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ABSTRACT
Alexandra Arreola: Molecular and physiological roles of von Hippel-Lindau mutation and
Hypoxia Inducible Factors: Fine-tuned expression effects on angiogenesis and metabolism
(Under the direction of W. Kimryn Rathmell)
Renal cell carcinoma (RCC) accounts for approximately 58,000 new cases and over
13,000 deaths annually in the United States, afflicting men and women at a 2:1 ratio. The
majority of the cases are linked to inactivation, either by mutation or loss, of the von HippelLindau (VHL) tumor suppressor gene. Somatic mutations of VHL are associated with the
sporadic form of RCC. Germ line inactivation of one VHL allele results in VHL disease, a
hereditary cancer syndrome. The dominant histological subtype of RCC is clear cell
(ccRCC), accounting for 75% of cases and most commonly associated with VHL disease.
VHL protein (pVHL) regulates hypoxia inducible factors (HIFs) in an oxygendependent manner. HIFs, in turn, are master regulators of various targets such as those
important for cell growth, metabolism, and angiogenesis. Genetically engineered mouse
models with conditional VHL-independent HIF over-expression were utilized to generate
primary neonatal epithelial kidney cultures that can be genetically manipulated ex vivo to
stably express non-hydroxylated HIF-1α or HIF-2α transgenes.
HIF-1α promoted high levels of both glycolysis and oxidative phosphorylation, with
relatively indiscriminate use of nutrients. HIF-2α cells were capable of promoting glucose
metabolism, but were not responsive to glutamine sources. Expression of these genes alters
the nutrient resource utilization and energy generation strategy in primary kidney cells.

iii

To elucidate the molecular effects of pVHL mutation on angiogenesis, we conducted
investigations under in vivo and in vitro settings. Conditional expression of a mutant pVHL
with loss of heterozygosity and conditional deletion of pVHL, in newborn mice, resulted in
altered migration and branching of developing retina vasculature. Although still partially
functional in the regulation of HIFs, pVHL mutation disrupts the normal vascularization
capabilities of endothelial cells to a greater extent than pVHL loss. Moderate perturbations of
pVHL action can lead to significant and distinct defects in angiogenesis.
This dissertation demonstrates the effects that fine tuned pVHL and HIF expression
levels can have on key pathways in normal cellular contexts. It is important to understand the
role of these genetic and molecular perturbations in a normal state to ultimately understand
what goes awry in the formation and progression of the cancer state.
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CHAPTER 11: INTRODUCTION
Renal Cell Carcinoma
As the sixth and eight most common cancer in men and women in the United States,
respectively, renal cell carcinoma (RCC) is a highly malignant epithelial cancer that will
afflict an estimated 58,000 individuals each year and led to over 13,000 deaths each year
[2,3]. RCC can present itself in five different histologically and molecularly distinct
subtypes; clear cell, papillary, chromophobe, oncocytoma and mixed histology [4].
Clear cell renal cell carcinoma
Considering for a moment only clear cell RCC (ccRCC), we can focus on the unique
biology of this renal tumor subtype, which accounts for the majority, upwards of 75%, of all
RCC cases. The majority of familial ccRCC occurs in association with the familial von
Hippel-Lindau (VHL) family cancer syndrome, which is characterized by multifocal bilateral
ccRCC in addition to pheochromocytoma/peripheral neuroendocrine tumor (PNET) and
hemangioblastomas of the retina, cerebellum, and spine [5]. In 1994, it was recognized that
the majority of sporadic ccRCC cases were also associated with inactivation of the VHL gene
as the primary genetic perturbation. More than 90% of sporadic tumors also display VHL
mutation or inactivation, and 50%-75% have VHL hypermethylated [6], thus providing a
valuable resource for understanding this pivotal genetic event driving the development of
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Adapted from Arreola A, Rathmell WK (2013) Biology of Renal Cell Carcinoma (Vascular Endothelial
Growth Factor, Mammalian Target of Rapamycin, Immune Aspects). Renal Cell Carcinoma: Springer. pp. 231247.
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RCC [5]. Although familial RCC occurs in fewer than 5% of cases of kidney cancer, there is
much that has been learned from genetic studies of families with ccRCC.
von Hippel-Lindau
VHL disease
To understand the pathways currently targeted for therapy of RCC, we must first
explore the lessons that we have learned from the study of VHL disease. As alluded to above,
germline mutations of the tumor suppressor gene VHL are associated with a familial
predisposition for various cancers including, hemangioblastomas (central nervous tumors that
originate in the vascular system), pheochromocytomas (adrenal gland tumors), as well as
ccRCC (Table 1.1). Specifically, some families bear increased risk for one or more of these
three classic tumor manifestations [7,8].
VHL disease is classified according to these clinical manifestations as Type 1, 2A, 2B,
and 2C [9]. In this classification, VHL Type 1 disease is highly associated with ccRCC and
hemangioblastoma, but poses no risk for the development of pheochromocytoma, whereas
Types 2A, 2B, and 2C all present this risk. However, within Type 2 disease, Type 2A
presents some risk for ccRCC, Type 2B presents high risk for ccRCC, and Type 2C patients
exclusively develop pheochromocytoma, this subtype having no association with ccRCC
[10].
The identification of these RCC-associated subtypes within the VHL disease spectrum
allowed for a better understanding of the function of VHL gene and its role in RCC [11]. A
variety of VHL mutations occur, including several higher frequency hot spots, spread over
virtually the entirety of the gene [11,12]. These mutations cover a wide range of events with
the exception of the first 54 amino acids. Codon 54 represents an alternate start site for VHL
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transcription and events occurring in this region have not been observed in cancers. Thus, the
leading 54 amino acids are considered to be uninvolved in the tumor suppressive activity.
One case study sequenced the VHL locus in several human ccRCC tumors and identified
several missense mutations, nonsense mutations, and in-frame deletions that spanned the
VHL locus, all resulting in ccRCC (Figure 1.1) [13]. All major structural mutations are
associated with ccRCC, but do not present a risk for pheochromocytoma. Therefore, when a
subset of families were found to carry structurally intact missense mutations of VHL, which
also shared association with ccRCC risk, it provided new insight into the specific tumor
suppressive activity of the protein.
Among the missense mutations, those associated with greater penetrance for RCC
largely affected the portions of the VHL gene that encode for domains that are capable of
disrupting the participation of VHL protein (pVHL) with its known partners in the E3ubiquitin ligase complex, VBC, in which pVHL plays the role of the key substrate
recognition component. Additionally, pVHL mutations can also prevent binding to a key
family of substrates of the E3-complex, the transcription factor family of hypoxia inducible
factors (HIFs) [14]. Investigations into common VHL mutations at residues Y98 and Y112
show that these mutations decrease pVHL stability, but they do not affect VBC assembly.
Type 2A mutations Y98H and Y112H affect VBC complex assembly and are more capable
of targeting HIF-1α for proteosomal degradation, associating them with a less severe
phenotype. While Type 2B mutations Y98N and Y112H were less able to degrade HIF-1α,
associating these mutations with a more aggressive phenotype [15]. This classification, and
the identification of genotype/phenotype linked VHL mutations provides an interesting
starting point for defining domains and functions of the pVHL protein that are integral to the
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development of ccRCC. These relationships have given way to a genetic and molecular
understanding of VHL gene target regulation, primarily the regulation of the HIF pathway
[16,17], which has altered the paradigm for understanding and treating ccRCC.
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VHL Disease
Subtype

Clinical Phenotype

Representative VHL
Mutation hotspot

Type 1

Renal Cell Carcinoma

Null

Type 2A

Pheochromocytoma,
Hemangioblastoma

Y112H

Type 2B

Pheochromocytoma,
Hemangioblastoma,
Renal Cell Carcinoma

R167Q human
G518A mouse

Type 2C

Pheochromocytoma

L188V

Table 1.1: VHL disease subtypes predispose patients to distinct clinical phenotype spectrum.
There are a series of von Hippel-Lindau disease subtypes that have differing predispositions to
clinical outcomes, most notably pheochromocytoma (adrenal gland tumors), hemangioblastoma
(Central Nervous System tumors that originate in the vascular system) and renal cell carcinoma
(RCC). VHL Type 2B confers the highest predisposition to RCC and one hot spot human mutation is
an arginine to glutamine substitution, for which our lab has generated a transgenic mouse with the
equivalent amino acid substitution of glycine to alanine.
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Exon 2

Exon 1
ATG

ATG
β

2B (R167Q)
NS
IFD
MS

Exon 3

α

HIF-α

Elongin C

β

VHL
pVHL
Protein binding

Microtubules

Figure 1.1: VHL mutational spectrum in ccRCC patients.
The von Hippel-Lindau gene is made up of three exons with an alternate start site at codon 54. The
encoded protein contains an alpha domain that interacts with the Elongin C component of the E3
ligase complex to mediate the targeted proteosomal degradation of HIFα subunits, which pVHL binds
via its beta domain. pVHL is also known to bind other proteins such as p53 and structures such as
microtubules. A multitude of mutations along the VHL gene have been identified in patient ccRCC
tumors over various studies. One particular study analyzed the mutations shown here as colored
shapes. Adapted from Nyhan et al. Cellular Oncology (2011) [13].
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VHL mutation in sporadic ccRCC
While patients with sporadic RCC commonly have a deletion of a portion of
chromosome 3p that encompasses the VHL gene, most VHL mutations also associated with
sporadic RCC are missense mutations that result in inactivation of the pVHL either
completely or partially. VHL functions as a classical tumor suppressor gene, such that
disruption of VHL tumor suppressor activity requires biallelic inactivation in accordance
with Knudson’s two-hit hypothesis [18-20]. The chromosomal deletions that are encountered
are therefore thought to primarily represent loss of heterozygosity (LOH) events.
pVHL partners with Elongin C, Elongin B, Ring Box Protein 1 (Rbx1/Roc1), and
Cullin 2 to form an E3 ubiquitin ligase complex known as VBC [21-25]. This E3-ubiquitin
ligase complex resembles the canonical complex SCF in its structure and function, with
pVHL performing the function of the F-box protein [26]. Its role is to provide target
specificity to the complex. Several target proteins have been identified including p53 and
collagen IV [27], but the most notable to date are HIF-1α and HIF-2α [28]. Representative
hotspot missense mutations identified in VHL occur on residues that produce mutant proteins
affecting the ability of pVHL to properly bind the VBC complex or reduce its affinity for
detecting HIF-1α and HIF-2α subunits, which will be further described. This work gave way
to the investigation of differential affinity and thereby, regulation, of HIF-α subunits by
pVHL and the VBC complex [15].
VHL oxygen dependent regulation of HIF
As the substrate recognition molecule in the E3-ubiquitin ligase complex VBC, under
normal oxygen conditions, pVHL is responsible for recognizing and recruiting the HIF-α
subunits to the VBC complex where they will undergo polyubiquitination, targeting them for
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subsequent proteosomal degradation (Figure 1.2A) [28-30]. Under conditions of oxygen
deprivation (<4% Oxygen) HIF-α subunits are not hydroxylated or when VHL is inactivated,
pVHL fails to recognize HIF-α, and the proteins are stabilized as a result of avoiding
degradation (Figure 1.2B). Because the HIF proteins are translated at a high basal rate,
stabilization of these proteins means they can accumulate to high levels very rapidly, in a
matter of minutes [31]. Rapid degradation of HIF-α can occur in a quick transition from
hypoxia to normoxia, when HIF-α subunits previously accumulated in the nucleus are either
rapidly shuttled to the cytoplasm to be degraded by the VBC complex or the VBC complex
can enter the nucleus and mark HIF-α subunits for degradation [32].
The essence of this oxygen dependency comes from a post-translational modification
that occurs in the presence of molecular oxygen. HIF-α factors contain an oxygen-dependent
domain (ODD) containing proline residues that are hydroxylated by an iron and oxygendependent family of enzymes called the HIF prolyl hydroxylases (PHD) [33,34]. pVHL β
domain specifically targets the prolyl-hydroxylated forms of HIF-α [29,35]. Thus, under low
oxygen conditions, HIF PHDs are unable to hydroxylate HIF-α subunits, and unhydroxylated
HIF-αs escape recognition by the VBC complex. The HIF-α factors translocate to the
nucleus, by way of heterodimerizing with the nuclear transporter HIF-1β, and promote the
transcription of various target genes involved in the cellular response to limiting oxygen
supply [36]. While previous research has shown that HIF-1α nuclear translocation does not
require the presence of HIF-1β, HIF-α and HIF-β, heterodimerization is required for
transcript activation [37].
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Figure 1.2: pVHL oxygen-dependent regulation of hypoxia inducible factors.
(A) Under normal oxygen conditions pVHL-E3 ubiquitin ligase complex recognizes prolylhydroxylated residues on HIFα subunits, marks them for polyubiquitination and proteosomal
degradation. (B) Under low oxygen condition, these proline residues escape hydroxylation.
Conversely, when pVHL is inactivated and unable to properly recognize HIFα subunits, under both
scenarios HIFαs can accumulate, then translocate into the nucleus, where they heterodimerize with
their HIFβ partner to form a functional transcription factor unit. The HIF transcription factor is then
able to bind HIF targets by a short hypoxia response element (HRE) sequence and activate
transcriptional regulation of key target genes. Adapted from Rasmussen and Rathmell Current
Clinical Pharmacology (2011) [38].
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VHL Type 2B regulation of HIF
Our research group has previously shown that the different VHL mutational spectrum
is associated with the differing capacities of mutant pVHL proteins to target HIF family
members for destruction [12]. Further in vitro work has shown that VHL Type 2B mutations
can retain interactions to form a remnant E3 ubiquitin ligase complex, which accounts for the
partial regulation of HIF members, and may contribute to the differential effect on HIF
regulation [39]. Recently, a representative VHL Type 2B mutation in an in vivo teratoma
model suggested that modest stabilization of HIF2, and/or imbalance of HIF2 accumulation
relative to HIF1 modifies the growth potential and vascularity of Type 2B VHL tumor cells
(Vhl 2B/2B) in comparison to VHL-null tumor cells in which both HIF factors are maximally
stabilized [40]. This work suggests that the Type 2B pVHL retains partial capability to target
HIF, producing a unique profile of individual HIF family members and likely contributing to
tumor growth potential and vascularity. Understanding the effect of variations in HIF family
member transcriptional signaling as well as potentially other activities of pVHL is critical to
further developments in VHL disease.
In ccRCC, as a result of VHL mutation, HIF-α stabilization is a constant feature of
cancer cells. The role pVHL plays in the prevention of cancer is a fascinating intersection of
a normal physiological response to environmental stimuli derailed to the extreme. These cells
exhibit constitutive stabilization of HIFs, constitutive target gene activation, and little
dynamic regulation of these factors. The condition of chronic activation of the hypoxia
response pathway in the presence of oxygen has been termed pseudohypoxia [41].
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HIF-independent VHL roles
VHL has been found to play a role in key cellular processes for tumorigenesis. As
discussed, the more widely studied role is the response to oxygen depravation by increased
HIF stability where much of this response also triggers an increase in angiogenic signaling
[42]. Extracellular matrix (ECM) can help provide support to cells by aiding in cell polarity.
pVHL is also necessary to provide physical support through the production and proper
assembly of fibronectin and collagen IV [42,43].
pVHL has also been known to physically bind to and stabilize the tumor suppressor
p53 by phosphorylation at the N-terminus. This interaction occurs by the pVHL-mediated
inhibition of the E3 ubiquitin ligase, mouse double minute 2 homolog (Mdm2) ubiquitination
on p53, to stop its nuclear export. Stable p53 is then capable of transcriptionally regulating its
target genes, finalizing in the cell cycle arrest via p53. These signals were elevated as a result
of DNA damage response [44]. Additionally, pVHL is known to inhibit cellular senescence.
This was evidenced by the loss of pVHL, which resulted in an accumulation of p27, cyclin
dependent kinase inhibitor, leading to activation of the retinoblastoma gene (Rb) to promote
cellular senescence [45].
As expected, loss of VHL is associated with cellular defects. Studies using VHLexpressing RCC cells lines found that VHL is necessary for epithelial cell polarization and
primary cilia formation [46] as seen by the absence of primary cilia when VHL is mutated or
deleted. This may be due to VHL function in microtubule stability. Analysis of microtubule
formation and degradation was defective and occurred at a slower rate in various pVHL
mutants [47]. Solid tumors, such as RCC, often have cystic precursors. These cysts are
usually preceded by epithelial cell loss of specialization and loss of polarization as is seen by
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the loss of primary cilia. It is possible that these changes occur as a result of VHL loss and
related changes in microtubule processing [46,48].
Hypoxia Inducible Factors
Hypoxia inducible factors -1, -2, and -3 are a family of transcription factors that are
deregulated in cancer [22]. HIFs form a family of basic helix-loop-helix (bHLH)
transcription factors that each heterodimerize in the cytoplasm with a stably expressed
nuclear transport protein, HIF-1β, also known as aryl hydrocarbon receptor nuclear
translocator (ARNT) [36]. HIF-1α and HIF-2α subunits are most similar in amino acid
structure (48%) and DNA-binding domains (70%). Although they are known to regulate
some of the same gene targets, there is increasing evidence of their differential regulation of
hypoxia-inducible genes [49]. Differences in the balance of HIF-1α and HIF-2α produces
stable variation in the downstream target genes, which will be discussed further. HIF-3α
exists in at least four splice variants whose functions are still largely uncharacterized, but are
known to have additional DNA-binding elements that lack homology with HIF-1α or HIF2α. The most common isoform of HIF-3α is known to be regulated by pVHL VBC complex
in the same oxygen dependent manner [50]. Future work with HIF-3α will likely lend further
insight into the influences on an individual tumor’s transcriptional profile, but a full
understanding of this factor’s participation in ccRCC remains to be developed. The work
described in this dissertation will focus solely on HIF-1α and HIF-2α.
HIF regulation and function
HIF-α subunits that have averted proteosomal degradation, as a result of hypoxia or
inactive pVHL as previously described, accumulate and are able to bind HIF-β partners, to
form a functional transcription factor unit, which is then referred to as HIF1 or HIF2,
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according to the α subunit component of the complex. These newly formed HIF transcription
factors translocate to the nucleus, bind hypoxia response elements (HREs) in gene promoter
or enhancer regions and thereby regulate transcription of various target genes involved in
numerous cellular functions. HIFs regulate a variety of cellular processes including:
apoptosis, erythropoiesis, angiogenesis, energy metabolism, and cell proliferation. Some of
the most studied target genes, which facilitate the hypoxic response, include platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF) [51], and carbonic
anhydrase IX (CAIX), all of which are current or emerging targets of therapy, in addition to
the increase metabolic regulatory targets, such as glucose transporter 1 (GLUT1) [52],
pyruvate dehydrogenase kinase 1 (PDK1) [53], and phosphofructokinase 1 (PFK1) [49].
Although HIF-1α and HIF-2α deregulation in ccRCC is primarily associated with VHL
mutation or loss, there are other cellular processes that can influence the basal levels of each
HIF factor [13]. At the transcriptional level there are factors, which bind to the promoter
region of either HIF-1α or HIF-2α. One notable feature of HIF-2α transcriptional regulation
is the participation of iron regulatory protein (IRP1) in regulating HIF-2α gene expression.
This iron-dependent process involves IRP1 binding to a stem-loop structure in the HIF-2α 5’
untranslated region, effectively blocking transcription [51,54]. Similar mechanisms may be
involved in HIF-1α regulation.
HIF1 versus HIF2
HIF-1α and HIF-2α expression within tissues, particularly the kidney, is variable [55].
HIF-2α was previously identified as required for mouse development, as several HIF-2α
knockout mice have shown embryonic lethality. HIF-2α expression in developing murine
kidneys, has been more pronounced within the vasculature, endothelial cells, glomeruli, and
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some tubule cells [56]. This variability in normal tissue or cellular expression can aid in
understanding how HIF expression can vary in tumor development [57-59]. However, adding
to this source of tumor variability, HIF-1α and HIF-2α appear to maintain many similar gene
targets, but also have sets of gene targets that are more commonly or specifically regulated
by either HIF-1α or HIF-2α [49,60]. As such, varying levels of HIF-1α and HIF-2α
expression in RCC are associated with upregulation of several pathways.
Tumors expressing both factors (H1H2) were found to promote glucose consumption
over HIF-2α expressing tumors (H2) [61]. Similarly, pVHL deficient H1H2 (expressing both
HIF-1α and HIF-2α) ccRCCs display upregulated mammalian target of rapamycin (mTOR)
and mitogen activated protein kinase (MAPK) signaling pathways, while those H2
(expressing only HIF-2α) carcinomas have upregulated c-Myc activity and showed increased
proliferative capacity [62]. Both groupings displayed increased angiogenesis, and
deregulation of VEGF transcript. Differential regulation of HIFs and their target genes can
therefore provide valuable information as to what genetic and molecular perturbations
influence tumor biology such as the dysregulation of metabolic and angiogenic pathways
[63].
Metabolism
HIF and metabolism in cancer
To comprehend all that can go astray in the transition from a normal to a tumor state,
we must understand what allows these cells to survive. The two most vital processes in a
multicellular system is the ability to deliver and utilize nutrients efficiently, these can come
in the form of oxygen and carbohydrates for the production of energy, amino acids, and/or
lipids (Figure 1.3). An initial observation by Otto Warburg detailed that cancer cells
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consumed more glucose to produce lactic acid compared to normal cells, even under normal
oxygen conditions. This shift from utilizing the efficient system of oxidative phosphorylation
(OxPhos) for the production of the key energy molecule, adenosine triphosphate (ATP) to an
aerobic and less efficient glycolysis was termed the “Warburg effect” [64]. This observation
has been the driving force behind the growing interest in understanding the metabolic
importance for tumor cell survival.
While the effect of HIF1 on glucose dependence in tumors has been well detailed [65],
researchers are increasingly aware that the differences in HIF1 and HIF2 expression can
impart important and key effects on tumor growth and metabolic phenotypes [66,67]. Using
human fibroblasts co-cultured with breast cancer cell line MDA-MB-231, xenografts
expressing either HIF1 or HIF2 had a difference in activation of metabolic pathways. HIF1
activation was primarily seen in tumor stromal cells with increased glycolytic activity, while
HIF2 driven tumor cells showed increased growth and oxidative phosphorylation [68].
Increased uptake of carbon sources is vitally important for fast growing cells, such as Mycdriven cancer cells [52,63]. In this state of rapid growth, cells are forced to adapt to nutrient
availability or drive the uptake of one particular substrate.
A detailed analysis of HIF1 versus HIF2 in immortalized human derived cell lines was
used to elucidate genes unique to each setting. Using an inducible stable gene expression of
either HIF-1α or HIF-2α, researchers identified HIF-1α as a major regulator of hypoxiainducible genes, primarily glycolytic enzymes. This was largely elucidated by the ability of
HIF-1α to induce increased expression of various genes, including hexokinase (HK),
phosphofructokinase (PFK), glyceraldehyde-3-phosphate (G3DPH), phosphoglycerate kinase
(PGK), and lactate dehydrogenase (LDHA), while HIF-2α did not result in an increase of
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these transcripts. Although HIF-2α did result in increased glucose transporter (GLUT1)
expression, it was concluded that HIF-1α, but not HIF-2α, is capable of promoting glucose
consumption [49].
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Figure 1.3: Metabolic pathways.
The main carbohydrate source for most cells is glucose. Glucose uptake occurs through the glucose
transporter (GLUT1) and is further broken down to the final product, pyruvate, in a process termed
Glycolysis. Pyruvate can either be converted into lactate, a reaction facilitated by lactate
dehydrogenase (Ldha1) or translocated to the mitochondria for conversion into acetyl-CoA, a process
facilitated by a pyruvate hydrogenase (Pdh) complex, or inhibited by pyruvate dehydrogenase kinase
(Pdk). Acetyl-CoA is then permitted to enter the Tricarboxylic acid (TCA) cycle. In this pathway,
substrates undergo anapleurotic reactions to generate new TCA cycle substrates, or components of
other pathways such as fatty acid synthesis or amino acid synthesis (not shown). Generation of
coenzymes NADH and FADH2 during the TCA cycle are utilized in the mitochondrial electron
transfer chain for oxidative phosphorylation and the generation of energy molecules, adenosine
triphosphate (ATP). Another source of carbon metabolism is the uptake of glutamine. Glutaminolysis
involves the reversible hydrolysis of glutamine into glutamate and ammonia, by glutaminase (Gls).
The reverse reaction is propelled by glutamine synthetase (Glul). Glutamate is then further
metabolized to α-ketoglutarate for re-entry into the TCA cycle by glutamate dehydrogenase (Glud1).
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Carbon substrate utilization
The metabolic switch was observed in a series of mammalian cell cultures exposed to
hypoxia, the cells exhibited increased rates of glycolytic enzymes [69]. The increase in
glucose intake is primarily driven by the increase in transcriptional regulation of the glucose
transporters (GLUT1 and GLUT3) by HIF-1α, in addition to the increased expression of
hexokinase 1 (HK1) and phosphofructokinase (PFK) essential enzymes for glycolysis; as
well as, lactate dehydrogenase (LDHA), which increases the conversion of pyruvate, the final
glycolytic product, into lactate. Additional inhibitory role of HIF mediated pyruvate
dehydrogenase kinase (PDK1) blocks the further metabolism of pyruvate into acetyl coA for
entry into the tricarboxylic acid cycle (TCA).
More recently, the importance of glutamine dependence by cancer cells has been
investigated. Glutamine is the most abundant carbon source in the mammalian circulatory
system and as such can also be highly sequestered in tumor cells. An alternate source of
carbon consumption is through the intake of glutamine in reductive carboxylation (the
conversion of glutamine to glutamate and then α-ketoglutarate) for entry into the TCA cycle
[70]. Independent studies have identified a switch to glutamine addiction upon MYC
activation in tumor cells [71,72]. This switch in carbohydrate use for metabolic function can
wreak havoc on the host and it is important to understand how HIF expression can result in
molecular changes that facilitate this switch.
HIF2 role in metabolism
While HIF1 has been well described to have an important regulatory role in glucose
metabolism in various cell types and cancer types, much less is known about HIF2 in
metabolic regulation. One study identified that VHL mutant RCC cells have increased
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glutaminolysis in human 786-0 RCC cells, which only express HIF2 [73], although several
other mutations are also known to exist in this established carcinoma cell line. Additionally, a
group studying the uptake of glutamine by various carcinoma derived cells observed that
HIF2 expression was present in cells that had increased glutaminolysis, although this was not
observed in a primary kidney cell system stably expressing HIF2. These studies indicate that
the completely story on the role of HIF2 in glutamine metabolism may be context dependent
and in the case of cancer cells, is likely to involve further perturbations in other regulatory
genes aside from HIF2 over expression [74].
As in the case of glutamine dependence in tumor cells, these cells require the use of a
readily accessible circulatory system for oxygen and nutrient delivery. While metabolism and
angiogenesis may seem very independent processes, there are many overlapping regulators;
one main effector is the family of hypoxia inducible factors. HIF dysregulation can likewise
impart grave physiological changes. Its is critical to understand these changes in a normal
setting in order to have a better grasp of what can go awry in a cancer setting.
Angiogenesis
HIF targets
Developmental formation of new blood vessels from progenitor cells is referred to as
vasculogenesis. The formation of new vessels from existing ones, or the recruitment of cells
for the formation of new vasculature in an existing system is known as angiogenesis.
Angiogenesis is what normally occurs in a diseased state, such as cancer, in which the
formation of vasculature is required for the delivery of oxygen or nutrients. It is this process
to which we will refer to and which is the cause of most research into understanding and
treating tumors [75].
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There are a vast number of genes that are regulated by the HIF family of transcription
factors. One well-studied group of cytokines is the family of four angiopoietin (Ang) ligands
and two tyrosine kinases with Ig and EGF homology domains (Tie) receptors. These factors
are not only regulators of the endothelium, but are involved in inflammatory responses
associated with angiogenesis. While Ang1 is capable of forming dimers, trimmers and
tetramers, it is only able to activate Tie2 as a tetramer or multimer [76]. Ang1 is additionally
required for embryonic development, the survival and proliferation of endothelial cells, as
well as vessel maturation. While Ang2 is not required for embryonic angiogenesis, it is
required for angiogenesis in vascular remodeling from newborns to adults [77]. Ang1/Tie2
signaling retains a critical role in angiogenic sprouting and vessel stability by reducing cell
permeability. This also includes inducing a Dll4/Notch expression, as well as leading to an
increase in collagen IV deposition for extracellular stability of vessel tube formation [78].
Ang2, which is highly expressed in various tumor types [79], has also been identified as
acting as an agonist to Tie2 resulting in increased tumor growth in mice [80]. The Ang/Tie
signaling pathway provides another level of potential targeted regulatory mechanisms in
human tumors.
By far the most notable of these targets is vascular endothelial growth factor (VEGF).
VEGF actually refers to a family of related peptides, each with restricted tissue expression
and receptor specificity. At least nine isoforms arise due to the alternative splicing of a single
gene [81]. VEGFA is the primary factor targeted in the treatment of cancer and is commonly
referred to as VEGF [82]. VEGF exerts its mitogenic growth effect on the vascular
endothelial cells, promoting both proliferation and new vessel formation, as well as directing
forward extension along a growth factor gradient. In many cancer situations, oxygen
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diffusion is unable to penetrate into the deeper regions of the tumor. This triggers a hypoxic
response as described above, resulting in HIF stabilization and resultant transcriptional
activation of VEGF. The development and maintenance of the dense vascular network
associated with RCC is largely driven by HIF’s transcriptional regulation of pro-angiogenic
factors such as VEGF, FGF, and PDGF. It is responsible for the recruitment of endothelial
cells to the tumor cells for the formation of new vasculature, the ability of cancer cells to
overcome a hypoxic environment and thrive, as well as to manage an increased metabolic
state of the cells. The survival of renal cancer cells requires direct transcriptional regulation
of these pathways by HIF family members [83]. It was noted that regional tissues liberate a
substance that promote the expansion of existing blood vessel networks, during angiogenesis,
and support the formation of new vessels, termed neovascularization. This process was also
noted to occur along a substrate gradient to reach a region of tissue in need of vascular
supply, these principles have formed the foundation of investigations into normal and tumor
angiogenesis [61,84]. Inappropriate activation of the hypoxia response pathway is a major
mechanism of VEGF transcriptional regulation in renal cell carcinoma [85,86]. A variety of
mechanisms account for the increase in VEGF, with activation of the hypoxic response
pathway via the transcription factors HIF1 and HIF2 as the most classic mechanism of
induction [87]. This dysregulation of HIFs can come by complete pVHL inactivation, but as
has been identified particular pVHL mutant isoforms retain the ability to partially regulate
HIFs.
This potent mitogen of both capillary and vascular endothelial cells [88,89] is perhaps
the only chemokine with direct activity to stimulate proliferation and migration of endothelial
cells. The activity promoted through binding and dimerization of cell surface transmembrane
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VEGF receptors also impacts the vascular physiology, causing vessel dilation and vascular
permeability. The receptors FLT1 (VEGFR1) and KDR/FLK1 (VEGFR2), receptors for
VEGFB and VEGFA, respectively, comprise the major classifications of endothelial
receptors that bind VEGF. Activation of this pathway is therefore not only promoting cancer
growth, but is also essential for tumor maintenance.
Anti-angiogenic targeted therapies
Because of the importance of VEGF in this critical process of tumor angiogenesis, it
has become a central player in the arena of targeted drug development for many tumors,
including RCC. For years, the influence of angiogenesis and the impact on oxygen and
nutrient delivery to rapidly growing tumors has been a basic factor of tumor biology as it
impacts such key clinically relevant factors as drug delivery, surgical resection strategies, and
sensitivity to radiation therapy. The importance of VEGF and its receptor system in tumor
angiogenesis was fully recognized as a feature for not only promoting cancer growth, but
essential for tumor maintenance. This suggested a potential therapeutic option specifically
targeting this aspect of tumor biology [90]. Since then, a revolution in targeted therapy has
evolved multiple strategies to achieve the inhibition of tumor angiogenesis. Because of the
unique molecular characteristics of constitutive, non-hypoxia dependent HIF activation and
VEGF expression in RCC, this cancer is an ideal system in which to examine these emerging
therapeutics specifically targeting VEGF signaling and provide important proof of concept
work.
As indicated above, the vascularization of tumors provides a provocative target for
therapy for several reasons. First, in adults, the formation of new vessels is an event
essentially relegated to pathologic conditions. The pathological event that demonstrates the
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efficiency of this process most elegantly is the growth of solid tumors. By promoting VEGF
signaling, cancer cells co-opt host vessels, sprout new vessels from existing ones, and/or
recruit endothelial cells from the bone marrow. Second, the resulting vasculature is
structurally and functionally abnormal, lacking vascular tone or proper pericyte support
structures and is highly permeable with global disorganization. Therefore, this unique tumor
vasculature provides a distinctive target for inhibitory therapy [85].
The notion of targeting tumor angiogenesis is not unique to RCC. Certainly, the
requirement of increased vascularity, or recruitment of vasculature by solid tumors, is a wellestablished hallmark of cancer [91]. VEGFA can be targeted by a humanized neutralizing
antibody, bevacizumab, which was previously approved as an adjunct to chemotherapy for
other cancers [92]. Although bevacizumab has shown limited activity as a single agent in
many other tumors, the drug provides an important addition to chemotherapy, as the
reduction in tumor-produced VEGF results in normalization of the vasculature for more
effective penetration of the chemotherapy.
In advanced RCC, the situation is somewhat different, as the tumor cells produce
abundant levels of VEGF in a manner unregulated by normal control mechanisms. The result
is a notoriously abundant and disorganized vasculature. What was speculated, but was
unknown, was whether as a result these tumors would be more dependent on tumor
endothelium to support continued growth. In fact, phase II data suggested that these tumors
were, in fact, highly dependent on the supporting vasculature, and reductions in tumor
volume followed treatment targeting VEGF ligand [93].
As a secreted ligand, VEGF-mediated mitogen activity is dependent upon engagement
of its receptor. As previously mentioned, there are multiple VEGF receptors expressed on
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tumor endothelial cells and possibly other components of the tumor stroma. It is important to
note that functional VEGF receptors have not yet been identified on renal carcinoma cells.
Thus, the effect of inhibiting VEGF receptor signaling rests primarily in preventing tumor
angiogenesis; additionally, withdrawal of the VEGF signal to endothelial cells induces their
regression. In elegant work by Bhatt et al, the tumor vasculature is virtually absent from the
tumor shortly after treatment with VEGF receptor tyrosine kinase inhibitors (TKIs) [94,95].
Indeed, RCC tumors treated with VEGF receptor TKIs display marked central necrosis,
consistent with cell death as a result of removing the vascular supply [96,97].
The success of VEGF receptor TKIs as a therapeutic strategy is owed to the unique
dependency of RCC on the disordered vasculature. It is important to recognize that as with
most TKIs, those used for the treatment of RCC are not exclusively inhibitory to VEGF
receptors (Table 1.2). However, as more is learned about the VEGF receptor inhibitors that
have been developed the theme that emerges is inhibition of VEGF receptor 2, as the critical
mediator of RCC tumor angiogenesis. The first two TKIs developed for advanced RCC are
sunitinib and sorafenib [98]. Pazopanib is another TKI recently approved for use in RCC
therapy targeting all VEGF receptors, as well as PDGFR-α and β, and c-Kit to inhibit
endothelial cell proliferation [99]. Finally, additional VEGF receptor TKIs currently
emerging are tivozanib and axitinib, both of which inhibit VEGF receptors 1, 2, and 3 as well
as PDGFR-β [100].
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Receptor

Ligand

Primary Receptor Role

High Affinity Target Therapy

VEGFR-1
(Flt-1)

VEGF-A
VEGF-B

Angiogenesis,
Vasculogenesis

Sunitinib, Pazopanib, Axitinib, Tivozanib

VEGFR-2
(Flk1/KDR)

VEGF-A
VEGF-C
VEGF-D
VEFG-E

Angiogenesis,
Vasculogenesis

Sorafenib, Sunitinib, Pazopanib,
Axitinib, Tivozanib

VEGFR-3
(Flt4)

VEGF-C
VEGF-D

Lymphangiogenesis

Sorafenib, Sunitinib, Pazopanib,
Axitinib, Tivozanib

PDGFR-α

PDGF

Angiogenesis

Sunitinib, Pazopanib, Axitinib,

PDGFR-β

PDGF

Angiogenesis

Sorafenib, Sunitinib, Pazopanib,
Axitinib, Tivozanib

c-Kit

SCF

Mast cell growth

Sunitinib

Table 1.2: Targeted receptors and tyrosine kinase inhibitor therapies.
Current anti-angiogenic therapies target multiple receptors, but are not exclusive to VEGF receptors.
SCF: Cytokine Stem Cell Factor, PDGFR: platelet-derived growth factor receptor, VEGFR: vascular
endothelial growth factor receptor.
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Notch signaling pathway
While VEGF is a key cytokine and initiator of angiogenesis, it is only one part of a
larger signaling pathway (Figure 1.4). Another major contributing pathway is the Notch
pathway comprised of a family of four Notch receptors; Notch1, Notch3 and Notch4 are
most commonly found on endothelial cells and signaled through by three Delta like ligand
family members (Dll1, Dll3, Dll4) and two Jagged (Jag1, Jag2) ligands. Dlls are normally
highly expressed on cells destined to be sprouting cells that migrate and initiate new vessels.
VEGF/VEGFR signaling at the sprouting cells can lead to the downstream signaling
activation of transmembrane Dll4 to its Notch1 receptor while also signaling additional
factors for the maintenance of proper vessel sprouting and to detain neighboring cells in a
stalk cell setting [101,102]. This in turn decreases stalk and phalanx cells from being
sensitive to VEGF signaling and maintaining a dormant or un-sprouting state [103,104].
Inhibition of Dll4 leads to improper sprouting on the vasculature network, increased
sprouting, density, and branching, but decreased tumor growth in a mammary tumor model.
Overall disruption of normal Dll4/Notch signaling leads to a non-functional improper
vasculature as a result of overstimulation to mitogenic signals [105]. This delicate balance
and cross talk between stalk and sprouting cells is important to maintain proper vessel
development.
Upon Notch receptor activation, it is cleaved by ɣ-secretases and the Notch
intracellular domain (NICD) is free to translocate to the nucleus. Here it forms a complex
with recombinant signal binding protein for immunoglobulin kappa J region (RBPJ) to
activate transcription of several genes, including Hes, the repressor Hey, Dll4, and Jag1
[106,107]. The expression of these and other angiogenic factors, which will not be discussed
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in this dissertation, is important for the tight regulation of an intricate process, such as
angiogenesis, that requires multiple factors to work in synchrony for everything to function
correctly.
Additional factors, such as the Jagged family of Notch ligands, and genes important for
polarity or extracellular matrix regulation, such as matrix metalloproteinases (MMPs), are all
key to the proper formation and maintenance of vessels. Jag1 has been shown to act in
opposing signaling patterns to Dll4, as a pro-angiogenic factor. Increased expression of Jag1
in murine retinas resulted in increased sprouting, more branching events, as well as increased
cell proliferation [108]. When proper regulation of these tightly concerted signals is
abrogated, as can occur in the case of HIF level dysregulation, the signaling mechanisms are
disrupted leading to improper angiogenesis [109,110]. These studies provide potential new
therapeutic targets that can more effectively disrupt the key elements that allow for
functional tumor vasculature.
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Figure 1.4: Angiogenic signaling in endothelial and neighboring support cells.
In our model, a cell, such as a tumor cell, would have particular HIF expression levels that allow for
the transcriptional activation of VEGF, resulting in the increased production and secretion of this and
other growth factors. Excess VEGF mitogens can then bind to excess present VEGFRs. This leads to
downstream activation of Dll4 and binding of Dll4 in the signaling cell to Notch on the stalk cell.
Notch is then cleaved by a ɣ-secretase, allowing the Notch intracellular domain (NICD) to translocate
to the nucleus and activate transcription of various targets, including Hes and Hey. Jagged ligands are
also part of the Notch Signaling pathway and act in opposing manner to Dll4. Pericytes can also be
signaled through PDGF/PDGFR for cell proliferation. The expression of these targets inhibits further
signaling to the stalk cell receptors, thereby making them less sensitive to angiogenic mitogen signals,
to maintain a stalk cell phenotype. This fine interplay of expression levels from one cell to the next is
essential to maintain proper angiogenesis.
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Summary
VHL is an important regulator of HIFs in an oxygen dependent manner. HIFs are
transcriptional regulators of a cadre of gene targets. Dysregulation of key target genes as a
result of stable HIF1 or HIF2 expression has a distinct metabolic phenotype. Certain VHL
mutants retain the ability to regulate HIFs, resulting in a distinct HIF profile that can be
impart a unique effect on proper angiogenesis. Understanding these differences within the
setting on a non-cancerous cell system is key to elucidating the effects of a single genetic
event independent of additional or accumulated mutations commonly present in cancer cells.
Significance-Contribution to the field
While there have been extensive investigations into the role of HIFs in several aspects
of cancer, few groups have separated the effects of HIF1 versus HIF2. We sought to
understand what molecular changes occur when HIFs are stably expressed independent of
VHL mutation in a primary kidney cell culture as a way to bypass confounding accumulated
changes that arise in established cell lines after years of manipulation. Doing this, we
concentrated our efforts on the renal epithelium, as this has largely been thought to be the
most at-risk cell type for RCC tumorigenesis.
We elucidated that the effects of a discrete familial VHL mutation can have great
effects on HIFs and downstream gene target regulation. Here, we provide a new look at
molecular changes in VHL dependent and independent HIF stabilization. We deliver a new
line of data for studying underlying issues inherent to RCC tumorigenesis in sporadic and
VHL Type 2B diseased states that, although studied in other complex systems, have yet to be
fully understood.
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Chapter 2 details the establishment and characterization of a neonatal murine primary
renal cell system. This primary cell culture system allowed us to elucidate differences in cell
growth when HIF1 or HIF2 are stably expressed and how their effects differ based on the cell
context. Previous studies focused on understanding the contribution of mutation in RCC
tumorigenesis have relied on using established carcinoma and embryonic stem cell lines, as
well as in vitro manipulation for use in subcutaneous tumor growth. This system provided a
genetically clean system to investigate each HIF, independent of other perturbations, in key
cellular processes commonly disrupted in tumorigenesis. Using primary epithelial kidney cell
culture generated in our investigations provided a platform for understanding key genetic
changes that occur in the most at-risk kidney cell population driving tumorigenesis.
Chapter 3 describes a previously unidentified inhibitory role for HIF2 in glutamine
utilization in primary kidney cells. While HIF1 shows a preference for glucose metabolism,
we show that HIF1 is also capable of driving reductive carboxylation. Additionally, HIF1
and HIF2 can drive increased levels of basal oxygen consumption. Through this work, we
show that although HIF1 is involved in glycolytic regulation in cells, it has additional roles
that can allow it to metabolize other substrates and HIF2s role in metabolism is not as silent
as previously thought.
In Chapter 4, we elucidated that the previously understood VHL mutational effect of
HIF family stabilization as a major source of VEGF elevation also results in Notch pathway
activation prompting dysregulated angiogenesis. Through this work, we have been able to
better understand the vascular dysregulation that can occur in normal, non-tumorigenic, cells
with mutant pVHL. This can help us to better understand why patients afflicted with VHL
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disease are prone to certain vascular cancers and elucidate potential targets for correcting or
alleviating some of those phenotypes.
Further understanding of the roles of the transcription factor family HIFs role in normal
cell metabolism and the tumor suppressor, pVHL in angiogenesis are vital to uncovering
better targeted therapies for altered diseased states.
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CHAPTER 22: PRIMARY NEONATAL KIDNEY CELL CULTURES AS A
CONDITIONAL EXPRESSION CELL CULTURE SYSTEM
Introduction
The majority of previously published and ongoing research into understanding the role
of genetic regulators, such as von Hippel-Lindau protein (pVHL) and hypoxia inducible
factor (HIF) family has been done using established human derived carcinoma cell lines.
While these established and largely commercially available cell lines are essential for
elucidating the multitude of perturbations that can exist within a single type of cancer, these
can include a myriad of combinations of deletions (small or large), duplications, or various
mutations in addition to epigenetic dysregulation. As one could imagine, this can make it
exceedingly difficult to directly attribute an observed molecular or physiological effect to one
particular genetic event. In addition to naturally occurring mutations or genomic conditions
in original derived carcinoma cell lines, passaging of in vitro cell cultures over decades has
been shown to give rise to additional genetic events in stable cancer cell lines [112].
As detailed in Chapter 1, inactivation of pVHL is associated with the majority of clear
cell renal cell carcinomas (ccRCC) and as a result, stabilization of HIF1 and HIF2. It has
been well established that ccRCCs either express HIF1 and HIF2 or HIF2 only [62,66]. Our
desire was to develop a model system with which we could examine the biology related to
the deregulation of major regulatory genes, akin to hypoxic or tumor tissues.
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Adapted from 111. Arreola A, Cowey CL, Coloff JL, Rathmell JC, Rathmell WK (2014) HIF1α and HIF2α
Exert Distinct Nutrient Preferences in Renal Cells. PloS one 9: e98705.
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Cell line models in use
Current cell line models in use, and commercially available, are human embryonic
kidney cells (HEK293), which were originally derived from whole kidneys have been
transformed with Adenovirus 5. Due to the heterogeneous nature of the cell line, the
particular cellular composition is unknown. Additionally, there is a cell line derived from
human kidney tubular epithelial cells (HKC 8). As well as renal primary tubule epithelial
cells (RPTEC), which have not been transformed, but have a long doubling time. While these
established primary kidney cell lines may be suitable to studying a single genetic event, by
overexpression or knockdown, we sought a model in which we could characterize our genetic
event of interest without ulterior effects of transfection to achieve this expression state.
Multicellular 3-dimentional (3D) cultures have proven vital as a tool that can bridge
carcinoma cell lines and animal models. The more widely examined sphere culture models
currently in use include mammospheres, derived from mammary epithelial cell lines and
primary mammary cells [113,114], as well as neurospheres, derived from neural stem cells
[115]. There have been epithelial sphere cultures generated that can model the cell polarity
requirements of this cell type and cell-cell interactions required in normal tissue organization.
One study involving the use of human derived renal cell carcinoma cell line (SK-RC-42)
detailed the enrichment of tumor sphere-forming cells by culturing cells in serum-free
medium supplemented with EGF and basic fibroblast growth factor (bFGF). These cultured
RCC tumor spheres were found to be enriched for stem cell markers Oct-3/4, Nanog, βcatenin, and Bmi1 polycomb ring finger, but were not enriched for cells positive for CD44,
CD24, CD133 or CD105 expression compared to monolayer adherent cells. Additionally,
SK-RC-42 tumor spheres implanted in nu/nu mice exhibited greater tumorigenic potential
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compared to SK-RC-42 monolayer cells, and also exhibited increased chemo-resistance and
radio-resistance [116]. Few primary renal sphere models have been developed, perhaps due
to the complexity of the system for ideal growth conditions that are not only important for
primary cells to maintain in culture without major physiological changes, but also because of
the delicate nature of spherical culture maintenance. Spherical models have been shown to
retain some of the same staining patterns as seen in vivo [112], this is important as 3D
cultures strive to maintain more physiological cell-cell interactions. Using a model system
derived from primary cells of neonatal kidneys, we sought to generate partially immortalized
cells that would only exhibit one major genetic perturbation of interest.
Kidney epithelium as the cell line of interest
Kidney organogenesis is a fairly complex process that continues postnatally.
Nephrogenesis, the development of the nephrons, is a result of a series of cellular invasions
of the metanephric mesenchyme into the ureteric bud. These cells undergo various
involutions that allow for the correct spatio-temporal expression of genes necessary for the
mesenchymal to epithelial transition. This allows for the differentiation of various cell types
including endothelial and epithelial cells and the formation of specialized structures, such as
the proximal tubules, distal tubules and collecting ducts. While the kidney is made up of
several cell types, the key cellular components we are interested in are the tubules, which are
epithelial in origin [117,118]. These structures are largely thought to be the cell of origin for
RCC. As such they are the main focus of our investigations as we look to understand the
genetic events that occur in normal kidney cells that drive them to tumorigenesis. This is best
achieved by focusing our efforts on a tissue-specific culture system where we can directly
assess these perturbations and the resulting effects. A previously published transgenic mouse
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model proved to be the ideal system from which to isolate primary neonatal epithelial kidney
(NEK) cells to individually analyze HIF1 and HIF2 stabilization effects.
HIF stable expression to model hypoxic, tumor tissues
A mouse model that expresses discrete conditional stabilization of HIF-α subunits was
generated. Stable expression of HIF1 or HIF2 is allowed by the presence of mutations on
proline residues, disrupting the oxygen-dependent degradation domains of HIF1 and HIF2.
These mutations resulted in pVhl being unable to recognize or target the resulting HIFα
subunits for degradation. pVhl-independent stable HIF-2α expressing mice showed increased
proliferation in skin cells, while stable HIF-1α and HIF-2α mice had lipid accumulation and
increased cell proliferation in the liver. This study confirmed differential gene target
activation by HIF-1α and HIF-2α driven by a foreign promoter. Gene expression changes
were observed with HIF-1α and HIF-2α stabilization, as well as following loss of pVHL
[119]. Overt tumor formation was not observed with these animals; however, HIF
stabilization can cooperate with known oncogenic mutations to produce a highly aggressive
phenotype [120,121].
Previous groups have also indicated that ccRCC tumors deficient in VHL could be
subcategorized by HIF-1α and HIF-2α differential expression, as well as by their downstream
effects on gene targets [62]. Although HIF1 and HIF2 appear to have similar targets in most
systems, they have differing roles and expression patterns in VHL-defective RCC cell lines
and possibly regulate cell cycle in opposing manners. Likewise, they may have different
target profiles associated with pathways and gene function [60]. HIF1 and HIF2 regulate
activation of angiogenesis and extracellular matrix remodeling, HIF2 promotes cell cycle
progression while HIF1 activates glucose metabolism [122,123]. This in vitro work suggests
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a differing importance for HIF1 and HIF2 in cell survival. This was further reiterated by
work on Hif-1α -/- and Hif-2α -/- mice, which were both found to be embryonic lethal. This
work shed light on the importance of HIF1 and HIF2 in development and regulation of nonredundant gene targets [49]. Although a multitude of investigations have been done into the
roles of HIFs in a tumorigenic state, little is known about the specific effects of HIF
expression within the native renal epithelium.
Establishing a primary neonatal kidney epithelial cell culture
We first sought to understand the effects of having HIF1 and HIF2 stably expressed in
separate cell cultures to better elucidate their individual roles in a Vhl-independent manner.
This would be achieved by not including additional effects of having VHL inactivated by
mutation or deletion as the main source of HIF stabilization. We chose to employ the use of
non-cancerous primary kidney cells derived from neonatal mice. With this model we wanted
to ask: Is it possible to establish a primary epithelial kidney cell line? What are their growth
effects from stably expressing HIF-1α or HIF-2α in primary kidney epithelial cells? Does
stable expression of a single HIF-α subunit in primary epithelial cells confer an advantage in
a tumor growth model?
To address our questions, a genetically engineered mouse model provided the ideal
platform for generating primary NEK cell cultures with the chance for exclusive expression
of either HIF gene [124,125]. Nephrogenesis, the development and growth of kidneys,
continues up to postnatal day 3 and prior to this point the kidneys have not fully developed or
terminally differentiated [126]. There remains an immature cell population that provides a
platform for the exclusion of fibroblast cells and the promotion of epithelial cell growth by
culturing the cells in serum-free medium supplemented with epidermal growth factor (EGF).
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Kidney cells were isolated using neonatal (0-3 days post birth) mice (Figure 2.1). Whole
kidneys were dissociated with collagenase IV, underwent serial washes and were cultured in
serum-free medium containing EGF. The cells appear cuboidal and grew in pockets of
colonies within the culture plate. There was some natural separation within the derived cells,
although they all had the same general appearance, it is not know if these pockets of colonies
were made up of distinct kidney cell types. When the cells had not undergone any additional
transforming events they retained in culture for ~14 days and would only sustain 2-3
passages. On day two of culture, cells are induced for conditional recombination using an
adenovirus cre delivery system or 4-hydroxy tamoxifen (4-OHT), which will be further
discussed.
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Figure 2.1: Generation of a murine derived primary cell culture system.
Primary neonatal epithelial kidney (NEK) cells were derived using both kidneys from a mouse 0-3
days post-birth. The tissue was dissociated in collagenase IV and cultured in serum free (SF) medium
supplemented with EGF. NEK cells were recombined using 4-hydroxy tamoxifen (4-OHT) in vitro.
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Transformation of NEK culture
The resulting culture was transformed using the Simian virus 40 large T antigen
(SV40-Tag) oncoprotein to maintain the NEK cells in culture for extended analysis. SV40Tag contains three major domains that bind various tumor suppressors including, p53, p300,
retinoblastoma protein (pRB) and CREB binding protein (CBP) leading to their inactivation.
It is unclear if inactivation of a single one of these proteins is sufficient to result in
transformation. Additionally, binding of SV40-Tag to the hypophosphorylated form of pRB
results in abrogation of cell cycle arrest [127-129]. Although SV40-Tag has the potential to
target various genes, some of which have yet to be identified, it also has the capability to
immortalize a wide range of cells, which was ideal for the heterogeneous population of
primary kidney cell culture in our system.
We undertook an analysis of SV40-transformed primary kidney epithelial cells derived
from newborn mice genetically engineered to express a stabilized HIF-1α or HIF-2α
transgene. These cells retained properties of stem cells and expressed markers for kidney
epithelium. Interestingly, NEK cells gave way to the formation of renosphere cultures,
providing us with a new primary model that may be very informative as it may be more
physiologically relevant in cellular signaling and interactions. The results demonstrate that
HIF-1α and HIF-2α cell growth is dependent on their cell growth context. The primary cell
cultures generated for this study have HIF levels primarily affected only by the genotype of
the cell lines, thus making this ex vivo cell culture unique model for studying the individual
HIF contribution.
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Results
Renosphere formation by primary kidney cell cultures
The culturing conditions for NEK cells gave way to the formation of compact spherical
structures we termed “renospheres.” Primary cells migrated about the culture plate and
formed connections with other cells to form renospheres, eventually budding off from the
plate to grow in suspension. These structures were grown without a basement membrane
requirement and are capable of continually propagate the culture with or without enzymatic
disaggregation and passaging from either spheroids only or cells growing as a monolayer.
We can appreciate a bright field image of a renosphere growing in culture (Figure 2.2A),
while its complex structure is seen in a scanning electron micrograph of a renosphere
collected from suspension (Figure 2.2B). A hematoxylin and eosin (H&E) cross section of
one renosphere details the internal arrangement of these dense masses of cells (Figure 2.2C).
We did not observe any cavity or large necrotic centers within our renosphere cultures. One
of the most important aspects of culturing neonatal kidney cells was to capture and propagate
cells that would be the most at-risk cell type for tumorigenesis. To ensure that the NEK
cultures were epithelial in nature, we evaluated renospheres by immunohistochemistry (IHC)
for pan-cytokeratin expression (Figure 2.2D). The majority of renosphere cells had
cytoplasmic expression of this epithelial marker.
These studies provided us with reassurance that our cell culture was the first successful
generation of a mouse primary culture system with spontaneous renosphere formation. This
phenomenon of sphere formation was of particular interest to us and we sought to further
investigate and describe the NEK cell culture histology and growth potential.
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Figure 2.2: Primary NEK cell morphology as renospheres.
(A) Bright field image of a renosphere growing in culture. Size bar = 25 µm. (B) Scanning electron
micrograph shows the dense structure of a renosphere formed by NEK cells in culture. Size bar = 10
µm. (C) Cross-section H&E stain of a renosphere collected from suspension. Size bar = 25 µm. (D)
Immunohistochemical stain for epithelial marker, pancytokeratin, is present in the majority of cells
making up the renosphere. Size bar = 25 µm.
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Renospheres retain renal and stem cell marker expression
In generating a primary NEK cell line, the entire murine kidney was dissociated. While
the neonatal kidney is functional, it is still undergoing differentiation. The resulting cells
would be comprised of a heterogeneous mixture of differentiated epithelial cells, there would
presumably also exist a population of undifferentiated renal cells. To ascertain a wider profile
of the NEK culture composition we performed IHC for markers previously described as
being expressed in specific renal cells and in stem cells. Sclerostin domain containing protein
(SOSTDC1) has been previously described as being profusely expressed in distal renal
tubules [130]. A subset of cells within renospheres had positive SOSTDC1 expression
(Figure 2.3A), and corresponding staining pattern can be seen in adult murine kidney distal
tubules (Figure 2.3B). Likewise, N-Myc downregulated gene (NDRG1) has been reported to
have proximal tubule specific staining in the mammalian kidney [131]. A portion of
renosphere cells showed positive NDRG1 expression (Figure 2.3C), while proximal tubule
specific cytoplasmic expression can be appreciated in the stained adult kidney (Figure 2.3D).
Given the young age of the mice used in deriving the primary cells, we wanted to
ascertain if any stem cell markers persist in renospheres. We detected a rich focal expression
pattern of the widely studied stem cell marker CD133 in renospheres (Figure 2.4A), for
comparison, a juvenile murine kidney (1 month old) also showed ubiquitous expression
(Figure 2.4B), which was largely lost in adult kidney (1 year old) (Figure 2.4C). CD133 was
previously not thought to be a kidney stem cell marker, but further analysis of human fetal
kidney cells found that a large portion of these cells were CD133 positive. Additionally
CD133+ and CD24+ cells have been found in regions of the proximal tubule that may
indicate a source of potential stem cells within the kidney [132]. However, expression of this
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marker was highly associated with differentiated tubular cells, indicating that the kidney may
retain expression of this marker even after differentiation [133].
OCT4 is a stem cell marker known to be important for cell differentiation, renospheres
showed mostly global expression of OCT4 (Figure 2.4D), while juvenile kidneys had limited
expression to few tubular regions (Figure 2.4E). There was stronger and more widespread
OCT4 expression in adult kidneys, particularly to the renal cortex (Figure 2.4F). It is worth
nothing that OCT4 has also been identified as a HIF2 transcriptional target [59], and
expression of OCT4 in this system may be in part HIF-mediated. Lastly, since renal epithelial
cells have a mesenchymal stem cell origin, we assessed the expression of a mesenchymal
stem cell marker, integrin β1 (Iβ1). Renospheres had small focal expression of Iβ1 (Figure
2.4G). Juvenile kidneys had Iβ1 expression in all glomeruli cells and some surrounding
tubules (Figure 2.4H), while adult kidneys only retained expression in a select few cells
within the glomerulus (Figure 2.4I). Combined, these results provide a more comprehensive
view of this heterogeneous primary kidney cell culture.
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Figure 2.3: NEK renospheres express kidney specific markers.
(A) A subset of renospheres exhibited positive expression of distal renal tubule marker Sclerostin
domain containing protein (SOSTDC1), (B) distal tubules in the adult kidney show positive
SOSTDC1 expression. Select cells in renospheres had positive expression for a (C) proximal tubule
marker N-myc downregulated gene (NDRG1), (D) with corresponding staining in the adult murine
kidney.
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Figure 2.4: NEK renospheres express stem cell markers.
Renospheres were stained by immunohistochemistry for stem cell CD133 expression (A), which was
enriched in a focal pattern of renospheres. CD133 expression in mice is restricted to (B) juveniles (1
month old) in the kidney as we see no positive staining in (C) adult (1 year old) mouse kidneys. (D)
Expression of OCT4 was widespread in the renospheres and (E) was limited to few tubule cells in the
juvenile kidney, (F) more widespread staining of OCT4 was seen in adult kidneys. (G) Integrin β1
staining was seen in small focal regions within renospheres, (H) while in the juvenile kidney, this
expression is seen in glomerular cells and some surrounding tubule cells, (I) in the adult integrin β1
expression was restricted to a subset of cells within the glomeruli.
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Neonatal epithelial kidney culture system provides a model to study genetically engineered
expression of HIF1 and HIF2
To focus on the differences in cellular function based on HIF expression independent
of pVHL regulation, we employed a previously described transgenic mouse model of
constitutive HIF dysregulation [119]. The conditional mouse model system contains a
hemagglutinin (HA) tagged human HIF-1α subunit with a double proline to alanine
substitution (dPA) at amino acid residues 402 and 564, here referred to as HIF1dPA; a
separate mouse contains the HA-tagged human HIF-2α subunit with residues 405 and 531
containing proline to alanine substitutions, here referred to as HIF2dPA. Site-specific
mutagenesis at these proline residues prevents hydroxylation by PHDs despite the presence
of oxygen, thereby preventing polyubiquitination by the VBC complex and proteosomal
degradation. Expression of these alleles is under control of the constitutively active
endogenous murine Rosa26 promoter. Following recombination of loxP-stop-loxP (LSL)
sites, HIFdPAs are stably expressed.
Previous attempts to establish a primary renal cell line had relied on a tamoxifen
inducible Keratin18 (K18) Cre-ERT2 allele for recombination [134]. Although this method of
cre recombinase was fully functional, we were uncertain how early in the neonatal kidney we
would be able to activate its expression, or how widespread the K18 would be expressed for
the level of organ-wide recombination that we required. Our subsequent approach was to
utilize an allele that would be expressed early enough in development and that would have
far-reaching potential for activating recombination in as many cells as possible. Thus, we
chose to achieve recombination of the R26-LSL alleles to activate expression of the HIFdPA
by using the knock-in human ubiquitin C (UBC) Cre-ERT2 allele in the endogenous murine
UBC allele[135]. Recombination at this mutant estrogen receptor allows for 4-OHT inducible
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recombination of floxed alleles, but not with conventional estrogen. This inducible
recombination thus allows for complete recombination in all cell types beginning from early
developmental stages (Figure 2.5).
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Figure 2.5: Conditional stable expression of Hypoxia Inducible Factor in a murine derived
primary cell culture system.
The previously described transgenic mouse model contains a HA-tagged human HIF1 or HIF2
insertion with double proline to alanine (dPA) substitutions in the endogenous Rosa 26 locus with
inducible loxP-stop-loxP sites. These mice were crossed with a mouse containing a tamoxifeninducible cre estrogen receptor ligand binding domain under control of a human ubiquitin C
promoter. Upon 4-OHT mediated recombination, stable expression of HIF1dPA and HIF2dPA is
induced. Recombination is denoted as “dPA+” throughout this text.
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R26-LSL recombination results in HIFdPA stable expression
We confirmed stable protein expression of HIFdPA by three methods. First, following
recombination of R26-LSL alleles, two independently derived NEK cells lines were
genotyped for the presence of the R26-recombinant allele by PCR. Here we can observe the
loss of the recombinant allele in HIF1dPA cells treated with an Adenovirus cre recombinase
(Figure 2.6A), as well as in HIF2dPA cells (Figure 2.6B).
These cultures were first isolated and served as a way to test and set the conditions for
isolating future cells to generate stable NEK cell lines. With these cells, we used Adenovirus
containing a CMV promoter-driven cre recombinase (AdV cre) with an internal ribosome
entry sequence (iRES) green fluorescent protein (GFP) to induce R26-LSL recombination.
AdV cre mediated recombination is the fastest way for manipulating the isolated cells as
maximal recombination can be inferred by the presence of GFP within 24-48 hours postinduction (data not shown). The use of a viral cre delivery system has many advantages, but
there are also potential drawbacks. Adenovirus has cellular toxicity, and surviving cells may
represent a biased sub-population. We have evaluated adeno-associated virus and lentivirus
delivery strategies, and have found adenovirus to be superior to these. However, we decided
for an alternative method of recombination using the knock-in UBC Cre-ERT2 for future
stable cell lines. Each cell line also showed amplification of the corresponding knock-in
HIFdPA allele by PCR genotyping with allele specific primers (data not shown).
Recombined HIFdPA cells are denoted by the annotation “dPA+” to indicate stable
expression of the specified HIF.
Second, to assess HIF expression in NEK cells, we adhered cells to glass slides by
cyto-spin and stained the cells for total HIF by immunocytochemistry (ICC) (Figure 2.6C).

51

While the cells exhibit measurable endogenous HIF levels, there was a significant increase of
HIF-1α in HIF1dPA+ cells and HIF-2α expression in HIF2dPA+ cells as quantified in Figure
2.6D. Lastly, we wanted to identify the availability of nuclear HIF for potential
transcriptional activity. Nuclear extracts were immunoblotted for HIF-1α and HIF-2α
expression. We observed that HIF-1α is more pronounced in HIF1dPA+ nuclear extracts
(Figure 2.6E) compared to HIF-2α in HIF2dPA+ (Figure 2.6F, quantified in Figure 2.6G).
While these cells retain endogenous levels of HIF-1α and HIF-2α, they are normally
expressed at low levels; we are still able to appreciate the increase in HIF expression levels
by several methods. This model provides a basis for examining the individual effects of
stably expressed HIF-1α or HIF-2α, in the form of a stable primary cell line derived from the
murine kidney, in the same fashion as would be observed in tumors or hypoxic environments.
We next focused on analyzing the cellular contribution to NEK cells and the effects on cell
morphology and growth following stable HIF expression would function above basal set
points.
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Figure 2.6: HIFdPA recombination in NEK cells.
(A) Recombination and loss of the Rosa26-Lox-Stop-Lox alleles was confirmed in two newly
isolated and recombined NEK HIF1dPA cells and (B) HIF2dPA cells by PCR primers specific to the
R26LSL allele followed by gel electrophoresis. (C) NEK cells were stained by immunocytochemistry
for HIF1 or HIF2 protein expression. 40x (D) Corrected Total Cell Staining from stained cells
indicated significantly higher HIF protein levels in recombined cell lines. Bars indicate average with
standard error of the mean. * p≤0.05, ** p≤0.01. (E) Immunoblot of nuclear extracts showed an
increase in HIF-1α expression following 4-OHT treatment, and (F) a modest increase in HIF-2α was
detected. (G) Infrared Fluorescence readings were used to normalize the HIF1 and HIF2 protein
levels normalized to nuclear Lamin B loading control.
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Cell growth effects of HIFdPA stable expression
Based on previous reports of differing HIF effects on cell proliferation, we wanted to
assess the individual contribution of HIF1dPA or HIF2dPA stable expression on cell
morphology and growth. To measure cell growth we performed time-course cell counts at
24-hour intervals over 5 days (Figure 2.7A). We did not observe significant differences in the
rates of proliferation between HIF1dPA+ and HIF2dPA+ in vitro. Sphere formation has been
shown to provide a different advantage and insight into the tumor forming capabilities of
various cell types compared to cells grown in a monolayer. A 3D culture can provide a more
physiological cell setting due to cellular contact and activation of different growth factors
[113,136]. Finding no proliferative advantage or disadvantage, we compared the ability of
HIFdPA+ to affect renosphere formation. We cultured cells over 14 days and assessed their
sphere forming capabilities. The average sphere formation of HIF1dPA+ cells was about half
of the number of renospheres formed in HIF2dPA+ expressing cells (Figure 2.7B).
To assess if the individual contribution of HIF expression would have the same effects
on in vivo growth as we observed in renosphere formation, we employed the use of an
allograft tumor system. Growth of allograft tumors was measured using unrecombined wild
type (WT), HIF1dPA+, and HIF2dPA+ cells injected subcutaneously into bilateral flanks of
NOD/SCID/IL-2R gamma (NSG) immunodeficient mice and monitored over 12 weeks. We
observed a potential trend toward decrease in the average tumor volume in HIF2dPA+
tumors (Figure 2.7C), but overall the effects on graft growth were not significant.
Additionally, we observed differences in tumor morphology. Examining the histology of
these tumors, we observed more differentiated features throughout the specimens in all
(10/10) HIF1dPA+ tumors. By comparison, HIF2dPA+ tumors had few differentiated

54

features, detected in only a few of the masses (4/10) (Figure 2.7D). In comparison to WT
allografts, the features present in HIF2dPA+ masses were less organized and cells contained
large open nuclei. All genotypes resulted in pronounced infiltration of the surrounding
muscle. Ki67 staining indicated similar patterns of cell proliferation across all groups (Figure
2.7D).
These findings suggest that there is no direct proliferative advantage to stable
expression of either HIF-1α or HIF-2α in monolayer cultures, which is consistent with the
negligible growth of early VHL deficient cells (and by corollary, stabilization of both HIF-1α
and HIF-2α) in the kidney of patients with VHL disease [137]. However, both factors
provided an advantage to the formation of spheres in culture, with HIF-2α providing the
greater advantage over repeated experiments.

55

A

B
300
250
200
150
100
50
0

Average Tumor Volume
(L*W*D*(p/6)

6000
5000

*

4000
3000
2000
1000
0

24h

C

**
7000

HIF2dPA
HIF1dPA
HIF2dPA+
HIF1dPA+

Average Renospheres

Average Cells (104)

350

48h

72h

96h

120h

WT

D

0.8
0.8

WT

HIF1dPA+ HIF2dPA+

HIF1dPA+

HIF2dPA+

0.6
0.6

H&E
0.4
0.4
0.2
0.2

Ki67

0.0
0.0
WT

HIF1dPA+ HIF2dPA+

Figure 2.7: In vitro and in vivo effects of stable HIFdPA expression.
(A) Cell proliferation of HIF1dPA+ and HIF2dPA+ cells was assessed by cell counts from 24 to 120
hour time points. We observed no significant difference in cell proliferation between HIF1dPA+ and
HIF2dPA+ cells. Line graph shows representative average of duplicate counts and one standard
deviation. (B) Average renosphere formation of 5x105 cells over 14 days. HIF1dPA+ NEK cells had
significant increase of renospheres formed over WT cells. HIF2dPA+ had significantly more
renospheres compared to HIF1dPA+ cells. * p≤0.05, ** p≤0.01 (C) Subcutaneous injections of 8x106
cells into bilateral flanks of NOD Scid Gamma mice were monitored over 12 weeks. Average
allograft tumor growth showed a slight increase in HIF1dPA+ expressing cells over HIF2dPA+ cells.
Dots indicate each allograft; bars indicate average and one standard deviation. (D) Representative
hematoxylin and eosin (H&E) staining of wild type (WT), HIF1dPA+, and HIF2dPA+ tumors.
HIF1dPA+ expressing allografts contained organized histology, few were present in WT NEK
allografts. HIF2dPA+ expressing allografts contained a more disorganized histology. Representative
tumor sections stained for proliferating cells by positive Ki67 expression. Size bar = 25 µm.
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Discussion
In this study we described a primary neonatal epithelial kidney cell culture system with
stable HIFdPA expression. We were able to generate a conditional primary cell line with
either stable HIF1 or HIF2 expression. Culturing of these cells gave rise to renosphere
cultures that we identified as a heterogeneous cell population largely epithelial in nature, but
also expressing residual stem cell markers. While stable HIF expression did not affect cell
growth in a monolayer state, it did confer a growth advantage to renosphere formation.
Additionally, HIF expression was also associated with distinct histologies in an allograft
system.
Human-derived carcinoma cell lines have been the in vitro standard for elucidating the
role of individual genes and their role in cancer. While a lot has and can be learned from
using these systems, it has been more recently understood that a cell line is not static and has
the potential to accumulate additional genetic perturbations through serial passaging and in
vitro manipulations. Sequencing of various carcinoma lines has allowed us to appreciate the
complexity that can result in cancer from initiating and secondary mutations or epigenetic
dysregulation, to some genetic changes that may simply be passenger mutations and may
provide no advantage to tumorigenesis [138,139]. This multifactorial effect observed in
cancer cells can make it increasingly difficult to attribute any one phenotypic observation to a
single genetic event without the advent of genetically engineered knock-in or overexpression
systems. This was the driving force for our undertaking to generate a primary neonatal
epithelial kidney cell culture system that would bypass the inactivation of one tumor
suppressor in order to observe the effects of its downstream target family, the HIFs.
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We successfully cultured primary kidney cells with tamoxifen inducible HIF1 or HIF2
expression. While the most commonly inactivated gene in ccRCC is von Hippel-Lindau, loss
of pVHL alone is not sufficient to result in tumor formation [140,141]. To fully understand
what effects are seen when HIF transcription factors are stably expressed, each HIF should
be investigated as an independent event in the most at-risk cell type to fully understand what
occurs in a hypoxic or tumorigenic setting.
The presence of stem cell expressing cells in combination with differentiated tubule
cells does add a level of complexity in understanding what HIF1 or HIF2 are doing in any
particular cell type. At the same time, this heterogeneous cell population and culturing of
cells in a 3-D structure provides a more physiologically relevant environment for cellular
interactions and signaling. This was most apparent in the cell growth differences observed in
cell cultures grown in a monolayer versus as renospheres. The majority of cancer research is
performed in cell lines grown in a monolayer and it is important to keep in mind that this is
not the normal method for cells to grow and interact in a tissue or organ.
Overexpression of HIF2 has more often been associated with an increase in cell growth
in a Myc-dependent manner [52,63], and also linked to a more aggressive tumor formation in
a xenograft setting [58,66]. It was surprising to have observed no significant allograft growth
advantage in the setting of HIF2dPA+ given the established role of HIF2 in cell growth.
However, the clear differences in histology within the derived tumors were striking.
HIF1dPA+ allografts had distinct tubule-like structures that were far less pronounced in
HIF2dPA+ allografts. It is possible that HIF2 driven tumors require the expression of other
factors to prime and provide a state more susceptible to tumor progression. Additionally,
HIF2dPA+ tumors had a more unorganized un-differentiated histology, which would be
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more associated with a more aggressive tumor type that may have undergone a possible
epithelial to mesenchymal transition.
This study has provided us a platform for further investigations into the effects of
VHL-independent HIF1 and HIF2 stable expression.

59

Materials & Methods
Ethics statement
All animal work was done in accordance with the University of North Carolina at
Chapel Hill Division of Laboratory Animal Medicine (UNC DLAM) and the University of
North Carolina at Chapel Hill Institutional Animal Care and Use Committee (UNC IACUC)
approval (Protocol # 12-195).
Primary cell isolation and culture
Transgenic mice containing human UBC-CreERT2 allele (Stock # 008085) were
purchased from JAX laboratories [59]. R26-LSL; HIFdPA mice were generously provided by
Dr. William Y. Kim from the University of North Carolina at Chapel Hill [119]. Animals
were maintained on a standard chow. Adapted from previously published protocols
[124,125,142], bilateral kidneys were harvested from neonatal mice one to three days after
birth. Both kidneys were rinsed in 5mL Dulbecco’s Phosphate Buffered Saline (D-PBS)
twice. Tissues were crushed using plastic pestles and dissociated in 1mg/mL Collagenase IV
in D-PBS (Worthington) at 37°C for 40 minutes with intermediate vortexing. Cell/tissue
suspension was washed in DMEM/F12 (Gibco) medium twice to separate, by gravity, large
remaining tissue pieces from cell suspension. The remaining cell suspension was washed in
DMEM/F12 medium and centrifuged at 500-600 rpm for two minutes, repeated three times.
Cells were plated on 10cm plates (Corning) and cultured in NEK medium at 37°C, 5%CO2.
Cells were immortalized by treatment with (6µg/mL) polybrene in filtered conditioned
medium from ψ2SV40 cell culture, for 48 hours. The cells were then washed and cultured in
NEK medium as an immortalized cell line. Cell cultures were recombined using NEK
medium containing 1x106 units/mL Adenovirus Cre (from the University of Iowa vector lab)
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for 48hrs (for use in PCR genotyping, Immunohistochemical analyses, and allograft tumors)
or 0.1mM Z-4-hydroxytamoxifen (Sigma) for 72 hours.
Cells were cultured in NEK medium: DMEM/F12 base medium, 1x Insulin Transferrin
Selenium (Gibco), 1x Penicillin/Streptomycin (Gibco), 12ng/mL Epidermal Growth Factor
(Sigma, Gemini Bioproducts).
Scanning electron microscopy
Renospheres grown in suspension were prepared for scanning electron microscopy by
the University of North Carolina at Chapel Hill Microscopy Core. Renospheres were fixed in
suspension with 3% glutaraldehyde/0.15M sodium phosphate buffer, pH 7.4. Following three
rinses with 0.15M sodium phosphate buffer, pH 7.4 (PB) for 5 minutes each, the cells were
post-fixed in 1% osmium tetroxide in PB for 45 minutes followed by two 10 minute washes
in deionized water. The renospheres were transferred to porous specimen capsules (30µm
pore size) and dehydrated with a series of ethanols (30%, 50%, 75%, 100%, 100%, 100%10minutes each), transferred to a Samdri-795 critical point dryer and dried using carbon
dioxide as the transitional solvent (Tousimis Research Corporation, Rockville, MD). The
samples were mounted on 13mm aluminum planchets with double-sided carbon adhesive
tabs and sputter-coated with 10nm of gold-palladium alloy (60Au:40Pd, Hummer X Sputter
Coater, Anatech USA, Union City, CA). Images were taken using a Zeiss Supra 25 FESEM
operating at 5kV, working distance of 5mm, and 10µm aperture (Carl Zeiss Microscopy,
LLC., Thornwood, NY).
Immunohistochemistry
Cells were fixed in 10% Formaldefresh (Fisher Scientific), paraffin embedded and
sectioned. Hematoxylin and eosin staining of the allograft tumors was performed by the
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University of North Carolina at Chapel Hill Animal Histology Core. Paraffin embedded
sections were deparaffinized in SafeClear, three times for 5 minutes, then rehydrated in a
serial 5 minute washes in 100%, 100%, 95%, 95%, 70% ethanol solutions. The slides were
then washed in ddH2O. Antigen retrieval was done in a 1x citrate buffer solution for 30
minutes in a steamer, followed by room temperature incubation for 30 minutes. The slides
were then rinsed in ddH2O. To block endogenous peroxidase activity the slides were
incubated in a 1% H2O2 solution for 10 minutes, followed by three 5 minutes washes in
Phosphate Buffered Saline with Tween-20 (PBS-T). The slides were blocked in a 5% BSA in
PBS solution for 20 minutes, then the appropriate primary antibody dilution was placed on
each sample for overnight incubation in a humidified chamber. On Day 2, slides were
washed four times in 5 minute PBS-T washes, secondary antibody was added to each slide at
a 1:10000 dilution for 40 minutes, followed by three 5 minute PBS-T washes. HRP
conjugation of each antigen was done in a wash with ABC-HRP solution for 40 minutes in a
humidified chamber, followed by three 5-minute PBS-T washes and one wash with ddH2O.
To visualize the stain, slides were incubated in DAB substrate solution (Vector Kit) for 30-90
seconds in the dark and immediately rinsed in H2O. Each slide was then counterstained with
hematoxylin, rinsed thoroughly and dehydrated in a series of washes in 95%, 100%, and
SafeClear for 10 minutes each. Coverslips were then mounted onto the slides using
Permount.
Antibodies used: Pan-cytokeratin (ab9377), Ki67 (ab16667), CD133 (ab19898), OCT4
(sc-2788), Integrin β1 (ab52971), SOSTDC1 (ab56079), and NDRG1 (NBP1-18959).
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Cell genotyping
gDNA was extracted from cell suspension, by incubating a small cell pellet with
20mg/mL Proteinase K solution at 55°C for 3 hours followed by 95°C for 15 mins. gDNA
was then used to genotype each sample for the R26-LSL recombinant allele as well as HIF1α or HIF-2α by polymerase chain reaction (PCR). PCR products were separated and
visualized on a 3% TAE agarose gel.
Immunocytochemistry
200 µL of a 5x105 cell suspension was used to cyto-spin cells onto a glass slid. The
attached cells were allowed to air dry and were then fixed in a 3% Paraformaldehyde solution
for 10 minutes at room temperature. The slides were then washed in PBS solution three times
for 5 minutes. The samples were permeabilized in a 0.25% Triton-X100 in PBS solution for
10 minutes, followed by three PBS washes for 5 minutes. To block endogenous peroxidase
activity the slides were incubated in a 1% H2O2 solution for 10 minutes, followed by three 5
minutes washes in PBS-T. The slides were blocked in a 5% BSA in PBS solution for 20
minutes, then the appropriate primary antibody dilution HIF-1α (NB100-449) or HIF-2α
(NB100-122) was placed on each sample for overnight incubation in a humidified chamber.
On Day 2, slides were washed four times in 5 minute PBS-T washes, secondary antibody was
added to each slide at a 1:10000 dilution for 40 minutes, followed by three 5 minute PBS-T
washes. HRP conjugation of each antigen was done in a wash with ABC-HRP solution for 40
minutes in a humidified chamber, followed by three 5-minute PBS-T washes and one wash
with ddH2O. To visualize the stain, slides were incubate in DAB substrate solution (Vector
Kit) for 30-90 seconds in the dark and immediately rinsed in H2O. Each slide was then
counterstained with hematoxylin, rinsed thoroughly and dehydrated in a series of washes in
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95%, 100%, and SafeClear for 10 minutes each. Coverslips were then mounted onto the
slides using Permount. Intensity of stain was assessed using Image J software and was used
to calculate the corrected total cell staining. Results graphed as the average corrected total
cell staining with standard error mean, Student’s two-tailed T-Test was performed to
calculate significance at p≤0.05, or p≤0.01.
Quantitative infrared western blot
Nuclear extractions of cells were conducted using the NE-PER Nuclear/Cytoplasmic
extraction kit protocol (Pierce). ~50µg of protein was separated by SDS-PAGE, transferred
onto nitrocellulose membranes at 4°C, and washed in PBS-T. The membranes were blocked
in 5% BSA in PBS for 30 minutes, followed by overnight incubation in 1:1000 Rb anti-HIF1α (NB100-449)/1:500 Gt anti-Lamin B (sc-6217) solution in 5% BSA in PBS or 1:1000 Rb
anti-HIF-2α(NB100-122)/1:500 Gt anti-Lamin B (sc-6217) solution in 5% BSA in PBS
overnight at 4°C, then washed with PBS-T. 1:10,000 anti-Rb and anti-Gt secondary antibody
at two different infrared channels was used for a 1 hour incubation in 5% BSA in PBS. The
membranes were then washed in PBS-T and visualized on an Odyssey classic instrument,
quantification of band intensity was done using Odyssey LI-COR software. Fold change of
infrared fluorescence readings was done for each HIF over the corresponding nuclear Lamin
B.
Cell proliferation
10x103 cells were plated in triplicate and cultured under 37°C, 5%CO2. Cell counts
were done at 24, 48, 72, 96 and 120-hour time points using the Bio Rad TC 20 automated
cell counter. Each triplicate for each time point was averaged and is shown as a
representative of two replicate experiments with one standard deviation.
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Sphere formation assay
5x105 cells were plated and allowed to form renospheres for 14 days. Renospheres
growing in suspension were collected and fixed in 4% paraformaldehyde for 30 mins, stained
using Crystal violet and embedded in 1.5% agarose. Number of spheres were counted using
ImageJ software [143]. Each genotype was quantified in triplicate. Average fold change and
standard deviation were graphed; Student’s two-tailed T-Test was performed to calculate
significance at p≤0.05, p≤0.01, or p≤0.001.
In vivo tumor allograft analysis
NEK cells were cultured as described. 8x106 cells were injected in bilateral flanks,
subcutaneously in five NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ NOD scid gamma (NSG) mice per
cell line for twelve weeks, or until one cm3 tumor size, as measured by calipers. All animal
procedures were approved by UNC IACUC and UNC DLAM, care was ensured to minimize
animal discomfort.
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CHAPTER 33: HIF-1Α AND HIF-2Α EXERT DISTINCT NUTRIENT
PREFERENCES IN RENAL CELLS
Introduction
Clear cell renal cell carcinoma (ccRCC) is the most common subtype of renal cell
carcinoma (RCC) making up over 75% of RCC cases [144]. ccRCC is considered to arise
from cells of the renal tubule epithelium, and the majority of ccRCC cases contain
inactivation of the tumor suppressor gene, von Hippel-Lindau (VHL), either by mutation or
deletion [145,146]. VHL protein (pVHL) acts as a tumor suppressor through its role as the
substrate recognition protein in the E3 ubiquitin ligase complex, VBC [22].
pVHL is involved in numerous processes [42,46,147], but one of the most widely
characterized is the regulation of a family of transcription factors, hypoxia inducible factors
(HIFs), in an oxygen dependent manner [148]. Under normal oxygen conditions, prolyl
hydroxylases (PHD1, 2, 3) add a hydroxyl group to proline residues on HIF-1α and HIF-2α.
These hydroxylated residues are recognized by the VBC complex, polyubiquitylated and
rapidly degraded by the proteasome [28]. Under low oxygen conditions, or when pVHL is
inactivated by mutation or deletion, HIFα subunits escape VBC mediated regulation and are
stably present in the cytoplasm where they heterodimerize with the cognate partner, aryl
hydrocarbon receptor nuclear transporter (ARNT), also known as HIFβ. HIF α/β
heterodimers translocate to the nucleus where they regulate transcription of target genes.
Importantly, HIFα isoforms, HIF-1α and HIF-2α, can be distinctly expressed in both normal
3
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and cancer cells where they may exert specific effects on cell metabolism that are not well
understood. These effects are particularly uncertain in the case of HIF2.
Hypoxia inducible factors HIF1 and HIF2 (referring to each α/β heterodimeric
complex) are predicted to play roles in differentiation [59,149], vasculogenesis [86,149], cell
growth [59,62,63], and metabolic function [49]. Aberrant expression or dysregulation of
these factors can initiate transcriptional activation programs to ultimately create a more
favorable environment for tumorigenesis. Efforts to clarify transcriptional targets have shown
differential roles for HIF1 and HIF2 in gene target regulation [49,60]. HIF1 is generally
described as regulating genes important for metabolic, and in particular glycolytic, function
[150], while HIF2 has more often been observed to regulate cell growth and angiogenic
functions, with few roles being attributed to cellular metabolism. However, the majority of
studies designed to tease apart differential activities of HIF factors have revealed a high
degree of tissue dependence on functional outputs [151].
Differential expression of HIF1 and HIF2 in ccRCC has been observed, with human
tumors either expressing HIF1 and HIF2 or only HIF2, although the functional effect of the
differing expression profiles on metabolic regulation are not fully understood [62]. Recent
evidence suggests that the HIF-1α locus is selectively lost in ccRCC tumors during
progression to higher stages [152]. Carcinoma is increasingly being characterized as a
metabolic disease based on the cancer cells’ dependence on various necessary nutrients from
healthy surrounding cells [153,154], and the dysregulation of metabolic machinery to ensure
continued growth [146]. ccRCC tumors display unique metabolic features that define the
cancer in genomic investigations [146,155].
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Little is known about the individual contributions of HIF1 and HIF2 in metabolic
processes. Recently, HIF1, more than HIF2, has been found to promote a glutaminedependent reductive carboxylation (RC) metabolic phenotype in RCC cells [74]. We
undertook an analysis of SV40-transformed primary neonatal epithelial kidney (NEK) cells
derived from newborn mice genetically engineered to express a stabilized HIF-1α
(HIF1dPA+) or HIF-2α (HIF2dPA+) transgene. We sought to identify the metabolic effects
of stable expression of HIF1 or HIF2 in primary renal-derived cells, fully described in
Chapter 2. Our focus was to reveal the differences and similarities in contributions to
metabolic programming by these transcription factors. Although extensive investigations
have been conducted into the driving role for HIF-1α in glucose uptake and metabolism, not
much is known about the contributions by HIF-2α. It is well accepted due to the highly
proliferative nature of cancer cells, that they are greatly dependent on an upregulated
metabolism to fuel the growing needs of the cancer. This is evidenced in the wide use of
RCC monitoring, where uptake of a glucose analog, fluorine-18 fluorodeoxyglucose (FDG)
to image tumors, by their ability to take up FDG by positron emission tomography (FDGPET) [156]. This imaging relies on tumors to be relying on glycolytic pathway activity,
which has most often been attributed to HIF-1α, however we know that not all RCC tumors
express HIF1 [62], leading us to believe that metabolic functions in a tumor state are far
more complex than we imagined.
Glucose versus glutamine
Most of the investigations have focused on glucose metabolism in various cancer types.
It has been observed that glucose uptake is primarily driven by an increase in glucose
transporter (GLUT1) expression in addition to an increase in transcript levels of the
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downstream glycolytic enzyme, hexokinase (HK1) in hematopoietic cells [157,158]. Glucose
metabolism in hypoxic cells has been thought to result in a decrease in cellular oxygen
consumption, largely due to HIF1 driven expression of pyruvate dehydrogenase kinase
(Pdk1) inhibition of the pyruvate to acetyl CoA conversion for further metabolism [159].
However, when grown under conditions of glucose deprivation and hypoxia, human
fibroblast cells increase their oxygen consumption rates, but show a decrease in ATP
production in a HIF1 dependent manner [160].
More recently, groups have begun to explore alternate sources of energy. Cancer cells
are capable of using multiple different substrates including glucose and amino acids to
generate energy, without regard for energy efficiency, as evidenced by the Warburg effect.
Glutamine is the most common amino acid available in mammals and can be found freely
circulating in the bloodstream as it delivers ammonia to many organs. This carbon source is
also capable of delivering nitrates necessary for nucleotide production, which are greatly
sought after by highly proliferative cancer cells. The liver is the main regulator of glutamine
levels. Once in the cells, glutamine must also be shuttled into the mitochondria where it will
undergo glutaminolysis. Analysis of hematomas showed that decreased levels of intracellular
glutamine were associated with increased purine and pyrimidine levels, where glutaminase
levels were high and glutamine synthetase levels were low. Various tumors are associated
with increased glutaminase activity for the increased uptake and metabolism of glutamine
[161]. Large rat tumors are have also been described as having greater rates of liver
glutamine consumption, compared to small tumors [70]. Likewise, HeLa cells grown in the
absence of glucose primarily used glutamine for energy production, but was roughly evenly
metabolized in the presence of glucose, while this group suggest that glutamine is the main
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carbon source in cancer cells they indicate that some cell types are capable of adjusting to
nutrient availability [162]. The drivers behind glutamine consumption are the subjects of
more recent investigations.
The role for HIF2 in glucose and glutamine metabolism is not as well understood.
Recent investigations have shown that Myc proto-oncogene expression was necessary for
glutamine uptake in glioma cells [72]. Additionally, osteosarcoma cells that are MYCdependent show a dependence on glucose and glutamine for cell proliferation, but primarily
utilize glutamine uptake for oxygen consumption by RC [71]. While HIF2 has been shown to
have a regulatory role for increasing c-Myc expression [62], HIF1 is known to have an
opposing effect [52]. It is still unknown what major driver effects on metabolism are HIF2
dependent.
This lead us to ask, what metabolic pathways are used in cells that express either HIF1α or HIF-2α only, much as we would see in a hypoxic or tumorigenic state? What roles do
HIF1 or HIF2 play in these processes?
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Results
Stable HIF expressing cells differentially activate angiogenic and metabolic target genes
To circumvent the effect of additional mutations or genomic events from derived
human carcinoma cell lines, we utilized a primary renal cell line derived from neonatal mice.
As detailed in our first study, this cell line was derived from a transgenic mouse model
containing a tamoxifen-inducible stable expression of human knock-in HIF1 double proline
to alanine (dPA) or HIF2dPA alleles under control of the endogenous Rosa 26 promoter and
lox-stop-lox cassette. These HIFdPA isoforms block oxygen-dependent hydroxylation of two
proline residues on each alpha subunit, allowing them to bypass the pVHL-E3 mediated
degradation pathway [119]. As was described in Chapter 2, we were able to validate the
increased stable expression of these stable isoforms by various methods.
HIF1 and HIF2 are known to regulate several common transcriptional targets, but
independently are also capable of transcriptionally regulating specific target genes [49]. To
assess the transcriptional function of the renal cell lines, quantitative real time PCR (qRTPCR) was performed for known HIF targets, egl nine homolog 3 (Egln3) [163] and vascular
endothelial growth factor (Vegfa) [51]. Embryonic stem (ES) cells expressing a construct
with WT Vhl [12] that exhibit maximal HIF regulation and Vhl null ES cells, where both
HIFs are endogenously stabilized, were employed as controls. As expected, ES Vhl null cells
had significantly elevated mRNA levels over Vhl WT cells for both HIF targets. A significant
elevation in transcript levels of Egln3 by both HIF1dPA+ and HIF2dPA+ cells was also
observed. HIF1dPA+ cells only showed a slight increase in Vegfa mRNA levels, but a
significant increase was observed in HIF2dPA+ cells (Figure 3.1A), consistent with previous
reports suggesting that Vegfa responds preferentially to HIF2 in mouse models [164].
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HIF1 has been regarded as a metabolic regulator by its known transcriptional
regulation of various metabolic targets including the glucose transporter (Glut1);
phosphofructokinase (Pfk1); lactate dehydrogenase (Ldha1); and pyruvate dehydrogenase
kinase (Pdk1), which inhibits pyruvate dehydrogenase and the conversion of pyruvate into
acetyl CoA, thereby blocking carbon entry into the TCA cycle from glycolysis. Vhl null ES
cells display a significant increase over ES Vhl WT cells for Ldha1 and Pfk1 mRNA levels
by qRT-PCR. HIF1dPA+ cells also showed significant increases in Ldha1, Pfk1, and Pdk1
mRNA levels over the unrecombined partner cell line, HIF1dPA. HIF2dPA+ cells showed a
reduction in transcript levels of the same targets compared to HIF2dPA control cells (Figure
3.1B). All results were confirmed in at least two independently derived NEK cell lines. This
verified that in our cell system, HIF1 is capable of regulating expression of glycolytic
enzymes at the transcript level. We next sought to define the unique differences between
these similar yet functionally distinct transcription factors on in vitro metabolic function.
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Figure 3.1: HIF1dPA and HIF2dPA are functional transcription factors.
Gene expression of known HIF transcriptional targets was assessed by quantitative real time PCR.
Fold change was calculated compared to the paired unrecombined cell line. (A) Gene expression of
known joint targets Egln3 and Vegfa. Vhl WT murine ES cells (endogenous HIFs lowly expressed)
and Vhl null murine ES cells (endogenous HIFs highly expressed) show the increased expression of
these targets when both HIF1 and HIF2 are expressed. Significant increase of Egln3 expression in
HIF1dPA+ and HIF2dPA+ cells, slight increase of Vegfa mRNA expression by HIF1dPA+, but
significant increase of Vegfa by HIF2dPA+. (B) Expression of HIF1 metabolic gene targets Lactate
dehydrogenase (Ldha1), Pyruvate dehydrogenase kinase (Pdk1), and Phosphofructokinase (Pfk1).
HIF1dPA+ cells have statistically significant increase in expression of Ldha1, Pdk1 and Pfk1;
HIF2dPA+ cells have decreased expression of the metabolic targets. Bars indicate averages with one
standard deviation. * p≤0.05, ** p≤0.01, (ns) not significant.
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Metabolic function differs by stable HIF expression
To explore the individual contribution of HIF1 and HIF2 to metabolic activity in the
kidney epithelia, we employed the Seahorse (XF) system to measure real-time extracellular
metabolic flux and oxidative phosphorylation based on proton excretion and oxygen
consumption, respectively [165]. This system allows for the simultaneous measurement of
these cellular processes as well as immediate response to inhibitor treatment. Although
HIF1’s role in driving glucose uptake into cancer cell lines and aiding in the glycolytic
pathway has been described extensively [150,166], we wanted to identify the contributory
role of HIF2 in glucose metabolism. Primary NEK cells were cultured in complete medium
and examined for glycolytic activity via the extracellular acidification rate (ECAR) at basal
levels and following the addition of a glycolytic inhibitor, 2-deoxy-d-glucose (2-DG). 2-DG
contains a hydrogen in place of the 2-hydroxyl group, preventing it from being further
metabolized. HIF1dPA+ cells displayed increased basal levels of ECAR compared to the
paired cell line, HIF1dPA (Figure 3.2A). HIF2dPA+ cells, in contrast, had lower basal levels
of ECAR compared to HIF2dPA cells, suggesting that HIF2 expression supports less
glycolytic production of lactic acid (Figure 3.2B). Treatment with 2-DG, inhibited ECAR for
both cell lines, however, HIF1dPA+ cells retained excess proton excretion in the presence of
2-DG, suggesting that proton production in this cell line may not be solely accounted for by
glycolysis, but may be indicative of additional substrates being converted to lactic acid.
To verify that the difference in glucose consumption was not specific to one cell line or
technique, we cultured an independent set of cell lines, human embryonic kidney (HEK293)
cells, induced for stable expression of either HIF1dPA+ or HIF2dPA+ with a radiolabeled
glucose substrate to measure the amount of glucose metabolized and converted to radioactive
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water by the glycolytic enzyme enolase. HEK293 HIF1dPA+ cells displayed significantly
increased levels of glycolytic flux compared to HEK293 HIF2dPA+ cells (Figure 3.2C),
confirming the preferential promotion of glycolytic function by HIF1 expressing cells.
To assess whether HIF expression influences oxygen consumption, as has been
previously predicted [53,150], we measured oxygen consumption rate (OCR) by XF assay. In
complete medium, both HIF1dPA+ (Figure 3.2D) and HIF2dPA+ cells (Figure 3.2E) showed
increased levels of basal oxidative phosphorylation (OxPhos) over the unrecombined paired
cell line. Treatment with an OxPhos inhibitor, rotenone (Rot), which prevents complex 1
mitochondrial electron transfer thereby inhibiting the electron transport chain [167], resulted
in reduced oxygen consumption. Thus, NEK cells stably expressing either HIF1 or HIF2 are
capable of effecting increased mitochondrial oxidative phosphorylation activity, contrary to
what has previously been reported for HIF1 in other cell types [159].
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Figure 3.2: Metabolic function of differentially expressed HIF1 and HIF2.
(A) Glycolytic function of NEK HIFdPA cells was quantified by measuring real time proton
excretion, extracellular acidification rate (ECAR), using the Seahorse system. HIF1dPA+ cells
incubated in 10mM glucose supplemented medium showed increased basal levels of glycolysis
compared to HIF1dPA cells. Following treatment with a glycolytic inhibitor, 10mM 2-deoxy-dglucose (2-DG), levels are decreased, but a significant difference remains. (B) Basal levels of
glycolytic activity in HIF2dPA and HIF2dPA+ cells show a small significant increase in HIF2dPA+
cells and no significant difference following treatment. (C) Confirmation of HIF1dPA+ dependent
glucose uptake was confirmed by glycolytic flux in a separate cell line, human embryonic kidney
cells (HEK293) stably expressing either HIF1dPA or HIF2dPA. HEK HIF1dPA+ cells showed
significantly increased levels of glycolytic flux. Results show the average of two independent runs
with one standard error of the mean. (D) Real time oxygen consumption rate (OCR) measurement in
HIFdPA cells using the Seahorse system. HIF1dPA+ and (E) HIF2dPA+ cells have significantly
higher levels of basal OCR over the paired un-recombined cell line. Following treatment with 750nM
rotenone, an oxidative phosphorylation (OxPhos) inhibitor, OCR levels are greatly reduced. Line
graphs indicate average with standard error of the mean. * p≤0.05, ** p≤0.01, ^ p≤0.001, (ns) not
significant.
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Tricarboxylic acid cycle enzymes transcriptionally regulated by differential HIF
expression
To understand the transcriptional role of HIF1dPA+ and HIF2dPA+ cells might play in
non-glycolytic metabolic processes, we analyzed mRNA levels of several key enzymes
regulating metabolic activity (Figure 3.3). We compared pyruvate carboxylase (Pcx), which
metabolizes pyruvate to oxaloacetate for anaplerosis, a reaction to replenishing TCA cycle
intermediates. Additionally, we analyzed enzymes that catabolize glutamine into glutamate
(glutamine synthetase, Glul), glutamate into glutamine (glutaminase, Gls); and glutamate into
α-ketoglutarate (glutamate dehydrogenase, Glud1) for entry into the TCA cycle. Both
HIF1dPA+ and HIF2dPA+ cells had significantly higher mRNA levels of Pcx for
anapleurotic support of the TCA cycle, as a potential bypass of HIF1 cells’ inhibition of
pyruvate dehydrogenase in generating acetyl CoA for TCA cycle entry. Although HIF2dPA+
cells exhibited an increased expression of Glud1 transcript levels indicating a possible
increase in glutaminolysis, these cells lacked a preference for glutamate carbon sources
supporting oxidative phosphorylation (Figure 3.2E). We also observed a significant increase
in Glul mRNA expression, an enzyme driving the conversion of glutamate into glutamine,
along with decreased levels of Gls, indicating that glutamine sources may be blocked from
being effectively taken up in HIF2dPA+ cells.
Transcriptional regulation of these enzymes details a potential role for HIF isoform
expression to exert an influence on several key metabolic transitions affecting nutrient
utilization, such as TCA cycle and glycolytic enzymes. Examination of the equivalent human
metabolic enzyme gene sequences (Table 3.1) revealed at least one putative hypoxia
response element (HRE) upstream of each transcriptional start site (TSS). HREs are denoted
by a core sequence, CGTG, allowing for the recognition and binding of HIF1 or HIF2 and
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additional transcriptional binding partners for specific target gene transcriptional regulation.
Previous groups have shown that some HIF target genes are known to contain functional
HRE binding sites several thousand base pairs upstream [168]. The putative HRE binding
sites in these genes still require individual confirmation of direct binding to HIFs and
functional validation as transcriptional elements. We next sought to understand what effects,
if any, transcriptional regulation of these metabolic regulators would have in the presence of
HIF1 or HIF2 on nutrient uptake.

79

HIF1dPA
HIF1dPA+
HIF2dPA
HIF2dPA+

*

Fold Change

3

*

*

^

2

Glycolysis
Pcx

TCA Cycle
α-ketoglutarate
Glud1

**

1

Glutamate
Glul
Gls
Glutamine

0
Pcx

Glul

Gls

Glud1

Figure 3.3: Metabolic enzymes exhibit different gene expression levels based on HIF levels.
Gene expression by qRT-PCR of metabolic enzymes regulating entry into and progression of the
TCA cycle; fold change of tamoxifen treated cells to paired un-recombined NEK cell line is shown.
Both HIF1dPA+ and HIF2dPA+ cells had increased levels of Pyruvate carboxylase (Pcx) transcripts.
HIF2dPA+ expressing cells showed increased levels of Glutamine synthetase (Glul), and Glutamate
dehydrogenase (Glud1); while showing decreased Glutaminase (Gls). Bars indicate average with one
standard deviation. ^ p≤0.1, * p≤0.05, ** p≤0.01.
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Gene

HRE sequence

Distance from TSS (bp)

Pyruvate Carboxylase

GCGTG

>> -2769, -2089, -1954,
-747

ACGTG

> -7188, -5738

Glutamine synthetase

GCGTG

-3022, -2770, -2442, -1355

Glutaminase

GCGTG

-506

Glutamate dehydrogenase

GCGTG

-298

Table 3.1: Putative Hypoxia Response Element binding sites of metabolic regulatory enzymes.

Close analysis of the metabolic enzyme sequences upstream of the transcriptional start site uncovered
at least one putative hypoxia response element (HRE). Several of these HREs were several kilobases
upstream. Direct binding of HIF to these sites is required for confirmation of their functionality.
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Metabolic pathway preference based on carbohydrate substrate
Cancer cells are capable of using various carbon sources to support cellular functions,
including glucose and glutamine [70,72,169]. To test nutrient contribution to energy
production, we assayed the oxidative capabilities of NEK cells in the presence of medium
with only one major carbon source at a time. The cells were assayed in medium with glucose,
or one of two glutamate sources, L-Glutamine and Glutamax (a less toxic form of glutamine
that does not release ammonia when metabolized) as the main carbon source. HIF1dPA+
cells showed a significant decrease in oxygen consumption rate with glucose
supplementation alone (Figure 3.4A), and a trend toward reduction with L-Glutamine (Figure
3.4B) and Glutamax alone (Figure 3.4C), compared to HIF1dPA cells. No significant
difference was noted in OxPhos levels of HIF1 cells following treatment with Rotenone. In
contrast, HIF2dPA+ cells had no significant increase in OCR levels over HIF2dPA cells
following the uptake of glucose alone (Figure 3.4D), but OCR levels were significantly
suppressed under both glutamine sources (Figure 3.4E and F). For HIF1dPA+ cells, glucose
or glutamine alone may not be sufficient to drive the increase in cellular oxidation observed
in complete medium. However, HIF2 expressing cells demonstrated the enhanced oxygen
consumption in the presence of only glucose, and OCR was significantly suppressed in the
presence of glutamine carbon sources, indicating glucose as the preferred nutrient for
supporting mitochondrial oxidative phosphorylation.
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Figure 3.4: Differences in carbon source consumption and regulation of metabolic enzymes by
differential HIF expression.
Oxygen consumption rate (OCR) measurements of HIFdPA cells incubated in medium supplemented
with individual carbon sources and then treated with an OxPhos inhibitor, Rotenone: (A) 10mM
Glucose, (B) 2mM L-glutamine, and (C) 2mM Glutamax. HIF1dPA+ cells displayed no increase in
OCR with any of the different glutamine sources alone. (D) HIF2dPA+ cells had no significant
increase in levels of OCR under glucose-supplemented conditions, but significantly reduced OCR in
(E) L-glutamine and (F) Glutamax carbon sources. Lines indicate average with standard error of the
mean. (ns) not significant, ** p≤0.01, ^ p≤0.001.
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HIF1 expression promotes reductive carboxylation
Glutamine uptake in cells can be through oxidative glutaminolysis, for entry into the
TCA cycle, or reductive carboxylation (RC) for entry into fatty acid synthesis. This involves
the uptake of glutamine, converting it to glutamate and finally α-ketoglutarate for entry into
the TCA cycle and continued metabolism. In collaboration with the Iliopoulos group, [113

C1]-[5-13C1] Glutamine was traced for incorporation of labeled carbon atoms in various

metabolites as a measure of reductive carboxylation (Figure 3.5A) [74]. HIF1dPA+ cells
promoted reductive carboxylation compared to WT and HIF2dPA+ cells, as evidenced by the
increased levels of 13C incorporation into TCA metabolites (Figure 3.5B). The increased
metabolism of glutamine and glucose, as previously observed, by HIF1 cells left us to
wonder if these processes were dependent on expression of regulatory enzymes in the
presence of stable HIF1. To investigate this, we performed knockdown of Pdk1 and Glud1
and examined their ability to metabolize limited carbon nutrients.
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Figure 3.5: HIF1 shows a greater role in reductive carboxylation.
(A) In a collaboration with the Iliopoulos group at Massachusetts General, they performed a carbon
13 isotope labeling assay to measure [1-13C1] glutamine incorporation into TCA metabolites
(byproducts of reductive carboxylation of glutamine) using gas chromatography-mass spectrometry.
(B) They observed that HIF1dPA+cre cells had increased levels of glutaminolysis as evidenced by
greater incorporation of [1-13C1] in RC metabolites compared to the control, this effect was not seen
in HIF2dPA+cre cells. Adapted from Gameiro et al. Cell Metabolism (2013) [74].
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Selective carbon metabolism is driven by HIF1-regulated enzymes.
The regulatory role of HIF1 on glycolysis is primarily dependent on the initial uptake
of glucose, and secondarily by its ability to shuttle the majority of the resulting substrates
into lactate production in a Pdk1-dependent manner as a form of survival in hypoxic settings
[53]. The increased expression of Pdk1, primarily when induced in a hypoxic setting, has
been known to result in decreased oxygen consumption [159]. To assess if the increased
ECAR observed in HIF1dPA+ cells was dependent on Pdk1 expression, we transfected
HIF1dPA+ cells with a pool of three short hairpin RNAs (shRNAs) specific to Pdk1 and
confirmed knock-down efficiency at about 90% by qRT-PCR 24 hours after transfection
(Figure 3.6A). HIF1dPA+ shPdk1 cells were then assayed for acid production (Figure 3.6B)
and oxygen consumption (Figure 3.6C) activity following the addition of glucose. Pdk1
knockdown cells showed a decrease in proton production compared to HIF1dPA+ cells, a
difference only lost after 2-DG treatment; a slight increase in oxygen consumption was also
observed. Intact Pdk1’s role in diverting pyruvate to lactate likely attributed to the increased
proton production observed in HIF1dPA+ cells, while decreasing the levels of PDK1 would
allow for more pyruvate to follow through to the TCA cycle and mitochondrial electron
transport chain (ETC), resulting in increased oxidative phosphorylation.
The uptake of glutamine in cells can be regulated by several enzymes, but the final
uptake of glutamate into α-ketoglutarate for entry into the TCA cycle falls on glutamate
dehydrogenase (Glud1). To clarify the regulatory function of HIF1 in glutaminolysis and
glycolysis, we sought to understand the effect of Pdk1 knockdown versus knockdown of
Glud1 in HIF1dPA+ cells cultured in complete medium (containing glucose and glutamine).
Using a pool of four small interfering RNAs (siRNAs) specific to Glud1, knockdown
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efficiency for Glud1 was confirmed by qRT-PCR and calculated at ~45% in HIF1dPA+ cells
(Figure 3.7A) 24 hours post-transfection. When siGlud1, shPdk1 treated, and untreated
HIF1dPA+ cells were grown in complete medium, we see a significant increase in
HIF1dPA+ cells’ (black line) acid production levels (Figure 3.7B) compared to either
knockdown line. HIFdPA+ cells also had higher oxygen consumption (Figure 3.7C), while
little difference is observed in either knockdown cell line. Although we suspected that
HIF1dPA+ cells require functional GLUD1 to mediate the uptake and entry of Glutamine
derived nutrients into the TCA cycle and adequate cellular oxygen consumption, we were
surprised to observe that Pdk1 knockdown would have a drastic effect on oxygen
consumption. A recently published study investigated the role of PDK1 in reductive
carboxylation, they identified that treatment with a Pdk1 inhibitor, dichloroacetate (DCA)
affected the balance of cytosolic NAD+/NADH, blocking reductive carboxylation [170].
Taken together, we have observed that in renal primary epithelial cells, HIF1
preferentially drives glucose metabolism, but is unable to support oxidative phosphorylation
as nutrients become limiting key regulatory enzymes are inhibited. HIF2, in contrast,
effectively supports oxygen consumption in nutrient rich environments with glucose but not
glutamate as a sole carbon source.
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Figure 3.6: HIF1 regulation of glucose and glutamine uptake dependent on key enzymes.
(A) Confirmation of knockdown of murine Pdk1 in HIF1dPA+ cells was ~90% by shRNA. (B)
HIF1dPA+ cells expressing shPdk1 showed decreased levels of ECAR following administration of
10mM Glucose. (C) Only a minimal increase in OCR levels following shPdk1. Graphs show average
with standard error of the mean. ** p≤0.01, ^p≤.001, (ns) not significant
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Figure 3.7: Glutamine metabolism in HIF1 cells is differentially affected by Pdk1 and Glud1
expression.
To assess if metabolism in HIF1 cells relied on glutamine and glucose uptake, we compared Pdk1
versus Glud1 knockdown scenarios in glucose and L-glutamine containing medium. (A) Glud1
knockdown was ~45% in HIF1dPA+ cells compared to control cell lines. (B) HIF1dPA+ shPdk1 and
HIF1dPA+ siGlud1 cells had decreased levels of proton production (ECAR) (C) and oxygen
consumption (OCR) compared to HIF1dPA+ cells. Graphs show average with standard error of the
mean. * p≤0.05, ** p≤0.01, # p≤.001, (ns) not significant.
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Discussion
Utilizing an endogenous HIF1 and HIF2 stable expression system in primary kidney
epithelial cells, we were able to show that these related transcription factors have different
roles in the regulation of essential metabolic pathways. HIF1 has a greater role in regulating
expression of key glycolytic enzymes and this effect is observed as an increase in glucose
consumption and glycolytic acidification. HIF2 expression selectively increased oxygen
consumption, and favored nutrient utilization of glucose. Cells dependent on HIF2 may have
a less efficient metabolic program, as these cells were less capable of metabolizing glutamine
carbon sources. These results indicate that HIF1 and HIF2 promote distinct metabolic
properties, and these may reveal important differences in cancer growth promoting activities
(Figure 3.8).
Glycolytic uptake differences in HIF1 and HIF2 are attributed to the differential
expression of multiple enzymes in a tight sequence of events known as glycolysis. Glycolysis
begins with the transport of glucose into cells by GLUT1, it then undergoes phosphorylation
by HK1 to trap this form of glucose-6-phosphate within the cells. This is then followed by a
series of reactions tightly regulated by enzymes including PFK1, PGK, GAPDH, and
pyruvate kinase, leading to the final production of pyruvate. All of these enzymes are known
to be regulated by HIF1 [150,166]. It is here that pyruvate can be converted to acetyl CoA to
be shuttled into the TCA cycle and subsequent OxPhos, or it can be converted into lactate by
LDHA. The inhibition of pyruvate to acetyl CoA conversion by HIF1 dependent PDK1 [53]
results in a decrease in OxPhos as pyruvate is shunted away from the TCA cycle [159]. This
increase in glucose consumption and lactate production, accompanied by a decrease in
oxygen consumption, is most often observed in cells under hypoxia [68].
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HIF1 is associated with lower levels of oxygen consumption under hypoxia in a
carcinoma cell model [159]. We demonstrate that under a simple genetic cell system stably
expressing HIF1 or HIF2, these cells have increased levels of basal OxPhos, showing that
PDK is not sufficient to completely block OxPhos entry. These observed differences between
previously published investigations may point to a cell-context dependence of metabolic
function in cells. Direct inhibition of Pdk1 by shRNA had the same effect of decreased
OxPhos as knocking down Glud1 by siRNA despite the presence of glucose. This disruption
in both glucose and glutamine metabolism appears to be not only dependent on the presence
of key nutrients, as was observed in agreement with previous reports, but may also require a
well maintained ratio of coenzymes (NAD+/NADH) to complete the electron transport chain
[170].
Through limited carbon feeding, we were able to show that while HIF1 has an
important role in many steps along glycolysis, additional processes allow it to make use of
glutamine as a nutrient source. Although HIF2 cells have hypoxic signals upregulated, it is
not known to be a direct transcriptional regulator of most glycolytic enzymes, despite this
being the main source of metabolism. It is still not well understood how important
differences in metabolic shifts and nutrient utilization are in the initiation versus progression
of cancer cells. While individual carbon source uptake may not be ideal in most cells, as we
see low levels of OxPhos under most limited carbon treatments, activation of glutaminolysis
by HIF1 may serve as an alternative survival mechanism under times of limited nutrient
availability.
Cancer cells have multiple altered pathways either by transcriptional regulation or
increased hypoxic state. Under a hypoxic state, both HIFs are stably expressed and the
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expression of these factors ultimately alters the nutrient resource utilization and energy
generation strategy. Elucidating the major sources of nutrients in cancer cells, especially
those driven by altered HIF signaling, can help improve future detection and therapeutic
approaches.
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Figure 3.8 Model of HIF expression driving metabolic functions.
HIF1 transcription factor preferentially drives glycolysis through the uptake and breakdown of
glucose substrates proceeding to the breakdown of downstream substrates into the TCA cycle. HIF1
drives the uptake and breakdown of glutamine sources for entry into the TCA cycle. HIF2 is capable
of driving the metabolism of glucose and resulting substrates into the respiratory chain. Expression of
HIF2 also blocks the glutamine sources from feeding into the TCA cycle.
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Materials & Methods
Primary cell isolation and culture
Primary cell isolation and culture were previously described in the Chapter 2 Materials
and Methods section.
Quantitative real time polymerase chain reaction
cDNA was generated using SuperScript II Reverse Transcriptase (Invitrogen). qRTPCR was performed using primer pairs designed using the online IDT Realtime PCR Scitools
(https://www.idtdna.com/Scitools/Applications/RealTimePCR/). The Maxima SYBR
Green/Rox qPCR Master Mix (Thermo Scientific) and protocol were used for qRT-PCR.
Samples were run on an Applied Biosystems Real-Time PCR Instrument. Sample cycle
thresholds were normalized to β-Actin. Fold change was calculated to the corresponding
unrecombined cell line. Average fold change and standard deviation were graphed; Student’s
two-tailed T-Test was performed to calculate significance at p≤0.05, p≤0.01, or p≤0.001.
Seahorse assay
Metabolic activity was measured using the Biosciences XF24 Extracellular Flux
Analyzer (Seahorse Biosciences) was used according to previously published methods [165].
24-well Seahorse assay plate was coated with Cell-Tak (BD) to immobilize the cells. 4.5x104
cells were plated in 24 well Seahorse assay plate (in replicates of 3-5), with triplicate blank
wells to subtract background. Cells were allowed to adhere at 37°C, 5% CO2. At the start of
the experiment, the plated cells are washed in XF medium with 10mM glucose added for
complete nutrient medium treatment. The sensor plate, hydrated overnight in XF calibrant
medium at 37°C and no-CO2, was loaded with the indicated inhibitors or nutrients for a tenfold dilution in the XF assay. Final concentrations used were 10mM or 20mM 2-deoxy-D-
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glucose (Sigma), 750nM or 2µM Rotenone (Ultra Scientific), 2µM Antimycin A (Fisher
Scientific), 5µM Oligomycin A (Fisher Scientific), 1mM Aminooxyacetic Acid (Fisher).
Average fold change and standard deviation were graphed; Student’s two-tailed T-Test was
performed to calculate significance at p≤0.05, p≤0.01, or p≤0.001.
XF assays with carbon-limited medium were run using DME base medium (D5030,
Sigma, powder) dissolved in double processed water (W3500, Sigma). DME base medium
was brought to final concentration of 143mM NaCl, 1x Penicillin/Streptomycin (Gibco), and
pH 7.1-7.3. For each limited carbon assay, the DME base medium was brought to a final
concentration of 10mM Glucose (Fisher Scientific), 2mM L-glutamine (Gibco), or 2mM
Glutamax (Gibco).
Glycolytic flux
This assay was performed as previously published [171]. Briefly, glucose flux was
determined in 2x106 viable cells by washing in PBS followed by incubation in glucose-free
Kreb’s buffer for 30 min prior to addition of 10 µCi of D-[5-3H](N)-glucose (Perkin Elmer,
Wellesley, MA) and non–radio-labeled glucose to bring total glucose concentration to 10
mM prior to culture for 1 hr. Reactions were stopped by addition of an equal volume of 0.2 N
HCl. [3H]H2O was separated from [3H]glucose by evaporated equilibrium in a sealed
environment. Levels of [3H]H2O produced were measured on a scintillation counter, and
glycolytic flux was calculated as described [171]. Average fold change and standard
deviation were graphed; Student’s two-tailed T-Test was performed to calculate significance
at p≤0.05, p≤0.01, or p≤0.001.
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Cell preparation for cellular metabolite extractions and GC-MS analysis
The method was described previously by Gameiro and colleagues [74]: In brief, cells
were cultured in glucose and glutamine-free DMEM (basal DMEM, Sigma), containing 10%
dialyzed FBS (Hyclone), supplemented with the indicated glutamine tracer and 25mM
unlabeled glucose or 25mM [U-13C6] glucose and 4mM unlabeled glutamine. All tracers
were purchased from Cambridge Isotope Labs. Metabolite steady state labeling corresponded
to 24 hour incubation.
Cellular metabolite extractions and GC-MS analysis
The method was described previously by Gameiro and colleagues [74]: The method
was described before [172,173]. Briefly, metabolic activity was quenched with -80ºC
methanol. Cells were detached by pipette-scraping and extracts were obtained by adding two
volumes of -20ºC chloroform. The aqueous phase was used for polar metabolite analysis and
the chloroform phase for fatty acid analysis. Polar phase containing metabolites was
evaporated, dissolved in 30ul of 2% methoxyamine hydrochloride in pyridine (Pierce) and
derivatized by adding 45µl of N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide + 1%
tert-butyldimethylchlorosilane (Pierce). Fatty acid methyl esters (FAMEs) were obtained by
reacting the non-polar phase with 500µl of 2% (v/v) H2SO4:methanol. After
transesterification, FAMEs were isolated by adding 400µl of hexane and 100µl of saturated
NaCl. The hexane phase transferred to a new tube for evaporation. Dried FAMEs were
dissolved in 50µl of hexane prior to injection on the GC-MS. GC-MS analysis was
performed using an Agilent 6890 GC equipped with a 30m DB-35MS capillary column
interfaced to an Agilent 5975B MS operating under electron impact (EI) ionization at 70 eV.
One µl of sample was injected at 270°C, using helium as the carrier gas. For measurement of

97

polar metabolites, the GC oven temperature was held at 100°C for 3 min and increased to
300°C at 3.5° min-1. For analysis of FAMEs, the initial GC oven temperature was 100ºC,
then increased to 200ºC at 20° min-1, to 230°C at 5° min-1, and finally to 300C at 20° min-1,
at which held for 2.5min. The MS source and quadrupole were held at 230°C and 150°C,
respectively, and the detector was operated in scanning mode, recording mass-to-charge-ratio
spectra in the range of 100 – 605 m/z.
Knockdown assays
Cells were plated on XF cell culture plate coated with Cell Tak (BD) in NEK medium
without antibiotic (NEK-P/S), allowed to adhere for three hours at 37°C, 5%CO2. siRNAs
(siGlud1, siNS, siGAPD) were reconstituted to 5uM concentration in ddH2O. siRNAs were
prepared for transfection using the DharmaFECT transfection reagent according to the
manufacturer’s protocol (Thermo Scientific). Cells were incubated with siRNA for 24 hours
at 37°C, 5% CO2. Separate cells were treated for RNA extractions at 24 hours post
transfection, to confirm knockdown efficiency by qRT-PCR. Three shPdk1 lentiviruses were
pooled to knockdown Pdk1, a shEmptyVector lentivirus was used for a negative control. The
shRNAs in NEK-P/S medium were placed on the attached cell cultures treated with
polybrene. Seahorse metabolic assay on knockdown cells was performed, as previously
described, 24 hours post-transfection. qRT-PCR confirmation of knockdown in treated cells
was performed as previously described.
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CHAPTER 4: VON HIPPEL-LINDAU MUTANT PERTURBS PROPER
ANGIOGENESIS
Introduction
The most commonly inactivated gene in clear cell renal cell carcinoma (ccRCC) is the
tumor suppressor von Hippel-Lindau (VHL). Sporadic RCC tumors demonstrate mutation or
biallelic loss of VHL in more than 90% of tumors [145]. VHL disease is not only associated
with ccRCC, but patients are also prone to other hypervascular tumors in additional organs
[174]. These lesions include hemangiomas, which are benign vascular outgrowths that can
occur in a variety of organs, most notably the liver. This phenotype of the disease was
recapitulated in several of the models of Vhl loss [141,175]. In human disease, the
manifestation is particularly striking in the central nervous system and the retina. Here, socalled hemangioblastomas arise from endothelial cell proliferations thought to be stimulated
by VHL loss of heterozygosity in stromal cells of these benign proliferating tumors.
Although benign, meaning that they have limited or no potential to invade or metastasize,
these vascular lesions occur in unforgiving locations of the body, and as a result, the
hemangioblastomas in the eye cause blindness as an early manifestation of the disease. In
addition, the hemangioblastomas in the central nervous system, where they have a
predilection for the cerebellum and spinal cord, tend to cause the greatest overall morbidity
for patient carriers of this disease. Thus, although the majority of the attention for VHL
disease is on the predisposition for renal cell carcinoma, it is in fact angiogenic
manifestations that pose the greatest threat to patient health, well-being, and overall survival.
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VHL disease subtypes
VHL disease has a high correlation of genotype to phenotype. Various hotspot familial
mutations in the Vhl locus have been associated with the different VHL disease subtypes.
VHL Type 1 is characterized by Vhl deletion or nonsense mutations, a low predisposition for
pheochromocytomas (adrenal gland tumors), and a high risk for hemangioblastomas
(vascular tumors originating in the central nervous system) and RCC. All Type 2 subtypes
are comprised of missense mutations. Type 2A has a high predisposition for
pheochromocytomas and hemangioblastomas, but a low risk for RCC. Type 2B has a high
predisposition for pheochromocytomas, hemangioblastomas and has the highest risk for
RCC, while Type 2C only confers a high risk for pheochromocytoma [9]. This tight genotype
to phenotype association of VHL disease can provide more insight into the effects observed
in afflicted patients.
One residue in particular, arginine 187, has been identified as a hotspot mutation
among both germline and sporadic tumors. VHL Type 2B missense mutation in humans
results in a change of arginine to glutamine at codon 187 (R187Q). While most models of
VHL disease rely on Vhl deletion [140,141], our research group was interested in
understanding how missense mutations would affect aspects associated with human cancer in
a subtype that has the worst overall disease spectrum. Thus, a mouse model was generated by
gene replacement producing a lysine to arginine mutation (G518A). This Type 2B mouse
model conferred the same amino acid transition as the human mutation in a highly
homologous region of the gene [12]. Missense mutations can help resolve discrete aspects of
the biology of interest that can go beyond changes in expression of the mutant allele, but can
also transcend into downstream regulatory differences.
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As previously discussed, the major regulatory role of VHL protein (pVHL) is the
oxygen dependent targeted degradation of a family of transcription factors, hypoxia inducible
factor (HIF). HIF-α subunits are hydroxylated by prolyl hydroxylases (PHDs) at prolyl
residues in the oxygen-dependent degradation domain (ODD) [33]. This allows hydroxylated
HIF-α subunits to be recognized by an E3 ubiquitin ligase complex comprised of pVHL as
the substrate recognition component [28]. pVHL partners with Elongin C, Elongin B, Ring
Box Protein 1 (Rbx1/Roc1), and Cullin 2 to form an E3 ubiquitin ligase complex known as
VBC [21-25]. The VBC complex polyubiquitinates prolyl-hydroxylated HIF-α subunits,
leading to their subsequent proteasome-mediated degradation [32]. Under low oxygen
conditions PHDs have reduced activity, allowing for HIFα subunits to escape VBC mediated
degradation. HIFα subunits accumulate in the cytoplasm subsequently translocates to the
nucleus where they bind their HIFβ partner (also known as aryl hydrocarbon receptor nuclear
translocator, ARNT) to form a heterodimer that is capable of transcriptionally activating
target genes [36].
VHL disease subtype models
In order to understand the effect of VHL mutations associated with VHL disease
subtypes on HIF, a series of embryonic stem cells containing different VHL mutations were
analyzed. While the Vhl 2B mutation had decreased binding to Elongin C, it retained ability
to regulate HIF-1α compared to other VHL disease associated mutants. Vhl deletion and ES
cells containing representative Type 2A and 2B missense mutations gave rise to increased
growth rate of teratomas with hemangiomas, which was not observed in Type 2C mutant
cells. The resulting teratomas also had differing levels of microvessel density to VEGF levels
[12]. Further investigations demonstrated that renal carcinoma cells expressing the R167Q
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Type 2B VHL mutation retained the ability to function as part of the VBC complex, despite
reduced binding of pVHL to Elongin C, to regulate levels of HIF-1α and HIF-2α subunits
[39]. These studies showed the direct genotype to phenotype effect of VHL disease subtypes
could be recapitulated in an in vitro system and these minute genetic perturbations can have
very differing effects on vascularization.
This provided vital information leading up to the analysis of the Type 2B G518A
mouse model. Firstly, it was discovered that homozygous Vhl 2B/2B mice were embryonic
lethal at embryonic day 9.5-10.5 due to failure of the placental allantoic vessels to integrate
with the fetal red blood cells. The placental defect and increased vascular endothelial growth
factor (VEGF) expression was more pronounced in homozygous Vhl 2B/2B placentas
compared to heterozygous Vhl 2B/+ placentas. Additionally, analysis of teratomas derived
from Vhl 2B/2B ES cells had increased expression of a panel of angiogenic factors, cadherin
(Cdh5), endoglin (Eng), VEGF receptor (Kdr), neuropilin (Nrp1) and Vegfc in addition to
known HIF targets [40]. This model elucidated the vast physiological effects that can come
about from a single missense VHL mutation, indicating that dysregulation of the VHL/HIF
regulatory pathway has far reaching consequences on the vasculature.
Angiogenic signaling
While HIFs are major regulators of genes important for various processes such as
metabolism and cell growth, a major set of activated genes are important for angiogenesis
(including EPO, VEGF, PDGF) [49,60]. Expression of hypoxia induced vascular endothelial
growth factor (VEGF)/Vascular permeability factor (VPF) was noted in human glioblastoma
specimens, where the cells with the highest expression of VEGF, endothelial cells, were
adjacent to necrotic tumor regions, those with highest levels of hypoxia [86]. VPF/VEGF
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was originally described as a secreted factor from tumor cell lines was shown to promote
vessel leakage [176,177]. Vessel leakage is particularly important for the tumor
microenvironment, allowing new vessels to form near hypoxic regions particularly those
adjacent to necrotic tissues. HIF levels can rapidly stabilized and fluidly adapt to and
overcome the effects of a hypoxic environment.
Signaling in endothelial cells have shown that two VEGFRs act in opposite regulatory
manners. FLT1 (VEGFR1), a negative regulator of blood vessel formation is capable of
inhibiting KDR/FLK1(VEGFR2) receptor phosphorylation. Soluble FLT1 is also thought to
act as a sink for VEGFA, shuttling it away from FLK1 and inhibiting vascular development
[178]. Additional factors, besides HIF mediated VEGF transcriptional activation, have also
been identified as promoting VEGF expression under hypoxic conditions, most notably the
Notch signaling pathway. Three Notch receptors (Notch1, Notch3, Notch4) are primarily
expressed within endothelial cells and can be signaled through by various ligands including,
delta like ligands (Dll1, Dll3, Dll4), jagged proteins (Jag1, Jag2) on adjacent cells [104]. As
previously detailed, the formation of new vessels, and EC cell division direction [179] is
mediated by VEGF signaling through VEGF receptors on endothelial cells. VEGF induces a
Dll4-Notch signal in a sprouting cell, that signals downward to neighboring cells to remain as
a stalk cell, by reducing this cell’s sensitivity to VEGF signaling in addition to transcriptional
activation of additional factors. Some of these repressors regulated by Notch include, such as
hairy enhancer of split (Hes1, Hes2) and hairy enhancer of split with YRPW motif (Hey1,
Hey2) [180]. Although there are multiple factors that need to be expressed in the right
sequence and in the appropriate cell to allow for one cell to continue sprouting and form new
vessels, while maintaining neighboring cells in a quiescent state, there is no one sprouting
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cell marker that can definitely be used to distinguish a sprouting cell from a stalk cell.
General consensus among published investigations is that sprouting cells have a local
requirement for Flt1 [181,182], as well as higher Dll4 expression, while stalk cells have
increased Notch; however this signaling pattern can be very dynamic [103,183,184].
Much of the dynamic regulation of this process involves transcriptionally mediated
changes that promote the enhanced ligand and receptor signaling, aspects of both mitogenic
growth and directing the organization of an endothelial network. To elucidate the effect of
Vhl mutation and the resulting HIF dysregulation, we employed the use of a Vhl Type 2B
(G518A) mutation knock-in mouse and mice containing a cre inducible Vhl loss by
recombination of flox-P at the promoter and exon 1 [185] (Figure 4.1). These mice were
crossed to a fairly ubiquitously expressing cre-inducible allele, Ubiquitin C (UBC) cre
estrogen receptor 2 (CreERT2) [135] to permit in vivo recombination following tamoxifen
treatment. We used established fully functional mating lines using both genotypes in
reciprocal matings to eliminate any litter size or genotype specific effects. Due to the
embryonic lethality of homozygous Vhl 2B/2B mutations [40] and Vhl deletion [140], in both
cases due to vasculature placental defects, we followed the following breeding scheme of Vhl
flox/flox X Vhl G518A/flox to yield 50% Vhl flox/flox and 50% Vhl G518A/flox. While HIF1α and HIF-2α have been described as having somewhat distinct and non-overlapping roles
in angiogenesis, whereby conditional deletion of HIF-2α in murine primary endothelial cells
resulted in decreased cell adhesion factors and increased vascular permeability [186].
Additional investigations have shown that HIF2 is a more potent driver of VEGF and
resulted in increased tumor formation following knock-in of a HIF-2α allele into the
endogenous HIF-1α locus [58]. Given that mutant pVHL has been shown to be partially
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functional in regulating HIFs, we sought to elucidate what effects a mutant pVHL allele, and
resultant differential effects on angiogenic gene expression would have as a result of dosedependent and differential regulation of HIFs.
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2B

Vhl mutant

Vhl floxed
+ cre
recombination
Figure 4.1: Vhl targeted mutant locus.
A Vhl 2B (G518A) hot spot mutation of exon 3 knock-in mouse was previously generated (Lee et al.
Onc 2009) [40], this was also the source of established embryonic stem cell lines. The homozygous
2B mutation is embryonic lethal in mice. To be able to study the effects of Vhl 2B mutant allele alone,
we crossed these mice to a strain containing a cre inducible Vhl loss by recombination of flox-P sites
(red arrows) at the promoter and exon 1. Adapted from VH Haase, Seminars in Cell & Development
Biology (2005) [185].
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Results
We were particularly interested in elucidating the effect of Vhl mutation on vessel
formation. In order to do this, we crossed our mutant strain to a conditional deletion strain,
such that upon cre-recombination, we could induce a loss of heterozygosity event. Rather
than targeting the vasculature, or a specific cell type in this compartment, we elected to use a
ubiquitously expressed CreERT2. Given the breeding scheme detailed in the introduction,
homozygous UBC CreERT2 alleles were difficult to detect and thus, there were four possible
genotype outcomes. Mice lacking the UBC CreERT2 allele and treated with tamoxifen
(+TAM) served as controls, as the tamoxifen should have no effect on recombination of the
Vhl floxed allele. Thus a Vhl flox/flox +TAM mouse is the “WT” state and is denoted by Vhl
flox/flox, Vhl 2B/flox +TAM shows the native heterozygous state and is denoted by Vhl
2B/flox, UBC CreERT2; Vhl flox/flox +TAM mice give rise to the Vhl null state as denoted by
Vhl -/-, and UBC CreERT2; Vhl 2B/flox +TAM mice display the effects of loss of
heterozygosity (LOH) and show the effect of only having a mutant Vhl allele present denoted
by Vhl 2B/-.
Vhl mutant promotes premature vessel migration
To assess the effect of each of these states in vessel formation, we utilized a retina
assay that allows for a detectable and measurable system, as a model of the type of vascular
reorganization that can occur in tumors [187]. This assay is an ideal environment for our
studies, both because the retina provides one of the only venues in which early angiogenic
development can be visualized, and because retinal angiomas are a dominant source of
morbidity in VHL disease, thus we know a priori that the target tissue is an environment in
which VHL-mediated signaling is a valid regulator. Using newborn mice (post natal day 0),
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they underwent tamoxifen intraperitoneal (IP) injections from (P1-P3). At P5 the animals
were sacrificed and the retinas are dissected and stained for isolectin to visualize retina vessel
formation under each genotypic event. Visible differences could be noted in migration and
vessel organization compared to Vhl flox/flox retinas (Figure 4.2A), a marked reduction was
noted following Vhl loss (Figure 4.2C) or in either mutant state (Figure 4.2B, D). We sought
to quantify the percentage of vessel migration (red arrow) in each “leaf” length (blue arrow).
Three sets of mice treated and taken assayed from P5-P7 in age shows that Vhl flox/flox
retinas have very little change in vessel migration over three days (Figure 4.2E). Vhl deletion
stunted migration at ~52% over three days (Figure 4.2G), but the heterozygous state Vhl
2B/flox (Figure 4.2F) or the presence of only a mutant 2B allele (Vhl 2B/-) were enough to
cause a dramatic increase in migration (Figure 4.2H) over three days of development. To
more adequately understand and compare the specific signaling events from each genotype,
the remaining metric analyses were conducted with retinas from P5 day mice. At this
developmental time point the first retina vessel plexus is mostly developed, but has not yet
begun to migrate downward for the continued development of underlying plexus layers
[188]. This dramatic shift in migration by the presence of VHL mutant may indicate a
continuing shift in gene target activation following prolonged HIF level dysregulation in the
retina.
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Figure 4.2: Retina vasculature migration perturbed by VHL mutant expression.
Newborn mice were subjected to intraperitoneal Tamoxifen injections for three consecutive days. The
retinas were then removed, dissected and stained to visualize the retinal vessels. (A) At P5 Vhl
flox/flox retinas treated with Tamoxifen showed “WT” vasculature migration. (B) Migration was
slightly reduced in heterozygous Vhl 2B/flox retinas, while (C) Vhl -/- and (D) Vhl 2B/- treated loss of
heterozygosity retinas had a marked reduced migration of vessel formation. We calculated the
migration of the vascular front (red arrow) as a percent of each retina “leaf” (blue arrow). Migration
analyses of retinas across three age points we observed that (E) WT retinas had little difference in
migration over two days, (F) Vhl 2B/flox heterozygous retinas had ~20% increase in 3 days. (G)
Complete loss of Vhl saw no difference in migration, while (H) loss of heterozygosity resulted in a
striking increase in migration. Bars indicate average with standard error of the mean.
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Hyperbranching defect a result of dominant Vhl mutant allele
A key component in vessel formation is the development of new networks to allow for
proper blood flow and nutrient supplementation to surrounding cells, this is done by branch
formation. To assess the state of branching patterns, we quantified branching points near the
artery of each retina “leaf,” as well as branching points near the adjacent veins.
Representative images of the branching patterns for each genotype are shown in Figure 4.3.
We observed that near the retinal arteries, the presence of even a single Vhl 2B allele was
sufficient to result in increased branching points over either Vhl flox/flox or Vhl -/- (Figure
4.4A). However, branching near the vein was less perturbed with only Vhl loss resulting in a
significant decrease in the number of branching points (Figure 4.4B). The decreased
branching near the veins taken together with the static migration pattern observed following
Vhl loss, may indicate that increased VEGF pools in the developing vasculature may reduce
the mitogen gradient necessary for EC migration and continued branching. While VHL 2B
mutation is known to retain some regulation of HIF-α subunits, this may also lead to altered
response in cells near the artery, allowing cells to inappropriately activate branching near the
arteries.
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Vhl 2B/flox
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Figure 4.3: Vhl inactivation affects branching patterning in retinal vessel development.
Following Tamoxifen treatment, retinas harvested from mice of each genotype were stained for
isolectin to visualize the retinal vessels. Each retina was imaged and analyzed for the number of
average branching points near the retina arteries and near the retina vessels. Shown are representative
images of vasculature branching for each genotype, quantified in Figure 4.4.
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Figure 4.4: Vhl inactivation is sufficient to affect branching points in retinal vessel development.
(A) Vhl 2B/- retinas showed significantly increased branching compared to Vhl -/- retinas near both
arteries and (B) veins. There was also a significant difference in basal levels of arterial branching
between Vhl flox/flox and Vhl 2B/flox retinas, indicating an effect of the single copy of pVHL 2B
expression even in the presence of a single WT Vhl allele. Bars indicate average with one standard
error of the mean, * p≤0.05, ** p≤0.001, (ns) not significant.
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Vascular front altered by mutant or inactive Vhl
The formation of new branching points is dependent on sprouting cells coming
together to form a connection and lumen. To determine if the increased branching points in
Vhl mutant state would also correlate with an increase in cell extensions at the vascular front,
we quantified the number of extensions directly near the artery as well as the near the vein at
the vascular front. Figure 4.5A shows representative images of the vascular front for each
genotype. WT retinas displayed a significant difference between the number of extensions
present near the artery versus the vein, while the heterozygous Vhl 2B/flox, Vhl -/- and LOH
Vhl 2B/- states had no difference in the number of extensions (Figure 4.5B). This pattern was
seen in an independent set of examined retinas. Thus, we see that any form of altered Vhl is
sufficient to alter endothelial cell response to sprouting cues at the vascular front.
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Figure 4.5: Vhl inactivation is sufficient to perturb cell extensions at the vascular front.
(A) Representative images of endothelial cell extensions (grey dots) at the retina vascular front (VF)
were quantified near the artery and near the veins. (B) “WT” retinas retain a difference in number of
extensions, with fewer seen near the vein versus the arteries. The presence of a mutant Vhl allele or
complete loss of Vhl abrogates the difference in extensions present. (Results observed in two
independent assays) Bars indicate average with standard error of the mean, * p≤0.05, (ns) not
significant.
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In vitro Vhl mutant phenocopies hyperbranching
Despite the clarity in structural effects observed in the retina assays, the results are
difficult to replicate identically due to various variables such as litter size, genotype, and
more important dosage uptake. We thus turned to an in vitro model of mouse embryonic stem
cells that are Vhl WT, Vhl null, or Vhl 2B/2B homozygous. ES cells were differentiated in
vitro, by allowing them to form embryoid bodies, attach and differentiate into various cell
types [189]. The resulting cultures are then stained for platelet endothelial cell adhesion
molecule protein (PECAM), also known as cluster of differentiation 31 (CD31), to identify
endothelial cells (Figure 4.6D). Differentiated Vhl WT (Figure 4.6A) and Vhl null (Figure
4.6B) cells had decreased branching points compared to Vhl 2B/2B differentiated cells
(Figure 4.6C), quantified in Figure 4.6E. It should be noted that Vhl null cells have delayed
capabilities for attachment following embryoid body formation, and it is difficult to
determine to what effect this would affect the decreased branching observed in this cell line.
However, these findings in general recapitulate the angiogenic differences observed in the
retina, indicating that the effect of Vhl 2B missense mutation has physiological, and likely
molecular, consequences that are conserved across different cell types.
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Figure 4.6: Embryoid body differentiation phenocopies Vhl mutant branching defects.
Murine embryonic stem cells expressing WT pVHL, VHL null, and homozygous pVHL 2B mutation
were grown into embryoid bodies and allowed to differentiate. 14 days post-differentiation, cells were
stained for PECAM to visualize endothelial cells and the formation of vessels. (A) Vhl WT and (B)
Vhl null differentiated ES cells had fewer branching points than (C) Vhl 2B/2B differentiated ES cells.
(D) While multiple cell types care present following differentiation, (E) only PECAM positive cells
were quantified. 20x magnification Bars indicate average with standard error of the mean.
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Angiogenic target expression altered in a mutant state
Previous investigations into the levels of angiogenic factors in Vhl 2B/2B teratomas
showed an association for increased cadherin (Cdh5), Vegfc, neuropilin (Nrp1), kinase insert
domain receptor (Kdr) also known as VEFG receptor 2 (VEGFR2), and endoglin (Eng)
expression [40]. We sought to elucidate if additional angiogenic factors are differentially
expressed in a Vhl mutant state in ES cells, and if any of these genes are up or downregulated
in an in vitro angiogenic model such as ES differentiation. To answer this question, we
performed qRT-PCR on ES cells and cells that had undergone differentiation for 14 days. We
measured various Notch receptors, ligands and downstream Notch targets, as well as genes
important for the migration or proliferation of endothelial cells.
Vhl 2B/2B ES cells had increased levels of all three Notch transcripts (Figure 4.7A)
compared to Vhl WT cells, while Vhl null cells had significantly decreased levels. Following
differentiation, the levels of transcript were not significantly different (Figure 4.7B). When
we examine Notch ligand expression, Vhl mutant cells had increased Dll1 and Dll4, but no
difference in Jag1 or Jag2 gene expression. Levels were more reduced in Vhl null ES cells
(Figure 4.7C); upon differentiation we saw a significant decrease in Dll4 and an increase in
Jag1 and Jag2 expression (Figure 4.7D).
Next we examined the levels of direct downstream targets of Notch, Hes1 and Hey1
expression levels. Cell cycle protein, Cdc42, important regulating cell migration, as well as
nuclear receptor subfamily Nr2f2/Coup-TFII a venous marker involved in the antagonistic
regulation with Hes1 and Hey1 to determine vein cell fate [190]. We observed that while Vhl
null cells had increased levels of Hes1, Vhl mutant cells did not, but they did have increased
levels of Hey1 (Figure 4.8A). Following ES cell differentiation both Vhl null and Vhl mutant
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cells contained decreased levels of both genes (Figure 4.8B). The decreased Hes and Hey
transcripts correlate to the decreased Dll/Notch signaling measured in Vhl 2B/2B
differentiated cells. Vhl mutant cells retained increased levels of Cdc42 and Nr2f2 in ES cells
(Figure 4.8C) and following differentiation compared to Vhl WT cells (Figure 4.8D). These
results indicate that Vhl 2B mutant cells have increased basal levels of Dll-Notch signaling,
and undergo significant changes upon differentiation.
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Figure 4.7: Vhl mutant allele results in differential expression of Notch signaling.
Comparing embryonic stem cells’ expression of angiogenic factors in Vhl deletion and mutant,
compared to ES differentiated cells. (A) Vhl 2B/2B mutant cells had increased Notch1, 3, and 4
expression. Following differentiation (B) there was no significant difference over Vhl WT cells. (C)
Notch signaling ligands Dll1 and 4 were upregulated in Vhl null cells, but more so in Vhl mutant
cells. Jag1 and Jag2 levels were lower in Vhl null cells, but no significant difference was seen in
mutant ES cells. (D) Differentiated cells showed a decrease in Dll1, which was more pronounced in
Dll4 in Vhl mutant cells, but an increase in Jag1 and Jag2. Fold change is shown over Vhl WT cells,
bars indicate average with standard error of the mean. * p≤0.05, ** p≤0.01, ^p≤0.001, (ns) not
significant.
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Figure 4.8: Vhl mutant allele results in differential expression of additional angiogenic signaling
Examining direct Notch targets (A) Vhl null cells had increased Hes1, While Vhl mutant cells had no
significant difference in Hes1, but increased Hey1 in ES cells. (B) Differentiated cells showed a
significant decrease of both Hes1 and Hey1 in Vhl null and mutant cells. Looking at a cell cycle gene,
Cdc42, and a vein cell fate marker, Nr2f2/Coup-TFII, (C) Vhl mutant ES cells showed higher levels
of both transcripts, but with low levels of both in Vhl null cells. Upon differentiation Vhl mutant cells
retained higher levels compared to Vhl WT cells, Vhl null cells saw an increase mainly in Nr2f2
levels. Fold change is shown over Vhl WT cells, bars indicate average with standard error of the
mean. * p≤0.05, ** p≤0.01, ^p≤0.001, (ns) not significant.
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Discussion
In this study, we identified that pVHL 2B expression and pVHL deletion in newborn
murine retinas resulted in reduced migration at early postnatal retina vasculature
development, but Vhl mutant allele soon resulted in premature increased migration of the
retina vasculature. Expression of mutant pVHL also resulted in a marked increased branching
near the arteries and veins compared to pVHL null retinas. In vitro differentiation of murine
ES cells expressing the pVHL mutant phenocopied the hyperbranching in PECAM positive
vessels compared to differentiated wild type pVHL and pVHL null cells.
A key factor of tumorigenesis is the ability of cancer cells to overcome a hypoxic and
nutrient deprivation state, by activating the formation or recruitment of growth factors and
new blood vessels to supply compact cells. The majority of these growth factors are
regulated by HIFs. While the process of forming new blood vessels from existing structures,
angiogenesis, varies from the initial vasculature formation seen in early organism
development, some of the same signaling pathways are likewise required. The activation of
angiogenesis in tumor tissues occurs in direct response to low oxygen levels, and this
overexpression is widely observed in a variety of cancers. In some cancers, mutations of the
machinery (such as VHL or other components) regulating HIF stability can result in oxygenindependent constitutive stabilization of the HIF-α factors, and as a result these tumors are
notoriously highly vascularized [51].
Our observations combined with gene expression analysis in Vhl 2B/2B ES cells, as
well as a previous teratoma model, lead us to propose that a Vhl mutant state leads to
differential signaling pattern. In our model (Figure 4.9), a cell that is Vhl mutant, such as a
tumor cell, would give rise to a HIF expression profile. Increased HIF levels would lead to
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the transcriptional activation of Vegf, allowing for the increased production and secretion of
this growth factor. Excess VEGF would then bind to increased levels of VEGFR2, leading to
the downstream activation of Dll4 [191] and binding of Dll4 from the signaling cell onto
Notch on the stalk cell. Notch is then cleaved by a ɣ-secretase, allowing the Notch
intracellular domain (NICD) to translocate to the nucleus and activate transcription of various
targets, including Hes and Hey (which we observe as being upregulated in the Vhl mutant
state). The expression of these targets inhibits further signaling to the stalk cell receptors,
thereby making them less sensitive to angiogenic mitogen signals, to maintain a stalk cell
phenotype [104,192]. While, increased Dll4 signaling is normally associated with increased
sprouting, we saw no evidence of increased sprouting in Vhl null or mutant retinas. It may be
possible, that additional genes required for vessel sprouting are not affected by Vhl
inactivation or mutation.
Stalk cells are known to contain fewer filopodia and are more proliferative as they
form new branches to form a lumen. This stalk cell maintenance is associated with increased
Notch and Jag1 expression [193]. This state of maintenance and fortification of the existing
vasculature resonates with the Vhl mutant state observed in both the LOH Vhl 2B/- retinas
that contained increased branching as well as the in vitro differentiation of Vhl 2B/2B cells.
The increased levels of Cdc42 and Nr2f2 may aid in increasing vessel formation as the
proliferating ECs continue to build a network of dividing cells.
Due to the nature of differentiating ES cells into multiple cell types, only a fraction of
this population would be comprised of endothelial cells. It is possible that the observed levels
of angiogenic signals appears to be lower in ES cells based on the total transcripts in the
pooled population. Thus it would be important to confirm the gene expression by tracking the

123

localization of these angiogenic factors under a Vhl mutant state, whether the phenotype
observed is a result of genes being turned on or off, or if it was a result of proteins being misexpressed in specific cells of the developing vasculature.
Given the prominent phenotype in retinal angiogenesis observed by the presence of a
single Vhl mutant allele, in vasculature development, we determined that the Vhl 2B allele is
dominant over WT Vhl. In this study we elucidated a vasculature defect that is reproducible
across different models. The physiological consequences following Vhl mutation, and the
subsequent altered downstream gene activation, provide an alternate source of future
therapeutic targets. As was detailed in Chapter 1, the majority of targeted inhibitors rely on
VEGF and VEGFR cell dependence. We showed, that patients with a VHL mutant state may
profit from targeting other angiogenic signaling pathways, such as the Dll4/Notch. Targeting
these pathways or other mitogens can improve current RCC therapy, and also has the
potential to reach those afflicted from hemangioblastomas, as seen in VHL disease.
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Figure 4.9: Angiogenic signaling in endothelial and neighboring support cells under a Vhl
mutant state.
From our observations of Vhl 2B/2B ES cells and a previous teratoma model we propose that a Vhl
mutant state leads to differential signaling pattern. In our model a cell that is Vhl mutant, such as a
tumor cell, would have particular HIF expression levels, which would allow for the transcriptional
activation of VEGF, allowing for the increased production and secretion of this growth factor. Excess
VEGF would bind to increased number of present VEGFR2. This leads to downstream activation of
Dll4 and binding of Dll4 in the signaling cell to Notch on the stalk cell. Notch is then cleaved by a ɣsecretase, allowing the Notch intracellular domain (NICD) to translocate to the nucleus and activate
transcription of various targets, including Hes and Hey (which is upregulated in the Vhl mutant state).
The expression of these targets inhibits further signaling to the stalk cell receptors, thereby making
them less sensitive to angiogenic mitogen signals, to maintain a stalk cell phenotype. Adapted from
Benedito and Hellstrom Experimental Cell Research (2013) and Thomas et al. Cellular and
Molecular Life Sciences (2013) [107,194].
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Materials & Methods
Ethics statement
All animal work was done in accordance with the University of North Carolina at
Chapel Hill Division of Laboratory Animal Medicine and the University of North Carolina at
Chapel Hill Institutional Animal Care and Use Committee approval. (Protocol #12-195 and
#11-149).
Mouse husbandry
Transgenic mice containing human UBC-CreERT2 allele (Stock # 008085) were
purchased from JAX laboratories [59]. Animals were maintained on a standard chow.
Cell culture
Murine embryonic stem cells were grown on 0.1% gelatin coated plates cultured in
DMEM/high glucose base medium, 1mM Non-essential Amino Acids (Gibco), 1x
Penicillin/Streptomycin (Gibco), 2mM L-glutamine (Gibco), β-mercaptoethanol, LIF
medium, 10% FBS (Gemini).
Retina assay
Retina assay was performed as previously described in Pitulescu et al. Nature
Protocols (2010) [187]. Mice 1-day post birth (day 0), were administered (10 mg/ml)
Tamoxifen in sunflower seed oil by intraperitoneal injections for three consecutive days
(Days 1-3 post birth) 10µL on day 1, 15µL on day 2 and 20µL on day 3. On the day 5 postbirth the animals were euthanized by isofluorane until the animals were completely
anesthetized and no reflexes were detected. The left heart ventricle received a 1-5mL
injection of 0.5% paraformaldehyde in PBS to perfuse the blood vessels. Both eyeballs were
removed from the eye socket and were fixed in 2% paraformaldehyde in PBS for 1 hour at
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room temperature. The retinas were isolated and flattened, then permeabilized in 70%
ethanol for 20 minutes at room temperature. Retinas were then immunostained for isolectin,
viewed under confocal microscope and imaged using MetaMorph software.
Metric analyses
Metric analyses (migration, branching, sprouting quantification) of retina images were
conducted using ImageJ software [143].
Embryonic stem cell differentiation
Mouse embryonic stem cells previously described [40], were detached from tissue
culture plates using 50% dispase (BD) in DPBS (Gibco) for 1 min. Cell colonies were then
transferred to a 35ml DPBS solution and allowed to settle. The cells were rinsed once with
DPBS and then plated on non-tissue culture treated plates in differentiation medium. The
differentiation medium was replaced on the third day and resulting embryoid bodies were
attached on tissue culture treated plates on the fifth day. The differentiating cells were fed
with differentiation medium every other day; on the eighth day they are either fixed for
immunofluorescence or RNA extractions.
Differentiation medium: DMEM-high glucose medium (Gibco), 1x penicillin
streptomycin (Gibco), (50µg/ml) gentamicin (Gibco), 1x thioglycerate (MTG) (Sigma), and
10% FBS (Gemini).
Immunofluorescence of differentiated cells
Differentiated cells were washed in PBS, three times at room temperature, fixed in
50% methanol/50% acetone solution for 10 minutes at room temperature, and rinsed in PBS
three times at room temperature. Cells were blocked in staining medium (3 mL FBS, 1mL
Sodium Azide, 97 mL PBS) and stained for PECAM (ab28364). Stained samples were
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viewed on the confocal microscope. Confocal images were analyzed using Image J software
[143].
Quantitative real time polymerase chain reaction
cDNA was generated using SuperScript II Reverse Transcriptase (Invitrogen). qRTPCR was performed using primer pairs designed using the online IDT Realtime PCR Scitools
(https://www.idtdna.com/Scitools/Applications/RealTimePCR/). The Maxima SYBR
Green/Rox qPCR Master Mix (Thermo Scientific) and protocol were used for qRT-PCR.
Samples were run on an Applied Biosystems Real-Time PCR Instrument. Sample cycle
thresholds were normalized to β-Actin. Fold change was calculated to the corresponding
unrecombined cell line. Average fold change and standard error mean were graphed;
Student’s two-tailed T-Test was performed to calculate significance at p≤0.05, p≤0.01, or
p≤0.001.
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CHAPTER 5: SUMMARY, DISCUSSION AND CONCLUSIONS
Summary
Clear cell RCC is highly associated with the inactivation of von Hippel-Lindau (VHL)
and the downstream dysregulation of the hypoxia inducible factors (HIFs), leading to a slew
of erroneously activated gene targets, some of which have yet to be elucidated [49]. This
dissertation demonstrated that discrete genetic changes to these two major regulators can
have significant physiological and molecular consequences. Here we focused our efforts on
understanding these effects within the context of two disease dependent pathways:
metabolism and angiogenesis.
Whereas the investigations into the effects of gene expression changes in cancer have
been mostly conducted using established human carcinoma derived cell lines, we wanted to
utilize a genetically clean and inducible cell culture system that would focus on only a single
genetic event within the context of the most at-risk cell type for RCC. To do so we
established a method for the isolation and culturing of murine primary neonatal epithelial
kidney (NEK) cells. These cells were SV40-Tag transformed, further culturing gave rise to
the spontaneous formation of 3-dimensional solid cultures we called “renospheres.” Upon
further characterization of the NEK cells, we identified that the cellular composition of these
cultures was largely renal epithelial cells, although expression of some stem cell markers was
observed.
Making use of our established protocol for isolating primary NEK cells, we next
generated NEK cultures from mice containing a tamoxifen-inducible recombination event
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leading to the stable expression of HIF-α alleles containing amino acid substitutions at two
conserved proline residues (HIFdPA), allowing them to escape targeted pVHL-E3 ubiquitin
ligase-mediated proteosomal degradation [119]. Recombination was mediated by the knockin Ubiquitin C cre recombinase estrogen receptor (UBC CreERT2) [135] upon 4-OHT
treatment. We confirmed recombination of the R26-LSL allele and the stable expression of
HIF1 and HIF2 by several methods. This stable HIF expression system simulates the hypoxic
and elevated HIF state observed in cancer cells.
Initial analyses into physiological effects of VHL-independent isolated HIF stable
expression indicated differences in growth capabilities based on the cell context. HIF2
expression conferred a growth advantage in a 3D culture system, while no cell proliferation
differences were observed in a monolayer culture between HIF1 and HIF2 stable expressing
cells. Interestingly in an allograft tumor system, stable HIF1 expression resulted in a more
differentiated and epithelial-like histology, while HIF2 expression in allografts was
associated with a more disorganized histology. This stable HIF NEK cell culture system
provided a unique platform for investigating the individual effects of HIF1 or HIF2 stable
expression.
A large effort has been made into attributing specific regulatory roles to each HIF.
One of the most widely described roles for HIF1 is the regulation of metabolic processes,
which were previously thought to depend on glycolysis, with no major role attributed to
HIF2 in metabolism. Using our stable HIF NEK cell system, we sought to identify the effects
of single HIF stabilization on renal cell metabolism. Our results confirm that HIF1
expression results in higher glucose metabolism in two separate cell systems. We also
showed that contrary to previous reports [159], HIF1 and HIF2 expressing cells have high
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basal rates of oxygen consumption, which may indicate that Pdk1 in HIF1 cells is not
sufficient to block this activity.
More recent investigations have focused on glutamine as a possible nutrient source in
cancer cells. To identify if alternate carbon nutrients were utilized differently by HIF1 versus
HIF2 expressing cells, we cultured cells in nutrient limited conditions. Metabolic analyses
under these conditions showed that HIF1 cells were less capable of metabolizing glucose
only, while they were capable of taking up glutamine carbon sources for energy production.
HIF2 cells were fully capable of metabolizing glucose only, but had a strong aversion for
glutamine sources only, despite their decreased reductive carboxylation potential compared
to HIF1 cells [74]. We identified potential transcriptional regulatory roles by HIFs on key
metabolic enzymes as a possible direct method for HIF metabolic regulation. Additionally,
inhibition of either key enzyme for the acidification of glucose (by increased Pdk1
expression) or a key gatekeeper for glutaminolysis (Glud1) resulted in decreased acid
production and oxygen consumption in HIF1 cells. These results indicate that HIF1 is
capable of utilizing glucose or glutamine, but more efficiently when both are present,
whereas HIF2 preferentially metabolizes glucose only. This work provides an insight into the
differing metabolic roles for HIF1 and HIF2 that may prove helpful in the future detection
and treatment of RCC.
Previously a tight genotype to phenotype correlation was made between the various
VHL mutations and the clinical manifestations [9]. While the most common manifestation of
VHL Type 2B disease is RCC, patients with this subtype are also prone to a more deadly
spectrum of vascular tumors. Prior investigations elucidated a partially functional role for
this missense pVHL 2B allele in regulating HIF-1α and HIF-2α degradation. While Vhl
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deletion gave rise to hepatic vascular lesions in mice [141,175], we wanted to identify the
specific effect of Vhl mutation would have on angiogenic signaling as a result of mitigated
HIF signaling.
Using a mouse model with a representative Type 2B mutation [40] and conditional
deletion of the wild type Vhl allele [141], we were able to investigate the role of pVHL on
angiogenesis. In a retina model, we identified branching and migration defect attributed to
the presence of a Vhl 2B allele, which was more severe in a loss of heterozygosity state.
Additionally, disruption of pVHL signaling either by mutation or loss was sufficient to
abrogate the sprouting pattern observed in the wild type condition. The branching defect
observed in mutant Vhl retinas, was phenocopied in an in vitro embryonic stem (ES) cell
differentiation assay. Additionally, ES Vhl 2B/2B cells exhibited increased expression of
transcripts involved in Notch signaling as a possible mechanism for the observed differences
in angiogenic patterning compared to Vhl WT or null cells. We do not yet know if the
angiogenic defects seen in VHL mutant retinas and cells are attributed to erroneous signaling
of HIFs to mitogenic factors aside from the most commonly studied, VEGF. Other possible
attributable signaling cues such as Flt-1 or Dll4/Notch pathway may be are possible target
candidates for future therapies of not only RCC, but VHL disease patients as well.
This research shows that understanding the effects of VHL or HIF dysregulation in
the context of a clean genetic system provides great power to elucidating the physiological
and molecular costs to the system.
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Discussion
Renosphere culture system is relevant but complex
In our efforts to fully understand the effects of a single genetic event on a
transcriptional regulatory pathway, we went in search of a system that could make use of the
available mouse models and that would take advantage of the experimental potential of cell
culture. The renosphere culture we generated is the first described primary kidney epithelial
cell line to spontaneously form sphere cultures. While we identified most of the sphere
forming cells to be epithelial in origin, we also detected expression of several stem cell
markers, CD133, OCT4 and Integrin β1. This heterogeneous cell type composition of
renospheres allows for the maintenance of more physiologically relevant cell-cell
interactions. It has previously been shown that certain genes can be activated under sphere
cultures but not in monolayer cultures [113]. While sphere cultures are more physiologically
relevant, this method of culture adds a new layer of complexity to understanding molecular
and cell-cell interactions in the system.
There is still much to be learned from cells that are experiencing the same forces as
they might normally experience as a part of a tissue. Other fields have benefited greatly from
embracing 3-D culture systems, most notably breast cancer research by their extensive use of
mammospheres [195,196]. Likewise, the field of RCC is in dire need of a good model system
that can more adequately recapitulate renal cell interactions and signaling, especially since
the current purported mouse model of RCC is has yet to be validated [197].
HIF mediated growth is context dependent
Extensive investigations have shown a role for HIF-2α-mediated increased growth of
carcinoma cells [63] and tumor models [58,62,66,83]. Alternatively, a mouse model of renal
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cancer posed that constitutive activation of HIF-1α led to increased tumor growth and had a
“clear cell” phenotype [197]. Given these conflicting reports, we assessed the growth
potential of our NEK cells expressing the HIF1dPA+ or HIF2dPA+ stable isoforms. Our
results showed that HIF1dPA+ and HIF2dPA+ NEK cells grown as a monolayer displayed
no significant difference in cell proliferation, but HIF2dPA+ cells had a significant advantage
in the formation of renospheres. While we firmly trust our observations, these results show
the great difference in information that can be gained based on the cell growth conditions.
To elucidate if a growth difference would be evident in an in vivo system, we
examined their potential to form allografts following cell injections to the mouse flank.
While we only observed potential trend toward decreased growth of HIF2dPA+ allografts,
these tumors had a very disorganized histology, compared to the differentiated features in
HIF1dPA+ allografts. This supported previous reports that increased HIF2 expression in
various tumors is associated with a more aggressive phenotype [198]. To assess if the context
of tumor growth would be affected by HIF expression, it would be interesting to examine
NEK cell growth in the renal capsule, their native environment. This would give a better
indication of the effect of HIF expression in a renal allograft tumor system and may also
provide a system to elucidate HIF gene targets are differentially regulated by either HIF1 or
HIF2 expression.
HIF1 does more than glycolysis
A primary source of signals for cells to continue growing is dependent on the
availability of nutrients. Under a hypoxic state, cells rely on key enzymes to upregulate
carbon metabolism; this role has most often been ascribed to HIF1 in various tumor models.
Since the major carbon source has been the utilization of glucose and HIF1 is known to
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transcriptionally regulate a large majority of glycolytic enzymes, we examined if this was
also true in NEK cells. As expected HIF1dPA+ NEK cells showed increased levels of acid
production, and interestingly, oxygen consumption in the presence of glucose. The latter
observation was contrary to a previous publication indicating that increased expression of the
pyruvate kinase inhibitor responsible for diverting pyruvate away from the TCA cycle, but
instead toward lactate production, results in decreased oxygen consumption in these cells
[159]. These results demonstrate that Pdk1 is not sufficient to block OxPhos in HIF1 cells.
HIF2 cells with increased basal OxPhos, but not acid production in the presence of glucose
likely indicates that pyruvate dehydrogenase is not being inhibited in these cells, thereby
allowing pyruvate to be further metabolized by the TCA cycle.
Glucose utilization by HIF1 stable expressing cells was not surprising, but it did not
spell out the whole story. Glutamine is abundantly found in mammals and in the last 20 years
has been looked at more closely for its role in cancer cell nutrition. Glutamine can transport a
non-toxic form of ammonia to the necessary tissues, thereby providing the much sought after
source for nucleotide production in highly proliferative cells. Most glutamine utilization in
previous studies has shown it to be MYC dependent, which is positively regulated by HIF2
and negatively regulated by HIF1 [52]. It is not certain if HIF2 cells require additional
perturbations in addition to increased Myc levels to result in glutamine utilization To assess
alternate carbon utilization by HIF1 and HIF2 cells, we collaborated with Dr. Othon
Iliopoulos’ group to examine the reductive carboxylation (RC) activity in these cells. It was
observed that HIF1 cells preferentially undergo reductive carboxylation, while HIF2 cells do
no more RC than control cells [74]. Additionally, limited nutrient treatment of cells showed
that HIF2 cells have an aversion to taking up glutamine efficiently, while HIF1 cells are
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capable of glutaminolysis. These results indicate, not only that the predicted HIF2 does not
support glutamine utilization, and that HIF1 has multiple roles in metabolizing carbon
nutrients. This finding is divergent from the current expectations of metabolism influences by
HIF1, and suggests that in future efforts to target metabolism therapeutically, that simple
targeting of glucose uptake is likely to be insufficient..
When we cultured HIF1 cells in glutamine only, we noted that although HIF1 cells
were capable of utilizing this carbon source, they were much more efficient at metabolizing
both glucose and glutamine. The ability of HIF1 to utilize glutamine may stem as a survival
mechanism in the event that glucose is lacking. It is well described that long-term glutamine
dependence by cells can be catastrophic for the system, as cancer cells can be highly
proliferative and act as a glutamine sink, depriving other organs such as the liver or muscles
from having access to this nutrient source [70,169]. Further, glutaminolysis can lead to an
increased dependence on mitochondrial oxidative phosphorylation [72], indicating that it is a
highly efficient nutrient source and should be considered an ideal therapeutic target.
Additionally, we should keep in mind that enzymes with ascribed activity in one pathway can
have effects on alternate pathways, as we see in Pdk1 inhibition results in decreased
glutamine utilization. A recent publication indicates that Pdk1 may help regulate cytosolic
ratios of NAD+/NADH which are necessary for cells to undergo glutamine based OxPhos
[170]. Our results suggest that HIF1-dependent glutaminolysis is regulated by a glycolytic
inhibitor enzyme in addition to glutamate dehydrogenase, providing alternative therapeutic
targets.
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Novel metabolic targets in RCC
Current RCC imaging for detection and monitoring, relies on glucose addiction by
cancer cells using a glucose analog, FDG-PET. Given what is known about glutamine
addiction in cancer cells, it is no surprise that not all renal tumors show positive FDG-PET.
Glutamine analogs should be considered as an alternative method for tumor detection and
monitoring. Additionally, major regulators of glutaminolysis, namely glutamate
dehydrogenase (Glud1) or glutamine transporters are ideal targets to inhibit glutaminolysis in
these highly proliferative states. Further analysis of human tumors should be undertaken to
examine the incidence of glutamine versus glucose utilization and if these are affected in
RCC tumors, which either express HIF1 and HIF2 or HIF2 only (or might contain a mixture
of cells according to new reports of genomic heterogeneity) and is likely to influence the
interpretation of metabolic imaging and dictate therapeutic approaches.
VHL mutant allele dominates angiogenesis
Familial VHL mutations give rise to a spectrum of VHL disease clinical
manifestations. We focused our efforts on further elucidating the effects of VHL Type 2B by
studying the physiological and molecular consequences of a partially functional tumor
suppressor. Mutations of VHL E3 ligase machinery regulating HIF stability can result in
oxygen-independent constitutive stabilization of the HIF-α factors, and as a result these
tumors are notoriously highly vascularized. While VHL Type 2B disease subtype carries the
highest predisposition for RCC, a highly vascular tumor type, patients carrying these
missense mutations also carry a high risk for hemangioblastomas, vascular tumors that
originate in the central nervous system (CNS) [9]. The retina angiogenesis model provides
the ideal platform to understand the VHL disease associated effects on retinal hemangiomas.
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This model also serves as a great system in which to test targeted therapeutics to alleviate the
progression of retinal hemangiomas, and possibly prevent through direct treatment.
Previous research showed that Vhl mutant allele results in angiogenic defects in vivo
and in vitro as was seen in Vhl 2B mutant teratomas had decreased VEGF expression [12]
compared to Vhl null hepatic vascular defects [141,175]. Our results are the first to clearly
demonstrate the physiological consequences of Vhl 2B mutation in an inducible developing
retina angiogenesis model. The observed defects included increased branching and aberrant
migration patterns, indicating a possible mis-sensing of mitogenic signals by mutant
endothelial cells.
Using embryonic stem cells and differentiated ES cells, we performed qRT-PCR to
identify transcript levels for various genes involved in Notch signaling. Were able to identify
Notch receptors (Notch1, 3, 4) and Delta like ligands (Dll1 and Dll4) increased expression in
Vhl 2B/2B mutant cells. As well as an increase in downstream Notch targets including Hey1.
Although, validation of these targets and further expression of other targets will need to be
conducted, we feel strongly that the observed angiogenic defects are likely due to aberrant
Notch signaling. It will be interesting to investigate if differentiation of ES cells results in
changes of transcript levels or if there is a shift in the localization of key proteins leading to
these vasculature defects.
New therapeutic approaches to VHL disease
The activation of angiogenesis in tumor tissues occurs in direct response to low
oxygen levels, and this overexpression is widely observed in a variety of cancers. In some
cancers, mutations of the machinery (such as VHL or other components) regulating HIF
stability can result in oxygen-independent constitutive stabilization of the HIF-α factors, and
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as a result these tumors are notoriously highly vascularized. Overexpression of VEGF can be
rescued in these scenarios, in the example of clear cell renal cell carcinoma by restoring the
HIF proteasome mediated degradation, by reintroducing wild type pVHL under normoxic but
not hypoxic settings [51].
As previously described, one of the primary targeted pathways is VEGF/VEGFR
signaling. These commonly used anti-angiogenic therapies typically target more than one
receptor or ligand. As we showed, Vhl 2B allele resulted in more distorted retinal vasculature
and increased signaling of the Notch pathway. Additionally, a previous report into VHLassociated CNS hemangioblastomas showed a direct upregulation of Notch ligands and
targets. This included increased Notch 1, 2 and 3 expression, as well as the downstream
effector Hes1 [199]. With increasing knowledge of alternate ligands and receptors that are
necessary for angiogenesis, there are many more viable targets for future treatment of, not
only the highly vascular RCC, but also the VHL disease associated hemangioblastomas.
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Conclusions
Taken together, these results show that grouping hypoxia as an induction of gene
target signaling is not ideal for understanding what happens upon HIF-α stabilization.
Isolating HIF1 from HIF2 expression in a genetically inducible system was necessary to
elucidate the individual effects from each event, without the addition of major genetic
perturbations. This system also provides the ideal genetically clean system to help elucidate a
discrete HIF1 versus HIF2 gene target profiles, which would fill a great void in the field.
Our elucidation of the alternative regulatory effects of HIF expression on carbon
utilization provides new insight into how hypoxic or cancer cells may survive under limited
nutrient starvation. We showed for the first time that HIF1 cells have increased basal oxygen
consumption despite the presence of increased Pdk1. We confirm that Pdk1 inhibition can
affect glutamine uptake, this may be due in part to the previous observation of a disruption of
NAD+/NADH ratio. For the first time we pose the idea that HIF2 may have an inhibitory
role for glutamine uptake, although the mechanism is not fully understood. Additional
investigations are needed to address if the transcript levels of glutaminolysis enzymes are
directly regulated by HIF1 or HIF2 by validating the putative HRE binding sites.
One of the greater contributions of this work is through the work showing abrogated
angiogenesis by the mutant pVHL Type 2B allele. Defects in premature vasculature
migration, increased arterial branching, and disruption of sprouting at the vascular front all
indicate a possible defect in Vhl 2B mediated Notch signaling. Our observations may help
shed light on the various hemangioblastomas that afflict VHL Type 2 disease patients, even
in cells that have not undergone LOH. Future work needs to address the effect of VHL 2B
mutation on the differentiation of hemangioblastomas that can undergo angiogenesis, to
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generate new vasculature structures, and erythropoiesis, the generation of blood cells, as has
been previously observed in VHL null hemangioblastomas [200].
Through this dissertation we have shown that seemingly minor alterations to HIF-α
and VHL sequences can have very measurable molecular and physiological consequences.
These results indicated that the VHL disease associated mutations may have a much more
important and detrimental role in disease phenotype compared to complete VHL inactivation.
Targeting these pathways directly or their downstream targets in metabolism or angiogenesis
can help improve current and future disease treatment.
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