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ABSTRACT

The homeobox transcription factor PROX1 is the mammalian ortholog of the
Drosophila gene Prospero. Expression of PROX1 in a subset of venous endothelial
cells changes their fate to lymphatic endothelial cells (LEC). PROX1 is required for
lymphatic development as Prox1 null mice lack all lymphatic vasculature. PROX1
has been shown to have cell-type dependent roles in regulating the cell cycle. We
hypothesize that PROX1 functions as a key cell cycle regulator in LECs and
promotes their cell cycle progression. In this study, immunocytochemistry, western
blotting and luciferase assays were used to characterize PROX1 mediated activation
of the mouse Ccnel promoter. Following deletion of the Prospero 1 domain (PD1A),
the resulting PROX1 protein is localized to both the nucleus and the cytoplasm. We
have determined that PROX1 requires both E2F binding sites located in the Ccnel
promoter to activate transcription of the gene. We observed that siRNA knockdown of
Prox1 reduced CYCLIN E1 protein levels as well as decreased cellular proliferation in
LECs. In contrast, overexpression of a version of PROX1 in which the homeodomain
and Prospero domain 2 (HDPD2A) were deleted increased CYCLIN E1 protein levels
in human umbilical vein endothelial cells (HUVEC), but resulted in the arrest of cells
in the G;1 phase. We have also established that PROX1 is phosphorylated in primary
human LECs. We have shown a role for the PD1 domain in mediating PROX1
subcellular localization and we have observed that the expression of the HDPD2A
version of PROX1 blocks proliferation in HUVECs. We are the first to demonstrate a
role for PROX1 as a transcriptional co-activator and to establish that PROX1 is
phosphorylated in LECs.
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LITERATURE REVIEW

1. Discovery and characterization of the lymphatic system

1.1. History

The lymphatic system is composed of the lymphatic vasculature and the
lymphoid organs, namely the spleen and the lymph nodes. During embryonic
development, the lymphatic and blood vasculature systems share some common
features, although the two systems are functionally and molecularly distinct (Hirakawa
et al. 2003). The lymphatic vasculature was first characterized in 1627 by an lItalian
scientist, Gasparo Aselli, who described “milky veins” (lacteals) in the mesentery of a
recently fed dog. In 1902, Florence Sabin proposed a model of the development of
the lymphatic vasculature, which is the basis of current studies of lymphatic
development (Sabin 1902; Wigle and Oliver 1999). She injected pig embryos with
dye and observed that the lymphatic vasculature budded off from the developing
blood vasculature and these sacs continued to grow and develop into the mature
lymphatic system (Sabin 1902). An alternative model was proposed in 1910 in which
mesenchymal cells formed the primary lymph sacs independently from the blood
vasculature and then eventually merged with the venous circulation (Huntington
1910). Sabin’s hypothesis has been supported by studies of different molecular
markers that are crucial to specific steps and processes during lymphatic

development (Wigle and Oliver 1999; Hirakawa et al. 2003).



1.2. General properties of the lymphatic vasculature

The main functions of the lymphatic system are to: 1) return excess
extracelluar fluid from the tissues to the venous circulation; 2) ensure efficient
trafficking of immune cells; and 3) aid in the absorption of fatty acids from the gut
(Tammela and Alitalo 2010; Wang and Oliver 2010). The lymphatic system is fully
independent of the blood vascular network with the exception of two junctions with
the venous system, which are at the junction of the left or right subclavian veins and
the respective internal jugular veins. The lymphatic system is composed of thin-
walled, blunt-ended vessels that are found in most tissues with the exception of the
bone marrow and the central nervous system. These capillaries are found adjacent
to blood capillary beds and connect back to larger collecting lymphatic vessels.
Lymphatic capillaries are composed of a single layer of endothelial cells that are
linked together by specialized cell-cell junctions. These structures, known as “button-
like” junctions, create a discontinuous seal between two neighbouring endothelial
cells, which facilitates leukocyte extravasation and passage of lymph through the
spaces created between the junction sites (Baluk et al. 2007). This structural
organization accounts for the high permeability of lymphatic capillaries and is
essential for their overall function. The capillaries are also linked to the surrounding
tissue by specialized anchoring filaments (Rossi et al. 2007). These anchoring
filaments project into the neighbouring tissue and allow the vessel to expand and
contract in response to changes in tissue interstitial pressure. If there is a low volume
of excess fluid and the interstitial pressure is decreased, the vessel will collapse and

be unable to accept lymph. In contrast, if there is increased interstitial pressure in the



tissue, the vessel will open and be able to accept lymph (Baluk et al. 2007; Wang and
Oliver 2010). This pressure sensing mechanism is essential for the regular
functioning of the vessel and allows it to rapidly adapt to changes in interstitial

pressure.

Lymphatic circulation is unidirectional and flows from the tissues back into the
venous circulation. In humans, the left side, encompassing the lower limbs and the
abdomen, drains into the thoracic duct, which is the largest lymphatic vessel in the
body (Tammela and Alitalo 2010). The right side, including the head, neck and right
arm, drains into the right lymphatic trunk. These two collecting vessels connect to the
blood circulation via the left and right subclavian veins, respectively (Tammela and
Alitalo 2010). In contrast to the blood vasculature, there is no central pump for the
lymphatic vasculature. As such, flow of lymph through the vessels and nodes of the
system is achieved by a combination of: 1) muscle contractions from surrounding
skeletal muscle; 2) presence of unidirectional valves inside the collecting vessels; and
3) the spontaneous contractile activity of collecting vessels. These collecting vessels,
in contrast to the highly permeable capillaries, are surrounded by a smooth muscle
layer and pericytes, which is an organization more similar to veins. Each section of
collecting vessel that spans between two valves is referred to as a lymphangion and
forms a single uni-directional pumping unit (Quick et al. 2007). Increased volume and
pressure on one side of the valve causes it to open and allows lymph to flow from one
lymphangion into the next. Increased pressure on the other side of the valve causes
it to close and maintains proper uni-directional flow. Once in the neighbouring

lymphangion, spontaneous contractions of the surrounding smooth muscle cells push



the lymph into the next lymphangion (Quick et al. 2007). This allows the vessel to
pump more frequently under conditions where there is a high volume of lymph

(Tammela and Alitalo 2010; Wang and Oliver 2010).

2. Diseases affecting the lymphatic system

2.1. Role of lymphatics during inflammation

One of the main functions of the lymphatics is to provide a conduit for immune
cells (Wang et al. 2010). This role can be divided into two categories: 1) to transport
immune cells such as leukocytes, including T and B lymphocytes to sites of injury or
inflammation; and 2) to remove these same cells from sites following successful
wound healing. Immune cells are able to readily pass across the walls of lymphatic
capillaries, through the spaces between the button-like junctions of adjacent
lymphatic endothelial cells (LEC). Lymph naturally contains a basal level of
circulating immune cells ready to mobilize in the event of an injury requiring their
function. Following an injury, LECs will secrete pro-inflammatory cytokines such as
chemokine C-C motif ligand 21 (CCL21), which is a ligand for the C-C chemokine
receptor type 7 (CCR7) receptor found on the surface of T cells, that will attract
immune cells to the affected area (Forster et al. 2008). LECs play a role in the
maturation of dendritic cells by expressing intercellular adhesion molecule (ICAM)
receptors that can interact with macrophage antigen 1 (Mac-1) receptors on the

immature dendritic cells preventing their differentiation into mature cells and slowing



the inflammatory response (Podgrabinska et al. 2009). VEGFR-3 also has a role in
mediating the inflammatory response in LECs (Flister et al. 2010). Both PROX1 and
nuclear factor kappa B (NF-kB) bind to the VEGFR-3 promoter following an
inflammatory cue and synergistically activate transcription. This same group (Flister
et al. 2010) also demonstrated that PROX1 levels increase following NF-«kB
stimulation and propose that NF-kB has a role in regulating PROX1 expression during
inflammation. In turn, this promotes lymphangiogenesis through VEGFR-3 up-
regulation and increases sensitivity of the affected vessels to the vascular endothelial
growth factor C (VEGF-C) and VEGF-D signals that increase as part of the
inflammatory response (Flister et al. 2010; Tammela and Alitalo 2010). Taken
together, these observations provide a mechanism whereby PROX1 regulates the

most common form of adult lymphangiogenesis (Mouta et al. 2003).

Alternatively, under circumstances of chronic inflammation such as rheumatoid
arthritis or psoriasis, increased lymphangiogenesis has a negative effect and
exacerbates the symptoms of the disease. In this instance, strategies to block
lymphangiogenesis will be beneficial for slowing or preventing continued
inflammation. Inflammatory lymphangiogenesis has also been observed in transplant
rejection. Increased lymphangiogenesis following kidney transplant allows access for
host immune cells and promotes an immune response, leading to eventual

destruction and rejection of the allograft (Kerjaschki et al. 2004).



2.2. Lymphedema

Lymphedemas are the result of insufficient drainage of the extremities by the
lymphatics (Warren et al. 2007). This reduced function causes swelling of the
affected limbs due to accumulation of the excess fluid in the lymphatic capillaries.
This swelling can be painful and lower the overall quality of life of an affected
individual. Secondary effects caused by the pooled lymph in the extremities include
chronic inflammation due to the rich protein concentration in lymph, reduced immune
response and poor circulation of immune cells, and accumulations of subcutaneous
fat deposits (Wang and Oliver 2010). Treatment for lymphedema remains limited to
manual massage to move the lymph through the vessels and into the collecting
system, compression bandages and surgery to remove fat deposits and fluid.
Lymphedema is classified into two different types: primary lymphedema, which is of
genetic origin, and secondary lymphedema, which is caused by damage to or

blockage of existing lymphatic vessels (Warren et al. 2007; Wang and Oliver 2010).

2.2.1. Primary Lymphedema

The genetic origins of lymphedema are caused by mutations in various genes
that are crucial for developmental lymphangiogenesis (Wang and Oliver 2010).
Milroy’s disease is caused by a heterozygous missense point mutation in the tyrosine
kinase region of the VEGFR-3 gene (Karkkainen et al. 2004; Spiegel et al. 2006;
Warren et al. 2007). VEGFR-3 is one of the key signaling pathways involved in both

development of the blood and lymphatic vasculature (Dumont et al. 1998). The



Milroy mutation abolishes the kinase activity of the domain and as such creates a
dominant negative version of the receptor, which competes for stimulation by VEGF-

C with the wild-type receptors (Karkkainen et al. 2004).

Lymphedema-distichiasis (LD) is caused by mutations in the forkhead box
protein (FOXC2) gene (Fang et al. 2000; Erickson et al. 2001; Dagenais et al. 2004).
FOXC2 is important for valve formation and vascular smooth muscle cell recruitment
in the collecting lymphatics (Petrova et al. 2004). Onset of LD symptoms occurs after
puberty and a particular feature of this type of hereditary lymphedema is the presence
of distichiasis or a second row of eyelashes on affected individuals (Fang et al. 2000).
Unlike Milroy’s disease, there is not one particular mutation that is associated with
development of LD. Instead there are multiple mutations and insertions associated
with this disease that cause either premature truncations or missense mutations of
the FOXC2 protein (Fang et al. 2000; Erickson et al. 2001). In LD patients, the
collecting lymphatics are leaky and inefficient at returning lymph to the venous

circulation (Petrova et al. 2004).

Hypotrichosis-lymphedema-telangiectasia syndrome (HLTS) is characterized
by the presence of little or no hair at birth and the further progressive loss of hair, no
eyebrows, severe lymphedema of the extremities into childhood and multiple
subcutaneous hemorrhages on the palms of the hands and soles of the feet (Irrthum
et al. 2003). This form of hereditary lymphedema is extremely rare and has currently
been documented in only three families (Irrthum et al. 2003). HLTS is caused by a
mutation in the coding region of the SRY-box 18 (SOX18) gene, which results in a

frame-shift and results in the production of a dominant negative version of the wild-

7



type protein (Irrthum et al. 2003). The mouse model of this familial lymphedema is
the Ragged Opossum model (RaOp) and shows similar characteristics as the human
disease, but also has defects in pericyte recruitment to both blood and lymphatic
vessels and multiple dermal hemorrhages due to endothelial cell hyperplasia

(Downes et al. 2009).

2.2.2. Secondary Lymphedema

Secondary lymphedemas are also known as acquired lymphedema because
they are caused by either damage or blockage to a normally functioning lymphatic
vasculature (Tammela and Alitalo 2010). These diseases are much more common
than primary lymphedemas, accounting for the majority of cases (Warren et al. 2007).
In the developing world, infection from the parasitic worm Wuchereria bancrofti
(filariasis) is often the cause of secondary lymphedema (Pfarr et al. 2009). The
worms live and reproduce in the lymphatics, but the disease does not occur until adult
worms die and lodge in the lymphatics where they block lymph flow. This results in a
local increase in VEGF-C/D production which leads to an inflammatory response that
produces pro-lymphangiogenic growth factors and dilates the existing vessels in an
attempt to re-establish flow (Pfarr et al. 2009). This immune response causes the
dilated vessels to weaken and become inefficient at transporting lymph, specifically

from the legs, which causes fluid accumulation (lymphedema) (Pfarr et al. 2009).



Alternatively, secondary lymphedema is common following therapy for breast,
ovarian, or prostate cancer and is prevalent in developed countries (Paskett et al.
2012). Following surgical removal of breast tumours, approximately 42% of women
report symptoms of lymphedema within five years (Norman et al. 2009). Radiation is
highly damaging to the vessels and impairs their ability to efficiently transport lymph
from the extremities (Cormier et al. 2010). This results in accumulation of fluid and
swelling of the affected limb and requires massage or compression bandages to
manually drain the lymph (Cormier et al. 2010; Norman et al. 2009). As well, lymph
nodes adjacent to the primary tumour site are often removed and biopsied to
determine if there is evidence of metastases (Paskett et al. 2012; Cormier et al.
2010). This surgical destruction of tissue can also impair the flow of lymph and result
in secondary lymphedema. Further studies into the molecular mechanisms required
to regenerate or repair damaged lymphatic vessels will provide new strategies to treat

secondary lymphedemas.

2.3. Tumour metastasis: role of the lymphatic vessels

A key step in the progression of a variety of solid tumours is the invasion of
tumour cells into the lymphatic vasculature and subsequent spread to neighbouring
lymph nodes (Sahai 2007). Once a tumour has entered the lymphatics, it can
disseminate and form secondary tumours that are often more difficult to treat than the

original primary tumour (Sahai 2007; Wang and Oliver 2010). Further studies to



better understand how tumours invade the lymphatic system will be beneficial in

designing approaches to slow cancer progression.

The lymphatics are an accessible conduit for metastasizing tumour cells due to
their high permeability, specialized intercellular junctions and generally low shear
stress (Sahai 2007; Wang and Oliver 2010). These features of the lymphatics are
crucial for the normal function of the vessels, but renders them susceptible to
invasion by neighbouring tumour cells. Detection of tumour cells in the lymph nodes
is an important diagnostic tool used for both disease staging and creation of a
treatment plan (Qiao et al. 2012). The implication of tumour cells in neighbouring
lymph nodes is currently unclear but could be: 1) the cells are trapped in the dense
lymph node and this creates a lag phase in disease spread; 2) the cells are an
indicator of active tumour spread; or 3) the cells colonize the lymph node and form a
secondary tumour which can function as a staging area for future spread (Joyce and
Pollard 2009; Sleeman and Thiele 2009; Tammela and Alitalo 2010). Invasion of
tumour cells into the lymphatics can occur by tumour cell migration and entry into
either pre-existing lymphatic capillaries or into tumour induced newly formed
lymphatics (lymphangiogenesis) (Figure 1) (Tammela and Oliver, 2010). Tumour
cells, tumour associated activated macrophages and stromal cells can secrete pro-
lymphangiogenic growth factors such as VEGF-C/D and C-C chemokine receptor
type 7 (CCRY7), which promotes peri-tumoural lymphangiogenesis (Christiansen et al.
2011). These growth factors also cause neighbouring pre-existing lymphatic vessels
to expand and dilate which makes them more susceptible to migrating tumour cells

(Christiansen et al. 2011). Blocking VEGFR-3 signaling with neutralizing antibodies
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or soluble VEGFR-3 significantly decreases peri-tumoural lymphangiogenesis.
Similarly, neuropilin 2 (NRP-2) is often over-expressed in solid tumours and its
blockade with neutralizing antibodies prevents cell migration and slows metastasis
(Christiansen et al. 2011). Interestingly, molecular differences between tumour
associated lymphatic capillaries and normal lymphatic capillaries have been identified
(Clasper et al. 2008). In this study, the expression profiles between LECs isolated
from tumour associated vessels versus LECs isolated from normal vessels were
compared and significant changes in approximately 800 genes were observed.
Notably, genes that are involved in the formation of intercellular junctions,
extracellular matrix deposition and vessel growth and patterning were up-regulated in
the tumour associated vessels. Specifically, endothelial specific adhesion molecule
(ESAM) expressing vessels showed a positive correlation with metastasis to
neighbouring lymph nodes (Clasper et al. 2008). Understanding the molecular
differences between these two populations of LECs may provide clues as to which
pathways are being altered to promote metastasis and will lead to novel strategies to

block these pathways.
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Figure 1. Role of peri-tumoural lymphangiogenesis in metastasis. A common
step in cancer progression is the invasion of metastasizing cells into the lymphatic
vessels. This step leads to formation of secondary tumours. Generally, there are two
methods used by metastatic tumours to invade the lymphatic vasculature. First, it
has been shown that tumours are capable of inducing sprouting lymphangiogenesis
from adjacent lymphatic vessels by producing pro-lymphangiogenic growth factors
such as VEGF-C. Second, tumour cells can migrate through the extracellular matrix
and directly invade neighbouring lymphatic capillaries. Once in the lymphatics, the
metastatic cells will migrate towards afferent lymph nodes and continue the

progression of the disease.
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2.4. Obesity and Metabolism

The lymphatics play a prominent role in normal fat absorption (Harvey et al. 2005;
Lim et al. 2009; Wang and Oliver 2010). Lacteals, which are found in the intestinal
microvilli, contain specialized lymphatic vessels that are responsible for the uptake of
dietary fats from the gut. These vessels are often white in appearance and are filled
with fat. They are connected to the mesentery and are the “milky veins” that were
originally characterized by Aselli in 1627. Prox1*" mice have been demonstrated to
have leaky vessels due to reduced vessel integrity, which results in adult onset
obesity in the affected mice (Harvey et al. 2005). Similarly, the frequently used
Apolipoprotein (ApoE) knockout mouse model has swollen and leaky lymphatic
vessels (Lim et al. 2009). Loss of ApoE affects lymph transport, and the same group
proposes a potential link between increased cholesterol levels and decreased
lymphatic function (Lim et al. 2009). As well, subcutaneous fat accumulation is a
common symptom of prolonged lymphedema and lymph promotes the maturation of
adipocytes (Warren et al. 2007). Taken together, the lymphatics have a crucial role in

mediating fat absorption, metabolism and storage.

3. Prospero-related homeobox protein 1 (PROX1)

3.1. General features of PROX1

PROX1 is the mammalian ortholog of the Drosophila melanogaster gene

Prospero and was first identified in the mouse in 1993 (Oliver et al. 1993). In
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Drosophila, Prospero is involved in asymmetric cell division in the developing nervous
system and gets its name from Prospero, the wizard in the Shakespearean play The
Tempest, as it similarly dictates the fate of the cells which express it (Chu-Lagraff et
al. 1991). Prospero works together with Numb to control a binary switch during
development of the central and peripheral nervous system (Choksi et al. 2006).
Numb is a potent inhibitor of Notch signaling and is often down-regulated in human
cancers. Loss of Numb function leads to aberrant activation of Notch signaling and
increased proliferation. In fly neuroblasts, Numb and Prospero are localized to the
cytoplasm and form a crescent shaped band just below the cell membrane at one end
of the cell. When the neuroblast divides, it undergoes asymmetric division to produce
a self-renewing stem cell like daughter cell, which does not contain Numb or
Prospero, and a ganglion mother cell, which expresses both Numb and Prospero.
Prospero translocates into the nucleus and the ganglion mother cell further
differentiates and divides asymmetrically to generate either neuronal or glial cells. In
the fly, both Numb and Prospero repress cell cycle genes such as Cyclin E, E2F, and
Cyclin A (Li et al. 2000) and block proliferation. Loss of either Numb or Prospero in
the ganglion mother cell results in uncoordinated proliferation, differentiation, and
improper development of the nervous system. The ganglion mother cell is not
produced and the self-renewing daughter cells that are produced continue to
proliferate in an uncontrolled manner and eventually form a mass. To this end, both
Numb and PROX1 are proposed to function as tumour suppressors (Choksi et al.

2006).
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PROX1 is widely expressed and can be found in the lens, liver, pancreas,
spinal cord, and lymphatic vasculature (Wigle et al. 1999; Wigle and Oliver 1999;
Sosa-Pineda et al. 2000; Wang et al. 2005; Misra et al. 2008). In mammals, Prox1
encodes a 737 amino acid protein, which has a predicted molecular weight of 83 kDa.
In the N-terminus of the protein, there is the nuclear localization signal (NLS), which
directs the protein to the nucleus and two nuclear receptor boxes (NR1 and NR2).
These nuclear receptor boxes have been shown to be crucial for PROX1’s role as a
transcriptional co-activator at the cholesterol 7a hydroxylase (CYP7ALl) promoter, a
key regulator of bile acid synthesis (Qin et al. 2004). Following the NR boxes, there
iIs an evolutionary conserved region known as the Prospero domain 1 (PD1), which
shares homology with the recently characterized PROX2 protein (Pistocchi et al.
2008). The function of this domain remains unknown although it is highly
evolutionarily conserved from humans through to zebrafish. The C-terminus of
PROX1 encodes the DNA binding domain that is composed of the highly conserved
homeodomain and the Prospero domain 2 (PD2). The homeodomain (HD) encodes
the canonical helix-turn-helix binding motif, but PROX1 contains a three amino acid
insertion between helices 2 and 3, which defines it as an atypical homeodomain
protein (Ryter et al. 2002). The PD2 domain is common among all PROX1 orthologs
and masks a nuclear export signal (NES) in the homeodomain, which results in
PROX1 being retained in the nucleus. Rather than binding to the ATTA/TAAT site
that is common for other homeobox transcription factors, PROX1 binds to a specific
DNA consensus sequence C(A/T)(C/T)NNC(T/C) (Hassan et al. 1997; Cook et al.

2003).
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3.2. Biochemical functions of PROX1

PROX1 has a diverse set of functions that are dependent on the cell type and
microenvironment in which PROX1 is being expressed. As a transcription factor,
PROX1 has been shown to function as a co-repressor (Qin et al. 2004), an activator
(Shin et al. 2006), a repressor (Chang et al. 2012) and, in this study, a co-activator
(Baxter et al. 2011). In the adult liver, PROX1 functions as a co-repressor of the
CYP7AL promoter (Qin et al. 2004). CYP7a1 is the rate limiting enzyme during bile
acid synthesis and contains a liver receptor homolog-1 response element (LRE).
PROX1 binds directly to either the DNA-binding domain or the ligand-binding domain
of liver receptor homolog 1 (LRH-1) and inhibits transcription of the CYP7Al
promoter. Qin et al., proposed that PROX1 functions either by destabilizing LRH-1
binding to DNA or by sequestering LRH-1 from binding to the promoter to block
transcription (Qin et al. 2004). Interestingly, PROX1 also interacts with another
regulator of the CYP7A1 promoter, hepatocyte nuclear factor 4a (HNF4a) (Song et al.
2006). In this instance, PROX1 binds directly to the AF2 domain in HNF4a via its NR
boxes and again functions as a co-repressor to block transcription of the CYP7A1
promoter. In contrast to the mechanism used for LRH-1 mediated repression,
PROX1 does not affect HNF4a DNA-binding and instead competes with a
transcriptional co-activator, peroxisome proliferator-activated receptor gamma co-
activator-1a (PGC-1a) for the same nuclear receptor co-activator 2 (AF-2) binding site
(Song et al. 2006). To support the cell-type specificity of PROX1, in murine fetal
hepatoblasts, which are a type of hepatic progenitor cells, PROX1 over-expression

following retrovirus infection increased the transcription of the Lrh-1 gene, but
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6ink4a

inhibited its function at the p1 promoter, and had no effect on the levels or the

function of Hnf-4a (Kamiya et al. 2008).

PROX1 binds directly to DNA to function as a transcriptional activator at the
BB1-crystallin promoter in the lens (Cui et al. 2004; Chen et al. 2008) and the
fibroblast growth factor receptor-3 (FGFR-3) promoter in the lymphatic endothelial
cells (LECs) (Shin et al. 2006). In the lens, the SB1-crystallin promoter contains two
types of PROX1 binding sites. The first type of site is an OL2 element that contains
the previously mentioned consensus PROX1 binding site (CACTTCC), which is
required for PROX1 activation of transcription from the SB1-crystallin promoter (Cui et
al. 2004). This site has a CA dinucleotide group that is necessary for PROX1 binding
and is also found in the FGFR-3 promoter (Shin et al. 2006). The second type of
binding sites contain an AG dinucleotide motif that is necessary for PROX1 mediated
repression (Chen et al. 2008). Two of these PROX1 binding sites (AAAGTGG) were
identified in the BB7-crystallin promoter that following PROX1 binding represses
transcription of the promoter (Chen et al. 2008). Again, this result supports the
hypothesis that the cell type, available binding partners, and microenvironment
modulate PROX1 function. PROX1 binds directly to the FGFR-3 promoter to activate
transcription of the lymphatic specific isoform FGFR-3 llic (Shin et al. 2006). Shin et
al. identified a nine nucleotide consensus sequence and determined that this putative
binding site was both necessary and sufficient for PROX1 mediated induction of
FGFR-3 transcription (Shin et al. 2006). They also identified FGFR-3 as a specific
lymphatic marker and demonstrated that although knockdown of FGFR-3 did not

affect LEC cell fate, it significantly reduced LEC proliferation (Shin et al. 2006). They
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propose a potential role for PROX1 mediated transcriptional activation of FGFR-3 in

the proliferation of LECs during developmental lymphangiogenesis (Shin et al. 2006).

3.3. PROX1 binding partners and post-translational modifications

PROX1 has been demonstrated to interact with a number of different proteins
such as the orphan nuclear receptor chicken ovalbumin upstream promoter
transcription factor Il (COUP-TFII) (Lee et al. 2009; Yamazaki et al. 2009). COUP-
TFII is important for venous specification and represses the expression of key arterial
endothelial cell specific genes, namely Neuropilin-1 (NRP1) and Notch (You et al.
2005; Kume 2010). Knockdown of COUP-TFII in venous endothelial cells causes an
up-regulation of NRP1 and Notch and a phenoconversion to an arterial endothelial
cell phenotype. Though much is known about the factors that are responsible for
arterial specification, COUP-TFIl remains one of the few required proteins required
for venous specification (You et al. 2005). The interaction between PROX1 and
COUP-TFII is of particular interest as COUP-TFII is the first PROX1 binding partner
that is also involved in the regulation of cell fate (Lee et al. 2009). Together, PROX1
and COUP-TFII up-regulate two known PROX1 target genes, FGFR-3 and Vascular
Endothelial Growth Factor Receptor 3 (VEGFR-3), both of which are specific markers
of the lymphatic vasculature. They also bind together at the Ccnel promoter despite
the absence of consensus binding sites for either factor. PROX1 itself has been

shown to be a direct transcriptional target of COUP-TFII (Srinivasan et al. 2010).
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Further studies into this area will identify details into the initial steps of the fate switch

occurring from blood endothelial cell to lymphatic endothelial cell.

Another lymphatic relevant binding partner of PROX1 is a member of the E-
twenty six (Ets) family of transcription factors, Ets-2 (Yoshimatsu et al. 2011). The
Ets transcription factors play a crucial role in angiogenesis with up to 19 isoforms
identified to date in endothelial cells (Hollenhorst et al. 2007). In blood endothelial
cells, Ets-1 promotes angiogenesis by up-regulation of transcription of VEGFR-2 and
the angiopoietin receptor Tunica internal endothelial cell kinase 2 (Tie2) (Hashiya et
al. 2004). This mechanism is repeated in lymphatic endothelial cells with Ets-2
interacting directly with PROX1 via the NR boxes to promote transcription of VEGFR-

3, suggesting a pro-lymphangiogenic role for Ets-2 (Yoshimatsu et al. 2011).

Finally, PROX1 has been shown to co-localize and interact directly with
histone deacetylase 3 (HDAC3) (Steffensen et al. 2004). HDACs remove acetyl
groups from lysine side chains of histone tails and thereby induce chromatin
compaction (Barneda-Zahonero et al. 2012). Interestingly, PROX1’s interaction with
HDACS3, both in vitro and in vivo, is dependent on PROX1 being modified by the
addition of the small ubiquitin-like modifier (SUMO) (Shan et al. 2008; Pan et al.
2009). Four putative SUMOylation sites have been identified in PROX1 and one
(K556) was shown to be modified by the addition of SUMO-1 (Shan et al. 2008).
SUMOylation destabilized the interaction of PROX1 with HDAC3 and reduced its
function as a co-repressor (Shan et al. 2008). As well, SUMOylation increases
PROX1’s affinity for DNA. Mutation of the SUMOylation site K556R decreased

PROX1’s DNA-binding affinity and decreased its activation of both the FGFR-3 and
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VEGFR-3 promoters. This mutation of PROX1 also decreased vessel formation and

migration of LECs in culture in response to VEGF-C (Pan et al. 2009).

In a mass spectrometry scan of phosphoproteins in the adult mouse liver,
many phosphorylation sites were identified in PROX1 (Villen et al. 2007). Various
homeobox transcription factors such as pancreatic and duodenal homeobox 1
(PDX1) (Frogne et al. 2012), SIX homeobox 1 (SIX1) (Ford et al. 2000). , and NK2
homeobox 1 (NKX2.1) (Silberschmidt et al. 2011) are phosphorylated.
Phosphorylation of these transcription factors can affect protein subcellular
localization, DNA-binding affinity, or other protein-protein interactions (Walsh et al.
2005). Interestingly, phosphorylation and SUMOylation have been shown to
modulate protein function through phosphorylation dependent SUMO motifs in which
phosphorylation in a consensus sequence provides a stable docking site for the E2
conjugation enzyme and facilitates modification (Gareau et al. 2010). Taken
together, this adds a new dimension of regulation and further studies in this area will
elucidate the role that post-translational modifications play in regulating PROX1’s role

as a transcription factor.

4. Molecular mechanism of lymphatic development

Lymphangiogenesis, or the growth of new lymphatic vessels, generally occurs
during embryonic development of the lymphatic system, and during wound healing or

disease conditions in the adult organism. The entire lymphatic vasculature develops
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from the blood vasculature at embryonic day E9.5 in mice and at 6-7 weeks gestation
in humans (Tammela and Alitalo 2010). Lymphatic development (Figure 2) begins
when a subset of venous endothelial cells that are polarized to one side of the
cardinal vein begin to express PROX1 (Wigle and Oliver 1999; Wigle et al. 2002).
Upon expression of PROX1, these cells will bud out of the cardinal vein, migrate
towards a VEGF-C signal and continue to grow and proliferate to form the primary
lymph sacs. Following the expression of PROX1, these cells undergo a “fate-switch”
and actively down-regulate blood endothelial cell markers such as CD45, E-selectin
and CD34 and up-regulate lymphatic endothelial cell markers such as VEGFR-3 and
Podoplanin (Hong and Detmar 2003; Podgrabinska et al. 2002). Without expression
of PROX1, the molecular switch from blood endothelial cell to lymphatic endothelial
cell does not occur. Prox1 null mice have severe edema and die at approximately
embryonic day E14.5 (Wigle and Oliver 1999). The correct gene dosage of PROX1 is
also important in assuring development of a fully functional lymphatic system. Prox1
heterozygous mice (Prox1*") are haploinsufficient and present with adult onset
obesity caused by poorly formed, leaky vessels in the mesentery (Harvey et al. 2005).
As well, these mice have underdeveloped lymphovenous valves at the two sites
where the lymphatics rejoin the venous circulation (Srinivasan et al. 2011). PROXL1 is
also crucial for maintaining the lymphatic endothelial cell phenotype in adult cells.
Following siRNA mediated knockdown of Prox1l in adult LECs in culture, it was
observed that the affected cells began to return to a venous endothelial cell
phenotype in that LEC markers were selectively down-regulated and BEC markers

were once again up-regulated (Johnson et al. 2008). Taken together, PROX1 is
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essential for the normal growth, development, and maintenance of the lymphatic

vascular network.

Other key molecular players of lymphangiogenesis have been recently identified
namely SRY-box 18 (SOX18) and COUP-TFIl. SOX18 was identified as a regulator
of lymphatic development as Sox18 null mice have many of the same characteristics
of Prox1 null mice; they lack a lymphatic vasculature and die at E14.5 (Francois et al.
2008). SOX18 is activated in the subset of vein endothelial cells in the cardinal vein
that are destined to become lymphatic endothelial cells at approximately embryonic
day E9.0, before PROX1 expression is observed in these cells. The Prox1 promoter
contains two putative SOX18 binding sites and is activated by direct SOX18 binding.
Francois et al. demonstrated that SOX18 binding to the Prox1 promoter is unique to
the context of lymphangiogenesis (Francois et al. 2008). In other tissues, such as the
sympathetic ganglia, SOX18 does not bind to the Prox1l promoter and does not
activate transcription of the gene (Francois et al. 2008). Interestingly though, SOX18
expression is not crucial for maintaining the lymphatic endothelial cell phenotype in
adult lymphatics and is down-regulated as the lymphatics mature (Francois et al.
2008). Mutations in SOX18 have also been associated with HLTS syndrome, which
again outlines its importance in normal lymphatic development (Irrthum et al. 2003).
The RaOp mouse model of HLTS syndrome is a naturally occurring model which is
caused by a missense mutation in the Sox18 allele (Downes et al. 2009). This
mutation causes severe edema as well as blood vascular defects and similar
symptoms observed in human HLTS syndrome. Matrix metalloproteinase 7,

interleukin receptor 7 and N-cadherin expression is reduced as these are likely
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downstream effectors of SOX18 (Downes et al. 2009). This mouse model is a
powerful tool used to study the molecular origins of HLTS, and will provide further

insight into the role of SOX18 in both blood and lymphatic vascular development.

The other key player in the fate switch from blood endothelial cell to lymphatic
endothelial cell is COUP-TFIl. COUP-TFII is consistently expressed in venous
endothelial cells, as well as lymphatic endothelial cells, throughout the entire process
of developmental lymphangiogenesis and into adulthood (Lee et al. 2009). Together
with PROX1, it activates downstream lymphatic specific genes. COUP-TFIl binds
directly to PROX1 and together they both bind to the Ccnel promoter to promote
proliferation of LECs (Yamazaki et al. 2009). It has also been demonstrated that
PROX1 and COUP-TFII bind together to activate transcription of the VEGFR-3,
FGFR-3 and Nrp-1 promoters all of which are involved in promoting cell growth and
proliferation following lymphatic specification (Lee et al. 2009). COUP-TFII is
required for SOX18 mediated activation of PROX1 at E9.5 (Figure 2), but COUP-TFII
also binds to consensus binding sites in the Proxl promoter to activate its
transcription following lymphatic specification (Srinivasan et al. 2010). Further
studies investigating the cross-talk that occurs between these three transcription
factors are required to fully elucidate the mechanism behind the BEC to LEC cell fate

switch.

Following lymphatic specification, PROX1 up-regulates expression of VEGFR-3
and Ccnel to promote growth and proliferation of the newly formed lymphatic
endothelial cells. These cells will bud out from the cardinal vein and migrate towards

a VEGF-C signal (the ligand for VEGFR-3) to form the primary lymph sacs. Further
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lymphatic specific markers such as podoplanin and lymphatic vessel endothelial
hyaluronan receptor (LYVE-1) will be up-regulated, but proper separation of the
primary lymph sacs from the venous vasculature depends on the expression of
spleen tyrosine kinase/lymphocyte cytosolic protein (Syk/SLP76) (Abtahian et al.
2003). The lymphatic vasculature in Syk/SLP76 null mice has multiple aberrant
connections with the veins and is often blood filled (Abtahian et al. 2003).
Interestingly, C-type lectin receptor (CLEC-2) expressed by platelets in the blood
circulation binds to podoplanin on the surface of LECs when in contact with blood (at
the points where the lymphatics join the venous system) (Bertozzi et al. 2010). In
turn, this binding activates expression of Syk/SLP76 in the affected LECs and
maintains blood/lymphatic separation. In platelet deficient mice, this mechanism is

impaired and blood circulates in their lymphatics (Bertozzi et al. 2010).

Following separation from the blood vasculature, the lymphatics mature and
remodel to form the collecting vessels and capillaries. A key player in this process is
the forkhead transcription factor FOXC2 (Dagenais et al. 2004; Wu and Liu 2011). It
is important for recruiting vascular smooth muscle cells (VSMCs) to the walls of
collecting vessels and for regulating other downstream remodelling factors such as
platelet derived growth factor B (PDGF- ), angiopoietin-2 (Ang2) and Delta-like
ligand 4 (Dll4) (Wu et al. 2011). Remodelling continues until the entire lymphatic

vasculature is formed (Figure 2).

25



ONSA f~o=~ o031 <& 038 g >

+zguuydy +29x04
+Z unalodoibuy  +¢-y4493A +9.d1SNAs
+9/d1SMAS  +ulueidopod +€-4493A
-8LX0S +1X0¥d +1XO¥d
{ | (. (o
] Q w N M_
J W N Nexs/
saue|ides pue sjassaa buioajjoo wia)sAs snouaA
ainjenoseA Jo uonjeanjew pue Buljepoway 8y} wouj uonesedasg
aneydwA| ainjep +Sy1L3 Svi3-Li3
| Ixoud o
+1-3AAT
) +13 NITTOAD +1X0¥d
+1-3AATT +£-¥493A +£-4493A +81XOS +81LX0S
*IANMOAD  +1XO¥d +ixoud +141-dNOD sli9d Iy +l141-dNOI SI192 1Y
+81X0S
AN
soes ydwiA UIBA [eulpJed 3y} woly JUSWIIWIWOD aouajadwod
frewud ay3 Jo uonew.oS Bunnoids pue Buippng aneydwAn aneydwAi

L-S°0L3 §'63 S'63 0’63

26



Figure 2: Mechanism of developmental lymphangiogenesis. At E9.0, a subset of
venous endothelial cells on one side of the cardinal vein begin to express SRY-box
18 (SOX18). By E9.5, these cells also express PROX1, which down-regulates
expression of blood endothelial cell markers, up-regulates expression of lymphatic
endothelial cell (LEC) markers and leads to a cell fate switch. The cells continue to
grow and proliferate and bud out of the cardinal vein towards a vascular endothelial
growth factor C (VEGF-C) signal. These cells form the primary lymph sacs and
continue to express LEC markers. Spleen tyrosine kinase/lymphocyte cytosolic
protein 2 (SYK/SLP76) is required to ensure proper separation from the blood
vasculature. Once separated, the expression of forkhead box protein C2 (FOXC2),
Ephrin B2 (EPHB2), and Podoplanin is up-regulated to ensure vascular smooth
muscle cell recruitment and valve formation in collecting vessels and remodeling of
capillaries. The vasculature continues to develop and grow into adulthood. The
entire process is dependent on the expression of PROX1 in the original subset of
venous endothelial cells and PROX1 expression increases as the system develops.
Chicken ovalbumin upstream promoter transcription factor Il (COUP-TFII) expression
is maintained at a constant rate throughout the process whereas SOX18 is crucial for
the initiation of PROX1 expression, but diminishes in the latter stages of embryonic

development. Adapted from (Duong et al. 2012) and (Wang and Oliver 2010).
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5. PROX1 and the mammalian cell cycle

5.1. General overview of the mammalian cell cycle

The mammalian cell cycle is composed of four phases: gap 1 (G3), synthesis
(S), gap 2 (G2) and mitosis (M) (Figure 3) (Reed 2003). The cycle is unidirectional
and progression through the cycle is tightly regulated. It is based on cycles of
phosphorylation and dephosphorylation of key transcription factors by cyclin- cyclin
dependent kinase (Cdk) complexes that are expressed in specific phases of the cell
cycle, and the precisely timed degradation of these same factors by the ubiquitin
proteosome pathway (Glotzer et al. 1991; Reed 2003; Fasanaro et al. 2009). This
coordinated system ensures the quick, concise transitions between phases, and
minimizes the risk of error. The cycle also has four key checkpoints, which require
certain criteria for the cycle to proceed (Figure 3). The first is located in G; phase
and requires optimal growth conditions, a successful mitotic exit and no DNA damage
for the cycle to proceed. The next is located in mid-S phase following DNA
replication and requires replication to be complete with no lingering DNA damage.
Following successful passage through S phase, there is a checkpoint at the G,/M
transition that ensures no DNA damage is present before entering mitosis and the
final checkpoint during anaphase in mitosis verifies that the spindle assembly is
correctly organized (Schnerch et al. 2012). In the event of cell or DNA damage, the
cell has the option to initiate either DNA repair or apoptosis at these built in
checkpoints (Schnerch et al. 2012). Mutations of the cell cycle machinery lead to

deregulation of
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Anaphase checkpoint
- Is the mitotic spindle

G2/M checkpoint assembly correct? Go
- Is there any DNA damage?

M
Go

Late G1 checkpoint
S - Is there any DNA damage?
- Are conditions favourable to divide?

Mid S checkpoint
- Is DNA replication complete?
- Is there any DNA damage?

Figure 3: Overview of the eukaryotic cell cycle. The cell cycle contains four
phases: gap 1 (Gj), synthesis (S), gap 2 (G,) and mitosis (M). The cycle is
unidirectional and to ensure proper passage through each phase, there are four built-
in checkpoints. Passage through these checkpoints is dependent on specific criteria

and any defects have a chance to be either repaired or the cell can initiate apoptosis.
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cellular proliferation followed by aneuploidy or genomic instability, and as such, are

often observed in a variety of different cancers (Schnerch et al. 2012).

5.2. Therole of CCNEL1 in the G4/S transition

CCNEL1 is expressed in a tight window of the cell cycle that spans from late G;
phase through the transition into S phase and abruptly ends at the beginning of S
phase (Le Cam et al. 1999; Polanowska et al. 2001). CCNEL1 forms a complex with
Cdk2 and together they phosphorylate key effectors of the G1/S transition (Dulic et al.
1992). The CCNE1-Cdk2 complex is bound by cell cycle inhibitors p21P*, p27kP
and p57? in late G, phase (Dulic et al. 1992). Once the cell commits to transition
into S phase, the amount of CCNE1-Cdk2 complexes surpasses the pool of cell cycle
inhibitors. This results in their degradation by the ubiquitin proteosome pathway and
release of the active CCNE1-Cdk2 complex thereby pushing the cell from G; to S
phase (Clurman et al. 1996; Won and Reed 1996). Once the transition is complete,
the CCNE1-Cdk2 complexes autophosphorylate, which targets them for degradation

via the ubiquitin proteosome pathway (Clurman et al. 1996; Won and Reed 1996).

Transcription of CCNEL1 is regulated by the E2F-retinoblastoma protein (pRB)
pathway. The Ccnel promoter contains multiple transcription factor binding sites, but
is primarily controlled by two E2F binding sites located on either side of the
transcriptional start site (Le Cam et al. 1999; Cobrinik 2005). Interestingly for our

study, the Ccnel promoter also contains a response element for LRH-1, which has
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been shown to interact with PROX1 (Figure 25) (Qin et al. 2004). The upstream E2F
site, E2F-Spl, is constitutively bound by a complex containing an activating E2F
protein (1-3a) and other chromatin remodelers and transcription factors (Figure 4)
(Cobrinik 2005). The downstream E2F site, E2FX-AT rich, is bound by a repressive
complex, including an E2F protein and pRB, but only when the promoter is inactive.
During late G; phase, pRB is phosphorylated and releases the E2F protein bound to
the E2FX-AT rich site. E2F release allows the assembly of the pre-initiation complex
and transcription of the Ccnel gene (Figure 4) (Le Cam et al. 1999; Cobrinik 2005).
Deregulation of the machinery that assures precise expression and timing of CCNE1
is frequently observed in cancers and leads to aneuploidy and genomic instability (Siu

et al. 2012).

5.3. PROX1in the cell cycle

Paradoxically, PROX1 has been shown to have both anti-growth and pro-growth roles
depending on the tissue and physiological context in which it is being expressed
(Table 1). On the anti-growth side, over-expression of PROXL1 inhibits proliferation in
hepatocellular carcinoma cells (Shimoda et al. 2006). Shimoda et al. knocked down
PROX1 expression using siRNA in three cell lines as well as human patient samples
and observed a decrease in cell proliferation (Shimoda et al. 2006). They also
observed in their patient samples that low PROX1 expression correlated with a lower
degree of differentiation, and increased proliferation leading to progression of the

disease and poorer prognosis (Shimoda et al. 2006). Similarly, in neuroblastoma

31



cells, PROX1 blocks cell cycle progression by down-regulating expression of Cyclin
D1, A and B1 as well as up-regulating expression of the CDKI p27<** (Foskolou et al.
2012). Interestingly, expression of CCNEL1 is increased in this cell type but this
increased expression is not correlated with cell cycle progression. Foskolou et al.
propose that this disconnect could be caused by the lack of induction of other pro-
growth co-factors required for Gi/S progression and up-regulation of p27%P
(Foskolou et al. 2012). In the developing central nervous system, PROX1 is
expressed in spinal interneurons and causes them to exit the cell cycle and

differentiate (Misra et al. 2008).

On the pro-growth side, PROX1 has been shown to have a role in mediating
colon cancer progression through interactions with adenomatous polyposis coli (APC)
and the T-cell specific HMG-box transcription factor (TCF)/B-catenin pathway
(Petrova et al. 2008). High levels of PROX1 expression were observed in colon
cancer cells and resulted in increased dysplasia and favoured the formation of
carcinoma in situ. Petrova et al. proposed that loss of APC caused nuclear
translocation of B-catenin that in turn increased Wnt signaling, which through a
presently unknown mechanism lead to over-expression of PROX1 (Petrova et al.
2008). In fetal hepatoblasts, PROX1 works in opposition to LRH-1 to up-regulate
expression of Cyclin D2, CCNE1 and CCNE2. PROX1 also down-regulates
expression of the cyclin dependent kinase inhibitor (CDKI) p16™* (Kamiya et al.
2008). In this cell type, increased PROX1 levels promote proliferation whereas

increases in LRH-1 levels decrease cell proliferation (Kamiya et al. 2008).
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Figure 4: The role of CCNEL1 in the G4/S transition. Progression from one phase
to the next in the cell cycle depends on the precisely timed expression and
degradation of cyclins. During G; phase, the Ccnel promoter is bound by E2F
proteins and is repressed by a group of transcriptional repressors including the
retinoblastoma protein (pRB) and histone deacetylases (HDAC). In late G; phase,
pPRB is phosphorylated which destabilizes the repressive complex and allows for the
transcription of Ccnel. CCNEL1 binds to Cyclin dependent kinase 2 (Cdk2), but is
inhibited by a pool of cyclin dependent kinase inhibitors (CDKI). To transition into S
phase, sufficient CCNE1 is required to overwhelm the pool of CDKI's which allows
active CCNE1-Cdk2 complexes to activate S phase specific targets. In early S
phase, CCNE1-Cdk2 complexes autophosphorylate, which targets them for
ubiquitination by the Skp, Cullin, F-box containing complex (SCF™%) and
degradation by the 26S proteosome. This ensures the unidirectional nature of the

cell cycle and prevents aneuploidy and genomic instability.
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Pro-growth

Colon cancer cells: promotes dysplastic
phenotype and cancer progression

Petrova et al. (2008) Cancer Cell, 13
(5), 407-19.

Fetal hepatoblasts: increases cell
growth

Kamiya et al. (2008) Hepatology, 48
(1), 252-64.

Anti-growth

Neuroblastoma cells: blocks cell cycle
progression by upregulating Cyclin D1,
A, B1 and p274P*

Foskolou et al., (2012) Oncogene,
epub April 16.

Primary hepatocellular carcinoma cells:
suppresses cell growth

Shimoda et al. (2006) Clin Cancer
Res, 12 (20 pt 1), 6005-11

Lens: up-regulates p57<*? which is
important for cell cycle arrest and
differentiation

Dyer et al. (2003) Nat Genetics, 34
(1), 53-8.

Spinal cord: Causes cell cycle exit in
interneuron precursor cells in the
developing chick spinal cord

Mishra et al. (2008) Dev Dyn, 237,
393-402.

Table 1. Known pro-growth and anti-growth roles of PROX1. PROX1 has varied
roles in cell cycle regulation depending on the cell type that is being studied. This is a
summary of the known roles of PROXL1 in cell cycle regulation that are either pro-

growth or anti-growth.
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In Drosophila melanogaster, the PROX1 ortholog Prospero also has conflicting

roles in cell cycle regulation. In glial precursor cells, Prospero up-regulates CycE to

maintain the mitotic potential of a specific subset of longitudinal glia (Griffiths and
Hidalgo 2004). In contrast, Prospero up-regulates expression of Dacapo (p27<
homolog) in embryonic neuroblasts and promotes cell cycle arrest (Colonques et al.
2011). Our study supports a pro-growth role for PROX1 through promoting cell cycle

progression in LECs (Baxter et al. 2011).

5.4. PROX1 and CCNE1

PROX1 has been shown to up-regulate expression of CCNE1l in both
endothelial cells and non-endothelial cells (Petrova et al. 2002). Petrova et al.
postulated that PROX1 activates transcription of CCNE1 through binding directly to
the E2F binding sites located in the Ccnel promoter (Petrova et al. 2002). Prospero,
the Drosophila ortholog of PROX1, also regulates CycE in the developing nervous
system. It controls the timed expression of CycE in the longitudinal glia ensuring that
the correct number of cells are produced (Griffiths and Hidalgo 2004). PROX1 works
together with COUP-TFII to activate expression of CCNE1 in LECs (Yamazaki et al.
2009). This study demonstrates that PROX1 functions as a co-activator of Ccnel

transcription, which promotes cell cycle entry in LECs (Baxter et al. 2011).
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Il. RATIONALE

PROX1 is required for both the development and maintenance of the lymphatic
vasculature (Wigle and Oliver 1999; Wigle et al. 2002; Johnson et al. 2008). In Prox1
null mice, lymphatics fail to develop and the embryos die at E14.5. One of the key
steps during lymphatic vessel development is the active proliferation of newly formed
lymphatic endothelial cells, which is initiated by PROX1 expression in the cardinal
vein (Petrova et al. 2002). These cells are actively proliferating in response to pro-
growth stimuli through the up-regulation of Cyclin E1 and activation of the VEGF-
C/VEGFR-3 pathway (Petrova et al. 2002). CYCLIN E1 is a regulator of the G; to S
transition in the cell cycle (Dulic et al. 1992). In Drosophila, Prospero has been
shown to up-regulate CycE in the developing nervous system and in mammalian
cells, PROX1 has been shown to increase levels of Ccnel both in endothelial and
non-endothelial cells (Petrova et al. 2002; Griffiths and Hidalgo 2004). PROX1 has
also been demonstrated to be involved in either promoting or inhibiting cell growth in
a cell-type and context specific manner (Dyer et al. 2003; Shimoda et al. 2006;
Kamiya et al. 2008; Misra et al. 2008; Petrova et al. 2008; Foskolou et al. 2012).
Further study of the role of PROX1 in mediating the lymphatic endothelial cell cycle
will contribute to the understanding of how PROX1 promotes proliferation during
developmental and adult lymphangiogenesis. It will also identify potential
mechanisms to control the growth of lymphatic capillaries. In the context of
lymphedema where vessels are unable to support normal lymph flow and proper

drainage, promoting lymphatic vessel growth and remodeling could restore normal
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lymphatic function. In contrast, one of the hallmarks of cancer progression is the
aggressive spread of tumour cells from their primary site to other regions of the body
where they form secondary tumours (Hanahan et al. 2011). Cancer related deaths
are frequently caused by organ failure due to these secondary tumours and not by
the primary tumour itself (Van den Eynde 2009). Malignant cells often enter
neighbouring lymphatic vessels and metastasize via the lymphatic vasculature
(Hanahan et al. 2011). Lymphatic vessels are particularly susceptible to invading
tumour cells due to their highly permeable nature. Recent studies suggest that
inhibiting of tumour associated lymphangiogenesis (growth of new lymphatic vessels)
IS more a potent approach to block tumour spread than is inhibiting of angiogenesis
(growth of new blood vessels) (Pytowski et al. 2005; Tammela et al. 2008). Further
study of lymphatic vessel biology will provide us new techniques with which to inhibit

the spread of a broad spectrum of solid cancers.

38



.  HYPOTHESIS

We hypothesize that PROX1 is a key regulator of the lymphatic endothelial cell

cycle and activates Ccnel transcription in a DNA-binding independent manner, which

leads to increased lymphatic endothelial cell proliferation.

V. OBJECTIVES

To determine the role of PROX1 in mediating the LEC cell cycle we sought to identify

the mechanism by which it promotes transcription of the Ccnel promoter.

1) To establish the functional domains of PROX1 necessary for transcriptional

activation of the Ccnel promoter.

2) To identify the regions of the Ccnel promoter that are required for PROX1

mediated transcriptional activation.

3) To determine the overall effect of PROX1 on the LEC cell cycle through gain of

function and loss of function studies.
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V. MATERIALS AND METHODS

1. Generation of Prox1 expression constructs

A plasmid containing a full-length mouse Proxl cDNA (clone 6490801,
Invitrogen) was digested with EcoRI/Sacll and the insert containing the Prox1 coding
sequence was ligated into the EcoRI/Sacll sites of the pBluescript Il KS+ vector
(Stratagene, (Baxter et al. 2011)). This plasmid was used as a template for all of the
various Prox1 constructs used in this study. The FailSafe PCR kit (Epicentre) was
used to amplify these constructs in combination with the PCR splice overlap
extension technique (Horton et al. 1989) to generate the different Prox1 deletions or
mutations used in this study (Refer to Table 2). All versions of Prox1 were cloned
into the Sacll/Xhol sites of the pCMV-Tag4A vector (Stratagene) and therefore all
constructs contained a carboxyl termini FLAG epitope. Prior to use in experiments,
all versions of Prox1 were sequenced at the University of Calgary core sequencing
facility to verify that there were no inadvertent mutations incorporated during PCR

amplification.

2. Luciferase Reporter Constructs

A 1 Kb portion of the mouse Ccnel promoter, upstream of the transcription start
site (BAC genomic clone RP2377J9, Invitrogen), was amplified (Refer to Table 3) as
previously described (Le Cam et al. 1999) and cloned into the pCRBIlunt vector

(Invitrogen, (Baxter et al. 2011)). All of the deletion versions of the Ccnel promoter
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were cloned into the Kpnl/Bglll sites of the pGL3 basic reporter vector (Promega) and
the sequence was verified at the University of Calgary core sequencing facility. The
220 bp mouse FGFR-3 promoter in pGL2 was a kind gift from Dr. Ornitz, Washington

State University Medical School (McEwen et al. 1999).

3. Cell culture

Human embryonic kidney (HEK) 293A cells (ATCC) were grown in Dulbecco’s
Modified Eagle’s medium (DMEM) with high glucose supplemented with L-
glutamine,sodium pyruvate (HyClone),5% fetal bovine serum (Invitrogen) and 1%
Penicillin/Streptomycin (HyClone). U2-Osteosarcoma (U20S) cells (ATCC, HTB-96)
were grown in McCoy’s 5A medium (Invitrogen) supplemented with 10% fetal bovine
serum and 1% Penicillin/Streptomycin. Cells were transiently transfected using the
Lipofectamine 2000 reagent (Invitrogen) and were harvested for experiments 48
hours post-transfection. Leptomycin B was purchased from Sigma-Aldrich and U20S
cells were treated with a final concentration of 1ng/mL in normal growth media for 20
hours at 37°C as previously described (Kojima et al. 2007; Glover-Collins and
Thompson 2008). Control cells were treated with the same volume (3.6 pL) of
vehicle (70% methanol). Human Umbilical Vein Endothelial Cells (HUVEC) (Lonza)
were grown in endothelial basal media (EBM-2) supplemented with growth factors
(epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), insulin
like growth factor (IGF), beta fibroblast growth factor B (bFGF), heparin, ascorbic
acid, hydrocortisone, gentamicin sulphate and amphotericin-B) and 2% fetal bovine

serum (Lonza). Cells were infected with adenovirus (human adenovirus serotype 5,
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E1/E3 deleted pAdEasy Adenoviral Vector System, Agilent Technologies) encoding
either WT Prox1 or a version in which the homeoprospero domain had been deleted
(HDPD2A) at a multiplicity of infection (MOI) of 250. The cells were then harvested
48 hours post-infection. Human neonatal dermal microvascular lymphatic endothelial
cells (LEC) (Lonza) were grown in EBM-2 supplemented with growth factors (EGF,
VEGF, IGF, FGF-B, ascorbic acid, hydrocortisone, gentamicin sulphate and
amphotericin-B) and 10% fetal bovine serum (Lonza). Cells were transfected with
100 puM of either ON-TARGETplus siCONTROL non-targeting or PROX1 ON-
TARGETplus SMART pool siRNAs (Dharmacon) using DharmaFECT1 transfection
reagent for 48 hours as per the manufacturer’'s instructions. Human hepatocellular
carcinoma cells (HepG2) were cultured in DMEM (Hyclone) supplemented with 10%
FBS (Invitrogen) and 1% penicillin/streptomycin (Hyclone). HepG2 cells were plated

48 hours prior to being harvested for experiments.
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Table 2: Primers used to generate PROX1 constructs

PROX1 Primer Sequence Primer | Restriction
Version Name Enzyme
site added
WT F: 5-GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3’ Mx49 Xhol
dbINRA F: 5- GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5- CTCGGTGCCACCGTTTTTGTTCATGTTATTTTTT Px46
ACGTTCGACTTTTCCCCATCTGCGTGTTG -3 Px47
F: 5- CAACACGCAGATGGGGAAAAGTCGAACGTAA Mx49 Xhol
AAAATAACATGAACAAAAACGGTGGCACCGAG-3’
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3
PD1A F: 5-GCggatccTAATACGACTCACTATAGGGC-3’ Mx10 BamHI
R: 5-GCTGTCTTCAGACAGGTCGCCATCGCGATC- Px106
CACATCAAACTGGC-Z
F: 5-GCCAGTTTGATGTGGATCGCGATGGCGACC- Px107
TGTCTGAAGACAGC -3
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3 Mx49 Xhol
HDA F: 5-GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5-GGCTTGGCGCGCATACTTCTCCTGCATTG- Px3
CGCTTCCTGAATAAGGTG-3
F: 5-GATGTGGATCGCTTATGTGATGAGCACC-3 Px4
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3' Mx49 Xhol
PD2A F: 5-GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5-CCctcgagTCCATCATTGATGGCTTGACGCGC-3 Px7 Xhol
HDPD2A F: 5-GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5’-CCctcgagCTGCATTGCGCTTCCTGAATAAGG-3’ Px8 Xhol
**WFEEFR®*® | F: 5-GCggatccTAATACGACTCACTATAGGGC-3’ Mx10 | BamHI
DBDmut R: 5-GTAAAACTCACGGAATTCCTCGAACCACTT- Px1 EcoRl
GATGAGCTGCGAGG-3’
F: 5-GATGTGGATCGCTTATGTGATGAGCACC-3’ Px2
R: 5’-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3 Mx49 Xhol
*PWFSAFA®® | F: 5-GCggatccTAATACGACTCACTATAGGGC-3’ Mx10 | BamHI
DBDmut R: 5-CTGAATGTAGTAAAACTCGGCGAAAGCGCTAAACCACTTG-3’ | Px54
F: 5-CTCATCAAGTGGTTTagcGCITTCGCCGAGTTTTACTAC-3 Px55 Haell
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3' Mx49 Xhol
NterPD1A F: 5-GCggatccTAATACGACTCACTATAGGGC-3 Mx10 BamHI
R: 5'- Px96
CTGCTGCTGGGGCAGCTTCTGTAAGCGATCCACATCAAACTG-3’
F: 5- Px97
CAGTTTGATGTGGATCGCTTACAGAAGCTGCCCCAGCAGCAG-3
R: 5’-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3 Mx49 Xhol
CterPD1A F: 5-GCggatccTAATACGACTCACTATAGGGC-3’ Mx10 BamHI
R: 5'- Px98
CTTCAGACAGGTCGCCATCTTCCTGGTAGAACTTCTCCTGCAG-3’
F:5- Px99
CTGCAGGAGAAGTTCTACCAGGAAGATGGCGACCTGTCTGAAG-
3
R: 5-CCctcgagCTCGTGAAGGAGTTCTTGTAG-3' Mx49 Xhol
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Note: Restriction enzyme sites are shown in lowercase italics, inserted mutations are
shown in bold and are highlighted in red, and deletion primers used for splice-
overlap extension PCR are shown in bold.

Note: All constructs were cloned into the Sacll and Xhol sites of pPCMV-Tag4A via an
endogenous Sacll site. The BamHI site was used for cloning into pBluescript Il KS+.
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Table 3: Primers used to generate Ccnel promoter luciferase constructs

Ccnel Primer sequence Primer | Restriction
promoter name | enzyme site
Version added
1 kb F:5- Px15 Primers
CCTTCAAGTTTTCCGGAAGCACAAACAGCTGGAATGGG-3 were used to
R: 5-GGAGTCCAGGCAGCCCGTACCCGAAGCTGTGTCC-3' | Px16 amplify from
BAC clone
1kb F: 5- CTTggtaccGCCCCCACCAGAGCTCCTCGCTGGTC-3 | Px18 Kpnl
R: 5-GCGggatccGCGCCTGCCCCCTACACCGC-3’ Px19 BamHI
206 bp F: 5 ggtaccGCCCCCACCAGAGCTCCTCGCTGGTC-3& Px32 Kpnl
R: 5-GGAGTCCAGGCAGCCCGTACCCGAAGCTGTGTCC-3' | Px19
206 bp F: 5- CTTctcgagGCCCCCACCAGAGCTCCTCGCTGGTC-3 | Px63 Xhol
mut E2FI R: 5-AAAAATCCCAGCGCTAGGCACCGGTACCGTCCCGTA | Px61
CTCGCGTACCGTACCGAGGGCTGCGAG-%
F: 5- CTCGCAGCCTCGGTACGGTACGCGAGTACGGAC Px62 Kpnl
g9TACcGGTGCCTAGCGCTGGGATTTTT -3’
R: 5- GCGggatccGCGCCTGCCCCCTACACCGC-3 Px19 BamHI
206 bp F: 5- CTTctcgagGCCCCCACCAGAGCTCCTCGCTGGTC-3 | Px63 Xhol
mut E2FX | R: 5- GGCTTCGAGCTCTACATTGCAGAA-3’ Px69
F: 5- TTCTGCAATGTAGAGCTCGAAGCC-3’ Px68
R: 5- GCGggatccGCGCCTGCCCCCTACACCGC-3 Px19 BamHI

Note: Restriction enzyme sites are shown in lowercase italics, inserted mutations are
shown in bold and are underlined.
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4. Immunocytochemistry

6-8x10* HEK 293 or U20S cells were grown on uncoated glass coverslips in 6-
well tissue culture plates (Becton Dickinson). After 48 hours, the cells were
transfected with various Prox1 constructs in the pCMV-Tag4A vector by using
Lipofectamine 2000 and following the manufacturer’s instructions (Invitrogen). 48
hours post-transfection, cells were fixed in 4% paraformaldehyde (EM Science) for 30
minutes. Coverslips were then washed with 1x Phosphate Buffered Saline (PBS)
followed by washes with 1x PBT (PBS with 0.3% Triton X-100) and were blocked in a
5% normal goat serum-PBT solution. The cells were then incubated overnight with
anti-FLAG M2 monoclonal primary antibody (Sigma, 1:1000). The coverslips were
washed in PBT and incubated with a goat-anti-mouse secondary antibody coupled to
Alexa Fluor 488 (Molecular Probes). The coverslips were then washed with 2x SSC
(0.3M sodium chloride, 0.03M sodium citrate, pH 7.0) and treated with 100 pg/mL of
RNase A (Sigma) for 30 minutes. The coverslips were stained with propidium iodide
(1:1000, Molecular Probes) for 15 minutes and mounted onto glass slides. Images
were captured with either an Olympus light scanning confocal microscope (Manitoba
Institute for Cell Biology) equipped with FluoView imaging software (Olympus) or a
Zeiss 200M light scanning confocal microscope (St. Boniface Research Centre)
equipped with a digital camera and Pascal 5 imaging software (Zeiss). Where
immunocytochemistry results were quantified, the observer was blinded to the identity

of the slides.
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5. Cell cycle analysis

5x10° HUVECs were infected at 250 MOI and grown in 175 cm? tissue culture
flasks for 48 hours prior to analysis. Alternatively, 3x10°> LECs were transfected with
siRNA and allowed to grow for 24 hours on fibronectin (Sigma) coated 6-well tissue
culture plates. The cells were then trypsinized and re-plated onto fibronectin coated
6-well tissue culture plates at a lower density (1.5x10° cells per well) and incubated
for 24 hours prior to harvest. Cells were trypsinized and fixed in ice-cold 70% ethanol
for 2 hours and centrifuged at 200 x g for 5 minutes at 4°C. The cell pellets were then
washed once with 1xPBS, centrifuged at 200 x g and stained for 30 minutes at room
temperature in Pl staining solution (0.1% PBT, 0.5 mg/mL RNase A, 0.5 mg/mL
propidium iodide). 10* gated cells were counted using a BD FACSCalibur (Manitoba
Institute for Cell Biology) and the gates were arranged using the FL2-A vs FL2-W plot
to exclude doublets. The data was analyzed using FlowJo software (Tree Star, Inc)

and quantified using Origin 8 software.

6. Bromodeoxyuridine (BrdU) labelling

We employed 5’-bromo-2’-deoxyuridine (BrdU) (Fisher) labelling in conjunction
with  DNA staining and measured the proportion of S phase cells using flow
cytometry. 2.5x10° HUVECs were infected at 250 MOI with different adenoviral
vectors and grown in 10 cm tissue culture plates for 48 hours prior to analysis.
Alternatively, 3x10° LECs were transfected with siRNA and allowed to grow for 24

hours on fibronectin (Sigma) coated 6-well tissue culture plates. The cells were then
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trypsinized and re-plated on fibronectin coated 6-well tissue culture plates at a lower
density (1.5x10° cells per well) and incubated for 24 hours. Forty-five minutes prior
to harvest, BrdU was added to each well to a final concentration of 100 uM and the
plates were incubated at 37°C, 5% CO,. Cells were trypsinized and fixed in ice-cold
70% ethanol overnight at 4°C. The cells were then centrifuged at 200 x g for 5
minutes at 4°C and the cell pellets resuspended in 1 mL of freshly prepared 2N HCI
(Fisher) and allowed to stand at room temperature for 25 minutes. 2 mL of 3% fetal
bovine serum (FBS) in 1xPBS was added to each sample and the cells were
centrifuged at 200 x g for 5 min at 4°C. The pellets were resuspended in 1 mL of
sodium borate (Fisher) pH 8.5 and incubated at room temperature for 2 minutes. 2
mL of 3% FBS in 1xPBS was added to each sample and the cells were centrifuged at
200 x g for 5 minutes at 4 °C. This step was repeated, after which the cell pellets
were resuspended in 100 yL of 1xPBS containing 3% FBS and 10 pL of anti-BrdU
Alexa Fluor 488 conjugated antibody (Molecular Probes) and incubated for 2 hours at
room temperature. 2 mL of 3% FBS in 1xPBS was added and the cells were
centrifuged at 200 x g for 5 minutes at 4 °C. The pellets were subsequently
resuspended in 500 pL of 3% FBS in 1xPBS containing 20 pL of 7-aminoactinomycin-
D (7-AAD, Sigma) and allowed to stand at room temperature for 15 minutes prior to
measuring on a BD FACSCalibur. Ten thousand gated cells were counted and the
gates were arranged using the FL3-A vs FL3-W plot to exclude doublets. The data
was analyzed using CellQuest Pro software (BD Biosciences) and quantified using

Origin 8 software.
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Alternatively, 5 x 10* HUVECs were infected and plated onto rat tail collagen
type 1 coated glass coverslips (BD Biosciences) in 6-well tissue culture plates
(Becton Dickinson). 48 hours post transfection, BrdU (Fisher) was added to each
well to a final concentration of 100 uM and the plates were incubated at 37°C for
three hours. The cells were then fixed and stained using the cell proliferation kit (GE
Healthcare Life Sciences) according to the manufacturer’s instructions. Briefly, cells
were washed twice with 1xPBS and were fixed using 4% paraformaldehyde. The
coverslips were rinsed with 0.07 N NaOH and were then incubated overnight at 4°C
with a nuclease solution containing an anti-BrdU primary antibody supplied with the
kit. Following three 1XxPBT washes, the coverslips were then incubated with a goat
anti-mouse secondary coupled to Alexa Fluor 546 (Molecular Probes) and mounted
onto slides using mounting media containing 4',6-diamidino-2-phenylindole DAPI
(Molecular Probes). Three images were taken at random of each slide using a Zeiss
Axioskop 2 Fluorescent microscope equipped with a digital camera (Axiocam HR,
Zeiss) and Axiovision imaging software. The observer was blinded to the identity of

the slides during imaging and quantification.

7. Proliferating cell nuclear antigen (PCNA) staining

HUVECs were plated as described for BrdU staining and infected with
adenovirus encoding either WT or HDPD2A Prox1. For detection of chromatin bound
PCNA, cells were fixed and stained using a PCNA antibody (Abcam ab18197).

Briefly, cells were washed twice with 1XPBSS (phosphate buffered saline with 0.5 mM
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MgCl, and 0.5 mM CacCl,) followed by one wash with CSK (10 mM PIPES pH 7.0,
100 mM NacCl, 300 mM sucrose, 3 mM MgCl,). Cells were then incubated in 0.2%
Triton-X for five minutes and fixed with 2% paraformaldehyde. Methanol (100%) was
then added to the coverslips and they were fixed for 20 minutes at -20°C. The
coverslips were stained using the anti-PCNA antibody (1:3000 Abcam) followed by a
goat-anti-rabbit Alexa Fluor 546 conjugated secondary antibody (1:400, Molecular
Probes). Cells displaying uniform staining in the nucleus were scored as positive.
The observer was blinded to the identity of the slides before counting and the
percentage of PCNA positive cells was determined by dividing the number of
uniformly stained PCNA cells by the total number of cells in each field. Three random

fields for each slide were counted and each sample was imaged in triplicate.

8. Western blotting

2x10° cells grown in 6 cm (28.3 cm?) plates were either transfected with 4 ug of
DNA or infected with 250 MOI of adenovirus 48 hours after plating. These cells were
lysed at 4°C using New RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH 7.4) with a
cocktail of protease inhibitors (Complete Mini, Roche) as well as phosphatase
inhibitors (PhoSTOP, Roche) and centrifuged at 16,100 x g for 5 minutes to pellet cell
debris. To detect SUMOylated PROX1, N-ethylmalimide (NEM, Sigma) was added at
a final concentration of 20 mM to the lysates. A standard protein assay was then

performed using the DC standard protein assay kit (Biorad) to ensure equal loading.
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To evaluate the phosphorylation status of PROX1, 10-20 pg of whole cell lysate was
treated for 3 hours at 30°C with 2 pL (100 U) of protein lambda phosphatase (New
England Biolabs) as per the manufacturer’s instructions. The samples were then
prepared and denatured by heating at 95°C for five minutes and loaded onto 8%
SDS-polyacrylamide gels. After electrophoresis, the proteins were transferred to a
0.45 pM nitrocellulose membrane and the membranes were then blocked in a 5%
skim milk powder-Tris buffered saline (TBS) solution (5% Carnation Brand skim milk
powder, 50 mM Tris, 140 mM NacCl, 2.7 mM KCI, pH 8) and probed with either the
anti-FLAG M2 monoclonal antibody (1:10000, Sigma), anti-PROX1 polyclonal
antibody (1:1000, Millipore) or an anti-CYCLIN E1 monoclonal antibody (1:200, Santa
Cruz Biotechnology). The blots were then probed with a rabbit anti-actin antibody
(1:10000, Sigma) to assess for normalization of protein loading. Images were
captured using a western blot chemiluminescence kit (Santa Cruz Biotechnology) and
either a Fluor-S Max Imager (BioRad) or CL-Xposure blue x-ray film (Thermo

Scientific).

9. Luciferase reporter assays

1x10° cells were co-transfected with 1 pg of luciferase reporter plasmid, 1 ug of
pCMV-Tag4A encoding a version of Prox1 and 1 ug of pcDNA3.1-lacZ (gift from Dr.
Mesaeli, Weill Cornell Medical College in Qatar). Cells were harvested 48 hours
post-transfection using Nonidet P-40 (NP-40) lysis buffer (1 M Tris, 10% NP-40, 50

mM dithiothreitol (DTT), pH 7.8), and the luciferase activity was measured in
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luciferase assay buffer (20 mM Tricine, 1.07 mM MgCOs3, 2.67 mM MgSO,4, 0.1 mM
EDTA, 33.3 mM DTT, 270 yM coenzyme A, 470 uM beetle luciferin (Promega), 530
MM ATP) using a Lumat LB 9507 Iluminometer. [-galactosidase activity was
measured using a spectrophotometer (MRX TC Revelation plate reader, Dynex
Technologies) at 410 nm and was used to normalize the luciferase results to the

transfection efficiency.

10. Electrophoretic mobility shift assays (EMSA)

Recombinant versions of WT PROX1, **WFEEFR®® PROX1 and HDA PROX1
protein were made using the pMal fusion protein system (New England Biolabs,
(Baxter et al. 2011). EMSA oligonucleotide probes (Sigma Genosys) were annealed
and terminally labelled with y*P dATP (GE Healthcare Life Sciences) at the 5’ end
using T4 polynucleotide kinase (refer to Table 4 for probe sequences (Song et al.
2006)). The labelled probes were then diluted to 0.05 pmol/uL and mixed with 400 ng
of recombinant protein. The reactions were incubated at room temperature for 30
minutes in binding buffer (20% glycerol, 5 mM MgCl,, 2.5 mM EDTA, 2.5 mM DTT,
250 mM NaCl, 50 mM Tris-HCI pH 7.5, 0.25 mg/mL poly(dl-dC);poly(dI-dC)). The
samples were then run on a 6% polyacrylamide gel for 20 minutes at 300V. The gels

were dried and exposed to autoradiographic film overnight at -80°C.
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11. Statistical Analysis

Statistical analysis for all experiments was performed using Origin 8 software.
A paired Student’s t-test was used to analyze groups containing two samples
whereas a one-way ANOVA analysis was used to analyze groups containing multiple
samples. Significant differences for ANOVA analyses were determined using the

Tukey post-hoc analysis test at a p-value of less than 0.05.
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Table 4. EMSA probes (Shin et al. 2006).

Probe name Probe sequence
FGFR-3 sense PROX1 | 5- CTGGGCTCCCACGCCTCTGGGACCGCCCG-3
binding site

FGFR-3 anti-sense
PROX1 binding site

5- CGGGCGGTCCCAGAGGCGTGGGAGCCCAG-3

FGFR-3 sense PROX1
binding site mutant

5- CTGGGCTCCACTTAAGCTGGGACCGCCCG-3'

FGFR-3 anti-sense
PROX1 binding site
mutant

5-CGGGCGGTCCCAGCTTAAGTGGAGCCCAG-3’
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VI. RESULTS

1. Identification of the functional domains of PROX1 required for activation of
Ccnel transcription

To identify the functional domains in PROX1 required for activation of the 1 kb
Ccnel promoter, we first generated expression constructs encoding various versions
of mouse PROX1 in which potential functional domains were either mutated or
deleted (Figure 5). We transfected HEK 293 and U20S cells and used
immunocytochemistry and western blotting to determine whether each version of
PROX1 was localized to the nucleus in transfected cells and to compare the
expression levels of each construct. We observed that the WT version of PROX1
was uniformly distributed throughout the nucleus (Figure 6). We noted that the HDA
and HDPD2A versions of PROX1 were also similarly localized to the nucleus, but in
contrast to WT PROX1, these mutant proteins were localized in a more punctate
pattern (Figure 6). Additionally, we harvested whole cell lysates from transfected
cells and used western blotting to establish whether the different versions of PROX1
were equally expressed (Figure 7). We observed that all of the versions were
equivalently expressed, with the exception of the HDPD2A version, which was

expressed at a significantly higher level than WT PROX1 (Figure 7).
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Figure 5: Known functional domains of PROX1 and mutation or deletion
versions used in this study. PROX1 is a 737 amino acid atypical homeobox
protein. In the N-terminal region of the protein, there are two nuclear receptor boxes
(NR), nuclear localization signal (NLS) and a highly conserved Prospero domain 1
(PD1). The C-terminal region is composed of the homeodomain (HD) and the
Prospero domain 2 (PD2), which together bind directly bind to DNA. PROX1 also
contains a nuclear export signal (NES) in the homeodomain. All constructs used in
this project were cloned into the pCMV-Tag4A vector (Stratagene) and are FLAG

tagged at the C-terminus.
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Figure 6: Subcellular localization of PROX1 versions in HEK 293 cells. HEK
293 cells were transiently transfected with A) Empty pCMV-Tag4A vector (Control),
B) wild-type PROX1 (WT), C) nuclear receptor boxes deleted PROX1 (dbINRA), D)
homeodomain and Prospero domain 2 deleted (HDPD2A) and E) Prospero domain 2
deleted (PD2A). Scale bars represent 10uM, nuclei were labelled with propidium
iodide (red) and exogenous PROX1 was detected with an anti-FLAG monoclonal

antibody (green).
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Figure 7: Protein expression levels of the different versions of PROX1 used for
this project. HEK 293 cells were transfected with expression vectors encoding
different versions of PROX1 and harvested for western blot. A) A representative blot
showing the protein expression levels of an assortment of PROX1 deletion versions.
B) Quantification of western blots normalized to the B-ACTIN loading control of
PROX1 versions in HEK 293 cells. Empty pCMV-Tag4A vector was used for the
control lane and the other PROX1 versions tested were wild-type (WT),
homeodomain deleted (HDA), homeodomain and Prospero domain 2 deleted
(HDPD2A), Prospero domain 2 deleted (PD2A) and both nuclear receptor boxes

deleted (dbINRA). (*) denotes significance from WT at a p value of less than 0.05.
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2. The PD1 domain mediates PROX1 subcellular localization

Surprisingly, during our analysis of the different PROX1 constructs, we
discovered that the PD1A version of PROX1 was localized to both the nucleus and
the cytoplasm in HEK 293 and in U20S cells (Figure 9C). The PD1 domain (AA 158-
269) is an evolutionarily conserved region of PROX1, although its function remains
unknown (Figure 8). The unexpected finding of PD1A being localized to the
cytoplasm suggested a potential role for the PD1 domain in either mediating PROX1
nuclear import or nuclear export. A nuclear localization signal (NLS) is predicted in
the N-terminus of the protein spanning amino acids 14-18. The PROX1 ortholog
Prospero has been shown to have a nuclear export signal (NES) in the homeodomain
and this sequence is conserved in PROX1 (Demidenko et al. 2001). The Prospero
NES is hidden or masked by the Prospero domain, which makes it inaccessible to the
nuclear exportins and results in Prospero being retained in the nucleus. Although this
has not been directly shown in PROX1, it is possible that the PD2 domain or another

known domain in the protein functions in a similar manner in mammalian cells.

To distinguish between a role of the PD1 domain in controlling PROX1 nuclear
import or PROX1 nuclear export, we treated U20S cells with 1 ng/mL of the nuclear
export inhibitor Leptomycin B (LMB) for 20 hours and used immunocytochemistry to
measure the effects on WT and PD1A subcellular localization. We observed that
PD1A was predominantly localized to the nucleus following LMB treatment (compare
Figure 9C and 9F). This result supported a role for the PD1 domain in preventing
PROX1 nuclear export potentially via acting as a NES mask (Demidenko et al. 2001;
Ryter et al. 2002).
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We then compared the PD1A version of PROX1 with another version of
PROX1 that had been previously generated in our lab. This version, glutamine rich
region deletion (QrichA), contains a deletion of amino acids 211-260 and is localized
solely to the nucleus and significantly activates the 1 kb Ccnel promoter to the same
extent as WT PROX1 (Bocangel 2006). In comparing this version to PD1A, which
had a pronounced effect on PROX1 subcellular localization, we realized that there
were two regions left intact in the QrichA version that may be responsible for the
effects we observed with the PD1A deletion version of PROX1 (Figure 11). We
deleted these two areas to make two new variants of PD1A PROX1, which we
designated NterPD1A (deletion of residues 158 to 211) and CterPD1A (deletion of
residues 260-269) (Figure 11). We used western blotting in HEK 293 cells and
determined that the proteins were expressed (Figure 12). We then used
immunocytochemistry to characterize the subcellular localization of the proteins. We
observed that CterPD1A was localized to the nucleus in a similar fashion as the WT
PROX1 protein (Figure 13). In contrast, NterPD1A was localized both to the nucleus
and the cytoplasm as seen with the PD1A version (Figure 13). We used luciferase
assays in both HEK 293 and U20S cells with the 220 bp FGFR-3 promoter and
observed that similar to PD1A in HEK 293 cells, NterPD1A did not significantly
activate the promoter to the same extent as did WT PROX1 (Figure 14). In U20S,
there was no difference between different versions of PROX1 in activating the the
220 bp FGFR-3 promoter (Figure 14). These findings indicate that the NterPD1
region spanning amino acids 158-211 is involved in mediating PROX1 subcellular

localization and function.
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Figure 8: Sequence comparison of the PD1 domain (amino acids 158-269).
CLUSTALw (NCBI) was used to align the PD1 domains of human, mouse, chicken
and zebrafish PROX1 to compare the sequence conservation across evolutionarily
distant species. (*) indicate conserved residues, (:) indicates a conserved strong
group and (.) indicates a conserved weak group as described in the CLUSTALw

search set up (NCBI).
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Figure 9: The Prospero domain 1 (PD1) is important for PROX1 subcellular
localization. To establish whether the PD1 domain was involved in nuclear import or
nuclear export, U20S cells were transfected with empty pCMV-Tag4A vector
(Control), wild-type PROX1 (WT) or the PD1 deletion version of PROX1 (PD1A)
and treated with 1 ng/ml of the nuclear export inhibitor leptomycin B (LMB) for 20
hours. Scale bars represent 20uM, nuclei were labelled with propidium iodide (red)
and exogenous PROX1 was detected with an anti-FLAG monoclonal antibody

(green).
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Figure 10: Western blot showing the phosphorylation status of PD1A. Whole
cell lysates were harvested from HEK 293 cells that were transiently transfected with
empty pCMV-Tag4A (Control), wild-type PROX1 (WT) or Prospero domain 1 deleted
PROX1 (PD1A) and treated with protein lambda phosphatase for three hours prior to
SDS-PAGE and western blotting. (+ indicates lanes treated with lambda

phosphatase).
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Figure 11: Regions of PROX1 that were deleted to make the N-terminal
Prospero domain 1 deletion (NterPD1A) and C-terminal Prospero domain 1
deletion (CterPD1A) versions of PROX1. The Prospero domain 1 sequence was
compared with another version of PROX1 previously generated in the lab (QrichA)
and two areas that were not previously deleted were identified. These two regions
were deleted individually to generate two new versions of PROX1 (NterPD1A and

CterPD1A) and used for further experiments.
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Figure 12: NterPD1A and CterPD1A deletion versions of PROX1 are
phosphoproteins. U20S cells were transiently transfected with either empty pCMV-
Tag4A (control), wild-type (WT), NterPD1A or CterPD1A and the lysates were treated

with or without lambda phosphatase before separation on a SDS-PAGE gel.
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Figure 13: N-terminal region of the Prospero domain 1 (PD1) is essential for
proper PROX1 subcellular localization. U20S cells were transiently transfected
with empty pCMV-Tag 4A vector (control), wild-type PROX1 (WT) or N-terminal
deletion of the PD1 domain (NterPD1A) or C-terminal deletion of the PD1 domain
(CterPD1A) Prox1. Scale bars indicate 10uM, the nuclei were stained red with

propidium iodide and FLAG-PROX1 was stained green with Alexa Fluor 488.
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Figure 14: Prospero domain 1 (PD1) deletion alters PROX1 transcriptional
potency. Luciferase reporter gene assays were performed with the 220 bp FGFR-3
promoter to compare the activity of NterPD1A , CterPD1A and PD1A in HEK 293 (A
and C) and U20S (B and D) cells. (*) denotes significance from control and (#)

denote significance from WT at a p value of less than 0.05.
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3. PROX1 activates Ccnel transcription via a DNA-binding independent
mechanism.

We next sought to determine the domains of PROX1 which were necessary for
activation of the Ccnel promoter. We used luciferase reporter gene assays in HEK
293 cells with a 1 kb segment of the mouse Ccnel promoter and the various deletion
or mutation versions of PROX1 to evaluate the key functional domains. We observed
that WT PROX1 activated the 1 kb promoter approximately 4-5 fold (Figure 15). HDA
and dbINRA activated the promoter to levels equivalent to WT (Figure 15 and 16). In
contrast, the PD2A and HDPD2A versions only activated the promoter 2-3 fold which
was significantly different from both control and WT (Figure 15). This finding
suggests that the HD domain, a known DNA-binding motif, is dispensable for PROX1
mediated activation of Ccnel, which would support a role for PROX1 activating

Ccnel transcription in a DNA-binding independent manner.

To support this hypothesis that our HDA version was unable to bind DNA, we
first performed luciferase assays using a 220 bp FGFR-3 promoter (McEwen et al.
1999). FGFR-3 is a known target of PROX1 in which PROX1 functions as a
transcriptional activator and directly binds to DNA (Shin et al. 2006). As such, we
predicted that the HDA version should not be able to activate this promoter. WT
significantly activated the promoter as expected, whereas both the HDA version and
our DNA-binding domain mutant (**WFEEFR®®) did not significantly activate the
promoter (Figure 17A). We further confirmed our constructs were incapable of
binding DNA by using electrophoretic mobility shift assays (EMSA). We tested if

either the HDA and or ***WFEEFR®?® recombinant fusion proteins could
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Figure 15 PROX1 activates a 1 kb Ccnel promoter via a DNA-binding
independent mechanism. Various versions of PROX1 in which either the
homeodomain (HD) or the Prospero domain 2 (PD2) were deleted individually or
together were generated. The HDPD2 together forms the DNA-binding domain of
PROX1 and as such these constructs are not able to bind directly to DNA. Luciferase
assays with the 1 kb mouse Ccnel promoter were used to assess if these versions
could activate the promoter. (*) denotes significance from Control and (#) denotes

significance from WT at a p value of less than 0.05.
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Figure 16: The nuclear receptor (NR) boxes are not required for PROX1
mediated transcriptional activation of the 1 kb Ccnel promoter. HEK 293 cells
were transfected with a version of PROX1 in which both nuclear receptor boxes had
been deleted (dbINRA) and luciferase assays were used to determine whether this
mutant construct activated the 1 kb Ccnel promoter. (*) denotes significance from

Control at a p value of less than 0.05.
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Figure 17: PROX1 DNA-binding is essential for its activation of the fibroblast
growth factor receptor 3 (FGFR3) promoter. To ensure that the DNA-binding
mutants (HDA, and *®*WFEEFR®?®) were unable to bind DNA A) luciferase assays
were performed in HEK 293 cells with a known DNA-binding dependent target of
PROX1, the 220 bp FGFR-3 promoter. B) Purified recombinant protein versions of
WT, PROX1 HDA, and **WFEEFR®?® were used to conduct EMSAs. C) Probes
encoding the putative PROX1 DNA-binding sites located in the FGFR-3 promoter
(lanes 1, 3, 4, 5) were tested. (*) denotes significance from control at a p value of

less than 0.05.
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bind to radiolabelled probes encoding the proposed PROX1 binding site in the FGFR-
3 promoter. As expected, WT was the only version of PROX1 that bound the probe
and caused a shift (Figure 17C). Upon addition of an anti-PROX1 antibody, we
observed a supershift indicating that this result was specific to PROX1. In total, our
data supports the hypothesis that PROX1 activates transcription of Ccnel through a

DNA-binding independent mechanism.

4. Characterization of two DNA-binding domain mutant versions of PROX1.

A previous group (Petrova et al. 2002) generated a DNA-binding domain
mutant version of PROX1 in which they mutated key residues in the DNA-binding
sequence *2WFSNFR®? to hydrophobic residues **WFSAFA®?®.  Using luciferase
reporter gene assays in U20S cells, they observed that the **WFSAFA®?® mutant did
not activate the 1 kb Ccnel promoter. As a result, they concluded that PROX1
activated transcription of Ccnel through a DNA-binding dependent mechanism. In
contrast, we generated a different DNA-binding mutant by replacing two key residues
in the DNA-binding sequence with negatively charged glutamate residues which will
be repelled by DNA and prevent binding (**WFEEFR®?®) and by deleting the entire
homeodomain (HDA). We transfected the °*WFEEFR®?® version of PROX1 into
HEK 293 cells and observed that it activated the 1 kb Ccnel promoter to the same
extent as WT supporting a DNA-binding independent mechanism (Figure 18A). As

demonstrated in previous sections, we also conducted luciferase assays with PROX1
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HDA and observed that the activation of the 1 kb Ccnel promoter was not

significantly different from the WT protein (Figure 15).

To further unravel this discrepancy between our results and that of Petrova et al., we
generated the *2WFSAFA®® mutant version of PROX1 and repeated the luciferase
reporter gene assays in parallel with our ®*WFEEFR®*® mutant version in both HEK
293 and U20S cell lines. We observed that both DNA-binding domain mutants
significantly activated the 1 kb Ccnel promoter in HEK 293 cells, but only the
*Z\WFEEFR®?® mutant version significantly activated the Ccnel promoter in U20S
cells (Figure 18). We then proceeded to use immunocytochemistry and western
blotting to make sure that both proteins were properly localized and expressed in the
two different cell lines. To our surprise, we observed that in U20S cells, a large
proportion of cells transfected with the **WFSAFA®?® mutant had PROX1 localized
not only in the nucleus but also in the cytoplasm (Figure 19D, arrow). We quantified
the extent of this mislocalization by counting three separate fields of view in three
separate experiments (the observer was blinded to the identity of the slides both
during image acquisition and counting) and determined that 20% of cells transfected
with the **WFSAFA®?® mutant showed localization in the nucleus and cytoplasm
(Figure 19F). This phenomenon was not as evident in the HEK 293 cells (Figure
19A-C). We proceeded with western blotting to measure the protein expression
levels of the DNA-binding mutant proteins as compared to WT. To our surprise, we
noticed that the “>WFSAFA®?® protein migrated at a smaller apparent molecular
weight than either the WT or **WFEEFR®® PROX1 proteins in both cell types

(Figure 20). Taken together, the altered localization and smaller molecular weight of
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the ***WFSAFA®? protein likely accounts for the discrepancies observed between the
two DNA-binding mutant versions of PROX1. Our finding supports a role for PROX1

activating Ccnel transcription independent of DNA-binding.
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Figure 18: Cell-type specific differences between the DNA-binding domain
mutant proteins. The activity of the two DNA-binding domain mutants was
compared by conducting luciferase assays with the 1 kb Ccnel promoter in A) HEK
293 and B) U20S cells. (*) denotes significance from control at a p value of less than

0.05.
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Figure 19: Comparison of the subcellular localization of the two DNA-binding
domain mutants. DNA-binding domain mutant constructs were transiently
transfected into A) and D) HEK 293 and B) and E) U20S cells. Quantification of
immunocytochemistry of C) HEK 293 and F) U20S cells containing PROX1
localization to the cytoplasm. (*) denotes significant from control and (#) denotes

significant from wild-type (WT).
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Figure 20: Comparison of the protein expression levels of the DNA-binding
domain mutants. A) HEK 293 and B) U20S cells were transiently transfected with
empty pCMV-Tag4A (Control), wild-type (WT) and the two DNA-binding domain
mutant proteins (WFEEFR and WFSAFA) and western blotting was performed to
measure protein expression levels. C) Blots were normalized to the B-ACTIN control
and quantified to evaluate changes in protein expression levels. (*) indicates

significant from WT at a p value of less than 0.05.
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5. PROX1 is a phosphoprotein

Our observation that the ®***WFSAFA®?® DNA-binding domain mutant version of
PROX1 migrated at a smaller apparent molecular weight was an unexpected, exciting
finding. To investigate a cause for this phenomenon, we treated whole cell lysates of
HEK 293 (Figure 20A) and U20S cells (Figure 20B), which were transiently
transfected with vectors encoding WT Prox1 and the two DNA mutant versions, with
protein lambda phosphatase. Using mass spectrometry, a phosphate group (H3zPO,)
added to a serine or threonine will increase the molecular mass of a protein by 98 Da
whereas a phosphate group added to a tyrosine (HPO,4) will increase the molecular
mass of a protein by 80 Da (Mann et al. 2002). Enzymatic removal of phosphates via
a phosphatase enzyme will result in a reduction of the apparent molecular weight of
the treated protein. We chose lambda phosphate because it is able to specifically
dephosphorylate serine, threonine and tyrosine residues (Zhuo et al. 1993), whereas
other phosphatases such as calf intestine alkaline phosphatase (CIAP) can have
preferences over which type of phosphorylated residues they will recognize. The
observed molecular weight of the **WFEEFR®?® version of PROX1 shifted to a
smaller apparent molecular weight following lambda phosphatase treatment (Figure
21). In contrast, the apparent molecular weight of **WFSAFA®*® mutant did not shift
to the same extent (Figure 21). We then sought to determine if this effect of lambda
phosphatase on the molecular weight of PROX1 was unique to these two cell lines or
whether PROX1 was phosphorylated in endothelial cells as well. We treated whole
cell lysates from HUVECs infected with adenovirus encoding either WT Prox1 or

HDPD2A Prox1 at 250 MOI for 48 hours with lambda phosphatase. We observed
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that the apparent molecular weight of both WT PROX1 and HDPD2A PROX1 was
considerably reduced following the addition of the phosphatase (Figure 21). The next
guestion was to determine if this reduction of apparent molecular weight occurred in
cells that expressed endogenous PROX1. We used the human liver hepatocellular
carcinoma cell line HepG2, which expresses PROX1. In addition, we used primary
human dermal lymphatic endothelial cells (LECs). We observed in both cell types
that following lambda phosphatase treatment there was a similar change in the
apparent molecular weight as we had noted previously for exogenous PROX1
expressed in HEK 293, U20S and HUVECs (Figure 22, black arrows). We also
consistently detected a higher molecular weight version of PROX1 (Figure 22, red
arrows). Previous studies had shown that PROX1 is also SUMOylated and the
PROX1 band we detected is approximately the same size as the predicted SUMO-

PROX1 complex shown by these groups (Shan et al. 2008; Pan et al. 2009).

We then proceeded to identify putative phosphorylation sites in PROX1. We
first used two online prediction tools (MotifScan and PhosSite) to identify potential
sites. As well, a previous mass spectrometry scan had been performed of all of the

phosphoproteins in the mouse liver (Villen et al. 2007).
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Figure 21: Exogenous PROX1 is phosphorylated. To determine if ectopically

expressed versions of PROX1 were phosphorylated, whole cell lysates from either A)

HUVECs infected with adenovirus encoding PROX1 or B) HEK 293 cells that were

transiently transfected with PROX1 expression plasmids were treated with (+) or

without (-) protein lambda phosphatase.
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Figure 22: Endogenous PROX1 is phosphorylated. Whole cell lysates of both A)
primary Lymphatic Endothelial Cells (LEC) and B) HepG2 human liver hepatocellular
carcinoma cells were treated with protein lambda phosphatase and used for western
blotting to determine if endogenous PROX1 was phosphorylated. N.S. identifies a
non-specific band that was observed in both LEC and Human Umbilical Vein

Endothelial Cell (HUVEC) whole cell lysates.
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Figure 23: PROX1 contains multiple predicted phosphorylation sites. Using
Scansite (an online prediction tool) combined with analysis of a published scan of
phosphoproteins detected in the mouse liver (Villen et al., 2007), putative
phosphorylation sites in PROX1 were identified. A) A diagram of the structure of the
PROX1 protein showing the nuclear localization signal (NLS), nuclear receptor boxes
(NR1 and NR2), the Prospero domain 1 (PD1), the homeodomain (HD) and the
Prospero domain 2 (PD2). The potential phosphorylation sites and their location
relative to the known functional domains are indicated in black font below and a
predicted SUMOylation site is indicated in red font. Many of the predicted
phosphorylation sites are clustered in the N-terminus of PROX1, specifically in the
PD1 domain. B) A chart of the predicted phosphorylation sites identified by the online
searches along with potential kinases that may be responsible and the frequency

which these sites were found (Villen et al., 2007).
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PROX1 is highly expressed in the liver. By pooling the data from the three sources,
we found that PROX1 has multiple potential phosphorylation sites, many of which are
clustered in the PD1 domain (Figure 23). We treated lysates from HEK 293 cells
transfected with the PD1A version of PROX1 with or without lambda phosphatase.
We observed that untreated PD1A PROX1 was detected as a doublet by western
blotting (Figure 10). This doublet was resolved largely into a single band with lambda
phosphatase treatment, indicating that the PD1A PROX1 protein is at least still
partially phosphorylated (Figure 10). Taken together, our results demonstrate that

PROX1 is phosphoprotein.

6. Both E2F sites are required for PROX1 mediated activation of Ccnel
transcription

Once we had determined which functional domains in PROX1 were important
for activating the Ccnel promoter, we next wanted to establish which regions in the
Ccnel promoter were required for PROX1 mediated transcriptional activation. The
Ccnel promoter is primarily regulated by two protein complexes that bind to the two
E2F sites (E2FI and E2FX) that are located on either side of the transcriptional start
site (Cobrinik 2005). Our laboratory had previously generated a truncated 206 bp
version of the promoter that contains the transcriptional start site and both of these
E2F sites were cloned into the pGL3 luciferase reporter vector (Bocangel 2006)

(Figure 24). ltis
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Figure 24: Ccnel promoters used in this study. A) The mouse 1 kb Ccnel
promoter was cloned into the pGL3 reporter vector for use in luciferase reporter gene
assays. As well, a truncated 206 bp promoter which contains the transcriptional start
site as well as the two key E2F binding sites located on either side of the start site
was cloned into the pGL3 vector and used for experiments. B) Two other mutant
versions of the 206 bp promoter were generated in which each E2F binding site was

mutated individually (the mutations of these sites are highlighted in bold).
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Figure 25 PROX1 mediated activation of the Ccnel promoter requires both
E2F binding sites. Luciferase assays in HEK 293 cells were used to assess if the
E2F sites in the Ccnel promoter were involved in PROX1 mediated transcriptional
activation. A) Basal transcription levels of the 206 bp promoter, the mutE2FI 206 bp
promoter, and the mutE2FX 206 bp promoter were determined. B) Each of the
mutant promoters was then tested with empty pCMV-Tag4A (Empty) and wild-type
PROX1 (WT) to determine if there was an effect on PROX1 mediated activation
without the E2F site. (*) indicates significance from the pGL3 control, (#) indicates
significance from the 206 bp promoter, (¢) indicates significance from empty and (®)
indicates significant difference in induction by WT as compared to empty pGL3 or the

corresponding mutant promoter at a p value of less than 0.05.
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significantly activated by wild-type PROX1 which indicates that the LRH-1 response
element, located at position -554 to -546, is not required for PROX1 mediated
activation of Ccnel (Bocangel 2006). We also mutated each of the E2F binding sites
individually to determine whether PROX1 required either binding site to regulate
Ccnel transcription. The basal transcription level of both the 206 bp promoter and
the 206 bp mutE2FX promoter was significantly higher than that of the empty pGL3
control whereas the basal transcription of the 206 bp mutE2FI promoters was not
significantly changed (Figure 25A). We next transfected HEK 293 cells with WT
PROX1 to determine whether PROX1 induced transcription of these promoters. We
noted that WT PROX1 activated the empty pGL3 vector approximately three fold
(Figure 25B). We observed a significantly higher level of activation with the 206 bp
WT promoter by PROX1. In contrast, we did not observe a significant increase above
the three-fold activation observed for the empty pGL3 control for either the 206 bp
mutE2FI or 206 bp mutE2FX promoters by WT PROX1 (Figure 25C). This indicates
that the 206 bp promoter is sufficient for PROX1 mediated transcriptional activation,

provided that both E2F sites are intact.

7. PROX1 regulation of CYCLIN E1 expression.

We next wanted to evaluate the effects of altering PROX1 expression on
Ccnel expression at the protein level in endothelial cells. We observed that in
HUVECSs, there was a significant increase in CYCLIN E1 protein levels following

infection with adenovirus encoding either WT or HDPD2A PROX1 (Figure 26). In
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contrast, in LECs transfected with Prox1 siRNA, there was a marked decrease in

CYCLIN E1 protein levels (Figure 27).
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Figure 26: Gain of PROX1 function in endothelial cells results in increased
levels of CYCLIN E1. HUVECs were infected with 250 MOI of adenovirus encoding
either the WT Prox1 or the HDPD2A version of Prox1 for 48 hours. A) The cells
were harvested for western blot to assess if there was an effect on the protein
expression levels. B) Quantification of CYCLIN E1 protein levels in HUVECs

normalized to the B-ACTIN loading control. (*) indicates significant from EGFP at a p

value less than 0.05.
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Figure 27: Loss of PROX1 protein expression reduced protein levels of CYCLIN
E1l in LECs. Primary LECs were transfected with 100uM of the SMARTpool of
PROX1 siRNA for 48 hours and harvested for western blotting to assess the effect on
CYCLIN E1 protein levels. A) Western blot showing a decrease in the CYCLIN E1
levels in cells upon knockdown of PROX1. B) Quantification of CYCLIN E1 levels
normalized to the B-ACTIN loading control. (*) denotes significance from Control

siRNA at a p value of less than 0.05.
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8. PROX1 mediates progression through the cell cycle in endothelial cells

Since CYCLIN E1 is a key mediator of the G; to S checkpoint (Dulic et al.
1992) and PROX1 regulates Ccnel transcription, we next determined the effect of
PROX1 gain or loss of function on the cell cycle in venous and lymphatic endothelial
cells. For the gain of function studies, we infected HUVECs with adenovirus
encoding EGFP, WT PROX1 or HDPD2A PROX1 at 250 MOI. For loss of PROX1
function studies, we transiently transfected LECs with either a pool of 4 non-targeting
control siRNAs or a pool of 4 siRNAs specifically targeting PROX1 (Figure 26). We
used flow cytometry with propidium iodide labeling to establish whether the
proportions of cells in each phase of the cell cycle were altered by either gain or loss
of PROX1 function. In HUVECSs, there was no significant change in the proportion of
cells in S phase upon PROX1 expression (Figure 28A). Surprisingly, we noted a
significant decrease in the proportion of S phase cells in PROX1 HDPD2A expressing
HUVECs (Figure 28A). In LECs, we observed a significant decrease in S phase cells
and a significant increase in the proportion of Go/G; phase cells following knockdown

of Prox1 by siRNA (Figure 29A).

To further evaluate the effects on the Gi/S transition, we used two different
labeling strategies to identify S phase cells: PCNA labelling and BrdU labelling. For
PCNA labelling, we used immunocytochemistry and counted the number of uniformly
stained cells present in three random fields on three slides per sample. The PCNA
protein has a long half-life in the cell, and as such the majority of cells on a slide will
show positive staining; however, chromatin bound PCNA (which occurs only in S
phase during DNA replication) displays a uniform staining pattern in the nucleus,
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which is distinct from the more punctate pattern observed in other phases of the cell
cycle. The observer was blinded to the identity of the slides throughout the entire
process. We noted that in HUVECS, following infection with WT Prox1, there was no
significant increase in the number of PCNA positive cells (Figure 28C). Again, we
observed that HDPD2A resulted in a significant decrease of S phase cells (Figure

28C).

For BrdU labeling, we incubated HUVECs or LECs with BrdU for 45 minutes and
labelled the cells with 7-AAD (DNA) and Alexa-Fluor488 (BrdU). Flow cytometry was
used to measure the proportion of S phase cells. In HUVECs, we observed a similar
trend in that WT PROX1 expression did not induce a significant increase in BrdU
positive cells (Figure 28B). In contrast, HDPD2A expression caused a significant
decrease in BrdU positive cells (Figure 28B). In LECs we observed a significant
decrease in the amount of BrdU positive cells following siRNA knockdown of PROX1
(Figure 29B). Together, this data indicates that PROX1 is an important regulator of

LEC cell cycle progression.
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Figure 28: The effects of PROX1 gain of function on the endothelial cell cycle.
Human Umbilical Vein Endothelial Cells (HUVEC) were infected with 250 MOI of
adenovirus encoding either wild-type (WT) or homeodomain and Prospero domain 2
deleted (HDPD2A) Prox1. Flow cytometry was used to measure the proportion of
cells in each phase of the cell cycle. A) Cells were first labelled with propidium
iodide (PI) and a significant decrease in the proportion of S phase cells in HDPD2A
infected cells was observed. B) To specifically study the S phase, cells were double
labelled cells with 7-aminoactinomycin D (7-AAD) and bromodeoxyuridine (BrdU). A
similar trend was observed in that there was a significant reduction in the proportion
of S phase cells following infection with HDPD2A. C) To study S phase with a
different approach, immunocytochemistry was used and infected HUVECs were
stained with an antibody specific for proliferating cell nuclear antigen (PCNA). Similar
to the patterns observed with both propidium iodide labelling and BrdU staining, there
was a significant reduction in the proportion of S phase cells following infection with
HDPD2A. (*) indicates significance from enhanced green fluorescent protein (EGFP)

control at a p value less than 0.05.
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Figure 29: PROX1 knockdown affects progression of lymphatic endothelial
cells (LEC) through the cell cycle. LECs were transfected with a SMARTpool of
siRNA to knockdown PROX1 expression. Flow cytometry was used to assess the
effects of PROX1 knockdown on the LEC cell cycle. A) Cells were first labelled with
propidium iodide (PI) and analyzed by flow cytometry. B) To further confirm the S
phase results, cells were double labelled with 7-aminoactinomycin D (7-AAD) and
bromodeoxyuridine (BrdU) followed by flow cytometry. (*) indicate significance from

control siRNA at a p value of less than 0.05.
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VII. DISCUSSION

PROX1 is a key cell fate switch that is essential for the development of the
lymphatic system (Wigle and Oliver 1999; Wigle, Harvey et al. 2002). Besides
lymphatic endothelial cells, PROX1 is expressed in many other organs and cell types
such as the colon, brain, spinal cord, lens and the retina (Wigle et al. 1999; Wigle and
Oliver 1999; Sosa-Pineda et al. 2000; Wang et al. 2005; Misra et al. 2008). A
potential role for PROX1 in regulating the cell cycle has been identified in many of
these cell types. PROX1 induces cell cycle exit in the retina and lens via a
mechanism involving the cell cycle inhibitors CDKN1B (p27""!) and CDKN1C (p57¢P?)
(Dyer et al. 2003). As well, PROX1 promotes cell cycle arrest and differentiation in
the spinal cord and hepatocellular carcinoma (Shimoda et al. 2006; Misra et al. 2008).
In contrast to its’ role as “brake” on the cell cycle, PROX1 promotes cellular growth in
colon cancer and fetal liver hepatoblasts (Kamiya et al. 2008). Taken together,
PROX1 has cell type specific roles in controlling the cell cycle. A connection between
PROX1 and the G1/S phase protein CYCLIN E1 has been previously established both
in Drosophila and mammalian endothelial cells (Petrova et al. 2002; Griffiths and
Hidalgo 2004; Yamazaki et al. 2009). Therefore, we sought to determine the role of
PROX1 in mediating the lymphatic endothelial cell cycle and determine if this

regulation involved regulating expression of CYCLIN E1.
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1. Identification of the functional domains of PROX1 required for activation of
Ccnel.

We first determined which of the known functional domains in PROX1 were
important for transcriptional activation of the 1 kb mouse Ccnel promoter. We cloned
a set of deletion or mutation constructs and transiently transfected them into HEK 293
cells for immunocytochemistry, western blotting and luciferase assays to compare
their subcellular localization, expression level and activity, respectively. We observed
that all of the various versions were localized to the nucleus with the exception of the
PD1A version of PROX1. However, even with the PROX1 versions localized to the
nucleus we did note different patterns of localization within the nucleus. For example,
the WT generally was uniformly localized throughout the nucleus with exclusion from
the nucleoli. We did occasionally observe a more punctate localization of WT
PROX1, but a uniform pattern was most often seen. In contrast, many of the DNA-
binding deficient versions such as HDA, PD2A and HDPD2A were localized into
larger aggregates in the nucleus. In an attempt to establish if these aggregates or
speckles co-localized with any known nuclear bodies, we co-stained HEK 293s
transiently transfected with different versions of PROX1 for FLAG and the nuclear
speckle marker SC35 (data not shown). We did not observe any co-localization and
the nuclear speckles were much smaller than the PROX1 aggregates. The limitation
to our study is that all of the constructs were expressed at a high level following
transient transfection or adenoviral infection (expression driven by the
cytomegalovirus promoter) and this supraphysiological level of expression may result

in the aberrant aggregation or mislocalization of the PROX1 proteins. Characterizing
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the expression of endogenous PROX1 in lymphatic endothelial cells would establish
its localization in a more physiologically relevant model and support our findings. In
addition, if the different PROX1 constructs were expressed at lower levels via weaker
promoters this would help address this issue for the deletion mutants. Identifying
which domains result in specific PROX1 localization in the nucleus could help
elucidate novel nuclear binding partners that have a crucial role in controlling PROX1

mediated cell cycle regulation.

To establish which domains were involved in activation of the Ccnel promoter,
we performed luciferase reporter gene assays with a variety of PROX1 deletion
versions. We observed that deletion of the nuclear receptor boxes (dbINRA) or
deletion of the homeodomain (HDA) had no significant effect on activation of the 1 kb
Ccnel promoter. We established that the HDPD2A version activated the Ccnel
promoter but not to the same extent as the WT PROX1 version. We were also
intrigued that the PD2 domain deletion induced a reduced level of Ccnel activation.
This suggests that the PD2 domain is required for the full activation of the Ccnel
promoter by PROX1. It is possible that the PD2 domain, as well as being involved in
DNA-binding, is crucial for binding to other co-factors required for PROX1’s role at the
Ccnel promoter. This hypothesis will be interesting to explore in the future and may
contribute to our understanding the exact mechanism of PROX1 activation of Ccnel
transcription. These findings support the hypothesis that PROX1 mediated activation

of the Ccnel promoter is via a DNA-binding independent mechanism.
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2. The PD1 domain mediates PROX1 subcellular localization.

Interestingly, we noted that the PD1A version of PROX1 was localized not only
to the nucleus, but also to the cytoplasm in both HEK 293 and U20S cell types. To
determine if this mislocalization was due to a defect in nuclear protein import or
nuclear protein export, we treated U20S cells with a nuclear protein export inhibitor,
leptomycin B (LMB). We observed that following the addition of LMB, PD1A was
again found to predominantly nuclearly localized, indicating that the protein is being
rapidly shuttled out of the nucleus due to a defect in nuclear protein export. A
potential explanation for this finding is that the PD1 domain functions as a nuclear
export signal (NES) mask. In Drosophila, the PD2 domain of the PROX1 ortholog
Prospero masks a NES located in the HD which prevents nuclear export. This NES
is conserved in PROX1 and could be masked by either the PD1 or the PD2 domains.
This is the first instance in which a function for the recently characterized PD1 domain

has been demonstrated.

We compared the sequence of the PD1 domain with other constructs that had
been previously generated in our lab and determined that there was another version
of PROX1, QrichA, in which residues 211-260 in the PD1 domain were deleted. The
activity, expression and localization of this version of PROX1 was identical to WT
PROX1 (Bocangel 2006). To refine the region of the PD1 domain that is responsible
for controlling PROX1 nuclear localization, we generated two additional versions of
PROX1 which deleted the two regions of the PD1 domain located on either side of

Qrich region. We then used immunocytochemistry, western blotting, and luciferase
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assays in HEK 293 and U20S cells to compare the subcellular localization,
expression levels, and activity of these two new versions with WT and PD1A PROX1.
We observed that the CterPD1A was localized to the nucleus similar to the WT
protein whereas the NterPD1A was localized to both the nucleus and the cytoplasm
similar to the PD1A version. With respect to activation of FGFR-3 promoter, the
NterPD1A and PD1A did not induce activation to the same extent as either the WT or
CterPD1A versions of PROX1 in HEK 293 cells. Interestingly, in U20S cells, both
NterPD1A and CterPD1A significantly activated the 220 bp FGFR-3 promoter (Figure
14). This difference could be due to the presence of cell type specific co-factors in
U20S cells that compensate for deletion of the N-terminal region of the PD1 domain,
but are not present in HEK 293 cells. Identifying these co-factors will be useful to
elucidate the precise mechanism by which PROX1 up-regulates transcription of
FGFR-3 and Ccnel. By comparing the features of these two PD1 deletion mutants,
we have identified that the key sequence required for PROX1 to be retained in the
nucleus is located in the region between residues 158 and 211 which was deleted by
the NterPD1A. Further studies with the NterPD1A version of PROX1 will elucidate the
mechanism by which PROX1 is transported in and out of the nucleus. Interestingly,
there are many conserved predicted phosphorylation sites found in this region.
Phosphorylation can modulate subcellular localization and influence protein-protein
interactions. Kinases can be localized to specific cellular sub-compartments, which
provides a new layer of regulation. For a target protein to be successfully
phosphorylated, it needs to be properly localized to the same intercellular

compartment as its kinase. With respect to nuclear cytoplasmic shuttling,
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phosphorylation is involved in proper recognition by the nuclear import and nuclear
export machinery (Guo et al. 2012). It is interesting that the PD1 domain contains the
majority of the predicted phosphorylation sites, which could indicate a role for PROX1
phosphorylation in mediating nuclear export. We did not examine if nuclear protein
import was affected by deletion of the PD1 domain. Oxidative stress has been shown
to prevent nuclear protein import (Kodiha et al. 2004) and incubating cells in culture
with hydrogen peroxide is a common model used to block nuclear import. It will be
important to further characterize these sites and determine if some or all are involved

in mediating PROX1 subcellular localization.

3. PROX1 activates Ccnel transcription via a DNA-binding independent
mechanism.

We had established through luciferase assays in HEK 293 cells with our two
different DNA-binding version of PROX1 that PROX1 activated the Ccnel promoter in
a DNA-binding independent manner. However, another group had generated a DNA-
binding domain mutant version of PROX1 that apparently supported a DNA-binding
dependent mechanism of action (Petrova et al. 2002). Petrova et al. performed
luciferase reporter gene assays using the same 1 kb Ccnel promoter in U20S cells
instead of HEK 293 cells. They did not see a significant activation of the promoter by
their DNA-binding domain mutant. To elucidate the cause for this discrepancy, we
generated their DNA-binding domain mutant and compared it in parallel with our
DNA-binding domain mutant in both HEK 293 and U20S cells. We observed that in

HEK 293 cells, both DNA-binding domain mutant versions of PROX1 significantly
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activated the promoter to the same extent as the WT protein, but in U20S cells, only
the ®*WFEEFR®® mutant but not the **WFSAFA®?® mutant significantly activated
the promoter. To ensure that this difference wasn’t an artifact, our next goal was to
establish that the **WFEEFR®*® DNA-binding domain mutant was in fact unable to
bind DNA and function as expected. We used EMSA with probes containing the
putative PROX1 binding sites from the FGFR-3 promoter, a known DNA-binding
dependent target of PROX1 (Shin et al. 2006), to determine if this protein was able to
directly bind to DNA. As expected, we observed that only the WT PROX1 protein
bound the probes and that neither the **WFEEFR®?® or HDA versions of PROX1
bound the probe. To further support this, we performed luciferase reporter assays
using a 220 bp FGFR-3 promoter with the WT, HDA and ®>*WFEEFR®?® versions of
PROX1. Again, we observed that only the WT PROX1 version of PROX1
significantly activated this promoter and we were confident that our constructs were in
fact unable to bind DNA and that PROX1 activated the Ccnel promoter in a DNA-

binding independent manner.

With this issue clarified, we moved onto exploring potential causes for the
differences we had observed between the two DNA-binding mutant versions. We
started by performing immunocytochemistry and western blotting to compare the
subcellular localization and protein expression levels of the two proteins, respectively,
in both HEK 293 and U20S. To our surprise, we observed that 20% of U20S cells
the **WFSAFA®?® DNA-binding domain PROX1 mutant was localized to both the
nucleus as well as the cytoplasm. Mislocalization of this protein to the wrong cellular

compartment could result in decreased induction of luciferase activity since the
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protein in the cytoplasm will be unable to reach its target genes. We also observed
that the ***WFSAFA®?® mutant protein had a decreased apparent molecular weight as
compared to WT PROX1 or the ®*®*WFEEFR®?® version of PROX1. This decrease is
likely due to the absence of a post-translational modification which will be discussed
further in the following section. Lack of a modification or alterations to the protein’s
overall stability and folding will have an effect on the ®*WFSAFA®? protein’s function
and could contribute to the observed differences. As well, the two cell types may
have different co-factors available to function together with PROX1 to activate the 1
kb Ccnel promoter which could account for the differences in activity we observed.
Taken together, we established that the discrepancy observed between our results
and the Petrova group’s results was likely due to the mislocalization and lack of post-
translational modification of the DNA-binding domain mutant version of PROX1 that

they used in their study (Petrova et al. 2002).

4. PROX1 is a phosphoprotein

When determining molecular weight by SDS-PAGE and western blotting, one
must consider different parameters. Factors such as the hydrophobicity, charge and
efficiency of SDS binding, amino acid sequence and the presence of post-
translational modifications can affect the positioning of a protein on an SDS-PAGE
gel. Taking these factors into consideration, we sought to identify the cause of the
molecular weight discrepancy that we observed between the two different DNA-

binding domain mutant constructs used in our study. To identify if the PROX1
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proteins were phosphorylated, we treated whole cell lysates with a protein
phosphatase and processed the samples for western blotting. If the shift in molecular
weight was due to lack of a phosphorylation event, we should be able to reproduce
this shift with phosphatase treatment. Following lambda phosphatase treatment of
transduced HEK 293 and U20S cells, we observed a shift in the predicted molecular
weights of both WT and ®**WFEEFR®?®, but only a minor shift in the predicted
molecular weight of the ®**WFSAFA®® mutant. This indicates that the difference in
molecular weight between the **WFSAFA®?® mutant and WT PROX1 was likely due
to decreased phosphorylation of the mutant protein. The WT sequence from amino
acids 623 to 628 (WFSNFR) does not contain any predicted phosphorylation sites
and we did not mutate or remove any sites to create either of the DNA-binding
domain mutant proteins. However, we did replace a Ser residue with a Glu residue in
our mutation which functions as a phosphomimetic. It will be important to determine if
this sequence is in fact phosphorylated. Likely the **WFSAFA®*® mutation changed
the global folding or stability of the protein which altered its availability to the kinases
responsible for its normal phosphorylation as well as altered access to sequences
controlling nuclear protein import or export. This mechanism remains to be further

characterized and could lead to further knowledge of PROX1’s structure and biology.

We next wanted to determine if phosphorylation of PROX1 occurred in
endothelial cells. We again noted that following lambda phosphatase treatment, we
observed a shift in the apparent molecular weight of the exogenous PROX1 protein.
Interestingly, the molecular weight of the HDPD2A protein was also shifted upon

lambda phosphatase treatment. This indicates that PROX1 is being phosphorylated
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in the N-terminus region of the protein.  However, the HDPD2 region may be

phosphorylated as well.

Finally, we sought to establish if endogenous PROX1 is phosphorylated. To
this end, we treated whole cell lysates from primary LECs and HepG2, a
hepatocellular carcinoma cell line that expresses high levels of PROX1 with protein
lambda phosphatase. We observed a shift in the apparent molecular weight of
PROX1 in both cell types indicating that endogenous PROX1 is phosphorylated. We
used two online search engines (MotifScan and Scansite) and compared the results
obtained with those from a mass spectrometry analysis of phospho-proteins in the
mouse liver (Villen et al. 2007) to search for predicted phosphorylation sites in the
PROX1 protein sequence. We found a large number of potential sites, and noted
that many of them were clustered in the conserved PD1 domain. Upon deletion of
the PD1 domain, we observed localization of the protein to the nucleus as well as the
cytoplasm, but in contrast to the *>*WFSAFA®?® mutant protein, this occurred in all
transfected cells, not just 20%. We also noted that the protein was expressed as a
doublet following western blotting and when we treated the cell lysate with protein
lambda phosphatase, we observed that we could resolve the doublet into one band.
This suggests that there are multiple phosphorylation sites in PROX1, since deleting
the PD1 domain does not abolish phosphorylation. Furthermore, phosphorylation
could occur in a specific location in the cell (either in the nucleus or the cytoplasm)
and could be important for mediating PROX1 subcellular localization. We also
observed when using HepG2 and LECs the presence of a larger molecular weight

band around 125 kDa. Two groups have previously identified a SUMOylation site
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(K556) in PROX1 and this band may represent SUMO-PROX1. Phosphorylation and
SUMOylation have been shown to function together (Guo et al. 2012) and it will be
interesting to further explore the role of these two modifications on the overall function
of PROX1. The prediction searches also highlighted some potential protein kinases
that may be responsible for PROX1 phosphorylation, many of which are involved in
cell growth and cell cycle progression. Further study will allow us to establish links
between PROX1 and known signaling pathways involved in cell cycle progression
and growth and further elucidate PROX1’s role in the lymphatic endothelial cell cycle.
This is the first instance in which PROX1 has been shown to be phosphorylated in

lymphatic endothelial cells.

5. PROX1 mediated activation of Ccnel and its role in mediating the lymphatic
endothelial cell cycle.

We next investigated PROX1’s role in activating transcription of the Ccnel promoter
and regulating the lymphatic endothelial cell cycle. It has been previously shown that
PROX1 significantly activates a 6XE2F promoter (Petrova et al. 2002). The Ccnel
promoter is primarily regulated by two E2F binding sites located on either side of the
transcriptional start site: the upstream E2FI-Sp1l site and the downstream E2FX site.
We sought to determine if PROX1 could activate the promoter through one of these
two sites. To accomplish this, we mutated each of the sites individually. We chose
mutations that had been previously published and shown to inactivate both the E2F
and Spl binding site portions of the upstream site and the E2F binding and AT-rich
regions in the downstream site (Le Cam et al. 1999). We observed that upon
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mutation of each site individually, there was no significant activation of the promoter
by PROX1. This demonstrates that PROX1 requires both of these E2F sites to

activate transcription of the Ccnel gene.

We further looked at the protein levels of CCNEL1 in gain of function and loss of
function systems to determine the role of PROX1 on CCNEL1 levels in endothelial
cells. In HUVECSs, we observed that as predicted by our luciferase results, there was
a significant increase in the amount of CCNEL1 protein levels following infection with
adenovirus encoding either WT or HDPD2A PROX1 when compared to an EGFP
control. In contrast, we noted a significant decrease in CCNE1 protein levels in LECs
following transfection with Prox1 siRNA when compared to control siRNA. These
results indicate that PROX1 increases CCNE1 protein levels in endothelial cells,
which correspond to the luciferase reporter gene assay results we obtained in HEK

293 and U20S cells.

Finally, because PROX1 has an effect on CYCLIN E1, which is a key regulator
of the G,/S transition in the cell cycle, we wanted to examine the overall effect of
PROX1 gain of function and loss of function on the lymphatic endothelial cell cycle.
In HUVECSs, we did not observe a significant increase in the proportion of S phase
cells following infection with adenovirus encoding WT PROX1, but interestingly, we
noted a significant decrease in the proportion of S phase cells following infection with
adenovirus encoding HDPD2A PROX1 and an accumulation of cells in G; phase.
This finding indicates that although CYCLIN E1 protein levels are increasing following
HDPD2A expression, cells are not progressing from G; to S phase. A possible cause

of this effect could be that the HDPD2A version of PROX1 is functioning as a
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dominant negative in this setting and although it can increase transcription of the
Ccnel gene, it cannot bind to the other co-factors or binding partners required for
PROX1 mediated G; to S transition. This could have interesting applications in future
studies to elucidate how PROX1 functions at the G; to S border. Alternatively, this
indicates that PROX1 may be interacting with other cell cycle regulators involved in
the G; to S transition such as D-type Cyclins or Cyclin dependent kinase inhibitors
p27"P* and p57"P2. The HDPD2A version of PROX1 is not capable of binding directly
to DNA and although PROX1 regulates transcription of the Ccnel promoter using a
DNA-binding independent mechanism, it may employ DNA-binding dependent
mechanisms to regulate transcription of other genes involved in the G; to S transition.
This would account for why HDPD2A up-regulated protein levels of CCNEL1, but did
not promote cell cycle progression in HUVECs. In contrast, following knockdown of
PROX1 in LECs, we observed that there was a significant decrease in the number of
S phase cells and a significant accumulation of cells in G1 phase. We further
corroborated these results by BrdU labeling. This gave us a more accurate picture of
the S phase proportion of cells and we observed a similar pattern, in which HUVECs
infected with WT had no increase in the portion of S phase cells, and HDPD2A
infected cells and LECs that had been transfected with PROX1 siRNA had a
significant decrease in the proportion of S phase cells. We also observed similar
results following PCNA staining and BrdU immunocytochemistry. Taken together, we
propose a model in which following mitogen stimulation by pro-lymphangiogenic
molecules such as VEGF-C/D or bFGF, PROX1 promotes cell cycle progression and

the number of cells increases. Alternatively, in the absence of PROX1 following
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siRNA knockdown, LECs do not enter the cell cycle and the number of progenitor

cells is reduced (Figure 30).
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Figure 30: Proposed model of PROX1’s role in controlling the lymphatic
endothelial cell (LEC) cycle. Based on the presented results, we propose that
following pro-lymphangiogenic stimulation by mitogens such as vascular endothelial
growth factors C or D (VEGF-C, VEGF-D) or basic fibroblast growth factor (FGF),
PROX1 promotes transcription of the Ccnel promoter through binding indirectly to
other co-factors already bound to the E2F sites located in the promoter. This
promotes entry into the cell cycle, progression from G; to S phase, and increased cell
cycle progression. In cells lacking PROX1, the repression on the Ccnel promoter is
not relieved which results in a lack of cell cycle progression and, as such, decreased

cell numbers.
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VI.

VII.

VIII.

VIIl. CONCLUSIONS

PROX1 activates transcription of the Ccnel promoter via a DNA-binding

independent mechanism.

The Prospero domain 1 (PD1) is important in controlling PROX1 subcellular

localization.

PROX1 mediated transcriptional activation of the Ccnel promoter requires

both E2F binding sites located on either side of the transcriptional start site.

PROX1 is phosphorylated in a variety of cell types.

PROX1 knockdown in LECs significantly decreased CYCLIN E1 protein levels

and the proportion of cells in S phase of the cell cycle.

PROX1 over-expression in HUVECS significantly increased CYCLIN E1

protein levels.

Expression of HDPD2A blocked endothelial cell cycle progression.

PROX1 controls the lymphatic endothelial cell cycle by promoting progression

through the G4/S border into the cell cycle.
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IX. FUTURE DIRECTIONS

We have shown that loss of PROX1 in lymphatic endothelial cells results in
reduced cell cycle progression. It has also been shown that PROX1 has a role in cell
cycle regulation in a variety of other cell types (Dyer et al. 2003; Shimoda et al. 2006;
Kamiya et al. 2008; Misra et al. 2008; Petrova et al. 2008; Foskolou et al. 2012).
Further studies into the exact mechanism of how PROX1 controls the lymphatic
endothelial cell cycle will be important and could potentially lead to novel strategies to
either promote or inhibit LEC growth. Interestingly, we observed that the HDPD2A
version of PROX1 in lymphatic endothelial cells blocks progression from G; to S
phase of the cell cycle in HUVECs despite activating CYCLIN E1 to a similar level as
compared to wild-type Prox1. This result indicates that CYCLIN E1 that other targets
are regulated by PROX1, which are essential to promote cellular proliferation. Using
WT and this DNA-binding deficient versions of PROX1, we will be able to determine
which other mediators of the G; to S transition, such as other G; cyclins or cyclin
dependent kinase inhibitors such as p21°P*, p274P* or p574P?, are dysregulated by its

expression.

Identification of PROX1 as a phosphoprotein is an exciting and novel finding.
There is much to explore in this area and further study will lead to understanding the
role of phosphorylation in controlling PROX1 function. Specifically, it will be
interesting to identify the sites that are phosphorylated in the context of lymphatic
endothelial cells. This can be done through the use of samples enriched in PROX1
expression such as in vitro cultured primary lymphatic endothelial cells or tissues rich

in lymphatic vessels such as the mesentery. A specific PROX1 antibody can be used
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to immunoprecipitate and thereby enrich the samples for PROX1. Half of the sample
can be treated with lambda phosphatase to remove phosphate groups from the
protein and the entire sample can then be sent for liquid chromatography/mass
spectrometric analysis (LC-MS/MS) using a titanium dioxide column. The spectra will
then be compared and any mass difference of 98 or 80 Da represents a potential
serine/threonine or tyrosine phosphorylation site respectively. The western blotting
done in this study shows a large shift in the apparent molecular weight of PROX1
upon lambda phosphatase treatment, which indicates that PROX1 is likely
phosphorylated at multiple sites. There are many predicted phosphorylation sites in
the protein and determining which ones are biologically relevant in LECs could lead to
identifying signaling pathways, which may regulate PROX1 function. We will also be
able to use site directed mutagenesis to determine the effect of lack of
phosphorylation on PROX1’s function. A caveat is that some of these sites may be
functionally redundant and therefore it may be necessary to mutate multiple sites in
order to alter PROX1 activity. PROX1 is SUMOylated and we have observed a high
molecular weight band in both LECs and HepG2 cells. It will be interesting to
determine whether PROX1 SUMOylation is regulated by PROX1 phosphorylation or
vice versa. SUMOylation and phosphorylation have been shown to work
synergistically to alter the function of a target protein and in general post-translational
modifications are very important for successful progression through the cell cycle.
Taken together, this is an exciting finding that is only the first step into a new area of

lymphatic biology.
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