
purpose, controlled ectopic expression of RNAI(Eip63E) in either neurons or glia | would
be driven using the Gal4:UAS system . The results obtained for this project are

presented in chapter three of this thesis.
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| CHAPTER 2

CITEDZ signals through PPARgamma to regulate death of

cortical neurons after DNA damage.

Journal of Neuroscience , (2008), 28(21):5559 -69.

Gonzalez YR , Zhang Y, Behzadpoor D, Cregan S, Bamforth S, Slack RS, Park DS.
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Abstract

DNA damage is an important initiator of neuronal apoptosis and activates signalling
events not yet fully defined. Using the camptothecin -induced DNA damage model in
neurons, we previously showed that cyclin D1 -associated cell cycle cyclin -dependent

kinases (Cdks) (Cdk4/6) and p53 activation are two major events leading to activation

of the mitochondrial apoptotic pathway. With gene array analyses, we detected
upregulation of Cited2, a CBP (CAMP response element -binding protein -binding
protein)/p300 interacting transactivator, in response to DNA damage. This upregulation
was confirmed by reverse transcription -PCR and Western blot. CITED2 was functionally
important because CITED2 overexpression promotes death, whe reas CITED2 deficiency
protects. Cited2 upregulation is upstream of the mitochondrial death pathway (BAX,
Apafl, or cytochrome c release) and appears to be independent of p53. However,
inhibition of the  Cdk4 blocked Cited2 induction. The Cited2 prodeath me chanism does
not involve Bmi -1 or p53. Instead, Cited2 activates peroxisome proliferator -activated
receptor -y (PPARy), an activity that we demonstrate is critical for DNA damage -induced
death. These results define a novel neuronal prodeath pathway in which Cdk4 -mediated

regulation of Cited2 activates PPAR  y and consequently caspase.
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Introduction

DNA damage in neurons is acknowledged as an important component of
neuronal disease and injury. The pathways that regulate neuronal DNA damage -
induced death conver ge on the classical intrinsic apoptotic pathway. For example, we
showed that death induced by the DNA -damaging agent camptothecin, a topoisomerase
| inhibitor, is mediated by BAX translocation to mitochondria, cytochrome c (cyt c)
release, and caspase -3 activation (Stefanis et al., 1999; Keramaris et al., 2000)

Several major proapoptotic signals have been shown to precede this conserved
mitochondrial pathw ay of death after DNA damage. For example, p53 regulates death,
at least in part, by modulating prodeath Bcl2 members such as Puma (Keramaris et al.,
2003; Sedarous et al., 2003; Aleyasin et al., 2004; Cregan et al., 2004)

Another signal, regulated independent of p53, is the activation of abnormal cell
cycle signals. Accumulating evidence indicates that inappropriate activation of cell cycle
cyclin -dependent kinases (Cdks) lead to neuronal death. For example, we previously
showed that cyclin D1/Cdk4 is activated and required for death after p-amyloid toxicity,
delayed ischemic insult, and DNA damage (Park et al., 1998; Giova nni et al., 2000;
Ghahremani et al., 2002; Rashidian et al., 2005) . The manner by which this occurs is
not completely clear. In models of DNA damage, we showed that cyclin D1/Cdk4
activation is regulated by a Chkl/cdc25a pathway (zhang et al., 2006) . Cdk4 then
phosphorylates the tumor suppressor retinoblastoma (Rb) protein leading to E2F
transactivation (Park et al., 1998; Park et al., 2000b) . Although these findings provide a
skeletal structure to death regulation induced by cell cycle signalling and DNA damage,
additional players are likely involved.

To this end, we undertook a gene array study to examine for differentially
expressed genes from embryonic cortical neurons exposed to camptothecin (campto)
(our unpublished data). One of the genes significantly upregulated was Cited2, a CBP

(cAMP  response eleme nt-binding protein -binding  protein)/p300 interacting
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transactivator. Cited2 was first identified as a transcriptional coactivator expressed in
the nucleus (Bhattacharya et al., 1999) . Cited2 has a critical role in development and

its deficiency is embryonic lethal. Knock -out (KO) embryos exhibit car diac
malformations, adrenal agenesis, neural crest defects, and exencephaly (Bamforth et
al., 2001) . Cited2 is also a target/negative regulator of hypoxia -inducible factor (HIF)
(Bhattachary a et al., 1999; Freedman et al., 2003) . Additionally, Cited2 promotes
proliferation at least in part via activation of expression of the polycomb -group genes
Bmi-1 (Kranc et al., 2003) , negative reg ulator of the ink4a -ARF locus. Finall y, Cited2
can act as a ligand independent activator of peroxisome proliferator -activated receptors
(PPARSs) o and y (Tien et al., 2004) . PPARs are nuclear receptors with transcriptional
activity that ha ve been implicated in a wide range of biological processes including cell
growth, lipid homeostasis, angiogenesis, and neuronal apoptosis.

The main goal of this research project, then, was to elucidate the role and
mechanism of action of Cited2 in neurona | apoptosis induced by DNA damage. We show
that Cited2 is part of the cell cycle pathway and acts to promote death through
activation of PPARy. This defines a novel pathway by which abnormal cell cycle

activation regulates neuronal death.
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Materials and Me thods

Primary cultures and drug treatments. Cortical neurons were dissected from
embryonic day 14 (E14) to E15 mouse embryos, plated at 1.25 0 1.8 X 106 cells/ml, and
cultured in supplemented Neurobasal media (Invitrogen) at 37°C and 5% CO . After 2 84

d in vitro (DIV), cells were treated with 1 or 10  pM camptothecin and/or CDK inhibitor

[1 uM flavopiridol (Stefanis et al., 1999) ], caspase inhibitor [50 uM Boc - Asp(OMe)-
fluoromethyl ketone (BAF) (Keramaris et al.,, 2000) ], mixed lineage kinase (MLK)
inhibitor [200 nM CEP11004 (Ghahremani et a 1., 2002) ], PPARYy inhibitor [10 830 uM 2 -
chloro -5-nitrobenzanilide (GW9662)  (Leesnitzer et al., 2002) ], or PPARYy agonist [20 650
uM Ciglitazone (Willson et al., 1996) .

Transgenic mice.  All transgenic mice used were in a C57BL/6J background. Cortical
neurons from each embryo derived from heterozygous  crosses were dissected and plated
individually. Embryos were genotyped by PCR using specific primers for wild -type (WT)
and KO alleles. Embryos from Cited2 crosses were genotyped using the following
primers and program: 247 bp WT product: upper, 5 6aaaggcgctaaggatagacac -39 lower,
5déatactgaggtccctggcac -3¢ 372 bp KO product: upper, 5 6Octacccggtagaattgacctg - 3§
lower, 5 6tgctgtaagaccttcttggc -3§ PCR program: 94°C for 10 min; 15 cycles of 95°C for
30 s, 30 s67.5 0 0.5°Clcycl e, 72°C for 45 s; 15 cycles of 95°C for 30 s, 60°C for 30 s,
and 72°C for 45 s. This was  followed by 72°C for 10 min. Embryos from p53, BAX, and
Apaf-1 transgenic mice crosses were genotyped as previously described (Cregan et al.,

1999; Fortin et al., 2001; Aleyasin et al., 2004)

Semiquantitative reverse transcription -PCR. Total RNA was extracted/  purified using
Tri Pure isolation reagent (T r pratocadls)(Invirogen). Eifty e
nanograms of total RNA were used for the cDNA synthesis and gene amplification

reactions using SuperScript One-Step with Platinum Taq from Invitrogen. cDNA
synthesis was performed at 48°C for 45 min, followed by a 2 min initial denaturation

step at 94°C. This was followed by 30 cycles (Noxa, HIF1 -, cyt ¢), 26 cycles (PUMA), or
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25 cycles (Cited2, PPAR y, Bmi -1, S12) at 94°C for 30 s, melting temperature (Tm) (°C)
for 30 s, and 72°C for 1 min. Targeting primers were as follows: for Cited2, 5 6
tagggcagcggaggaaaagaa -36 and 56ccctcgecgtagtgtatgtgetc -36 (Tm, 60°C); for Bmi -1, 56
agagcagattggatc ggaaa- 36 and 5 6gactgggcaaacaggaagag -36 (Tm, 58°C); for PPAR vy, 56
aggcgagggcgatcttgacag -36 and 5 édagggcttccgcaggtttttgag -36 (Tm, 57°C); for PUMA, 5 8
cctcagccctecctgtcaccag -36 and 5 6cegecgctegtactgegegttg -36 (Tm, 55°C); for HIF1L -o, 56
tgctcatcagttgccacttc -3dand 5 écttccacgttgetgacttga - 36(Tm, 59°C); for cytochrome ¢, 5 6
ccaaatctccacggtctgtt -3dand 5égtctgecctttcteecttet  -36(Tm, 59°C). Products were resolved
on a 2% agarose (Invitrogen) dethidium bromide gel, and correct band for Cited2, Bmi-1,
PPARy, HIF 1-a, and cyt ¢ were processed by densitometry. Transcript levels were
normalized against S12 signals and results were reported as times fold increase in
reference to control values (untreated control for each individual experiment) or as
relative mRNA leve | (normalized value). Data  are presented as mean +SEM of at least
three independent experiments.

Quantitative reverse transcription -PCR. Twenty nanograms of RNA  were used in one -
step SYBR green reverse transcription (RT) -PCR as per manuf actur er 88s
(QuantiTect; QIAGEN). RT -PCR was performed on a Chromo4 system (MJ
Research/Bio -Rad) and changesin Cited2 mRNA were determined by the A(ACt) method

using S12 transcript for normalization. PCRs exhibited high amplification efficiency

(>90%) and the spec fificity of PCR products was confirmed by sequencing. Data are
reported as fold increase in MRNA levels in campto -treated samples relative to
corresponding untreated control cells and expressed as mean + SEM (n = 4 for each
genotype).

SDS-PAGE and Western a nalysis. Cells were harvested after wash with cold PBS by
scraping in 62.5mM Tris -HCI, 2% w/v SDS, 10% glycerol, 50 mM dithiothrietol, and
0.1% wi/v bromophenol blue, heated at 95 8100°C for 5 min, and then resolved on 7.5,

10, or 20% SDS -PAGE. Transference was done to polyvinylidene difluoride membranes
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(PolyScreen; PerkinElmer Life and Analytical Sciences) that were then incubated in 1%
casein 0Tris -buffered saline (TBS) for blocking. Primary antibodies were diluted in 5%
bovine serum albumin (BSA)/TBS as fo llows: anti - CITEDZ2, 1:500 (Novus Biologicals;
JA22); anti -PPARy, 1:200 (Santa Cruz; H -100:sc -7196); anti -B-actin, 1:3000 (Sigma -
Aldrich); anticytochrome ¢, 1:2000 (BD Biosciences Pharmingen); anti -OxPhos -complex

| subunit, 1:1000 (Invitrogen); anti -PPARa, 1:150 (Santa Cruz); and anti -HIF1 -o, 1:500
(Cayman Chemical). Secondary antibodies [goat anti -mouse or anti -rabbit IgG(H_L) HRP
conjugate (Bio -Rad)] were all used at 1:3000 in 3% BSA in 136 mM NaCl, 2.68 mM KCl,

10.14 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.4, a nd 0.1% Tween 20 (PBS/T).
Immunoreactivity was detected using Western blot chemiluminescence reagent system
(PerkinElmer Life and Analytical Sciences). Results were processed by densitometry.
Protein levels were normalized against B-actin signals, and resu Its were reported as
times fold increase in reference  to control values (untreated control for each individual
experiments) or as relative protein level (normalized value). Data are presented as mean
+ SEM of at least three independent experiments.

Transi ent transfection by calcium phosphate. Seventy -two to 96 h after plating,
cortical neurons were transiently transfected using calcium phosphate coprecipitation
protocol as described previously  (Xia et al., 1996; Zhang et al., 2006) . Cortical neurons
were cotransfected with cytomegalovirus (CMV) promoter -driven green fluorescent
protein (GFP)-expressing plasmid (3 ug) and an empty vector (pcDNA3) or Cited2 -
expressing vector (6 ug), generously donated by Dr. Shoumo Bhattacharya (The
Wellcome Trust Centre for Human Genetics, Oxford, UK). Twenty -four hours after
transfection, DNA damage was induced by adding 10 uM campto and cells were
incubated for 21 h. Cells were then fixed in 4% paraformaldehyde, 125 mM sodium
dihydrogen phosphate, 125mM disodium hydrogen phosphate, and 14% picric acid for

30 min at room temperature and washed with PBS. Transfected cells were identified by

green fluorescence and integrity of the nucleus was analyzed by 0.25 g/ml Hoechst
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33342 staining (10 min at room temperature; Sigma - Aldrich). At least 250 GFP  -positive
cells per treatment were counted. Percentage survival was calculated as GFP  -expressing
live/GFP expressing total number of neurons. Results are presented as mean + SEM of
three replicas per treatment.

Transient transfection with Lipofectamine. Neuronal cultures were  transfected using
Lipofectamine 2000 (Invitrogen) at a ratio of 1.3 ng of DNAto 1 pl of Lipofectamine/well.
Briefly, neurons were cotransfected with 0.3 g of reporter vector (CMV promoter  -driven
GFP-expressing plasmid) and 1.0 ug of empty (pcDNA3), Cited2 -, or DNPPAR y-
expressing vector [generously donated by Dr. Shoumo Bhattacharya and Dr. V. Krishna
K. Chatterjee (Institute of Metabolic Science, Cambridge, UK), respectively]. Twenty -four
hours after transfection, cells were treated with 10 uM campto, 20 uM GW9662, 40 uM
ciglitazone, alone or in specified combinations, and incubated for 21 h. Cells were then

fixed and processed accordingly.

Viral infection. Adenoassociated virus (AAV) expressing a kinase -dead [dominant -
negative (DN)] form of Cdk4 was obtained as previously described (Rashidian et al.,
2005) . Cortical neurons were exposed to 150 multiplicity of infection (MOI) units of AAV

at the time of plating. Six to 7 DIV after infection, cells were exposed to campto as
described above, and total mMRNA or protein was extracted. Samples were used to detect
Cited2 levels by RT -PCR and Western blot as previously stated.

Cell survival assessment. Cells were lysed in 150 ul of cell lysis buffer  (0.1X PBS, pH
7.4, 0.5% Triton X -100, 2 mM MgCI2, 0.5% cetylmethylammonium bromide). Nuclei
were evaluated under phase mi croscopy and healthy ones were counted (at least 150
nuclei for nontreated control wells). Percentage survival was calculated as the
remaining number of  live nuclei in campto -treated (12, 16, 20 h) compared with
untreated control (0 h; 100%). Data are pres ented as mean + SEM of at least three

independent experiments.
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PPARYy reporter experiments. TransLucent PPAR vy reporter vectors from Panomics
(LR0O066) were used. Embryonic cortical neurons from CD1 WT mice or transgenic
Cited2 littermates were used. Three days in vitro after plating, cells were cotransfected
with CMV -B-galactosidase and PPARy responsive element (PPRE) -luciferase -expressing
plasmids as described above for Lipofectamine transfection. Twenty -four hours after,
cells were then exposed to 10 uM campto and or 1 uM flavopiridol. At 084 h after
treatment, cells were collected and lysed with 130 ul of cell culture lysis reagent
(Promega). For coexpression of Cited2 and PPRE -luciferase, transfection was made
using 0.3 pg of CMV -B-galactosidase and 1 pg of each Cited2 - and PPRE -luciferase -
expressing plasmids for a  total of 2.3 pg of DNA/1 ul of Lipofectamine. Samples were
assayed in triplicates for luciferase and B-galactosidase activity as previously described
(Fortin et al., 2001). Luciferase activity s ignals were standardized using [B-galactosidase
activity values and results were presented either as relative PPAR v activity (luciferase/ -
galactosidase) or as fold increase in reference to control values (untreated control for
each individual experiment, 0 h). Data are presented as mean + SEM of three
independent experiments.

Caspase activity. After 2 DIV, cells were treated with 10 uM campto and/or 20 pM
GW9662, as described above. Total protein was extracted in 1 mM KCI, 10 mM HEPES,
1.5 mM MgCI2, 1 mM DT T, 1 mM PMSF, 10% glycerol, protease inhibitor mixture
(Roche) as described previously ( O6 Har e et al ., 2000) . Each sampl
three replicas of 5 g each. Protein was incubated with Z  -DEVD -AFC (Invitrogen) in
caspase assay buffer [25 mM HEPES, 10 mM DTT, 10% sucrose, 0.1% CHAPS (3-[(3-
cholamidopropyl)dimethylammonio] -1-propanesulfonate), 15 uM  Z-DEVD -AFC] and
fluorescence at 505 nm was measured at different  time points (30 min to 2 h), using an
excitation wavelength of 400 nm. Readings were made using a PerkinElmer Life and
Analytical Sciences LS 50B Luminescence spectrometer with a slit width of 5 and 1 s

integration time. Fluorescence versus time was plotted for each replica and the slope of
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the curve (linear regression) was used as cleavage ac tivity value (caspase activity). Data
are presented as mean +SEM of four independent  experiments.

Cytochrome ¢ inmmunocytochemistry. After 2 DIV, cortical neurons from CD1 WT
embryos or littermate embryos derived from heterozygous Cited2 mice crosses were
treated with 10 M campto or/fand 20 uM GW9662 for 12 h, fixed as described above,
and stained with cyt ¢ antibody (BD Biosciences Pharmingen), followed by Hoechst
33258 staining. At least 100 cells per replica were assessed by immunofluorescence and
neuron s positive for punctate cyt ¢ were counted. Data are presented as percentage
mitochondrial cyt c (percentage of neurons positive for punctate cyt c). The bars
represent the mean + SEM from three independent experiments or embryos of each
specified genotype .

Immunoprecipitation. Cortical neurons (~20X106 cells) were harvested in lysis buffer
(50 mM Tris -HCI, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.2% NP -40)
supplemented with protease inhibitors. Immunoprecipitations (IPs) were performed
through incub ation of anti -Cited2 antibody (JA22) with lysates overnight followed by
incubation with  anti -mouse Ig IP beads (eBiosciences) at 4°C for 2 h. The beads were

washed three times by lysis  buffer without protease inhibitors.
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Results

Cited2 signals death of co rtical neurons  after DNA damage

Our initial gene array screen suggested that Cited2 might be upregulated after
DNA damage treatment. To test this, we first determined whether Cited2 message was
upregulated after campto treatment by RT -PCR. As shown in Figure 2.1A, induction of
Cited2 message was detectable as early as 2 h after initiation of camptothecin treatment
and reached a maximum  (~4.5-fold) induction at 4 h.  We next determined whether  an
increase in message was also associated with increased protein levels. Consistent with
an increase in message, CITED2 protein was also induced with an increase detectable
as early as 2 h (p value, 0.036). Protein levels were still induced 8 h after DNA damage
treatment (Fig. 2.1B).

The early induction of Cited2 sugge sted it might be functionally relevant for
death. This is particularly important because, in this model, we have previously shown
that the commitment  point for death occurs 6 &8 h after treatment  (Morris et al., 2001)
To test the functional importance of Ci ted2, we determined the effect of Cited2
overexpression on neuronal survival either with or without DNA damage insult. We first
delivered Cited2 by calcium phosphate transfection. Importantly, in this initial
experiment, there was more death in neurons exp ressing Cited2 when compared with
GFP control either basally (42.4 vs. 27.5%) or with campto treatment (64 vs. 48.1%)
(Fig. 2.2A). To confirm this, we subsequently performed three independent experiments
using Lipofectamine carrier. This was done to insure that any results were not
necessarily attributable to the delivery method. We obtained similar results (Cited2 VS.
GFP, basally 37.2 vs. 23.6%, or with campto treatment, 74.7 vs. 55.8%) (Fig. 2.6C). This
indicates that Cited2 is sufficient to induce death . To address whether Cited2 was
necessary for neuronal death, we cultured cortical neurons from Cited2 -deficient or
heterozygous and WT littermate controls. As shown in figure 2 .2B, the absence of

Cited2 in neurons confers significant resistance to the gen otoxic insult.  Deficiency by
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itself delays, but does not prevent, death. Together, these results indicate that

upregulated Cited2 contributes to

death of neurons after DNA damage.
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Figure 2.1. Cited2 mRNA and protein levels are upregulated after DNA damage

Total mMRNA or protein was extracted from cortical neurons treated for different times
with 10uM campto and subjected to either RT ~ -PCR (A) or Western blot (B). Densitometry
of all signals was performed and Cited2 signal was normalized to S12 (A) and acti n (B),
respectively. Data are presented as fold increase relative to nontreated sample for each
separate experiment. Each bar represents the mean +SEM from at least three

independent experiments.
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Figure 2.2. Cited2 overexpression promotes neuronal death, w hereas Cited2
deficiency promotes survival after DNA damage.

(A), Seventy -two to 96 h after plating, cortical neurons were transiently cotransfected
with empty pcDNA3 or pcDNA3  -Cited2 and pEGPF using calcium phosphate. Twenty

four hours after, 10 pM campto was added and incubated for 21 h followed by fixation

and Hoechst 33258 staining. Left , Photomicrographs of alive or dead cortical neurons
under green fluorescence, showing GFP -transfected neurons and Hoechst -stained
nuclei. At least 250 GFP  -positive nucle i per treatment were assessed. Scale bar, 50 pm.
Right , Quantitation of death induced by Cited2 expression. Percentage survival was
calculated as percentage of live over total GFP ~ -expressing neurons. Data represent the
mean+SEM from three replicas/treatment . **p <0.001. (B), Cortical neurons from
littermate embryos derived from multiple heterozygous Cited2 mice crosses were

cultured independently and treated with 10 uM campto for 12, 16, or 24 h as indicated.

Cells were lysed and the number of surviving neuro ns was evaluated. Percentage
survival was calculated as the number of live neurons in campto  -treated compared with
untreated control for each embryo. Each bar represents the mean +SEM from n embryos

as indicated. **p <0.01; **p <0.001; N.S., no significant d ifference.
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DNA damage -Cited2 induction is upstream of the mitochondrial death pathway
but independent of p53

We next wanted to determine the factors that regulated Cited2 induction. The
early induction of Cited2 suggested that its regulatory pathways woul d also act early.
Indeed, we previously showed caspase activation occurs later at ~608 h after initiation
of campto treatment and coincides with death commitment (Keramaris et al., 2000;
Morris et al., 2001) . This suggested that the conserved mitochondrial pathway acts
downstream of Cited2. Bax and Apaf -1 are both critical for neuronal death and caspase
activation induced by DNA damage (Xiang et al., 1998; Fortin et al., 2001) . Importantly,
deficiency of either gene did not alter the induction of Cited2 consistent with the
upstream nature  of the Cited2 signal (Fig. 2.3A). Similarly, caspase inhibitor (BAF)
treatment also did not inhibi  t Cited2 induction (Fig.  2.3B). To confirm whether Cited2
was upstream of the mitochondrial pathway of death, we examined the levels of
mitochondrial cyt c¢ release after campto treatment in Cited2 -deficient neurons
compared with WT littermates. Cited2 defi ~ ciency significantly inhibits mitochondrial cyt
c release (Fig. 2.3C) after DNA damage. To ensure that the observed effects of Cited2
deficiency were not attributable to basal differences in mitochondrial content between
KO Cited2 and WT neurons, we examin  ed for levels of mitochondrial markers, cyt ¢ and
OxPhos mitochondrial complex | subunit. As shown in figure 2.3D, top, no significant
differences were found in cyt ¢ message as measured by RT -PCR between the two
genotypes. In addition, Western blot analys es also showed no differences in cyt ¢ and
OxPhos mitochondrial complex | subunit, suggesting that Cited2 -deficient neurons have
mitochondria levels similar to WT cells (Fig. 2.3D, bottom). Together, these results
indicate that Cited2 induction is upstream of the conserved mitochondrial death
pathway.

The c-Jun N -terminal kinase (JNK) pathway has also been implicated as
important for DNA damage -induced death. We showed previously that the potent MLK

inhibitor CEP11004  blocked the JNK/c -Jun pathway and prote cted neurons from death
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(Ghahremani et al., 2002) . However, JNK inhibition also failed to significantly affect
Cited2 induction at early time points (Fig. 2.3B). In contra st, at later time points (8 h),
there did appear to be some effect with JNK inhibition. Therefore, although there was
some modulatory effect of the JNK pathway on Cited?2 late induction, it did not appear

to be the major pathway regulating Cited2.

We mentio ned above the relevance of the p53 pathway as a required
proapoptotic signal after DNA damage in neurons. p53 activation can be detected as
early as 2 h (Morris et al., 2001) , making it a possible candidate as a Cited2 regulator.
However, deficiency of p53 gene did not alter the induction of Cited2 suggesting that the

Cited?2 signal was independent of p53 (Fig. 2.3E).
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Figure 2.3. Cited2 early upregulation is upstream of the mitochondrial apoptotic

pathway and upstream or independent of the JINKs and p53 pathw ays.

(A),BAX or Apaf -1 deficiency does not alter Cited2 upregulation. Cortical neurons
derived from heterozygous breeding of BAX or Apaf -1 transgenic mice were cultured and
treated with 10 uM campto for 2, 4, and 8 h as indicated. Total RNA was extracted an d
subjected to RT -PCR for Cited2 transcript. Results from representative embryos are
presented. (B),Caspases or JNK inhibition does not affect early Cited2 upregulation.

Total mMRNA was extracted from cortical neurons treated for the indicated times with
campto and/or caspases inhibitor (50 uM BAF) or MLK inhibitor (200 nM CEP11004).

Left , Results of one representative experiment. Right , Normalized densitometry data
from at least three independent experiments. Each bar represents the mean +SEM.
**p <0.01; N.S. , no significant difference.  (C) Cited2 deficiency inhibits mitochondrial cyt

c release. Cortical neurons from littermate embryos derived from heterozygous Cited2

mice crosses were cultured as independent experiments and campto -treated for 12h,
followed by fixation and cyt c/Hoechst 33258 staining. Quantitation is presented as
percentage of neurons positive for punctate cyt c. Data represent the mean +SEM from
three embryos of each specified genotype. ***n <0.001. (D) Markers of mitochondria do
not differ bet ween Cited2 KO and WT neurons. Total mRNA from brains ( top ) or protein
from cortical neurons ( bottom ) derived from embryos from heterozygous Cited2 mice
crosses were analyzed as indicated  for mitochondrial markers by RT ~ -PCR or Western
blot. mRNA results ar e normalized to S12 as control and Westerns are normalized to
actin. Bars represent the mean  +SEM from n embryos. N.S. No significant difference. (E)
p53 deficiency does not alter Cited2 upregulation. WT or p53 -deficient littermate
cortical neurons were tre ated with 10 uM campto for 4 h. Total RNA was extracted and
subjected to quantitative RT -PCR for Cited2 transcript. Quantitative data from four
embryos of specified genotype are presented as fold increase compared with untreated

control for each embryo. The bars represent the mean +SEM. N.S.: No significant
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DNA damage -Cited2 induction is regulated by Cdk4 activity

One of the earliest signals that changes after exposure to DNA damaging agent
is cyclin D1 -associated activity. We previously  showed that this pathway is activated as
early as 0.5 01 h after DNA damage (Park et al., 1998) . To test whether the Cdk pathway
might be important, we first examined the effects of treatment with the potent Cdk
inhibitor flavopiridol. This general Cdk inhibitor protects neurons from campto -induced
death as well as blocks downstream  targets of the Cdks such as the Rb protein (Park et
al., 1997a) . Importantly, flavopiri  dol treatment blocked the induction of Cited2 mRNA
(Fig. 2.4A, C) and protein (our unpublished data).

Because of potential nonspecific effects of flavopiridol, we also determined
whether expression of a kinase -dead dominant negative form of Cdk4 (DNCdk4), which
we also reported blocks neuronal death (Ghahremani et al., 2002) , inhibits induction of
Cited2. DNCdk4 was targeted to the culture via viral -mediated delivery. As sh own in
Figure 2.4, B and C, DNCdk4 expression also significantly blocked Cited2 induction.
Remarkably, unlike flavopiridol, DNCdk4 has no effect on basal Cited2 levels (no
significant difference between untreated control and infected cells; p value, 0.936) . This
suggests that Cdk4 specifically mediates the induction of Cited2 under genotoxic
conditions. The reason why  flavopiridol affects basal levels of Cited2 in addition to its
induction is unknown but may be attributable to non -Cdk4 -mediated effects (oth er
Cdks, other nonspecific effects). Nevertheless, our results are consistent with the notion
that Cdk4 is critical for the upregulation of Cited2 after camptothecin -induced DNA

damage.
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Figure 2.4. Cited2 upregulation is blocked by Cdk4 inhibition.

(A), Cortical neurons were treated with campto and/or 1 uM flavopiridol. Total RNA was
extracted at indicated times and submitted to RT -PCR. Image from one representative
experiment is shown. (B), Downregulation of endogenous Cdk4 activity inhibits Cited2
upreg ulation. Cortical neurons were infected with 150 MOI of DNCdk4 or GFP control
expressing AAV as indicated in Materials and Methods. After 6 o7 DIV, neurons were
treated with 10 uM campto for indicated times. Total RNA or protein was extracted and
submitted t o RT-PCR (top ) or Western blot ( bottom ). Images show results from one
representative experiment.  (C), Normalized RT -PCR densitometry data from flavopiridol
and DNCdk4 experiments  are presented as fold increase relative to nontreated sample.
Each bar repres ents the mean +SEM from at least three independent experiments.

*p<0.05; N.S., no significant difference.
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Cited2 -mediated death does not involve Bmi -1, p53, orHIF1l -a

We next determine how Cited2 may regulate death after DNA damage. Previous
reports sugges t that Cited2 stimulates proliferation by induction of Bmi -1 that in turn
represses the INK4/ARF locus of cell cycle inhibitors (Kranc et al.,, 2003) . We
hypothesized that, in our model, Cited2 would be a signal activated by Cdk4 to ensu re
its own level of activation and that this would occur through Bmi -1 induction by Cited2.
Indeed, our results using RT -PCR show that Bmi -1 message is slightly induced (~1.5-
fold) after DNA damage (Fig. 2.5A). This also confirmed results in our original g ene
array screen (our unpublished data).

To test the hypothesis that Bmi -1 may be a downstream signal of Cited2 to
mediate death after DNA damage, Bmi -1 expression levels were analyzed by RT -PCR in
presence or absence of endogenous Cited2. However, no diff erences were observed
between Cited2 -deficient and WT neuronal cultures (Fig. 2.5A). This indicates that,
although Bmi -1 message levels are changed after DNA damage, this is not relevant for a
Cited2 -induced pathway of  death.

It has been reported that p53 is one major player in neuronal DNA damage -

induced apoptosis (Morris et al., 2001; Aleyasin et al., 2004; Vaughn and Deshmukh,

2007) . Additionally, we previously showed that there appears to be cross talk between
Cdk4/6 and p53 apoptotic pathways (Morris et al., 2001) . Here, we explored the
possibility of Cited2 being part of the cross talk mechanisms. To assess the

consequences of Cited2 deficiency on p53 activity, we looked at the profile of induction
of two known p53 targets in our model: PUMA and Nox a (Aleyasin et al., 2004; Cregan
et al., 2004) , in the presence or absence of endogenous Cited2 (Fig. 2.5B). In this case,
as well as with Bmi -1, Cited2 deficiency does not appear to inhibit the i  nduction of
these two genes when compared with WT littermates. This suggests that Cited2
mechanism of death does not  include p53 activation.

Cited2 has also been reported to regulate and be regulated by HIF1 -a

(Bhattacharya and Ratcliffe, 2003; Freedman et al., 2003) . Importantly, Cited2
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deficiency has been shown to result in increa  sed message of HIF1 -a-responsive genes in
the heart (Yin et al., 2002) . Interestingly, a recent report suggests that HIF1 -a
expression protects hippocampal neurons (HT22) against DNA damage  (Aminova et al.,
2005) . Accordingly, we wanted to examine whether the protection conferr ed by Cited2
deficiency was related to differences in HIF1  -a levels. Using RT -PCR and Western blot,
we looked at the basal levels of HIF1 -o in the brain and cultured cortical neurons of
embryos from Cited2 heterozygous crosses. As shown in  figure 2.5C, top, we did not
find any differences on HIF1 -a transcript levels in the brain of KO versus WT embryos.
Moreover, cortical neurons treated with DNA damag ing agent show decreased HIF1 -a
transcripts (our unpublished data). Interestingly, HIF1 -o protein levels di d not appear
to differ either between Cited2 KO and WT littermates (Fig.  2.5C, bottom). These data
suggest that Cited2 deficiency is not protective simply because it leads to upregulation
of basal HIF1 -a. This result would be consistent with previous repor ts that show that
HIF1 -o haploinsufficiency, contrary to what happens in heart, does not rescue brain

defects in Cited2 KO embryos  (Xu et al., 2007) .
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Figure 2.5. Cited2 deficiency does not affect Bmi -1 upregulation, p53 activity, or

basal HIF1 -a levels.

(A, B), Embryonic cortical neurons derived from heterozygous Cited2 crosses were
independently cultured and treated with 10 uM campto as indicated.  Total RNA was
extracted and subjected to RT -PCR for Bmi -1, PUMA, Noxa, and S12. (A), Top, RT-PCR
results from representative  embryos. Signals were analyzed by densitometry and Bmi -1
signal was normalized using S12. Bottom , Data are presented as fold increase relative
to nontreated sample for each e mbryo. Each bar represents the mean  +SEM for n
embryos. (B), RT-PCR results for Puma and Noxa transcripts from representative
embryos. C, Quantitation of HIF1 -o basal levels. The top panel shows mMRNA levels in
whole brains from littermates embryos from hete rozygous Cited2 crosses. Data are
presented as normalized values relative to S12 signal for each embryo. The bottom
panel shows protein results from independently cultured cortical neurons from
littermates  embryos from heterozygous Cited2 crosses. Data are presented as
normalized values relative to actin signal for each embryo. The bars represent the

mean +SEM from n embryos of specified genotype. N.S., No significant difference.
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Cited2 -mediated death occurs via PPARYy activation

Interestingly, Cited2 is kno wn to be able to act as a ligand -independent
coactivator of PPARYy (Tien et al., 2004) . The role of PPARy in neuronal death induced by
DNA damage is unclear. Accordingly, we first determined whether PPA Ry might play a
role in our system of neuronal death. As shown in figure 2.6A, GW9662, a specific,
potent, and irreversible antagonist of PPARy (Leesnitzer et al.,, 2002) , significantly
delayed death at 10 830 pM concentrations. In addition, caspase 3 activation normally
observed after DNA damage (Stefanis et al., 1999; Morris et al., 2001) was significantly
decreased after treatment  with the GW9662 inhibitor (Fig. 2.6B).

The above experiments indicate that PPARy blockers delay death induced by

campto treatment. | f our model that Cited2  signals death through PPAR y were true, we

would anticipate that death induced by direct Cited2 expression would also be blocked
by GW9662. As shown in  figure 2.6C, this antagonist significantly inhibited the death
induced by both Ci ted2 expression alone as well as with campto/Cited2 co -treatment.

Finally, consistent  with the model that the Cited2  -mediated signal acts upstream of the

mitochondria, GW9662 treatment also blocked cyt c release (Fig. 2.6D).
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Figure 2.6. Effects of PPAR y inhibition with GW9662.

(A), GW9662 protects cortical neurons from DNA damage. After 4 DIV, cortical neurons
were treated with 10 uM campto alone or together with GW9662 at various
concentrations (10 d30uM). Cells were lysed and intact nuclei were counted a S
described in Materials and Methods. The top panel quantifies neurons treated with
campto and GW9662 when compared with untreated controls. Percentage survival was
calculated as the number of remaining live nuclei in treated wells compared with

completely untreated cultures. The  middle panel quantifies neurons treated only with

GW9662. Percentage survival was calculated as the number of remaining live nuclei In
treated wells compared with completely untreated controls. The  bottom panel shows
values when ne urons treated with campto and GW9662 are compared with those form
neurons treated only with GW9662. The bars represent the mean +SEM from at least

three independent experiments. *p  <0.05; **p <0.01; **p <0.001; N.S., no significant
difference. (B), GW9662 inh ibits caspase activation induced by DNA damage. Cortical
neurons were treated with campto alone or together with 20 uM GW9662 for 16 h.
Protein was extracted as described in Materials and Methods, and caspase activity was
determined in triplicate as the slo pe of linear regression (fluorescence  vs. time plot) for
each replica. Each bar represents the mean +SEM from four independent experiments.
**p<0.01. (C), Cited2 -induced death of cortical neurons is inhibited by GW9662.
Seventy -two to 96 h after plating, co rtical neurons were transiently cotransfected with
empty pcDNA3 or pcDNA3 -Cited2 and pEGPF using Lipofectamine. Twenty -four hours
after, 10 uM campto and/or 20 uM GW9662 was added and incubated for 21 h followed

by fixation and Hoechst 33258 staining. At lea st 100 GFP -positive nuclei per treatment
were assessed. Percentage survival was calculated as percentage of live over total GFP -
expressing neurons. Data represent the mean +*SEM from three independent
experiments. ***p <0.001. (D), GW9662 blocks cytochrome c¢ release from the

mitochondria after DNA damage. Cortical neurons were cultured and treated with
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campto and/or 20 uM GW9662 for 12 h, followed by fixation and cyt c/Hoechst 33258

staining. Quantitation is presented as percentage of neurons positive for punct

Data represent the mean +SEM from three independent experiments. ***p

ate cyt c.

<0.001.

74



A
TOP panel
70.0 1 " B 10pM Campto.
- i @10uM + Campto.
- 60.0 L [J20uM + Campto.
® & 50.0 - D 30uM + Campto.
]
-E 2400 - —
*
3
= g 30.0 NS,
/)] b 20.0 1
(I J
N § 10.0
£ 00 A T T 1
12 h 16 20
ours
MIDDLE panel B 10, GW9662
@20pM GW9662
_,6.100.0 q 030uM GW9662
- 9
® & 80.0
Ly
E g 60.0
3
3 ¢ 400
@
o = 20.0 4
o~ 3
£ 00+
12 16 20
hours
BOTTOM panel
80.0 4 —xxx B 10puM Campto.
= B 10puM + Campto.
'a g 700 7 020pM + Campto.
5 4 60.0 1 xx 030pM + Campto.
E § 50.0 ik
. 2,400 - -
2 g 300 - N
0 é 20.0 1
08 10.0 1
0.0 N T T
12 16 20
hours

No GW9662

20uM
GW9662

Figure 2.6. Effects of PPARgamma inhibition with GW9662.

B
ONo treatment
14.0 - 020uM GW9662
M 10uM Campto. *%
3‘ 3120 mew. + Campto.
- E
2 7100 -
g ‘; 80 4
o § '
§ 9 6.0 -
& 5 40
(V-1
§ & 201
0.0 -
16 hours
C o0y BEmpty+GFP
80 - OCited2+GFP
kkk
Lk —khk
'E 60 1 kkk
50 - —
3 40
D g
0
o 20
10 - N
No 20uM 10uM  Campto
treatment  Gwogs2  Campto  +GW
D ENo Campto.
- 100.0 4 [ 10uM Campto,
2 0 *kk
"'é 0 80.0 -
0 Eso.o .
-1
§ < 40,0 1
0
E 5200
2 0

75



We also explored the converse effects of PPARy activation by ciglitazone, a PPAR y
agonist (Willson et al.,, 1996) , on death of cortical neurons. As shown in  figure 2.7A,
ciglitazone induces death of cortical neurons even in the absence of DNA damage,
supporting the notion that PPAR  y activation can act as a death effector. Ciglitazone
treatment also did not appear to further increase campto -induced death (Fig. 2.7B).
Because ciglitazone may have other targets other than PPAR y, we examined whether the
death -promoting effect of Ciglitazone was dependent on PPAR y. Expression of a double
mutant (L468A/E471A) form of PPARy has been shown to be a potent dominant -
negative inhibitor of wild  -type PPARYy activity (Gurnell et al., 2000) . Accordingly, we first
show that expression of = DNPPARYy blocks death of cortical neurons exposed to DNA
damage (Fig. 2.7C). This supports the protection observed with  pharmacological
inhibition of PPARy. Second, DNPPAR y expression also blocked death caused by
Ciglitazone supporting the specificity of the agonist. Interestingly, we show that death
induced by ciglitazone is actually dependent on Cited2 (Fig. 2.7D). This would be
consistent with  the notion that Cited2 is required coactivator of PPAR y to induce death.

To further support the importance of PPAR Y, we next determined  whether its
activity is induced after DNA damage. To do this, we used a reporter system, which
consisted of luciferase  expressed under the regulation of a PPAR  y-responsive element
(PPRE-luciferase). As shown in  figure 2.8A, PPARy activity is upregulated after DNA
damage, with a peak 3 h after initiation of campto exposure (Fig. 2.8D). This induction
was inhibited by the  Cdk inhibitor flavopiridol, consistent with the model that Cdks are
upstream regulators of PPAR y (Fig. 2.8A). The induction of PPARy activity could not be
accounted for by upregulation of PPARYy levels. In fact, PPAR y mRNA levels appea r to
decrease after DNA damage (Fig. 2.8B). PPARY protein was also not significantly elevated
after campto exposure (Fig. 2.8C). We also examined another PPAR family member with

the potential to be activated by Cited2, PPAR o. Its protein level was not sign ificantly

76



altered after DNA damage (our unpublished data).

To test whether PPAR vy activation after DNA damage is Cited2 dependent, we
measured PPAR y reporter activity after DNA damage in cultured neurons derived from
Cited2 -deficient cultures or WT litterm ate controls (Fig. 2.8D). We found that Cited2
deficiency significantly blocked the upregulation of PPAR y activation. Importantly, the
basal level of PPAR v activity was not different between Cited2 -deficient and WT neurons
(Fig. 2.8E).

If Cited2 was critic al for PPAR y activation, we would predict that exogenous
expression of Cited2 in neurons would induce PPARy activity, similar to DNA  damage.
Indeed, we found this to be the case. As shown in figure 2.8F, Cited2 expression alone
caused an induction of  PPARYy reporter activity similar to that of campto treatment (Fig.
2.8A).

Finally, if Cited2 acts as a coactivator of PPARy (Tien et al., 2004) , we would
anticipate that they should interact. We examined thi s possibility in neurons untreated
and treated with campto by IP/Western blot analyses. In this experiment, Cited2 was
immunoprecipitated from cell extracts untreated or treated with campto followed by
Western blot analyses for PPARy. As shown in figure 2.8G, we detected very little basal
interaction between Cited2 and PPAR y. However, significant interaction was observed
after treatment with campto. The above data suggest that Cited2 is required for DNA
damage -induced PPARYy activation and subsequent  cell de ath.

Together, these results present a model by which Cdk4 -mediated induction of

Cited2 leads to activation of PPAR v, caspase activation, and consequent neuronal death.
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Figure 2.7. Ciglitazone, a PPAR y agonist, induces death of cortical neurons in a

manne r dependent on Cited2 activity.

(A), After 4 DIV, cortical neurons were treated with various concentrations (20 050 uM)
of ciglitazone. Cells were lysed at the specified time points and intact nuclei were
counted as described in Materials and Methods. Perc entage survival was calculated as

the number of remaining live nuclei in treated wells compared with untreated control.

The bars represent the mean +SEM from at least three independent experiments.
***p <0.001. (B), Ciglitazone does not enhance campto  -induce d death. Cortical neurons
were treated for 16 h with 1 or 10 pM campto alone or together with ciglitazone (20 o}
50 uM). Cells were lysed and processed as described above. The bars represent the
mean £SEM from at least three independent experiments. N.S., No sig nificant difference.
(C), Expression of dominant -negative PPAR y protects neurons from ciglitazone  -induced
and campto -induced death. Seventy -two to 96 h after plating, cortical neurons were
transiently cotransfected with empty pcDNA3 or pcDNA3 -DNPPARy and p EGPF using
Lipofectamine. Twenty -four hours after, 10 uM campto or 40 uM ciglitazone was added
and incubated for 21 h followed by fixation and Hoechst 33258 staining. At least 100
GFP-positive nuclei per treatment were assessed. Percentage survival was calculated as
percentage of live over total GFP -expressing neurons. Data represent the mean +SEM
from three independent experiments. **p <0.001. (D), Cited2 deficiency completely
inhibits ciglitazone -induced death. Cortical neurons from littermate embryos deriv ed
from heterozygous Cited2 mice crosses were cultured as independent experiments and

treated with 40 uM ciglitazone for 16 h. Cells were lysed and number of surviving
neurons was evaluated. Percentage survival was calculated as the number of live
neurons a fter treatment compare with untreated control for each embryo. Each bar

represents the mean *=SEM from three embryos. ***p  <0.001.
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Figure 2.8. PPAR y activity, but not levels, is upregulated after DNA damage in a

Cdk -Cited2 -dependent manner.

(A), PPARy activ ity increases after DNA damage and is blocked by the Cdk inhibitor
flavopiridol. Seventy -two hours after plating, cortical neurons were transiently
cotransfected with PPRE -luciferase - and CMV -B-galactosidase -expressing plasmids
using Lipofectamine as described in Materials and Methods. Twenty -four hours after,
cells were treated with 10 pM campto and/or 1 uM flavopiridol for specified times. Data
represent values of luciferase/ B-galactosidase activity. Bars represent the mean +SEM
from four independent experim ents. ***p <0.001. (B), PPARy message decreases after
DNA damage. Cortical neurons were treated with campto at indicated times. Total RNA
was extracted and RT -PCR result from one representative experiment is shown in inset.

Normalized densitometry data are presented as fold change relative to nontreated

sample. Each bar represents the mean  +SEM from three independent experiments. ©),
Total protein was extracted from campto -treated cortical neurons and analyzed by
Western blot as described. Results from one r epresentative experiment are shown. (D),

Cited2 deficiency blocks PPAR y activity upregulation by campto. Seventy -two hours
after plating, cortical neurons from littermate embryos from heterozygous Cited2
crosses independently cultured were transfected and treated with 10 puM campto to
assess PPARYy activity as described above. Values represent fold change of normalized
luciferase activity (luciferase/  B-galactosidase) of correspondent sample relative to
transfected nontreated sample. Each bar represents the mea n+SEM from n embryos.
*p<0.05. (E), Basal PPAR y activity does not differ between Cited2 KO and WT neurons.
PPARYy activity was measured as described in D and presented as normalized luciferase
activity (luciferase/ p-galactosidase). The bars represent the me an+SEM from n
independently cultured embryos. N.S., No significant difference. (F), Cited2
overexpression induces PPAR y activity. Seventy -two to 96 h after plating, cortical

neurons were transiently cotransfected with empty pcDNA3 or pcDNA3 -Cited2 -, PPRE-
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luciferase -, and CMV -B-galactosidase -expressing plasmids using Lipofectamine. Twenty -
four hours after, luciferase activity was evaluated as described in Materials and
Methods. Data are presented as normalized luciferase activity (luciferase/ B-
galactosidase) . Each bar represents the mean +SEM from three independent
experiments. ***p <0.001. (G), Cited2 and PPAR Yy interact after DNA damage. Cortical
neurons were treated  with campto at indicated times and total protein was extracted as
indicated in Materials and M  ethods. Control IgG or anti -Cited2 antibodies were
incubated with total cell lysates (  ~2X107 neurons). Antibodies were isolated by IP beads
and resolved by SDS-PAGE followed by anti -PPARy Western blot. Results from two
independent experiments are shown. In p., Input, TCA precipitate  from total cell lysate

(~107 untreated neurons).
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Figure 2.8. PPARg activity, but not levels, is upregulated after DNA
damage in a Cdk-Cited2-dependent manner.
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Discussion

Integrity and fidelity of DNA is essential for the proper function and survival of
neurons. However, our understanding of the complex signals that govern neuronal
death after DNA damage is incomplete. We previously showed that cell cycle Cdks as
well as p53 regulate the mitochondrial pathway of death (Morris et al., 2001) . We
presently provide additional critical insight into signals that participate in DNA damage -
induce d death. Our results indicate that Cited2 is upregulated in a manner dependent
on the cell cycle Cdk4 pathway, upstream of the mitochondrial pathway. Importantly,
we also provide data that indicate a proapoptotic role for Cited2 and that Cited2
promotes de ath through direct activation of PPAR y. Together, our results define a
unique Cdk4 0&Cited2 OPPARy-mediated pathway that regulates DNA damage -induced

neuronal death.

Prodeath role of Cited2
The role of Cited2 in neuronal death had never before been examined.
Nevertheless, a number of correlational observations have suggested that Cited2 might

be somehow linked to neuronal survival (Sun et al., 2007) . For example, 57% of Cited2

KO embryos exhibit enhanced apoptosis of midbrain cells (Bamforth et al., 2001)
Cited2 upregulation could be detected by in situ hybridization in the hippocampus after
global ischemia, but predominately, in areas which are spared (dentate gyrus) rather

than injured (CA1) (Sun et al., 2006) . These observations suggested that Cited2 might
be functioning as a prosurvival gene to inhibit neuronal death. However, alternative
explanations for these observations could be provided. As one example, death of
midbrain cells in Cite d2 KO embryos could be a non -cell-autonomous event caused by
other defects.

Presently, we confirm an increase in Cited2 levels in cultured neurons after DNA

damage. More importantly, we  present direct evidence that define, for the first time, the
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role of Cited2 in neuronal death/survival. Unlike previous suggestions, we show that
Cited2 plays a proapoptotic role after DNA damage. Our evidence is as follows: (1)
Cited2 message and protein are increased at early stages after insult, (2) exogenous
expression o f Cited2 promotes neuronal death, and (3) Cited2 deficiency significantly
delays death after DNA damage. Whether Cited2 functions similarly in other neuronal
injury paradigms is unknown. However, we observed similar increases of Cited2
message in the CAl r egion of the hippocampus of rats after global ischemia (our
unpublished data). This suggests the possibility that Cited2 may also play a role in
neuronal death under other contexts. It is important to emphasize that Cited2
deficiency is only partially prot  ective. This is consistent with the notion that multiple
signals act in concertto  regulate neuronal death after DNA damage (Morris et al., 2001;

Ghahremani e tal., 2002; Keramaris et al., 2003; Aleyasin et al., 2004)

Mechanism for Cited2 upregulation

Our present studies also begin to define the pathway by which Cited2 is
induced. Our results indicate that the early increase in Cited2 message is not
attribut able to several critical signals we previously established to be important in this
paradigm of death. These include (1) the mitochondrial pathway of death (Putcha et al.,
1999; Keramaris et al., 2000; Cregan et al., 2002) , (2) p53 (Morris et al., 2001; Vaughn
and Deshmukh, 2007) , and (3) JNKs (Ghahremani et al., 2002; Besirli and Johnson,
2003). Instead, our studies reveal that Cdk4 activity is critical for early Cited2
induction.  We previously showed that cyclin D1  -associated Cdks (Cdk4/6) are
aberrantly activated in neurons after DNA damage (Park et al., 1998) and various
different in vitro neuronal death paradigms (Park et al., 1996; Park et al., 1997b;
Giovanni et al., 19 99; Padmanabhan et al., 1999; Rideout et al., 2003) . This evidence
also extends to in vivo injury and neurodegenerative contexts including after
stroke/ischemia  (Osuga et al., 2000) , Al z h e i mesa (McShed et ale 1997; Biswas

et al., 2007) , and amyotr ophic lateral sclerosis (Nguyen et al., 2003) . We and others
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have shown that Cdk4/6 activity is essential to signal death in many pa radigms of
neuronal apoptosis, including after DNA damage in vitro (Park et al., 1998; Morris et
al., 2001; Zhang et al., 2006) and stroke in vivo (Rashidian et al.,, 2005) . Moreover,
classic downstream targets of  Cdk4, Rb, and E2F, have also been shown to be critical

for neuronal death. We and others sho wed that Cdk4 regulates the activity of Rb by
phosphorylation and its subsequent inactivation, and so releasing E2F transcription
factors from inactivity  (Giovanni et al., 2000; Park et al., 2000b; Gendron et al., 2001)
E2F activation in turn induces the upregulation of proapoptotic genes, such as B - and
C-myb (Liu et al., 2004; Biswas et al., 2005; Greene et al., 2007)

What is the link bet ween cell cycle activation and Cited2? Cited2 has been
linked to cell transformation (Sun et al., 1998; Chou and Yang, 2006; Haase et al.,
2007) . Additionally, Cited2  overexpression enhances fibroblast proliferation and Cit ed2
deficiency prematurely stops proliferation. It was proposed that Cited2 stimulates
proliferation by induction of Bmi -1 that in turn  represses the INK4/ARF locus of cell
cycle inhibitors  (Kranc et al., 2003) . In the context of our pr  esent work, this suggested
the intriguing connection that cell cycle may be activated by Cited2 expression through
induction of Bmi -1. However, our results  show that, although Bmi -1 is induced after
DNA damage, it is not regulated by Cited2. This indicates that it is unlikely that Cited2
acts upstream of Cdk4 activation.

In contrast, our present data point out that inhibition of Cdk4 blocks Cited2
induction suggesting that Cited2 is a downstream target of Cdk4. Whether Cdk4

regulation of Cited2 is through the classic Rb/E2F pathway described above is

unknown. A search of mouse Cited2 promoter using TRANSFAC software (version4.0 -
database7 -publicl) and Genomatix/ Gene2Promoter analysis both revealed no clear
consensus binding sites for E2F, C-myb, or B -myb. However, the same search exposed

an AP-1 putative interacting  site (1110 to 1101). In this regard, c-Jun has been shown
to interact with the  Cited2 promoter in human proliferating cells (Hayakawa, 2004) .

Intriguingly,  our previous work in our model of DNA damage -induced neuronal death
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indicate d that c -Jun activation was dependent on Cdk4 activation (Ghahremani et al.,

2002) as well as the classic upstream JNK family members. Our present results
indicate that JNKSs only partially regulate Cited2 induction and at late times, whereas
Cdk4 more robustly regulated Cited2 levels. This is identical with that we previously

reported for regulation of ¢ -Jun. This suggests the  possibility of Cited2 being a c -Jun
target after DNA damage. However, more careful analyses will have to be performed to

clarify this issue.

Mechanism for Cited2  -mediated death

Our present results indicate that one important mechanism by which Cited2
promotes death is through regulation of PPARy. PPARYy is a complex signal with  both
proapoptotic (Rohn et al., 2001) as well as protective functions  (Arnold and Konig, 2006;
Collino et al., 2006) . The role of PPARYy likely depends on the context of the cell or model
system. For example, PPARy is known to regu late neuroinflammation by inhibiting
microglial activation  (Bernardo and Minghetti, 2006) . In this context, PPAR y activation
strategies would be expected to promote survival under contexts in which inflammation
is a critical component of injury. However, PPARy activation is also able to promote
death of multiple cell types including neurons (Zhang et al., 2005)

Our findings indicate that PPAR  y participates in the death of neurons after DNA
damage. This is supported by the following: (1) PPARYy activity is increased after  DNA
damage, (2) inhibition of PPAR y activation through multip le means promotes survival,
and (3) PPARy agonist can induce death. Importantly, we also show that the
upregulation of PPAR v activity is dependent on Cited2 and that PPAR 1y is a critical
mediator of Cited2 -induced death. This notion is substantiated by the observations that
(1) Cited2 expression is sufficient to activate PPAR v and Cited2 deficiency inhibits DNA
damage -induced PPAR vy activation, (2) PPAR ¢y inhibition blocks Cited2 -mediated death,

and (3) Cited2 deficiency inhibits death induced by PPAR y agonist . The latter two points
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also suggest that both Cited2 and PPARYy require each other to induce death. It must be
noted that we do not know whether Cited2 -mediated activation of PPAR 1y is direct.
However, our results show that PPAR vy activation could be account ed for by increase in
Cited2 levels, because Cited2 upregulation at 2 h after campto is already significant.
Moreover, we see an early increase in an interaction between PPAR y and Cited2 as
revealed by IP/Western blot, suggesting a more direct mechanism of action.

Our work defines, for the first time, the circumstances of Cited2 as a
proapoptotic signal in neurons (Fig. 2.9). Itis not known  whether Cited2 may also play
similar roles in adult contexts of neuronal injury such as with stroke. However, it is
important to  point out that similar players such as cell cycle signals are also critical in
adult models of injury (Rashidian et al., 2005) . Whether Cited 2, then, mediates the
prodeath function of cell cycle signals in ischemic death will be an intriguing area of

future study.
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Figure 2.9. Proposed model of the Cdk4 oCited2 OPPARy pathway of neuronal death.

This model is based on previous and present result

s. Links that have been inferred but

need to be tested for directness are identified with question marks. In this scheme,

Cdk4 activation by DNA  damage induces the upregulation of Cited2 levels. Cited2 in

turn recruits PPAR y and by this interaction causes

PPARy activation. The Cited2:PPAR vy

complex leads to cytochrome c release  and subsequent caspase activation, followed by

neuronal death.
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| CHAPTER 3.

Eip63E, the Drosophila PFTAIRE, is required for the

proper development of the Central Nervous Sy stem.

Manuscript in preparation

Gonzalez YR , Jafarnejad P., Hawari D. Slack RS, Sonnenfeld M., Park DS.
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melanogaster via examination of the embryonic Ventral Nerve Cord as a model.
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Gonzalez, with the assistance of D. Hawari for the embryo dissection experiments. All
initial experiments pertaining to the screening of stage 14 mutant embryos using axonal
markers BP102 and fasciclin 1l (1D4), including penetrance calculations for the defects
(Fig 3.1), were performed by Dr. P. Jafarneja d. Initial training, guidance and flies
facilities were provided by Dr. M. Sonnenfeld. All figures and text for the manuscript
were prepared by Y. Rodriguez Gonzalez with the direction and assistance of Dr. David

S. Park.

91



Eip63E, the Drosophila PFTAIRE, i s required for the proper

development of the Central Nervous System.

Yasmilde Rodriguez Gonzéalez 1, Payman Jafarnejad ", Dina Hawari !, Ruth S. Slack 1,

Margaret Sonnenfeld 1, and David S. Park 1

1Department of Cellular and Molecular Medicine, University o f Ottawa, Ottawa, ON,
Canada K1H 8M5,
*Presently at Department of Molecular and Human Genetics, Baylor College of

Medicine, Houston, TX, USA.

Key words : PFTAIRE; Eip63E ; Cyclin dependent kinases; axogenesis; neuronal

development.

Acknowledgements:
This work was supported by grants from the Canadian Institutes of Health Research,
Heart and Stroke Foundation of Ontario (HSFO), Canadian Stroke Network, and Centre

for Stroke Recovery, Parkinson Society Canada, Parkinson & Disease Foundation,
Par ki ns ceaftls Cofsertium, and Michael J. Fox Foundation (D.S.P.). Y.R.G. was
supported by grants from Ontario Graduate Scholarship in Science and Technology and

Ontario Graduate Scholarship. D.S.P. is an HSFO Career Investigator.

92



Abstract

PFTAIRE is a novel membe r of the family of Cyclin  Dependent Kinases (C dks), a
growing group of kinases with diverse function beyond cell cycle regulation. Recently,
PFTAIRE was determined to be  expressed in neurons. It is also highly similar in
sequence to Cdk5, a kinase known to play a critical role in brain development and
death. Very little is known about PFTAIRE biological function and regulation . However,
its expression in neurons and similarity to Cdk5 suggest a potentially important role in
the CNS. Using two different Drosophila melanogaster PFTAIRE mutant lines, we show
here that mutant flies display defects as early as stage 1 1 of embryonic development, as
revealed by immunostaining for CNS markers such as neuroglian (BP-104), reverse
polarity protein (Repo, 8D12) and BP1 02 antigen. We also demonstrate that PFTAIRE
deficiency leads to axon misguidance and defasciculation accompanied by
disorganization of neuronal and glia | cell bodies as well as abnormal arrangements of
both commissural and longitudinal axons of the Ventra | Nerve Cord (VNC). Our data
corroborates for the first time the notion that PFTAIRE function is essential for proper

development of the Central Nervous System (CNS).
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Introduction

The proper development of the Central Nervous System (CNS) requires tight
coordination of proliferation, cell cycle exit, differentiation, migration, axon targeting,
synaptogenesis, and programmed cell death of progenitor cells. The characterization of
these processes is critical for expanding our basic knowledge of how the brain functions
and for a better understanding of the potential role of different CNS cell types during
neurodegenerative diseases. Additionally, the success of therapeutic strategies that rely
on accurate neuronal differentiation and targeting events, such as stem cells -based
therapies (Lindvall and Kokaia, 2006)  depend on our understanding of these events.

There is a growing list of cdc2  -related kinases with no identified cyclin partners

that do not appear to be cell ¢ ycle related . These are highly expressed/active in

neurons. Included in this group are Cdk5, PCTAIRE 1 -3 and PFTAIRE, among others.
The best characterized of these Cdks is Cdk5. lItis mainly active in neurons due to the
tissue -specific expression of its a ctivators p35/25 and p39. Cdk5 deficiency in mice is

embryonic lethal (E18), with defective neuronal migration, differentiation and survival
(Ohshima et al., 1996; Gilmore et al., 1998) . Since its identification, Cdk5 ha s been
shown to be involved in  a variety of functions including intracellula r trafficking and

transport (Smith and Tsai, 2002) , cytoskeletal dynamics (Xie et al., 2006) and dendrite

and synapse development (Cheung and Ip, 2007) . It has a crucial role in CNS
development and maintenance: neurona | migration, synaptogenesis, learning and
synaptic plasticity (Hawasli and Bibb, 2007; Ohshima et al., 2007) . Furthermore, we

and ot hers have shown that Cdk5 plays a role as well in neurodegenerative conditions
such as Par ki ns on@®ashidam et al.S 20050 Qe et al., 2007) . Almost
nothing is known about the functions of the rest of the neuronal Cdks. PCTAIRE,
PFTAIRE and Cdk5 are the three major subbranches from a same evolutionary ancestor

(Liu and Kipreos, 2000)  which would suggest they shar e the same functional relevance

in neurons .
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PFTAIRE was first identified in Drosophila melanogaster (Sauer et al.,, 1996) ,
and soon after in mice  (Lazzaro and Julien, 1997)  and humans. It is highly expressed in
the CNS (Lazzaro et al., 1997; Besset et al.,, 1998) , predominantly in the brain, and it
appears to be required for development, since PFTAIRE deficient flies die mostly at early
larval stages (Stowers et al., 2000) . These two features, together with the fact that
PFTAIRE and Cdk5 share a high amino acid sequence similarity (~ 50-52%), had led
scientists to believe that PFTAIRE could be as relevant as Cdk5 to CNS development.

We decided to explore the r ole of PFTAIRE in the CNS using the Drosophila
melanogaster (fruit fly) model for several reasons. D. melanogaster has rapid generation
time (~10 days at 25 °C), inexpensive culture requirements and large progeny number
from a single cross. This model provi des a vast battery of genetic tools: rapidly
expanding collection of mutants, transposon -based methods for gene manipulation,
systems that allow controlled mosaic -like ectopic gene expression and balancer
chromosomes. Moreover, Eip63E, the fly PFTAIRE, is  70% identical (AA) to the PFTAIRE
kinase 1 (pftkl) mouse homolog and two different Eip63E null mutant fly lines are
readily available (Stowers et al., 2000) . Importantly, flies do not express other neuronal
Cdks closely related to PFTAIRE  (PCTAIRES) that could add a level of complication to
our studies, due to possible compensation.

The Ventral Nerve Cord (VNC) of Drosophila melanogaster embryos provide for an
excellent model to study developmental processes of the CNS and have been used s o for
decades (Garbe and Bashaw, 2004; Sanc hez-Soriano et al., 2007) . To test the
hypothesis that PFTAIRE is required for CNS development, we decided to characterize

the embryonic morphology of the VNC of Eip63E mutant flies.
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Materials and Methods

Drosophila  strains : Flies were kept under standa rd conditions. The following stocks
were obtained from the Bloomington stock centre: Wilie - Eip63 81/TM6tb,
Df(3L)E1/TMS, green balancer flies (L 2Pin%/Cyo kcrp, D*gI3/TM3 wcep,
In(2LR)nocSco,b 1/Cyo accrr and Sb/TM3 accrrser) and Gal4 driver lines (elav::Ga 14,
Repo::Gal4/TM3,Sh, elav::Gal4;UAS::Dcr2.D and UAS::Dcr2.D;Act5::Gal4/Cyo). Three
independent RNAi  Drosophila lines were obtained from the Vienna Drosophila Rnai
Center (UAS::RNAIL63/Cyo, UAS::RNAIL63 and UAS::RNAIL63/TM3,Sh).

For the purpos e of mutant embryos characterization, the TM6 balancer in both
Eip63E deficient lines  (Stowers et al.,, 2000) was replaced with the  TM3.K ruppell -GFP
balancer chromosome (Casso et al.,, 2000) . This allows distinguishing KO Eip63E
embryos from the rest of the p  opulation by the absence of GFP expression.

To perform Eip63E specific downregulation, the Gal4:UAS system was used
(Duffy, 2002) . Balanc ers in all UAS and Gal4 lines involved in the crosses strategies
were changed for the Actin5c -GFP balancer chromosomes (Cyo or TM3 as needed)
(Reichhart and Ferrandon, 1998) . This would avoid the non -specific ectopic expression
of the UAS constructs that the Kruppell -GFP chromosomes would drive  (Casso et al.,
2000) .
Drosophila  genetics : As suggested by Dietzl and collaborators (Dietzl et al.,, 2007),
ubiquitous and neuronal Eip63E downregulation assays were performed using virgins
from lines expressing, both, the intended Gal4 driver (Act5c or elav) and WT Dicer2 in
the desired tissues. This would enhance the effects of the Eip63E RNAI (L63RNA)
(Dietzl et al., 2007) . For Eip63E downregulation in glial cells, this was not possible,
since a line expressing both Repo::Gal4 and UAS::Dcr2.D was not available. In that
case, the F2 generation was analyzed, sin  ce homozygocity for the driver would enhance

the expression levels of the UAS::L63RNAI construct in glial cells.
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Immunoh istochemistry : Drosophila embryos from Eip63E mutant lines were collected
for 2 hours on grape juice -agar medium (Ashburner, 1989) , and allowed to carry on
development to embryonic stages 6 -15 (Campos-Ortega and Hartenstein, 1985) , in

batches including only 2 -3 stages each, by further incubation at 25 °C. This

developmental window includes all events of embryonic CNS development, f rom anlage
formation to differentiation and axogenesis (Weigmann et al., 2003)
Whole mount embryos were prepared following standard procedures (Harlow

and Lane, 2006) . In general, embryos were dechorionated with 50% bleach, followed by
fixation for 20 minutes in heptane saturated with 4% Paraformaldehyde in 136 mM

NaCl, 2.68 mM KCI, 10. 14 mM Na 2HPOg4, 1.76 mM KH ,PO., pH 7.4, (PBS). Vitelline
membrane was removed by vigorously shaking the fixed embryos in methanol, followed

by further methanol washes. Embryos were re -hydrated using PBS -0.1% Triton X-100
(PBT) and then blocked for 20 minute s using 20% Normal Goat Serum (NGS ) (GE
Healthcare, Amersham RPN410 ) in PBT. Fluorescence immuno co -staining was
performed against GFP (to amplify the presence of the balancer embryonic marker),

HRP and a CNS marker. Primary antibodies were as follows: mo use anti -GFP (JL-8,
Living colors , 1/100), Cy3 -anti -HRP (1/25), mouse BP102 (1/10), mouse anti -En/Inv
(4D9, 1/10), mouse anti  -single -minded (1/5), mouse anti  -Futsch (22C10, 1/10), mouse
anti -Neuroglian (BP -104, 1/10), mouse anti -elav (9F8A9, 1/14) and mous e anti -Repo
(8D12, 1/10). All monoclonal antibodies against CNS markers were obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD

and maintained by The University of lowa, Department of Biology, lowa City, IA 522 42.
Such antibodies were developed by C. Goodman, S. Crews, S. Benzer and G.M. Rubin.

Since the anti -HRP antibody was Cy3 -conjugated, only Alexa 488 -Goat anti -mouse
(1/100) was used as secondary antibody, after a second blocking step. Stained embryos
were then directly mounted in Vectashield (Vector laboratories, H -1000) and visualized
under a fluorescent microscope

Embryo dissections were performed essentially as described by Benveniste and
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collaborators (Benveniste et al., 1998) . 7-13 hours timed embryos  were transferred to a
piece of double -sided tape mounted on a polylysine -covered microscope slide, and then
rolled using forceps to mechanically remove the chorions. Embryos were then covered
with PBS and examined under fluorescence light for GFP expression. Absence of GFP
expression would indicate an Eip63E KO. After genotyping and fine determination of
developmental stage based on morphological features, a dorsal incision was made in the
viteline membrane of each with a sh arpened tungsten needle ( Small Parts Inc TW -006-
60). Each embryo was then removed from the membrane and placed ventral side down
directly on the polylysine -covered surface of the slide, while still submerged in the PBS.
Using the tungsten needle, an incision was made longitudinally along the dorsal surface

of the embryo and the body walls were pressed down onto the glass. The gut and
remaining yolk sac were then removed, resulting in a flat embryonic preparation.
Dissected embryos were then fixed for 30 minutes at room temperature in 4%
paraformal dehyde in PBT. One hour blocking was performed using 10% NGS in PBT,
followed by antibody staining. Fluorescence immuno co -staining was performed against
HRP and a CNS marker . Same antibodies mentioned above were used but at different
concentrations: 1/50 for primary antibodies and 1/300 for secondary. Preparations

were mounted using F | u or o momauntifg media (Sigma F4680 ), sealed with clear

nail polish and visualized under a fluorescent microscope
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Results

Eip63E deficient embryos show general defasciculation and misguidance of
longitudinal and commissural axons of the Ventral Nerve Cord.

Preliminar y observations of embryos from Eip63E mutant lines, both Df(3L)E1
and Eip63E 81, revealed defects in axonal structures of the VNC potentially related to the
deficiency. To confirm if these defects were indeed linked to Eip63E deficiency, an
embryonic marker needed to be introduced to enable for the differentiation of
homozygous mutant embryos from the rest of the progeny. For that purpose, b oth
mutant lines were  balanced with the TM3krGFP,Sb chromosome which provides for
GFP expressi on under the kruppell promoter from embryonic stage 9 -10 to adulthood
(Casso et al., 2000) . GFP expressi on was then amplified for all experiments with the use
of fluorescent immunostaining against GFP.

Primarily, t wo different markers were used  to asses VNC structures of stage 14 -
15 embryos from both mutant lines: BP102 and fasciclin -1l (1D4). Both antigens are
expressed in the axo n bundles that define the commissural and longitudinal
connectives of Drosophila melanogaster s Ventr al Ne r {Fambfuagh et al( V NC)
1996; Hummel et al., 1999) . Results for both markers confirmed that the axonal defects
were indeed linked to Eip63E deficiency ( Fig. 3.1). KO embryos showed a diffused
appearance of all axonal pathways ( Fig. 3.1A and 3.1C) suggesting de fasciculation of
the axon bundles. Additionally, axons appear not to follow the appropriate pathways,
leading to malformation of the ladder -like normal axonal structure of the VNC, with
rupture of both commissural and longitudinal pathways ( Fig. 3.1A and 3 .1C). In all the
cases and for both markers, only GFP ~ -negative embryos were found defective, pointing
to the idea that half of Eip63E normal levels are sufficient for proper axonal structures
to be formed.

The nature of both Eip63E mutant alleles is diffe rent. The Df(3L)EL1 allele is the

99



result of a large deletion that contains the transcription initiation point and almost the

entire conserved kinase domain of the Eip63E gene . This deletion affects two other
genes upstream the one of our interest: SDE3/armi tage (Cook et al., 2004) and I(3)63D
(Stowers et al., 2000) . The Eip63 E®8! allele consists of a smaller 48bp in -frame deletion
that removes 16 codons within the conserved kinase domain (213 -228). Accordingly, we
needed to test the possible influence of the genetic background on the VNC axonal
defects. To do so, a cross was performed to generate transheterozygous embryos
containing one copy of each of the mutant alleles. BP102 staining of this progeny
revealed axon de fects on the transheterozygous mutants similar to those found in the

single mutant embryos ( Fig. 3.1A, last panel). This, together with the facts that no GFP -
positive embryo was ever found to be defective (  Fig. 3.1) and that the only gene
homozygously defi cient in the trans mutants was Eip63E, suggested that the axonal
defects were in fact caused at least in part by Eip63E deficiency and not by the
secondary mutations.

The penetrance associated to the defects revealed by both axonal markers was
determined f or both mutant alleles and the transheterozygous mutants ( Fig. 3.1B and
3.1D). The quantification showed a very high incidence of the defects (100% for
Df(3L)E1 and 89.5% - 93.9% for Eip63E 81), strengthening the notion of Eip63E having
an essential role in  axon development. It was interesting to see that such incidence was
diminished by half in the transheterozygous mutants (47%), suggesting a degree of
influence from the genetic background. Further experiments needed to be done to

confirm the specificity o f our findings (see ahead).
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Figure 3.1. Eip63E deficiency leads to defasciculation and misguidance of
commissural and longitudinal axons of the Ventral Nerve Cord

Ventral views of whole mount stage 14  -15 embryos from both Eip63E mutant lines were
co-stained for GFP and BP102 (A) or Fasciclin -11 (1D4 mAb) (B). Penetrance of axon
abnormalities was calculated as the % of embryos of a given scoring phenotype that

show any defect from the total population of such phenotype (GFP+ or GFP - embryos).
Arrowhead points to normal looking longitudinal connectives and arrows to disrupted

structures in KO embryos.
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Axon outgrowth appears to occur prematurely in Eip63E deficient embryos.

In Drosophila embryos, axogenesis starts at ~7:30h into development (early stage
12) after specification of the midline cells that will guide the pioneer axons
contralaterally to cross the midline (Jacobs and Goodman, 1989b; Hummel et al.,
1999) .

To elucidate how early during CNS development the axon defects started to
appear, we decided to look at CNS features using staining with anti -horseradish
peroxidase (anti -HRP). This ant ibody recognizes a carbohydrate epitope (called HRP
from now on) present in several cell -surface molecules expressed by neuronal cell
bodies and axons (Snow et al., 1987) , including fasciclin I (Desai et al., 1994) . In our
experiments, HRP staining in WT embryos is detectable along the VNC from late stage
10 on.

Our data revealed that 10% of stage 8 -9 embryos (n=48) from the
Eip63E 8/TM3 kerr,Sb line showed what appears to be a higher expression of HRP,
when compared to WT embryos (0%, n=65) (Fig. 3.2A). This abnormality became more
evident when embryos were looked at laterally. WT embryos from stages 9 -10 show very
faint, background staining along the ventral region of the embryo where VNC axons
would appear later. In contrast, Eip63E KO embryos (GFP -) show clear HRP -positive
structures at stages when none would be expected ( Fig. 3.2A and 3.2B). At later stages,
an additional phenotype was detected. Late stage 11 KO embryos would show
premature, and in some cases misguided, axon outgrowth affecting seve ral segments of
the VNC (Fig. 3.2C). The combined penetrance of defects for stages 10 -11 Eip63E
deficient embryos was 36.5% (n=52). These results show that axon -related defects
appear quite early from the time axon structures tend to emerge and that the in cidence

of axon defects in KO embryos increases during development.
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Figure 3.2. Eip63E deficiency appears to lead to premature HRP -po sitive
structures and axon outgrowth

Whole mount embryos stained with anti -HRP are shown oriented head to the left. In
each section, a ventral and a lateral view of the same embryo from the specified line are
shown. (A) Stage 9. Embryos from mutant line are of unknown genotype. 10% (n=48) of

them show premature HRP staining, a defect that appears at stage 10 -11 KO embryos
as well (B and C) (examples pointed at by arrowheads). (C) At late stage 11, precocious

axon outgrowth can be seen in 36% of KO embryos (n=52 ) (pointed by arrows).
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Early neurogenesis events appear to be defective in Eip63E mutants.

The first event in  Drosophila CNS development is the formation of the ventral
midline. This early occurrence has an essential impact in axon outgrowth/guidance and
the proper ladder -like scaffold of axons of the VNC  (Klambt et al., 1991; Hummel et al.,
1999). We decided to asses s midline formation in Eip63E mutant lines using
immunostaining for single  -minded (sim), a protein  which is exclus ively expressed in
midline precursors and their progeny and is a master regulator of the differentiation of
midline neurons and glial cells (Nambu et al., 1990)

Results are presented in figure 3.3. It was clear for both mutant lines that
Eip63E deficiency does not appear to affect midline formation, since no defects were
ever found in any embryos (n=60 -65, for both mutant lines, stages 5 -12). This
suggested that Eip63E mi  ght not be necessary for midline formation ( Fig. 3.3A, stages
5-10). Moreover, the HRP co -staining done on these embryos revealed that even for KO
embryos with abnormal HRP expression and axon defects, the ventral midline appeared
to be normal ( Fig. 3.3B, late stage 11). This suggested that the axon defects may be due
to early events, but ones  independent of midline formation.

Segmentation of the Drosophila embryo is another developmental process that is
triggered very early (first 3 hours) and leads to th e formation of stripe -like segments
along the anterior -posterior axis. Segment polarity genes are part of the expression
cascade that regulates this process and start being expressed, in 14 stripes, at the
onset of gastrulation (~3h, stage 6 -7) (Weigmann et al., 2003) . Evidence shows that

these genes: hedgehog (hh) and wingless (wg), patched (ptc), gooseberry (gsb), engrailed

(en) and invected (inv) are major players in neurogenesis (Bhat and Schedl, 1997; Bhat,
1999) . They are expressed in the neuroectoderm preceding neuroblast delamination and
continue to be expressed in neuroblasts (Joly et al., 2007; Colomb et al., 2008) . Based

on this, we decided to look at the expression pattern of engrailed/invected proteins to
evaluate in one step if segmentation and/or neuroblasts delamination/segregation was

somehow impaired in Eip63E deficient embryos.
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Immunostainin g with the 4D9 antibody, that recognizes both engrailed and
invected proteins, revealed that 18% of stage 8 -9 embryos (n=48) from the
Eip63E 81/TM3 kcrr,Sb line showed abnormal patterning ( Fig. 3.4A). Since genotyping is
not feasible at these stages, it is not possible to link this phenotype to Eip63E
deficiency. Nevertheless, comparable defects were found in similarly timed embryos
from the Df(3L)EL/TM3 crp,Sb line (data not shown). Furthermore, only 3% of WT
embryos of similar stages show very mild defect s (n=71). Interestingly, although
abnormalities were present as well in older KO embryos (stages 10), their incidence
tended to decrease (8% Eip63E 81 allele, n=25). This could be explained by the probable
death of the early defective embryos. Nevertheless, ~7-8h embryos (stages late 11 -early
12) showed a different anomaly , where cell bodies appeared to be disorganized and of

varied shape and size ( Fig. 3.4B). This could suggest that the boundary normally

existing between the neuroectoderm (generally small ¢ ells) and neuroblasts (larger and
rounder cells) regions is disrupted or absent in Eip63E deficient embryos. Taken
toget her , these results raise the possibility of

delamination and/or segregation, but further and mechan istic experiments need to be

done to explore this hypothesis.
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Figure 3.3. Eip63E deficiency does not appear to be linked to midline defects.

Ventral views of whole mount embryos stained for single -minded (sim mAb) and HRP
are shown head to the left.  (A) Early embryonic stages (st5 -10). Stage 6 -8 embryos from
mutant line are of unknown genotype. No differences between mutant and control
embryos were detected. (B) Single-minded (sim) and HRP staining for the same late
stage 11 embryos of specified line s are shown. Mutant embryos appear to have normal

midline even when having abnormal HRP positive morphology.
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Figure 3.4. Eip63E deficiency might lead to early segmentation defects and later
disorganization of neuroblasts along the dorso/ ventral axis.

Ventral views of whole mount embryos stained for engrailed/invected (4D9 mAb) are
shown headto the left.  (A) Stage 8-9 embryos from Eip63E81/TM3krGFP,Sb line were of
unknown genotype. 18% of these embryos show segmentation defects as ilustrated.
Panels for s tages 10-11 show Eip63E81 homozygous mutant embryos. Cell bodies
appear disorganized (examples pointed by arrowheads) to the point of lack of
hemisegments division at the midline (wavy arrow for KO embryos vs straight arrow for
midline of control W1118 emb  ryos). (B) Stage 12 embryos. Two different focal planes for
the same embryo are included to show neuroectoderm
region (dorsal). Neuroectoderm and neuroblast layers are almost undistinguishable
from one another in Eip63E nu Il embryos, suggesting that cell disorganization along the

dorso/ventral axis.
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Figure 3.4. Eip63E deficiency might lead to early segmentation defects
and later disorganization of neuroblasts along the dorso/ventral axis.

111



PFTAIRE deficiency leads to other morphology defects in CNS that includes
disorganization and/or absence of neurons and glial cells.

At this point, it was important to explore if the cell bodies of neurons and glia
were present and normally located in Eip63E mutants.

The embryonic lethal abnormal visual system (elav) gene of Drosophila
melanogaster codifies for a RNA -binding protein that is required for the development
and main tenance of the nervous system (Jimenez and Campos -Ortega, 1987) . It is a
generally accepted belief that, during development, t he ELAV protein is expressed
exclusively in neurons shortly after their birth (Robinow and White, 1991) . This has
made ELAV a widely used marker for  differentiated neurons. Immunostaining of Eip63E
mutant embryos for ELAV expression revealed defects from early stages ( Fig. 3.5). It was
apparent from stage 11 KO embryos that ELAV expression seems to be diffused when
compared to WT embryos of similar stages, where most neuronal cell bodies can be
easily differentiated one from another ( Fig. 3.5A). Additional ly, it was clear that the
morphology of neuromeres and hemisegments along the VNC of mutant embryos was
disrupted and abnormal. This made it very hard to distinguish midline neurons from
the rest in several VNC segments of mutant embryos of stage 12 -13 (Fig. 3.5A). When
elav and HRP images were merged and embryos were looked at sideways ( Fig. 3.5B) it
became obvious that Eip63E deficiency was linked to a disorganized neuronal cortex,
since elav -positive cells can be detected dorsally deeper than normal, und erneath the
axon scaffold. This could be the reason why elav expression seems to be lower in
mutant embryos than in WT ones of equal developmental stage, but this observation

needs to be explored further.
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Figure 3.5. Eip63E deficiency leads to early neur onal defects that include diffused

elav expression and cell bodies disorganization

Whole mount embryos were co -stained for elav (9F8A9 mAb) and HRP. (A) Ventral view

of elav-stained embryos, stage 11 -13 oriented head to the left. Abnormalities were
appar ent from stage 11 on in KO embryos. Elav expression appears diffused,
neuromeres are poorly defined and neuronal cell bodies highly disorganized, so that

midline neurons are undistinguishable from the rest in several VNC segments at stage

13 (midline indic ated by arrow). (B) Lateral view of stage 12 embryos showed in panel A.

Merged images of elav and HRP staining are shown. KO embryos not only have
abnormal HRP profile, but elav -positive cells appear to be dorsally deeper than normal
(arrowheads), under th e axon bundles, which suggests that Eip63E deficiency affects

the dorso -ventral organization of the cell cortex.
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Figure 3.5. Eip63E deficiency leads to early neuronal defects that include
diffused elav expression and cell bodies disorganization.
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To test if these results were reflective of the neuronal morphology and not only related

to the elav expression pattern in mutants , a second n euronal marker was used.
Neuroglian (long isoform, BP-104 mAb) is a cell -adhesion molecule expressed in part of
the population of neuronal cell bodies and axons (Hortsch et al., 1990) . When our
immunosta ining analysis for this marker was performed ( Fig. 3.6), it showed that
Eip63E mutant embryos were indeed abnormal . At early stages (10 -11) KO embryos
show an irregular pattern of neuroglian expression, with either less or more than
expected amount of cell s being lighted up. Interestingly, it has been suggested that in

WT embryos the structures expressing neuroglian at stage 11 coincide with the area

and pattern where longitudinal axon connectives will be formed at later developmental

stages (Hortsch et al.,, 1990) . In KO embryos, the most common defect was a less
restricted neuroglian expression in this area, with a 44% penetrance for the Eip63E 81
allele (n=25). Later, at stages 12 -13, there is a clear mal formation of neuromeres and
hemisegments linked axon pathfinding defects. The lack of symmetry between the
hemisegments and the midline pattern of different neuromeres suggest a
disorganization of neuronal cell bodies consistent with the observations for e lav

immunostaining.

Similar disarray can be observed when neurons and axons were stained by
Futsch staining using the 22C10 mAb and anti -HRP (Fig. 3.7). Futsch is a microtubule -
associated protein, necessary for axon and dendrite development in Drosophila
(Hummel et al., 2000) . From the images on figure 3.7 it is clear that the a xonal bundles

in Eip63E KO embryos are highly defasciculated when compared with controls (HRP
staining) and that defective hemisegments are paired to misplaced neurons (22C10
staining). Additionally, Futsch/HRP merged images made evident that, in KO embryo s,
neuronal cell bodies appear to be abnormally localized dorsally to the axon scaffold, as
suggested before by elav staining ( Fig. 3.5B).

Taken together, the results associated to neuronal markers strongly suggest that

the axon defects in Eip63E deficie  nt embryos are accompanied by defects in neuronal
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cell body localization. This appears to happen from early stages of CNS development.
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Figure 3.6. Staining for Neuroglian confirms irregular neuromeres morphology and

abnormal axon outgrowth/guidance in Ei p63E mutants.

Ventral views of whole mount embryos stained with mAb BP104 are shown oriented

head to the left. Eip63E deficient embryos have an irregular, less restricted pattern of
neuroglian expression by odd -shaped cells, different to those on WT embry 0s (44%
penetrance for stage 11 Eip63E 81 homozygous embryos). Additionally, premature axon
outgrowth can be detected from stage 11 (examples indicated by arrowheads) and

misguided axons can be seen at stages 12  -13 (examples indicated by arrows).
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Figure 3 .7. Eip63E deficient embryos show spatial disarray of neuronal cell

bodies.

VNC flat preparations of timed embryos (10 -11h, stage 14) co -stained for futsch (22C10
mAb) and HRPare shown dorsal up, head to the left. Neuronal cell bodies
disorganization and axon misguidance and defasciculation are acute for the Df(3L)E1
homozygous embryos. Arroheads point to some of the estructures where neuronal
organization is different from control embryos. Arrows point to examples of axon growth

abnormalities.
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Control (GFP+) ;;Df(3L)E1/Df(3L)E1 (GFP-)

Figure 3.7. Eip63E deficient embryos show spatial disarray of
neuronal cell bodies.
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In Drosophila, as in vertebrates, glial cells in the CNS have a key role in neuronal and

axon development, particularly in axon guidance (Chotard and Salecker, 2004; Parker
and Auld, 2004; Freeman, 2006) . Since the axon defects linked to Eip63E deficienc y
appear as early as stage 10 and it has been shown before that a glial scaffold of cells
precedes axon outgrowth during VNC development (Jacobs and Goodman, 1989a) , we
explored glial -related morphology in mutant embryos.

Glial population in Drosophila is complex and varied, with groups of cells
originating from different progenitor tissues: midline glial from the mesectoderm
(ventral midline) (Klambt et al., 1991) and the rest from the neuroectoderm (Jones,
2001). The reverse -polarity (R epo) gene codifies for a homeodomain protein that is
expressed in all embryonic glial populations, except midline glial, from stage 9 glioblasts
to mature glial cells  (Xiong et al., 1994) .

Trying to avoid the visual complexity add ed by the autofluorescence of embryos
internal organs, we initially decided to perform repo staining (8D12 mAb) on flat
preparations instead of whole mount embryos. Although the dissection process was
successful for most embryos from the Df(3L)E1/TM3 weep,Sb line, including KOs, this
was not the case for the Eip63E  81/TM3 «cep,Sb line. Control, GFP+ embryos from this
second mutant line would be easily dissected, while very few of KOs would withstand
the process. Only older than stage 13 KO embryos, and never the defective ones, would
bear up the dissection process. This difficulty made us think that embryos homozygous
for the Eip63E 8! allele were somehow more fragile than those for the Df(3L)E1 allele.
Therefore, we decided to perform the repo immunostaining for the second mutant line
on whole mount embryo preparations. Results for this assay are presented in figure 3.8.

For the Df(3L)E1 allele, abnormalities were varied and clear from stage 11 on. Only  one
of the phenotypes detected in KO embryos is shown in figure 3.8 (Fig. 3.8A). In the
presented cases, it was evident that some of the glial cell bodies were missing. For the

rest of the KO embryos, there would be a less dramatic absence, an obvious disarray of

cell bodies, or a mix of these two situations wi th different degrees of severity.
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Nevertheless, the same was not true for the Eip63E 81 allele. Although disorganization of
cell bodies was observed as well from stage 11 (data not shown) and later ( Fig. 3.8B),
this defect was mild in comparison to what was observed for the Df(3L)E1 allele.
Additionally, absence of glia cell bodies was never detected in KO embryos for the
Eip63E 8! allele.

We can not explain the above discussed differences between the mutant alleles.
Nevertheless, if glial -related defects wo uld be behind the very consistent and highly
incidental abnormal axon phenotype of Eip63E KO embryos, it would be expected that
such glial defects would be as consistent as well. The lack thereof and the varied nature
of glial -associated abnormalities poin ts to the possibility of this defects being secondary
to whatever may be happening with neuroblasts and neurons earlier during

development. Although intriguing, this is a hypothesis that would need further testing.
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Figure 3.8. Glial cells are either miss ing or misplaced in Eip63E deficient
embryos .

(A) VNC flat preparations of dissected embryos from the Df(3L)E1 line stained for repo
(8D12 mAb) and HRP are presented dorsal up, head to the left. Defects for the Df(3L)E1
allele included absence and  disorgan ization of glial cell bodies with varied severity
espectrum. Example s of KO embryos with acute glial cell bodies absence are shown

(B) Whole mount embryos from the Eip63E 81 line stained for repo (8D12 mAb) and HRP,
are shown ventral up, head to the left. Absence of glial cell bodies was not apparent for
Eip63E 8 homozygous embryos. Instead, disorganization of cell bodies was detected
associated to axon defects. Arroheads point to some of the estructures where glial

organization is different from control e mbryos.
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Figure 3.8. Glial cells are either missing or misplaced in
Eip63E deficient embryos.
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Specific Eipp3E  downregulation by RNAIi in neurons, but not glial cells, leads to
axon defects consistent with those observed in mutant lines.

Although our immunochemistry results strongly suggest an essential role for
Eip63E in CNS development, t wo main issues remained to be answered. One was
relevant to the specificity of the CNS defects observed in the Eip63E germline mutant
lines. Were the defects due to Eip63E deficiency? Or are the secondary mutation plus
genetic background players as well? S  econd, where and when in the CNS is Eip63E
necessary for proper development? One of the approaches that would begin to address
these questions would be to perform time/tissue specific downregulation of Eip63E
taking advantage of the Gal4 -UAS system (Duffy, 2002) for manipulation of ectopic
gene expression.

To do this, we utilized RNAi fly lines for Eip63E developed by the Vienna
Drosophila RNAIi Centre. We followed a strategy consistent with that suggested by Dietzl
and colleagues in 2007 (Dietzl et al., 2007) . Since the efficiency of gene downregulation
would be increased by co -expression with Dicer -2 (Dietzl et al., 2007) , one of the
regulatory enzymes for RNAiI mechanism of action (Agrawal et al.,, 2003) , we also
received lines that expressed the UAS -Dicer2 construct , either under an ubiquitously
expressed driver (Act5 -Gal4) or a neuronal driver (elav -Gal4). Our strategy was to
obtain, by crosses, embryos that would express the UAS -RNAIL63 (short for Eip63E -
RNAI) together with the UAS -Dicer2 in the desired tissues. FoO  r Eip63E downregulation
in glial cells, the strategy would not include the Dicer -2 approach for lack of availability
of lines, and so F2 progeny of a repo  -Gal4 x UAS -RNAIL63 cross would be examined,
looking for embryos homozygous for at least one of them.

To test the effects of ubiquitous downregulation of Eip63E on VNC axon
features, a cross was performed between virgins of a UAS-Dcr.2.D; Act5 -Gal4/Cyo line
and ;;UAS-RNAIL63 males. 50% of the F1 progeny of this cross would be embryos
expressing in heterozy gosity all three constructs: UAS-Dcr2.D/+;Acts -Gald/+;UAS -

RNAIL63/+ . The other half of the progeny would be lacking the driver: UAS-
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Dcr2.D/+;Cyo/+;UAS -RNAIL63/+ , and so function as an internal control. BP102 and
HRP staining of the F1 revealed that 41.2% o f embryos had VNC defects (n=35), for an
equivalent penetrance of 82.4%. Two of the defective embryos are shown in figure 3.9A.
Additionally, a noticeable number of embryos under stage 11 appeared to be unhealthy.
Furthermore, when embryos were left to com plete the life cycle, all the flies that eclosed
were positive for the Cyo marker (n=57), suggesting that all those expressing Dicer2 and
RNAIL63 died during the developmental stages. It is clear that other controls should be
introduced and that Eip63E lev els should be object of biochemical analysis.
Nevertheless, our observations suggest that the downregulation strategy was working
properly, since our results are consistent with what happens in mutant lines, where
Eip63E deficient embryos are not only defe ctive for VNC structures, but do not survive
to adulthood.

To achieve Eip63E downregulation in neurons, an elav -Gal4 driver was
introduced in the preliminary experiments. Since its identification, elav has been
considered an exclusively neuronal protein, and so this driver line was created for
genomic studies purposes (Yao and White, 1994). A more recent report argues that elav
is transiently expressed in a reduced population of neuroblasts and glioblast during
early neurogenesis (Berger et al., 2007) . Since this finding does not contradict the fact
of elav being exclusively expressed in the CNS, we still consider our approach
appropriate.

Two parallel crosses w ere started to discard the possibility of defects being
caused by Dicer2 overexpression, one using Dicer2 co -expression and one without. For
the first one, virgins froma n elav-Gal4;UAS -Dcr2.D; line were crossed to ;;UAS-RNAIL63
males. 100 % of the F1 prog eny would be heterozygous for the three constructs: elav -
Gal4/+;UAS -Dcr2.D/+;UAS -RNAIiL63/+ . Out of this homogeneous progeny, 67% of
embryos younger than stage 11 appeared dead (n=161) and 9% (n=23) of embryos older
than stage 11 showed axonal defects ( Fig. 3.9B). This suggested an acute lethal effect

associated to Eip63E neuronal downregulation mediated by Dicer2 overexpression. The
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second preliminary cross was performed between virgins of an elav-Gal4;; line and
;J3UAS-RNAIL63 males. In this case, the F1 ge neration would be homogeneously
heterozygous for both the elav driver and the UAS -RNAIL63 transgene. None of the
embryos collected and immunostained from this generation showed any VNC defects
(n=35), probably due to insufficient Eip63E downregulation. F1 flies were then crossed
to obtain and analyze the F2 generation. Only the ~16% of the embryos of this
generation would be homozygous both for the driver and the RNAIL63 constructs.
Immunostaining with the axonal markers revealed that 11.5% of stages 11 -15 embryos
were defective (n=26), which would be equivalent to a 71.9% penetrance for the defects
(Fig. 3.9C). These results not only complement the previous ones, but are consistent
with the notion of a neuronal Eip63E requirement for proper CNS development.

We next tested the effects of Eip63E glial downregulation over axon features. For
this purpose, the lines to be used were balanced with chromosomes that provided for an
embryonic marker and so allowed for identif ication of homozygo city for the constructs
This was necessary, since the lack of a line expressing both the driver and the UAS -
Dcr2.D constructs would push the strategy into the screening of the F2 generation. The
kruppel -GFP balancers used before would not be appropriate, since they posses an
internal Gal4 -UAS system that would interfere with our experiments (Casso et al.,
2000) . Therefore, lines were introduced to the CyoactsGFP or TM3acts GFP,Ser balancer s
as needed, which provide d for GFP expressi on under the Actin A5¢c promoter (Reichhart
and Ferrandon, 1998) . GFP expression was then amplified for all experiments with the
use of fluorescent immunostaining against GFP.

To induce Eip63E downregulation in glial cells, we deci ded to use a ;;repo-

Gal4/ TM3actsGFP,Ser line for the crosses. To test the basal morphology of these

embryos as control for future experiments, immunostaining for axons (BP -102 and
HRP) was performed. None of the embryos that were screened from this line sh owed to
be defective in any way (n=46 for GFP+ embryos, n=14 for GFP - embryos). This
suggested that there was no CNS defect associated with the repo -Gal4 driver
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homozygous expression.

With the goal of getting embryos that would be homozygous for at least one of
the constructs (the repo driver and/or the UAS -RNAIL63) and so maximize Eip63E
downregulation in glial, a crossing strategy was started. First, ;;repo-

Gal4/TM3 actsGFP,Ser and ;UAS-RNAIL63/Cyo actsGFP; flies were crossed. This F1
generation would be h eterozygous for both constructs and were used for two parallel
crosses. The first one consisted in back  -crossing this F1 flies to the driver line, looking
for homozygocity for the driver: ;UAS-RNAIL63 /+;repo -Gal4/+ crossed to ;;repo-
Gal4/TM3 actsGFP,Ser flies. About 12.5% of the progeny from this cross would be ;UAS-
RNAIL63 /+;repo -Gald/repo -Gal4 , as desired, and they would constitute one half of the
GFP negative embryos of the population. Axon immunostaining of this progeny revealed
no defective embryos (n= 73 for GFP+ embryos, n=46 for GFP - embryos). These data
pointed to the possibility of Eip63E -dependent axon development not being linked to
Eip63E glial function. Nevertheless, an alternative explanation would be that these
embryos did not sufficiently dow  nregulate Eip63E expression to cause a VNC defect. To
test that last possibility, an alternative F1 cross was performed to obtain the F2
generation. 11% of that progeny would be homozygous for both UAS -RNAIL63 and repo -
Gal4 and an additional 22% would be h omozygous for one of them and heterozygous for
the second one. None of the embryos stained for axons (BP102 and HRP) showed any
degree of defect in the VNC (n=36). These results reinforced the idea that Eip63E is not
required in glial cells for proper axon development in the Drosophila embryos.

Although additional experiments and controls are needed for a full
understanding of Eip63E requirements, this set of experiments strongly suggests that
the functions of Eip63E in neurons, and possibly neuroblasts, ar e key to axon
development in Drosophila, especially to the regulation of axon outgrowth and

guidance.
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Figure 3.9. Specific downregulation of Eip63E leads to early embryonic axon

defects.

Ventral view of whole mount embryos co -stained for BP -102 and HRP are presented
oriented head to the left . (A) The F1 embryos from a cross between UAS-Dcr.2.D; Act5 -
Gal4/Cyo and ;;UAS-RNAIL6G3 flies were processed. 41.2% of them presented defects as
those shown, for an equivalent penetrance of 82.4%. The presumed genotype is
specified on the BP -102 image: UAS-Dcr2.D/+;Act5 -Gal4/+;UAS -RNAIL63/+ (see text for
details). (B) F1 embryos from a cross between  elav-Gal4;UAS -Dcr2.D; and ;;UAS-RNAIL63
flies were analyzed. 9% of embryos over stage 11 (n=23) were defective. Known genot ype
is specified on the BP -102 image: elav-Gal4/+;UAS -Dcr2.D/+;UAS -RNAIiL63/+ . (C)
Progeny from a cross between elav-Gal4/+ ;;UAS-RNAIL63 /+ flies were processed. 11.5%
of stages 11 -15 embryos were defective (n=26)  which would be consistent with 71.9%
penetra nce of defects . The presumed genotype is specified on the BP -102 image: elav-
Gal4;;UAS -RNAIL63 (see text for details). These results suggest that ubiquitous and
neuronal downregulation of Eip63E leads to CNS defects similar to those observed in

germline Ei p63E mutant lines.
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Der2. D/+;Act5Gal4/+;UAS-RNAIL63/+

Drc2.D/+;Act5Gald/+;UAS-RNAIL63/+

ElavGald/+;Drc2.D/+;UAS-RNAIL63/+

ElavGal4;;UAS-RNAiIL63

Figure 3.9. Specific downregulation of Eip63E leads to early
embryonic axon defects.
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Discussion

Eip63E is re quired for proper development of the Drosophila  Ventral Nerve Cord
Screening of Eip63E deficient embryos from two different and independent
mutant alleles consistently show to be defective for VNC structures. Th e earliest to

show and the most robust of CNS -related defects are those relevant to axon
development. Eip63E KO embryos appear to have premature outgrowth, followed by
defasciculation and misguidance of the axons of the VNC ladder -like scaffold. These
axon defects appear along neuronal and, to a lesser extent, glial cell body
disorganization ( Fig. 3.10). It is apparent from stage 10 on that axon and neuron -
related defects are present in a concerted manner in KO embryos, with comparable
penetrance values. Th is is likely not true for glial defects. No consistent glial
perturbations were noticed between the two Eip63E mutant alleles. Taken together,
these observations suggest that the axon defects may be related to neuronal rather than
glial -related Eip63E func tions. Furthermore, we show that neuronal downregulation of
Eip63E, in contrast to downregulation in glia, leads to VNC defective embryos ( Fig. 3.9B
and 3.9C). These results also reinforce the notion that Eip63E may function in neurons
to regulate axon dev elopmentin Drosophila .

Results associated to preliminary experiments using cultures of murine cortical
neurons are also consistent with this idea (unpublished data) . In these experiments, we
performed the downregulation of pftkl activity by viral infectio n with a dominant -
negative form of the kinase. Data showed that pftk1 downregulation in neurons leads to
elongated average axon length (33%) when compared with control . Additionally, the
number of neurons with longer axons was much higher in this populatio n than for
those expressing GFP control

Future experiments should be done to further reinforce our conclusions. For
example, ectopic expression in neurons of wild type Eip63E in the KO background

should rescue the axon defects detected in our experiments
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What are the potential roles of Eip63E in the CNS?

More than one of the CNS markers used to characterize the VNC phenotype of
Eip63E deficient embryos: engrailed/invected, elav and neuroglian, point to a potential
defect in biological processes that regu  late or mediate cell identity specification and/or
neuronal differentiation processes. Figures 3.4, 3.5 and 3.6 show that a number of the
marker -positive cells in KO embryos appear to be morphologically different than those
in control or WT embryos.  Additi onally, those cells often seem to be positioned in the
wrong locations ( Fig. 3.4B and 3.5B). These defects could be described in general as an
abnormal cell cortex laminar organization along the VNC  of mutant embryos , a process
that is highly dependent on the timing and pattern of progenitors birth and divisions
(Isshiki et al., 2001) . Could Ei p 6 3 E mut featst bge éelatedeto temporal control on
neuronal birth/differentiation mechanisms? It has been shown before for Drosophila
that the absence of cell cycle progression or cytokynesis in neuroblast s leads to
abnormal expression pattern of hunchback (Hb ) (Grosskortenhaus et al., 2005) , one of
the progenitor temporal transcription factors that regulate  first -born cell fates in
Drosophila (Isshiki et al., 2001) . Furthermore, it has been previously reported that
Eip63 E has a role in cell cycle regulation, since its downregulation in embryonic cell
cultures by RNAI leads to low mitotic index and so larger G2 cells (Bettencourt -Dias et
al., 2004) . Additionally, there is evidence that Eip63E interacts with cyclinY to
phosphorylate the low density lipoprotein receptor -related 6 (LRP6; 6 raow 0
Drosophila ) and mediate Wnt signaling (Davidson et al., 2009) ; a pathway broadly
recognized as essential for regulating progenitors proliferation, cell lineage decisions
and neuronal differentiation in insects and v ertebrates (Zechner et al., 2003; llle et al.,
2007; Grigoryan et al., 2008)

In addition to this early potential function for Eip63E, our data strongly support
a later role for this kinase in neurons to regulate axon devel opment. It is evident that
early deregulation of differentiation timing would set a precedent for axon defects, since

for example, pioneer neurons and axons are needed for correct pathfinding and
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fasciculation of more mature axon pathways (Sanchez-Soriano and Prokop, 2005)
Nevertheless, the fact that Eip63E elav  -driven downregulation on a WT ba  ckground
leads to axon defects ( Fig. 3.9B and 3.9C) suggest the direct involvement of Eip63E in
mechanisms relevant to axon guidance. Taking into account the potentially similar
relevance of PFTAIRE and Cdk5 in the CNS, cues could be gathered from what is
already known about Cdk5, 1) Cdk5 inactivation in cultured neurons by a dominant
negative approach leads to shorte r neurites when compared to controls (Nikolic et al.,
1996); 2) In vivo Cdk5 deficiency causes defects in axon patterning, with abnormal
trajectories and defasciculation (Ohshima et al., 2007) ; and 3) Cdk5 appears to promote
neurite outgrowth through the regulation of the Rac -Pak1 pathway (Nikolic et al., 1998)
In the case of Eip63E, its deficiency appears to have similar effects over axon guidance
as those associated to Cdk5 deficiency/downregulation, although may be with opposite
in-vitro outcome based on our pftkl unpublished data mentioned before . Since
Rho/Rac GTPases have such a central role in Drosophila axon development (reviewed in
(Sanchez-Soriano et al., 2007) ), it would be interesting to explore if genetic interaction
studies invivo would reveal these GTPases as potential Eip63E targets.

In conclusion, our work show for the first time, in vivo, that Eip63E has an
essential role in CNS dev elopmental processes, especially in axon development. Our
data constitute a very good platform for future mechanistic studies for elucidating

Eip63E targets and neuronal cellular functions.
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Figure 3.10. Eip63E deficiency leads to concerted defects in axon s and neurons of
the Drosophila VNC.

The combined penetrances of markers rel evant to the same VNC structures are
presented as one. Axon penetrance reflects those calculated from HRP, BP -102 and 1D4
antibodies.  Neuron s-related values include BP -104, elav and 22C10 assessed
penetrance. Penetrance was calculated as the % of defective KO embryos from the total
KO screened embryos. It seems that defects associated to the Df(3L)E1 allele appeared

later in development, but get to be more severe, than the same defects whe n linked to

the Eip63E 8! allele. ND: Not determine d.
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Stages Eip63E®' Eip63E®'|DA3L)E1 Df(3L)E1
Axons  neurons Axons neurons
8-9 10.00 ND ND ND
10-11 35.84 36.10 7.14 28.60
12-13 50.00 52386 238.00 85.70
14-15 85.71 44.50 9667 100,00

Penetrance o

loﬁ,) ////// - =
100.00-‘/

80.00

60.00-
40.00 a
20.00" Df{3L)E1 neurons
Df(3LJE1 Axons
0.00

Eip63E81 neurons

Eip63E81 Axons

Figure 3.10. Eip63E deficiency leads to concerted defects in
axons and neurons of the Drosophila VNC.
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| CHAPTER 4

General Discussion
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Summary

In the present, much effort is dedicated to the development of strategies to treat
and/or prevent the progression of pathological events in heurodegenerative conditions.

The success of thes e approaches, such as the use of pharmacological inhibitors of pro -
apoptotic signals or  stem cells -based therapies depend upon a profound understanding

of CNS function. It is already clear that Cdks are essential to neuronal development,
maintenance and su rvival. Nevertheless, their regulation and targets in cells of the CNS

are only now beginning to emerge. The work presented in this thesis is part of the
endeavour to elucidate how Cdk4 and Cdk14/15 (PFTAIRE kinases) regulate death and
development of the C NS.

Two different projects were then developed. First, research was concentrated on
identifying molecular mechanisms that may mediate neuronal degeneration in
conditions such as Par ki nsonds di sease and Strok
Specifically, work w as directed to discover how Cited2, a signal up -regulated by Cdk4,
induces neuronal death after DNA damage. The results associated to this research
project were published on the year 2008 (Gonzalez et al., 2008) .

For the second project, a  Drosophila model was used to explore the effects of
PFTAIRE deficiency during CNS development evaluating the nature and penetrance of
defects regarding neurogenesis and axogenesis at the VNC. This work is part of the
body of a second manuscript still under preparation.

This general discussion will then be d ivided accordingly into two section s
relevant to the results presented in chapters two and three of this thesis. They both will
include a brief description of the major findings as well as my assessment of the
possible future directions these two projects may take. The latter will be based both on
the results presented here as well as on preliminary observations not included in

previous chapters.
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The cell cycle related Cdk4 oCited2 O6PPARYy pro -apoptotic  pathway.

Overview of major findings

In chapter two, critical insight was provide d into signals that participate in DNA
damage -induced neuronal death. Our results indicate that Cited2 , a transcriptional
cofactor, is upregulated in a manner dependent on the cell cycle Cdk4 signal and
upstream of the mitochond rial pathway. Importantly, we also provide data that indicate
a novel pro-apoptotic role for Cited2 and that Cited2 promotes death through direct
activation of PPAR 1.

Relevant to the apoptotic nature of the Cited2 signal, it was shown that
exogenous expre ssion of Cited2 promotes neuronal death, and that Cited2 deficiency
significantly delays death after DNA damage. Data showed as well that inhibition of
Cdk4 activity by the use of a pharmacological agent as well as expression of a kinase
dead Cdk4 blocks C ited2 induction , signifying that Cited2 is a downstream target of
Cdk4. Several potential Cited2 targets were considered. However, only PPARy appeared
to be involved. On that note, we showed that the DNA damage -induced upregulation of
PPARy activity is dependent on Cited2 , since Cited2 expression is sufficient to activate
PPARy and Cited2 deficiency inhibits DNA damage -induced PPAR y activation . The
notion of PPARy being a critical mediator of  Cited2 -induced death was substantiated by
the observations that P PARy inhibition blocks Cited2 -mediated death and Cited2
deficiency inhibits death induced by PPAR y agonist. The latter two points also suggest
that both Cited2 and  PPARy require each other to induce death  , a perception supported
as well by the direct inter action between these two molecules induced by DNA damage
as detected by co -immunoprecipitation.

In conclusion, a model is presented (Fig. 2.9), in which Cdk4 activation by DNA
damage induces the upregulation of Cited2 levels. Cited2 in turn recruits PPAR y and by

this interaction causes PPAR vy activation. The Cited2:PPAR y complex leads to
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cytochrome c release and subsequent caspase activation, followed by neuronal death.
Together, our results define , for the first time, a unique Cdk4 dCited2 SPPARy-mediated

pathway that regulates DNA damage -induced neuronal death  (Gonzalez et al., 2008) .

Future directionsé

One of the most intriguing aspects of the Cdk4 -Cited2 link is the nature of the
way in which Cdk4 might be inducing Cited2 expression. Presently, the only identified
Cdk4 target during neurona | apoptosis is Rb which hyperphosphorylation leads to des -
inhibition of E2F transcription factors (Park et al., 2000b; Rashidian et al., 2007)
During our studies, we noticed at least one conserved E2F consensus site in the
promoter region of C ited2. Additionally, Chromatine  -Immunoprecipitation followed by
microarray analysis (ChIP-chip)) from Dr . Rut h S. S| aunpublishedidatd or at or y
suggests that Cited2 strongly binds E2F in six other sites located in exonl and intronl -
2 . Itis then clear that mechanistic experiments need to be done to further elucidate the
Cdk4 -Cited2 link. One of the approaches could be to explore the consequences of E2F
inhibition, either by deficiency (E2Fs KO neurons) or downregulation (E2Fs RNAI
approach), over Cited2 induction.

In the year 2004, Park KS and collaborators reported that JNK activation
appears t o be an event downstream PPAR v activity during neuronal differentiation (Park
et al., 2004) . In addition , we detected that upregulated levels of Cited2 after DNA
damage are somehow dependent on JNK activity (Gonzalez et al., 2008) . Furthermore,
we and others have reported that the Cited2 promoter have several ¢ -jun interacting
sites (Lee, 2005; Gonzalez et al., 2008) . Since one of the still unresol ved links of the
DNA damage apoptotic events is the dependence of ¢ -jun phosphorylation levels on
Cdk4 activity (Ghahremani et al., 2002) , it would be interesting to explo re if the
Cited2:PPAR y complex would be part of the missing link between these two signals. If

proven true, this could be a feedback mechanism by which Cited2 itself would ensure
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its own levels of expression by inducing ¢ -jun phosphorylation through PPAR vy activity .
A quick way to test this hypothesis would be to study the effects of Cited2 deficiency
and/or PPAR vy inhibition over ¢ -jun phosphorylation levels after DNA damage.

Another point that could be explored further is the potential involvement of the
Cdk4 -Cited2 pathway in alternative neuronal death paradigms, such as hypoxia. The
relevance of Cdk4 activation during hypoxia -induced neuronal death has already been
reported (Rashidian et al., 2005) . Furthermore, the Cited2 -HIF1-a link (Bhattacharya et
al., 1999; Bhattach arya and Ratcliffe, 2003) is suggestive of a Cited2 role in hypoxic
events during development but no evidence has been reported yet on the importance of
this link in neurons. Therefore, it could be investigated if Cited2 deficiency confers any
neuronal pr otection against hypoxia and, if so, if such a protection is dependent on
Cdk4 activation. This line of research would also clarify is Cited2 is a universal target
for Cdk4 in all those neuronal death paradigms in which this cell cycle Cdk has proven
to be relevant.

Finally, the significance of the Cdk4 -Cited2:PPAR y pathway in-vivo should be
assessed. It was already mentioned in chapter two that p reliminary RT -PCR data on
CAl-enriched samples from global ischemia mouse brains (courtesy of lyirhiaro, G.)
revealed Cited2 upregulation 6 -12 hours after insult. The most effective way to test if
Cited2 is indeed a critical pro  -apoptotic signal in this model would be to asses s if the
deficiency would confer any level of neuronal protection. This approach is not pos sible
with the germline KO mice, since they die at embryonic stages. Fortunately, a
conditional CRE -Cited2 mouse strain has been developed and already been successfully
used for research (Preis et al., 2006 ; Chen et al, 2009) . In the event that Cited2
deficiency in the CNS proves not to be embryonic lethal, these mice would provide for
the possibility of testing the effects of Cited2 deficiency during neurodegeneration, in
cases such as after global ischem ia. This line of research would ultimately challenge the

relevance of the mechanistic model proposed in chapter two in more complex, in-vivo
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circumstances.

The post -mitotic PFTAIRE in the development of the Drosophila

VNC.

Overview of major findings

Chapter three of this thesis describes, for the first time, the effects of the
deficiency of Eip63E (the  Drosophila PFTAIRE), a post -mitotic Cdk, in the development
of CNS structures. Different embryonic developmental stages of the VNC of two
independent mu tant fly lines were characterized using glial, neuronal and axon
markers. The anomalies detected included glial and neuronal cell bodies disorganization
along with significant axon defects. The latter appeared as early as stage 11 of
embryonic development.  Axons in KO embryos appeared to have premature outgrowth,
followed by defasciculation and misguidance of the VNC ladder -like scaffold. It was
apparent that axon and neuron -related defects were present in a concerted manner in
KO embryos, with similar pene  trance values. Alternatively, glial perturbations were not
consistent between the two Eip63E mutant alleles. These observations suggested that
the axon defects may be related to neuronal rather than glial -based Eip63E functions.
This idea was further suppo  rted by the fact that neuronal downregulation of Eip63E, in
contrast to downregulation in glia, leads to VNC defective embryos. Our results
reinforce the concept that Eip63E may function in neurons to regulate axon

development in Drosophila .

Future direct i ons é

Considering that our work is just the beginning of the functional

characterization of this post  -mitotic Cdk, much remains to be done. The results that are
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accumulating suggest that PFTAIRE is not only essential for CNS development, but that

it might be so at different stages and/or at different CNS -related structures. At this
moment, the data provided in chapter three answers affirmatively to the question of
PFTAIRE involvement in CNS development and supply leads as to when and where this

Cdk is being required. Nevertheless, the answers to which isoforms , when, where and
how Eip63E is functioning and regulated are still vastly incomplete. | will then discuss

some of the experiments that could be done to further our knowledge in these matters

using the Drosophila model.

Primarily, data should be expanded regarding the question as to the specificity
of the effects of Eip63E deficiency over VNC structures. Rescue experiments driving the
ubiquitous expression of wild type Eip63E on a KO background would re inforce the
results obtained by the specific ubiquitous down -regulation experiments (RNAi
experiments, Fig. 3.9). Equally, cell -specific expression of wild type Eip63E on a KO
background would challenge further the notion of Eip63E being required in neuron S Vs
glial cells to regulate axon development. Additionally, differential temporal
downregulation of Eip63E in wild type embryos would add to the clarification as to
when during development Eip63E starts to be required for CNS development. All these
experi ments would relay on the use of the Gal4 -UAS system as described in chapter
one.

Similarly, strategies to identify the possible targets of this Cdk that might be
involved in axon development would add relevance to this body of work. A general
approach woul d be to perform a functional screening using the well described
Drosophila eye model. Alternatively, a more specific approach would be to use the VNC
Eip63E mutant phenotype as a starting reference to assess the potential
suppressor/enhancer effects that o ther candidate genes would have. Preliminary data
from our own lab  (I.P. by Dr. Qu., unpublished data ) suggest that the Rho/Rac GTPases
should be at the top of the candidate genes list, since the mouse Pftkl seems to directly

interact with both Cdc42 and Rac molecules in-vitro. Another gene that would be
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interesting to test would be cyclinY and so determine if it is indeed this Eip63E partner
the one that mediates PFTAIRE involvement in axon development.

Most of the data reported on PFTAIRE argues for its r elation to the cell cycle
machinery. It is my opinion that the argument is far from over and that PFTAIRE will

prove to be as versatile as Cdk5. So far it is clear that Pftkl can be localized to the

membrane, the cytoplasm and the nucleus (just like Cdk5), which suggest that this Cdk
may have targets in all these cellular compartments and mediate multiple pathways. In-
vitro experiments using primary neurons, either from Drosophila or mice, deficient or
not for PFTAIRE would be a useful way to explore the me chanistic details of the role of

this post -mitotic Cdk in axogenesis. Relevant to this line of work, a mouse strain
deficient for Pftkl is already available at our laboratory, which opens many possibilities

to the future of this project.

The work presen ted in this thesis has included an ambitious variety of
investigative neuroscience fields. Nevertheless, the results reported here represent
accurate and novel contributions to the current knowledge about the roles of Cdks in
the CNS. My main goal as a sci entist has been to be objective when producing and
interpreting data while remaining passionate about the potential outcomes and future
approaches of my projects. It has been my intention to see that goal reflected in the

writing of this document.
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