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Abstract 

A considerable amount of study has been done on the determination of molecular 

mechanisms to control the development of an organism. The WNT signaling pathway regulates 

several aspects of cell fate including migration, cell polarity, neural patterning, and organogenesis, 

while organisms undergo embryonic development. The mechanisms by which WNT affects 

cellular signaling at the target cell have been very well characterized. However, upstream post-

translational modifications of the WNT proteins in the secretory cell have not been deeply studied. 

WNT proteins activate different intracellular signal transduction pathways, regulate cell 

proliferation, adult tissue homeostasis and the progression of disease. In this thesis, I examine the 

WNT modifying proteins: Porcupine (PORCN) and GPR177/Wntless (WLS). PORCN is 

responsible for palmitoylation of WNT proteins, while WLS has been suggested to be responsible 

for their glycosylation. Given that tumor microenvironments in the body are low in oxygen 

(hypoxic), I hypothesized that PORCN and WLS are regulated by the Hypoxia-Inducible Factor 

(HIF) transcription factors. We used RNA interference to knockdown HIF-1  expression in 

HCT116 cells to determine how loss of HIF-1  affected PORCN, WLS and WNT3A expression. 

We provide the first evidence that PORCN, WLS and WNT3A may be directly regulated by HIF-

1  in response to hypoxia. PORCN and WLS proteins may also impact WNT3A post-

transcriptional modifications under these conditions. 

WNT proteins regulate cell growth, differentiation, and cell death. The modification of 

WNT proteins is an understudied field with large potential for insights into how they are regulated 

under stress conditions. Modification of the WNT proteins by these post-translational 

modifications are key events which determine cell fate. 
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Chapter 1: Introduction 

1.1 General Introduction 

Cellular function both in normal human tissue and in cell culture rely on organized 

biochemical pathways that are controlled by functional RNA, proteins, and other signaling 

molecules such as lipids (Chen et al., 2010). Cells are continuously being exposed to internal and 

external stressors that can cause damage to the structure and function of these macromolecules. 

Stresses that have been identified to cause damage to macromolecule integrity include changes in 

temperature and pH, electric shock, pathogen invasion, environmental pollutants, heavy metals, 

reactive oxygen species (ROS), and hypoxia (Kasprzak, 2002; Farrer and Pecoraro, 2002; Amber 

and Michelle, 2007; Annalisa, 2015). Depending on the stress encountered, cells can re-establish 

homeostasis, adopt an altered state, induce autophagy, or trigger cell death (Poljšak and Milisav, 

2012). The inability to control homeostasis can lead to diseases such as cancer. 

 

1.2 The Tumor Microenvironment 

The tumor microenvironment (TME) consists of blood vessels, immune cells such as T 

cells and macrophages, fibroblasts, signaling molecules and the extracellular matrix around a 

tumor (Spill et al., 2016). Fibroblasts synthesize the extracellular matrix and collagen and are 

extremely important in producing cell structure, stroma, for animal tissues and play a role in wound 

healing (Alberts et al., 2002). In carcinomas, the stroma contains the non-malignant cells in the 

tumor microenvironment. Up to 90% of the tumor is the stroma and the residual 10% are tumor 

cancer cells. The stroma will react to the tumor intrusion by inflammation. Inflammation in the 

stroma promotes angiogenesis and further increases cell cycle speed and prevents cell death which 

lead to increase in the tumor. Often as the tumor increases in size, the interior gets farther from the 
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blood supply which leads to a hypoxic state. This leads to genetic instability and can be associated 

with cancer progression. Some tumor cells can also undergo aerobic glycolysis which results in 

lactate production from glucose. This leaves the cytoplasm acidic (pH 6.5-6.9), which drives the 

progression of cancers (Thews and Riemann, 2019). This low pH environment causes extracellular 

matrix degradation in normal tissues, cancer promoting signaling pathway activation and overall 

increased metastases of the tumor. Furthermore, this leads to upregulation of HIF-1 which can 

again promote angiogenesis and other genes associated with metastasis (Lee et al., 2020). 

 

1.2.1 Hypoxia 

Oxygen is essential in the cells of all aerobic organisms. Oxygen is required to produce 

adenosine 5'-triphosphate (ATP), as well as being a substrate for numerous enzyme activities. 

Hypoxia is defined as concentrations of oxygen below atmospheric (21%). Hypoxia occurs during 

tissue ischemia, where a region of tissues or cells in an organism is deprived of blood flow, and 

therefore adequate levels of oxygen (Semenza, 2000). In humans, hypoxia can be onset by 

numerous factors including abnormalities in the heart and lung, anemia, deficiency in red blood 

cells (eg. anaemia), and circulatory problems. Under low oxygen environments, Hypoxia-

Inducible Factors (HIF) transcription factors regulate expression of genes that facilitate proper 

adaptational responses (Semenza, 2011). HIF is a loop-helix protein and acts as a transcriptional 

regulator of genes that contain a Hypoxic Response Element (HRE) consensus sequence within its 

promoters (Wenger et al., 2005). 
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1.2.2 Oxidative Stress 

Hypoxia can also have associated physiological stresses, such as oxidative stress. Under 

hypoxic conditions, an increase of reactive oxygen species (ROS) may occur, accumulate from 

hydrogen peroxide in the presence of trace amounts of metals (Hielscher and Gerecht, 2015). 

Exposure to many different environmental factors such as salinity, metal toxicity, extreme 

temperature, air pollutants, radiation, pesticides, and pathogens can cause ROS generation 

(Choudhury et al., 2013). The mitochondria are also a main source of ROS production. In normal 

physiological conditions 0.2-2% of electrons flowing through the Electron Transport Chain (ETC) 

leak out and interact with oxygen to form superoxide (Zhao et al., 2019). Oxidative stress is caused 

due to a large production of ROS accumulation and the inability of cells to detoxify these products 

(Pizzino et al., 2017). 

ROS are partially reduced forms of molecular oxygen (O2) and result from the transfer of 

one, two, or three electrons to O2 to form a superoxide radical (O2
-•), hydroxyl radical (HO•), 

hydrogen peroxide (H2O2) or singlet oxygen (1O2.) (Gupta et al., 2016). These reduced forms of 

molecular oxygen are highly reactive and are generally very short lived.  It has been found that 

ROS causes mutations which could further induce changes on oncogenic function, and potentially 

cause cancer (Tafani et al., 2016). The presence of ROS also has negative effects on proteins, more 

specifically, by causing protein misfolding, disrupting protein-protein interactions and altering 

binding affinities to substrates (in the case of enzymes) and other proteins (Schieber and Chandel, 

2014). This can have a negative impact on signal transduction. 

Organisms require a defense system against oxidative stress. The nuclear factor erythroid 

2-related factor 2 (Nrf2) is a cap ‘n’ collar transcription factor responsible for the antioxidant 

response against oxidative stress (Hahn et al., 2015). Nrf2 is responsible for the expression of 
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multiple antioxidant response dependent genes for oxidant homeostasis (Hayes et al., 2010). Many 

of the genes transactivated by Nrf2 contain an antioxidant response element (ARE) in their 

promoters. 

Furthermore, the accumulation of the ROS under normoxic conditions can stabilize 

transcription factors such as HIF, that are normally found in the cells under hypoxic conditions 

(Brown et al., 2016, Bonello et al., 2007). ROS activate the expression of HIF alpha proteins via 

the action of Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB). Disruption 

of cellular homeostasis by redox signaling onset by ROS contributes to disease in most organs, 

including the development of cancer. 

 

1.2.3 Endoplasmic Reticulum Stress 

The endoplasmic reticulum (ER) is the largest membrane-bound organelle in eukaryotic 

cells (Phillips and Voeltz, 2016). The ER carries out multiple duties including secreted protein 

synthesis/processing in the rough endoplasmic reticulum (RER), lipid synthesis in the smooth 

endoplasmic reticulum (SER) and calcium storage. Eukaryotic cells have multiple signalling 

pathways from the ER to the cytosol and nucleus to allow cells to respond to the presence of 

misfolded proteins within the ER (Lin et al., 2008). Numerous physiological and pathological 

stresses such as hypoxia, can lead to an abundance of misfolded proteins accumulating above the 

critical threshold (Hetz et al., 2018). The unfolded protein response (UPR) is a group of 

intracellular signaling pathways that is activated by the accumulation of unfolded/misfolded 

proteins in the ER and restores homeostasis. Increases in unfolded proteins trigger the activation 

of three known UPR stress-induced pathways, controlled by three initiating transmembrane 

receptor proteins: inositol-requiring protein 1 (IRE1), protein kinase RNA-like ER kinase (PERK) 
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and activating transcription factor 6 (ATF6) (Szegezdi et al., 2006). In resting cells, the GRP78 

chaperone protein is associated with the three transmembrane receptors and maintains them in an 

inactive state. However, an accumulation of unfolded proteins triggers GRP78 to dissociate from 

the three receptors and activates the UPR (Szegezdi et al., 2006). 

When activated, an increased production of ER chaperones and enzymes increase the rate 

of protein folding and assembly in the ER (Sidrauski and Walter, 1997). Protein misfolding (and 

subsequent aggregation) is toxic to cells and can be linked to multiple cellular disfunctions and 

disease states associated in the ER, including ischemia, neurodegenerative diseases, and diabetes 

(Kaufman, 2002, Szegezdi et al., 2006). These dysfunctions and diseases can be primarily 

triggered by the decreased ability to fold secreted proteins, the inability to recognize misfolded 

proteins and accumulation/aggregation of misfolded proteins. 

 

1.3 Model Cell Lines 

1.3.1 Human Embryonic Kidney Cell Line (HEK-293T) 

The human embryonic kidney cell line (HEK-293) originated from the kidney of an aborted 

human female embryo and was immortalized in 1973. This occurred with the integration of a 4kbp 

adenoviral 5 (AD5) genome fragment. Within this fragment contain the genes encoding for the 

E1A and E1B proteins (Graham et al., 1997). The expression of E1A and E1B allow for prolonged 

culture since these proteins are important in inhibiting apoptosis and affect transcription and cell 

cycle pathways. Furthermore, E1A and E1B are also essential for adeno associated virus (AVV) 

production, making them a suitable cell line for recombinant AVV levels (Clément and Grieger, 

2016). 
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To improve recombinant protein expression, a transformed HEK-293 cell line was 

constructed using the temperature sensitive allele of the large T antigen of the Simian virus 40 

(HEK-293T) (DuBridge et al., 1987). The HEK-293T cell line containing this viral element allows 

for high levels of episomal replication of plasmids containing the SV40 origin of replication. 

 

1.3.2 Human Colorectal Carcinoma Cell Line (HCT-116) 

The adherent human colorectal carcinoma cell line (HCT-116) originated from the primary 

colon carcinoma of an adult man and have epithelial morphology. HCT116 cells have a mutation 

in codon 13 of the KRAS (Kirsten rat sarcoma virus) proto-oncogene (Tsuchida et al., 1982). The 

KRAS oncogene is a part of the RAS/MAPK pathway and relays signals important in cell 

proliferation, differentiation, and apoptosis. When mutated, oncogenes contribute to the 

development of cancerous cells. HCT116 cells are also positive for transforming growth factor 

TGF (transforming growth factor beta) 1 and TGF 2, which are important in cell growth, cell 

differentiation, cell migration. apoptosis, and cellular homeostasis (Huminiecki et al., 2009).  It 

has also been suggested that tumor-suppressor protein, p53 may be involved in the initiation and 

maintenance of these cancer cells (Kurasaka et al., 2021). This model cell line is ideal for 

tumorigenesis and colorectal cancer studies as it exhibits tumor microenvironment characteristics. 

 

1.4 Hypoxia Inducible Factor-1 Alpha (HIF-1𝛼) Protein 

1.4.1 HIF-1 Hydroxylation 

Under normoxic conditions (normal atmospheric oxygen levels), HIF-1 is rapidly 

hydroxylated at two proline residues by prolyl-hydroxylases (Maxwell et al., 1999). This allows 
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the HIF alpha protein to be targeted for ubiquitination by the von Hippel Lindau (VHL) containing 

E3 ubiquitin ligases, and further, degradation by the proteasome. 

 

Figure 1: The two positions at which prolines in target proteins can be hydroxylated by Prolyl Hydroxylase 

Domain (PHD)-containing hydroxylases under normal oxygen conditions. 

 

 

Figure 2: Proposed mechanism of Fe (II)- and 2-oxoglutarate-dependent dioxygenase-catalyzed reactions. 

Iron-coordinating amino acids on the hydroxylase enzymes (1, 2 and 3), a hydroxylated asparagine on a 



 23 

target protein (5), the 2-oxoglutarate (-ketoglutarate) co-substrate (4), succinate and CO2 (6 and 7) (Ozer 

and Bruick, 2007). 

 

Under hypoxic conditions, when oxygen is not present, the Prolyl Hydroxylase Domain 

(PHD) containing hydroxylases are inhibited as they lack one of their key substrates. Inactivation 

of PHD hydroxylases can stabilize HIF alpha proteins and mediate transcriptional control of a 

number of target genes. These target genes will typically have a DNA sequence 5'-TACGTG-3' 

within its promoters known as the HRE. As shown in Figure 4, dimolecular oxygen is split and 

one oxygen atom is added to -ketoglutarate (converting it to succinate) and the other oxygen 

atom is added to the target protein, picking up a hydrogen to become the hydroxylation 

modification. If oxygen is not present as a cofactor, then the mechanism cannot proceed, resulting 

in the inhibition of the hydroxylation, the lack of association of VHL-dependent E3 ubiquitin 

ligases with HIF alpha and the stabilization of the target protein. HIF alpha is then imported into 

the nucleus where it binds to its partner protein, HIF- (or aryl hydrocarbon nuclear translocator 

or ARNT) and the heterodimer binds to HREs. 

 

1.4.2 1.3.2 HIF  and  Subunits 

HIF is composed of an oxygen-sensitive HIF- subunit and an oxygen-insensitive HIF- 

subunit (Ozer and Bruick, 2007). Both subunits play an important role in DNA binding as the 

transcription factor cannot bind to the HRE without being a heterodimer. There are three 

mammalian genes that encode the HIF- subunits (HIF-1, HIF-2 and HIF-3). One of the 

domains of the HIF- is an independent C-terminal transactivation domain (CTAD) (Ozer and 

Bruick, 2007). Once HIF binds to the HRE it is able to transactivate other target genes. For the 
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transactivation process to occur a coactivator: p300, must bind to the CTAD domain of the HIF-

. Interestingly, an asparagine hydroxylase hydroxylates a key asparagine in the CTAD, 

preventing HIF- proteins from interacting with p300 under normoxic conditions. 

 

          

Figure 3: HIF heterodimer binds to HREs in the promoter regions of its target genes and recruits 

transcriptional coactivators p300. The targeted hydroxylated proline and asparagine (CTAD) of the HIF- 

protein is also shown, Hydroxylation of proline 564 causes HIF- to associate with VHL-dependent 

ubiquitin ligases, whereas hydroxylation of asparagine 803 prevents HIF-’s association with p300. 

 

1.4.3 Hypoxic Inducible Genes 

A Hypoxia Response Element (HRE) must be present in the promoter region to 

transactivate hypoxic-inducible genes. This is a 5-6 nucleotide long sequence: 5’-TACGTG-3’ 

recognized and bound by the HIF heterodimer. To date many genes have been identified as having 
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a HRE located within promoter regions. Below is a diagram displaying multiple genes 

transactivated by HIFs and different cellular processes they are involved in. 

 

 

Figure 4: HIF controls the expression of multiple target genes associated in many different cellular 

processes. (Shaw, K. 2008). 

 

1.4.4 HIF Stabilization Under Normoxic Conditions 

Hypoxia inducible genes are transactivated when the cell is at low oxygen conditions 

(hypoxia), such as that found in tumor microenvironments. This can also be induced by oxidative 
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stress, ER stress and changes in acidity. The HIF 1 alpha protein is upregulated during low oxygen 

and is degraded under normoxic conditions, according to the schematic shown below. 

 

 

Figure 5: HIF-1 is broken down under normoxic conditions and stabilized under hypoxic conditions. 

Under normal atmospheric oxygen (21%) conditions, hydroxylation of proline and asparagine residues 

destabilizes HIF-1 and suppresses its transactivation function. Hydroxylation of proline residues on the 

HIF-1 subunit leads to ubiquitination and rapid degradation by the proteasome. In low oxygen 

environments, -subunits are no longer hydroxylated at proline and asparagine residues and do not get 

degraded by the proteosome. HIF-1 is stabilized is now able to bind to -subunits and to the HRE sites to 

transactivate gene expression. (Willmore Lab Intro Slides, 2021). 
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Hydroxylation of proline residues at positions 405 and 531 on the HIF-1 subunit targets 

it for association with the VHL-dependent E3 ubiquitin ligase, its subsequent ubiquitination and 

rapid degradation by the proteasome (Strowitzki et al., 2019). The HIF-1 subunit is also 

hydroxylated at an asparagine residue (N803) that blocks the binding of the p300 coactivator. 

These processes result in the degradation and inactivation of HIF respectively. In low oxygen 

environments, such as those found in the tumor microenvironment, HIF-1 is stabilized. The alpha 

subunits are no longer hydroxylated at proline and asparagine residues and do not get degraded by 

the proteosome. HIF-1 is imported into the nucleus and dimerize with HIF -subunits and recruits 

p300 for coactivation. 

 

 

Figure 6: Three downstream effects of hypoxia. Stabile HIF dimer inducing hypoxic inducible genes, ROS 

build up leading to oxidative stress and build up misfolded proteins leading to endoplasmic reticulum stress. 
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1.5 WNT Proteins 

1.5.1 WNT Ligands 

Wingless and Int-1 (WNTs), are hydrophobic secreted glycoproteins which contain 

cysteine residues and an N-terminal signal sequence (Routledge and Scholpp, 2019). Most 

multicellular species express Wnt genes which encode for WNT secreted glycoproteins (Willert 

and Nusse, 2012). Humans alone carry 19 individual WNT proteins. WNT proteins have been 

characterized by their distinct 22 cysteine residues, which form intramolecular disulfide bridges to 

maintain secondary structure and an N-terminal signal sequence that targets them for secretion 

(Janda et al., 2012). WNTs act as autocrine and paracrine signaling proteins to influence cell 

behaviors crucial for embryogenesis and adult tissue homeostasis (Logan and Nusse, 2004). The 

WNT name comes from the Drosophila segment polarity gene, wingless and the name of the 

vertebrate homolog, integrated or int-1 (Nusse et al., 1991). WNT3A is known to be the first well-

characterized WNT protein and is associated with primary tumor and metastatic colorectal cancer 

production (Nie et al., 2020). 

 

1.5.2 WNT Function and Diseases 

Much study has been placed on the determination of molecular mechanisms that control 

the development of an organism. The WNT signaling pathways are a group of signal transduction 

pathways which regulates several aspects of cell fate including migration, cell polarity, neural 

patterning and organogenesis, while organisms undergo embryonic development (Komiya and 

Habas, 2008). Genetic alterations in WNT signaling pathways that control these crucial aspects 

can allow cells to grow uncontrollably which leads to cancer (Sanchez-Vega et al., 2018). WNT 
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signaling plays a critical role in the development, adult tissue homeostasis and in the progression 

of disease (Chen et al., 2020). 

 

1.6 WNT Signaling Pathways 

The WNT proteins activate different intracellular signal transduction pathways by binding 

to various receptors present resulting in change of gene transcription (Cadigan et. al., 1997). These 

pathways can regulate cell proliferation. It has been found that the deregulation of WNT signalling 

promotes both human degenerative diseases, and several types of cancer, including colorectal, 

gastric and pancreatic (Logan and Nusse, 2004, Flanagan et al., 2017). The tumor 

microenvironment consists of fibroblasts, immune cells and endothelial cells and can be controlled 

by WNT signaling pathways. 

Once post translational modifications have been made to WNT proteins they are released 

to the extracellular space. The hydrophobic nature of WNT proteins causes aggregates in the 

extracellular matrix (ECM) (Fuerer et al., 2010). Therefore, for paracrine function of WNT 

proteins to occur it has been suggested that protein chaperones are needed. The glycoprotein 

afamin, in humans, has been shown to interact with WNT proteins, and more specifically WNT3A. 

Afamin is a glycoprotein in the albumin gene family and is known as a multifunctional vitamin E 

transporter (Voegele et al., 2002). Afamin has affinity for lipid-modified proteins through 

hydrophobic binding pockets which has been suggested to increase solubility of the WNT proteins 

(Naschberger et al., 2017). More specifically Afamin is proposed to bind to through the palmitoleic 

acid modification of WNT. 

The WNT signaling pathways are activated by the binding of a WNT protein to the N-

terminal extracellular cysteine-rich domain of the Frizzled (Fz) family of receptors at the cell 
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membrane but can only do so if they have gone through palmitoylation (Komiya and Habas, 2008). 

The Fz protein receptor is a seven-transmembrane domain protein an extracellular cysteine-rich 

domain (CRD) and intracellular PDZ-binding domain with close homology to G-protein coupled 

receptors (Strutt et al., 2012). WNT ligands are able to bind to the CRD domain in the hydrophobic 

groove of the Fz receptors (Logan and Nusse, 2004). Once the WNT-Fz complex is formed, the 

signal is transferred to the cytoplasmic phosphoprotein Dishevelled (Dsh or Dvl in mammals). At 

this point in the signal, the transduction pathway can be divided into three known pathways: 

Canonical -catenin pathway, the Non-Canonical Planar Cell Polarity -catenin independent 

pathway and the Non-Canonical WNT/Ca2+ Pathway (Komiya and Habas, 2008). These pathways 

compete for scaffolding proteins and are known to be mutually repressive (Gao and Chen, 2010). 
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Figure 7: Overview of project: Hypoxia and other physiological stressors cause a stabile HIF dimer which 

can bind to HRE and transactivate multiple target genes. Proper WNT modification in ER and Golgi from 

PORCN and WLS leads to WNT released into extracellular space. WNT proteins are important in numerous 

signal transduction pathways (cell proliferation, migration and polarity) and deregulation can lead to 

disease. 

 

1.6.1 Canonical WNT/-catenin Pathway 

The canonical WNT pathway is involved in many physiological processes such as 

embryotic development, cell fate, cell proliferation and metabolism. The hallmark of this pathway 

is the accumulation and translocation of the -catenin protein into the nucleus and cytoplasm 

(Gordon and Nusse, 2006). Deregulation of this pathway can lead to the development of cancers 

and fibrosis (Moon et al., 2002). The absence of WNT signalling results in the degradation of -
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catenin by the destruction complex Axin, tumor suppressor adenomatosis polyposis coli (APC), 

protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1). 

Phosphorylation of -catenin occurs by GSK3 in the destruction complex (He et al., 2004). This 

occurs by CK1 introducing a priming phosphorylation site on -catenin’s Serine 45 residue. This 

leads to -catenin being recognized by GSK3 which subsequently binds Axin and phosphorylates 

-catenin on Serine 33, Serine 37 and Threonine 41. -catenin is then targeted for ubiquitination 

and proteolytic destruction by E3 ubiquitin ligase beta-transducin repeats-containing proteins (-

TrCP) to prevent the expression of the target genes (He et al., 2004). 

With the binding of the WNT proteins, Fz receptors and Low-density-lipoprotein (LDL) 

receptor-related proteins (Lrp5/6) form a ternary complex (Bryja et al., 2017). This helps recruit 

Dsh to the plasma membrane where it is able to bind to Fz and initiate phosphorylation of the 

Lrp5/6 cytoplasmic tail (Sharma et al., 2018 and Bryja et al., 2017). This provides a binding site 

for Axin and GSK3 to LRP5/6. This binding and phosphorylation inhibits the activity of GSK3 

and CK1 enzymes, which further leads to the prevention of the degradation of -catenin. -Catenin 

accumulates and is then able to move into the nucleus, where it acts as a co-activator of the T-cell 

factor/lymphoid enhancer factor (TCF/LEF) transcription factors (Reya and Clevers, 2005). This 

co-activator has the ability to bind to transcription factors which affects a number of target genes 

responsible for oncogenesis and cancer formation. More specifically, this outcome results in 

upregulation of several genes connected to cell fate and cell proliferation, including c-Myc, cyclin 

D1 and numerous others (Tetsu and McCormick, 1999 and He et al., 1998). Mutations or loss of 

function in -catenin, APC and Axin 1 and 2 genes has induced continuous stimulation of -

catenin signalling and results in the development of many different cancers (Lecarpentier et al., 

2019). 
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Figure 8: Schematic representation of the Canonical WNT signal transduction cascade in the absence and 

presence of the WNT protein.  

 

1.6.2 Non-Canonical WNT Pathway 

The non-canonical planar cell polarity Wnt pathway is also known as the -catenin-

independent pathway. This pathway does not utilize -catenin but modifies the cytoskeleton. The 

hallmark of this pathway is that it functions independently of transcription and that it controls cell 

differentiation and polarization: the spatial differences in the shape of cells (Komiya and Habas, 

2008). 
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1.6.2.1 WNT/PCP Pathway 

Similar to the canonical WNT pathway, the non-canonical pathway also binds the WNT 

protein to the Fz receptor. The interaction activates the signal to Dvl and further activates the Rho-

GTPase and Rac GTPase. This occurs via a Rho guanine exchange factor known as weak-

similarity guanine nucleotide-exchange factors (WGEF) (Tanegashima et al., 2008). This further 

stimulates c-Jun N-terminal kinase (JNK) (Habas et al., 2003). JNKs are a family of protein kinases 

that are crucial in stress signaling pathways (Yarza et al., 2016). This pathway has been thought 

to have a primary role for actin alteration and cytoskeletal modulation (Marlow et al., 2002, Keller 

et al., 2003). 

 

1.6.2.2 WNT/Calcium Pathway 

The WNT/calcium pathway also does not involve -catenin. This pathway regulates 

calcium release from the ER which controls intracellular calcium levels (Komiya and Habas, 

2008). WNT proteins bind to the Fz receptor and further activate the Dvl and Phospholipase C 

(PLC). When PLC is activated, it is cleaved to inositol trisphosphate (IP3) and diglyceride (DAG) 

(Komiya and Habas, 2008). When IP3 binds to its receptor in the ER, calcium is released into the 

cytosol from the ER lumen. Increased amounts of calcium and DAG can trigger protein kinase C 

(PKC), which phosphorylates hydroxy groups in serine and threonine. Calcium also activates 

calcineurin, which can interfere with TCF/β-catenin signaling in the canonical WNT pathway and 

CaMKII, which regulates cell adhesion, migration, and tissue separation (Sugimura and Li, 2010). 
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Figure 9: Schematic representation of the non-canonical WNT signal transduction pathways WNT/calcium 

and WNT/PCP (Qu et al., 2019). 

 

1.7 WNT Secretion and WNT Modifying Proteins 

Once WNT proteins undergo translation, they proceed to the endoplasmic reticulum (ER) 

where post-translational modifications (PTMs) can be made. Below is a diagram of WNT secretion 

and intracellular post translational modifications. 



 36 

 

Figure 10: WNT secretion upon translation: WNT proteins (yellow) go through modifications by several 

proteins; PORCN (red) in the ER and WLS (blue) in the Golgi apparatus (Willert et al., 2003). 

 

Multiple studies have shown that the WNT proteins are glycosylated and palmitoylated in 

the endoplasmic reticulum (ER) and the Golgi-apparatus (Willert et al., 2003). Palmitoylation is 

the attachment of palmitoleic acid (16 carbon: 1 double bond fatty acid) to cysteine residues. This 

initiates the targeting of WNT proteins to the plasma membrane and is essential for WNT secretion 

(Gao and Hannoush, 2014). Upon translation, WNT proteins are moved into the ER where they 

are modified by the ER bound O-acyltransferase Porcupine (PORCN) (Van den Heuvel et al., 

1993). This is an ER resident enzyme that induces the transfer of palmitoleic acid to WNT proteins 

(Kadowaki et al., 1996). 
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Once palmitoylation of WNT is complete, it is transported to the Golgi apparatus by p24 

proteins (COPII) in a vesicle (Gross and Boutros, 2013). Some evidence suggests that these p24 

proteins are responsible for removing WNTs anchored to the ER membrane. It has been suggested 

that the intracellular WNT chaperone Wntless (WLS or Evi/Sprinter) is possibly important in 

glycosylation of WNT proteins and therefore proper WNT secretion. Glycosylation is the action 

of attaching a carbohydrate to a molecule of interest. In the Golgi, WLS is capable of binding to 

the WNT palmitoleic acid moiety to form a WNT-WLS interaction (Yu et al., 2014). The WNT-

WLS complex is loaded onto exosomes which are contained within multivesicular bodies (MVBs) 

(Yu et al., 2014). The fusion of the MVBS with the plasma membrane releases WNT proteins into 

the extracellular space. Hence, the palmitoylation of the WNT proteins by PORCN is essential for 

WNT-WLS binding and for proper WNT secretion. When WNTs are released to the extracellular 

space, WLS can be endocytosed and recycled back in the cell by the retromer complex with the 

help of its ER recycling motif (Bänziger et al., 2006, Belenkaya et al., 2008). 
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Figure 11: WNT-WLS complex loaded onto exosomes within multivesicular bodies (MVBs) and release 

of WNT proteins into the extracellular space. WLS can be endocytosed and recycled back to the Golgi/ER 

by the retromer complex (Routledge and Scholpp, 2019). 

 

1.7.1 Porcupine (PORCN) 

PORCN is an ER transmembrane protein involved in upstream WNT palmitoylation 

(Caricasole et al., 2002). The protein belongs to the membrane-bound O-acyltransferase 

(MBOAT) family of proteins (Tanaka et al., 2000). Mutations in this gene are associated with 
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focal dermal hypoplasia, also known as Goltz syndrome: a rare multisystem disorder involving the 

development of the skin, hands, feet, and eyes (Wang et al., 2007). The heritable disorder causes 

potential hair, teeth, nails, and glands to develop and function abnormally. PORCN gene deletion 

and/or knockout has also been shown to be embryonic lethal in mice (Liu et al., 2012). The 

PORCN gene encodes a hydrophobic protein of 525 amino acids, with a molecular weight of 51 

kDa and 11 predicted transmembrane domains (TMDs) (Rios-Esteves et al., 2014). All functions 

of PORCN have not yet been identified, however it is well known that PORCN is essential in the 

palmitoylation of the WNT proteins and their delivery to the ER membrane. The palmitoylation 

process is a lipid modification of the Serine 209 residue, which initiates targeting of the WNT 

proteins to anchor to the ER membrane (Gao and Hannoush, 2014). It had been proposed in the 

past that Cys-77 could have also been a potential palmitoylation site but was later shown that is 

engaged in a disulfide bond at this location. The palmitoleic acid lipid group on WNT proteins is 

essential for proper WNT secretion and function (Biechele et al., 2011). It also gives the proteins 

hydrophobic properties. It has been found that the histidine in the acyl transferase active site of 

PORCN is required for WNT modification. This supports that PORCN is an enzyme that directly 

modifies WNT proteins (Hartmann et al., 1989). 

 

1.7.2 Palmitoylation of WNT Proteins 

Palmitoylation is a reversible post translational modification that covalently attaches fatty 

acids such as palmitoleic acid to either cysteine, threonine or serine residues on membrane bound 

proteins (Linder, 2001). When palmitoleic acid binds to a cysteine residue, it results in a S-

palmitoylation and when bound to a serine or threonine, results in a O-palmitoylation. 

Palmitoylation function is dependent on the protein in question, however, will most certainly 
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enhance the hydrophobicity. In many cases, palmitoylation seems to play a crucial role in 

subcellular trafficking and protein-protein interactions (Rocks et al., 2005). This post translational 

modification is a reversible process because in most instances the bond between palmitoleic acid 

and the protein under study is a thioester bond. 

Acylation of WNT proteins is essential for WNT secretion and activity (Janda and Garcia, 

2015). This allows for WNTs to be properly modified and to be able to bind to cell surface 

receptors, such as Fz, to stimulate distinct signaling cascades. This binding results in the 

stabilization of β-catenin, which functions as a co-activator of the transcription factors, T-cell 

factor/lymphoid enhancer factor (TCF/LEF) (Janda and Garcia, 2015). This in turn regulates the 

WNT target gene expression. 

 

1.7.3 Wntless (WLS) 

WLS or Evenness Interrupted/Sprinter in Drosophila, and GPR177 in mammals, is an 

evolutionarily conserved multi-pass transmembrane protein and is essential for the secretion of the 

WNT proteins (Zhong et al., 2021). WLS are integral membrane-bound proteins with eight 

transmembrane helices and an extended luminal loop, important for WNT binding (Bartscherer etl 

al., 2006, Bänziger et al., 2006). It is involved in regulating the expression, subcellular 

localization, binding, and organelle-specific association of WNT proteins (Port et al., 2011). The 

60 kDa protein contains a lipocalin-like structure hydrophobic protein transporter, that is located 

on the N-terminal region of WLS (Fu et al., 2009). At this location, WLS can bind to the 

hydrophobic WNT proteins. WNT proteins require a molecular chaperone for the vesicular 

transport from ER to the Golgi, and finally to the extracellular membrane (Bänziger et al., 2006). 

WLS has been suggested to provide this chaperone function (Fig. 11). 
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1.7.4 Glycosylation of the WNT Proteins 

Glycosylation is a post translational modification that covalently attaches a carbohydrate 

to a hydroxyl group. These modifications assist in many structural and functional roles in 

membrane and secreted proteins (Varki, 2009). N-linked glycosylation is an attachment of a 

carbohydrate to an asparagine, or arginine side chain and primarily enhances stability and/or 

folding (Janda and Garcia, 2015). O-linked glycosylation is the attachment to serine, threonine and 

tyrosine residues and is mainly involved in cellular trafficking of cells in the immune system, 

recognition of foreign material and controlling cell metabolism (Steen et al., 1998, Hounsell et al., 

1996). In eukaryotic cells, glycosylation occurs in the ER, Golgi, and the cytoplasm (Van den 

Steen et al., 1998). 

WNTs possess two potential N-linked glycosylation locations, one at Asparagine 87 and 

the other at Asparagine 298 (Doubravska et al., 2011). Asparagine‐linked glycosylation on these 

locations has been shown to play pivotal roles in protein folding, oligomerization, quality control 

and transport of WNT proteins (Helenius and Aebi 2001). At this point, the WNT proteins are 

secreted from the cell and can play a crucial role in multiple extracellular signal transduction 

pathways. 

 

1.8 Hypothesis and Objectives 

The WNT signaling pathway regulates several aspects of cell fate including migration, cell 

polarity, neural patterning, and organogenesis, while organisms undergo embryonic development. 

The mechanisms by which WNT effects cellular signalling at the target cell have been very well 

characterized. However, upstream post-translational modifications of the WNT proteins in the 

secretory cell have not been deeply studied. 
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WNT proteins activate multiple intracellular signal transduction pathways and regulate cell 

proliferation. In this study, I examine the WNT and WNT modifying proteins Porcupine (PORCN) 

and GPR177 Wntless (WLS) in response to physical and chemical stresses. Given that tissues in 

the body are low in oxygen (hypoxic), the possibility existed that PORCN and WLS are regulated 

by the Hypoxia-Inducible Factor (HIF) transcription factors. 

WNT proteins regulate cell growth, differentiation, and cell death. The modification of 

WNT proteins is an understudied field with large potential for insights into how they are regulated 

under stress conditions. Modification of the WNT proteins by these post-translational 

modifications are key events which determine cell fate. The focus of this thesis is to build our 

current knowledge of the WNT signaling pathway and its response to chemical and physiological 

stresses. Understanding WNT secretory components PORCN, WLS and WNT3A adds to our 

comprehension of the epigenetic, genetic and proteomic factors influencing tumorigenesis. 

Furthermore, these studies could allow researchers to further develop potential WNT and WNT-

modifying target-based diagnostic tools to be used in cancer therapeutics. 

 

1.8.1 Hypothesis 

• I hypothesized that HIF-1  will be expressed at a much higher rate in HCT116 Cells 

compared to our HEK-293T cells. This hypothesis can be made since HCT116 cells are a 

cancerous cell line and can be considered a tumor microenvironment.   

• I hypothesized that hypoxia and other chemical stressors will alter HIF-1 , WNT and 

WNT-modifying proteins PORCN and WLS, protein and gene expression via alterations 

in HIF-1 . PORCN and WLS will respond to these treatments by modifying the WNT 

signaling during secretion. This will change WNT ligand binding to the Fz receptors. 



 43 

• I hypothesized that stressors such as hypoxia, DMOG or DFO will impact PORCN, WLS 

and WNT by activating different transcription factors. 

• I hypothesized that WNT and WNT-modifying proteins PORCN and WLS, will increase 

in protein expression when exposed to hypoxic conditions over time. 

 

1.8.2 Objectives 

• My first objective was to determine Transfection efficiencies with RNAiMax 

Lipofectamine in HEK-293T vs HCT116 cells 

• My next objective was to understand the role of hypoxia on HIF-1 , WNT and WNT-

modifying proteins PORCN and WLS. 

• To understand the implication HIF-1  on the expression of WNT and WNT-modifying 

proteins PORCN and WLS on the expression, I knockdown HIF-1  in HCT116 after 

hypoxia treatment. 

• To determine cell viability of HCT116 and HEK-293T cells for proper determination of 

live cells after treating with hypoxia and transfecting with our two designed HIF-1  

oligonucleotides. 
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Chapter  2: Materials and Methodology 

2.1  Cell Culture 

Human embryonic kidney cells that express a mutant version of the SV40 large T antigen 

(HEK-293T) and Human Colon Cancer Cells (HCT-116) were obtained from the American Tissue 

Culture Collection (ATCC, Manassas, Virginia). HEK-293T cells were maintained in Dulbecco's 

Modification of Eagle Medium (DMEM) (Wisent, Saint-Jean-Baptiste, Quebec), 5% fetal calf 

serum (ThermoFisher Scientific, Ottawa, Ontario), 5% newborn calf serum (ThermoFisher 

Scientific) and 1% Antibiotic-Antimycotic (ThermoFisher Scientific). HCT-116 cells were 

maintained in McCoy 5A (Modified) Medium (Sigma-Aldrich, Oakville, Ontario), 5% fetal calf 

serum, 5% newborn calf serum and 1% antibiotic-antimycotic. Cells were grown at 37°C in a 

humified atmosphere of 95% air and 5% CO2 in a Series II Water Jacketed CO2 Incubator 

(ThermoForma, Waltham, Massachusetts). Cells were passaged every 3 days once they reached 

90% confluency with 0.25% trypsin in 1 X PBS. Cells were counted using a hemocytometer and 

their viability assessed with Trypan Blue (ThermoFisher Scientific) according to the 

manufacturer’s protocol. 

 

2.2 Cell Proliferation and Transient Transfection 

Cell proliferation was assessed using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) metabolic activity assay. Cells were transiently transfected 

with siRNA (Table 1) using Lipofectamine RNAiMAX Transfection Reagent (ThermoFisher) and 

treated with hypoxia (1% O2, 5% CO2) for 6-18 hrs. HCT116 cells were cultured in a 96-well plate, 

at a density of 10,000 cells per well, and cell viability was assessed by MTT assay. MTT (0.5 

mg/mL final concentration in the media) was added to cells and incubated for 1 h at 37C. Cells 
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were lysed, and the insoluble formazan salt was solubilized with 100 L of DMSO. Absorbance 

of converted dye was measured at 570 nm with a background subtraction at 620 nm using a 

spectrophotometer. All the data were calculated by subtraction the DMSO absorbance reading 

from the converted absorbance of the treated samples. 

Mammalian expression plasmids encoding for the production of human PORCN, WLS and 

WNT3A proteins were constructed (Mohamed et al., 2021) and transiently transfected into 

HEK293T cells. Cells were grown in 10 cm diameter tissue culture plates to 80% confluency and 

transiently transfected with 20 μg of plasmids via polyethylenimine (PEI: Sigma Aldrich, Oakville, 

Ontario, Canada). Cell pellets were stored at -20°C for protein extraction. 

For efficient siRNA delivery to both HEK-293T and HCT-116 cells, both Lipofectamine 

RNAiMAX Transfection Reagent (ThermoFisher Scientific) and Oligofectamine Transfection 

Reagent (ThermoFisher Scientific) were used. RNAiMax and Oligofectamine transfection 

efficiency was checked using a mammalian expression plasmid expressing green fluorescent 

protein (GFP) in a 6-well tissue plate containing both HEK293T and HCT-116 cells. Transfection 

efficiency was evaluated by percentage of GFP expressing cells, 24 hours after transient 

transfection, under an EVOS fluorescent microscope (ThermoFisher Scientific). 

HIF-1 𝛼 siRNA oligonucleotides were purchased from Integrated DNA Technologies 

(IDT, Coralville, Iowa). HIF-1 𝛼 was silenced using two different sequences targeting multiple 

isoforms of HIF-1 𝛼 (Table 1): AUGCAGCUACUACAUCACUUUCUUG and 

UCACCAAAGUUGAAUUCAGAAGAUAC. Transfection of both HEK-293T and HCT116 

cells was performed with Lipofectamine RNAiMax. Cells were at least 70-80% confluent before 

transfection. For 6-well plates, transient transfections included 8 µL of a 10 µM siRNA 

oligonucleotide stock solution, 300 µL of Opti-MEM Medium (Rescued Serum Medium, 
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ThermoFisher Scientific, Ottawa, Ontario) and 9 µL of Lipofectamine reagent. Oligofectamine 

transfection for 6-well plates were done by adding 10 µL of a 20 µM oligonucleotide, 200 µL of 

Opti-MEM medium and 2-4 µL of Oligofectamine reagent. Each solution was incubated for a 

period of 15 minutes and mixed by inversion. The oligonucleotide-Lipofectamine mixtures were 

added dropwise to the cells. 

 

2.3 Chemicals 

Known hypoxic mimetics Desferrioxamine (DFO) and Dimethyloxalylglycine (DMOG) 

were used in preliminary studies to analyze proteins of interest during a chemically induced 

hypoxic state. DFO was purchased from Sigma-Aldrich (Oakville, Ontario). DMOG was 

purchased from the Cayman Chemical Company (Ann Arbor, Michigan). Lipofectamine 

RNAiMax and Oligofectamine were purchased from Invitrogen/ThermoFisher Scientific 

(Mississauga, Ontario). 

 

2.4 Promoter Analysis of PORCN, WLS and WNT3A Genes 

In silico analysis of potential hypoxia response elements (HREs) and antioxidant response 

elements (AREs) were found using the ExPASy Bioinformatics Resources Portal. Approximately 

10,000 b.p. of potential promoter enhancer region was analyzed for PORCN, WLS and WNT3A, 

upstream from their transcriptional start sites. Core HREs (sequence ACGTGCGCG) and AREs 

(sequences ATTAAGCATGC, GCTAAGCATGT, GAATGCTTCTA and AGCTAGCATTT) 

were searched in the promoters of the PORCN, WLS and WNT3A genes (Fig. 12). The PORCN 

promoter contained two putative AREs (-1,455 to -1,465 b.p. and -533 to -543 b.p.) and one 

putative HRE (-295 to -303 b.p.). The WLS promoter contained two putative AREs (-299 to -309 
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and -815 to -825 b.p.) and one putative HRE (-648 to -656 b.p.). The WNT3A promoter contained 

five putative HREs (-226 to -219, -522 to -515, -664 to -657, -1735 to -1728 and -1846 to -1839 

b.p.). 
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Figure 12: Promoter analysis of (a) PORCN (b) WLS and (c) WNT3A genes. Analysis of the PORCN, WLS 

and WNT3A promoters was performed using the ExPASy Bioinformatics Resources Portal. Antioxidant 

Response Elements (AREs) and Hypoxia Response Elements (HREs) sites were identified. 
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2.5 Hypoxia and Hypoxia Mimetic Treatments 

HEK293T and HCT116 cells were plated in 6 cm plates or 6-well plates two days prior to 

hypoxia treatment. Cells were transiently transfected after the first day with siRNA using chemical 

based lipofectamine at approximately 70% cell confluency and treated with the following hypoxic 

regimes after the second day from plating: a) hypoxic: 94% N2/5% CO2/1% O2, b) 90% N2/5% 

CO2/5% O2, or c) 84% N2/5% CO2/11% O2 at 37°C in a Thermo Forma Series II Incubator, 

Waltham, Massachusetts) before harvest. Cells were treated for 0, 1, 2, 4, 6, 10, and 24 hours with 

hypoxia. Cells were treated with chemical mimetics DMOG (1 mM) and DFO (100 μM) at 

approximately 70% cell confluency. Hypoxia treatments were used for later experiments in 

Western blotting and qPCR. 

 

2.6 Cell Harvest and Membrane-Bound Protein Extraction 

Nitrogen gas was bubbled into 1 X PBS for 20 minutes. Approximately 1 mL of 1 X PBS 

was added to the cells and cells were scraped and pipetted into a 1.5 mL Eppendorf tube. Cells 

were washed twice with 1 X PBS. Each of the different cells in the tubes were centrifuged at 1 X 

g at 4°C for 2 minutes. The supernatant was removed, and the pellet was washed with 1 mL of 

nitrogen bubbled 1 X PBS. The supernatant was discarded. Approximately 75 µL of 8 molar urea 

lysis buffer was added to the pellet and placed on a VWR rotator for 1 hour in a 4°C refrigerator. 

 

2.7 Sample Preparation and Sonication 

Lysed cells were added to a tube and centrifuged using the Ultracentrifuge Thermo Fisher 

Sorvall RC M150 GX at 100,000 x g for 1 hour at 4°C. The supernatants of the samples were 

removed and added to a 1.5 mL Eppendorf tube. The supernatant was sonicated with a Mendel 
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centrifuge Hermle Labnet 2216 MK. The metal tube of the Sonicator was placed into each of the 

samples and was run for 30 seconds with 5 pulses per second at 50 Amps. Samples were stored at-

20°C. Total protein concentration was quantified using BCA assay (PierceTM, ThermoFisher 

Scientific, Ottawa, Ontario, Canada) protocol. 

 

2.8 Gel Electrophoresis and Immunoblotting Analysis 

Total protein was mixed with 2 X SDS loading buffer (Bio-Rad, Hercules, California) and 

was heated at 95-100°C for 5 minutes. Extracted proteins (30-50 µg) were run on a 10 % sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Gels were run at 100-125 V 

for 2 hours with the Bio-Rad Power Pac. All-Blue Protein Ladder (Bio-Rad, Hercules, California) 

for protein molecular weight determination. HCT116 and HEK-293T cells exposed to hypoxic 

conditions for 6 hours were used as loading controls for HIF-1 . HEK293T cells transfected with 

polyethylenimine (PEI) and the plasmid DNA of PORCN, WLS and WNT3A were used as loading 

controls for the proteins listed. 

Following electrophoresis, proteins were electroblotted onto a 0.45 μM pore size 

polyvinylidene difluoride (PVDF: Bio-Rad Laboratories) membrane soaked in 100% methanol by 

wet transfer with a transfer buffer solution. The membrane was washed five times for 5 minutes, 

each with 3-5 mL of Tris-buffered saline. 

 

2.9 Transfer/Turbo Transfer System 

To transfer the samples to a membrane a transfer blot sandwich was performed. This 

included a sponge, two pieces of Whatman paper, a PVDF membrane, the gel, two more pieces of 

Whatman paper and another sponge. This apparatus was clamped together and placed in a chamber 



 51 

containing transfer buffer:100 mL methanol, 100 mL 10X transfer buffer: Tris-HCl (pH 8.0) 3.152 

g, glycine 11.261 g and 800 mL MilliQ water. An ice pack and stir bar are added in transfer buffer 

of the chamber. The stir bar was activated using a Fisher Scientific Isotemp. The transfer was run 

with the EC600 Mandel at 4,000 volts at 4°C overnight. 

An additional method of transferring protein on to a membrane was used. The Trans-Blot 

Turbo Transfer System by Bio-Rad can be used for faster transfers. Towbin buffer (25 mM Tris, 

192 mM glycine pH 8.3, 20% MeOH) was used for the fast transfer. Gels were equilibrated in 

Towbin buffer for 10 minutes. Two pieces of extra-thick (2.4mm) or 6 pieces of thick (0.8mm) 

filter paper were soaked in Towbin Buffer for 30 minutes. While the gel is equilibrating, the 

transfer membrane can be prepared. A nitrocellulose membrane was briefly wet in transfer buffer 

or a PVDF membrane in methanol or ethanol for 30 sec. The membrane was then washed in Milli 

Q water for 1–2 min and equilibrate in Towbin transfer buffer for at least 10 min with agitation. 

Depending on protein size, different parameters were used and optimized. Common parameters 

include a 34-minute transfer at 20 volts with a maximum of 2 Amps. 

 

2.10 Blocking/Antibodies 

Blocking was performed with 5% Carnation Non-Fat Skim Milk. 1X TBST (Tris-buffered 

saline and Tween20) and 1X PBS (phosphate buffer saline) were used as buffers for 

antibody/blocking solutions. Blocking was added to the membrane for 1 hour at 4°C. 

HIF-1 primary (D2U3T) Rabbit mAB (Cell Signalling, Danvers, Massachusetts), HIF-

1 primary (NB100-105) Mouse mAb (Novus Biologicals, Oakville, Ontario), PORCN (NBP1-

59677) Rabbit pAb (Novus Biologicals, Oakville, Ontario), WLS (NBP1-59013) Rabbit pAb 

(Novus Biologicals, Oakville, Ontario), WNT3A (sc-136163) Mouse mAb IgG (Santa Cruz, 
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Dallas, Texas), and Beta-Catenin (NBP1-54467) Mouse mAb (Novus Biologicals, Oakville, 

Ontario) were diluted 1:1,000 in 1X TBST or 1XPBS respectively. Blots were incubated overnight 

at 4°C with primary antibodies. Membranes were then washed 5 times for 5 min. with 1 X PBS 

and 2 % sucrose or 1X TBST and incubated with secondary antibody. Secondary antibody: goat 

pAb to Rb IgG HRP, ab6721, (Abcam, Cambridge, Massachusetts) and goat pAb to Mouse IgG 

HRP (Dako, Denmark) were diluted to 1:4,000-1:10,000 in 1X TBST or 1X PBS respectively. 

Secondary antibodies were added to membranes for 1 hour at 4°C. 

For normalization β-catenin, blots were blocked with 5% w/v skim milk dissolved in 1 X 

TBST for 1 hour at room temperature. Blots were incubated for 1 hour at room temperature with 

primary antibodies to β-catenin (12F7) (Novus Biologicals, Oakville, Ontario, Canada) diluted in 

5% w/v skim milk in TBST (1:1,000 v:v) with a small amount of sodium azide added. Membranes 

were then washed 3 times for 30 min with 1 X TBST, and incubated with appropriate secondary 

antibody conjugated with horseradish peroxidase (goat anti-mouse IgG-HRP, Dako, Denmark) for 

1 hour, antibody was diluted 1:5,000 v:v in 5% w/v skim milk dissolved in 1 X TBST for 1 hour 

at room temperature. 

Before visualization membranes were washed 5 times for 5 minutes. To visualize the 

membranes, 500 µL of both the Bio-Rad Clarity Western ECL Substrates, Peroxide Solution and 

Luminol/enhancer solution, was added to the membrane. Membranes were visualized using the 

Fusion FX Vilber Lourmat with exposure times of approximately 2 minutes using the Vision 

Capture Software. 
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2.11 Gene expression by Quantitative Polymerase Chain Reaction (qPCR) 

Total RNA was isolated from cells using Bio-Rad Aurum Total RNA Kit (Bio-Rad 

Laboratories, Mississauga, Ontario, Canada) and reverse transcribed to cDNA using 1 μg of total 

RNA with iScript cDNA Synthesis Kit and a Bio-Rad iCycler thermocycler (Bio-Rad 

Laboratories, Mississauga, Ontario, Canada). Glyceraldehyde-3-phosphate-dehydrogenase 

(GAPDH) served as the “housekeeping” gene. Gene-specific primers for HIF-1 Alpha, PORCN, 

WLS and WNT3A were designed using PrimerDesigner (Integrated DNA Technologies, 

Coralville, Iowa, USA) and the specificity of the primers were determined by a National Center 

for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) search of 

the human genome. 

Primers and diluted cDNA samples were prepared with SsoAdvanced Universal Syber 

Green Supermix (Bio-Rad Laboratories, Mississauga, Ontario, Canada) for qPCR. For the thermal 

cycle reaction, the CFX System, Version 3.1 (Bio-Rad Laboratories, Mississauga, Ontario, 

Canada) was used and the melting temperature was set at 95°C for 2 to 3 min, then 40 cycles of 

95°C for 15 s and at 60°C for 5 s. The relative amount for each transcript was calculated by a 

standard curve of cycle thresholds for serial dilutions of cDNA samples and normalized to 

GAPDH. The polymerase chain reaction (PCR) was performed in triplicate for each sample. 

 

2.12 Densitometry 

Densitometry was performed by the Image Lab 6.0 software (Bio-Rad, Hercules, 

Massachusetts). Boxes of were drawn for each band of interest and normalized total protein loaded 

in each lane. Each integrated density value (IDV) value was normalized to controls. Normalized 

data was then analyzed for statistical significance. 
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2.13 Statistical Analysis 

All statistical comparisons were made relative to the controls using SigmaPlot v. 12.3 

software (Systat, San Jose, California) with one-way ANOVA followed by the Dunnett’s test. All 

values displayed in the figure represented the mean ± the standard error of the mean (SEM) for a 

minimum of 3 independent experiments. Values were significantly different from one another if 

p<0.05, designated by the “*” in the figure. 
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Chapter  3: Results  

3.1 siRNA Oligonucleotides for HIF-1 Knockdown 

Utilizing the PrimerQuest tool (Integrated DNA Technology (IDT)), two individual small 

interfering RNA (siRNA) oligonucleotides were designed against different transcript variants 

(isoforms) of HIF-1 The 13.2 oligonucleotide was designed to be cross reacting with Variants 1 

and 3 of HIF-1 The 13.9 oligonucleotide was designed to be cross reacting with all three variants 

(1, 2 and 3) of HIF-1 (Table 1). The siRNA sequence, the chromosome that it is targeting, and 

the targeting sequence position was also determined. 

 

 

Table 1: 13.2 Oligonucleotide displaying cross reactivity against HIF-1 variant 1 and 3, its siRNA 

sequence, chromosome, and target sequence position. 13.9 Oligonucleotide displaying cross reactivity 

against HIF-1 variant 1,2 and 3, siRNA sequence, chromosome and targeting sequence position. 

 

3.2 Transfection Efficiency of HEK-293T vs HCT116 

To investigate transfection efficiency and to determine what model cell line will be used 

in future experiments, HEK-293T and of HCT116 cells were transfected using Lipofectamine 
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RNAiMax and green fluorescent protein (GFP). Visualization of the transfected cells was done 

using an EVOS FL microscope. Two separate images were taken for HEK-293T transfection with 

GFP: 10X and 4X (Fig. 13). Each of the images consistently display approximately 100% 

transfection efficiency for HEK-293T cells. A 1X image was taken for the HCT116 transfection 

efficiency. It was determined that transfection rates for HCT116 cells were approximately 60%. 

Overall, this suggest that HCT116 cells have a lower rate of transfection using Lipofectamine 

RNAiMax compared to HEK-293T cells. 

 

 

Figure 13: Transfection efficiency using Lipofectamine RNAiMax of HEK-293T cells (left) and HCT116 

cells (right) tagged with green fluorescent protein (GFP). Transfection of HEK-293T cells is shown at 10X 

and 4X. Transfection of HCT116 cells is shown at 1X. Each figure was taken using an EVOS FL 

microscope. 

 

3.3 HIF-1 During Hypoxia in HEK-293T vs HCT116 Cells 

The protein concentration of HIF-1  was assessed in HEK-293T and HCT116 cells in low 

oxygen (hypoxic: 1% O2) conditions to further determine what cell line will be used in the 

remaining of our experiments. It was found that HIF-1  is in high abundance during low oxygen 
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environments in HCT116 cells. In contrast, low amounts of HIF-1  protein were found during 

hypoxia in HEK293T cells. β-tubulin was used as a normalization for equal protein loading 

determination (Fig. 14). Based on findings in Fig. 13 and Fig. 14 we established HCT116 cells as 

our model cell line used in subsequent experiments. 

 

 

 

 

 

Figure 14: HIF-1 (93kDa) protein expression in hypoxic (1% O2) in both non-tumorous HEK293T 

(Human Embryonic Kidney Cells) and tumorous HCT116 (Human Colorectal Carcinoma Cell Line) 

exposed for 6 hours. Western blot data was shown in duplicate. Left: Trial one. Right: Trial two. Each 

Western blot was normalized with β-tubulin (55kDa) in Chapter 3.  

 

3.4 Cell Viability of HCT116 Cells 

To determine cell viability of HCT116 cells after transfection with oligonucleotides 

designed to knock down HIF-1 and treated in hypoxia (1% O2), a MTT assay was performed. 

Un-transfected hypoxic HCT116 cells were used as a control and compared to the HCT116 cells 

transfected with the oligonucleotides and treated in hypoxia (1% O2). Lipofectamine RNAiMax 

transfection reagent was used to insert siRNA to HCT116 cells. No significant change in cell 

viability was observed between un-transfected and transfected HCT116 cells for either siRNA 

treatment. Each point on the bar graph represents the means ± S.E.M of the experiments with three 

replicates per oligonucleotide treatment (Fig. 15). Absorbance was read at 570 nm. There was no 

significant difference between un-transfected cell viability, and the viability of cells transfected 
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with siRNA oligonucleotides. Overall, this suggests that HCT116 cells when transfected and 

treated in hypoxia (1% O2) have high cell viability and no cell death. 

 

 

Figure 15: Cell viability of HCT116 cells treated with hypoxia (1% O2) for 6 hours and transfected with 

oligonucleotides/Lipofectamine RNAiMax reagent. DMSO controls were subtracted from the total viability 

measures in the MTT assay. Triplicates were obtained. Each point represents the means ± S.E.M of the 

experiments with three replicates per oligonucleotide treatment. Absorbance was read at 570nm in Chapter 

3. 

 

3.5 Time Course Protein Expression in Cells Treated With Hypoxia (1% O2) 

3.5.1 Time Course HIF-1 Protein Expression in HCT116 Cells Treated at With Hypoxia 
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To investigate the role of low oxygen environments on HIF-1 protein (93kDa) expression 

during a time course, HCT116 cells were treated with hypoxia (1% O2) at different time points. 

Normoxic (21% O2) HCT116 samples were harvested and used as a control. The HCT116 cells 

were exposed to hypoxia (1% O2) at 1, 2, 4, 6, 10 and 24hrs. The HCT116 cells were harvested at 

each time point and run on a Western blot to determine protein expression as a single trial. HIF-

1 protein expression was determined to be low in the normoxic control sample. As HCT116 cells 

were exposed to hypoxia (1% O2), HIF-1 protein expression was found to increase exponentially 

from 1hr - 2hrs, stabilize and peak at approximately the 2hrs - 6hrs, begin to decay at 10hrs and 

finally significantly reduce at 24hrs (Fig. 16). Each Western blot was normalized for proper protein 

loading with β-tubulin (55 kDa). Overall, this suggests that HIF-1 protein expression increases 

exponentially, followed by a stabilization and finally a decay in HCT116 cells treated in hypoxia 

(1% O2). 
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Figure 16: HIF-1 (93kDa) protein expression in hypoxic conditions (1% O2) in HCT116 cells at multiple 

time points with a sample size of one. A normoxic (21% O2) control was collected followed by harvesting 

at 1hr, 2hrs, 4hrs, 6hrs, 10hrs and 24hrs after treating HCT116 cells in hypoxic conditions (1% O2). Western 

blot protein expression is shown for each treatment time as well as a bar graph displaying densitometry of 

the individual bands. Each Western blot was normalized with β-tubulin (55 kDa).  
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3.5.2 Time Course PORCN Protein Expression in HCT116 Cells Treated at With Hypoxia 

To investigate the role of low oxygen environments on PORCN (51kDa) protein expression 

during a time course, HCT116 cells were treated with hypoxia (1% O2) at different time points. A 

normoxic (21% O2) HCT116 sample was harvested and used as a control. The HCT116 cells were 

exposed to hypoxia (1% O2) at 1hr, 2hrs, 4hrs, 6hrs, 10hrs and 24hrs. The HCT116 cells were 

harvested at each time point and run on a Western blot to determine protein expression. PORCN 

protein expression was determined to be relatively low in the normoxic control sample. As shown 

in the western blot and bar graph data, when exposing HCT116 cells to hypoxia (1% O2) overtime, 

PORCN protein expression increases gradually with time (Fig. 17). PORCN protein expression 

was determined to be in abundance after 24hrs exposure to hypoxia (1% O2), and lowest in 

normoxic conditions. Each Western blot was normalized for proper protein loading with β-tubulin 

(55 kDa). Overall, this suggests that PORCN protein expression gradually increases in HCT116 

cells exposed to hypoxia (1% O2). 
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Figure 17: PORCN (51kDa) protein expression in hypoxic conditions (1% O2) in HCT116 cells at multiple 

time points at a sample size of one. A normoxic (21% O2) control was collected followed by harvesting at 

1, 2, 4, 6, 10 and 24hrs after treating HCT116 cells in hypoxic conditions (1% O2). Western blot protein 

expression is shown for each treatment time as well as a bar graph displaying densitometry of the individual 

bands. Each Western blot was normalized with β-tubulin (55 kDa). 
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3.5.3 Time Course WLS Protein Expression in HCT116 Cells Treated With Hypoxia 

To investigate the role of low oxygen environments on WLS (62 kDa) protein expression 

during a time course, HCT116 cells were treated with hypoxia (1% O2) at different time points. A 

normoxic (21% O2) HCT116 sample was harvested and used as a control. The HCT116 cells were 

exposed to hypoxia (1% O2) at 1, 2, 4, 6, 10 and 24hrs. The HCT116 cells were harvested at each 

time point and run on a Western blot to determine protein expression. WLS protein expression was 

determined to be low in the normoxic control sample. As shown in the Western blot and bar graph 

data, WLS protein expression increases exponentially until approximately the 1hr mark (Fig. 18). 

WLS protein expression was found to follow a similar trendline to HIF-1 (Fig. 16). WLS protein 

expression was determined to gradually increase from 1hr – 6hrs in hypoxia (1% O2). At 10hr 

exposure to hypoxia (1% O2), WLS protein expression began to decline drastically. At 24hr 

exposure to hypoxia (1% O2), it was determined that WLS protein expression was reduced to 

similar levels to that of the normoxic control. The highest level of WLS protein expression was 

determined to be between 2hr and 6hr exposure to hypoxia (1% O2). The lowest level of WLS 

protein expression was shown to be after 24hrs exposure to hypoxia (1% O2). Each Western blot 

was normalized for proper protein loading with β-tubulin (55 kDa). Overall, this suggests that 

WLS protein expression increases gradually, followed by a stabilization and finally a decay in 

HCT116 cells treated in hypoxia (1% O2). 

 



 64 

 

Figure 18: WLS (62kDa) protein expression in hypoxic conditions (1% O2) in HCT116 cells at multiple 

time points at a sample size of one. A normoxic (21% O2) control was collected followed by harvesting at 

1, 2, 4, 6, 10 and 24hrs after treating HCT116 cells in hypoxic conditions (1% O2). Western blot protein 

expression is shown for each treatment time as well as a bar graph displaying densitometry of the individual 

bands. Each Western blot was normalized with β-tubulin (55 kDa). 

 

 

 



 65 

3.5.4 Time Course Modified/Unmodified WNT3A Protein Expression in HCT116 Cells 

Treated With Hypoxia 

To investigate the role of low oxygen environments on WNT3A protein expression during 

a time course, HCT116 cells were treated with hypoxia (1% O2) at different time points. A 

normoxic (21% O2) HCT116 sample was harvested and used as a control. The HCT116 cells were 

exposed to hypoxia (1% O2) at 1, 2, 4, 6, 10 and 24hrs. The HCT116 cells were harvested at each 

time point and run on a Western blot to determine protein expression. Unmodified WNT3A 

(39kDa) protein expression was determined to be low in the normoxic control sample. As shown 

in the Western blot and bar graph data, unmodified WNT3A (39kDa) protein expression increased 

gradually in hypoxia until a maximum at the 10hr mark (Fig. 19). A slight reduction in unmodified 

WNT3A protein expression was seen at the 2hr exposure to hypoxia (1% O2). From 10hr-24hrs 

exposure to hypoxia (1% O2), unmodified WNT3A protein expression increased exponentially. 

When analyzing the unmodified WNT3A protein blot, another band was shown at approximately 

20 kDa above unmodified WNT3A. This protein band was postulated to be a modified form of 

WNT3A and displayed a trendline opposite of that to the unmodified WNT3A. Modified WNT3A 

(≈55 kDa) protein expression was found to be consistent from the normoxic HCT116 sample to 

4hrs treated in hypoxic conditions (1% O2). After 6hrs of hypoxia (1% O2), protein expression of 

modified WNT3A began to decline gradually. Modified WNT3A protein expression was 

determined to be in the lowest concentration at 24hrs after treatment with hypoxia (1% O2). Each 

Western blot was normalized for proper protein loading with β-tubulin (55kDa). Overall, this 

suggests that unmodified WNT3A increases when exposed to hypoxia and that modified WNT3A 

reduces in protein expression when treated with hypoxia (1% O2), however more replicates will 

need to be done to confirm these findings. 
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Figure 19: Modified and unmodified WNT3A (≈55 kDa and 39 kDa respectively) protein expression in 

hypoxic conditions (1% O2) in HCT116 cells at multiple time points at a sample size of one. A normoxic 

(21% O2) control was collected followed by harvesting at 1, 2, 4, 6, 10 and 24hrs after treating HCT116 

cells in hypoxic conditions (1% O2). Western blot protein expression is shown for each treatment time as 

well as a bar graph displaying densitometry of the individual bands. Each Western blot was normalized 

with β-tubulin (55 kDa). 
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3.6 Protein Expression at 21%, 5%, 10% and 1% O2 in HCT116 Cells 

To investigate the role oxygen on HIF-1 WNT and WNT-modifying proteins, HCT116 

cells were exposed to different oxygen concentrations: 21% (normoxic), 10%, 5% and 1% O2 

(hypoxic), for 6hrs in a 37°C incubator. Using Western blot as a technique, HIF-1 (93 kDa), 

PORCN (51 kDa), WLS (62 kDa) and modified/unmodified WNT3A (≈55 kDa and 39 kDa) 

protein expression was determined. Western blot data displayed that HIF-1 protein was at the 

highest expression when treated with increasing oxygen concentrations (1%, 5%, 10% and 21% 

O2 (normoxic)) (Fig. 20). It was determined that no significant change in protein expression was 

found between the different O2 concentration for PORCN (Fig. 20). When analyzing HCT116 cell 

lysate for WLS at different oxygen time points it was found that WLS protein expression levels 

were highest at 5 and 10% O2. WLS protein expression at 5 and 10% O2 concentrations were not 

significantly different. When treating HCT116 cells at 21% (normoxic) and 1% O2 (hypoxic), a 

low concentration of WLS protein was found. WLS protein expression between 21% and 1% O2 

were not significantly different. Unmodified WNT3A protein expression was found to be 

consistent between 5, 10 and 21% O2. In hypoxic (1% O2), conditions, however, a slight increase 

in unmodified WNT3A protein was seen. Modified WNT3A protein expression displayed highest 

concentrations of the protein at 21% (normoxic), followed by 1% O2 (hypoxic) displaying a 

slightly less, but similar modified WNT3A concentration (Fig. 19). Oxygen concentrations at 5% 

and 10% resulted in similar, relatively low protein expression of the modified WNT3A protein 

(Fig. 20). Each Western blot was normalized for proper protein loading with β-tubulin (55 kDa).  
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Figure 20: HIF-1 (93 kDa), PORCN (51 kDa), WLS (62 kDa) and modified/unmodified WNT3A (≈55 

kDa and 39 kDa respectively) protein expression at different oxygen concentrations at a sample size of one. 

HCT116 cells were treated at normoxic: 21% O2, as a control followed by treating at 10% O2, 5% O2 and 

finally under hypoxic conditions (1% O2) for 6 hrs. HCT116 cells were harvested after 6hr treatments, and 

Western blot was performed. Western blot protein expression is shown for HIF-1, PORCN, WLS and 

modified/unmodified WNT3A in each treatment condition as well as a bar graph displaying densitometry 

of the individual bands. Each Western blot was normalized with β-tubulin (55 kDa). 
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3.7 Regulation of WNT By HIF-1 

3.7.1 HIF-1 Protein Expression after HIF-1 Knockdown 

To determine that the designed siRNA oligonucleotides target HIF-1α (93 kDa), HCT116 

cells were transfected with a 13.2 and 13.9 siRNA using a Lipofectamine RNAiMax Transfection 

reagent. The 13.2 oligonucleotide was designed against variants 1 and 3 of HIF-1α, whereas the 

13.9 oligo was designed against all three variants (1, 2 and 3) of HIF-1α. HCT116 cells exposed 

to hypoxic conditions for approximately 6hrs was used as a hypoxic control. HCT116 cells 

transfected with the 13.2 siRNA and treated with hypoxia (1% O2) for 6hrs displayed 

approximately a 50% reduction in HIF-1α protein expression (Fig. 21). HCT116 cells transfected 

with the 13.9 siRNA and treated with hypoxia (1% O2) for 6hrs displayed approximately a 90% 

reduction in HIF-1α protein expression (Fig. 21). Each Western blot was normalized for proper 

protein loading with β-tubulin (55 kDa). Triplicates were obtained from this experiment. Overall, 

this proves that the 13.2 and 13.9 oligonucleotide properly knocked down the target, HIF-1 in 

HCT116 cells treated in hypoxia (1% O2) for 6hrs. 

 

 

Figure 21: Knockdown of HIF-1 (93kDa), using RNAi oligonucleotides dsRNAi molecules 13.2 and 13.9 

using Lipofectamine RNAiMax Transfection reagent in HCT116 cells in hypoxic conditions (1% O2) for 6 

hours. The 13.2 oligonucleotide targets variants 1 and 3 of HIF-1. The 13.9 oligonucleotide targets 
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variants 1, 2 and 3 of HIF-1. Each Western blot was normalized with β-tubulin (55kDa). Triplicates were 

obtained in Chapter 3. 

 

3.7.2 Regulation of WNT By HIF-1 

HCT116 cells were treated in hypoxia (1% O2) for 6hrs and transfected individually with 

each of the siRNA oligonucleotides designed for HIF-1α. HCT116 cells exposed to hypoxic 

conditions for approximately 6hrs was used as a hypoxic control. By use of Western blot, PORCN 

(51 kDa), WLS (62 kDa) and WNT3A (unmodified) (39 kDa) protein expression was determined 

for the control, 13.2 oligo, and 13.9 oligo transfection (Fig. 22). When analyzing the PORCN 

protein after transfection with the 13.2 siRNA a slight upregulation was seen. However, when 

analyzing the PORCN protein after transfection with the 13.9 siRNA, PORCN protein was 

knocked down significantly, by approximately 65%. Alternatively, when unmodified WNT3A was 

analyzed, the 13.2 siRNA knockdown of HIF-1α significantly knocked down WNT3A. This was 

by approximately 80%. When analyzing the WLS blot, protein expression was consistent between 

all samples, no significant changes were seen. Each Western blot was normalized for proper 

protein loading with β-tubulin (55kDa). Triplicates were obtained. Each point on the bar graph 

represents the means ± S.E.M of the experiments with three replicates per oligonucleotide 

treatment (Fig. 22). Overall, this data suggests that HIF-1  transactivates PORCN and WNT3A 

but does not transactivate the WLS protein directly. 
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Figure 22: HIF-1 (93kDa), PORCN (51kDa), WLS (62kDa) and unmodified WNT3A (39kDa) protein 

expression transfected with 13.2 and 13.9 oligonucleotides using Lipofectamine RNAiMax Reagent in 

HCT116 cells in hypoxic conditions (1% O2).  HIF-1, PORCN, WLS, and unmodified WNT3A controls 

were un-transfected HCT116 cells at hypoxic conditions (1% O2) for 6 hours. Western blot protein 

expression is shown as well as a bar graph displaying densitometry of the individual bands. Each Western 

blot was normalized with β-tubulin (55kDa). Data are the means from three independent experiments ± 

S.E.M. Data analysis was done using one-way ANOVA followed by Dunnett’s test; *p <0.05, ** p<0.01, 

*** p <0.001. 
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3.8 Regulation of PORCN and WLS by HIF-1  

HCT116 cells were treated in hypoxia (1% O2) for 6hrs and transfected individually with 

each of the siRNA oligonucleotides designed for HIF-1α. HCT116 cells exposed to hypoxic 

conditions for approximately 6hrs were used as a hypoxic control. Total RNA was isolated from 

HCT116 cells, converted to cDNA and analyzed by qPCR using gene-specific primers for HIF1α, 

PORCN, WLS and WNT3A (Fig. 23). The level of target genes of each mRNA was normalized to 

the GAPDH mRNA. 

When analyzing the HIF-1α gene each of the oligos resulted in a knock down of the gene, 

approximately 60% for the 13.2 and 70% for the 13.9 siRNA. When transfecting with the 13.2 

siRNA, the PORCN gene expression decreased by 50%. When transfecting with the 13.9 siRNA 

the PORCN gene was knocked down by 40%. When analyzing the qPCR data for the WNT3A gene 

the 13.2 oligo resulted in a reduction of approximately 35%. The 13.9 oligo for WNT3A resulted 

in a knock down of approximately 60%. When transfecting with 13.2 and 13.9 siRNA WLS gene 

expression resulted in approximately 50 and 60% knockdown, respectively. Triplicates were 

obtained. Each point on the bar graph represents the means ± S.E.M of the experiments with three 

replicates per oligonucleotide treatment (Fig. 23). Data analysis was done using one-way ANOVA. 

Overall, this data suggests that HIF-1  transactivates PORCN, WLS and WNT3A at the genetic 

level. 
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Figure 23: HIF-1, PORCN, WLS and unmodified WNT3A genetic expression in HCT116 cells treated 

with 1% O2 for 6 hours and transfected with 13.2 and 13.9 oligonucleotide transfection using Lipofectamine 

RNAiMax reagent. Cells without oligonucleotide transfection treated in hypoxic conditions for 6 hours 

were used as controls. Total RNA was isolated from HCT116 cells, converted to cDNA and analyzed by 

qPCR using gene-specific primers for HIF1α, PORCN, WLS and WNT3A. The level of target genes of 

each mRNA was normalized to the GAPDH mRNA. Data are the means from three independent 

experiments ± S.E.M. Data analysis was done using one-way ANOVA followed by Dunnett’s test; *p 

<0.05, ** p<0.01, *** p <0.001. 
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3.9 Experimental Controls 

3.9.1 Universal Negative Scrambled Oligonucleotide 

HCT116 cells were treated in hypoxia (1% O2) for 6hrs and transfected with a universal 

negative scramble siRNA control oligonucleotide with RNAiMax Lipofectamine reagent. 

HCT116 cells exposed to hypoxic conditions for approximately 6hrs was used as a hypoxic 

control. By use of Western blot HIF-1α (93 kDa), PORCN (51 kDa), WLS (62 kDa) and WNT3A 

(unmodified) (39 kDa) protein expression was determined (Fig. 24). No significant changes 

between the hypoxic control and any of the universal negative control scramble transfected cells 

was found for any of the proteins of interest. Each Western blot was normalized for proper protein 

loading with β-tubulin (55 kDa). Triplicates were obtained. Each point on the bar graph represents 

the means ± S.E.M of the experiments with three replicates (Fig. 24). Overall, this data displays 

that the transfection with RNAiMax Lipofectamine reagent alone, or the oligonucleotides 

themselves, do not affect the expression of the proteins of interest. 
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Figure 24: HIF-1 (93kDa), PORCN (51kDa), WLS (62kDa) and unmodified WNT3A (39kDa) protein 

expression transfected with universal negative scrambled oligonucleotide using Lipofectamine RNAiMax 

Reagent in HCT116 cells in hypoxic conditions (1% O2) for 6 hours.  HIF-1, PORCN, WLS, and 

Unmodified WNT3A controls were un-transfected HCT116 Cells at hypoxic conditions (1% O2) for 6 

hours. Western blot protein expression is shown as well as a bar graph displaying densitometry of the 

individual bands. Each Western blot was normalized with β-tubulin (55kDa). Triplicates were obtained. 

Each point represents the means ± S.E.M of the experiments with three replicates in Chapter 3. 
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3.9.2 Positive Overexpression Control 

HCT116 cells were treated in normoxic conditions (21% O2) for 6hrs and transfected with 

overexpression plasmids for PORCN, WLS and WLS using polyethyleneimine (PEI). HCT116 

cells exposed to normoxic conditions (21% O2) was used as a normoxic control. By use of Western 

blot PORCN (51 kDa), WLS (62 kDa) and modified/unmodified WNT3A (≈55 kDa and 39 kDa 

respectively) protein expression was determined (Fig. 25). PORCN and WLS, overexpressed, each 

display a large protein band when overexpressed, compared to the normoxic sample. 

Modified/unmodified WNT3A each display consistent protein concentrations when comparing 

normoxic and overexpression protein samples. Each Western blot was normalized for proper 

protein loading with β-tubulin (55 kDa). Overall, this data suggests that PORCN and WLS when 

overexpressed show a strong upregulation of protein. Both modified and unmodified WNT3A does 

not display a significant change in protein expression. 
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Figure 25: HIF-1 (93 kDa), PORCN (51 kDa), WLS (62 kDa) and modified/unmodified WNT3A (≈55 

kDa and 39 kDa respectively) protein expression transfected with overexpression plasmids using PEI in 

HCT116 Cells. Untransfected HCT116 cells treated in normoxic conditions (21% O2) was used as a control 

for PORCN, WNT3A and WLS. Western blot protein expression is shown as well as a bar graph displaying 

densitometry of the individual bands. Each Western blot was normalized with β-tubulin (55 kDa). 

Duplicates were obtained for PORCN and WLS. Triplicates were obtained for WNT3A. 
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Chapter  4: Discussion 

The WNT signaling pathway regulates several biological processes such as cell survival, 

proliferation, migration, polarity, and homeostasis. WNT proteins in response to stresses, during 

secretion also plays an important role in pathophysiological processes. Downstream from the WNT 

binding to Frizzled/LRP5/6, the signaling pathway has been very well characterized, the binding 

of which transactivates a cascade of processes in the canonical pathway. These studies focus on 

the APC protein and its interaction with axin, GSK3 and CK1 (Fig. 8). However, the upstream 

processes of WNT proteins such as post-translational modifications (palmitoyleation and 

glycosylation), have not been deeply studied. These upstream pathways and modifications are 

essential for proper WNT secretion and delivery to the plasma membrane. It has been well 

documented that WNT signaling is crucial in regulating development and stemness, however 

increasing evidence emphasizes WNT initiation during oncogenic activation (Zhan et al., 2017). 

Physiological and cellular stresses, including oxidative, hypoxia and ER stresses, are typically 

associated with the tumor microenvironment. Protein misfolding is toxic to cells and can be linked 

to multiple cellular disfunctions and disease states associated with the ER (Kaufman, 2002). 

Currently, the relation between stress response and WNT and WNT modifying proteins is 

not fully understood. It has been well documented that multiple signaling pathways are activated 

via hypoxic, oxidative and ER stresses. However, the effects of tumor microenvironment 

conditions, and more specifically the main regulator of in hypoxia, HIF-1, on proper WNT 

secretion and modification are still poorly understood. 

In this study, I examined how hypoxia affects the expression of WNT and WNT modifying 

proteins at the proteomic and genomic levels. I also investigated the responses of WNT and WNT 
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modifying proteins (Porcupine (PORCN) and GPR177 Wntless (WLS)) to physical and chemical 

stressors. 

 

4.1 siRNA Oligonucleotides Design 

To determine how tumor microenvironment conditions, and more specifically how HIF-

1, affects the expression of WNT and WNT modifying proteins, two individual small interfering 

RNAs were designed against different HIF-1 variants using Primer Designer (Integrated DNA 

Technologies (IDT)). A 13.2 siRNA was designed against HIF-1 subunit 1, variants 1 and 3 and 

a 13.9 siRNA was designed against HIF-1 subunit 1, variants 1, 2 and 3 (Table 1). RNA 

interference is a biological process which induces mRNA degradation by complementary double 

stranded small interfering RNAs (siRNA) (Xu et al., 2019). This can cause direct suppression of 

the target gene, in this case of HIF-1 knock down  

 

4.2 Human Colorectal Carcinoma (HCT116) Cell Line Used For In Vitro Studies 

Successful transfection can be influenced by numerous factors. These factors include 

method of transfection, cell viability, confluency, passage number and possibly cell size (Chong 

et al., 2011). Transient transfections were used to introduce nucleic acids for limited periods of 

time. A transient transfection of GFP using Lipofectamine RNAiMax reagent in both HEK-293T 

and HCT116 cells was compared (Fig. 13). It was determined that HEK-293T cells have a better 

transfection efficiency (≈100%), compared to HCT116 cells (≈65%). Both HEK-293T and 

HCT116 cells were transfected at the same passage number and using Lipofectamine as a 

transfection reagent. Transfection of cells was done at 60-80% cell confluency for optimal 

transfection. Any lower concentration of cells could result in increased complexes delivered per 
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cell, which results in higher toxicity. HEK-293T cells (between 11 and 15 µm in diameter) are 

much smaller in size compared to the large HCT116 cells (300 µm in diameter) (Betker and 

Anchordoquy, 2015). I can hypothesize that transfection efficiency of the HCT116 cells is lower 

due to its large surface area. This could mean that a larger volume of transfection reagent and 

nucleic acid is required for efficient transfection. It has been shown that a larger transfection 

efficiency is correlated with higher cell toxicity, therefore in some circumstances choosing a cell 

line with a slightly lower transfection efficiency is optimal (Chong et al., 2011, Neuhaus et al., 

2016). 

In the hypoxic tumor microenvironment, the expression of hypoxia inducible factors is 

increased exponentially. HIF-1 protein levels were determined in both HEK-293T and HCT116 

cells treated with hypoxia. Notably, it was determined that HIF-1 protein concentrations were 

much higher in HCT116 cells, compared to HEK-293T cells (Fig. 14). The HIF-1 transcription 

factor is a main regulator in hypoxic tumors, therefore, the human colorectal cancer cell line 

expresses higher levels of this protein. 

Cell viability is necessary to determine cell health after exposure to treatment or stimuli. 

Excessive cell death leads to improper experimental conditions in proteomic and genomic studies. 

MTT assays for HCT116 cells, transfected with Lipofectamine transfection reagent and treated 

with hypoxia, was determined (Fig. 15). As shown in Figure 4, the 13.2 siRNA displayed a slight 

reduction in viable cells. When HCT116 cells were transfected with the 13.9 siRNA, cell viability 

remained consistent to the un-transfected control. No significant change in cell viability was 

observed between un-transfected and transfected HCT116 cells. 

Although transfection efficiency in HCT116 cells was lower than HEK293T cells, based 

on high HIF-1 protein expression and high cell viability, HCT116 cells were used as our primary 
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in vitro cell line. Using a cell line with an abundance of HIF-1 protein expression and low cell 

death makes for an ideal environment to study the role of HIF-1 affecting the expression of WNT 

and WNT modifying proteins. 

 

4.3 HIF-1, WNT3A, WNT Modifying Proteins PORCN and WLS Expression in Response 

to Physiological Stressors In Vitro 

4.3.1 HIF-1 Time Course in Hypoxic Conditions 

It has been well documented that hypoxia induces a group of physiologically important 

target genes associated with multiple different cellular processes (Shaw, 2008). These genes are 

transcriptionally up-regulated by hypoxia-inducible factor 1 (HIF-1), a loop-helix protein which 

acts as a transcriptional regulator of genes that contain a Hypoxic Response Element (HRE) 

consensus sequence within its promoters (Wenger et al., 2005). To investigate HIF-1 protein 

expression during a time course, HCT116 cells were treated with hypoxia at different durations 

and visualized using Western blot (Fig. 16). It was determined that HIF-1 protein expression 

increases exponentially, stabilizes for approximately 8hrs, and is followed by a decline after 24hr. 

This data shows that, under normoxic conditions, HIF-1 protein expression is low in HCT116 

cells. This also shows that the optimal expression of HIF-1 protein in HCT116 cells is between 

2 and 10hrs. Interestingly, after 24hr exposure to hypoxia, HIF-1 protein expression is reduced. 

HIF-1 is a heterodimer composed of α and β subunits. Its activity is mainly determined by 

stabilization of the  subunit. Oxygenated cells will rapidly degrade the  subunit via an oxygen-

dependent degradation (ODD) domain (Fig. 5) (Huang et al., 1998). During hypoxic conditions it 

is understood that  subunits stabilize and bind to the -subunits (Strowitzki et al., 2019). This 

explains the low HIF-1 protein expression in normoxic and increased expression with longer 
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exposure to hypoxia. Stabilized expression of HIF can be explained by the competition of p53 and 

HIF for p300 coactivator binding. Prolonged exposure to hypoxia (24hrs) leads to reduction in 

expression and can be explained by numerous factors. Generally, extended hypoxic conditions 

have been found to cause cellular injury and death through oxidative stress, inflammation, and 

apoptosis (Guo et al., 2019). This increase in cellular death or injury could lead to reduced α and 

β subunits of HIF. A decline these subunits would result in low HIF-1 α protein expression. HIF 

also acts as a transcription factor for the von Hippel Lindau (VHL) protein containing E3 ubiquitin 

ligases. Therefore, HIF controls its own degradation with prolonged exposure. Additionally, 

hypoxia-stabilized HIF may result in the expression of inhibitors of translation for specific genes, 

resulting in their general decline of protein without the connected decline in the level of the gene. 

 

4.3.2 PORCN Time Course Under Hypoxic Conditions 

To investigate PORCN protein expression during a time course, HCT116 cells were treated 

with hypoxia at different time points and visualized using Western blot (Fig. 17). It was determined 

that the PORCN protein was at moderate expression under normoxic conditions. Generally, 

PORCN protein expression increases steadily with exposure to hypoxic conditions (Mohamed et 

al., 2021). At 24hr exposure to hypoxia, PORCN is at highest protein concentrations. Our data 

suggests that PORCN protein is still found in HCT116 cells under normoxic conditions, and that 

hypoxia increases its expression over time. A putative HRE response element was found within 

the promoter region of PORCN. This suggests that HIF-1α regulates PORCN expression during 

hypoxic conditions. Using data found in Fig. 16, we can determine that peak HIF-1 protein 

expression occurs earlier in a hypoxia time course, compared to PORCN protein expression. This 
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suggests that PORCN has a delayed peak expression in response to hypoxia, and that it potentially 

follows a similar pattern to HIF-1 with longer hypoxic treatments. 

 

4.3.3 WLS Time Course Under Hypoxic Conditions 

To determine WLS protein expression during a time course, HCT116 cells were treated 

with hypoxia at different time points and visualized using Western blot (Fig. 18). Low WLS 

protein expression was determined under normoxic conditions. Similar studies have shown low 

WLS protein expression during normal oxygen conditions (Mohamed et al., 2021). Our results 

showed that the optimal expression of WLS protein in hypoxic HCT116 cells is between 2 and 

6hrs of hypoxia. Interestingly, after 10hr exposure to hypoxia, WLS protein expression is reduced. 

This follows a pattern very similar to that of HIF-1 protein expression. A putative HRE response 

element was also found within the promoter region of WLS. This suggests that WLS and HIF-1 

protein expression is tightly regulated. 

 

4.3.4 WNT3A Time Course Under Hypoxic Conditions 

To study the effects of hypoxia during a time course on WNT3A protein expression 

HCT116 cells were treated and visualized using Western blot (Fig. 19). When analyzing Western 

blot data, unmodified WNT3A protein increased under hypoxia with increased exposure. 

Interestingly, another band at approximately 20kDa (above our unmodified WNT3A band) was 

found. Typically, a change in 20 kDa is the result of a glycosylation as a post translational 

modification (Clerc et al., 2016). It has been well studied that WNT proteins are post 

translationally glycosylated before being release into the extracellular space (Helenius and Aebi, 

2001). Therefore, I hypothesize that this band found above our unmodified WNT3A could be a 
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glycosylated form of the WNT3A protein. It is determined that modified WNT3A is most highly 

expressed under normoxic conditions until 4hrs of hypoxia, followed by a reduction in expression 

from 6 to 24hrs of hypoxia. This data suggests that unmodified WNT3A increases with longer 

exposure to hypoxia but that glycosylated WNT3A protein is reduced with exposure to hypoxia. 

Five putative HREs were found within the promoter region of WNT3A. With this information, it 

can be said that peak HIF-1 protein expression occurs at an earlier time point in hypoxia 

compared to unmodified WNT3A and that hypoxia is a possible regulator of WNT3A 

glycosylation. 

 

4.3.5 HIF-1, PORCN, WLS and WNT3A Treated at 21, 5, 10 and 1% Oxygen 

To mimic the different tissue oxygen levels, HIF-1, PORCN, WLS and WNT3A protein 

expression was analyzed at 21, 10, 5 and 1% O2 (Fig. 20). When analyzing Western blot data, it 

was determined that HIF-1 levels were most prominent at 1% and 5% O2. These findings are 

similar to that found in previous studies (Ravenna et al., 2014). Lower oxygen concentrations are 

known to induce more HIF-1 stabilization (Strowitzki et al., 2019). HIF alpha subunits are no 

longer hydroxylated at proline and asparagine residues and do not get degraded by the proteosome. 

PORCN protein expression was consistent between different oxygen concentrations (Fig. 

20). WNT proteins are important in many different cellular functions and therefore are consistently 

found at hypoxic and normoxic conditions (Komiya and Habas, 2008). Acylation of WNT proteins 

by PORCN is essential for WNT secretion and activity (Janda and Garcia, 2015). Therefore, since 

it is known that PORCN is an enzyme that directly modifies WNT proteins (Hartmann et al., 1989), 

it could be hypothesized that WNT-PORCN interaction stabilizes PORCN protein expression. This 
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could lead to the uniform expression of PORCN at different oxygen conditions and for time course 

at 1% O2 (Fig. 17 and Fig. 20). 

When treating HCT116 cells with 21, 10, and 5 % O2, similar protein expression of 

WNT3A unmodified was found. This is consistent with our time course of WNT3A exposed to 

1% O2 (Fig. 19). High protein expression is found in hypoxic treatments. WNT3A unmodified 

protein expression is found to be elevated in normoxic and hypoxic treatments, however reduced 

in 5 and 10% O2. Again, these findings are consistent with our previous data (Fig. 19). 

When analyzing WLS protein expression higher levels are seen at 5 and 10% O2 and low 

at normoxic and hypoxic conditions (Fig. 20). WLS is a chaperone protein involved in properly 

translocating WNTs to the plasma membrane. Therefore, it must be bound to WNT for correct 

secretion. A possible hypothesis to these findings is that when WNT3A protein levels are elevated, 

WLS binds to the lipidated WNT proteins, causing a shift in band location. Native 62 kDa WLS 

protein could be at elevated protein expression, although is binding to WNT3A with a high affinity. 

 

4.4 HIF-1, WNT3A, WNT Modifying Proteins PORCN and WLS Expression in Response 

to HIF-1 Knock down Treated in Hypoxia (1% O2) In Vitro 

Hypoxia, oxidative stress, and ER stress-inducible factors could control the expression of 

proteins responsible in WNT and WNT modification prior to secretion from the cell. Past studies 

have shown misfolded WNT proteins after improper WNT modifications, leading to reduced 

WNT-Frizzled binding (Moti et al., 2019). 
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4.4.1 HIF-1 Protein Expression after HIF-1 Knockdown 

I determined the role of HIF-1 on WNT and WNT modifying proteins, by use of transient 

transfections with each of the designed siRNA oligonucleotides, 13.2 and 13.9. HCT116 cells were 

transfected and treated under hypoxic conditions for 6 hrs. I determined that each of the siRNAs 

designed knock down HIF-1 protein expression (Fig. 21). The 13.2 siRNA was designed against 

HIF-1 subunit 1, variants 1 and 3 and a 13.9 siRNA was designed against HIF-1 subunit 1, 

variants 1, 2 and 3 (Table 1). When protein expression was analyzed via Western blot, use of the 

designed 13.2 oligo resulted in approximately 50% knock down, and the designed 13.9 oligo 

resulted in approximately 90% knockdown. A more efficient knockdown using the 13.9 siRNA is 

seen since all HIF-1 variants are being targeted, which suppresses HIF-1 protein. Only variants 

1 and 3 of HIF-1 are being targeted for knock down with the use of the 13.2 siRNA. This could 

therefore result in a less efficient protein expression. This study ensures that our designed 

oligonucleotides result in efficient knockdown of the HIF1 protein. 

 

4.4.2 PORCN Protein Expression After HIF-1 Knockdown 

In this study, I examined the expression of PORCN protein after transient knock down of 

HIF-1 treated under hypoxic conditions (Fig. 22). As shown in Western blot, PORCN protein 

expression is reduced by approximately 65% with 13.9 oligonucleotide. Protein expression 

remains consistent when transfected with the 13.2 oligonucleotide. This data suggests that HIF-

1 could be a main transcription factor controlling the expression of PORCN. Many genes have 

more than one transcript or splice variants, due to alternative splicing, which results in protein 

diversity (Wang et al., 2015). HIF-1 has three different splicing variants. In our designed 13.9 

siRNA, all three variants of HIF-1 were targeted for silencing, however only variants 1 and 3 
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were targeted with our 13.2 siRNA. Using the data obtained not only did I determine that HIF-

1 is a transcription factor controlling PORCN protein expression, but I could also hypothesize 

that PORCN expression could primarily be controlled by HIF-1 variant 2. If PORCN protein 

expression is reduced, this would result in less palmitoylation of the WNT proteins. Consequently, 

improper WNT secretion would decrease Fz binding, and disrupt WNT signaling. 

 

4.4.3 WLS Protein Expression after HIF-1 Knockdown 

I studied the expression of WLS protein after transient knock down of HIF-1 in cells 

treated in hypoxic conditions (Fig. 22). As displayed in the Western blot data, WLS protein 

expression remains consistent with HIF-1 knock down, compared to the hypoxic control. After 

promoter analysis of WLS, a potential HRE element was found. However, this data suggests that 

HIF-1 does not control WLS protein expression. Each of the alternative splice variants of HIF-

1 are found to not effect protein expression of WLS protein. 

 

4.4.4 WNT3A Protein Expression After HIF-1 Knockdown 

In this experiment, I analyzed the expression of WNT3A protein after transient knock down 

of HIF-1 treated in hypoxic conditions (Fig. 22). WNT3A is an important member of the WNT 

family, as it activates the canonical WNT signaling pathway. WNT3A represents the first well-

characterized WNT protein and has been associated involved in embryonic development, neural 

development, cell differentiation, proliferation, and tumorigenesis (He et al., 2015). Our findings 

display clear reduction of WNT3A protein by approximately 80% with a 13.2 oligonucleotide 

transient transfection (Fig. 22). When transfected with the 13.9 oligo, similar expression to that of 

the control was seen. These findings suggests that WNT3A protein expression is also controlled 
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by HIF-1 transcription. Interestingly, WNT3A protein expression is reduced at a higher 

efficiency with a 13.2 oligo compared to the 13.9 oligo. This suggests that HIF-1 variants 1 and 

3 are important in regulating WNT3A expression. HIF-1 variant 2 may not be a main regulator 

of the WNT3A protein. Improperly modified WNT3A protein could result in improper binding to 

the Fz receptor and therefore disruption in the canonical pathway. 

 

4.4.5 Universal Negative Scrambled and Overexpression of HIF-1 PORCN, WLS and 

WNT3A 

Multiple control experiments were completed to confirm that no other factors lead to the 

knockdown of HIF-1, and consequently, WNT and WNT modifying proteins. To ensure proper 

internal experimental conditions, negative scramble oligonucleotides and overexpression plasmids 

were transfected into our HCT116 cell lines (Fig. 24 and Fig. 25). A universal negative scrambled 

oligonucleotide was transfected using the same protocol as our knockdown studies. This Western 

blot protein data displayed no significant change in negative scramble transfected cells compared 

to our hypoxic treated control for HIF-1 , PORCN, WNT3A and WLS (Fig. 24). This ensures 

that our transfection protocol did not contribute to knockdown. 

Overexpression studies were done to obtain a strong positive control for the proteins under 

investigation. HCT116 cells were treated in normal oxygen conditions, 21% O2 and transfected 

with a suitable expression vector containing the gene of interest; PORCN, WLS and WNT3A. Our 

Western blot data clearly displays an upregulation of PORCN, WLS and unmodified WNT3A 

protein compared to the normoxic control (Fig. 25). Overexpressed modified WNT3A protein 

expression remains similar to the normoxic sample. This data remains consistent with previous 

studies displaying high modified WNT3A protein expression at 21% O2 (Fig. 19 and Fig. 20). Our 
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findings validate the location of WNT and WNT modifying proteins in Western blot and provide 

for a concrete positive control. 

 

4.5 HIF-1, WNT3A, PORCN and WLS Genetic Expression in Response to HIF-

1 Knock down Treated in Hypoxia (1% O2) In Vitro 

In previous studies outlined above, it was determined that HIF-1 is crucial for the 

transactivation and proper protein expression of PORCN and WNT3A. In this study, I investigate 

the genetic response of HIF-1 PORCN, WLS and WNT3A when knocking down HIF-1 Total 

RNA was isolated and converted to cDNA to be analyzed via qPCR. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) is a key enzyme in glycolysis and has been characterized as a 

housekeeping molecule. Multiple studies have found that GAPDH expression is significantly up 

regulated in human colorectal carcinoma tissues (Tang et al., 2012). This made GAPDH an 

extremely reliable housekeeping gene for normalization. 

When analyzing qPCR results, HIF-1 PORCN, WLS and WNT3A cDNA is significantly 

reduced compared to our hypoxic control and normalized with GAPDH (Fig. 23). There was an 

approximate 70%-80% knockdown in HIF-1 and this result further verified that HIF-1 

knockdown oligos properly reduce of HIF-1 expression PORCN gene expression was also 

reduced by approximately 40-55%. This remains consistent with protein expression data (Fig. 22). 

Interestingly, WNT3A gene expression is affected more with the 13.9 oligo. Additionally, when 

analyzing WLS gene expression each of the transfected oligos resulted in reduction. This data is 

inconsistent with WLS protein expression (Fig. 22). 

Some inconsistencies were found between protein and gene expression of WNT and WNT-

modifying proteins with of HIF-1 knockdown. This variability could be explained by other 
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possible factors including protein translation. Knockdown studies displaying reduction in gene 

expression does not always translate to proper protein folding and function. Factors during 

translation could also affect expression at the level of the protein. 

 

4.6 Big Picture 

In our study, I was interested in understanding current transcription factors implicated in 

the process of evolutionary conserved WNT signaling. The highlights of our study include finding 

a suitable cell line, HCT116, with an efficient transfection method and efficiency, high HIF-1  

concentration when exposed to hypoxia, and low cellular death. I also established hypoxic 

activation of HIF-1 , WNT3A, PORCN and WLS at different time points over a 24hr time course. 

Interestingly, I have also determined that HIF-1 is a main regulator for WNT3A and PORCN 

protein expression, as well as for PORCN, WLS and WNT3A gene expression. 

Accumulating evidence has suggested that WNT proteins can both promote or suppress 

tumor progression based on the type of cancer being investigated (He et al., 2015). WNT proteins 

are highly conserved secreted signalling molecules and play a crucial role in controlling many 

aspects of cellular development including self-renewal, proliferation, differentiation, and motility. 

Proper WNT secretion by PMTs are crucial for downstream efficient WNT signalling, and 

regulation of these important functions. Dysregulation of the WNT signalling pathways has been 

shown to cause developmental disorders such as malfunctioning stem cell homeostasis, reduced 

bone density, and progressions of colorectal, pancreatic and breast cancer (Nusse and Clevers, 

2017). Additionally, abnormal activation of WNT signalling has also been shown to be closely 

associated with tumor progression. Hence, WNT signaling has been a focus of intensive 

investigation over decades in biomedical research. 
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Our findings provide insight to the activation of HIFs, WNT3A, PORCN and WLS under 

conditions found in the tumor microenvironment. The gene and protein expression of the WNT 

proteins and the WNT modifying enzymes, exposed to different time points and altered levels of 

oxygen, provides insight into WNT signalling under hypoxic conditions. Insight into the function 

of WNT and WNT modifying proteins under hypoxia furthers our understanding of the role of 

these proteins in tumorigenesis. Improved understanding of WNTs, as well as the WNT modifying 

enzymes (PORCN and WLS) adds to our knowledge of cancer initiation and progression. 

Furthermore, these studies could allow researchers to further develop potential WNT and WNT-

modifying target-based diagnostic tools to be used in cancer therapeutics. Targeted drugs can block 

or increase the activity of signal transduction pathways involved in both cancer progression and 

homeostatic response. Specifically, the WNT and WNT modifying proteins within a tumor could 

be targeted. Evidently, possible off-target effects would need to be taken into consideration before 

trials, however these studies could provide insight for cancer therapeutic research. 

 

4.7 Strengths and Limitations 

In our study, I determined that HCT116 cells were the best model to study the molecular 

mechanism of HIF-1 on WNT and WNT modifying proteins. This was done by determining 

transfection efficiency, cell viability and HIF-1 protein expression in HCT116 cells with hypoxic 

treatments. Furthermore, I was able to ensure that our designed oligonucleotides properly knocked 

down HIF-1 protein. I also established the percentage of oxygen and the time of hypoxic 

treatment that was for optimal WNT and WNT modifying protein expression. 

Moreover, I was also able to clearly demonstrate that HIF-1 is a main transcription 

regulator for WNT3A and PORCN protein. I further show that HIF-1 is an important regulator 
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of PORCN, WLS and WNT3A genes. To our knowledge, this is the first time that transcription 

factor HIF-1 has been shown to regulate WNT and WNT modifying proteins/genes. Clear 

negative controls assure that transfection protocols did not affect cell viability or the responses of 

HCT116 to HIF-1 overexpression/knock down. Overexpression and knock down data validated 

the effects of HIF-1 on WNT and WNT modifying proteins in Western blot by acting as positive 

and negative controls respectively. 

However, the primary limitation to this study is the need for additional replications for 

WNT and WNT modifying proteins in response to low oxygen time courses and exposure to 

different oxygen concentrations. Having more replications would solidify our current findings. An 

inconsistency was found between WLS protein expression in different samples treated at 1% O2. 

In our study, exposing HCT116 cells to different oxygen concentrations, it was found that WLS 

protein expression at 1% O2 was low (Fig. 20). However, in our time course (Fig. 18) and 

knockdown studies (Fig. 22), an elevated protein expression was found. Elevated WLS protein 

expression found in these experiments, is consistent with results found in previous studies 

(Mohamed et al., 2021). 

Furthermore, I did not investigate other possible proteins involved in post-translational 

modifications of WNT proteins. It has been found, in previous studies, that stearoyl desaturase 

(SCD) generates fatty acid substrates, which can then be transferred by PORCN through 

palmitoylation, and is important in biogenesis and processing of WNT proteins (Rios-Esteves and 

Resh, 2013). Additionally, other PMTs could be studied in this process, such as phosphorylation. 
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4.8 Future Research Directions 

Interesting data was found for WNT and WNT modifying proteins in response to low 

oxygen time course and exposed to different oxygen concentrations. However, additional 

replications of this study are required to ensure that our findings are consistent. An additional 

experiment that could be done when analyzing protein expression of WNT3A, is to confirm our 

hypothesis that the “modified” WNT3A protein is in fact a glycosylation. A reduction in modified 

WNT3A protein when treating HCT116 cell lysates with a glycosylation inhibitor PGNase F, 

would confirm this suggestion. 

Additional work could also be done to gather the genetic expression of HIF-1, PORCN, 

WLS and WNT3A, while treated in a hypoxic time course and different oxygen concentrations. 

This data would allow for comparison between proteomic and genomic studies. WNT proteins 

must be post translationally modified for delivery to the plasma membrane (Willert et al., 2003). 

An interesting study would be to analyze the interactions between WNT and WNT modifying 

proteins. This would be done using kinetic studies between PORCN-WNT and WLS-WNT. 

Fluorescence correlation spectroscopy could be used by mixing one fluorescently labelled protein 

with the un-labelled protein (Yu et al., 2021). Data obtained would be binding affinity of proteins 

and could be useful for time course studies. 
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Appendix 

Table 2: List of All Primers used in all experiments (qPCR and siRNA). 

Experiment Sequences 

qPCR HIF-1 α: 

Forward: 5'-CCAGTTACGTTCCTTCGATCAG-3' 

Reverse: 5'-GTAGTGGTGGCATTAGCAGTAG-3' 

 

PORCN: 

Forward: 5'-CTCCTTCCACTTCAGCAACTAT-3' 

Reverse: 5'-CCATTCCAGGTGATCCTTCTC-3' 

 

WLS: 

Forward: 5'-GGACATTGCCTTCAAGCTAAAC-3' 

Reverse: 5'-CATTTCAGTCCACTCAGCAAAC-3' 

 

WNT3A: 

Forward: 5'-GACTTCCTCAAGGACAAGTACG-3' 

Reverse: 5'-GGAACCTTGAAGTAGGTGTAG-3' 

 

GAPDH: 

Forward: 5'-ATCAAGAAGGTGGTGAAG-3' 

Reverse: 5'-CCAAATTCGTTGTCATACC-3' 

 

siRNA HIF-1 α 13.2 Oligonucleotide: 

5’-AUGCAGCUACUACAUCACUUUCUUG-3’ 

3’-AGUACGUCGAUGAUGUAGUGAAAUAAC-5’ 

 

HIF-1 α 13.9 Oligonucleotide: 

5’-UCACCAAAGUUGAAUCAGAAGAUAC-3’ 

3’-UAAGUGGUUUCAACUUAGUCUUCUAUG-5’ 
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Figure A1: Regulation of Wnt modifying protein Porcupine (PORCN) by the Hypoxia-

Inducible Factor (HIF) transcription factor. Displaying a knockdown with two different 

designed oligonucleotides; 13.2 and 13.9, under hypoxia for approximately 6 hours in 

HEK-293T cells in Appendix Results. 
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Figure A2: Regulation of Wnt modifying protein Porcupine (PORCN) by the Hypoxia-

Inducible Factor (HIF) transcription factor. Displaying a knockdown with two different 

designed oligonucleotides; 13.2 and 13.9, under hypoxia for approximately 6 hours in 

HEK-293T cells in Appendix Results. 
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Figure A3: Regulation of Wnt modifying protein Porcupine (PORCN) by the hypoxia-

Inducible Factor (HIF) transcription factor. Displaying a knockdown with two different 

designed oligonucleotides; 13.2 and 13.9, under DMOG hypoxic mimetic in HEK-293T 

cells. 
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Figure A4: Regulation of Wnt modifying protein Porcupine (PORCN) by the Hypoxia-

Inducible Factor (HIF) transcription factor. Displaying a knockdown with two different 

designed oligonucleotides; 13.2 and 13.9, under DFO hypoxic mimetic in HEK-293T cells. 
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Figure A5: Regulation of the hypoxia-inducible factor (HIF) transcription factor with two 

different designed oligonucleotides; 13.2 and 13.9, under DFO hypoxic mimetic in HEK-

293T cells. 
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Figure A6: Regulation of the Hypoxia-Inducible Factor (HIF) transcription factor with 

two different designed oligonucleotides; 13.2 and 13.9, under DMOG hypoxic mimetic in 

HEK-293T cells. 
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Figure A7: Regulation of the Hypoxia-Inducible Factor (HIF) transcription factor with 

two different designed oligonucleotides; 13.2 and 13.9, under hypoxia for approximately 

6 hours in HEK-293T cells in Appendix Results. 
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Figure A8: Regulation of Wnt modifying protein Grp177 Wntless (WLS) by the Hypoxia-

Inducible Factor (HIF) transcription factor. Displaying a knockdown with two different 

designed oligonucleotides; 13.2 and 13.9, under DFO hypoxic mimetic. 

 


