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Abstract 

 

 Renal cell carcinoma (RCC) is the most frequently lethal of urological cancers. It 

arises in the lining of the proximal convoluted tubule of the kidney and is most common 

in men ages 50–70. Often, partial or radical nephrectomy is needed to effectively treat the 

disease, leaving patients with reduced kidney function. RCC frequently displays 

significant radiation resistance, limiting the usefulness of traditional radiation therapy 

which might spare patients’ normal tissue. The enzyme carbonic anhydrase 9 (CA9), a 

product of the hypoxia pathway, is found upregulated in the majority of RCC, particularly 

the clear cell type. It catalyses the dissolution of carbon dioxide into water as bicarbonate 

and has been linked to increased invasion and migration in RCC tumour cells. The 

radiation resistance of two RCC cell lines 786-O (human CCRCC) and RAG (murine 

renal adenocarcinoma) was investigated by the clonogenic assay in the presence of a CA9 

inhibitor or silencing RNA. The interference with CA9 by either of these methods 

significantly sensitizes 786-O cells to the effects of ionizing radiation in vitro. Moreover, 

fractionation of the dose delivered can increase this sensitization effect. It is hoped that 

current targeting of CA9 can make radiation therapy a more feasible option in the 

treatment of RCC. 
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1.0 Introduction 
 

1.1 Background 

 

1.1.1 Renal Cell Carcinoma 

  

 Renal cell carcinoma (RCC) represents  80% of cancers arising in the kidneys and 

1–3% of visceral (soft organ) cancers [1]. RCC is thought to arise from the epithelial cells 

of the proximal convoluted tubules (see Fig. 1) which filter and collect waste products 

from the blood. Kidney cancers are generally divided into two major types.  The 

remaining 20%  are transitional cell carcinoma, which arises in the transitional epithelium 

(cells lining tubules of the kidneys and bladder). 

 

Fig. 1. Anatomy of a normal kidney. Blood enters the kidney through the renal artery and 

is passed over the nephrons in small capillaries. Waste products such as ammonia and 

urea are collected out of the blood here and into the convoluted tubules of the nephron. 

The waste products pass into the collecting tubules and into the ureter, destined for the 

bladder while filtered blood leaves through the renal vein. Renal cell carcinoma is 

thought to arise in the proximal convoluted tubules [1]. Image adapted from [2]. 
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 Worldwide, the incidence of RCC is highest in North America with approximately 

15 cases per 100,000 people, with rates typically twice as high in males. Annually, 

200,000 people are diagnosed with the disease worldwide [1]. The incidence of the 

disease is continually rising between 2–4% per year in Western countries with smoking as 

the largest known risk factor, followed by obesity and hypertension [3]. Inherited 

mutations may predispose an individual to developing RCC, most commonly a non- or 

poorly functioning VHL (Von Hippel-Lindau) protein. Such familial mutations are 

identified in about 4% of cases [4]. Typical symptoms of RCC include side pain, 

hematuria—blood in urine—and regional swelling in the abdomen [5]. Ultrasound is the 

most common diagnostic tool for detection of RCC, followed by a CT (Computerized 

Tomography)  scan or MRI (Magnetic Resonance Imaging) [6], [7]. Early diagnosis of 

RCC is problematic as forty percent of cases display none of the main symptoms [8]. This 

frequent absence of symptoms is problematic as the disease often progresses unnoticed 

and will often metastasize—spread—to other organs, causing further complications. 

Indeed, 25–30% of RCC patients have metastatic tumours at diagnosis, and 70% will 

have metastatic tumours at some point during the course of the disease. The five-year 

survival rate of RCC is bleak at only 5–15% [1].  

 RCC is further divided into sub-types based largely on the observed morphology 

of cells when imaged with microscopy and histological staining. Chromophobe renal cell 

carcinoma occurs in ~5% of cases, and is less biased towards affecting males than other 

types. Tumours have a median diameter of six cm, making them typically the largest of 

the types of RCC. Survival is 83.9% at five years on average. Microscopically, cells 

appear large and polygonal with clearly-defined membranes and irregular nuclei [9]. 
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Papillary renal cell carcinoma is found in 10–15% of RCC cases, 75% of which occur in 

men. The survival prognosis is similar to chromophobe RCC at 80–90% after five years. 

Papillary RCC takes its name from the circular, capsule-like structures that such tumours 

form microscopically [10]. This sub-type is considered less aggressive than other types 

and is often only found upon autopsy when the patient has died from another cause. 

 The most common sub-type of RCC is clear cell renal cell carcinoma (CCRCC), 

so-called because the cytoplasm stains clear with the common hematoxylin and eosin 

(H&E) stain. Cells typically grow in a sheet pattern, but can also take a tubular or 

papillary shape in vivo. CCRCC accounts for the majority, at 80% of RCC cases. It is 

considered a more aggressive and invasive sub-type that grows quickly, often outpacing 

the growth of blood vessels, despite possessing more vascularity than other types. Poor 

vasculature and oxygen supply (hypoxia) leads to necrotic centers in 10–15% of such 

tumours in which cells have died from lack of oxygen. Prognosis of CCRCC is the 

poorest of the subtypes with a five-year survival below 20% [11].  

1.1.2 RCC treatment and radiation sensitivity 

 

 Radiation therapy is prescribed for about two thirds of all cancer patients at some 

point during their illness [1]. This type of treatment has been used since the early 1900s 

due to the ability of radiation to control tumour growth and kill tissue. Radiation therapy 

is a popular treatment option as it is generally less invasive than surgery and provokes 

less severe side effects than chemotherapy. Some types of blood cancers such as leukemia 

and lymphoma are particularly responsive and sensitive to radiation along with cancers of 

the germ cells. Most other cancers are moderately responsive to radiation and require a 
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special targeting procedure and multiple treatments to avoid delivering lethal doses of 

radiation to surrounding healthy tissue. 

 Treatment of RCC is usually limited to surgical removal of part or of the whole 

kidney (nephrectomy). Tumour ablation by burning or freezing, and immunotherapy are 

also employed, though nephrectomy remains most effective, despite risks of decreased 

kidney function and infection. Radiation therapy has typically been excluded from 

treatment of RCC as kidney damage was shown in the 1970s to be a common 

presentation for patients undergoing the treatment [12]. It was assumed that kidney tissue 

was therefore sensitive, until it was shown that most of this damage was caused only in 

conjunction with chemotherapy drugs, particularly Actinomycin, a transcription inhibitor 

[12]. The kidney’s radiation sensitivity has been reclassified as only a moderately 

sensitive tissue with acceptable dose tolerance of 2.3 Gy [13]. Damage to healthy tissue 

aside, radiation therapy’s effectiveness for RCC remains limited by the disease’s 

resistance to radiation and chemotherapy, which are typically only employed for 

palliative care. Particularly, radiotherapy is used to reduce the pain caused by metastatic 

tumours in the bone and lower the risk of fractures [7]. Primary RCC tumours display 

resistance to traditional chemotherapy, whose slightly basic drugs are believed to be 

neutralized by the acidic local tumour environment. Recently, drugs targeting the VEGF 

growth receptor such as bevacizumab [14] have been employed to slow the progression of 

metastatic RCC, but to limited effect. Small molecule inhibitors such as pazopanib [15], 

sorafenib [16] and sunitinib [17] are also somewhat effective at stalling growth and 

spread of the disease by inhibiting tyrosine kinases. However, the response rate of these 

drugs can be as low as 10% of patients and disease resistance develops within 
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approximately 11 months for nearly all patients [18]. There is some indication that next 

generation drugs such as Axitinib [19] may be successful at improving chemotherapy for 

RCC, also by VEGFR targeting, however it remains largely unused. 

 Developments in radiotherapy technique, namely the introduction of robotic 

technology has resulted in the ability to target tumours with far more precision. The 

Accuray Cyberknife in particular allows the production of pencil-thin beams in nearly 

every conceivable angle, allowing the sparing of surrounding tissues. Since trials began in 

1999, the device has been shown to provide superior growth control for metastatic RCC 

[20]. The same cannot be said of primary RCC tumours however as their resistance to 

radiation is difficult to overcome. Questions have also been raised concerning the 

machine’s tendency to create radiation-induced secondary malignancies in patients [21]. 

 As a result of radiation resistance, RCC tumours cannot be treated with radiation 

therapy without significant damage done to surrounding tissues. Thus the benefits of this 

non-invasive and low risk approach are not available to patients with RCC. As normal 

kidney tissue is relatively sensitive to radiation as opposed to the tumours that develop 

[22], it is believed that either genetic/proteomic or environmental changes occur in the 

process of transformation into RCC that renders the disease resistant to the effects of 

ionizing radiation. These transformative changes remain unclear. 

1.1.3 Cell death by radiation and modes of resistance 

 

 Living cells are adversely affected by ionizing radiation. Radiation is ionizing 

when particles contain sufficient energy to liberate an electron from an atom, changing its 

charge hence ionizing it. Photons in the visible spectrum of light and of longer 

wavelength such as radio waves and infrared do not carry sufficient energy to ionize 
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atoms and upon colliding with other matter such as proteins or DNA, cause no immediate 

damage to their chemical bonds. However, photons with greater energy, such as UV- or 

X-rays will deposit this energy upon collision by ionizing cellular components, causing 

chemical bonds to break and/or reform improperly [23]. As the cell can usually produce 

more fats or proteins if they are damaged, collisions with these macromolecules are 

believed non-lethal. However, collisions with DNA pose much more of danger for cells 

as their proteomic expression and general functioning are dependent on the DNA being 

intact and having the correct sequence. While cells have the capacity to repair DNA, a 

certain threshold of damage will often trigger apoptosis [24], [25]. Alternatively, if the 

cell is actively dividing, a mitotic catastrophe may occur [26] in which DNA damage 

causes improper chromosome segregation and the resulting daughter cells are not viable. 

As a result, cells in G2 phase immediately before mitosis tend to be more sensitive to 

radiation insults, while cells in S phase are least sensitive due to the presence of DNA 

replication and repair machinery. Cells in senescence or dividing slowly such as neurons 

or muscle cells also tend to be resistant due to the decreased likelihood of entering mitosis 

with DNA damage. Cells in quickly dividing tissue such as bone marrow and jejunum 

crypt cells tend to be more sensitive, entering mitosis quickly with damaged DNA, 

resulting in mitotic catastrophe [26]. It is also worth noting that if the DNA of a cell is 

concurrently sustaining damage from other insults such as extreme temperature or 

intracellular pH, resistance to radiation is lowered. The cell’s repair pathway responds to 

DNA damage regardless of cause and has a capacity can be overwhelmed [27]. 

 It is unsurprising—given radiation damage to living cells is problematic due to 

DNA damage—that cells with reduced capacity to sense and repair this damage are more 
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sensitive to it. If mutations or aberrant expression occur in genes that perform these 

functions, radiation tolerance can be lessened, sometimes quite severely. Tumour 

suppressor genes such as p21 and p53 are often referred to as checkpoint genes as they 

arrest the progression of the cell cycle if conditions are not appropriate, including if the 

DNA has significant damage [28]. If they do not respond properly to DNA damage or fail 

to activate repair pathways, the cell can proceed through replication and mitosis with 

mutations or chromosome abnormalities that prove fatal via mitotic catastrophe. Ataxia 

telangiectasia is a recessive disease that occurs when the ATM (Ataxia Telangiectasia 

Mutated) protein cannot be recruited to double-stranded DNA breaks [29]. The defective 

protein fails to activate p53 and other tumour suppressors and stall the cell cycle for 

repair. Individuals with this mutation are incredibly sensitive to radiation and experience 

adverse reactions to even low-dose medical X-rays as their cells attempt to divide with 

severe DNA damage [30]. Proteins directly involved in repair pathways can also lose 

proper function or regulation. For example, mutations in the nucleotide excision repair 

pathway have been shown to increase radiation sensitivity. The pathway normally excises 

smaller point mutations in the DNA such as improper base-pairing or crosslinks between 

bases. Individuals with loss-of-function mutations in any of the eight genes involved may 

develop xeroderma pigmentosum. Individuals with this disease are hypersensitive to UV 

radiation due to its tendency to cause crosslinks between adjacent thymine residues, and 

must make every effort to avoid sun exposure [31]. 

 There are two mechanisms by which radiation is believed to damage DNA, 

directly or indirectly. Direct damage occurs when a particle of ionizing radiation deposits 

energy into DNA itself, causing chemical bond reorganization. Indirect damage occurs 

http://en.wikipedia.org/wiki/Xeroderma_pigmentosum
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when energy is deposited into water molecules, often resulting in unstable free radicals 

which then donate or accept electrons inappropriately to DNA [32]. Direct damage is 

typical of large or charged particle radiation such as alpha particles, beta particles and 

neutrons. As they move through tissue, such particles deposit large amounts of energy in 

events that are close together, and are thusly consider high-LET radiation (Linear Energy 

Transfer). This proximity of ionizing events increases the likelihood that DNA strands are 

hit multiple times in the same location—such as once on each phosphate-sugar 

backbone—which results in double-stranded breaks that are more difficult to repair. By 

contrast, small and uncharged photons deposit small amounts of energy in events that are 

farther apart (low-LET). As energy disposition is spread farther apart, direct damage is 

less pronounced and results in mostly single-strand breaks [33] that are more easily 

repaired. It is believed therefore that photons contribute to DNA damage indirectly by 

ionizing water molecules. These ionized water molecules then interact with oxygen to 

create reactive oxygen species and free radicals which are believed to damage DNA 

themselves [34]. 

1.1.4 Radiation resistance and hypoxia 

 

 The model of direct and indirect damage implies that the presence of oxygen is 

important for the killing action of ionizing radiation. Moreover the presence or absence of 

oxygen is more important for photonic, low-LET radiation than other types [35], as the 

damage done to DNA is largely (approximately two-thirds) through oxygen radical 

intermediates. Experiments involving hypoxic or low oxygen levels consistently show 

that a minimum level of oxygenation greatly improves the killing power of photonic 

radiation such as X-rays. Cells that are hypoxic however, demonstrate greater resistance 
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to radiation. Schack and Macduffee irradiated mice with an eight Gy dose of X-rays. 

They found that mice that had been previously exposed to long periods of hypoxia by 

oxygen deprivation lost less bone marrow tissue and recovered it faster than control mice 

not exposed to hypoxia [36]. This effect is particularly problematic as most clinical 

radiation treatment machines deliver doses of photonic, X-ray radiation and therefore 

require tumours to be well oxygenated to be effective. 

1.1.5 RCC and hypoxia 

 

 It is common for tumours to outpace the surrounding tissue’s ability to provide 

sufficient blood flow to the area. This can significantly impede the tumour’s growth 

progress as cells over approximately 120nm from a blood vessel will not receive 

sufficient oxygen. Grimbone et al. showed that the same tumour cells grow differently 

depending on available vascularization. Brown-Pierce carcinoma grafted into the iris of 

rabbits was able to vascularize and grow exponentially, yet when injected into the eye’s 

anterior chamber, could not vascularize and eventually became dormant [37]. 

Furthermore, the tumour’s growth outpacing angiogenesis—the creation of new blood 

vessels—can often lead to low-oxygen or hypoxic regions in the tumour [38]. This lack of 

oxygen can be extreme enough to be lethal for tumour cells in that area, causing the 

formation of necrotic sections. For example, Tannock found that mammary 

adenocarcinoma transplanted into mice displayed this particular pattern. Upon 

histological inspection of the tumours’ arrangements, it was found that there were large 

pockets of necrotic cells, with only cylindrical strands of viable tumour cells running 

through them. These strands each contained a blood vessel, able to supply only the cells 

in close proximity [39]. As large parts of RCC tumours are found to be hypoxic as well, it 
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has been forwarded as a possible explanation of the radio-resistance seen in RCC. The 

hypoxia discourages indirect DNA damage as there is little oxygen available to form free 

radicals. This hypothesis is supported by the fact that the hypoxic response pathway is 

found activated in most RCC tumours via mutations in the VHL (Von Hippel-Lindau) 

gene [7] which normally suppresses this pathway. As a result, genes that allow cells to 

cope with hypoxic conditions are up-regulated and the tumour survives whilst being 

resistant to both oxygen deprivation and radiation.  

1.1.6 Expression of carbonic anhydrase 9 as promoter of radiation resistance in RCC 

 

 Hypoxia discouraging indirect damage is not likely a complete explanation of 

RCC’s radio-resistance as RCC lines in vitro under normoxic conditions still display poor 

sensitivity to radiation. We hypothesize that a downstream product of the activated 

hypoxia pathway may be responsible for this resistance, namely carbonic anhydrase 9 

(CA9 or CA IX). CA9 is an appealing suspect as it is present in the majority of RCC (in 

over 95% of CCRCC) [40]. Its relationship as a downstream product of hypoxia is well 

established and it is considered a relatively accurate marker of hypoxia. Its usefulness as a 

prognostic factor is less clear however and is disputed [41]. While previously thought to 

merely catalyze the dissolution of CO2, it has been found to encourage growth [42], 

invasion [42] and metastasis [43] in other tumour types, believed to be a result of 

increased acidification of the extracellular environment. In breast cancer cell lines which  

express CA9, the enzyme can be disrupted by inhibitors such as acetazolamide or RNA 

interference. Upon doing so, Roberton et al. observed that a lesser percentage of cells 

could migrate through porous membranes and matrixes. Moreover, bladder cancer cells 

not expressing CA9 were transfected with a constitutively active version of CA9 
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experienced an increase in their migratory and invasive capacity [42]. Though the authors 

conclude that CA9 is not solely responsible for migratory capacity, it is clear that the 

functioning of carbonic anhydrase 9 is not as simple as originally postulated. As we 

describe here, radiation resistance in RCC may be an additional effect of the enzyme that 

has previously been overlooked. 

1.1.7 Carbonic anhydrases 

 

 Carbonic anhydrases (CAs) are enzymes which act as catalysts for the dissolving 

of CO2 in water as carbonic acid and protons. This reversible reaction which proceeds 

relatively slowly by itself [44] can be increased to rate of around four–six million 

conversions per second in the presence of a single carbonic anhydrase molecule [45], 

making it amongst the fastest enzymes known. CAs typically feature a zinc (II) or 

sometimes cobalt (II) ion in the active site and are therefore considered metalloenzymes. 

 Carbonic anhydrases are divided into five families (α, β, γ, δ and δ), believed to be 

the result of convergent evolution due to lack of homology in their genetic sequence. 

However, within these families, the amount of genetic and protein sequence homology 

suggests strongly that the various isozymes are related by common ancestry [46]. The α 

family is found in most organisms with the exception of archaea, and is the family of 

most importance to humans and other animals [47]. β CAs are found in archaea, bacteria, 

fungi, and algae and are common in plants. Varieties of γ CAs are found in prokaryotes 

and in both archaea and bacteria [48]. The last two families which have been identified 

are disputed due to similarities with the others. Diatoms produce the δ and δ families, but 

δ CAs have been found to be similar at the active site to the α-types [49] and the δ family 

shows structural similarity to the β family. 
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 In mammals, family α is host to at least 15 isozymes which are sorted into 4 

categories based on their localization. Carbonic anhydrases I, II, III, VII and XIII are 

cytosolic, IV, IX, XII and XIV are membrane associated, CAs VA and VB are 

mitochondrial and CA VI is secreted in milk and saliva [50]. CA isoforms perform 

critical functions throughout the body including facilitating respiration, pH buffering, 

bone resorption, the secretion of electrolytes, calcification and ensuring a sufficient 

bicarbonate supply for glucose, lipid and urea production [51]. CAs VII, X and XI are 

cytosolic and acatalytic; their function is unknown [52]. These proteins are also referred 

to as CARPs (Carbonic Anhydrase-Related Proteins). 

1.1.8 Carbonic anhydrase 9: structure 

 

 Carbonic Anhydrase 9 (CA-IX or CA9) is the largest (459 amino acids) [53] of 

the mammalian CAs (54–58 kDa), and has unique domains that are not shared by its 

isozymes. The crystal structure (Fig. 2) has recently been solved [54], a process 

complicated by the enzyme’s transmembrane nature. The extracellular domain features a 

signal peptide which likely localizes the enzyme to the membrane, a compact, globular 

catalytic domain similar to other CAs and a PG domain named as such because of 

sequences similar to proteoglycans. The PG domain sits above the active site and is 

thought to moderate interactions with other cells but also populate the active site with 

acidic amino acids as CA9 is most efficient at a slightly acidic pH [55]. Thus the 

production of acid by the enzyme by dissolving CO2 creates a local environment where it 

can operate efficiently. The membrane is spanned by a single helix followed by a short 

intracellular tail [53]. The crystal structure also revealed CA9’s tendency to self-dimerize, 

enforced by a disulfide bridge at cys
409

. In this state, both active sites are open to the 
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extracellular space and the PG domains are free to interact with nearby cells or the 

catalytic sites [54]. The presence of the intracytosolic tail domain is important for CA9’s 

regulation. PKA (cAMP-dependent protein kinase A) can bind to the tail and 

phosphorylate CA9 at thr
443

. The phosphorylated form of CA9 is then capable of 

acidification; the non-phosphorylated version has greatly reduced enzymatic capacity. 

Moreover, in this form, the enzyme co-localizes with the bicarbonate importing 

metabolon NBC1 [56]. As CA9 produces bicarbonate, this localization with NCB1 may 

improve the efficiency of importation. This may allow tumour cells to maintain a higher 

internal pH despite an increasingly acidic extracellular environment.  

 
 

Fig. 2. A 3D model of a carbonic anhydrase 9 dimer in a phospholipid bilayer. From the 

N-terminus, the proteoglycan-like (PG) domain, catalytic carbonic anhydrase (CA) 

domain, the transmembrane (TM) helix and the intracytosolic (IC) tail. Adapted from 

[57]. 
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 Carbonic Anhydrase 9 exists in an alternatively spliced form that lacks the 8
th

 and 

9
th

 exons. This splice variant creates a frameshift and premature stop codon in the 

transcript, resulting in truncation. The final protein product lacks a large part of the C-

terminal region including the tail region, the transmembrane helix, cys
409

 which forms the 

intermolecular disulphide bridge and part of the catalytic domain. This form–54 as 

opposed to 58 kDa–does not seem to be as active, may be secreted to some extent and is 

present in small amounts in both normal and cancer tissues [58]. 

1.1.9 Carbonic anhydrase 9: expression and regulation 

 

 CA9 is expressed moderately in the gut lining [59] and in small quantities in the 

stomach and body cavity lining, but is otherwise not expressed in normal tissue. The 

enzyme is highly expressed under conditions of hypoxia [60] and is upregulated by HIF-

1α (Hypoxia Inducible Factor). Mutations in the tumour suppressor VHL gene (Von 

Hippel-Lindau) lead to stabilization of HIF-1α which in turn causes the overexpression of 

CA9. VHL mutations are found in 22-57% of clear cell renal cell carcinomas [61]. Cell 

density has also been shown to encourage CA9 expression in HeLa cells, a phenomenon 

now believed to be caused by poor local oxygenation [62]. 

 Carbonic anhydrase 9 is found expressed in many cancers due to its role as a 

downstream product of the hypoxic pathway. Because of relatively quick growth 

outpacing angiogenesis, tumours often experience hypoxic regions in which blood flow is 

not able to provide enough oxygen and remove carbon dioxide [63]. It is therefore 

advantageous for tumours to use CAs to dissolve excess carbon dioxide into water as 

bicarbonate rather than using limited amounts of binding sites on hemoglobin molecules 

to dispose of it. Moreover, it has been shown that the excess bicarbonate can be imported 
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into the cell to stabilize the pH of the intracellular environment and is used in the 

synthesis of pyrimidine nucleotides [64]. This is also believed to be the reason why the 

enzyme associates directly with the bicarbonate importing metabolic NBC1. 

 Under normoxic conditions, CA9’s transcription factor HIF-1α (Hypoxia 

Inducible Factor) is hydroxylated at Pro
564

 by PHD (prolyl-4-hydroxylase) [65]. This 

allows ubiquitylation to occur with the aid of the von Hippel-Lindau protein (VHL) [66], 

along with eventual proteasome degradation. The end result is that HIF-1α does not 

remain intact long enough for it to carry out significant transcriptional promotion. 

However, PHD requires dioxygen to function and when a cell becomes hypoxic, HIF-1α 

does not become hydroxylated and does not interact with VHL or undergo degradation. 

Instead, the protein remains stable and enters the nucleus, dimerizing with HIF-β to form 

a functional transcription factor HIF which allows transcription of CA9. The dimer 

recognizes sequences called hypoxia response elements (HREs) which are found in genes 

responsible for angiogenesis such as vascular endothelial growth factor (VEGF), glucose 

transporters and other genes related to survival and proliferation [67]. This relationship 

with hypoxia means CA9 may be a useful marker for the condition as well as a predictor 

for therapeutic outcome in radiation and chemotherapy [68]. Mutations in the tumour 

suppressor VHL gene can also lead to constitutive expression of the hypoxic response 

including CA9 which can be found expressed up to 150-fold the normal level [69].  

1.1.10 Carbonic anhydrase 9: other known functions in tumours 

 

 The presence of carbonic anhydrase 9 on the surface of tumour cells is believed to 

contribute to the acidification of the local tumour environment. Due to its dissolution 

reaction being reversible, CA9 also guards tumour cells against the danger of acidosis. 
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Hypoxic tumours often are found to have a pH of about 6 as opposed to the physiological 

normal of pH 7.4. The presence of the PG (Proteoglycan-Like) domain is believed to 

make the enzyme function efficiently at acidic pH levels. CA9’s catalytic subunit has a 

pKa around neutral, while the presence of the PG domain lowers it to 6.5 [54]. Inhibition 

of the active site leads to an increase of pH in cellular media. This effect can be replicated 

by the deletion of the catalytic subunit, demonstrating the contribution of CA9 to 

acidification by the generation of carbonic acid in addition to the lactic acid produced by 

anaerobic respiration [70]. In turn, a low pH has been linked to increased invasion, 

migration, expression of growth factors, chromosome rearrangements and breakdown of 

the extracellular matrix by proteases such as matrix metalloprotease 9 (MMP-9) [71]. 

CA9 may also contribute to migratory potential in tumours cells by interfering with 

anchoring proteins. MDCK cells transfected with CA9 constitutively show weaker 

adherence ability. Co-immunoprecipitation showed CA9 bound with both E-cadherin and 

its cytoskeletal intermediate β-catenin. This suggests competition for, or interference with 

adherens junctions [72] which may in turn allow loose adherence and greater migratory 

ability for cells expressing CA9. Conversely, fibrosarcoma cells transfected with 

silencing RNA targeting CA9, lost migratory capacity and developed a stronger adhesive 

capacity [73]. 

 In addition to pH regulation and cellular mobility, there is some evidence that 

points to carbonic anhydrase 9 having a role in cell signaling. Structurally speaking, it is 

peculiar that the enzyme should dimerize as its kinetic and enzymatic properties do not 

depend on it. It has been noticed also that many CARPs (carbonic anhydrase associated 

proteins) are tyrosine receptor kinases (RTKs) which share CA9’s catalytic domain [52]. 
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Although the domain is non-catalytic in these cases, RTKs are known to be heavily 

involved in pro-growth signaling, meaning that it may have signaling function in CA9 as 

well. To this effect, Dorai et al. exposed SKRC-01human RCC cells to increasing 

amounts of the pro-growth ligand EGF (epidermal growth factor). Using 

immunoprecipitation, it was shown that EGF stimulation results in phosphorylated 

tyrosine residues on CA9, though the mechanism by which this occurs is unknown [74]. 

This demonstrated that CA9 is involved in EGF signaling, either directly or indirectly 

through EGFR (EGF-receptor). Further co-immunoprecipitation revealed that the 

phosphorylated tyrosine allowed CA9 to interact with PI3K (phosphatidyl inositol-3 

kinase). Dorai et al. also demonstrated that the CA9-PI3K complex could 

phosphorylate—and therefore activate—the protein AKT. AKT in turn is a known 

activator of the mTOR (mammalian target of rampamycin) pathway which over-actively 

suppresses apoptosis. When CA9 was not present in significant amounts to act as an 

intermediate, this EGF activation of AKT did not occur [74]. In short, CA9’s presence in 

RCC may enable suppression of the apoptotic pathway (see Fig. 3 for summary). If this is 

true, cells expressing CA9 may not self-terminate after significant radiation damage. 

CA9’s possible role as a suppressor of apoptosis is therefore perhaps the strongest reason 

to suspect its involvement in the radiation resistance of RCC which express it. 
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Fig. 3. Summary of upstream effects on, and downstream effects of CA9. Hypoxia from 

rapid tissue growth allows the stabilization of HIF-1α which can also be caused by 

mutations in the negative regulator VHL. HIF-1α allows the transcription of CA9 which 

may self-dimerize and requires PKA to phosphorylate a tail threonine residue to perform 

catalysis. CA9 produces bicarbonate which is imported by NBC1 and protons which 

acidify the extracellular space. The acidic environment neutralizes weakly basic drugs 

and activates MMPs which degrade the extracellular matrix allowing further invasion. 

CA9 competes with cadherins for β-catenin binding sites and prevents normal adherens 

junctions from forming, weakening cell adhesion. EGFR stimulation phosphorylates 

tyrosine residues on CA9 which recruits PI3K and activates AKT, leading to the 

suppression of apoptosis and activation of the pro-growth mTOR pathway. 
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1.2 Approach 

 

1.2.1 Targeting carbonic anhydrase 9 

 

 One possible method of determining CA9’s role in the radio-resistance of RCC is 

to inhibit the function of the enzyme and to measure any resulting change in cells’ ability 

to survive radiation insults. Here, two methods are used to inhibit CA9’s functionality. 

One approach involves targeting the enzyme with the drug AEBS (4-(2-

aminoethyl)benzene sulfonamide). AEBS is a small molecule which has in drug 

screening tests been demonstrated as an efficient inhibitor of the enzymatic activity of 

CA9 [75] by competition for the active site. It also displays specificity for CA9, which is 

rare as the various isozymes of CA have very similarly structured active sites. It should 

be noted however, that the drug also efficiently inhibits isozyme CA12 (Ki 10-fold lower) 

[75], which is membrane-associated as well. Sulfonamides, as the name suggests, contain 

a sulfonamide functional group—a sulfonyl group connected to an amine group 

(SO2NH2). Similar sulfonamides were used as anti-bacterial agents before the discovery 

of antibiotics and are used today to mediate water transport and pressure in various parts 

of the body [76]. They may function as diuretics and can relieve ocular hypertension—

doing so by inhibiting carbonic anhydrases no less. Though they usually are associated 

with very few side-effects, they occasionally provoke severe allergic reactions [76]. One 

study which used a similar sulfonamide, acetazolamide, demonstrated its inhibitory 

capacity of CA9 in clear cell carcinoma line 786-O, and concluded that the inhibition 

encouraged apoptosis [77]. This lends credence to CA9 being necessary for radiation 

tolerance; if inhibition encourages apoptosis, then this may limit a cell’s ability to avoid 

apoptosis after a radiation insult. 
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 Alternatively, RNAi (RNA Interference) may be used to target CA9’s transcript, 

preventing it from being expressed. RNAi is an important regulatory mechanism which is 

both critical to early-life growth and development as well as defense against retro-viruses. 

The enzyme Dicer [78] detects and cleaves double-stranded RNA (dsRNA) into small 

fragments of ~20 bp. One strand is degraded and the other is taken up by an enzyme 

complex known as RISC (RNA Induced Silencing Complex) [79]. While in the complex, 

the small RNA (now a siRNA or Small Interfering RNA) may base-pair with a 

complementary sequence such as an mRNA. When this occurs, the RISC complex 

cleaves the paired strand which is eventually degraded, preventing the transcript from 

being translated and the protein expressed. Cells encode and produce their own siRNAs 

called miRNAs (Micro RNA) to downregulate genes. MiRNA are transcribed from open 

reading frames and base-pair with themselves [80] in a particular hairpin conformation. 

This double-stranded conformation is recognized by cell machinery and processed into a 

siRNA. Dicer cleaves dsRNA from viruses as well however, and uses the resulting 

siRNA to target other viral RNA for degradation as a defense mechanism [81]. 

 This pathway can be exploited as a biomedical tool to downregulate genes of 

interest [82]. Exogenous siRNA can be added in a pre-cleaved form or by introducing an 

open reading frame which transcribes a hairpin RNA similar to miRNA. It becomes 

similarly processed and downregulates the gene of interest in a semi-permanent fashion 

assuming the opening reading frame can be introduced via stable transfection of the cells 

of interest. Fortunately, vector plasmids carrying such reading frames can be introduced 

to cells which sense the DNA fragments and attempt to repair the perceived damage by 

incorporation of the fragment into the genome. This process is not completely 
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understood, but can be aided with electroporation, calcium phosphate and various cationic 

lipids or complexes. In this fashion a RCC line can be made to produce significantly less 

CA9, allowing radio-sensitivity testing when the enzyme is mostly absent rather than 

merely inhibited. 

1.2.2 Measuring radiation resistance of RCC 

 

 A standard method of measuring radiation resistance of cells in vitro is the 

clonogenic assay [83]. Clonogenicity refers to the ability of a single cell to grow and 

divide to form a descendant colony or clone. Generally, cells are seeded as a single cell 

population, subjected to an insult and then allowed to grow. After a growth period, the 

surviving cells will grow into colonies. If for example, the insult killed 30% of the cells, 

only 70% of expected colonies will form. The expected number of colonies is determined 

by a control population that was not subjected to the treatment. When the surviving 

percentage or fraction is plotted against each degree of insult (for example radiation dose) 

a survival curve is created. This is the standard format for comparing radiation sensitivity 

between cell types at least in vitro [84]. It should be noted that failure to form a colony 

within the time period does not necessarily mean the cell in question is dead; it may be 

merely unable to reproduce or reproduce very slowly. However, as the goal of cancer 

treatment is often to prevent the growth and spread of the disease and not always 

necessarily to eradicate it entirely, this endpoint of inhibited growth is generally accepted 

as sufficient. 

1.2.3 Cell lines considered 

 

 The 786-O human clear cell renal cell carcinoma line is characterized by a VHL 

mutation and a lack of wild type protein product. Re-introduction of wild-type VHL does 
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not affect the growth of the line in vitro, but does prevent the cells from forming tumours 

in nude mice [85], [86]. CA9 expression, which has been detected in 786-O cells, can also 

be reduced by this re-introduction of VHL [86]. Curiously, the cells lack normal HIF-1α 

however, pointing to the possibility of alternative regulation and promotion of CA9 

expression. Another isoform, HIF-2α, has been shown to be functionally dominant in this 

line, providing a possible explanation for CA9 expression. This isoform has been shown 

to regulate VEGF, which is another downstream product of the hypoxic HIF pathway 

[87]. Like CA9, the VEGF promoter sequence has a HRE (Hypoxia Responsive 

Element), which is recognized by the HIF complex and can do so regardless of which 

version of the α subunit is present. Although not yet shown, it is possible that CA9’s 

promoter sequence may also be regulated by HIF-2α. Experiments using these cells have 

also shown that the intracellular pH can be lowered and apoptosis activated by inhibition 

of CA9 with small molecule drugs [77]. 

 The murine RAG line (renal adenocarcinoma) is uncharacterized in terms of 

hypoxic pathways. The line is studied mainly for its defective regulation of MHC II 

(Major Histocompatibility-Complex, Class II) genes [88]. Although such kidney cells are 

not involved in the immune response, the regulation of the antigen-binding MHC genes is 

frequently found to be disrupted in many cancer types, though it is unclear why. As a 

further curiosity, the RAG genome is thought to be unstable; cells display a great deal of 

heterogeneity in their chromosome arrangements and ploidy [89]. We have included it as 

a cross-species comparison of RCC. 

 Human LNCaP (prostate adenocarcinoma) cells have been shown to not express 

CA9 [90], and are thought to be radiation-resistant [91], [92]. Similarly to the 786-O line, 
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hypoxia-response pathways have been studied in LNCaP cells in detail. While adherent, 

the cells do not maintain a neat monolayer. As available, in vitro space becomes scarce at 

higher confluences, the cells begin to pile on top of each other. This ability to grow the 

cells in high density has been useful for studying localized hypoxia. Higher densities 

induce the hypoxic response in the LNCaP line as cells compete for the little oxygen 

available to them. HIF-induced expression of reporter genes with associated hypoxia 

response elements in their promoters can be up to 250-fold higher in densely seeded in 

vitro conditions for this reason [93]. We included the cells as a benchmark to make 

survival experiments comparable to other in vitro radiation survival experiments, and to 

test if results could be duplicated in non-RCC lines which do not express CA9. 

 Glioblastomas such as the human LN-18 cell line are considered to be amongst 

the most resistant cell lines to radiation insult [94]. The reason for this resistance is 

believed to be a constitutively active AKT pathway that actively suppresses apoptosis 

[95]. Curiously, CA9 is also found upregulated in LN-18[96], which as explained in 

section 1.1.10, may not be entirely coincidental. The cell line however, is included here 

only as a comparable benchmark for radio-sensitivity of RCC cell lines. 

1.2.4 Xenografts 

 In vitro models of radiation resistance in tumours are limited in their 

approximation of tumour environment. Cell signals from surrounding tissues, physical 

constraint by the extracellular matrix, localized pH changes, blood circulation and 

hypoxia are not present in cell culture dishes. The results of in vitro experiments therefore 

may not extend to practical, clinical circumstances where these factors may or may not 

influence radiation resistance. To include these factors in a radiation resistance 
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experiment, xenografts are more useful approximations. Xenografts are tissue that has 

been transplanted from one species to the next. As such, human cancer cells or grafts may 

be injected or surgical implanted into mice to form tumours. Human tumours in mice are 

generally considered a far better approximation of the disease and are widely used [97]. 

One of the most common mouse strains for such experiments is the BALB/c, an inbred, 

albino type bred specifically for lab work [98].  

1.2.5 Nude mice 

 Xenografting can be complicated by the host mouse’s immune system which 

recognizes human antigens as foreign and may attempt to fight off the tumour cells that 

have been implanted. The tumour take rate—percentage of xenografts that grow 

successfully inside the host animal—is often less than 100% [99], necessitating the use of 

more transplanted tissue or host animals. Unsurprisingly, the rejection chance of the 

xenograft can be lowered if the host animal has a compromised immune system. The 

immune system of nude mice is largely comprised in this way, making this sub-strain of 

BALB/c mice ideal for xenografts. Nude mice contain a mutation in the sequence of the 

FOXN1 transcription factor. Mice with the mutation do not develop a thymus, meaning 

they cannot produce mature T-lymphocytes—a group of white blood cells involved in 

recognizing foreign antigens [100]. Nude mice therefore cannot recognize human cancer 

cells as well as their non-mutant counterparts, and make more practical xenograft hosts. 
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1.3 Hypothesis and objectives 

 

1.3.1 Objectives 

 

 To determine if carbonic anhydrase 9 plays a role in the radiation resistance of 

renal cell carcinoma and if targeting the enzyme using inhibition or silencing RNA may 

improve the effectiveness of radiation therapy. 

1.3.2 Hypothesis 

 

 Carbonic anhydrase 9 expressed in renal cell carcinoma confers radiation 

resistance to the cancer and downregulation or inhibition of CA9 sensitizes RCC to the 

effects of ionizing radiation. 
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2.0 Methods 

  
2.1 Cell culture 

 

 786-O (human clear cell renal cell carcinoma), RAG (mouse renal 

adenocarcinoma), LNCaP (human prostate adenocarcinoma) and LN-18 (human 

glioblastoma) cell lines were purchased from ATCC. Medium used for all cell lines in all 

situations was RPMI-1640 (Hyclone) supplemented with 25.03 mM HEPES, 2.05 mM L-

glutamine, 10% FBS (Invitrogen), 0.893 M sodium bicarbonate (Invitrogen), 1.0 mM 

sodium pyruvate (Invitrogen) and 0.0814 g/L  MEM non-essential amino acid solution 

(Sigma). Cells were grown in either 10 cm polystyrene cell culture dishes (Corning) with 

8 ml of medium or—during the process of creating stably transfected cell lines—in six-

well polystyrene cell culture plates (Greiner Bio-One) with 3 ml/well of medium. 

Incubation occurred in a Thermo Forma Series II water jacketed, HEPA filtered incubator 

with 5% CO2 at 37°C. Manipulation of the cells was performed in a Forma Scientific 

Class II A/B3 Biological Safety Cabinet. Cells were passaged upon reaching 90% 

confluence (unless otherwise stated) by aspirating medium, washing twice with PBS 

(Amresco), digesting for 10-15 min with 0.05% trypsin (Thermo Scientific), and 

reseeding into new dishes. For 10 cm dishes, 4 ml of PBS was used in each wash, 3 ml of 

0.05% trypsin was used for digestion and for wells of six-well plates, one ml of PBS was 

used in each wash and one ml of 0.05% trypsin was used for digestion. In both cases a 

one in ten dilution of cells was reseeded into new vessels for the next passage. The 

authenticity of 786-O cells was verified by ATCC by STR analysis. For long-term 

storage, cells from 10 cm dishes were washed and subjected to trypsin digestion as 

described above, placed in a 15 ml polypropylene tube (Falcon) with eight ml of 
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supplemented medium and centrifuged at 300 g for seven min at room temperature in an 

IEC Centra-7X centrifuge. Supernatant was discarded, the pellet resuspended in 3 ml 

media per 10 cm dish containing 10% DMSO (Caledon) and one ml of the cell 

suspension aliquotted into one ml cryovials (Pathtech). Vials were kept for 24 hours at -

80°C and were then moved to the gas phase of a liquid nitrogen tank until further use. For 

cell counting, 10 µl of cell suspension was added to a haemocytometer and the number of 

cells counted using a VWR hand tally counter.  

2.2 Mycoplasma detection by DAPI (4',6-diamidino-2-phenylindole) 

 

 All cells in culture were screened once every two weeks for mycoplasma infection 

by DAPI (AAT Bioquest) staining. The medium from 10 cm dishes containing cells at 

50% confluence was aspirated and the cells were washed twice with four ml PBS. Eight 

ml of a 0.5 µg/ml DAPI solution in 99.8% methanol (Caledon) were prepared in a 15 ml 

tube and added to each dish for five min at room temperature. The DAPI mixture was 

then aspirated and cells rinsed once with four ml of 99.8% methanol. Dishes were kept 

open until remaining methanol had evaporated. A DM IRB (Leica) fluorescence 

microscope with a 100 W mercury bulb (Chiu Technical) at 200x magnification was used 

to image the cells (λ emission = 470 nm, λ excitation = 350 nm). Cells were evaluated for 

mycoplasma infection according to the criteria mentioned in appendix B. The presence or 

absence of mycoplasma was confirmed by PCR amplification of mycoplasma specific 

DNA sequences from medium samples according to [101]. 

2.3 Transfection of 786-O cells 

 

 pGFP-V-RS plasmid vectors with four unique knockdown target shRNA 

sequences (see appendix C) for carbonic anhydrase 9 or non-effective scrambled control 
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shRNA were purchased from Origene and reconstituted in 50 µl dH2O to obtain a DNA 

concentration of 100 µg/ml. 786-O cells were seeded in 6-well polystyrene plates 

(Greiner Bio-One) in three ml supplemented media per well and allowed to grow to 

confluence. Ten µl plasmid solution (containing 1 ug DNA) per well was added to the 

cells according to the retailer’s instructions with 12% Fugene (Promega) as the 

transfection agent. Cells were screened at 24 and 72 hr post-transfection for green 

fluorescent protein (40x) with a fluorescent microscope at 510 nm (395 nm excitation). 

Protein lysates were created (see section 2.4) to assess knockdown by Western blotting. 

 Following the 72 hr transfection period, cells were passaged as previously 

described but with only a 1 in 100 dilution of suspension reseeded into a new well with 

media containing 1.0 µg/ml puromycin as a selection agent as per manufacturer’s 

instructions (Sigma). Puromycin was prepared as a 100x stock solution in dH2O stored at 

-20°C and freshly added each media change or passage.  

 After one week of incubation, resulting colonies were screened again for green 

fluorescent protein using fluorescent microscopy. Positive colonies were marked with a 

permanent marker on the bottom side of the well. Media was aspirated and positive 

colonies were selected by gently scraping the colony with a pipette tip and stirring into 

fresh 1.0 µg/ml puromycin-containing medium in a new well of a six-well plate. Four 

colonies were picked for each transfected plasmid type for a total of 16 potential stable 

cell lines with knocked down CA9 and four scrambled control subclones. 

 The 20 selected subclones were allowed to incubate for one more week in six-well 

plates, and upon colonies reaching a size of ~50 cells, selected again as previously 

described to ensure each cell line contained a homogenous population. Following the 
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second selection, cells were grown and passaged normally in six-well plates with medium 

containing 1.0 µg/ml puromycin for three weeks.  

2.4 Preparation of protein lysates 

 

 Medium was aspirated from six-well plates or 10 cm dishes containing 100% 

confluent cells which were washed twice with one ml or four ml PBS, respectively. Plates 

or dishes were placed on ice and subjected to a lysis buffer of 0.0160 M Triton X-100 in 

PBS for 10 min. Dishes received 675 µl of buffer and six-well plates received 300 µl per 

well. ―Halt‖ Protease Inhibitor Cocktail (Thermo Scientific) and Phosphatase Inhibitor 

Cocktail (Bioshop) were added to the lysis buffer in a 1/100 ratio. Cells were scraped 

from the dishes or wells using a rubber policeman into 1.5 ml microcentrifuge tubes 

(Diamed) and sonicated five times for one sec at 40 A using a Vibracell sonicator. Tubes 

were centrifuged using an Eppendorf Centrifuge 5415C at 2000 g for 10 min at room 

temperature and the supernatant was transferred to a fresh 1.5 ml tube and stored at -20°C 

until further use. 

2.5 Determination of protein concentration 

 

 Protein concentrations of lysates were determined using the DC Protein Assay 

(BioRad) on a 96-well plate (Falcon) with a standard curve of bovine serum albumin 

ranging from 0.1 to 1.25 mg/ml. Cell lysates were thawed on ice and vortexed briefly. 

Five µl of lysate was added to 20, or 45 µl of PBS in microcentrifuge tubes to make 5-and 

10- times dilutions respectively. Dilutions were then vortexed and five µl was pipetted 

into a well of a 96-well plate as per the manufacturers’ instructions. All three dilutions 

were run in duplicate. Colorimetric readings were taken on a Biotek Powerwave HT 
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spectrophotometer at 750 nm using the KC Junior program. The end concentrations of the 

5- and 10-times diluted samples were averaged for each lysate. 

2.6 Western blot analysis 

 

 Twenty µg of protein lysates were prepared in reducing loading buffer using 5 

volumes of protein lysate and 1 volume of 6x loading buffer (0.35 M Tris pH 6.8, 0.35 M 

SDS,4.1 M glycerol, 18 mM bromophenol blue, 0.6 M DTT). Samples to be run under 

non-reducing conditions were similarly prepared, with the omission of DTT from the 

loading buffer. Reduced samples were boiled at 100°C for 5 min prior to loading. The 

proteins were separated using a BioRad Powerpac Basic in 1.5 mm wide, 10% or 8% 

(bis)acrylamide (BioShop, 40:1 Bis) gel electrophoresis (see appendix A). Gels were run 

for one hr at 50 V and one hr at 100 V in running buffer (see appendix A) at room 

temperature. The proteins were transferred from the gel to PVDF membranes pre-soaked 

in methanol using wet electrophoretic transfer at 85 V for one hr on ice in transfer buffer 

(see appendix A). Membranes were blocked with 5% skim milk in TBST (0.015 M NaCl, 

10 mM Tris pH=7.4, 45 mM Tween-20) for one hr. Antibody incubation occurred in glass 

containers on a Labnet Orbit LS at 60 rpm for two hr at room temperature (in primary 

antibody), or one hr (for secondary antibody). Incubation solutions of 2.5% skim milk in 

TBST with 1:1000 and 1:1000 dilutions of primary and secondary antibody respectively 

were used (see appendix for list of used antibodies). Super Signal West Pico Luminol and 

Stable Peroxide Solution (Thermo Scientific) were used to generate luminescence while 

exposed to Bioflex imaging film. Film was processed using a JP-33 X-ray film developer. 

Actin was used for normalization with Lab Image software to estimate the amount of 
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CA9 present by densitometry. Readings were multiplied by the densitometry ratio of actin 

in each lane to control for protein content. 

2.7 Survival assays 

 

 Cells from 90% confluent 10 cm dishes were brought into suspension as 

mentioned in section 2.1. The cell suspension was added to eight ml of media and 

centrifuged at 300 g for seven min in an IEC Centra-7X centrifuge. All but two ml of 

supernatant was aspirated and the cells were resuspended by pipetting with a one ml 

pipette. The cell number was determined using a haemocytometer and the cell suspension 

was diluted to five cells/µl with media. For 786-O, RAG or LN-18 cells, 250 were 

seeded—per well—into 6-well plates (1000 cells in the case of LNCaP cells). 786-O and 

RAG cells were incubated at 37°C and 5% CO2 for four hours to allow the cells to attach 

to the plate, while LNCaP and LN-18 cells incubated for 24 hr. At this point the cells 

underwent treatment, if any. Following the treatment, incubation continued for 6 days 

(786-O cells), 7 days (RAG cells), or 12 days (LNCaP and LN-18 cells) including 

attachment incubation and treatment time. Following incubation, the cells were washed 

twice with one ml PBS (per well of a six-well plate) and stained with a 0.25% crystal 

violet solution in 95% ethanol for 10 min at room temperature. Plates were then rinsed 

three times by submergence in tap water at room temperature and left to dry overnight. 

Using a ruler and scalpel, a six mm by six mm grid was etched into the bottom of the 

wells to aid counting. Colonies of 50 cells or more were counted using a Leica DM IL 

microscope and VWR hand tally counter. Plating efficiency controls—plates receiving no 

treatment—were included for every experiment. Counts of treated plates were compared 

to plating controls to obtain the fraction or percent surviving i.e. average count of treated 
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plates/average count of plating controls = fraction surviving treatment. Different 

concentrations of AEBS were added in 100 µl of dH2O to three ml media with final 

concentrations ranging from 3.3 µM AEBS to 3300 µM. An AEBS stock solution of 33 

mM was prepared in H2O, sterile-filtered using a Uniflo sterile syringe filter. IC50 was 

calculated using the CalcuSyn [102] program’s dose-effect curve generator.  

2.8 In vitro irradiations 

 

 Irradiations of cells were performed using a Varian Linear Accelerator (LINAC) 

generating six MV X-rays. Cells plated in duplicate six-well plates were irradiated at a 

distance of 100 cm (source to well bottom) in a 16 cm by 20 cm field. A 19 mm-thick 

acrylamide sheet was placed on top of the plates to act as a build-up region. 

Thermoluminescent dosimeters (TLDs) were used to measure and calibrate the dose 

delivered in the setup per monitor unit of the machine. Control plates (containing 

untreated control cells) accompanied experimental plates to the treatment area for mock 

irradiations and to account for the effects of additional movement and radiation scatter. 

Cells otherwise received from one to eight Gy in survival experiments. For fractionation 

survival assays, cells received irradiation with two Gy or a mock irradiation, repeated 

twice more 24 and 48 hr later for a total of three 2 Gy doses or mock doses. 

2.9 Activity assay 

 

 Cells were seeded in six-well plates and allowed to grow to confluence. Media 

was aspirated and the cells were washed twice with one ml PBS per well. One ml of 

asolution of 0.9% saline (adjusted to pH 8.0 with NaOH) containing 0.15 mg/ml phenol 

red was added to each well. One hundred µl of deionised water with or without AEBS at 

various concentrations was added to wells. Starting five sec after the addition of saline to 
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the cells, the absorbance at 565 nm was measured using a Biotek Powerwave HT 

spectrophotometer and corresponding KC Junior software at one sec intervals for 20 sec. 

The absorbance was measured in one well at a time to decrease the time between reads. 

Absorbance readings were exported from KC Junior to Microsoft Excel. The relative 

absorbance of a particular well throughout the 20 sec was determined as a percent of the 

no cell control average at that time interval (A/A no cells).  

2.10 In vivo resistance assay 

2.10.1 Animal care and monitoring 

 Forty female BALB/c NU/NU (nude) mice were purchased from Charles River 

Laboratories at an age of 6 weeks upon arrival. This study was approved by McMaster 

University’s Animal Research and Ethics Board (AUP# 12-09-37) and all experiments 

were performed in accordance with the board’s requirements for animal usage. Mouse 

weight, tumour volume and condition was actively monitored as prescribed by the board. 

Animals were maintained by the McMaster University Central Animal Facility staff, 

provided constant access to food and water, and were kept with an alternating 

photoperiod of 12 hours of light/12 hours of darkness. Mice were given one week to 

acclimatize to the facility upon arrival before any handling or procedures were performed. 

Irradiations and mock irradiations occurred while mice were under gaseous 

isoflurane/oxygen anaesthesia. Mice were identified by small incisions made in the outer 

ear lobe.  

2.10.2 Tumour xenografts 

 Nine 10 cm dishes containing 100% confluent shScr or shCA9 786-O cells were 

subjected to trypsin digestion as described in section 2.1. Cell suspensions were added to 
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10 ml of media in 50 ml tubes for neutralization. Cell concentration was determined by 

counting by haemocytometer. The cells were centrifuged at 300 g for seven min at room 

temperature in an IEC Centra-7X centrifuge. Supernatant was removed and cells were 

resuspended in media at a concentration of one million cells/100 µl, then diluted 1:1 with 

Matrigel (BD Biosciences). Two hundred µl was loaded slowly into 3 ml syringes with 

27-gauge needles and kept on ice. The injection site on each animal was treated with an 

ethanol swab for disinfection and one million cells of either the shScr or ShCA9 sub-line 

was injected subcutaneously into the right flank (20 mice per group). 

2.10.3 Animal irradiation 

 After solid tumours had formed twenty-one days post injection, animals were 

anaesthetized with a isoflurane/oxygen mix and positioned in sterile, acrylamide cylinders 

connected to a portable anaesthetic machine. Cylinders were taken four floors down to a 

treatment bunker, positioned at a distance of 100 cm to source and irradiated with six Gy 

in a two cm by two cm field using a Varian Linear Accelerator (LINAC) generating six 

MV X-rays. A five mm-thick sheet of superflab bolus material was employed as a build-

up region. Animals in non-irradiated control groups were merely anaesthetized for a 

similar time period. Following irradiation or mock irradiation, animals were warmed by 

hand until consciousness was regained. In summary, the four treatment groups were i) an 

injection of shScr cells with radiation, ii) shScr cells mock-radiation, iii) shCA9 cells with 

radiation and iv) shCA9 cells mock-radiation. 

2.10.4 Data collection 

 Tumour volume was measured periodically post-injection using callipers and 

recorded as a function of length by width by depth. At 87 days post-injection, animals 
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were euthanized by gaseous CO2. Blood was collected immediately by cardiac puncture 

and after an hour at room temperature, was centrifuged using an Eppendorf Centrifuge 

5415C at 2000 g for 20 min. Supernatant serum was frozen at -80°C. Tumours were 

surgically removed and weighed using a Mettler AE163 scale. Half of each tumour was 

placed in a cryovial and snap-frozen in liquid nitrogen to prepare homogenates for 

Western blot analysis. The other half was preserved in formalin for 30 hours and 

embedding in paraffin for histological examination by H&E staining. 

2.11 Statistics 

 

 All error bars displayed in figures represent ± standard error of the mean. 

Microsoft Excel’s unpaired, two-tailed, Student T-Test assuming unequal variance of 

groups was used to perform significance testing for in vitro experiments. Due to low 

sample size, the non-parametric Mann-Whitney U test was employed for in vivo 

experiments. P values ≤ 0.05 were considered significant. 
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3.0 Results and Discussion 
 

3.1 CA9 is present in 786-O, RAG and LNCaP cells, undetectable in HEK cells 
 

 As we hypothesize that CA9 confers radiation resistance, we first confirmed that 

the RCC cell lines to be used express CA9. Protein lysates of human prostate cancer 

LNCaP, human clear cell renal cell carcinoma 786-O, murine RCC RAG and 

immortalized human embryonic kidney HEK-293 cells were therefore analyzed by 

Western blot analysis for the presence of CA9 (Fig. 4). Using Epitomics antibody 3829-1, 

CA9 was detectable in LNCaP, 786-O and RAG cells, but not in HEK-293 cells.  

This confirms a previous report of CA9 expressed in the 786-O cell line [77]. This 

is the first time to our knowledge that CA9 has been tested for and shown to be expressed 

in RAG cells, but as the cell line is derived from a renal cell carcinoma—many of which 

express CA9 [40], [41]—it is not surprising. However, the detection of CA9 in LNCaP 

cells contradicts previous reports that the cell line does not express the enzyme [90]. 

However, LNCaP cells are known to be hyper-sensitive to cell density and oxygen supply 

with respect to HIF-1α’s expression which varies greatly depending on these conditions 

[93]. Moreover, the induction of the HRE (Hypoxia Responsive Element) increases 150–

250 fold in this line when cells are seeded densely [93]. It may be that we have detected 

CA9 here merely because protein lysate samples were taken from dense, highly confluent 

cultures. HEK cells are immortalized cells derived from normal human embryonic kidney 

tissue, which does not normally express significant amounts of CA9 [103]. In Fig. 4, CA9 

appears as two bands, the lower of which most likely represents the truncated, poorly 

understood, alternatively spliced isoform [58] (54 kDa, full variant is 58 kDa). 
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Fig. 4. Western blot analysis (SDS-PAGE run under reducing conditions) for carbonic 

anhydrase 9 in LNCaP, 786-O, RAG and HEK protein lysates. Calculated molecular 

weight is shown for CA9. Actin is shown as a loading control.  

3.2 Knockdown of CA9 expression by shRNA in 786-O cells 
 

 As we hypothesize that CA9 confers radiation resistance in RCC, should RCC 

cells stop expressing the enzyme, their radiation tolerance should be reduced. To create a 

subcloned cell line with reduced expression, 786-O cells were transfected with shRNA 

targeting CA9 for knockdown (shCA9). Protein lysate samples were taken from 16 stable 

subclones and analyzed by Western blot analysis. The subclone with the highest 

knockdown of CA9 was selected (Fig. 5) for future experiments, registering only 8% 

(92% knock down) of the levels present in the accompanying scrambled shRNA control 

(shScr). 
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Fig. 5. Western blot analysis (SDS-PAGE run under reducing conditions) for carbonic 

anhydrase 9 in eight 786-O subclones transfected with shCA9. Number 8 was selected for 

future experiments. Calculated molecular weight is shown for CA9. See appendix C for 

shRNA sequence. 

3.3 AEBS and shRNA can inhibit CA9 activity in vitro 
 

 AEBS is a known inhibitor of CA9’s enzymatic reaction [75]. Therefore, to 

demonstrate its effectiveness in further in vitro experiments, a pH-indicator test was 

designed to measure the activity of the enzyme (Fig. 6a). In comparison to control 

untreated cells, incubation with either 33 µM or 33 nM AEBS (99.9 and 50% inhibition 

of CA9 respectively [75]) caused significantly less absorbance change (P<0.001). AEBS 

at 33 µM produced 70% of untreated absorbance change while 33 µM produced only 

36%. Wells with no cells present experienced a background absorbance change of only 

11% compared to control cells, regardless of the presence or absence of AEBS. 

 AEBS was capable of a significant disruption of 786-O cells’ ability to acidify the 

extracellular saline solution, supporting the idea that the compound is effective at 

inhibiting CA9 at in vitro. While the assay is not very specific with many contributing 

variables to acidification—such as anerobic respiration and the metabolic creation of 

lactic acid—CA9’s contribution seemed quite significant, which is unsurprising given it 

is one of the fastest enzymes known. The acidity change observed was not likely due to 
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the mere addition of the drug to the saline media, as wells without cells acidified at the 

same rate regardless of AEBS added. These wells did acidify slightly however, likely 

because CO2 dissolution occurs without a catalyst, albeit slowly [44]. Using the assay 

solely with various concentrations of AEBS is insufficient to rule out non-specific 

inhibition of other carbonic anhydrases however. While AEBS has a very favourable Ki 

for CA9 (33 nM), the equilibrium has been shown more favourable still with CA12 as 

previously mentioned [75]—another transmembrane carbonic anhydrase. Furthermore, 

there may be other off-target effects of AEBS on 786-O cells that might slow 

acidification of media.  

 As further proof of concept for the CA9 activity assay and to exclude off-target 

effects by AEBS as the reason for the slowed acidification, shCA9 786-O cells were also 

used in the assay (Fig. 6b). The shCA9 cells had significantly decreased capacity (P < 

0.001) to acidify media and experienced only 51% of expected absorbance change when 

compared to shScr cells. When experiments with AEBS and shCA9 are compared, the 

rate of acidification of the shCA9 cells fell close to the parental cells treated with 33 µM 

AEBS. ShScr cells were not significantly different from parental 786-O cells with respect 

to acidification. 

 These results demonstrate that AEBS’s slowing of acidification was likely due to 

inhibition of CA9 as opposed to off-target interaction as the effect was duplicated when 

CA9 itself was knocked down by shRNA. The shScr 786-O cells were not significantly 

different than the untransfected cells, making the drug and knockdown experiments 

comparable and unlikely the knockdown’s transfection itself had any effect on metabolic 

production of acid, aside from that of removing CA9.  
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a) 

  
b) 

  
 

Fig. 6. Acidification of medium of 786-O cells a) in the presence or absence of AEBS b) 

expressing shCA9 or shScr as determined by the decrease in absorbance of phenol red 

over time. Decrease in absorbance is expressed as relative absorbance at 565 nm at a 

given time point (in sec) over the absorbance at time = zero. Background absorbance 

change is subtracted at each time interval. Error bars are ± standard error of the mean for 

six experiments of one replicate. 
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3.4 AEBS is not toxic to 786-O cells in vitro 
 

 Another sulfonamide and inhibitor of CA9, acetazolamide, has been shown to 

induce apoptosis in HeLa and 786-O cells at 10μM and above [77]. A small percentage of 

people treated with sulfonamides experience severe allergic reactions while others remain 

symptomless [76] and there is very little published information on AEBS. To exclude 

toxicity as a confounding variable for future survival experiments, clonogenic survival 

assays were performed with 786-O, RAG and LNCaP cells to test the toxicity of AEBS 

(Fig. 7). Concentrations tested ranged from 0 to 3.3 mM. The 786-O cell line showed the 

most tolerance, with no significant reduction in surviving colonies at any of the drug 

concentrations tested. The RAG cell line had a calculated IC50 of 1.36 mM, while the 

LNCaP cell line had an IC50 of 413 µM. 

 AEBS showed no significant toxicity or impairment of growth at 33 µM. This 

demonstrates that inhibition of CA9 is not sufficient to cause a change in survival 

detectable by the clonogenic assay for these cell lines. It should be noted that the 

tolerance for the drug varies a great deal from only five times this concentration in some 

cell lines—namely LNCaP, to over 100 times in others—786-O cell line.  
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*33 µM is the concentration of AEBS required for 99.9% inhibition of carbonic 

anhydrase 9 

Fig. 7. Toxicity of AEBS to 786-O cells, RAG cells and LNCaP cells as determined by 

clonogenic survival. Survival is expressed as a percent—at each given concentration of 

AEBS (in µM)—of survival at concentration = zero. Error bars are ± standard error of the 

mean of six experiments of one replicate. 

3.5 786-O and RAG cells are resistant to radiation in vitro 
 

 RCC tumours are considered radiation resistant, but it is unknown if this is merely 

a function of local tumour environment. Thus 786-O and RAG cells were irradiated with 

up to eight Gy and assessed in a clonogenic, in vitro survival experiment (Fig. 8). For 

comparison, the LNCaP (prostate adenocarcinoma) and LN-18 (glioblastoma) were 

included. The 786-O cell line displayed significantly more (P < 0.001) survival than the 
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others at a dose 2 Gy and above. Murine RAG cells displayed a comparable resistance to 

that of LN-18 cells. LNCaP cells displayed significantly less survival than other types (P 

< 0.001) at all doses. IC50 for 786-O, RAG, LN-18 and LNCaP was 3.52 Gy, 2.29 Gy, 

1.94 Gy and 1.01 Gy respectively. 

 Glioblastomas such as LN-18 are considered amongst the most resistant types of 

cancer when it comes to radiation insults. Given the RAG cells had comparable resistance 

to the glioblastoma and the 786-O cells displayed an even greater tolerance for radiation, 

it seems that these two RCC cell lines are relatively resistant as well. It is important to 

note that the LNCaP line itself is considered to be relatively resistant to radiation [92], 

and that the RCC lines display even higher resistance still. This resistance is independent 

of a local tumour environment. The cells were seeded sparsely, meaning they were not 

under physical constraint. The media used had a significant pH buffering capacity 

centered around physiological conditions, meaning the low pH associated with tumour 

interiors was not a factor. Despite this, the cell lines displayed a significant tolerance to 

radiation insult, excluding local tumour environment as the sole reason for RCC’s 

perceived resistance. Alternatively, it seems likely that a change in genetic or proteomic 

factors such as CA9 may be contributing to this phenomenon. 
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Fig. 8. Radiation resistance of 786-O cells, RAG cells, LNCaP cells and LN-18 cells as 

determined by clonogenic survival. Survival is expressed as a percentage—at each dose 

of six MV X-rays (in Gy)—of survival at dose = zero. Error bars are ± standard error of 

the mean of 12 experiments of one replicate. 
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cells 
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of radiation in the presence of AEBS (P ≤ 0.018). LNCaP cells displayed no significant 

reduction in survival at any dose of radiation in the presence of AEBS. 

 The significant reduction in the radiation tolerance of the renal carcinoma cell 

lines (786-O and RAG) when CA9 was inhibited by AEBS points to CA9 as a possible 

conveyor of such tolerance. However, no significant reduction of survival was seen in the 

prostate adenocarcinoma LNCaP cell line. As previously mentioned, the LNCaP cell line 

does reportedly not express CA9 [90], yet we detected it by our Western blot analysis in 

similar amount as observed in 786-O and RAG cells. As it has been shown that reporter 

genes regulated by the HRE (Hypoxia Responsive Element) may be 150–250 fold 

induced when LNCaP cells are seeded densely [93], it is possible that CA9 is only 

expressed in LNCaP cells under these conditions. As cells are seeded very sparsely in the 

clonogenic survival assays, one would expect little CA9 to be expressed. Thus the cell 

line should display no sensitivity to CA9 inhibitors if none is expressed in the clonogenic 

assay, despite having the lowest tolerance for higher concentrations of the drug (Fig. 7). It 

is also possible that the ability of the enzyme to affect radiation tolerance may be specific 

to certain types of tissues or cancers, depending on their genomic and/or proteomic state. 

Nonetheless, it is encouraging that a small molecule drug with potential for use in patients 

can lower resistance in RCC. This is especially true if cells not expressing CA9 are 

unaffected by the drug. As most normal tissues do not express CA9 [59], AEBS may 

provide an effective way of targeting patients’ tumours specifically for radio-

sensitization. 

 Cells whose radiation survival curves are linear and proportional to dose such as 

LNCaP, are generally thought to be repair-deficient and/or prone to apoptosis upon 



M.Sc. – D. Gallino; McMaster University – Medical Physics and Applied Radiation Sciences 

51 

 

receiving significant DNA damage [104]. Conversely, cells that avoid or are deficient in 

apoptotic pathways and/or tend towards DNA repair have large ―shoulder‖ regions at 

lower doses [104]. In this experiment, the cells with the widest ―shoulders‖ in their 

survival curves appeared to be most antagonized by the inhibition of CA9. This hints at 

CA9 playing a role in either promotion of DNA repair, suppression of apoptosis or both. 
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Fig. 9. Radiation sensitivity of a) 786-O 

cells, b) RAG cells and c) LNCaP cells as 

determined by clonogenic survival. 

Survival is expressed as a percentage—at 

each dose of six MV X-rays (in Gy)—of 

survival at dose = 0 Gy. Cells were 

irradiated with ( ) or without ( ) 33 µM 

AEBS in media. Error bars are ± standard 

error of the mean of 12 experiments of 

one replicate. 
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3.7 786-O cells expressing shCA9 have decreased radiation tolerance 

 

 To support the hypothesis that CA9 confers radiation tolerance in RCC, 786-O 

cells stably transfected with shCA9 were irradiated. In comparison to the shScr control 

cells, the percent survival of the knockdown subclone was significantly lower (P < 0.001) 

at a dose of one Gy and above (Fig. 10). 

 Knocking down CA9 as opposed to merely inhibiting the enzyme reproduced the 

same phenomenon of decreased radiation tolerance in 786-O cells. This supports the 

hypothesis that the enzyme is involved in conferring resistance to radiation, but also that 

the decrease in survival caused by AEBS is due to its targeting of CA9 and not toxicity. 

  

 

 

Fig. 10. Radiation sensitivity of 

transfected 786-O cells shScr ( ) and 

shCA9 ( ) as determined by 

clonogenic survival. Survival is 

expressed as a percentage—at each 

dose of six MV X-rays (in Gy)—of 

survival at dose = zero. Error bars are ± 

standard error of the mean of 12 

experiments of one replicate. 
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3.8 Reduced CA9 expression sensitizes 786-O cells to radiation more so than 

inhibition by AEBS 
 

 When the survival data for 786-O cells with CA9 knocked down 92% and 

inhibited with 33µM are compared (Fig. 11), the knockdown cell line displays 

significantly less radiation tolerance than the cell line which is merely inhibited at two Gy 

and higher (P < 0.001). The survival of the scrambled and untransfected subclone is not 

significantly different. 

 If the enzymatic activity (dissolution of CO2) of CA9 were the mechanism by 

which radiation tolerance is promoted in 786-O cells, one would expect a 92% 

knockdown of the enzyme to be roughly 92% as effective as 99.9% inhibition of the 

active site. It is therefore counter-intuitive to find that the knockdown was significantly 

more sensitive, which suggests that while the catalytic activity of CA9 is somewhat 

important for conferring radiation resistance, other aspects of the enzyme—CA9’s 

intracellular tail or extracellular proteoglycan domain perhaps—may contribute to this 

phenomenon as well. This supports the idea that the phosphorylation of CA9 at tyrosine 

residues may suppress apoptosis. Clinically, this presents an opportunity for drugs 

targeting CA9 by interference with its expression, a strategy that may well be more 

effective than targeting the enzyme directly. Moreover the acidification of the 

extracellular environment that is driven by the enzyme is unlikely to be the cause of this 

resistance because the media the cells grow in is highly pH-buffered. It has been 

suggested that inhibition of CA9 may disrupt intracellular pH however, possibly causing 

apoptosis [77]. The shScr and parental 786-O subclones display no significant survival 
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difference—the parental cells having received mock drug additions while the shScr line 

did not. 

 
 

Fig. 11. Comparison of radiation sensitization of 786-O cells by AEBS or shCA9 as 

determined by clonogenic survival. Survival is expressed as a percentage—at each dose 

of six MV X-rays (in Gy)—of survival at dose = zero. Error bars are ± standard error of 

the mean.  

3.9 AEBS or shCA9 radiation tolerance loss is more pronounced if the radiation 

dose is fractionated 
 

 To investigate if a fractionated regimen of radiation delivery could increase the 

survival difference between CA9-inhibited and non-inhibited RCC cells, 786-O cells with 

and without the addition of AEBS to the medium were subjected to three treatments of 
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two Gy spread over three consecutive days (Fig. 12). 786-O cells expressing shScr or 

shCA9 received the same treatment. Cells receiving AEBS or expressing shCA9 had 

significantly reduced survival (P < 0.001) after receiving fractionated radiation treatment, 

similar to single dose trials, also displayed in Fig. 12 for reference. 

 As previously shown, either the addition of 33 µM AEBS to 786-O cells or 

transfection with shCA9 prior to irradiation lowers survival significantly. For instance, at 

two Gy, the addition of AEBS allows only 76.2% of cells that would have survived to do 

so (see Fig. 9a). If such a treatment were to be repeated, ideally this difference should be 

multiplicative and become larger with every fraction delivered. The results of this 

fractionation experiment support this idea. When receiving AEBS, only 51.5% of 

expected 786-O cells survived (Fig. 12). As the convention for radiation therapy involves 

fractionation, the increased effectiveness of the drug under these conditions increases 

AEBS’ appeal for use in the clinic. Similarly, with one fraction of two Gy, 51% of cells 

expressing shCA9 survive that were expected to without. After three fractions, only 

35.7% of shCA9 cells survive that are expected from shScr controls. This reduction in 

survival again underscores the importance of CA9 in the radiation resistance of 786-O 

cells and is consistent with the conjecture that the enzyme may be related to either the 

promotion of DNA repair after consecutive radiation insults or to the suppressing of 

apoptotic signals as damage is incurred by the cell between such fractionations. 
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a) 

 

b) 

 

Fig. 12. Radiation sensitivity of 786-O cells receiving a fractionated radiation regimen a) 

in the presence or absence of AEBS and b) expressing shRNA against CA9 as determined 

by clonogenic survival compared with single-dose experiments. Survival is expressed as a 

percentage—under each condition—of survival with no treatment administered. Fractions 

consisted of two Gy doses of six MV X-rays delivered once or once every 24 hr for three 

days. Error bars are ± standard error of the mean. 
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3.10 ShCA9-expressing 786-O tumours have decreased tolerance for radiation in 

vivo 
 

 In order to assess whether or not the targeting of CA9 might be applied practically 

for eventual clinical use, a murine experiment was carried out to simulate in vivo 

radiation therapy conditions. Mice were injected with one million 786-O cells expressing 

shScr or shCA9. The tumours were allowed to grow and irradiated or mock irradiated 

three weeks later with tumour volume being measured 1-3 times weekly (Fig. 14a). 

Tumour take rate was 30% in non-irradiated groups, 40% in the shCA9 irradiated group 

and 70% in the shScr irradiated group. There was no significant difference in tumour 

volume between shScr (irradiated or mock) and mock-irradiated shCA9 tumours. Beyond 

52 days post-injection however, irradiated shCA9 tumours were significantly smaller (P < 

0.05) than the irradiated shScr tumours. The final weights of the tumours (Fig. 14b) 

displayed the same pattern. Statistically significant differences between all groups were 

not found except between irradiated groups shScr and shCA9 (P < 0.05). Hence by both 

volume and by mass, shCA9 786-O cells were significantly smaller (P < 0.05) than the 

shScr control when irradiated. 

CA9 levels in tumour homogenates were confirmed to be significantly (P < 0.05) 

suppressed by Western blot (Fig. 15) with densitometric analysis (Fig. 16) at 2.8% in the 

shCA9 irradiated group and 21.3% in the shCA9 mock-irradiated group when compared 

to shScr tumours in the mock-irradiated group. A typical H&E staining of tumour tissue 

in each group is shown in Fig. 17. 

 The lack of significant difference between irradiated and mock-irradiated shScr 

tumours is a testament to the radiation resistance of RCC; the volumes of the irradiated 
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shScr tumours reached parity with mock-irradiated tumours relatively quickly. The 

negligible difference between mock-irradiated shScr and shCA9 tumours shows that CA9 

may not play a large role in sheer growth rate, despite being involved in mitigating the 

negative effects of rapid growth such as hypoxia. The significantly smaller irradiated 

shCA9 tumours however point to CA9 being critical to radiation resistance. This group 

which expressed far less CA9 seemed to suffer the most harm from radiation, only 

recovering to a quarter the size of their similarly irradiated non-knockdown counterparts. 

It would therefore seem that CA9 is important for RCC’s radiation resistance in vivo as 

well as in vitro. Hypoxia, physical constraint, pH and other in vivo factors may still 

contribute the RCC’s radiation resistance, but may not be as important as previously 

considered. Before hypoxia is dismissed completely however, it should be noted that 

tumours were fairly small (most under 20mm
3
) upon irradiation in this experiment, and 

not likely to be significantly hypoxic at that stage of growth. In summary, the concurrent 

targeting of CA9 with radiation therapy may well be useful for clinical use in so far as it 

seems to produce significant tumour control and/or killing power.  
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a) 

 

 
b)

 
 

Fig. 13. Average tumour size by a) volume in mm3 and b) weight in grams of 

subcutaneous 786-O tumours expressing shScr or shCA9 in BALB/c NU/NU mice. 

Tumours were irradiated (Irr) or mock-irradiated with six Gy on day 21. Error bars are ± 

standard error of the mean of 3–7 tumours per group. 
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Fig. 14. Western blot analysis (SDS-PAGE run under reducing conditions) for carbonic 

anhydrase 9 in tumour homogenates. Calculated molecular weight is shown for CA9. 

Actin is shown as a loading control. 

 

Fig. 15. Mean CA9 protein content in tumour xenograft homogenates as a ratio of the 

shScr tumour homogenate mean. Error bars are ± standard error of the mean. CA9 protein 

content was divided by actin content. 
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Fig. 16. Representative hemotoxylin and eosin stain of xenograft tumour tissue removed 

from mice in A) shScr/mock-irradiated B) shScr/irradiated C) shCA9/mock-irradiated and 

D) shCA9/irradiated groups. 
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4.0 Conclusion 

 

4.1 Summary  
 

RCC tumours are considered resistant to radiation, largely eliminating treatment 

with radiation therapy as a viable option for patients. To demonstrate this radiation 

resistance, RCC cell lines 786-O and RAG were compared alongside the more 

notoriously resistant cell lines LNCaP and LN-18 (prostate adenocarcinoma and 

glioblastoma) in clonogenic survival experiments. After being subjected to up to eight Gy 

of X-rays, the 786-O cell line displayed greater survival than the LN-18, while both RAG 

and 786-O RCC cell lines demonstrated greater radiation resistance than the LNCaP. As 

glioblastomas especially are amongst the most resistant cell lines known [94], the 

comparable resistance of the RCC lines confirms that they too may be counted as such. 

Moreover, the in vitro nature of the experiment demonstrates that local tumour 

environment factors such as acidity, hypoxia or physical constraint may not as significant 

a role in the radiation resistance of RCC as previously thought. 

To demonstrate carbonic anhydrase 9’s role as contributor to radiation resistance, 

the enzyme was targeted in RCC cell lines 786-O and RAG by the small molecule 

inhibitor AEBS while cells were concurrently irradiated with up to eight Gy of X-rays. 

The addition of AEBS significantly lowered the survival of these cell lines, suggesting 

that the drug can radio-sensitize RCC by inhibition of CA9. Drug toxicity was excluded 

as a confounding factor as the presence of drug itself did not cause a reduction in survival 

at relevant concentrations for cell lines tested. Sensitization was not seen in the prostate 

LNCaP line however, despite the presence of CA9 detected in cell lysate. This may be 

due to the hyper-inducible nature of HIF-1 under hypoxic conditions. Lysates taken from 
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confluent dishes may have expressed large amounts of CA9, while the enzyme was not 

present when the cells were seeded sparsely in the clonogenic experiment. It is also 

noteworthy that LNCaP cells have not been previously reported to express CA9; it has 

possibly gone undetected due to this extreme variance in expression. 

A similar increase in RCC’s sensitivity is seen when the enzyme’s expression is 

suppressed in 786-O cells by RNA silencing, again suggesting that CA9 is a contributor 

to radiation-resistance. Moreover, it seems that the silencing of the enzyme’s expression 

is more effective at sensitizing cells to radiation than inhibition of the active site. This 

points to other functions of the enzyme being involved as well, such as the binding of 

phosphorylated CA9 to PI3K and the activation of AKT. These results are therefore 

consistent with the idea that CA9 is acting as an apoptotic suppressor. Furthermore the 

shape of the survival curves, namely the elimination or reduction of the shoulder region, 

suggests cells are more likely to undergo apoptosis and forego attempts at repair when 

inhibitor or lower amounts of CA9 are present. 

The in vitro conditions of these experiments are not necessarily a good model for 

the growth of three-dimensional RCC tumours, lacking factors such as physical 

constraint, hypoxia and pH change. Yet when 786-O cells with or without CA9 knocked 

down were allowed to form tumours in the murine experiment presented here, tumours 

with CA9 knocked down suffered most from irradiation. The tumours expressing less 

CA9 had a significantly smaller mass and measured volume than the control when 

tumours received radiation. Although sample size was small, this suggests that the 

contribution of CA9 to radiation resistance in RCC holds true in vivo as well and in vitro. 

Furthermore, this increases the feasibility of targeting the enzyme in patients receiving 
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radiation therapy for RCC. It also demonstrates that tumour environment may not be that 

important a factor for radiation resistance. 

The serious problem of radiation resistance in RCC has thus far prevented the 

benefits of radiation therapy from being accessed by patients. Here we present a possible 

cause of this problem as well as a possible solution. Carbonic anhydrase 9 represents an 

appealing target for inhibitors or antagonists of its expression in RCC when supplemented 

with radiation therapy. Either inhibiting or reducing expression seems to reduce the 

tolerance of the disease to radiation in vitro with the latter effective in vivo as well. 

Moreover, a fractionated delivery of radiation seems to amplify this effect when CA9 is 

silenced or inhibited. Thus a drug treatment targeting CA9 will likely work well in a 

typical radiation treatment regimen. 

The final goal of the research presented here is to allow patients to benefit from 

having an additional option for treatment of their RCC. It is hoped that inhibition of CA9 

along with radiation therapy may in time become a substitute for partial and radical 

nephrectomies. This would allow patients to retain greater kidney functioning post-

treatment and forego the risk of infection and surgical complications. Altogether, 

radiation therapy for RCC may be an increasingly viable option if CA9 can be 

successfully inhibited concurrently. 

4.2 Future work 
 

 In vitro experiments are useful not only as models, but in their own light as well. 

The resistance of RCC to radiation has been traditionally believed a symptom of hypoxia 

or an acidic local environment in the tumour. However, as the resistance of multiple RCC 

cell lines has now been demonstrated in normoxic and pH buffered conditions of media, 
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this hypothesis seems at best only partially true; changes in the expression profile of such 

cells may contribute to this phenomenon as well. While these factors likely do contribute 

to radiation tolerance in RCC, the degree to which they do remains unknown. It would be 

useful to know this for the purposes of in vivo use where hypoxia and pH are not 

controlled. The in vivo experiment presented here suggests these are negligible factors; 

however, the tumours treated were not in a typical location for RCC. Primary RCC 

tumours are not found under a millimetre of epidermis, but in the kidney itself. It is 

possible that the resistance of RCC depends as well on the depth of the tumour and dose 

deposition in humans; something not simulated here. 

 The eventual use of AEBS clinically would require more in-depth and long term 

evaluation in vivo. As previously mentioned, similar sulphonamides have been used as 

diuretics and in lieu of antibiotics with minimal side effects. We have assumed up to this 

point as AEBS is an inhibitor of CA9, that only cells expressing CA9 should be adversely 

affected by it. This is not necessarily true of course, as toxicity may arise from other 

interactions not found here. A murine, in vivo experiment using AEBS would be 

beneficial as it would provide the required dose to see an appreciable effect and provide 

useful toxicity information necessary before proceeding to human trials. Given the 

experiment here used a stable genetic knockdown, it is unknown whether the results can 

be duplicated in vivo with an inhibitor. It also may be that interference with CA9 is 

required just as much during tumour recovery after irradiation as during irradiation itself. 

Consistent administration of AEBS might be required post-irradiation; if targeting CA9 

does work through suppression of apoptosis, then this could well be the case. 
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 It may be worth investigating the finding of CA9 in LNCaP cells as they have 

previously been thought to not be expressed by this cell line. In fact, LNCaP cells have 

been used as a negative control for CA9 [90]. We have postulated that this may be due to 

the hyper-inducible nature of HIF-1 in this cell line, but nothing has yet been done to 

show that this is the case. It may also be that unique de novo mutations have led to CA9’s 

expression in our cultures. It is also worth noting that the media used was not standard—

it contained additional bicarbonate to increase pH buffering capacity and additional non-

essential amino acids. Either of these may have led to a difference in reported expression 

of CA9. 

 AEBS, while fairly specific to CA9, is also an efficient inhibitor of CA12 as 

previously mentioned. As CA12 is also known to be associated with various types of 

cancer [105], and is also membrane-bound, it may represent a confounding variable for 

the effects of AEBS. Whether or not the cell lines studied here express CA12 should be 

determined. If it is expressed in these cell lines, it would be necessary to determine if it 

plays a significant role in the radio-sensitivity effects demonstrated here. 

 While we suspect CA9 increases radiation tolerance though the suppression of 

apoptosis, this has yet to be shown directly. Demonstrating how this phenomenon 

actually works would be useful as it may open up the possibility of reducing radiation 

tolerance by other means. If the apoptotic pathway through EGF signalling is indeed 

being suppressed, other targets may become available. Preventing the phosphorylation of 

CA9 by EGFR may produce the same result, or perhaps prevention of PI3K from 

interacting with CA9. Other unrelated pro-apoptotic drugs may work synergistically with 
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anti-CA9 therapies, etc. Overall, targeting CA9 to reduce radiation resistance in RCC is a 

new field with many unknowns and possibilities. 
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Appendices 
 

Appendix A: SDS-PAGE and Western blot components 

 

Table 1. SDS-PAGE gel components and concentrations 

 Separating Gel (8%) Stacking Gel 

Acrylamide/Bisacrylamide 1.13 M 1.41 M 

Tris pH 8.8 0.375 M  

Tris pH 6.8  0.125 M 

SDS 0.0347 M 0.0347 M 

APS 3.29x10
-6

 M 6.57x10
-6

 M 

TEMED 0.0100 M 0.0167 M 

 

Table 2. SDS-PAGE buffers components and concentrations 

 Running Buffer Transfer Buffer 

Tris 0.025 M 0.0480 M 

Glycine 0.192 M 0.0390 M 

SDS 0.00173 M 0.00129 M 

Methanol  4.94 M 

 

Table 3. Antibodies used 

Target Type Provider Cat. # Dilution 

Carbonic 

Anhydrase 9 

Primary 

(Rabbit) 

Epitomics 3829-1 1:1000 

Pan Actin Primary 

(Mouse) 

NeoMarkers MS-1295-

P 

1:1000 

Anti-Rabbit Secondary Jackson 

ImmunoResearch 

111-035-

003 

1:1000 

Anti-Mouse Secondary Santa Cruz 

Biotechnology 

SC-2031 1:1000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.Sc. – D. Gallino; McMaster University – Medical Physics and Applied Radiation Sciences 

77 

 

Appendix B: Mycoplasma DAPI assay 

 

 
Fig. 17a. Fluorescence microscopy image of DAPI-stained 786-O cells (400x 

magnification). The cells were uninfected with Mycoplasma as indicated by the clear 

background. The nuclei stain blue.  
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Fig. 17b. Fluorescence microscopy image of DAPI stained 786-O cells (brightness 

enhanced, 400x magnification). Signs of Mycoplasma infection in cell culture include 1) 

small speckled areas of staining, mostly inside but also beyond the cells’ adherent areas 

2) an abnormally high amount of large, multinucleated cells and 3) positively-stained 

cytoplasm, often with well-defined borders. 
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Appendix C: ShRNA Sequences 

 

Table 4. Transfected shRNA sequences and targets 

Vector Sequence of shRNA Produced Target in mRNA 

GI356993 GGATGACCAGAGTCATTGGCGCTATGGAG CA9 exon 2, catalytic 

domain, nucleotides 

447–475 

GI356994 ATGAGCAGTTGCTGTCTCGCTTGGAAGAA CA9 exon 6, catalytic 

domain, nucleotides 

908–936 

GI356995 GTCACTGCTGCTTCTGATGCCTGTCCATC CA9 exon 1, 

proteoglycan-like 

domain, nucleotides 

123–151 

GI356996* GAACTTCCGAGCGACGCAGCCTTTGAATG CA9 exon 8, catalytic 

domain, nucleotides 

1161–1189 

TR30013 GCACTACCAGAGCTAACTCAGATAGTACT not effective found by 

BLAST (scrambled 

control) 

* Plasmid used to create final knockdown (shCA9) subclone 

 


