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Abstract

Neural precursor cell (NPC) proliferation and apoptosis are key regulatory aspects of mammalian
nervous system development. Although recent studies suggested these two processes to be
interrelated, the molecular mechanisms behind this remain undefined. Here I show that myeloid

cell leukemia-1 (Mel-1), a Bel-2 family member that is essential for the survival of NPCs also

reduces NPC proliferation and promotes their terminal mitosis. | found that within 48 hours of in
utero electroporating Mel-1 in E13.5 mouse embryonic brains, the majority of NPCs transfected

with Mcl-1 have migrated into the post mitotic cortical plate, whereas control transfected NPCs

are still within the proliferating ventricular/subventricular zones. Analysis of proliferation by
proliferating cell nuclear antigen (PCNA) immunohistochemistry revealed a 2-fold reduction in
proliferating NPCs in the Mcl-1 treated brains. Immunohistochemistry for Tbrl, a marker for

newborn neurons, showed a 50% increase in differentiated neurons in Mcl-1 treated brains. BrdU

birthdating demonstrated that Mcl-1 overexpression results in a greater cohort of newbom

neurons. Furthermore, Mel-1 transfected NPCs gave rise to neurons in the deeper layers of the
cortex than control transfected NPCs confirming an earlier birthdate. Similarly, transfection of
Mel-1 in NPCs in vitro promotes cell cyele exit. I showed that Mel-1 interacts with key cell cycle
regulators in NPCs, namely PONA and Cdk1/Cyclin BI complex. In addition, | found an increase
in Cdk inhibitor p27%"" protein, a key promoter of cell cycle exit with Mcl-1 overexpression and
a concomitant decrease in p27°"" in Mel-1 conditional knockout NPCs, suggesting that Mcl-1

P

‘may modulate p27%"' protein to promote NPC differentiation. Finally | showed that p27*"" is

required for Mcl-1 mediated NPC cell cycle exit, suggesting that Mel-1 regulates NPC cell cycle

through p27*"" activity. In summary, these results identify a novel function for Mcl-1 in

promoting terminal mitosis of NPCs by influencing the cell cycle regulatory machinery.



Table of Contents

List of Tabl 6
List of Fi 7
Chapter 1 9
9
11 of the Mammalian Cortex 9
111 10
1.1.2 Radial Glial Cell: 10
1.1.3 Basal Progenit 14
|,2 i the Cortical L 17
13 0
| 3 I chulannn of NPC Cell Cycle. 20
gene and E2F t ct 21
l 'iC lin-dependent kinases and Cycli 22
G kinase inhibi 23
1.4 Survival n’Neural Precursor Ce 8
1.4.1 Caspase f 9
1.4.2 Bel-2 il 9
1.5 Bel-2 Family and the Cell Cycl 33
1.6 Mcl-1 Regulation of Cell Survival. 36
1.7 Regulation of Mcl-1 Protein 3
1.8 Mcl-1 and the Cell Cycls 38
19 Hypothesi: a
Hypothe: 9
Chapter 2 40
Materials & Method: 40
2.1 Mi 40
2.2 Genotyping Mi 43
23 d NPC: A7
2.4 Plasmids Construct n
25 Invitro NPC: 51
2.6 In vitro Pr Assay 1
27 f 52
27 3
2.8 Western Bl lysi 53
29 55
2.10 Tiss , fixati 57
211 57
1 9




Chapter 3 0

Result
3. How does Mel-1 affect embryonic NPCs a viva? -
3.2 Mck-1 regulates NP e embryonic 3
Saman pmmnmurc i
3.4 Mc-1 g greate 69
3.5 Mcl-1 gain-of- ters the lestination of NPCs in
3.6 Mcl-1 gai ion regulates NPC proliferation in vits 75
3.7 Mcl-1 directly ith cell cycle reg in NPC: 78
3.8 Changes in Mcl-1 i i n p27We i 81
3.9 p27%w1 affects NPC proliferati i iation similar to Mcl-1 in vi 84
3.10p: Mcl-1 regulate NPC proliferation at the same rate in viti 87
3.11 Mch1 reg through p274s! activity. 90
Chapter 4. 93
Discussi
4.1 Ml-1 1 cyel

¥ ly cell cycle PC:
4.3 Cdk inhibitor p274#1 is required for Mcl-1 mediated cell cycle exi
4.4 Future Directi 9

441 Hddociged (YNl SpFesion it 2701 st 97
44215 theasociaion between Mcl-1 and Coki-Cycin BA required for NPC cel ccle exi.. 8
443 Does M1 affect Rb/E2F pathway o promote cllcyce xitof NPCs? 99

4.4.4 Does Mcl-1 p
. .

Appendix I - Stem Cell Media (SCM)
Appendix If - pCIGZ eXpression Vector map.....
Appendix 11l - pCIGZ mt Mcl-1 vector
Appendix IV - pCIG2 p2740! vector
Appendix V - List of Antibodi 109
Appendix VI - Averag » cach treatment
110

Referen 111




List of Tables

Table 1.1

Bel-2 family members that function in cell apoptosis and proliferation

Table 2.1

Reaction components for Mcl-1 and Cre PCR

Table 2.2

Reaction components for p27*"' PCR

Table 2.3

Bradford Assay Standard Curve

Table 2.4

Recipes for Poly-acrylamide separating and stacking gels




List of Figures

Figure 1.1
Neurogenesis in the developing cortex.

Figure 1.2

The changes in transcription factor expression during neurogenic progression.

Figure 1.3

“The “inside-out” development of the cortex and gene expres

corticogenesis.

Figure 1.4

Cell eyele regulation by Cdks (Cyclin dependent kinases), cyclins, Cdk inhibitors and the

Rb/]

F pathway.
Figure 1.5
Bel-2 family of proteins

ure 2.1

Conditional Mel-1 Knockout mediated by Cre recombinase
Figure 2.2

Identifying Mcl-1, Cre and p27%"" genotype by PCR
Figure 2.3

Verification of Mcl-1 and p27%?' overexpression in E13 NPCs.

ure 3.1

Mel-1 gain-of-function promotes migration of NPCs into the cortical plate.

n patterns during and after

26



Figure 3.2 64
Mel-1 regulates NPC proliferation in the embryonic brain,

Figure 3.3 67
Mel-1 promotes NPC differentiation in the embryonic brain.

Figure 3.4 70
Mel-1 gain-of-function generates a greater cohort of newborn cells

Figure 3.5 73
Mel-1 gain-of-function alters the laminar destination of NPCs.

Figure 3.6 76
Mel-1 regulates NPC proliferation through a cell autonomous mechanism

Figure 3.7 79
Mcl-1 directly binds to cell cycle regulators - PCNA and Cdk1-Cyclin BI

Figure 3.8 82
Changes in Mel-1 expression show concomitant changes in p27%"" protein in NPCs,

Figure 3.9 85
p278"" affects NPC differentiation similar to Mcl-1 in vivo.

Figure 3.10 88
p27%"" and Mcl-1 reduces NPC proliferation at similar rates in vitro.

Figure 3.11 4 |
Proliferation is not affected by Mel-1 in p27*™ null NPCs.

Figure 4.1 101

Summary & the continued hypothesis of how Mel-1 regulate cell cycle exit of NPCs.



Chapter 1

Introduction

1.1 Development of the Mammalian Cortex

During embryonic development, neural stem cells (NSCs) give rise to all the neurons and
macroglial cells of the mammalian central nervous system (CNS). The differentiated and
functionally specialized cells are derived either directly from the stem cells or indirectly via fate-
restricted progenitors. Stem cells are defined by their self-renewal capability, ideally for an
unlimited number of cell divisions. and multipotency, the ability to give rise to numerous types of

differentiated cells (Reynolds and We

1992). NSCs and the fate-restricted progenitors arc
collectively called neural precursor cells (NPCs). In the mouse brain, corticogenesis oceurs
between embryonic days 11-17 (E11-17), when NPCs generate the neurons to form the distinct
cortical layers (Takahashi et al. 1996). Initially, NPCs must expand their pool before a
proportion of them commit to a specific lincage and differentiate (Noctor et al., 2004, Hutter
and Kosodo, 2005). As a result, a balance between proliferation and commitment to a specific
lincage regulates the NPC population. Therefore, one of the critical aspects of mammalian brain

development is the regulation of NPC cell cyele.



1.1.1 Neuroepithelial Cells

Development of the CNS begins with the formation of the neural tube. The neural tube is formed
with the folding of a sheet of neuroepithelial cells, derived from the cetoderm germ layer.
Neuroepithelial cells are the primitive neural stem cells, lining the neural tube lumen forming the
ventricular zone (Merkle and Alvarez-Buylla, 2006). The neuroepithelial cells are elongated and
in contact with both the apical (ventricular) and basal (pial) surfaces (Figure 1.1A). Although the
cells divide at the ventricular zone (VZ), they pull the nuclei to the pial surface during interphase.
“This interkinetic nuclear movement makes the neuroepithelium look *pseudostratified” or layered
(Huttner and Kosodo, 2005, Zhong and Chia, 2008). Before the onset of neurogenesis in mice,
the neuroepithelial cells divide symmetrically. This type of cell division generates 2 identical

daughter stem cells (Figure 1.1B) and expands the neural stem cell pool (Haubensak et al., 2004,

Gotz and Huttner, 2005).

ith the onset of from EI1, cells switch

and generate radial glial cells, which exhibit both residual neuroepithelial and glial properties
(Haubensak et al., 2004, Gotz and Huttner, 2005, Tarui et al., 2005). Like neurocpithelial cells,
radial glial cells divide in the VZ and maintain contact with the pial surface via a radially

projecting basal process (Figure 1.1A). The radial glial cells are the principal progenitors of the

embryonic brain and successively replace the neuroepithelial cells. Thus, most of the neurons are
generated cither dircetly from radial glial cells or through intermediate progenitors (Anthony et

al., 2004, Gotz and Barde, 2005) (Figure 1.1B). Radial glial cells maintain some neurocpithelial
10



cell properties including interkinetic nuclear migration and expression of the intermediate-

filament Nestin (Hartfuss . 2001). In addition, they also exhibit several glial characteristics
including the astrocyte specific glutamate transporter (GLAST), the Ca® - binding protein S100B,
glial fibrillary acidic protein (GFAP), vimentin and brain-lipid-binding protein (BLBP)

(Campbell and Gotz, 2002, Gotz, 2003, Kriegstein and Gotz, 2003).



Figure 1.1: Neurogenesis in the developing cortex
A An illustration of the developmental changes occurring during corticogenesis between E10-
18 (from lefl to right). Transition of neuroepithelial cells (NEPs) to radial glia occurs afier
E10/11. The nuclei of neuroepithelial celis and radial glia cells remain at the ventricular zone
(VZ) while the basal progenitors occupy the sub-ventricular zone (SVZ). Differentiated neurons
make up the cortical plate (CP) following neurogenesis, starting after E11 (Malatesta et al.,
2008).

B - The lincage trees show the generation of neurons (N) from neuroepithelial cells (NE) via the
stem cell population - radial glial cells (RG), and from the progenitor population that is the basal

progenitors (BP) (Gotz and Hutner, 2005).
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1.1.3 Basal Progenitors

During mid-neurogenesis (E13-14), another neuronal progenitor population appears, the basal
progenitors or intermediate progenitors. Basal progenitors develop from the divisions of both
neurocpithelial cells and the radial glial cells. During later stages of neurogenesis, basal
progenitors form the subventricular zone (SVZ), which is a mitotic cell layer basal to the
ventricular zone (Haubensak et al., 2004, Miyata et al., 2004, Noctor et al., 2004). Characteristic
markers for basal progenitors include transcription factors TBR2, CUX1 and CUX2 (Nieto et al.,
2004, Englund et al., 2005)

Basal progenitors contribute to neurogenesis by undergoing symmetric cell divisions and
generate two neuronal daughter cells (Figure 1.1A). Therefore, basal progenitors amplify the
number of cells produced by a previous progenitor cell division and are an important determinant

of brain size (Haubensak et al., 2004, Noctor et al., 2004, Martinez-Cerdeno et al., 2006).

‘The different stages of neurogenesis can be distinguished by the sequential expression of specific

wanscription factors (Figure 1.2). NPCs at the VZ express Pax6 and divide to generate the
intermediate progenitor cells (IPCs), which migrate to the SVZ and express Tbr2. The IPCs give
rise to the NeuroD' committed neuroblasts. Finally, differentiated neurons are generated from

neuroblasts and they express Thrl. Thrl" neurons migrate to the cortical plate, and so expression

of Thrl confirms the completion of neurogenesis (Takahashi and Liu, 2006).




Figure 1.2: The changes in transcription factor expression during neurogenic
progression.
A -llustration of a ventricular zone (VZ) NPC (radial glia) progressing to a differentiated neuron

in the cortical plate (CP), via basal/intermediate progenitors (IPC) located in the subventricular

zone (SVZ). The sequential expression of the specific transcription factors (TF; top row) and

different phases of the cell cycle for radial glia and IPCs (second row from botiom) are also

shown.

4.5 mouse brain further demonstrates the sequential expression

B~ Immunohistochemistry on £
of the transeription factors during neurogenic progression of NPCs (Hevner et al., 2006),

(1Z. intermediate zone)



al Layers

1.2 Organizational Development of the Col

During corticogenesis (E11-E19) in mice, the NPCs generate neurons to form the 6-layered

cortex (Dehay and Kennedy, 2007). The first neurons form the transient pre-plate, which is then

split by later-bom neurons to form the superficial ma

nal zone and deeper sub-plate. The

cortical plate (CP) develops between these two layers, and eventually gives rise to the multi-
layered neocortex (Figure 1.3) (Molyneaux et al,, 2007). The organizational development of the
cortical layers is largely regulated by Cajal-Retzius cells, early-born neurons of the marginal zone
that express Reelin (Alcantara et al., 1998). Reelin is a large extracellular glycoprotein that plays
a role in cell migration and process outgrowth. Mutations of the relin gene severely disrupt the
normal patiem of cortical lamination, resulting in an inverted order of cortical layers 11-VI
(D'Arcangelo et al., 1995, Hirotsune et al,, 1995). The positioning of Cajal-Retzius cells is
regulated by the radial glial cells (Kwon etal., 2011),

Cortical plate development s regulated in such a way that the later bom neurons that arrive at the

cortical plate migrate past the earlier born neurons. This resuls in the formation of the decper

al layers. The inside-out patiern of

layers first, followed by the formation of the more supe:
corticogenesis results in neurons within a given layer being bom at the same time and sharing
common functional properties and connectivity (Rakic, 1988, McConnell, 1995). Neurons in the

different layers of the post-natal cortex can be distinguished by the expression of specific

transcription factors. For example, cut-like transcription factors (Cuxl and Cux2) are expressed

in neurons in Layers 11V and the zine-finger transeription factors (Fezf2 and Ctip2) are

expressed in neurons in deeper Layers V-VI (Figure 1.3) (Leone et al., 2008),



Figure 1.3: The “inside-out” development of the cortex and gene expression

patterns during and after corticogenesis.

A~ A representation of the development of the mouse neocortex (Nex) during corticogenesis as
shown by the coronal section through the mouse brain at E10.5 (top panel). The embryonic time-
point scale shows the sequential development of different layers (bottom panel) (Molyneaux et

al., 2007). The multilayered cortex develops in a way that later bom neuron

arriving at the
cortical plate migrate past the earlier o neurons.
B - Expression pattemns of different transcription factors during mid-corticogenesis (embryonic
left panel) and afier birth (right panel). These markers can be used to identify specific cortical
layers in the post-natal brain (Leone et al.. 2008).

(CH. cortical hem; 17, intermediate zone; LGE, lateral ganglionic eminence; MGE, medial

ganglionic eminence; SVZ, subventricular zone; VZ, ventricular zone; PP, preplate; MZ.
marginal zone; P, subplate; CP, cortical plate; WM, white matter; 1-VI, the distinct cortical

layers 1-V1)
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1.3 NPC Proliferation and Differentiation

To form a mature nervous system consisting of the vast number of neurons and glial cells, NPCs
must be regulated in a balance between proliferation and their commitment to a specific lincage.
“This balance is largely controlled by the cell cycle regulatory molecules, which cue the cell to

cither proliferate or to differentiate with subsequent maturation.

1.3.1 Regulation of NPC Cell Cycle

Like all somatic cells, signaling pathways that direct entry, progression into and exit from the cell
cycle regulates NPC proliferation. The cell eyele of an actively dividing cell is composed of 4
phases: synthesis (S), mitosis (M) and two gap (G1 and G2) phases (Figure 1.4A). The S phase is
responsible for replication of genomic DNA and the M phase is dedicated for physical division of
cellular and genomic contents into two individual cells. The first gap phase (G1) occurs between
the end of M phase and the beginning of S phase. G1 phase consists of a critical restriction point
(R), when the cell either commits to the next round of cell division or exits the cell eycle to enter

G0 phase. The second gap phase (G2), between the end of S phase and beginning of M phase, is

dedicated to repair any errors in DNA replication and prepares the cell for mitosis (Figure 14A)

(Pardee, 1989, Nurse, 1994).

During cortical neurogenesis, the G1 restrition point (R) has been identified as the critical eell
eyele regulation point. Each successive cycles of NPC and their restricted progenitor result in a

greater proportion of post-mitotic cells that exit the cell cycle at R (Caviness et al., 1999). This

restriction point R is regulated by the Retinoblastoma gene family and E2F transeription fuctors.

20




1.3.2 Reti gene and E2F iption factors

“The retinoblastoma gene (Rb) was the frst tumour suppressor to be identified for its mutations
leading to pediatric cye tumour development (Fung et al., 1987, Lee et al., 1987). Rb family
proteins include pRb, p130 and pl07, all sharing the structural homology of the functional A/B
pocket (Classon and Dyson, 2001). This functional domain can interact with transcriptional
regulators like the E2F transcription factors, a family of proteins that share a relaied DNA-
binding domain. E2F transcription factors bind to sets of target promoters and activate or repress
transcription. Therefore, Rb/E2F activity plays a pivotal role in regulating cell cycle progression
by controlling transcription of target genes (Polager and Ginsberg, 2008).

During the GI phase of the cell cycle, Cyclin dependent kinase and Cyclin activity
hyperphosphorylates Rb (Figure 1.4). Once hyperphosphorylated, Rb releases the E2F
transcription factors (E2F-1. 2. 3), which are the activators of gene transcription that is essential
for the Gl to S phase transition and commitment to mitosis (Dyson, 1998, Nevins, 1998)
Overexpression of Rb causes cells to remain in quiescence or prolonged Gl phase, whereas
overexpression of E2Fs induces quiescent immortalized cells 1o re-enter the cell cycle (Polager

and Ginsberg, 2008).

The function of Rb and consequently E2Fs is critical for neurogenesis and the development of the
CNS. Germline knockout of Rb results in embryonic lethality at E15.5 due to hematopoietic and
neurological defects. Conditionally knocking out Rb results in ectopic mitosis within the

deveioping brain and although NPCs commit o a differentiated fate, they fail to exit the cell

eycle (Ferguson et al., 2002). This is a result of enhanced E2F-1 and E2F-3 activity that delays

the terminal mitosis of NPCs differentiating in absence of Rb (Callaghan et al., 1999). Rb family

member, pl07, has also been identified to regulate the NPC pool. Although p107 null mice
21



exhibit increased proliferating progenitor cells, the pl07-/- progenitors show impaired neuronal
‘commitment (Callaghan et al., 1999, Vanderluit et al.. 2004, Vanderluit et al., 2007). Therefore,
Rb and related proteins and their E2F targets regulate the NPC cell eycle progression and cell

eyele exit.

3.3 Cyclin-dependent kinases and Cyclins

Cyelin-dependent kinases (Cdks) regulate the progression through each of the phases of the cell
cycle. Cdks are activated by phosphorylation/dephosphorylation events as they bind to specific
Cyclin partners, their regulatory subunits. Distinet Cyclins are synthesized and then destroyed at
specific phases of the cell eyele, adding another regulatory step for Cdk-Cyclin activity (Nige,
1995). There are 4 Cdks (Cdk1, Cdk2, Cdkd and Cdk6) and 10 Cyclins that belong to 4 different
classes (Cyelin A, Cyclin B, Cyclin D and Cyclin E type), and are responsible for cell cycle
progression (Malumbres and Barbacid, 2009).

“The initiation and progression through G1 is mediated by activation of multiple signaling

pathways that converge on the transcription of immediate carly genes, D-type Cyelins, and their

assembly with Cdkd/6 kinases (Sherr, 1995, Roussel, 1998). Once activated, Cyclin D-Cdkd/6
complexes preferentially phosphorylate pRb and pRb-related proteins pl07 and p130 (Sherr,

1994, Weinberg, 1995). This is followed by additional phosphorylation by the Cyclin E-Cdk2

and progression into the cell eycle (Ohtsubo et al, 1995) (Figure 1.4B). During S and G2 phase,

continuous Cyclin A-Cdk2 activity is required but the transition to mitosis requires Cyclin B-
Cdk1 activation by the phosphatase cdc2Sc (King ct al., 1994, Nurse, 1994) (Figure 1.4A).

Activity of all Cdks are regulated at multiple levels including the abundance of Cyclins,



activating or deactivating phosphorylation of Cdk subunits and the abundance of endogenous
Cdk inhibitor proteins (Figure 1.3) (Cunningham and Roussel, 2001, Musgrove et al., 2004)

Recently, the idea that activity of all Cdks is required for progressing through the mammalian cell
eycle has been challenged. Even in the absence of all interphase Cdks (Cdk2, Cdk3, Cdkd and
Cdk6), the mouse embryo can undergo organogenesis with continued development until

midgestation. Under these circumstances. Cdkl binds to all Cyclins and phosphorylates pRb,

resulting in the expression of genes that are regulated by E2F transcription factors (Santamaria et
al.. 2007). Cdk1 can also bring cells out of quiescence in the absence of interphase Cdks by
interacting with Cyclin-D and/or Cyclin-E to phosphorylate Rb (Martin et al., 2005). However,
Cdk1 knockout mouse embryos fail to develop to the morula or blastocyst stage, suggesting that

other Cdks do not have the same compensatory capacity as Cdk1 (Santamaria et al., 2007),

1.3.4 Cyclin-dependent kinase inhibitors

Cyclin-dependent kinase inhibitor proteins are important in regulating Cdk activity, and hence

the progression of cell cycle or cell qui

nce. Two families of Cdk inhibitors promote cell
cycle exit by blocking the activity of Cdk-Cyclin complexes: the Cip/Kip family, including
p21°P', p27%' and pS7*", and the INK4 family, including p15™™®, p16"™*, p18"™*, and
19" (Elledge and Harper, 1994).

Although the Cip/Kip family of inhibitors can interact with all Cdk-Cyelin complexes, p2757" is
the main Cip/Kip inhibitor in NPCs during development. The other family members, p21°*" and
pS7*". are only expressed in post mitotic cells within the cortical plate (Nguyen et al., 2006).
P27%"" promotes cell cycle arrest of neural progenitor cells during embryogenesis (Fero et al.,

1996, Kiyokawa et al, 1996, Nakayama et al. 1996, Carruthers et al. 2003). redu
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proliferation of transit amplifying progenitors in the adult subventricular zone (Doetsch et al..
2002), and, together with p19™*, maintains differentiated neurons in a non-mitotic state (Zindy
et al, 1999). The p27°”'-null mice exhibit multi-organ hyperplasia from enhanced cell
proliferation. In addition, the p27*'-null mutants demonstrate a decrease in neuronal production
during mid-corticogenesis and an increase in production of late-born neurons. This delay in cell
cycle exit results in an enlargement of upper cortical layers (Goto et al., 2004). Similarly,
overexpressing p27**" in cortical progenitors promotes premature cell cycle exit and results in a
reduction of upper layer neurons (Taru et al, 2005).

In addition to promoting cell cycle exit, Cdk inhibitor p27*"' also promotes differentiation and
radial migration of cortical projection neurons. The N-terminus of p27*"' is involved in
stabilizing Neurogenin-2 protein, a proncural basic helix-loop-helix (bHLH) factor, which

ies cortical progenitors to a neuronal fate. The C-terminus half of p27*"" inactivates

spe
GTPase RhoA, a modulator of intracellular actin dynamics and influences cortical neuronal

migration (Nguyen et al., 2006). Therefore, p27%"" plays a crucial role in neuronal development

by promoting cell cycle exit of NPCs, as well as their differentiation and migration.
The p27°" protein is regulated via priming phosphorylation, ubiquitination foliowed by
proteasomal degradation (Pagano ct al., 1995, Loda ct al., 1997). Cdk-mediated phosphorylation
on TI87 of p27"" is required for ubiquitination. This represents a feedback mechanism by

which Cdks can regulate p27°" wmover. Phosphorylation of p27%*" on TI87 by Cdk-cyclin

complex requires formation of a stable trimeric complex. However, although Cdk1-Cyclin BI
phosphorylates p27%*" on T187, it fails to form a stable complex with p27**' and thus cannot
direct its ubiquitination by E3 ligase (Montagnoli et al.. 1999). Whether the phosphorylation of

p27°"" on T187 by Cdk1-Cyclin B affects its functional role is still unknown.



on S10.

Apart from the T187 residue, regulatory phosphorylation of p27**" protein also occu

Arginine directed serine/threonine kinases like Mirk/dyrk 1B phosphorylates p27*"' on S10. This

stabilizes p27%"' protein and enhances its functional properties as a Cdk inhibitor, binding to
CdK2 (Deng et al., 2004). Interestingly in neural stem cells, Cdk$ can phosphorylate p27**" on
both S10 and T187. Phosphorylation on both sites promotes neuronal differentiation from cell
cyele arrest followed by neurite outgrowth and migration (Zheng et al.. 2010). Therefore,

phosphorylation of p27*™" s a critical regulatory step in promoting cell cycle exit of NPCs and

their differentiation,




Figure 1.4: Cell cycle regulation by Cdks (Cyclin dependent kinases), cyclins,
Cdk inhibitors and the Rb/E2F pathway.

A - Schematic of the eukaryotic cell cycle showing the different phases — G1, S, G2, M and the
critical restriction point R. The specific Cdk-cyclin complexes responsible for progression

through cach phase are shown with their INK or KIP/CIP inhibitors (Adapted from (Dehay and

Kennedy, 2007).
B - To progress through the G1 resuiction point, GI Cdk-cyclin complexes hyperphosphorylate

Rb frecing E2F transeription factors. Free E2Fs promote transcription of t

progression into the S phase.
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1.4 Survival of Neural Precursor Cells

“The survival of NPCs s important to ensure the appropriate number of neurons within the
different layers of the cortex. During neurogenesis, NPCs and neurons are made in excess. This
ensures that if a portion of the cells exhibit defects during cell division, differentiation or
maturation, they can be eliminated. Cells exhibiting such defects and the excess cells are
eliminated by apoptosis (Nicholson et al, 1995, Haydar et al., 1999). At E10 only rare apoplotic
cells are observed when the NPCs are undergoing symmetric divisions to expand their pool.
However, by late-neurogenesis at E18, 50-70% of NPCs are dying (Blaschke et al. 1996). This

massive cell death is required to regulate the NPC population size and eventually the brain size

and shape. After neurogenesis is complete, there is a second wave of apoptosis among
differentiated neurons. This eliminates neurons that have failed to form connections with other
cells and 5o are not parts of the functional circuitry (de la Rosa and de Pablo, 2000, Blomgren et

al., 2007)

Studies on pro-apoptotic proteins and aspartate-specific cysteine proteases (caspases) have
provided insights on NPC survival. Specially, studies on Caspase-3 deficient mice revealed
hyperplasia of the NPC population during CNS  developinent. This demonstrated that the
programmed cell death of NPCs and neurons during development is apoptotic (Nicholson et al.,

1995, Haydar et al., 1999, Roth et al., 2000). Apoptos

an energy dependent form of cell death

that is by DNA nuclear and membrane changes

without induction of an immune response (Kerr et al., 1972). There are two main families of

proteins that rey ily and the B-cell lymphoma (Bel-2) family

late apoptosis: the Caspase fi

(Youle and Strasser, 2008).



1.4.1 Caspase fami

Caspases are classified as either initiator caspases or executioner caspases. Initiator caspases have
a caspase recruitment domain (CARD) that allows them to interact with other apoptosis initiating
molecules like apoptotic protease activating factor-1 (Apaf-1), which cleaves and activates

exceutioner caspases. Once activated, executioner caspases cleave cellular proteins resulting in

the physiological characteristics of apoptosis, including plasma membrane blebbing and nuclear
condensation (Fan etal., 2005, Wang et al., 2005).

Caspase family members are involved in developmentat apoptosis within the mammalian cortex.
Caspase-3 and caspase-9 null-mice exhibit hypercellularity due to impaired cell death. This
results in an expanded cortex and ultimately lethality during the perinatal period (Kuida et al.,

1998, Haydar etal., 1999).

1.4.2 Bel-2 family

The Bel-2 family of proteins is characterized by the presence of 1-4 BH domains. It is divided

into 3 subtypes based on the functional homology of the Bcl-2 family members. The anti-
apoptotic Bel-2 proteins are Bel-2, Bel-xL, Bel-W, Mcl-1 and A1, and they inhibit the activity of
pro-apoptotic Bel-2 proteins. Bel-2, Bel-xL and Bel-W have all four BH domains, whereas Mcl-1
does not have a BH4 domain and Al lacks both BH3 and RH4 domains (Youle and Strasser,
2008). These pro-apoptotic proteins are cither effector proteins containing BH-1 to BH-3
domains, including Bak and Bax, or the BH3 domain only. The BH3 only pro-apoptotic proteins
activate the cell intrinsic apoptotic pathvay and include Puma. Noxa, Bim, Bad, Bid, Hrk and

Bmf (Figure 1.5) (Chipuk and Greer, 2008, Youle and Strasser, 2008). Collectively, the BH3
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only proteins facilitate the oligomerization of Bak and Bax. which leads to mitochondrial
‘membrane permeabilization and ultimately apoptosis.

The expression of anti-apoptotic Bel-2 proteins varies throughout development. Within the
developing CNS, Bel-2 expression peaks between E11-15 and then declines to an undetectable
level by the time of birth (Krajewska et al., 2002). Although Bel-2 targeted deletion in mice does
not affect neuronal development, postnatally it results in a significant loss of sympathetic, motor,
and sensory neurons (Michaelidis et al., 1996). Bel-xL expression is first seen in post-mitotic
neurons after E10.5 (Krajewska et al. 2002). Conditional deletion of Bel-xL in
catecholaminergic neurons results in viable mice with a reduction in the catecholaminergic
‘neuronal population by one-third (Savitt et al., 2005).

In comparison, germline knockout of anti-apoptotic Mel-1 results in peri-implantation lethality

due to defects in of the et al., 2000). Conditional

knockout (CKO) of Mel-1 within the NPC population results in widespread apoptosis and

embryonic lethality at EIS. Mcl-1 CKO embryos show apoptosis among Nestin expressing

precursor cells, Doublecortin expressing migrating precursor cells and BIII wbulin (Tujl)
expressing newborn neurons (Arbour et al., 2008). This demonstrates that Mcl-1 is required for

the survival of both proliferating and differentiating NPCs. Additionally, unpublished data from

our lab has identified Mcl-1 as & survival factor of embryonic neural stem cells (NSCs). To assess
self-renewal of embryonic NSCs. we performed a secondary neurosphere assay (Vanderluit et al.,
2004) and demonstrated that Mcl-1 CKO results in a 4-fold reduction in secondary neurospheres

when compared to wildtype controls. Therefore, Mci-1 is a critical survival factor of both NSCs

and NPCs. This is unique to Mcl-1, since all other Bel-2 pro-survival proteins expressed in the

mitotic neurons.

CNS, like Bel-2 and Bel-xL, are required for the survival of pos



Figure 1.5: Bel-2 family of proteins

The Bel-2 family is divided into the anti-apoptotic, pro-ap and BH3-only pro-apop
subfamily. The BH domains are illustrated as BHI, BH2, BH3 and BH4, while the
transmembrane domain is denoted as TM. The PEST sequence is also shown on Mel-1 (Adapted

from (Youle and Strasser, 2008).
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1.5 Bel-2 Family and the Cell Cycle

Besides apoptosis, some members of the Bel-2 family of proteins regulate cell cycle progression
(Table 1.1). Forced expression of some pro-apoptotic Bel-2 proteins, i the presence of apoptosis
inhibitors, promote cell cycle progression and are proliferative. In contrast, forced expression of
pro-survival Bel-2 and Bel-xL. proteins arrest cell cycle progression and are ani-proliferative
(Zinkel et al., 2006).

Overexpression of Bel-2 protein slows cell cyele entry in NIH 3T3 cell lines by promoting
expression of the Cdk inhibitor p27*"' and pRb relative p130. Increase in p130 results in the
formation of repressive p130-E2F4 complexes and delay in the expression of E2F1, which is
required for the cell cycle progression (Vairo et al., 2000). Elevation of p27%"" protein also
oceurs with Bel-xL overexpression and induces delayed cell cycle progression. The clevated
275" protein delays activation of Cdk2 and Cdkd during progression into S-phase (Greider et

Bel-2 members in cell lines

al., 2002). Therefore, forced expression of some anti-apoptoti
confers anti-proliferative effects.

However, the anti-proliferative effects of Bel-xL. can be reversed by the pro-apoptotic Bel-2

member Bad. Induced Bad expression in fibroblasts results in continued proliferation: and

sustained Cdk2-cyclin E activity. Bad also forms heterodimers with Bel-xL. to overcome the

GO/GI checkpoint and continue cell cycle progression (Chattopadhyay et al., 2001)

Overexpression of some other pro-apoptotic Bel-2 members in the presence of apoptosis

inhibitors also increases proliferation. Transgenic overexpiession of Bax-alpha increases the

number of proliferating thymoeytes, reduces the level of p27*" in mature T-cells and promotes

rapid progression to S-phase (Brady et al., 1996). Germline knockout of another pro-apoptotic.

member, Bid, results in impaired hepatic cell proliferation and carcinoy demonstrating its
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role in cell eyele regulation (Bai et al,, 2005)
It has been demonstrated that the dual roles of some Bcl-2 family members in cell cycle
progression and cell survival are functionally separate. Site-specific mutation of a tyrosine
residue within the N-terminal BH4 region of Bel-2 abolishes its function in cell cycle progression

but has no effect on cell survival (Huang et al., 1997).



Bel-2 Role in survival or apoptosis | Role in Role in cell cycle

family liferatic

Anti-apoptotic — o
* Transgenic overexpression protects * Delays myc-induced

Bel-2 neurons from developmental an ° Anti-proliferative | progression to G1/S
induced cell death (Allsopp et al., (Vairo etal., 2000, | (Vairo etal., 2000,
1993, Martinou ctal., 1994, Farlic et | Greider etal., Greider tal., 2002)
al., 1995) 2002) * Delays G progresion
° Bel-2 - post natal apoptosis in byilersi &
sympathetic, sensory and motor regulatior
neurons (Michaclidis et al., 1996) airo cual, 2000)

BelxL | ° Bel-xL -~ results in widespread
apoptosis in hematopoietic cells and | * Anti-proliferative | © Delays myc-induced
immature neurons (Motoyama etal., | (Greider etal, progression to GUS
1995) (Greider et al., 2002)

° Bel-xL overexpression rescues 60%

of cholinergic neurons from

axotomized cell death (Blomer et al.,

1998) . .

* Germline -/~ is peri-implantation | ° Anti-proliferative | * Slows cell cycle

Mel-l | lethal at E3.5 (Rinkenberger ctal., (Fujise et al., 2000, | progression at S-phase
2 Jamil etal., 2005) | by interacting with
* Conditional -/~ results in widespread PCNA (Fujise etal.,
apoptosis in neural precursor cells, 2000, Jamil et al., 2005)
migrating neuroblasts and immature * Slows cell cycle at
neurons (Arbour et al., 2008). G2/M transition by

interacting with Cdk1

- (Jamil et al., 2005)

Pro-apoptotic
° Required for neuronal death during | * Pmmmc: * Promotes S-phase

Bax development and under trophic factor | proliferat iy by rcdu:mg
deprivation (Deckwerth etal., 1996, [ (Biady . 1996, 275 expression
Deshmukh and Johnson, 1998, White | Knudsoncial., | (Brady ctal., 1996,
etal., 1998). - 2001) Knudson et al.. 2001)

Pro-apoptotic BH3-only -

Bad * Apoptotic stimuli mediated ~unknown * Causes S-phase
dephosphorylation nitiates progression by :
downstream apoptotic cascade (Datta increasing Cyciin |
etal., 1997, Zhu et al, 2002 E/CAK2 activity
© Overexpression induces death (Orike (Chattopadhyay et al.,
etal. 2001) 2001)

* No effect on neuronal ccll death * Promotes © Promotes S-phase

(Leonard et al., 2001)

proliferation
(Bai et al., 2005)

progresion (Baietal,,
2005)

Table 1.1: Bel-2 family members that function in celi apoptos
)

E3.5 = cmb

ryonic day 3.5

proliferation (-/- = knockout,




1.6 Mcl-1 Regulation of Cell Survival

Mel-1 is an anti-apoptotic member of the Bel-2 family. Full length Mel-I protein contains a
transmembrane domain, which localizes it to the outer-mitochondrial membrane, where it
interacts with pro-apoptotic Bel-2 members like Bim, Bmf, Puma, Noxa and Bak to prevent cell
apoptosis (Warr and Shore, 2008). Mel-1 protein also has 3 BH domains and 2 PEST sequences

(Kozopas et al., 1993, Youle and Strasser, 2008). PEST sequences are associated with prots

ns
with short half-lives and are absent in other Bel-2 pro-survival members (Fujise et al., 2000).
Altemative splicing of the Mel-1 mRNA results in a splice variant containing only the BH-3

domay

. The shorter Mcl-1 protein is functionally opposite to full length Mcl-1 fragment and
promotes cell death (Bingle et al., 2000). Therefore, processing of Mcl-1 mRNA is important in
determining its role in cell survival.

Mel-1 was first discovered as a gene that is upregulated during induced differentiation of human
myeloblastic leukemia cells ML-1 (Kozopas et al., 1993). However, studies on Mcl-1 loss-of-
function have been restricted since genmline knockout of Mel-I results in the peri-implantation

lethality of mice at E3.5. This lethality is due to defects in differentiation of the trophectoderm

(Rinkenberger et al., 2000). It is the most severe phenotype among all of the Bei-2 anti-apoptotic
proteins. Since Mel-1 germline knockouts are embryonic lethal, our current understanding of the
functions of Mel-1 come from conditionai knockout models using the Cre-lox system (Sauer,
on of Mcl-1

1998). Conditional knockout model for Mcl-1 was first generated to assess the func

in hematopoietic system development {Opferman et al, 2005). it was demonstrated that Mcl-1 is
essential for the survival of hematopoetic stem cells and the development and survival of B and

T Iymphocytes. The subsequent generation of Mel-1 knockouts in hepatoeytes ard keratinocytes



resulted in widespread apoptosis within both populations. This identifies the survival role of Mcl-
1 1n hepatic and epidermal proliferating precursors (Sitailo et al., 2009, Vick et al., 2009). While

promoting survival of epidermal keratinocytes, Mel-1 also induces expression of keratinocyte

differentiation markers, indicating that its role may be critical at the time of differentiation

(Sitailo et al., 2009).
Conditional knockout of Mel-1 in the NPC population causes widespread apoptosis in both
proliferating and differentiating NPCs. In the absence of Mcl-1, NPCs undergo apopiosis as they
migrate away from the ventricular zone and commit 10 a neuronal fate (Arbour et al., 2008). In
fact, Mel-1 is the only Bel-2 family member that is required for the survival of embryonic NPCs.
Thus, Mel-1 appears to be a critical regulator during the time of differentiation or cell cycle exit

Of NPCs.

1.7 Regulation of Mcl-1 Protein

Regulation of Mcl-1 is achieved at multiple levels - transcriptional, post-transcriptional and post-
translational (Wang et al., 1999, Bingle ct al., 2000, Craig, 2002, Wang et al., 2003). Unlike its
other anti-apoptotic Bel-2 family members, Mel-1 protein is labile with a short half-life.
Depending on the cell type and context, its half-life ranges from minutes to a few hours (Craig,
2002, Cuconati et al., 2003, Adams and Cooper, 2007). Mcl-I protein is regulated by

phosphorylation and ubiquitination followed by proteasomal degradation. Mcl-1 ubi

ligase

E3 (Mule), an ubiquitin ligase containing a BH-3 domain, interacts with Mel-1 and ubiquitinates

its S lysine residues that result in proteasomal degradation (Warr et al., 2005, Zhong et al., 2005).

Glycogen synthase kinase 3 (GSK-3) also phosphorylates Mel-1 and primes it for ubiquitiation



by the E3 ligase beta-TrCP, promoting its degradation (Ding et al., 2007). Both ubiquitinating
pathways are opposed by the deubiquitinase USPX. which removes the lysine linked

polyubiquitin chains and prevents proteasomal degradation of Mcl-1 (Schwickart et al., 2010).

Substituting the lysine residues in Mcl-1 with arginine can extend the half-life of the protein
(Zhong et al., 2005). This demonstrates that proteasomal degradation is the major regulator of
Mel-1 protein and that prevention of its rapid degradation offers a way to effectively overexpress
Mel-1.

Mcl-1 protein is also regulated throughout the cell cycle and peaks at mitosis. During mitotic
arrest, Cdk1-Cyclin B1 phosphorylates Mcl-1 at Ser64 and Thi92. This phosphorylation initiates
degradation of Mel-1 by proteasomal activity of the anaphase-promoting complex/cyclosome
(APC/C) E3 ubiquitin ligase (Harley et al., 2010). Thus, phosphorylation of Mel-1 by Cdk1
Cyclin B and its APC/C mediated degradation initiates apoptosis of cells arrested in mitosis.

1.8 Mcl-1 and the Cell Cycle

In vitro, Mel-1 has been shown to affect cell cycle progression. Forced expression of Mel-1 in
cell lines leads to decreased BrdU (bromodeoxyuridine) intake, a measure of cell proliferation,
and a slower doubling rate (Fujise et al., 2000, Jamil et al.. 2005). Mcl-1 interacts with PCNA
(proliferating cell nuclear antigen), a factor for DNA Polymerase & activity during DNA
replication. This slows cell cyele progression into S-phase in HEK 2037, HeLa and U208 cell
lines (Fujise et al,, 2000). Furthermore, a proteolytic fragment of Mel-1 has been demonsirated to
bind to Cdk1 resulting in a lower rate of proliferation in & murine myeloid progenitor cell line

Cdki regulates progression through G2 and M phases of the cell cycle by binding with Cyclin B



and phosphorylating multiple downstream targets (Jamil et al., 2005). Therefore, Mcl-1 may
affect the cell cycle kinetics at different phases and reduce cell proliferation. Recently.
conditional knockout of Mel-1 in hepatocytes resulted increased proliferation and hepatocellular

carcinoma development (Weber et al.. 2010)

1.9 Rationale and Hypothesis

Neural precursor cell proliferation and apoptosis are crucial regulatory aspects of mammatian
nervous sysiem development. Although recent evidence suggests that these two processes are
interrelated, the molecular mechanisms behind them are not well established. Mel-1 s a critical
survival factor for both proliferating and differentiating embryonic NPCs (Arbour ar al. 2008). In
addition, recent studies in cell Tines show that Mel-! can also affect cell cycle kinetics upon
foreed expression (Fujise e al 2000, Jamil ef al. 2005). However, the role of Mcl-1 in regulating

in vivo conditions has not yet been demonstrated.

cell eyele progression under physiologi

Therefore, I put forward the following hypothesis-

Hypothes
M-I reguiates cell cycle progression and promotes differentiation of NPCs within the
embryonic brain

Objectives:

The main objectives of this thesis are-

1. To determine whether Mel-1 regulates embryonic NPC proliferation and differentiation.

2. To determine the mechanism by which Mcl-1 regulates NPC cycle progression.



Chapter2

Materials & Methods

2.1 Mice

Mice were kept on a 12-hour light/dark cycle and food/water was administered ad libitum. All

experiments were approved by Memorial University’s Animal Care Ethics Commitee, adhering

to the Guidelines of the Canadian Council on Animal Care.
CD-1 mice were provided from Charles River Laboratories. For breeding, mice were housed in

the same cage for up to 3 days and the formation of the plug was checked every 12 hours. For

embryonic time points, the time of plug identification was considered to be embryonic day 0.5 (E
0.5) and the male mouse was immediately separated upon detection of the plug. Floxed Mel-1
(Mcl-1) transgenic mice were generated in the laboratory of Dr. S. Korsmeyer (Opferman et al.
2005) and Nestin Cre (Cre”) transgenic mice were generated in the laboratory of Dr. R. Slack
(Berube et al., 2005). Both were maintained on a FVBN background. Mcl-1 conditional knockout
(CKO) mice were generated by crossing Nestin Cre transgenic mice with Mcl-1 floxed (Mcl-1'")
adults as described by (Arbour et al., 2008) and illustrated in Figure 2.1. Mcl-1 CKO (Cre":Mcl-
1") mice were compared to littermate controls (Mcl-1"") for all experiments studying Mcl-1

unction. The p27*' knockout embryos (p27°7' ) were generated by crossing p27°""

loss

heterozygous males (p27°™ ) with p27*"" heterozygous females (p27°*' ") (Fero et al., 1996),

both maintained on a CS7BL/6 background. For loss-of-function studies, p27**' knockout

bryos (2757 ) pared o wildtype I s (p27%°1 ).
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Figure 2.1: Conditional Mcl-1 Knockout mediated by Cre recombinase.

Mel-1” mouse is crossed with Nestin Cre transge The Nestin promoter mediates

ic mi
expression of Cre recombinase and the DNA between the loxP sites is excised. Therefore. Mcl-1

is conditionally knocked out from neural tissue using the neural specific Nestin promoter.
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2.2 Genotyping Mice

To determine the genotype. DNA was isolated from tail clippings of adulis and limb buds of
embryos at embryonic day 13 (E 13) using the REDExiract-N-Amp tissue PCR kit (Sigma,

029K6262). Isolated DNA was then subjected to Polymerase Chain Reaction (PCR) using the

reaction components outlined in Table 2.1. For p27*"' PCR, the REDExtract-N-Amp PCR
Reaction Mix (Sigma, R4775) was used and the components are outlined in Table 2.2.

The PCR reaction for Mel-1 was programmed to be in 94°C for 6 minutes, 55°C for | minute and
72°C for | minute - repeated for 30 cycles. The PCR reaction for Cre was programmed o be in
94°C for 3 minutes, 56°C for 1 minute and 72°C for 1.5 minutes - repeated for 30 cyeles. The
PCR reaction for p27*"' was programmed to be in 94°C for 6 minutes, 61°C for 1 minute and
72°C for 1 minute - repeated for 12 cycles. followed by 25 repetitions of 94°C for 3 minutes,
58°C for 1 minute and 72°C for 1 minute,

PCR products were run in a 2% agarose gel (UltraPure Agarose — Iavitrogen, 15510-027)
containing Ethidium bromide (15585-011. Invitrogen) to stain the DNA under ultraviolet light
The gel was run at 120 Volts for 30 minutes to detect the Cre band and for 90 minutes for the
Mecl-1 band. Mcl-1"" allele has two 34bp loxP sites flanking exon 1 (Opferman et al., 2005), as a

result the wildtype Mel-1"" allele (360bp) is smaller than the Mcl-1"" allele (400bp). Using the

difference n the size of the bands under ultraviolet light, these two alleles can be distinguished.

The wildtype p27™ (p275%" ") band can be identified at 190bp compared to mutant p27"'
(27" ) band that can be identified at 280bp. Mice heterozygous for p275™" (p27"' ) show

both bands, one at 190bp and another at 280bp (Figure 2.2).



Volume /Sample (uL)

Reaction

Mel-1 PCR e PCR
10x Reaction Buffer 50 50

Primers (2.5 M), mz“ :g;w 0
1.25 mM dNTPs 80
50 mM MgCl; L5
Tag Polymerase 1 0.5 -
Water o 220 1
DNA \nmple - 3.0 1
Cre-3b* = 5" TGA CCA GAG TCA TCC TI'A GCG 3 |
Cre-Sb** = 5 AAT GCT TCT GTC CGT TTG CC3* |
Mel-1 (6)" 5" GCA GTA CAG GTT CAA GCC GAT G3* 1
Mel-1 (7)* = 5° CTG AGA GTT GTA CCG GAC AAY' |
Table 2.1: Reaction components for Mcl-1 and Cre PCR
Reaction components Volume /Sample (uL)
REDExtract-N-Amp PCR Reaction Mix B 10.0 a
P27 wt-F* - 0.4

Primers (20 pM): "s;,":‘nfr.r at

k| 5 p27 mi-R™ - 0.4
Water - R 84 -
DNA sample 40 1

p27 wi-F* = 5" GAT GGA GCG CAG ACA AGC 3

p27 wi-R ** = 5" CTC CTG CCA TTC GTA TCT GC3*
p27mtF* = 5 CTT GGG TGG AGA GGC TAT TC3"
| p27 mtR* = 5' AGG TGA GAT GAC AGG AGA T(3”

Table 2.2: Reaction components for p27%%' PCR




Figure 2.2: Identifying Mcl-1, Cre and p27*"' genotype by PCR.
ype by

A - The floxed Mel-1 (Ml-1") allele can be distinguished from wildiype Mel-1 (Mel-1"") allele
by the difference in band size. Mcl-1"" has two 34bp foxP sites and is seen as the larger band
compared to Mcl-1"". Mice that are heterozygous to Mel-I (Mcl-1 ") show both bands.

B - Cre can be identified by the presence of a band at ~700bp.

€ - Wildtype p275"" (p275"' ") can be identified by a band at 190bp, compared o mutant
p2757" (p27%7' ) that can be identified by a band at 280bp. Mice heterozygous for p27*""

(p27°"" ") show both bands.
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Mcl-1 flox 400 bp
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Cre - 700 bp
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2.3 Culturing clonally derived NPCs

NPCs were harvested from the neurocpithelia of the E 13 embryos. Pregnant dams were
cuthanized with a lethal intraperitoneal injection of Euthanyl (250 mg/mL sodium pentobarbital,
Vétoguinol, IEUS001), followed by cervical dislocation. The uterus containing the embryos was
dissccted and submerged in cold Ix HBSS pH 7.4 (made from 10x HBSS — Hanks' Balanced Salt
Solution; Gibco, 14065-036, and Gibeo distilled water, 15230-162) with phenol red (Sigma,
P0290). Individual embryos were removed from their embryonic sac and their brains extrected in
cold 1x HBSS. The NPCs were harvested from the ganglionic eminences of these embryos by
making a longitudinal incision through the overlying cortex. The excised ganglionic eminences
were immediately transferred into stem cell media (SCM), prepared as described in Appendix I.
and manually triturated 1o single cells. Cells were counted in a 1:1 mix with 0.4% Trypan Bluc
(Gibceo, 15250-61) on a Hemacytometer (Fisher Scientific, 0267110). Neural precursor cells were
then plated at clonal density (10 cells/pL) to grow newrospheres and incubated at 37°C with 5%

carbon dioxide and humidity.

2.4 Plasmids Constructs

For studying Mcl-1 gain-of-function, a mutant Mel-1 (mt Mcl-1) construct from (Zhong et al.,

2005) was used where the lysine residues, involved in ubiquitin-mediated destruction of the

protein, were converted to arginine. The pCIG2 expression vector (Megason and McMahon.

2002) (Appendix 1) was used to direct the expression of mt Mcl-1 both in vivo and in vitro. The



mt Mcl-1 construct was cloned into the pCIG2 vector 5 to the internal ribosome entry sequence
(IRES) and enhanced green fluorescent protein (¢GFP) (Appendix I11).

For studying p27°*" gain-of-function, p27**' from pGFP-E p27 vector (Dyer and Cepko, 2001)
was cloned into the pCIG2 vector 5 to the interal ribosome entry sequence (IRES) and
enhanced green fluorescent protein (GFP) (Appendix 1V).

The expression of both pCIG2 mt Mel-1 and pCIG2 p27°"" were verified through transfection of
E13 NPCs followed by protein analysis via Wester Blot 24 hours post-transfection, as shown in
Figure 2.3. The overexpressed mt Mcl-1 band (human) appears at 37 kDa while the endogenous
Mel-1 band (mouse) appears at 35 kDa as a doublet. Since the endogenous level of Mel-1 is too
low for performing protein interaction studies, all immunoprecipitation experiments were based

on the overexpressed mt Mcl-1




Figure 2.3: Verification of Mcl-1 and p27*%" overexpression in E13 NPCs.
A~ Western blot analysis of protein samples 24 hours post transfection with actin used as a
loading control (42 kDa). The overexpressed Mel-1 band (human) appeared at 37 kDa while the
endogenous Mel-1 band (mouse) appeared at 35 kDa.

Ctl = cells transfected with pCIG2 control plasmid, mt Mcl-1 = cells transfected with mt Mel-1

B - Western blot analysis of protein samples 24 hours post transfection with actin used as loading
control (42 kDa). The p27*"" band appeared at 27 kDa.

Ctl = cells transfected with pCIG2 control plasmid, p27°7" = cells transfected with p27°""
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2.5 Invitro Transfection of NPCs

3-4 days after plating, neurospheres were passaged 1o single cells and then transfected 24 hours
later. Transfection was carried out using the Amaxa Mouse Neural Stem Cell Nucleofector Kit
(Lonza, VPG-1004) and Amaxa Nucleofector Device (Lonza, AAD-1001), according to
‘manufacturer's instruction. For every million (1x10°) NPCs, 10 g of plasmid DNA was used for
transfection.

Transfected cells for protein assay were plated in stem cell media immediately foilowing
transfection. Cells for immunocytochemistry were plated immediately following transfection in

stem cell media without heparin for adherent cultures,

2.6 Invitro Proliferation Assay

NPCs were transfected with pCIG2 contiol plasmid, mt Mcl-1 plasmid or p27**' plasmid and
plated in proliferating conditions at clonal density, on Poly-omithine (Sigma, P4957) coated
dishes. To determine the effects of Mel-1 gain-of-function on proliferation, transfected NPC
cultures received a S-Bromo-2-deoxyuridine (ImM BrdU — Sigma, BS002) pulse 2 hours
immediately before fixation. Cultures were fixed with 1:1 methanol (Sigma, 179337-4L) and
acetone (Fisher Scientific, A949-4) at 24 hours, 48 hours or 72 hours post transfection

Proliferation was assessed to compare the effects of Mcl-1 or p27%"" gain-of-function on NPCs,

This was performed using immunocytochemistry for proliferating cell nuclear antigen (PCNA) at

24 hours, 48 hours or 72 hours post transfection



2.7 Protein extraction from cultures

Protein samples were extracted from NPCs. Cells were lysed in complete immunoprecipitation
(IP) buffer containing 25 mM Tris-Base pH 7.4, 148 mM NaCl, 1 mM CaCl,, 1% Triton X-100,

02 mg/mL phenylmethylsulfonyl fluoride (PMS

10X protease inhibitors (aprotinin and

leupeptin) and 10 mM dithioth

1 (DTT). Samples were run in duplicates using Bio-Rad
Protein Assay Reagent (BioRad. 500-0006) to determine the protein concentration of each

sample by producing a standard curve using the Bradford Assay (Table 2.3).

Tube dd H,0 () | BSA Standard Bio-Rad Approx.
S (uL) reagent (L) Absorbance J
1 800 0 200 0000 |
2 795 5
3 79 0
a4 785 s
Sample (5 L) 795 0
Table 2.3: Bradford Assay Standard Curve
The slope of the standard was used of each sampl g

the following equation

ug (Mean sample absorbance)
Sample Concentration [ J * Dilution Factor

uL (Slope) (Volume of sample)



2.7 Immunoprecipitation with Protein-G Sepharose Beads

Individual protein samples containing 600 g of protein in 250 uL of complete IP buffer, 5 ug of
specific antibodies (Cyclin dependent kinase 1 (Cdk1) - Santa Cruz, SCS3219; Cyclin B - Santa
Cruz, SC752; Mcl-1 ~ Santa Cruz, SC819) were used for pulling down protein complexes.
Proteins with antibodies were placed on a rotator at 4°C for 3 hours, then 40 L of Protein G
Sepharose Beads (Sigma, P3296-ImL) were added and set back 1o incubatc ovemight. The
following day, beads were washed in cold complete IP buffer to remove any non-specific binding
and then centrifuged at 1000 rpm for 2 minutes in 1°C, allowing the specific protein complexes

bound to the antibodies and beads to sediment. T this pellet, 40 L of 6X protein loading buffer

(250 mM Tris-HCI, 0.5M DTT, 10% Sodium dodecyl sulphate (SDS), 0.5% bromophenol blue
and 50% glycerol) was added. Samples were boiled at 100°C for 2 minutes 1o dissociate the
protein complexes, cooled to room temperature and then centrifuged at 10,000 rpm 0 sediment

the sepharose beads. The supematant contining the protein samples was then loaded into 15%

poly-acrylamide gel and was run according to the procedure for westem blo.

2.8 Western Blot Analysis

Protein samples containing 60 g of protein were mixed with Sl of 6X protein loading buffer,

boiled at 100°C for 2 minutes and then loaded on a 15% poly-acrylemide gel




15% Separating gel

dd water
[ 0.5M Tris, 1.5M glycine
10%SDS
50% glycerol
40% acrylamide; 0.25% bisacryla
Ammonium persulphate
TEMED

0.5M Tri
10%SDS _

cerol
acrylamide, 0.25% bisacrylamide
" Ammonium persulphate
[10% TEME]

]
Iml of wate
]

Table 2.4: Recipes for Poly-acrylamide separating and stacking gels

A Mini-PROTEAN apparatus (BioRad, 165-8001) filled with Running Buffer (0.1 M Tris-Base,

0.3 M glycine, 0.01 M SDS) was used to run the gel. The protein samples were loaded into the

stacking gel and run at 80 volts uniil the dye cleared the stacking gel. Once the samples reached
the separating gel, the gel was run at 110 volts for 3 hours. To determine the size of various
protein bands, 10 uL of Bio-Rad Kalcidoscope pre-stined protein marker (Bio-Rad. 161-0324)
was also loaded in one of the lanes in cach gel

Proteins from the separating gel were transferred 10 a nitrocellulose membrane (Amersham
BioSciences, RPN30320) with the BioRad Mini Trans-Blot Electrophoretic Transfer Cell
(BioRad, 170-3930) in Western Transfer Buffer (0.02 M Tris-Base, 0.15 M glycine and 49 M
methanol). Following transfer, the membranc was washed in {x Tween-20 phosphate bullered
saline, TPBS (126 mM NaHPO,, 620 mM NaCl, 4 mM Tween-20, ddH:0) for 15 minutes on
the shaker, then blocked in 5% blotto (5% skim milk in TPBS) for an hour &t room temperature.

followed by a wash in 0.5% blotto. Blots were incubated ovemight with appropriaie primary
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antibody (Appendix V) in 0.5% blotto at 4°C in a sealed plastic container on a shaker at low
speed.

The following day, membranes were washed in 0.5% blotto, followed by incubation with
appropriate secondary antibody (1:2000 goat anti-rabbit IeG horseradish peroxidase (HRP)
conjugate, BioRad, 1706515; 1:2000 goat anti-mouse IgG HRP conjugate, BioRad. 1706516)
diluted in 0.5% blotto for 1 hour in room temperature. Then membranes were washed in 1x TPBS.
and the secondary antibodies were detected using a chemiluminescence reaction kit (Perkin
Elmer Labs Inc. - Wester Lightning, 02118-2512) according to the manufacturer’s instructions.
Images of the membranes were taken | minute after applying the chemiluminescence reagent,
using GF ImageQuant LAS 4000 (GE Healtheare, 28-9558-10). To detect the levels of f-actin,
the loading control, membranes were stripped using Western Blot Stripping Buffer (Sigma,

21059) a1 37°C for 30 minutes and the procedure was repeated following a wash in 5% blotto.

2.9 In wtero electroporation

In utero clectroporation was performed on pregnant CD-1 female mice at E13 (embryonic day

13). 10 examine the effects of Mel-1 gain-of-function on neural precursor cells in vivo. Pregnant

females were anaesthetized with isofluorane inhalation and were closely monitored during the

entire procedure. A hypotear ophthalmic aintment was applied on the eyes of the mouse during
the surgical procedure to prevent eyes from drying out. The entire procedure was performed
within 45 minutes. During the surgery, the mouse was kept on a sterile padding on a heating pad

set at 30°C to maintain body temperature.



Once anaesthetized, the fur was removed from the abdomen of the pregnant mouse using Nair
(Church & Dwight Canada Corp., Mississauga, ON). The abdomen was then cleared with 70%
cthanol and an incision was made down the midtine of the abdomen and through the
intraperitoneal wall, which was then lined with sterile gauze. Uterine homs were pulled through
the incision and placed on sterile gauze and moistened with pre-warmed sterile 0.9% saline.
Individual embryos received an injection of the plasmid (1ug/uL), either pCIG2 control, p27""
or mt Mcl-1 plasmids, using a FemtoJet Injector (100hPa, 1.2 sec, PC=16) into the laterai
Ventricles. The plasmid solution also contained a non-toxic dye to visually monitor injections into
the lateral ventricles. Following the injection, electroporation paddles (Smm, Protech
Interational, CUY650PS) were placed on opposite poles of the embryo’s head and using an
ECM 830 Generator (Harvard Apparatus) a series of 7 pulses at 45 volts, 50 msec duration with a
500 msec interval, were delivered as described previously (Langevin er al. 2007). Following

electroporation, the uterine hom was re-inserted back into the abdomen of the pregrint mouse,

the musculature and overlying skin sutured and the mouse was allowed to recover. At completion

of the surgery, a topical gentamicin (Topagen) was sprayed on the abdomen of the pregnant
mouse to minimize infection of the wound.

Post surgery mice were given sterilized drinking water with sulfamethazine antibiotic (0.05%

Sodium sulfamethazine solution) for the first 3 days post-operation to prevent infection. The
health and weight of the mice were monitored on a daily basis until cuthanasia. 24 hours post-
electroporation, pregnant mice received a single intraperitoneal BrdU injection (100yg/g body

weight) to label proliferating cells. Brains of the electroporated embryos were collected at 48

hours and § days following the in urero electroporation, or twe weeks post




2.10 Tissue ion, fixation, cry
At 48 hours and 5 days following the in ufero electroporation, pregnant mice were euthanized
with a lethal intraperitoneal injection of Euthanyl (250 mg/mL_ sodium pentobarbital, Vétoguinol,

IEUS001), followed by cervical dislocation. The uterus was removed by making an incision

through the abdominal wall and placed in Ix PBS. The embryos were removed from the

embryonic sacs and their brains dissected. Brains were checked under the microscope for GFP

fluorescence, and only those with GFP expression were collected. Pups collected 2 weeks

postnatally were also sacrificed with a lethal intraperitoneal injection of Euthanyl. Following

cuthanasia, pups were perfused with ice-cold 1x PBS followed by 4% Para-formaldehyde (PFA

Fisher Scientific, 04042-500; 1x PBS, dd H;0, pH 7.4).

Brains were post fixed overnight in 4% PFA. After fixation, the tissue was cryoprotected by

ions (12%, 16% and 22% w/v sucrose

equilibrating in increasing concentrations of sucrose soi

<Tek (Sakura Finetck,

in Ix PBS). Following cryoprotection. brains were frozen in T

ectioned (14 yum in thickness) on the

0004348-01) on isopentane, cooled on dry ice. Brains wer

ing, on a cryostat (Microm HM 520 Cryostat). Tissue sections were collected

same day as fre
on Superfrost Plus (Fisherbrand. 12-550-15) slides and then stored at -80°C until further

processing

2.11 y and y

For immunohistochemistry, slides were warmed to 37°C and a hydrophobic moat (Dako pen) was

rbrl, BrdU and Cux1), slides were

drawn around the brain sections. For auclear stains (PCNA.
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post-fixed in acetone (Fisher Scientific, A949-4) for one minute followed by washes in 1x PBS.
Slides were next incubated overight with primary antibodies (Appendix V) diluted in 1x PBS at
room temperature. For BrdU and PCNA (proliferating cell nuclear antigen)
immunohistochemistry, slides were pre-treated in 2N HCI for 30 minutes at 37°C followed by 0.1
M NasBiO; (pH 8.0) wash for 10 minutes to denature the DNA. Slides were then washed in 1x
PBS before incubating ovemight with primary antibody in the humidity chamber at room
temperature.

For PCNA immunocytochemistry, cultures were fixed using cold (-20°C) 1:1 methanolacetone
(Fisher Scientific, A949-4) for 5 minutes. This was followed by washes in cold (4°C) Ix
phosphate buffered saline (PBS - 137 mM NaCl, 27 mM KCl, 100 mM Na:HPOs, 18 mM
KH3PO, dd H0, adjusted to pH 7.4). Then the cells were first treated with 2N Hydrochloric

acid (Fisher Scientific, SA56500) at room temperature for 15 minutes followed by washes in cold

Ix PBS. Following this, primary antibodies for PCNA (1:300 - Vector Labs, VP-PIS0) in Ix
PBS was added to the cells and incubated overnight at 4°C
For BrdU immunocytochemistry, cultures were fixed using cold (4°C) 4% PFA for 10 minutes,

followed by washes in cold (4°C) 1x PBS. Then the cells were treated with DNase (1 unit/50 . -

Promega, M6101) in DNase Buffer (40 mM Tris-Hel, 10 mM NaCl, 6 mM MgCl: and 10 mM
CaCly) at 37°C for 30 minutes, to denature the DNA. Following this, cells were washed m Ix
PBS and then incubated with primary antibodies for BrdU (1:100 ~ BD Biosciences, 347580) in
Ix PBS overnight at 4°C.

‘The following day, the slides or culture dishes were washed in 1x PBS and incubaied with the

appropriate secondary antibody diluted in 1x PBS (1:200 doukey anti-mouse 1gG (H+L) A
Fluor 594 - Invitrogen, A21203, 1:200 donkey anti-rabbit igG (H+L) Alexa Fluor 594
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Invitrogen, A21207) for one hour. covered with aluminium foil. Following this, the cells were
stained with the nuclear dye Hoechst diluted in 1x PBS (1:250 BisBenzimide H33258 - Sigma,
BI155) for two minutes and then washed again in Ix PBS. Slides were then coverslipped with

113 glycerol: x PBS and the edges were sealed with nailpolish.

2.12 Microscopy and Statistics

Cultures were examined on a Zeiss AxioObserver A.1 microscope to confirm transfection and

subsequent expression of plasmids. Immunostained cells and tissues were examined on a Zeiss

Axiolmager Z.1 microscope under LED fluorescence produced using Colibri. Each
contained three brain sections, each about 140 wm apart. Photomicrographs were taken of each
embryonic brain section at the same magnification. The sample size indicates the number of
different embryos used for each treatment group. Average number of GFP' cells detected per

experiment for each treatment group is listed in Appendix V1.

All images were taken with Zeiss AxioC n 4.8 software.

MRm camera using Zeiss AxioVi
Images were processed and the figures were compiled using Adobe Photoshop €S2 where

manipulztions were made only to contrast and brightness. The freeware Image J (National

Institute for Health) was used for quantification of positive cells following immunostaining and

the counts were maintained in Microsoft Excel spreadsheets. Al statistics were performed using
GraphPed Prism S software, including unpaired T-test and One-way Analysis of Variance
e differences between &

(ANOVA). Tukey’s post hoc analysis was used to det

ment

groups.



Chapter 3

Results

3.1 How does Mcl-1 affect embryonic NPCs in vivo?

During neurogenesis within the emnbryonic brain, NPCs divide at the ventricular zone (VZ) and
subventricular zone (SVZ). As NPCs exit the cell cycle and progress towards a neuronal lineage,
they migrate radially out into the cortical plate (CP) (Malatesta et al., 2008). Therefore, the
proliferating zones in the developing cortex are the VZ and SVZ, while the post-mitotic
differentiated cells make up the CP.

To investigate the effects of Mel-1 gain-of-function on NPCs, I electroporated GFP (control) or
mt Mel-1 plasmids into EI3 mouse embryos in ufero. 1 collected the brains 4§ hours post

electroporation and assessed the location of the GFP* transfected cells.

In control brains, the distribution of GFP' cells was mostly in the proliferative zones, VZ

(2642%) and SVZ (5242%), with less than a fourth of the GFP' cells in the post-mitotic CP

(2143%). In contrast, there was a shift in the location of the GFP* cells towards the CP in the
Mel-! treated brains. Less than half of the GFP' cells in mt Mcl-1 treaied brains were in the
proliferative zones, VZ (1642%) and SVZ (26+2%), and most of GFP' cells were in the CP

(5843%) (Figure 3.1). This distinct shift in the location of GFP cells in the mt Mcl-1 weated

brains suggested that Mcl-1 gain-of-function induces NPCs to exit the cell eyele and migrate o

the CP.
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PCs into the cortical

Figure 3.1: Mc!

gain-of-function promotes migration of
plate.

ctions 48 hours post-electroporation

A Representative photomicrographs of embryonic brain
of control (Ctl) or mt Mel-1 plasmids, showing the location of GFP” cells in the VZ (ventricular

SVZ (subventricular zone) and CP (cortical plate).

ion of the percent GFP' cells located in VZ, SVZ and CP within Ctl and mt Mcl-1

treated brains. GFP* cells were counted in 3 representative sections per embryo (n-S/treatment)

Mean cell counts were analyzed by ttest with statistieal significance assessed at *p<0.05. Graphs

represent means +SEM.
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3.2 Mcl-1 regulates NPC proliferation within the embryonic brain

To characterize the effect of Mcl-1 on embryonic NPC proliferation, I electroporated GFP.

(control) or mt Mel-1 plasmids into F13 mouse embryos in urero and assessed proliferation with

PCNA 48 hours post PCNA is a component of DNA

polymerase-delta and is required for DNA replication. As a result, there s a distinct increase in
PCNA expression during the S-phase (Bacchi and Gown. 1993) and so it is used widely as a
marker for cell proliferation. 48 hours post electroporation, in control brains 22+3% of
transfected cells were also PONA”. In contrast, only 8£1% of transfected cells were also PCNA"

in the mt Mel-1 treated brains (Figure 3.2). This greater than two-fold reduction in proliferating

NPCs suggests that Mcl-1 gain-of-function promotes ceil cycle exit of NPCs.



Figure 3.2: Mcl-1 regulates NPC proliferation in the cmbryonic brain.
A - Representative photomicrographs of embryonic brain sections 48 hours post electroporation
showing GFP cells and PCNA" cells in control and mt Mel-1 electroporated brains. Arrows
point to double labeled cells

B Quanification of the percent double labeled GFP' and PCNA cells in control (Cil) and mt
Mel-1 electroporated brains. GFP' cells were counted in 3 representative sections per embryo
(n=5/treatment). Mean cell counts were analyzed by t-test with statistical significance assessed at

*p<0.05. Graphs represent means +SEM
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3.3 Mcl-1 promotes NPC differentiation within the embryonic brain

Since Mcl-1 gain-of-function reduces NPC proliferation, | assessed if Mcl-1 regulates NPC

differentiation. The stages of neurogenic progression of a NPC can be distinguished by sequential

he

expression of specific transeription factors (Figure 1.2). The expression of the Tbrl transcription
factors confirms the neurogenic transition of NPCs and can be used (o label newborn neurons
(Hevner et al., 2006). 1 electroporated GFP (control) or mt Mel-1 plasmids into E13 mouse
embryos in utero and assessed differentiation with Tbrl immunohistochemisiry 48 hours post
clectroporation. In control brains 18+3% of transfected cells were also Tbr!". In contrast, 29+3%

of ray

cted cells were Tbrl" in the mt Mcl-1 treated brains (Figure 3.3). The 50% incre

differentiated neurons within mt Mel-1 electroporated brains suggests that Mcl-1 gain-of-function

promotes neurogenesis.
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Figure 3.3: Mcl-1 promotes NPC differentiation in the embryonic brain.

A~ Representative photomicrographs of embryonic brain sections 48 hours post electroporation
showing GFP" cells and Tbrl " cells in control and mt Mcl-1 electroporated brains. Arrows point
10 double labeled cells.

B - Quantification of the percent double labeled GFP' and Tbrl" cells in control (Ctl) and mt
Mel-1 electroporated brains. GFP' cells were counted in 3 representative sections per embryo
(n=5/treatment). Mean cell counts were analyzed by t-test with statistical significance assessed at

*p<0.05. Graphs represent means +SEM.
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3.4 Mcl-1 gain-of-function generates a greater cohort of newborn cells

tion of NPCs, I examined if

Since Mel-1 gain-of-function promotes neuronal different

transfected NPCs prematurely exit their cell cycle and become post-mitotic. This was performed

with a BrdU birthdating experiment. Electroporation was performed on E13 mouse embryos and
pregnant dams were administered a single BrdU pulse 24 hours post electroporation. BrdU labels
dividing cells as they undergo DNA replication in S-phase. Proliferating cells dilute the BrdU

totic division at the time of

label with cach successive division, whereas cells in their last n
injection retain the BrdU label and are considered “bom” at that time. | assessed the embryos 5
days post electroporation, when the only cells to retain the BrdU signal are the cells that have
exited the cell cycle at the time of injection. Immunohistochemistry for BrdU revealed that in

fected cells were also BrdU". In contrast, 14:2% of transfected cells

control brains 6:+1% of tra
were BrdU" in the mt Mel-1 treated brains (Figure 3.4). Therefore, Mcl-1 gain-of-function
generated a 2-fold greater cohort of newborn cells. These results demonstrated that Mcl-1

promotes NPCs to prematurely exit the cell cycle.



Figure 3.4: Mel-1 gain-of-function generates a greater cohort of newborn cells.

A Representative photomicrographs of embryonic brain sections § days post electroporation

showing GFP" cells and BrdU* cells in control and mt Mcl-1 electroporated brains. Pregnant
dams received a single BrdU pulse 24 hours post electroporation. Arrows point to double labeled
cells.

in control (Ctl) and mt

cation of the percent double labeled GFP' and BrdU" cell

B - Quantifi
Mcl-1 clectroporated brains. GFP" cells were counted in 3 representative sections per embryo
(n~S/trcatment). Mean cell counts were analyzed by t-test with statistical significance assessed at

p<0.01. Graphs represent means +SEM.
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3.5 Mecl-1 gain-of-function alters the laminar destination of NPCs in the

developing cortex

Since Mel-1 gain-of-function promotes premature cell cycle exit of NPCs, I examined the final
laminar location of transfected cells in the developed cortex. Electroporation was performed on
E13 embryos and the pups were collected 2 weeks post-natally. Corticogenesis in mice is from
EI1-E19 (Dehay and Kennedy, 2007) and there is a second wave of apoptosis among
differentiated neurons (de la Rosa and de Pablo, 2000, Blomgren et al. 2007) following
corticogenesis. Therefore, the 2 week post-natal time point allowed assessment of the location of
transfected cells that have survived.

Laminar location of the GFP" cells were identified using a layer specific marker, Cux1 (Cut like
transeription factor). that labels cortical layers -1V (Leone et al., 2008). Cells bom on E15 o
later make up the neurons in the Cux1" upper cortical layers I1-IV. Cells born ai an earlier time
make up the deeper cortical layers V-VI (Caviness et al., 2009), as the cortex develops “inside-

out”.  Immunohistochemistry for Cux! revealed that in control brains almost all the GFP” cells
(98+1%) were in the upper cortical layers 11-IV. In contrast, only 81+2% of transfected cells were
in the upper cortical layers [I-IV in the mt Mcl-1 treated brains. The remaining 18:2% of
transfected cells were in the deeper layers V-VI, confirming their earlier birthdate (Figure 3.5).
“This is consistent with my previous data that Mcl-1 gain-of-function promotes premature cell

cycle exit of NPCs in the embryonic brain.




Mel-1 gain-of-function alters the laminar of NPCs.

Figure 3
A Representative photomicrographs of brain sections from 2 week-old postnatal pups showing.

GFP" cells and CuxI" cells in cortical layers IV in control (Ctl) and mt Mcl-1 treated brains.

Clectroporation was performed on E13 embryos.

B - Quantification of the percent of GFP' cells in layers 11-IV and layers V-VI. GFP" cells were

counted in 3 representative sections per pup (n-=S/treatment). Mean cell counts were analyzed by

ttest with statistical significance assessed at *p<0.01. Graphs represent means +SEM.
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3.6 Mel-1 gain-of-function regulates NPC proliferation in virro

The in vivo data revealed that Mcl-1 promotes premature cell cycle exit of NPCs that form the

ing an carlier birthdate. So, I investigated if the cell cyele exit is

deeper cortical layers, confi
cell autonomous for NPCs when replicated in vitro. 1 cultured E13 NPCs and transfected them
with either control or mt Mel-I plasmid. To maintain transfected NPCs under proliferating
conditions, 1 cultured them in a high concentration of FGF-2, a potent growth factor that
promotes NPC proliferation (Tropepe et al., 1999, Sosunov and Chelyshev Iu, 2002)

The cultures received a BrdU pulse 2 hours before fixation at 24 and 48 hours following
transfection of NPCs. BrdU labels the cells in S-phase. Immunocytochemistry for BrdU was

carricd out and the BrdU" transfected cells were quantified. In the control cultures 31:46% of

GFP' cells were also BrdU" at 24 hours post transfection. Comparatively, only 12£1% of GFP"
cells were BrdU" in the mt Mel-1 treated cultures 24 hours post transfection. 48 hours post
transfection, 3141% of transfected cells were also BrdU' in control cultures, whereas only
14£2% of transfected cells were BrdU" in mt Mci-l treated brains (Figure 3.6). The 2-fold
teduction in proliferation upon Mcl-1 overexpression at both 24 and 48 hours post transfection
supported our in vivo findings that Mcl-1 promotes cell cycle exit of NPCs. Furthermore, this in

vitro analysis also suggests that Mel-1 promotes cell cycle exit independent of external cues.

Therefore, Mcl-1 p 1l cycle exit of NPCs through a cell aut manner.




Figure 3.6: Mel-1 regulates NPC proliferation through a cell autonomous

mechanism.

Quantification of the percent of GFP' cells that are also BrdU" in control (Ctl) and mt Mel-1

transfected NPC cultures. Cultures received a 2 hour BrdU pulse before fixation at 24 hours or 48

hours post transfection.  Proliferation was assessed with BrdU  immunocytochemistry

(n=5/treatment). Mean cell counts were analyzed by t-test with statistical significance assessed at

0.01. Graphs represent means +SEM
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3.7 Mel-1 directly interacts with cell eycle regulators in NPCs

Evidence of Mcl-1 interacting with cell cycle regulators comes cither from forced expression of
Mel-1 in cell lines or from studies inducing cell cycle arrest. Mel-1 slows cell cycle progression
by binding to PCNA (Fujise et al., 2000) and Cdk1 (Jamil et al., 2005) in cell lines. In addition,
during mitotic arrest, the Cdk1-Cyclin BI complex binds to Mel-1 promoting its phosphorylation
(Harley et al., 2010). To determine whether Mecl-1 binds to either PCNA or CdkI-Cyclin BI in
NPCs, I performed immunoprecipitation studies (Figure 3.7).

1 ransfected E13 NPCs with either control or mt Mel-1 plasmid and collected the cells 24 hours
post transfection. Immunoprecipitation was carried out with antibodies for Mcl-1, Cdkl and
Cyclin BI. A pre-IP sample was collected for western analysis to demonstrate the overal level of
each protein in the lysates. Although Mcl-I showed direct binding to PCNA in NPCs, there was
no difference in this interaction with Mel-1 overexpression (Figure 3.7A). In contrast, Mcl-1
sequestered more Cdk1-Cyclin BI complex when overexpressed. This was demonstrated by
immunoprecipitation for Mel-1 and subsequent westem analysis for Cdk1 or Cyclin BI on the
same blot (Figure 3.7B). This interaction was further confirmed by doing the reverse
immunoprecipitation for either Cdk! or Cyclin BI followed by western analysis for Mcl-1
(Figure 3.7C.D). Since Mel-I gain-of-function sequesters more Cdk1 and Cyclin BI in NPCs,

this may suggest a mechanism by which Mel-1 regulates cell cycle progression of NPCs.



3.8 Changes in Mcl-1 expression show concomitant changes in p27*%'

expression

Previous in vitro studies in cell lines suggested that forced expression of Bel-2 and Bely; slows
cell cycle progression by lengthening G1 phase. This effect on cell cycle was atributed to the
increased level of p27*"' expression, a G1 Cdk inhibitor (Vairo et al., 2000, Greider et al., 2002).
P27%"" is a key regulator of NPC cell cycle exit. Overexpression of p27"' promotes premature
NPC cell eycle exit and alters their laminar destination (Goto et al., 2004). In contrast, knockout

of p27%"" causes increased NPC proliferation resulting in bigger brains (Tarui et al., 2005). So |

questioned whether Mcl-1 affected NPC cell cycle by modulating the expression of p27%"".

“To assess this, 1 carried out both gain-of-function and loss-of-function approaches (Figure 3.8).

Wildtype NPCs were transfected with either control or mt Mel-1 plasmid and collected 24 hours

post transfection. Western analysis was carried out on protein lysates from transfected NPCs and

elevated levels of p27*"" protemn was observed upon Mcl-1 overexpression. For the loss-of-
function model, NPCs were cultured from Mcl-1 conditional KO embryos and littermate controls.
Western analysis of these NPCs shows a concomitant decrease in p27**' expression in the

may affect the

absence of Mel-1. Taken together, this demonstrates that changes in Ml-1 protei

it

expression or stability of p27°"" protein
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Figure 3.8: Changes in Mcl-1 expression show concomitant changes

protei NPCs.
Western Blot analysis of p27*”' and Mcl-1 protein expression in NPCs from E13 Mel-I

). littermate controls (+/+), and in NPCs transfected with cither

conditional KO embryos (-

isfiection. Actin is used as the

control (Ctl) or mt Mel-1 plasmids and collected 24 hours post tra

loading control. Blots are representative of 3 separate experiments.




Mcl-1 mt
4+ - Ctl Mcl1
PTKIP! —+ e o
Mcl-1 (human)
Mel-1 (mouse) = - -

aCtin —= —— ——



3.9 p27%"" affects NPC proliferation and differentiation similar to Mcl-1 in

vivo

Since p27*"" is a key promoter of NPC cell cycle exit and shows concomitant changes in protein
with Mcl-1 expression, | asked if p27°*" acts downstream of Mcl-1 to promote cell cycle exit of
NPCs. To assess this, I first investigated the effects of p27**' gain-of-function on E13 NPCs in
vivo. 1 electroporated GFP (control) or p27%%' plasmids into E13 mouse embryos in utero. |
collected the brains 48 hours post electroporation and assessed the location of the GFP'
transfected cells.

In control brains, the distribution of GFP' cells was mostly in the proliferative zones, VZ
(332%) and SVZ (44+2%), with less than a fourth of the GFP* cells in the post-mitotic CP
(23429%) (Figure 3.9A). In contrast, there was a shift in the location of the GFP" cells towards the
CP in the p27%"" transfected brains. Less than half of the GFP' cells in p27*"" treated brains
were in the proliferative zones, VZ (18+1%) and SVZ (30+1%), and most of GFP" cells were in
the CP (5242%) (Figure 3.9A). This distinct shift in the location of GFP" cells in the p27*™"
treated brains suggested that p27**' promotes NPCs to exit the cell cycle and migrate to the CP,
similar to Ml-1 gain-of-function (Figure 3.1). So. I next asked whether there is a difference in
NPC differentiation within the p27*"' treated bramns when compared to control. Tbrl
immunohistochemistry was performed 48 hours post clectroporation on control and p27%*'
transfected brain sections 1o label the differentiated neurons. In control brains 1142% of

transfected cells were also Tbrl”. In contrast, 26+2% of transfected cells were also Tbr

in
p27%%" treated brains (Figure 3.9B). The 2-fold increase in differentiated neurons within p27*""
electroporated brains suggests that p27**' promotes NPC neurogenesis similar to Mcl-1 gain-of-

function (Figure 3.3).



Figure 3.9: p27""" affects NPC differentiation similar to Mel-1 in vivo.

A Quantification of the percent GFP' cells located in VZ, SVZ and CP within control (Ctl) and

p27%" treated brains. GFP' cells were counted in 3 representative sections per embryo

(n=4/trcatment). Mean cell counts were analyzed by t- ed at

with statistical signifi

0,05 Graphs represent meanSEM.

B - Quantification of the percent double labeled GFP' and Thrl" cells in control (Ctl) and p27*""
electroporated brains. GFP' cells were counted in 3 representative sections per embryo
(n-4/reatment). Mean cell counts were analyzed by t-test with statistical significance assessed at

*p<0.05. Graphs represent means +SEM
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3.10 p27**" and Mecl-1 regulate NPC proliferation at the same rate in vitro

The in vivo data revealed that p27*"' promotes differentiation of NPCs similar to Mcl-1 (Figure
3.1, 33, 3.9). So, I next investigated whether p27**" affect NPC proliferation similar to Mcl-1,
when cultured under proliferating conditions in vitro (Figure 3.6). 1 cultured E13 NPCs and

transfected them with control, mt Mel-1 or p27**' plasmids. To maintain transfected NPCs in a

proliferative state, I cultured cells in high concentration of FGF-2, a potent growth factor that
promotes NPC proliferation (Sosunov and Chelyshev Iu, 2002).

‘The cultures were fixed at 24, 48 and 72 hours post-electroporation and immunocytochemistry.
for PCNA was performed to label the proliferating cells The PONA” transfected cells were
quantified to assess proliferation. 24 hours post transfection, 86+1% of GFP' cells were also
PCNA" in the control cultures, 72+1% of GFP' cells were PCNA' in the mt Mel-1 treated

cultures and 7141% GFP" cells were PCNA' in the p27*" treated cultures. 48 hours post

transfection, 80+1% of GFP" cells were also PCNA" in control cultures, 70:1% of GFP* cells
were PCNA" in mt Mcl-l treated cultures and 68+1% of GFP+ cells were PONA" in the p27*""
treated cultures. The greatest difference was observed at 72 hours post transfection when, 57:9%
of transfected cells were also PCNA™ m control cultures, whercas only 36+2% of transfected cells
were PCNA" in mt Mel-] treated cultures and 35+1% of transfected cells were PCNA' in the
P27 treated cultures (Figure 3.6). The significant reduction in proliferation upon cither Mcl-1
or p27%"" overexpression at 24. 48 and 72 hours post transfection supports our in vitro findings

that Mcl-1 and p27%"' reduce NPC proliferation at similar rates. This suggests that both Mcl-1

and p27*"' may be part of the same mechanism that promotes NPC cell cycle exit.



Fi

re 3.10: p27**" and Mel-1 reduces NPC proliferation at similar rates in vitro.

Quantification of the percent of GFP' cells that are also PCNA” in control (Ctl), mt Mcl-1 and

2757 transfected NPC cultures. Cultures were fixed at 24, 48 or 72 hours post transfection.

Proliferation was assessed with PCNA immunocytochemistry (n=3/treatment). Mean cell counts

were analyzed by 1-way ANOVA followed by Tukey's post hoc analysis with statistical

ce assessed at *p<0.01, Graphs represent means +SEM
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3.11 Mel-1 regulates NPC proliferation through p27""' activity

1 next asked whether p27%"" is required for Mcl-1 to promote NPC cell cycle exit. So | assessed
the effect of Mcl-1 on NPC proliferation in the absence of p27%"'. NPCs were cultured from
p27°%" null embryos (-/-) and wildtype littermate controls (+/+) at E13, transfected with control

(Cth or mt Mcl-1 plasmids and plated at clonal density. NPCs were maintained in proliferating

media with high concentration of FGF-2. The cultures received a BrdU pulse 2 hours before
fixation at 24, 48 and 72 hours following transfection of NPCs. BrdU labels the cells in S-phase.
Immunocytochemistry for BrdU was carried out and the BrdU" transfected cells were quantificd.
Cells double labeled for both GFP and BrdU were expressed as a percentage of total GFP* cells

10 assess the proliferating status.

Mel-1 gain-of-function reduced proliferation of wildtype NPCs (wt : mt Mel-1) by 2-fold when

compared to control transfected NPCs ( wt : Cil) (Figure 3.11), both at 24 hours and 48 hours

post transfection. This supports my previous data, which demonsirated that Mcl-1 promotes NPC
cell eycle exit in a cell autonomous manner (Figure 3.6). In contrast, overexpression of mt Mcl-1
in the p27%™"-null NPCs did not reduce proliferation at any time points studied (Figure 3.11).
Regardless of whether p27*"'-null NPCs were transfected with control or mt Mcl-1 plasmids,
they remained highly proliferating even after 72 hours post transfection (*p<0.001 for all time
g

points). These results indicate that Mel-1 does not affect NPC proliferation in absence of p2

suggesting that Mcl-1 promotes NPC cell eycle exit through p27*"" activity,

90



ure 3.11: Proliferation is not affected by Mcl-1 in p27%"' null NPCs.

A Representative photomicrographs of wildt 7591 cultures transfected with

pe (W) or p2
cither Ctl or mt Mel-1 plasmids. Panels show GFP* cells, BrdU" cells, Hoechst nuclear staining
and merged images,

B Quantification of the percent of GFP” cells that are also BrdU" in control (Ctl) and mt Mel-1

transfected NPC cultures. NPCs were generated from p27°" null embryos (p27%") and

wildtype littermate controls (wt) and proliferation was assessed at 24, 48 and 72 hours post

transfection (n=3/genotype). Mean cell counts were analyzed by 2-way ANOVA followed by

Tukey's post hoe analysis with statistical significance assessed at *p<0.01 or **p<0.001. Giraphs

represent means £SEM.
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Chapter 4

Discussion

Mecl-1 promotes cell cycle exit of embryonic NPCs

Mel-1 is a critical survival factor among stem cell populations. It is required for the survival of

hematopoictic stem cells and the development and survival of B and T lymphocytes (Opferman ct

4l 2005). Mel-1 has also been identified as a survival factor for hepatic and epidermal
proliferating precursors (Sitailo et al.. 2009, Vick etal., 2009). Similarly, conditional knockout of
Mel-1 in NPCs causes widespread apoptosis among NPCs, migrating neuroblasts and immature
neurons (Arbour et al., 2008). Therefore, not only is Mcl-1 critical for the survival of different
precursor populations, but also crucial for survival during the time of cell differentiation

Mel-1 was first discovered as a gene that is upregulated during induced differentiation of human

myeloblastic leukemia cells (Kozopas et al., 1993). Germline knockout of Mcl-1 results in peri-

implantation lethality in mice at E3.5 duc to defects in trophectoderm formation, suggesting that

Ml-1 may have other roles than cell survival (Rinkenberger et al., 2000). However, the only

evidence of Mel-1 affecting cell eyele regulation comes from a limited number of in vitro studies

involving forced expression of Mcl-1 in cell lines (Fujise et al., 2000, Jamil et al., 2005). At

present, there is no physiological in vivo evidence of Mcl-1 regulating cell cycle progression.

ed the role of Mel-1 on NPC cell eycle since it is the only Bel-2 family member that is

tequired for the survival of embryonic NPCs and appears o be a critical survival factor during

the time of NPC differentiation (Arbour et al., 2008). From my studies, I have demonstrated a
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novel role of Mcl-1 using an in vivo model. | have shown that through a cell autonomous

mechani

Mel-1 promotes cell cycle exit and differentiation of NPCs. Cells that prematurely
exit the cell cycle upon Mel-1 overexpression form neurons in the deeper cortical layers,

confirming their carlier birthdate. However, based on thes

idies, no functional differences c:

be drawn between cell cycle exit and differentiation of NPCs. I have assessed neuronal

differentiation using Tbrl expression, a marker for newbom neurons, and separately assessed cell

cycle exit using BrdU birthdating. Taken together, | have demonstrated that Mcl-1 affects both

aspects of NPC cell eyele - it promotes cell cycle exit and differentiation of NPCs.

function

1 have characterized Ml-1 as a mediator of NPC cell cycle exit based on gain-
experiments. The main challenge in the Mcl-1 loss-of-function model comes from the high level

of apoptosis in the absence of Mcl-1. Nonetheless, complementing data from loss-of-fun

jon
experiments will further support a role for Mcl-1 as a promoter of NPC cell cycle exit. This can
be performed using apoptotic inhibitors in proliferation or differentiation assays on Mel-1 CKO|

NPCs. Since activation of executioner caspases like Caspase-3 15 required for completion of

apoptosis, caspase-3 inhibitors like z-Asp-Gilu-Val-Asp-fluoromethyl ketone (z-DEVD-fink) can

be used (Liu et al., 1998, Taylor et al., 2008).

4.2 Mel-1

ctly interacts with cell cycle regulators in NPCs

Previous evidence of Mel-1 interacting with cell cycle regulators comes cither from forced

expression of Mel-1 in cell lines or from studies inducing cell cycle arrest. Since Mel-1 has been

shown o interact with PCNA and Cdk1-Cyclin BI under such conditions (Fujise et al.. 2000,

inds to cither PCNA or

jamil et al., 2005, Harley et al., 2010), 1 investigated whether Mcl-1
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Cdk1-Cyclin B in NPCs. My results show that Mel-1 directly binds to both PCNA and CdkI-

Cyclin BI complex in NPCs. Immunoprecipitation results however, also revealed that Mcl-1

ain-of-function sequestered more Cdk1-Cyclin BI complex, whereas there was no difference
with PCNA. It remains to be determined, whether this difference is responsible for the NPC cell

cyele exit

Association between Cdk1-Cyclin BI and Mcl-1 is of particular interest because: (1) expression

of Mcl-1 protein level peaks at mitosis (Harley et al., 2010); (2) transition to mitosis is regulated
by Cdk1-Cyclin BI activity (Nurse, 1994); and (3) as I have shown, overexpression of Mel-1
sequesters more of the cell’s Cdk1-Cyclin BI complexes. CdkI-Cyclin BI promotes cell cycle
progression, whereas Mel-1 promotes cell eyele exit. Therefore, increased sequestering of Cdk-

Cyclin BI by Mel-1 may represent a way by which Mel-1 alters Cdk1-Cyelin BI activity during

‘mitosis promoting cell cycle exit

4.3 CdK inhibitor p27**" is required for Mcl-1 mediated cell cycle exit

The Cdk inhibitor p277 has been shown 1o promote cell cycle arrest of NPCs during
embryogenesis (Fero et al., 1996, Kiyokawa et al., 1996, Nakayama et al., 1996, Carruthers et al.,
2003). Overexpression of p27*" in cortical progenitors promotes premature cell cycle exit and a
ol

reduction of upper layer neurons, which are bom later (Tarui et al., 2005). In contrast, p2

null mice demonstrate continued proliferation of NPCs and a decrease in neuronal production

during mid-corticogenesis. This results in an increase in production of late-bor neurons and

subsequent enlargement of upper cortical layers (Goto et al , 2004).




1 have demonstrated that changes in Mel-1 expression results in concomitant changes in p27°""

protein level. In addition, overexpression of p27*"" mirrors the effects of Mcl-1 overexpression

in NPCs both in vivo and in vitro. Furthermore, Mcl-1 gain-of-function fails to promote cell
cyele exit in p27%*-null NPCs. Taken together, | have demonstrated that Mel-1 promotes NPC
cell eyele exit through p275™" activity.
How changes in Mel-1 expression cause concomitant changes in p27**" protein remains to be
determined. Since phosphorylation of p27*"' protein regulates its turnover and functional role in
promoting cell cyele exit (Pagano et al., 1995, Loda et al., 1997), it is possible that Mcl-1 gain-

inction changes the phosphorylation status of p27**" protein. This will be

of-function or loss-of-

an area for future investigation.

4.4 Future Directions

role

I have demonstrated a novel function of anti-apoptotic Mcl-1 in NPCs. Apart from its

in survival, Mel-1 promotes cell cycle exit of NPCs in a cell autonomous manner and promotes

their differentiation. The cell cycle exit is mediated through Cdk inhibitor p27°7'. however any
direct regulation of p27°"' protein by Mcl-1 is still unknown. Mcl-1 also differentially binds to
Cdk1-Cyelin BI when more abundant, but whether this association promotes NPC cell cycle exit

also remains to be determined.



4.4.1 How do changes in Mcl-1 expression affect p27*"' protein?

Functional properties of p27*"' protein are regulated by phosphorylation. In particular,

phosphorylation of $10 and T187 residue is implicated i promoting neuronal differentiation of
neural stem cells and migration of differentiating neuroblasts (Zheng et al., 2010). Since Mcl-1
sain-of-function sequesters more Cdk1-Cyclin B1 complex and also increases p27**" protein

expression, it is possible that the two pro are related and together promote cell cycle exit

and differentiation of NPCs. Cdk/Cyclin complexes phosphorylate p27°" on TI87. One

possibility is that the association with Mel-1 affects the kinase activity of Cdk1-Cyclin BI to

promote p27%7" phosphorylation on T187, and in doing so promotes its neurogenic function.
v g

of-function and loss

To address whether Mcl-1 affects p27%"" phosphorylation, both g

nction, NPCs can be

function strategies can be implemented. Specifically for Mel-1 gain-o

ted with cither control or mt Mcl-1 plasmids followed by quantification of TI87

phosphorylated p27*"" in the two cultures. However, a low transfection cfficiency of primas
phorylated p: ry

te the transiected

cultures miakes this challenging. Techniques like western analysis cannot sepa

NPCs from the heterogencous culture, and thus may fail to detect changes in p27*""

phosphorylation at specific sites with Mel-1 overexpression. Performing a flow eytometric

lysis will overcome this problem. This way changes in the phosphorylation status of p27*""

will only be recorded from GFP' transfected cells using antibodies specific to p27*7'-

function model. it will be less challenging since

phosphorylated residues. For the Mel-1 loss

Mel-1 1s conditionally knocked out from all NPCs (Arbour et al., 2008). If Mel-1 does promote

phosphorylation on T187 of p27%"", 1 expect an increase in T187 phosphorylated p27*"" protein
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in mt Mcl-1 transfected NPCs and alternately, a reduction in phosphorylated p27*"" protein in
Mcl-1 CKO NPCs. Therefore, it is possible to analyze changes in the phosphorylation status of

p27%"" with changes in Mel-1 expres

on, which will give a more complete picture about the

mechanism of NPC cell cycle exit

4.4.2 Is the association between Mcl-1 and Cdk1-Cyclin B1 required for NPC

cell eyele exit?

To determine whether sequestering of Cdk1-Cyclin BI by Mcl-1 promotes NPC cell eycle exit,

is important to identify the putative binding site(s) on Mel-1 that are required for interacting with
Cdki-Cyclin BI. Onee the site(s) are identified, site-specific Mcl-1 mutant constructs can be
generated that abrogate its interaction with Cdk1-Cylin B1. Using site-specific mutant constructs.
the dual roles in cell cycle progression and cell survival have been demonstrated 1o be
functionally separate in some Bel-2 family members (Huang et al., 1997). This model can be

replicated and proliferation assays can be performed on NPCs transfected with Mcl-1 mutant

constructs. This will demonstrate whether the association between Mel-1 and Cdk1-Cyclin BI 15

required for cell cycle exit. To further determine whether p27"' protein phosphoryla
depends on this interaction, NPCs can be transfected with Mcl-1 mutant constructs that are

275" can be

unable to interact with Cdk1-Cyelin B1 and then the phosphorylation status of p:

detected via flow cytometry. If the interaction between Mcl-1 and Cdk1-Cyclin B1 is required for

interaction will show no alierations in the

romoting p27*"' phosphorylation, attenuating this
o P sphory

phosphorylation status of p27*"".

Kint

Increased association between Mel-1 and Cdk1-Cyclin BI may also represent a p2’
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independent pathway for promoting cell cycle exit of NPCs. Cdk1-Cyclin BI phosphorylates

transcription factor N-myc on $54 and promotes its degradation by GSK-3( in NPCs (Sjostrom et

al., 2005). N-myc is a downstream effector of Sonic Hedgehog (Shh) signaling that promotes
proliferation of NPCs (Kenney et al., 2003). During NPC mitosis, Cdkl-Cyclin BI
phosphorylates N-mye and its degradation allows cell cycle exit and differentiation (Sjostrom et
al., 200). If increased association with Mcl-1 promotes the kinase activity of Cdk1-Cyclin B it
may result in enhanced N-myc phosphorylation and degradation. This may also represent a
mechanism by which Mcl-1 promotes NPC cycle exit and differentiation — by affecting Shh

signaling. To test this, one needs to examine whether Mel-1 gain-of-function affects N-myc

phosphorylation. Furthermore, to test whether the association between Mcl-1 and CdkI-Cyclin
BI promotes N-mye phosphorylation, NPCs can be transfected with Mel-1 mutant constructs that

are unable o associate with Cdk1-Cyelin BI and assayed for changes in N-mye phosphorylation

4.4.3 Does Mcl-1 affect Rb/E2F pathway to promote cell cycle exit of NPCs?

ROEF activity plays a pivotal role in regulating cell cycle progression by controlling

transcription of target genes (Polager and Ginsberg, 2008). During the G1 phase of the cell cycle,

activity of GI Cdks-cyelins promotes hyperphosphorylation of Rb and prevens its binding with

E2Fs. Once hyperphosphorylated, Rb releases the E2F transcription factors (E2F-1, 2, 3), which
are the activators of gene transcription essential for the G1 to § phase transition and commitment

. 1998). Since the activity of G Cdks-cyclins is inhibited by

to mitosis (Dyson, 1998, Nev
p27°%', increased p27*"" should result in hypophosphorylated Rb that is bound to E2F
transcription factors, blocking cell cycle entry. Mcl-1 overexpression may therefore result in

9



greater association between Rb and E2Fs, through an increase in p27°"". In contrast, Mcl-1 loss-

of-function results in a concomitant reduction in p27*"' and is likely to reflect Rb

hyperphosphorylation. releasing E2F transcription factors to activate gene transcription required
for cell cyele entry. This can be tested via an clectromobility shift assay, which detects both the
levels of free E2F proteins and EF proteins bound 10 Rb. It is thus possible to detect how the

Rb/EF interaction is altered in both Mel-1 gain-of-function and loss-of-function strategies.

The main findings and the continued hypothesis of how Mel-1 promotes cell eycle exit of NPCs

are illustrated in Figure 4.1
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Figure 4.1: Summary & the continued hypothesis of how Mcl-1 regulate cell
cycle exit of NPCs.

A~ In the Mel-1 gain-of-function model, there is greater association between Mel-1 and Cdkl-
Cyclin BI. Although it remains to be determined whether this association regulates p27°"' level,
Mcl-1 overexpression also causes an increase in p27"'. This inhibits the G1 Cdks-Cyclins

responsible for phosphorylating Rb. Hence Rb remains bound to E2F transeription factors,

blocking the transcription of genes necessary for progressing into GI. The GI/S block prevents
cell eycle re-entry leading to cell cycle exit.

B - In the Mcl-1 loss-of-function model there is a concomitant reduction in p27°"". The
reduction in p27°" allows the GI Cdks-Cyclins to hyperphosphorylate pRb. This frees E2F
transcription factors o promote gene transcription required for cell eycle entry.

The solid lines represent established links in the mechanism and the dotied lines represent a

hypothesized/potential pathway.
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4.4.4 Does Mel-1 y promote neuronal di iation?

“The novelty of my project arises from the discovery that Mel-1, a eritical survival factor of NPCs,
also promotes cell cycle exit and differentiation of NPCs. Although I have demonstrated that

Mel-I ga promotes neuronal of NPCs in vivo, it remains to be

determined if Mcl-1 preferentially promotes neuronal differentiation over glial differentiation.
This can be achieved in vitro by Mel-1 gain-of-function in NPCs and inducing differentiation.
Since NPCs are capable of differentiating into both neurons and glia, from the differentiating

cultures, the percent-transfected cells that express glial markers can be compared to the percent-

transfected cells expressing neuronal markers. To further demonstrate that endogenous Mcl-1 has

a crucial role in neurogenesis, a differentiation assay can also be used 10 assess the effects of

Mel-1 loss-of-function on neuronal differentiation using Mcl-1 CKO NPCs. However, NPCs

undergo apoptosis in absence of Mel-1. This prevents assessing differentiation of NPCs since

many of them will die during the experimental procedure. Therefore, the differentiation assay
should be performed in the presence of an apoptotic blocker, like Caspase-3 inhibitor z-DEVD to
prevent NPC apoptosis (Liu etal., 1998).

If Mcl-1 preferentially promotes neuronal differentiation over glial differentiation, the
implications can be extraordinary in the field of regenerative medicine o treat neurodegenerative
ative conditions,

conditions. Although glial dysfunction is also observed in many neurodegene:

the main challenge in the aging brain comes from the severe reduction in the number of neural
progenitors as well as their differentiating potential (Ahlenius et al., 2009). Regardless of whether
it is through manipulation of endogenous neural stem cells or through stem cell transplants,
additional key challenges in neural regeneration come from poor survival rate of NPCs and their

failure to differentiate to neurons (Arvidsson et al., 2002, Parent, 2003, Haas et al., 2005, Hsu et
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al., 2007). If Mcl-1 preferentially promotes neuronal differentiation, it will reflect a potential
therapeutic strategy that will successfully promote NPC survival while facilitating neuronal

differentiation.

4.5 Conclusions

Survival and differentiation of NPCs are key regulatory aspects of mammalian nervous system

development. Although there have been suggestions that these processes are interrelated, the

molecular mechanism behind this claim is still undefined. 1 have shown that Mcl-1, which is

e in NPCs. Mel-1

sential for the survival of NPCs, also causes premature terminal mitosi
promotes cell eycle exit and differentiation of NPCs into neurons of the deeper cortical layers and

this is mediated through Cdk inhibitor p27°"' activity. Like its pro-survival role (Arbour et al..

2008), the effect of Mel-1 on NPC cell cycle is also mediated in a cell autonomous manner. This
provides new insights into how survival and differentiation of NPCs may be related during brain

development
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Appendices

Appendix I - Stem Cell Media (SCM)

DMEM/FI2 (Gibeo, 911330),
5.85 mg/mL. D-glucose (Sigma, G7528),

1.95 mM L-glutamine (Sigma, 25030-081).

streptomycin (Invitrogen, 15140-122),
ma, 1-5500).

24.4 pg/ml insulin (S

97.4 pg/ml apotransferrin (Sigma, T4382),
0.0194 nM progesterone (Sigma, PS783).
9.36 pe/ml. putrescine (Sigma, PS780),
2.92 nM selenium (Sigma, $5290).

12,1 ng/ml. fungizone (Gibco, 15290-018).

1.95 pgiml. heparin (Sigma, H3149).
0.195 ug/ml. FGF-2 (Sigma, F0291)
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Appendix 11 - pCIG2 expression vector map

\O"

rabbit beta-globin polyA signal 4
_ AMP (801-1660)
ot o
pCIG2-temp
6191 bp.

EGFP (41524883)
IRES(3553-4150)
Smal (3559). CMV Enhancer (1811-2174)

Xmal (3567)_

Pt (3549) / Ch B-act (2175-2456)
EcoR1 (3540)
BstBI (3538) Ch B-act Intron (2469-3422)
Sact (3531)
Xhol (3529)
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Appendix 111 - pCIG2 mt Mcl-1 vector map

rabbit beta-globin polyA signal -
Nott (4554
pCIG2-temp

i by
EGFP (4152488)

IRES(18534150)
Smai (3509)
Xt 3567)
Pt as49)
EcoRl (3540)° -

_ AMP (801-1650)

“CMV Enhancer (1811-2174)

Ch Bact (2175.2456)

Ch Bset Intron (2469-1422)

I I T O O I |
I T I I T I I

(olunt)
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Appendix IV - pCIG2 p27"*' vector map

~

rabbit betaglobin polyA signsl _
ot (4t AMP (8011650}
pCIG2-temp
EGFP (41524883) o

IRES(3553-4150)
s MV Enhancer (1811.2174)

par (35 g#  oroscaisiss

O Bt Intron (2469-3422)

| 527651 (60065) |
Nott o) Nla-,
(1096) : (512
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Appendix V - List of Antibodies

Concentration for

Coneentration
Source for Western | Immunohistochemistry
Blot

Mel-1 Rockland -

600401394
Proliferating cell Vm"’l abs - R
nuclear antigen VP-PORO
(PCNA)
Cdk1 Santa Cruz - (1:500)

SC53219

Santa Cruz - (1:500) -

BD Biosciences (1:500) -

- 554069
B actin (1:3000) -

Sigma - AS316-
2mL.

‘T-box brain 1 (Tbrl)

‘Abcam - 31940 - (1:500)
Cutike tanseription | gune Crug - . (00
factor (Cuxl) SC13024
Bromodeoxyuridine | gy iosciences : (1:100)
17580

(BrdU)




Appendix VI - Average number of GFP’ cells detected per experiment for

each treatment group

No. of GFP' | No. of GFP' | No. of GFP*
Experiment cells in Ctl cells inmt | cells in p27%@"

treated Mel-1 treated treated
samples samples samples

Location of GFP" cclls 8hrs. 109 n7 5

| post electroporat ure 3.1)

% GFP' & PCNA” cells 48 hrs 90 65 -

post electroporation (Figure 3.2)

% GFP* & Thrl” cells 48 hrs 130 170 -

post electroporation (Figure 3.3)

% GFP' & BrdU' cells  days 200 170 -

| post electroporation (Figure 3.4)

Location GFP" cells in 2-weeks
postnatal brain (Figure 3.5)

% GFP' & BrdU" cells 24/48

hrs post transfection (Figure 3.6)

Location of GFP" cells 48 hrs
post electroporation (Figure 3.9)

% GFP’ & Thrl” cells 48 hrs
post electroporation (Figure 3.9)

% GFP' & PONA” cells 2448
and 72 hrs post transfection
(Figure 3.10)

% GFP* & BrdU" cells 24/48
hrs post transfection in wt NPCs
(Figure 3.11)

% GFP' & BrdU" cells 24/48
hrs post transfection in p27°™"
NPCs (Figure 3.11)
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