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Abstract

Gene regulation pathways involved in embryonic development are commonly
implicated in cancer. Transcription factors play key roles in all aspects of development
including cell proliferation, migration and differentiation. Aberrant expression of many
developmentally-regulated transcription factors contributes to many malignancies. In this
thesis, we studied the role of transcription factor family AP-2 in retinal development and
glioblastoma (GBM) and the role of transcription factor family NFI in GBM. Four of the five
members of the AP-2 family (AP-2 U, -2/4P -2ddhd AP-2d) have previously been
shown to be expressed in developing retina. In Chapter 2, we show that the fifth member
of the AP-2 family, AP-2 Uis also expressed in the developing mammalian retina. Our
data point to a specialized role for AP-2ein a subset of amacrine cells, with AP-2e being
restricted to the GABAergic amacrine lineage. AP-2e s co-expressed with AP-2a, AP-2 b
and AP-2gin subsets of amacrine cells, suggesting roles for both AP-2 homodimers and
AP-2 heterodimers in the regulation or AP-2 target genes in the retina. Our work suggests
spatially- and temporally-coordinated roles for combinations of AP-2 transcription factors
in amacrine cells during retinal development.

Several studies have implicated aberrant regulation of AP-2 with cancer. In
Chapter 4, we examined the role of AP-2 in GBM progression. GBMs are the most
aggressive brain cancers with a dismal prognosis. Despite aggressive treatment including
surgery followed by radiotherapy and chemotherapy the median survival remains ~14
months. In low grade astrocytoma, AP-2 U i s primarily found
GBM, it has a cytoplasmic pattern. Based on our results, three members of the AP-2

family, AP-2 U, -2/%P a rR2gd ardwWidely expressed in GBM cell lines and patient-

t



derived neurosphere cultures. Interestingly, AP-2 b | evel s are part-icul ar

derived neurosphere cultures when compared to adherent cells derived from the same

patient. Furthermore, AP-2b pri marily |l ocalizes to the nuc

neurosphere conditions compared to cells cultured under adherent conditions. Depletion

of AP-2b results in reduced expression of stem c

cell migration is significantly reduced upon AP-2 b depl et i oderived GBVMp at i e nt

cultures. As hypoxia is a hallmark of GBM tumours, we examined the effect of AP-2 b o n

cell migration markers and well as stem cell markers under hypoxia. Overall, our results

indicate aroleforAP-2b i n stem cell maintenance i n GBM.
Next, we studied the role of NFI, in GBM. The NFI family consists of four family

members NFIA, NFIB, NFIC and NFIX. In the developing CNS, NFI family members are

involved in glial cell differentiation. Studies from our lab and other labs suggest a role for

NFls in GBM. In Chapter 3, we used ChIP-on-chip to identify additional NFI targets in

GBM cells. Of ~400 putative targets identified using this approach, we focused on HEY1,

a Notch effector gene associated with maintenance of neural stem cells. We showed that

all four NFIs can bind to the NFI recognition sites in the HEY1 promoter and that NFI

negatively regulates the expression of HEY1. We further showed that depletion of HEY1

in GBM cells results in reduced cell proliferation and increased cell migration. We also

found a correlation between elevated HEY1 levels and expression of B-FABP, a

stem/progenitor cell marker in GBM cells, and also showed that HEY1 depletion results

in increased levels of astrocyte differentiation marker GFAP. Overall our results indicate

that NFI negatively regulates HEY1 and expression of HEY1 is associated with the

expression of stem cell markers in GBM.
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Chapter 4 is expected to be submitted as a manuscript in the near future.
Experiments carried out in this chapter were carried out by me except for the
immunohistochemistry experiments which were performed by Darryl Glubrecht. Dr.
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Chapter 1 Introduction



1.1 Retina Development

The vertebrate retina is a complex structure that originates from neuro-ectodermal
progenitor cells and is composed of seven different classes of cells, of which six are
neuronal [photoreceptors (rods and cones), horizontal, bipolar, amacrine and ganglion
cells] with one class of glial cells (Miller glia)- 2 (Figure 1.1). The neuronal cell types are
arranged in three different layers: the outer nuclear layer (ONL) made up of
photoreceptors, the inner nuclear layer (INL) made up of horizontal, bipolar and amacrine
cells and the innermost ganglion cell layer (GCL) made up mostly of ganglion cells. These
three layers are separated by the inner and outer plexiform layers. The different cell types
of the retina receive, process and transmit the visual signal to the optic centers in the
brain. The different classes of retinal cells originate from retinal progenitor cells (RPC)
which undergo proliferation, migration and differentiation in a highly-specified spatio-
temporal manner 3. All processes related to retinal differentiation are tightly regulated by

spatial and temporal expression of transcription factors.

1.1.1 Genesis of retinal cells

Retinal development starts from proliferating neural cells in the neural plate which
are designated to form the eye field. The neural field divides into two lateral domains
which give rise to an optical vesicle. The optical vesicle bulges to form the cup structure
of the retina with the outer layer of epithelial cells giving rise to retinal pigmented

epithelium (RPE) and the inner neuroepithelial cells forming the retina.



Rod
Cong —
OMNL .-
Bipolar cell —
Horizontal —
ol INL »

Armacrine 43
cell i

Milller glial cell+;

Displaced
amacring .-
cell |

GOL -
Ganglion cell ——

Figure 1.1 Structure of the retina

There are six major types of neuronal cells and one type of glial cell in the retina. These cell types
are arranged in a layered structure. The figure shows the different layers of cells in the vertebrate
retina. This figure has been reproduced with permission from Springer Nature (Nature Reviews

Neuroscience) (Livesey et. al.)*



Retinal progenitor cells undergo cell division to expand the retinal tissue. RPC
division gives rise to clones of different size and composition. The size of the clones
ranges from 1 to >200 cells*. Interestingly, all retinal cell fates are possible within a single
clone# 5, The birth of the different retinal cell types follows an evolutionarily conserved
pattern, with the onset of neurogenesis marked by the birth of ganglion cells, followed by
the birth of horizontal cells, cones, amacrine cells and rods, followed by bipolar cells and
Muller glial cells (Figure 1.2)6. The proliferation and identity of retinal cells is tightly
regulated by several early transcription factors including PAX6, SIX6, SIX3, RAX, RX1,
TLX and SOX27°, These transcription factors mainly regulate RPC proliferation and
identity specification but at the same time allow expression of genes which are important
for early differentiation. Pax6 and TIx knockout mice show reduced cell proliferation during
neurogenesis®. Rx1 and Pax6 knockout mice have also been shown to suppress
differentiation!?. Six6 and Six3 induce early proliferation and retinal growth'2 13 while
Sox2 is necessary for suppression of neuronal differentiation# 15. Cell proliferation of
RPC also depends on the levels of CyclinD1 (Ccnd1) along with cyclin dependent kinases
CDK4/6%6, Cyclin-cdk complexes regulate progression through the G1 phase of cell cycle.
Interestingly, Ccndl is expressed at much higher levels in RPC compared to other
embryonic tissues 7. Ccnd1 knockout mice show severe hypocellularity in the retinal’.
E2F and N-Myc transcription factors redundantly activate RPC proliferation downstream
of Ccnd118.

The Notch and Wnt signaling pathways play important roles during retina
development. Wnt signaling has been shown to activate cell proliferation and inhibit

differentiation1®. Notch signaling promotes the maintenance of RPC and inhibits neuronal



differentiation?0. Differentiated cells secrete additional signals like vesicular endothelial
growth factor (VEGF), which induces the proliferation of RPCs via the MEK/ERK

pathway?1.

1.1.2 Escaping the cell cycle

The process of differentiation is initiated at specific times in different locations
across the retina and follows a central to peripheral gradient, with central retina
differentiating first and peripheral retina differentiating last?2. Two extracellular signaling
pathways, fibroblast growth factor (FGF) and hedgehog, are key to neurogenesis in the
retina. FGF expression acts as a trigger for differentiation, with FGF3/8 promoting the
differentiation of ganglion cells in the central retina23. The newly born ganglion cells then
start a wave by signaling neighboring proliferating cells to leave the cell cycle. Sonic
hedgehog (Shh) expression in newly-differentiated ganglion cells induces Shh in the
neighboring cells creating a ripple effect?*. Shh signaling is necessary for ganglion cell
cycle exit, with inhibition of Shh signaling shown to block differentiation of ganglion cells2>
26, Regulatory mechanisms in the retina are set up to allow proliferation of progenitor cells
at the same time as well-coordinated differentiation of the various retinal cell types is
taking place.

The control of proliferation and differentiation in the retina is a complex process.
As discussed earlier, CyclinD1 and Cdk expression in RPC is regulated by transcription
factors that control proliferation in the retina. Concomitantly, other components of the cell
cycle can influence differentiation. For example, the tumour suppressor gene Rb1

regulates differentiation of rods by inhibiting RPC entry into S phase?’. Also, the cells that
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Figure 1.2 Order of birth of retinal cell types in mammals

Timelines for birth of different retinal cells during development. This figure has been reproduced
with permission from Elsevier (Trends in Neuroscience) (Marquardt et. al.)?®



have undergone differentiation are prevented from re-entering the cell cycle, by the
regulation of components of G1-S transition?°. Apart from the cues for cell division, the
duration of the cell cycle has also been shown to influence differentiation. Late RPC have
a slower cell cycle, leading to the accumulation of CDK inhibitors, in turn leading to exit
from the cell cycle®0. Also, longer cell cycles result in accumulation of proteins such as

Vsx1 and Otx2, which in turn directs differentiation into late retinal cell types3!.

1.1.3 Retinal differentiation

A cell undergoing differentiation activates a number of genes essential for its
morphology and function. Numerous transcription factors are involved in differentiation of
RPCs along specific neuronal cell lineages. Many of these transcription factors belong to
the bHLH (basic helix-loop-helix) and forkhead transcription factor families32. Temporal
expression of different transcription factors regulates the balance between different
neuronal cell fates. Single transcription factors have been shown to be essential for
lineage specification; for example, Math5 is essential for specification of ganglion cells3,
Nrl for rod photoreceptors34 and Vsx2 for bipolar cells35. Crosstalk between transcription
factors is necessary; for example, Pax6 is required for the expression of bHLH
transcription factors and directly activates Ath5 (member of bHLH family), a proneural
gene that is necessary for differentiation36. While essential for the specification of ganglion
cells, Ath5 further regulates the transcription of downstream genes including Brn3, which
is also essential for ganglion cell differentiation3’.

Epigenetic modifications play a key role in the transition from proliferation to

differentiation and ensures that the process is irreversible38. Components of cellular
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epigenetic machinery change as the cell decides its fate. Histone deacetylation represses
genes during differentiation, with loss of HDAC1 associated with increased proliferation
and differentiation inhibition4%. The SWI/SNF chromatin remodeling complex also plays a
role in neural differentiation*l. Brm, a subunit of the SWI/SNF complex, promotes

differentiation of retinal progenitor by inhibiting Notch and activating Brn342,

1.1.4 Retinal a macrine cells

Amacrine cells are defined as a class of interneurons that mediate the visual signal
within the retina. These cells are located in the innermost part of the inner nuclear layer.
Amacrine cells form synapses in the inner plexiform layer where they process and relay
the visual signal to the ganglion cells. Amacrine cells are the most diverse cell type in the
retina*® 44, In 1890, Ramon y Cajal demonstrated the various sizes, shapes and
stratification patterns of vertebrate amacrine cells*®. Golgi studies have resulted in the
identification of additional morphological classes of amacrine cells*6. Today more than 30
different morphological subtypes of amacrine cells have been described*. Different
amacrine subtypes play specific roles and add to the diversity and complexity of
integration of visual signals in the retina. Amacrine cells are divided into four main
categories based on the diameter of their dendritic field (classified as narrow field, small
field, medium field and wide field), with each of these four categories shown to have
specific functions 4. Signal transfer by amacrine cells is mediated through the
neurotransmitters secreted by these cells. These neurotransmitters can be either
inhibitory or excitatory. Most amacrine cells secrete the inhibitory neurotransmitters

GABA (Gadl expressing; GABAergic) or glycine (Glytl expressing: Glycinergic).



Excitatory amacrine cells secrete glutamate (glutamatergic) as their neurotransmitter.
Single cell sequencing approaches can distinguish different subtypes of amacrine cells
based on their different molecular signatures*’-4°. GABAergic cells can be further divided
based on their expression of vesicular acetylcholine transporter (VAChT) in the case of
cholinergic amacrine cells, or neuropeptide tachykinin (Tacl) in the case of tachykinin
amacrine cells. Transcription factors Isl1 and Sox2 are required for the differentiation of
cholinergic amacrine cells. Profiling of amacrine cells based on the expression markers
Gad1 and Glytl has revealed that GABAergic amacrine cells are born before glycinergic
amacrine cells, showing a temporal expression pattern during development.

A study by Cherry et al.*8 showed the molecular heterogeneity of amacrine cells
by single cell sequencing. Of the 32 single amacrine cells profiled in their study, they
identified 467 amacrine marker genes, with none of these genes expressed in all
amacrine cells. This study demonstrates heterogeneity within amacrine cells and points
to specific gene expression patterns during developmenté, In another study, Macosko et
al. 4 used a drop-sequencing approach to profile the genes expressed in individual retinal
cells of a P14 (postnatal day 14) mouse. Amacrine cells were divided into 21 clusters
based on gene expression patterns*®. In keeping with previous studies, and based on
gene expression, 12 out of the 21 clusters were defined as GABAergic (Gadl-positive),
5 as glycinergic (Slc6a9-positive) and one as glutamatergic (Slc7a8-positive), with the
remaining 3 clusters showing low levels of all three neurotransmitters#®. They further
identified a candidate marker for each cluster of amacrine cells. In summary, the
molecular signatures of different kinds of amacrine cells during development suggest

specific functions for these genes in determining amacrine cell subtype specificity.
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1.2 Glioblastoma

1.2.1 Epidemiology and classification

Gliomas are the most common type of brain tumour, comprising approximately
60% of central nervous system malignancies®0, with an estimated annual incidence of
~6.6 per 100,000 individuals in North America®l. According to the 2007 WHO
classification, gliomas are divided into three major types based on morphological
features: astrocytomas, oligodendrogliomas, and mixed oligoastrocytomas. These major
types of gliomas are given a histological grade based on increasing malignancy. Thus,
astrocytomas are further classified into grade | (pilocytic astrocytoma), grade Il (diffuse
astrocytoma), grade Ill (anaplastic astrocytoma) and grade IV (glioblastoma, GBM).
Grade Il and grade IV astrocytomas are collectively referred to as high-grade
astrocytomas or malignant gliomas (MG). Oligodendroglial and mixed oligoastrocytomas
are classified as either grade 1l or grade III.

In the past decade, genome wide molecular profiling studies have helped to better
understand gliomas. New biomarkers have been identified that allow improved
classification of tumours which more closely correlates with patient outcome. In 2016,
WHO revised the classification of CNS tumours based on the recent advances in
molecular profiling of these tumours. This classification incorporates molecular
parameters along with the classical histological information. The major additions in the
new classification includes IDH-wildtype/mutant, 1p/19qg-codeletion, addition of diffuse
midline glioma H3 K27M-mutant (Figure 1.4)%2.

In most cases, GBM arise de novo and are referred to as primary GBM. Cancers

that result from the progression of low grade astrocytomas or oligodendrogliomas are
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Figure 1.4 Classification of glioma based on the new 2016 WHO classification
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called secondary GBMs (Figure 1.5). To date, a few biomarkers have been identified as
potent prognostic factors. Mutations in the isocitrate dehydrogenase gene (IDH1) 5354 are
mainly associated with low-grade gliomas and secondary GBM and are a strong indicator
of better prognosis whereas the methylation status of the O®-methylguanine DNA
methyltransferase (MGMT) promoter predicts response to temozolomide adjuvant
chemotherapy®> 6. .

Genetic profiling is also used to better understand clinical outcomes in GBM
patients. GBMs are divided into four distinct subtypes based on distinct genetic
aberrations (Table 1.1)%" 58, The classical subtype is characterized by mutations or
amplifications in the EGFR gene. The proneural subtype is characterized by frequent
mutations in TP53, PDGFRA and IDH1. The third subtype, mesenchymal, is
characterized by mutations in the neurofibromatosis type 1 (NF1) gene. Studies have
shown that the proneural subtype is associated with increased overall survival, although
these cancers do not respond well to chemotherapy. The classical and mesenchymal
subtypes show improved clinical outcome in response to chemotherapy.

The discovery of major genetic alterations in GBM has contributed to increased
understanding of the complexities involved in malignant transformation° 60, However,
new combined therapeutic approaches over the last 30 years have provided little benefit
to the patient in terms of survival®l. 62, Further studies are needed to understand the highly

infiltrative nature of the disease.
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Table 1.1 Major subtypes of glioblastoma along with their molecular signatures and
response to treatment 5759,
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1.2.2 Glioblastoma current treatment and survival

GBM is the most aggressive form of brain tumours®4. These tumours are highly
infiltrative and show aberrantly high vascularization. Patients with GBM have a very poor
prognosis, with a median survival of ~14 months®® %6 Current treatment regimens involve
surgical resection followed by radiation therapy (total dose of 60 Gy fractioned in 2 Gy
doses 5 days a week for 6 weeks) and concurrent chemotherapy with temozolomide (75
mg/square meter of body-surface area /day). This is followed by adjuvant therapy with
temozolomide (6 cycles, 150-200 mg/square meter of body-surface area for 5 days of
each 28 day cycle)8”- 68, Despite this aggressive treatment regime, the median survival of
GBM patients remains less than 2 years. The main reason behind this poor survival is the
infiltration of tumour cells into the surrounding normal tissue. These infiltrative cells
escape both surgical and radiation therapy leading to tumour recurrence®%-71. Most of the
DNA damaging agents target highly proliferative cells. However, invasive GBM cells have
been shown to be less proliferative and thus may account for tumour recurrence’® 73,
While primary GBMs often respond to chemotherapeutic agents, recurrent GBMs are
resistant to these chemotherapeutic drugs including temozolomide. GBMs show
alterations in their molecular signature upon recurrence. For example, a comprehensive
study by Phillips et al. showed that recurrent GBM tumours shift toward the mesenchymal
GBM subtype®’. Similarly, a study by Halliday et al.”* showed that a mouse model of
proneural GBM resulted in a shift towards mesenchymal subtype upon radiation
treatment’4. Anti-angiogenic therapies including Bevacizumab (VEGF inhibitor) have
shown some promise for treatment of primary tumours but result in even more aggressive

forms for recurrent tumours’.
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1.2.3 GBM cell migration

The dismal prognosis of GBM is due to highly infiltrative tumour cells which escape
surgery and radiotherapy, as well as the presence of cancer stem cells’2 76, GBM stem
cells share properties with neural stem or progenitor cells, including self-renewal potential
and ability to differentiate into different cell types. Many studies have shown that cancer
stem cells are responsible for the aggressive infiltration associated with GBM tumours 76
7. GBM stem cells localize to the perivascular niche outside the hypoxic areas in GBM
tumours and are resistant to radiation and chemotherapy’8. Several signaling pathways
have been shown to promote GBM cell invasion and migration’?. TGF-beta signaling
activates SMAD2 and ZEB1 which results in increased cell migration and invasion
potential of GBM stem cells™. ZEB1 plays a significant role in regulating cell invasion and
stemness in GBM stem cells by upregulating EMT (epithelial mesenchymal transition)
related genes and stem cell markers like SOX2 and OLIG28%, The Wnt/b-catenin pathway
is important for maintenance of proliferation and self-renewal of GBM stem cells 81 82,
Recent studies indicate that Wnt5a, a Wnt ligand, serves as a regulator of GBM stem cell
invasive potential in vivo. Wnt5a promotes GBM cell migration by upregulating the
expression of MMPs83,

Several in vitro studies indicate that GBM cells have opposing proliferation and
migration rates. The cells which are actively migrating tend to proliferate slowly, whereas
rapidly proliferating cells tend to be non-migratory84 85, The core of the tumour consists
of rapidly proliferating cells while the outer rim consists of cells with invasive potential8®
86, Rapidly dividing GBM cells undergo metabolic stress due to limited availability of

glucose?’. Cancer cells adapt to this metabolic stress using alternate strategies so that
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they can maintain tumour growth. An example of cancer adaptation is downregulation of
miRNA-451, which is a negative regulator of LKB1/AMPK pathway®’. Godlewski et al.88
have shown that miRNA-451 regulates the balance between GBM cell migration and
proliferation in response to glucose availability®. GBM cells express high levels of
mMiRNA-451 under regular glucose availability, which results in high proliferation, while
scarcity of glucose causes downregulation of miRNA-451 which in turn results in
increased cell migration through activation of the LKB1-AMPK pathway and reduced cell
proliferation through inhibition of mMTOR activity®®. EMT transformation in GBM has also
been shown to be induced in response to therapy. For example, several studies indicate
that administration of the anti-angiogenic drug bevacizumab increases the aggressive

nature of recurring GBM tumours?.
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1.3 Transcription factor Activator Protein 2 (AP-2; TFAP2)

AP-2, also referred to as TFAP-2, was first identified as a 52-kDa protein bound to
the enhancer region of Simian Virus 40 (SV40) and human metallothionein 1A%, Five
AP-2 genes have been identified in mice and humans (AP-2U AP-2b AP-20 AP-2ii and
AP-2)90-%4, AP-2s are sequence-specific DNA binding proteins that interact with cellular
enhancer and promoter elements to regulate transcription. AP-2 transcription factors are
predominantly localized in the nucleus where they bind as homodimers and heterodimers

to the consensus sequence GCCNNNGGCS8?: 95,

1.3.1 Structure and function of AP-2

All AP-2 genes in mammals have 7 exons, with the exception of AP-20 which has
6 exons. Orthologs of AP-2s are found in a variety of species including fish, amphibians
and insects. Similarity between orthologs ranges from 60% to 90%. Based on sequence
conservation and expression patterns, AP-2U AP-2b AP-20 ar e more cl osely r
belong to the same class while AP-2i  a AR#2Uhave their own classes, with AP-2U
being the most divergent of the AP-2 family members. The AP-2U (TFAP2A), AP-2b
(TFAP2B) and AP-20 (TFAP2D) genes are located on chromosome 6p, whereas the AP-
2o (TFAP2C) and AP-2U (TFAP2E) genes are located on chromosomes 20q and 1p,
respectively. Structurally, AP-2 proteins have a well-conserved helix-span-helix
dimerization motif at the carboxyl terminal region preceded by a central basic region
(Figure 1.6). The helix-span-helix motif along with the central basic region constitutes the
DNA binding domain. The conserved DNA binding domain suggests that AP-2 proteins

bind to the same target genes. The N-terminus of AP-2 proteins is less conserved and
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has a proline- and glutamine-rich transactivation domain (Figure 1.7). Within the
transactivation domain lies a conserved PY motif (XPPXY) found in all AP-2 Swith the
exception of AP-20%. Differences in the AP-2 transactivation domains account for their
different transactivation potential. AP-2 transcription factors bind as homodimers or
heterodimers to a G/IC-r i ch consensusxGGCCN&GG-8dacasbally | oc
upstream of their target genes. Additional AP-2 binding motifs have been discovered
basedoninvitrtobi ndi ng as s ayGCCN«GECe3l 6u da 1BACNREEG-3 8.
AP-2 has also been shown to bind-CECGCAGGEB8E8SV40 e
suggesting that AP-2 can bind to a variety of G/C-rich sequences with different binding
affinities.

AP-2 proteins have been postulated to regulate the expression of a plethora of
genes involved in a variety of biological functions during early embryonic development,
cell proliferation, cell differentiation and apoptosis. A key gene known to be regulated by
AP-2 is cell cycle inhibitor CDKN1A (p21WAFL). AP-2 inhibits cell growth by inducing p21
expression either by direct interaction with p53 or independent of p53%7.9%8. T GF U, -U E R
HER2, C-KIT,c-MY C, C E B P5lare otheCkEy targets of AP-2. The regulatory activity
of AP-2 is mediated through physical interaction with other proteins%-105, AP-2 has been
shown to directly interact with YB1, p53, c-Myc, Sp1, PAX-6, RB1, WWOX, PARP, CREB,
CITED (Table 1.2). Interaction of AP-2 with other proteins alters its activity. For example,
interaction of AP-2 with c-MYC results in impairment of MYC/MAX DNA binding©®.
Interaction of AP-2 with pRB is important for transactivation of the E-cadherin genel?7.
AP-2 activity can further be regulated by post-translational modifications such as

phosphorylation 198 and sumoylation1%9 110, AP-2 is phosphorylated by protein kinase A
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Figure 1.6 Structural organization of AP -2.

AP-2 proteins have a well conserved transactivation domain in the N-terminus region. The less
conserved C-terminal region has a helix-span-helix motif which functions as a dimerization
domain. The basic domain along with the dimerization domain make up the DNA binding domain.
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Figure 1.7 Sequence alignment of AP -2 proteins.

Sequence alignment of the five members of the AP-2 family showing conserved and non-
conserved residues. Yellow: transactivation domain; green: PY motif; Red: basic domain; blue:
helix-span-helix motif. This figure has been reproduced with permission from John Wiley and
Sons (FEBS Journal) (Wenke et. al.)**.
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Tumor supressor
Coactivator
Coactivator

Adenovirus transforming protein
Onco-protein
DNA repair protein
Transcription factor
Coactivator
Tumor supressor
Tumor supressor
Transcription factor
E2 conjugating enzyme

Tumor supressor

Transcription factor

Inhibition of transcription
Transcriptional activation
Transcriptional activation
Repression of AP-2 targets

Disruption of Myc/Max DNA binding
Transcriptional activation

Gelatinase B transcriptioal activation
Transcriptional activation

Activation of p53 dependent transcription
Transcriptional activation of E-cadherin
Transcriptional activation of CYPI IAl
Sumoylation
Cytoplasmic translocation of AP-2

Activation of gelatinase A transcription

Table 1.2 Interacting partners of AP -2 transcription factors
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AP-2 family member

Knockout Phenotype

AP-2a Die perinatally with craniofacial defects and severe skeletal
defects in head and trunk region

AP-23 Die shortly after birth due to polycystic kidney disease and
terminal renal failure

AP-2y Lethal during early embryogenic development directly after
implantation during gastrulation

AP-25 Defects in midbrain development

AP-2¢ Defects in olfactory bulb formation

Table 1.3 Phenotypes of AP -2 knockout mice
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(PKA) both in vitro and in vivo. PKA phosphorylates AP-2 at S239. It has also been shown
that cCAMP and activated PKA do not affect the basal expression of AP-2 mRNA12,
However, PKA does increase the transcriptional activity of AP-2 on the promoter of target
genes both in vivo and in vitro1%, Sumoylation of AP-2 has been shown to suppress its
transactivation potential in MDA-MB-436 cells1%°. A study by Bogachek et al.110 indicates
that sumoylation of AP-2 is required to maintain the luminal subtype of breast cancer and
inhibition of sumoylation leads to luminal to basal transition19. Another study shows that
inhibition of AP-2 sumoylation leads to the suppression of the cancer stem cell population
in breast and colorectal cancer!3, Both retinoic acid and cAMP induce AP-2 activity114,
The induction of AP-2 expression by retinoic acid is transient, peaking at 72 h, and is at
the transcription level. cAMP, on the other hand, does not change AP-2 RNA levels but
only increases the activity of AP-2. AP-2 regulates the transcription of genes with retinoic

acid response elements (RARE) and cAMP response elements in their promoterst?>,

1.3.2 AP-2 in embryonic development and  AP-2 knockout mice

The tissue distribution pattern and developmental roles of AP-2s have been
studied in different species®. Spatial and temporal expression patterns of AP-2s have
been examined during early embryonic development in various tissues. Overlapping and
diverging AP-2 expression patterns suggest redundant and non-redundant roles for AP-
2 family members. In mice, AP-2U AP-2b a ARI20 a r -expressed in neural crest
cell lineages!16-119  the peripheral nervous system, facial and limb mesenchyme, as well
as in the epithelia of the developing embryo and extraembryonic trophectoderm20, AP-

20 is expressed in de®élanpAPRY erpr e pranaiyn CiINS
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detected in the olfactory bulb'?2. Despite overlapping expression patterns, inactivation of
individual AP-2 genes reveals noni redundant roles during early development.

AP-2 knockout mice have shed light into the diverse roles of AP-2 family members
in early embryonic development (Table 1.3). AP-2U-/- mice die perinatally with craniofacial
defects and severe skeletal defects in the head and trunk region123-125, AP-2p-/- mice die
postnatally due to polycystic kidney disease and terminal renal failure126. 127, AP-25-/-
offspring are not viable and die directly after implantation during gastrulation128. 129, Mice
lacking AP-20 and AP-2U show defects in midbrain development and olfactory bulb
formation, respectively30. 131, Mutations in AP-2U have been identified in patients with
Branchio-Oculo-Facial Syndrome (BOFS)132. Moreover, mutant AP-2a has a cytoplasmic
localization compared to wild-type AP-20 ,  w is preddminantly localized to the nucleus.
Mutations in AP-2b cause Char syndrome, an autosomal dominant trait characterized by
facial dysmorphism and hand anomalies!33,

AP-2 transcription factors play a significant role in eye development!34. 135 with all
five AP-2s expressed in developing retinal34 136,137 |n chick retina, AP-2U is expressed
in amacrine cells36, AP-2b is expressed in both amacrine and horizontal cells136, whereas
AP-2U is expressed in a subset of ganglion cells3’. Similar expression patterns have
been reported for AP-2U aAPd2b i n  mo u85eConditional (retina-specific) AP-
20U and AP-2b knockout mice show horizontal and amacrine cell defects that were not
detected upon deletion of either one of the family members alone®34, with a more recent
study showing that combined deletion of AP-2 (hnd AP-2 bdoes not change the number
of amacrine cells but results in aberrant mosaic formation!3, These combined studies

suggest redundant roles for AP-2U  a rAB-2b i n amacrine and hor

26



development. AP-2U is expressed in a subset of ganglion cells in chick retinal3’. Using
chick retina as a model system, our lab has demonstrated that AP-20  pd assignificant
role in axonal trafficking by regulating polysialylated neuronal cell adhesion molecule
(PSA-NCAM)139, AP-2U knockout mice have reduced numbers of ganglion cells and

reduced axonal projections to the superior colliculus, a visual center in the brain140.

1.4 Role of AP-2 in cancer
AP-2 plays an important role in regulating the expression of genes associated with
tumour growth and metastasis. AP-2 regulates genes involved in proliferation, cell cycle
progression 141, apoptosis (c-KIT, BCL2)142. 143 cell adhesion (MCAM/MUC18, E-
cadherin) 144 and invasion/angiogenesis (MMP2, VEGF)®° 145, Regulation of target genes
by AP-2 is complex and cell type-specific. Our previous studies showed that transfection
of AP-2U anAR-2br expression constructs isapoptosiset i nob
and inhibits proliferation146, Others have shown that overexpression of AP-20  AR-20 i n
mouse mammary epithelial cells induces hyper-proliferation147. 148, Furthermore, both AP-
20 aARi20 increase cell mi gr at i onagamnand procnoté ony f «
xenograft outgrowth4?. Moreover, AP-20  d eregulates the transcription of the cell cycle
inhibitor p21cip, and plays a role in hormone-responsive breast cancer, acting as a novel
coll abor at i v anediated ttanscriptiont?. FoReéJstudies have also reported

genomic and epigenetic alterations of AP-2Uin human cancers151-153,
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1.4.1 AP-2 aberrant expression and subcellular localization

Aberrant expression and subcellular localization of AP-2 can lead to malignant
transformation>4-157, Central to their role as transcription factors, AP-2 proteins are
primarily localized in the nucleus. Interestingly, cytoplasmic AP-2 localization has been
observed in various cancers!®4156. 158. 159 For example, loss of AP-2U e x pr éns si on
melanoma, resulting in over-expression of the cell adhesion molecule MCAM/MUC18 and
protease-activated receptor | (PAR-I), is a crucial event in tumour progression 143. 144, 160,
161 Furthermore, clinical data suggest that reduced levels of nuclear AP-2 in melanoma
is associated with shorter recurrence-free survival and aggressive clinicopathological
features!®. In ovarian cancer, elevated AP-2a in the nucleus and reduced cytoplasmic
expression of AP-2U s associated with poor survivalss. In ovarian cancer cell lines, AP-
2U suppresses cell proliferation and invasion mediated by decreased phosphorylation of
Akt and ERK signaling pathways'%2. Pro-MMP2 levels are reduced whereas E-cadherin
expression is induced in AP-2a-depleted ovarian cancer cells 162,

AP-2U AP-2b aAPd20 ar e expr es s e dvharertheyptagessertalt i s s ue
roles in normal breast development!4’ by regulating key genes, such as human epidermal
growth factor receptor-2 (HER2)163 and estrogen receptor (ER). Levels of nuclear AP-2U
are significantly reduced in invasive breast carcinomas and are associated with adverse
clinicopathological factors64 165 Controversial results have been obtained for AP-25 , ithw
both upregulation and downregulation of nuclear AP-2g reported in breast cancer66. 167,
Thus, while AP-2U appears to be a tumour suppressor in breast tissue, the role of other

AP-2 family members remains inconclusive.
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1.4.2 AP-2 in glioblastoma

A study by Heimberger et al.1%® described the association between the loss of
nuclear AP-2U and i ncr e a@GM.inghisgtudy, the authars examined a tissue
microarray made up of 72 GBM tissue samples, 49 anaplastic astrocytomas, 9 low-grade
astrocytomas and normal brain tissue. The results showed loss of nuclear AP-2U  71n
out of 72 GBM tumours in comparison to low grade and normal brain, which showed
nuclear AP-2U0 expressi on i n 1 0Hs invefse dometatios af mipldare s
AP-2 expression with astrocytoma grade suggests a possible role for AP-2 subcellular
localization in GBM malignancy. Similar data were reported in an independent study
which showed that AP-2U was localized to the cytoplasm in high-grade astrocytomas16e.
A statistically significant association was observed between loss of nuclear AP-2U
expression and over-expression of AP-2 target genes MMP2 and VEGF in GBM168, AP-
20 h ase® been shown to downregulate MMP2 in melanoma cell lines and VEGF in
prostate cancer cell lines'’0. Transfer of AP-2 from the nucleus to the cytoplasm as a
function of increased malignancy suggests the need for reduced nuclear AP-2 in cancer.
In keeping with this idea, overexpression of AP-2U in GBM cell lines results in reduced
cell proliferation and migration'’t. Given the complex role of AP-2 proteins in gene

regulation, further studies are needed to understand the role of AP-2 in carcinogenesis.
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1.5 Transcription factor Nuclear Factor |

NFI is a family of transcription factors first described as a protein required for
initiation of adenoviral DNA replication’2 173, The NFI family consists of four members:
NFIA, NFIB, NFIC and NFIX174, These transcription factors play important roles during
development by regulating key genes involved in cell proliferation and differentiation1’s,
NFIs bind to the palindromic sequence TTGGC(N5)GCCAA as either homodimers or

heterodimers and can either activate or repress genes based on cellular context76. 177,

1.5.1 Structure and function

NFI proteins have a well-conserved DNA binding and dimerization domain at the
N-terminus and a divergent transactivation domain at the C-terminus (Figure 1.8)17>. The
high level of conservation in the amino acid sequences of the four NFI DNA binding and
dimerization domains suggests that all four NFIs can bind to the same target sequences.
The variability in the transactivation domain suggests that the different members of the
NFI family can bind to different co-factors. Additional diversity in the NFI protein family
comesf rom the presence of mul tiple splic
encoding the transactivation domainl’® 179, The different isoforms resulting from
alternative splicing have different functions; e.g., NFI-X3 induces GFAP expression
leading to differentiation of astrocytes from neural progenitors; however, NFI-X1 which
skips exon 9, cannot induce GFAP expression8. Complete loss of either DNA binding
domain or transactivation domain in some isoforms results in loss of function and may

explain the opposite roles of NFI proteins observed in some cancers!’8. The divergent
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Figure 1.8 Structural organization of NFI protein.

NFI proteins have a well-conserved DNA binding and dimerization domain located in the N-
terminus region and a variable transactivation domain located in the C-terminal region. Exons are
indicated by the lines and numbers at the top of the diagram. This figure has been adapted with
permission from Elsevier (Gene) (Gronostajski et. al.)*"

31
































































































































































































































































































































































































































































































