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Abstract 
 
EVALUATING THE ROLE OF THE RECEPTOR TYROSINE KINASE AXL IN 
BLADDER CANCER 
 
James E. Dyer 
 
Introduction & Objectives 
 
There is mounting evidence that expression of the receptor tyrosine kinase, AXL, 
correlates with poor prognosis in many human cancers.  We aimed to evaluate this 
association in bladder cancer and to examine the in vitro effect of foretinib, an oral 
inhibitor of VEGF, c-MET and AXL, in bladder cancer cell lines. 
 
Material & Methods 
 
Immunohistochemistry was performed on 65 bladder cancer specimens collected 
from TURBT prior to radical cystectomy (series 1), in addition to a TMA (n=284) 
comprising bladder cancers of differing stages and grades encompassing both 
NMIBC and MIBC (series 2).  AXL expression was correlated with pathological 
stage, grade, subsequent need for radical treatment in NMIBC and survival. We 
used Western blotting and densitometry to evaluate the effects of foretinib on the 
phosphorylation of signalling molecules downstream of AXL, namely MEK, AKT 
and MAPK in J82 bladder cancer cells. 
 
Results 
 
AXL immunopositivity was associated with invasion in both patient series. In 
patients undergoing cystectomy, AXL positivity was associated with pre-
operatively unsuspected lymph node metastasis. Furthermore, in patients with 
NMIBC in series 2, AXL expression was associated with an eventual need for 
cystectomy and with reduced disease-specific survival. 
 
Incubation with foretinib (10nM) produced a significant reduction in 
phosphorylation of MEK and AKT but not MAPK in serum starved J82 cells 
following stimulation with GAS6, the ligand for AXL. 
 
Conclusions 
 
We provide evidence that AXL expression is aligned with the phenotypes of 
bladder cancers associated with poor outcomes and that AXL signalling can be 
abrogated with foretinib. Taken together this supports the continued study of AXL 
inhibitors in bladder cancer. 
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Chapter 1: Introduction  



 2 

Bladder cancer: Clinical perspective 

Epidemiology and pathology of bladder cancer 

In the UK, carcinoma of the bladder was the fourth and fourteenth most common 

new cancer diagnosis amongst men and women respectively in 2014.  In England, 

there were 8514 new diagnosis giving an annual incidence of 23.3 per 100, 000 in 

men and 8.2 per 100, 000 in women (1).  The vast majority of these cancers (90% 

in the UK) are Urothelial Carcinomas (UC) termed so as they arise from the 

urothelium.  Whilst the majority (90%) of UC have little morphological variation 

some rare variants do exist.  These are important as they confer reduced survival 

and so can influence prognosis and treatment decisions.  Rare morphological 

variants of UC, include micropapillary UC, UC with squamous differentiation, 

nested carcinoma, small cell carcinomas and spindle cell carcinomas.  Other forms 

of bladder cancer include squamous cell carcinoma (10%), adenocarcinoma 

(<1%). 

 

Historically squamous cell carcinoma of the bladder had predominated over UC in 

regions such as North Africa, owing to endemic schistosomiasis, a known risk 

factor for the disease.  Current evidence, however, suggests that following 

advances in schistosomiasis treatment and a relative increase in cigarette smoking 

exposure, UC now predominates worldwide (2).  UC will form the subsequent 

focus of this thesis and where the specific subset of bladder cancer is not given this 

should be interpreted as referring to UC. 
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Economics of bladder cancer 

In the only published cost analysis of bladder cancer in the UK, Sangar et al. 

calculated the cost to the NHS of patients diagnosed with bladder cancer in 2001 at 

£55.39m over five years.  This equates to £8349 per patient (3).  The majority of 

this spending was on patients diagnosed with non-muscle-invasive bladder cancer 

(NMIBC) rather than muscle-invasive bladder cancer (MIBC).  In this study the cost 

of all diagnostic tests, treatment and follow up was combined with estimates of 

cost owing to loss of earnings and economic productivity.  The authors identify 

that the majority of cost is incurred as a result of the currently mandated frequent 

cystoscopic follow up for both NMIBC and MIBC.  It follows, therefore, that 

treatments that can reduce recurrence or identify patients who will fail standard 

therapy in NMIBC earlier will have significant economic benefit. 

 

Trends in UK incidence, mortality and survival 

Bladder cancer incidence increases with age; the majority of new diagnoses are 

made in patients above 65 years (figure 1).  Bladder cancer incidence has, 

however, fallen since the mid 1970s (figure 2 and 3).  This observed decline is 

likely to be contributed to by a reduction in the number of cases related to 

occupational carcinogen exposure and a reduction in cigarette smoking.  These 
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factors also dictate why there has been a more accelerated decline in incidence in 

males compared to females.  Government legislation in the 1950s and 60s banned 

the use of the aromatic amines 2-napthylamine and benzidine in the manufacture 

of azo dyes.  Manual work in such industries was traditionally male dominated, 

hence the observed gender-specific impact on the withdrawal of these chemicals.  

The lag between such legislation and decline in incidence is attributed to the 20 to 

40-year delay between exposure and clinically manifest disease.  Mortality from 

bladder cancer mirrors incidence in so far as it increases with age, rising rapidly 

from 65 years onward.  Similarly, there has been a downward trend since the 

1970s, which has been most pronounced in males. 

 

Although bladder cancer is more common in males, survival, standardised for age 

and stage, is better in comparison to females (figure 4).  The largest published 

database interrogation suggests that the stage-controlled survival difference is 

most significant in women over 70 years old (4).  The precise underlying 

mechanism, or mechanisms, responsible for the observed differential in bladder 

cancer survival between men and women is yet to be adequately explained.  Whilst 

delayed presentation in women with bladder cancer can be explained by 

misattribution of presenting symptoms common to other benign causes, this 

would not explain why several studies have observed a reduced survival, when 

controlling for stage at presentation, in women (5,6).  Potential explanations 
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include a protective role of the androgen receptor/signalling in bladder cancer, or 

a preponderance of aggressive pathological subtypes of MIBC (7). 

 

Figure 1.  Average number of new cases per year and age specific incidence rates 

per 100,000 population, UK 2011-2013. 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incide

nce/ last accessed June 2016 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
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Figure 2.  European age-standardised incidence rates per 100,00 population by 

gender in Great Britain 1979-2013 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incide

nce/ last accessed June 2016 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
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Figure 3.  European age-standardised incidence rates per 100,000 population, UK, 

1993-2013.  

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incide

nce/ last accessed June 2016 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
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Figure 4.  Age-standardised one-year net survival rates, England and Wales 1971-

1995, England 1971-2011 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incide

nce/ last accessed June 2016 

The staging and grading of TCC of the bladder 

The worldwide convention for bladder cancer staging is to use the TNM 

classification system (8-10) (table 1). 

  

http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
http://www.cancerresearchuk.org/cancerinfo/cancerstats/types/bladder/incidence/
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Table 1.   TNM staging of bladder cancer.  Taken from Sobin et al (11) 

 

At initial diagnosis, most (75%-85%) urothelial cancers are non-muscle-invasive 

(NMIBC) (12) comprising pTa, pT1 and Carcinoma in situ, (CIS) lesions.  The 

remainder are muscle-invasive (MIBC) that are either still confined to the muscle 

layer (pT2) or have already advanced, either locally (pT3, pT4), regionally (N1, N2) 

or with distant metastasis (M1).  Traditionally, bladder cancer grade was 

categorised on a scale of G1-G3, with Grade 3 disease representing the most poorly 

differentiated disease.  The World Health Organisation (2004) suggested an 

alternative grading system comprising Papillary Urothelial Neoplasia of Low 

Malignant Potential (PUNLMP), low-grade and high-grade disease (13) (figure 5).  

Histopathological standards are to report both grading systems for each specimen, 
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indicating that no widespread consensus has been reached in determining which is 

more useful.  As many specimens used in this thesis predate this reporting method 

all grading will be reported as grade 1 to 3. 

 

Figure 5.  Current and historical grading systems for bladder cancer.  Taken from 

Maclennan et al (13).  
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Assessment and management of NMIBC 

The cornerstone of NMIBC assessment is accurate histological diagnosis, allowing 

confirmation of the histological subtype in addition to staging and grading the 

disease.  This is most frequently achieved through transurethral resection of 

bladder tumour (TURBT).  Tumours are endoscopically resected from the bladder 

in piecemeal fashion, the harvested tissue then being fixed in formalin prior to 

processing. 

 

Broadly speaking, NMIBC has a divergent prognosis and tends to fall into one of 

three categories, those that do not recur, those that recur as further NMIBC and 

those that progress to MIBC.  Five-year recurrence rates vary between 31-78% and 

5-year progression rates varies between 0.8-45%.  Risk factors for both recurrence 

and progression have been elucidated by multivariate analysis.  The presence of 

high-grade (G3) lesions, concomitant CIS and pT1 disease predict progression 

whereas multiplicity, previous recurrence and size of lesions predict recurrence 

(table 2 and 3, 14-16). 
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Table 2.  Scores assigned to risk factors for recurrence and progression.  Taken 

from Sylvester et al (14) 

Factor Recurrence Progression 

Number of tumours   

Single 0 3 

2 to 7 3 3 

≥8 6 3 

Tumour size   

<3cm 0 0 

≥3cm 3 3 

Prior recurrence rate   

Primary 0 0 

≤1 recurrence/year 2 2 

>1 recurrence/year 4 2 

T category   

Ta 0 0 

T1 1 4 

CIS   

No 0 0 

Yes 1 6 

Grade   

G1 0 0 

G2 1 0 

G3 2 5 

Total Score 0-17 0-23 

 

Table 3.  Probability of recurrence and progression of NMIBC according to score.  

Taken from Sylvester et al (14,10) 

Recurrence 

score 

Probability of recurrence at 1 years 

(95% CI) 

Probability of recurrence at 5 years 

(95% CI) 
0 15% (10%, 19%) 31% (24%, 37%) 

1-4 24% (21%, 26%) 46% (42%, 49%) 

5-9 38% (35%, 41%) 62% (58%, 65%) 

10-17 61% (55%, 67%) 78% (73%, 84%) 

Progression 

score 

Probability of progression 1 year 

(95% CI) 

Probability of progression 5 years 

(95% CI) 
0 0.2% (0%, 0.7%) 0.8% (0%, 1.7%) 

2-6 1.0% (0.4%, 1.6%) 6% (5%, 8%) 

7-13 5% (4%, 7%) 17% (14%, 20%) 

14-23 17% (10%, 24%) 45% (35%, 55%) 
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It is now standard practice for all patients undergoing TURBT, for a suspected new 

diagnosis of bladder cancer, to have a single dose of intravesical chemotherapy 

immediately after TURBT (17). This is thought to eradicate tumour cells shed 

during resection and prevent subsequent re-implantation in addition to treating 

any tumours missed intraoperatively (18-20).  In several studies, and indeed in a 

meta-analysis, intravesical chemotherapy results in a significant reduction of 38% 

at one year in recurrence of NMIBC compared to no treatment (21,22).   

 

Following a diagnosis of NMIBC, and using the variables listed above patients are 

allocated to low, intermediate or high-risk groups (table 4). 

 

Table 4.  Categorisation of low, intermediate and high risk NMIBC.  Taken from 

Nice guidelines NG2: Bladder cancer: diagnosis and management (17) 

Low risk NMIBC Intermediate risk NMIBC High risk NMIBC 

Solitary pTaG1<3cm Solitary pTaG1>3cm pTaG3 

Solitary pTaG2 (low grade) <3cm Multifocal pTaG1 pT1G2 

Any PUNLMP Solitary pTaG2 (low grade) >3cm pT1G3 

 Multifocal pTaG2 (low grade) CIS 

 pTaG2 (high grade) Any morphological variants 

 Any low risk recurring within 12 months  

 

Those with low risk of progression and recurrence often undergo a period of 

cystoscopic surveillance with no further treatment.  Those in the intermediate-risk 

and high-risk groups often undergo further intravesical therapy depending on the 

predominant risk, be it progression or recurrence.  If recurrence is the greater 

concern then further instillations of chemotherapy, over a one-year period, have 

been shown to improve recurrence rate per year by 62% (23).  If, however, 
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progression is the principal concern, then immunotherapy, with intravesical 

Bacillus Calmette Guerin (BCG) is the preferred option.  Although the precise 

mechanism of action remains unknown, BCG appears to induce an inflammatory 

response within the bladder, which culminates in an anti-cancer effect.  In meta-

analysis of clinical trials, BCG therapy reduced the rate of progression to MIBC 

from 13.8% to 9.8% in intermediate-risk and high-risk NMIBC patients over a 

median follow-up period of 2.5 years (23,24).  Furthermore, BCG also has greater 

efficacy in reducing the risk of recurrence when compared with intravesical 

chemotherapy.  A meta-analysis of nine randomised controlled trials reported a 

32% reduction in risk of recurrence when compared with mitomycin (25).  

However, the side effect profile of BCG is much less favourable than chemotherapy, 

therefore, BCG is reserved for patients in whom the risk of progression 

predominates or recurrence has occurred despite chemotherapy. 

 

Where NMIBC progresses to MIBC despite BCG therapy, and major surgery is 

possible, radical cystectomy, surgical removal of the bladder, should be offered.  It 

has been shown in a systematic review of 19 studies, that patients who fail BCG 

treatment, defined as either recurrence within 9 months of BCG commencement or 

muscle-invasive recurrence, which is followed by cystectomy have a cancer-

specific survival of 32%, which is inferior to those with de novo MIBC who undergo 

radical treatment (26,27).  This group of patients therefore represent an important 

challenge in developing therapies that can prevent or defer both recurrence and 

progression. 
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Occasionally, and most often in younger patients, the lifelong risk of progression 

may be so high that radical cystectomy is mandated as a primary treatment. 

Future perspectives in NMIBC treatment 

Treatment options for patients who fail BCG and are unwilling or unfit for 

cystectomy are limited.  In this scenario, newer treatments aim to deliver standard 

therapeutic agents more effectively.  Two techniques to achieve this are 

electromotive drug administration (EMDA) and chemohyperthermia.  EMDA 

enhances mitomycin absorption by creating an electrical gradient across the 

urothelium and abdominal wall by means of electrodes both in a urethral catheter 

and placed externally on the patient.  Chemohyperthermia describes the 

combination of intravesical chemotherapy and intravesical hyperthermia.  

Hyperthermia renders the urothelium more permeable to mitomycin and 

enhances its effect.  The HYMN trial is a phase 3 randomised controlled trial 

comparing hyperthermia and mitomycin with further BCG treatment in patients 

with BCG failure (28).  The results however, are awaited. 
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Assessment and management of MIBC 

If a diagnosis of muscle invasive bladder cancer is established following TURBT, 

then this alone or in conjunction with other intravesical therapies is not 

considered sufficient to induce cure.  Further radiological tests (MRI/CT) are 

required to determine the suitability for further radical treatment.  Specific 

consideration is given to concurrent upper tract tumours, local stage, nodal status 

and distant metastasis. 

 

In the setting of localised disease, standard radical treatment takes the form of 

either cystectomy or radiotherapy.  Cystectomy can then be further categorised, 

dependent upon the urinary diversion strategy, into ileal conduit, orthotopic or 

heterotopic neobladder.  Radical cystectomy is the standard treatment for 

localised MIBC (T2-T4a, N0, M0) worldwide (29, 30) with 5-year recurrence free 

and cancer-specific survival of 58% and 66% respectively (31, 32).  During radical 

cystectomy, in addition to removal of the bladder, pelvic lymph nodes are 

removed, to allow removal of unsuspected metastasis and also to facilitate 

accurate staging.  Unfortunately, despite no prior radiological evidence of nodal 

metastasis, in up to 25% of patients undergoing radical cystectomy, harvested 

lymph nodes contain metastatic bladder cancer (N1).  This is an important 

prognostic finding and has been shown to be associated with reduced survival, 

regardless of the bladder pathological stage, in comparison to node-negative 
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patients (32).  In one series of 1054 patients, the 5-year recurrence free survival of 

patients with node-positive disease was 35% in comparison to 50-91% (across 

different stages of bladder primary tumour) of node-negative cancers. 

External beam radiotherapy (EBRT) has been reported to yield similar 5-year 

overall survival of 21-68% and cancer-specific survival of 48-75% (33-42). 

Several randomised control trials have failed to demonstrate a survival advantage 

with surgery over radiation therapy for MIBC.  In five studies included in the most 

recent guidance issued by the National Institute for Health and Care Excellence 

(NICE) no significant difference was found in disease specific survival following 

either surgery or radiotherapy (17).  NICE recognises that the overall quality of 

evidence is low and one potential confounding factor is discrepancy between 

pathological and clinical disease stage.  In a large multicentre study, clinical 

staging, via a combination of TURBT histology and radiological findings 

underestimated the local stage bladder cancers, when compared with cystectomy 

specimens in up to 50% of patients (43).  It follows, therefore, that those patients 

selected for radiotherapy may have under-staged disease which will clearly skew 

subsequent clinical correlation and interpretation of radiotherapy efficacy.  On-

the-other-hand, cystectomy allows accurate pathological staging of MIBC and, 

therefore, accurate subsequent clinical correlation.  Radiotherapy is usually 

delivered in one of two regimes, these include 52.5-55 Gy in 20 fractions over 4 

weeks and 64Gy in 32 fractions over 6.5 weeks.  There have been recent advances 

in strategies to enhance the effect of radiotherapy with radiosensitisors or 

concurrent chemoradiotherapy.  Radiosensitisation with carbogen and 
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nicotinamide has been shown to improve absolute 3-year survival by 13% (from 

46% to 59%) when compared to radiotherapy alone (44).  Concurrent 

chemoradiotherapy with 5-fluorouracil (5-FU) and mitomicin-C has been shown in 

a randomised control trial to improve loco regional disease free survival (45).  No 

statistically significant difference in overall 5-year survival was observed.  

However, this is likely to have been contributed to by different salvage cystectomy 

rates between the radiotherapy alone and chemoradiotherapy groups.  

Gemcitabine has also been shown, in phase 2 trials, to improve loco regional 

recurrence rates when compared to radiotherapy alone (46). 

 

At present, NICE recommends that, following a diagnosis of MIBC, all patients 

should be considered for both radical cystectomy and radiation therapy (17).  In 

practice there are often patient related factors which determine the most 

appropriate treatment strategy. 

 

Historically, systemic chemotherapy had been reserved for patients with 

metastasis at diagnosis or those who develop recurrence after radical treatment.  

Since the 1980s the use of neoadjuvant chemotherapy has been explored.  This is 

offers advantages in terms of delivering chemotherapy when micrometastatic 

burden is lower and allows an assessment of in vivo cancer sensitivity.  

Furthermore, patient fitness is better prior to radical therapy than after it.  

Although there is no definite consensus on the most effective chemotherapeutic 

regime, meta-analysis of clinical trials have shown that cisplatin in combination 
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with other agents results in meaningful benefit.  Such strategies result in absolute 

values of 5-year survival advantages of 5-11% (47-49).  Regimes included in the 

above analysis include methotrexate, vinblastine, adriamycin (doxorubicin) and 

cisplatin (MVAC) each two weeks apart, cisplatin/5-FU (5 Fluorouracil), CMV, CM 

(cyclophosphamaide and methotrexate) and carboMV (carboplatin, methotrexate 

and vinblastine).  In the UK, the standard neoadjuvant chemotherapy agents are 

gemcitabine and cisplatin (GC).  The class and mechanism of actions of these 

classical chemotherapy agents is listed in table 5.   
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Table 5.  Commonly used chemotherapeutic agents used in the treatment of 

bladder cancer and their mode of action. 

Agent Class Mechanism of Action 

Methotrexate Antimetabolite 

Dihydrofolate reductase inhibition leading to 

reduced biosynthesis of thymidylic acid, 

methionine, serine, adenine and guanine.  

This results in reduced DNA, RNA and protein 

synthesis and cell death. 

Vincristine 
Microtubule 

inhibitor 

Block mitosis in metaphase resulting in cell 

death 

Adriamycin 
Anthracycline 

antibiotic 

Three major actions: 

1. Non-specific binding between base 

pairs and sugar-phosphate backbone 

causing DNA uncoiling and preventing 

DNA, RNA and protein synthesis. 

2. Binding to cell membranes and 

interrupting transport processes. 

3. Generation of oxygen radicals. 

Cisplatin 

Carboplatin 

Platinum 

coordination 

complex 

Forms inter-DNA and intra-DNA strand cross 

resulting in inhibition of DNA and RNA 

synthesis. 

5-FU Antimetabolite 

Pyrimidine analogue which prevents 

conversion of deoxyuridylic acid to 

thymidylic acid, an essential precursor for 

DNA synthesis. 

Gemcytabine 
Nucleoside 

analogue 

Inhibition of ribonucleotide reductase leading 

to inhibited DNA synthesis. 
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Management of metastatic MIBC 

Approximately 10-15% of patients presenting with MIBC will have metastasis at 

the time of diagnosis.  Furthermore, of those with pre-operatively unsuspected 

metastasis, 25% will be found to have nodal metastasis on pathological staging 

following cystectomy (30). 

 

Up to 30% of patients relapse with distant metastasis after radical cystectomy.  

The use of chemotherapeutic regimes listed above, MVAC or Gemcitabine/Cisplatin 

(GC) can improve median survival from 3-6 months to 14-15 months (50, 51).  At 

present, there is no consensus on second line therapy in patients with metastatic 

TCC and as such many treatments in this setting are offered as part of registered 

clinical trials. 

Models of bladder cancer development 

Currently available guidelines for the management of bladder cancer revolve 

around histopathological classification.  Although this is necessary there is a 

divergent natural history of bladder cancers with seemingly identical histological 

appearance.  Greater understanding of the molecular pathways that underpin the 

development and progression of bladder cancers will not only improve 
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comprehension of the biology and prognostication of patients with the disease but 

also lead to the development of new therapies. 

 

For many years, a two pathway model for tumour development has been 

proposed, in which the majority of tumours develop either through hyperplasia, to 

form papillary, low grade Ta lesions or dysplasia, through CIS to T1 disease and 

eventually muscle invasive disease (52).  In this two pathway model, the molecular 

alterations implicit in both arms have become increasingly well understood.  In the 

development of low-grade papillary lesions, mutations in FGFR3, resulting in 

RAS|MAPK activation and changes in PI3K pathway, resulting in AKT activation are 

common. In the development of muscle invasive disease, loss of tumour 

suppressor genes P53, Rb and PTEN are common features, which result in genomic 

instability. 

 

This model has informed us of the biology and natural history of the majority of 

bladder cancers.  However, both high-grade (G3) pTa and pT1 lesions do not fit 

well into this model as they have the potential to develop muscle invasion despite 

an initial papillary phenotype.  These lesions could arise from either increase in 

grade from low-grade tumours or from dysplasia and CIS.  The latter is supported 

by recent evidence that suggests muscle-invasive lesions can arise from different 

heritage, with a significant proportion of tumours exhibiting FGFR3 mutations 

characteristic of NMIBC (52).  Furthermore, recent advances in the understanding 

of different molecular subtypes of bladder cancer perhaps provides further 
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explanation of divergent natural history of the same pathological subtypes of 

bladder cancer.  To accommodate these advances an enhanced two pathway model 

has been proposed by Knowles et al. 2015 (53) (figure 6). 

 

 

Figure 6. Enhanced two pathway model of the development of bladder cancer. 

Taken from Knowles et al. 2015 (53). 

 

Gene expression profiling using microarray analysis has been used to categorise 

bladder cancers and has been shown to correlate with stage, grade and prognosis.  

Blaveri et al. (2002) constructed a 25-gene signature which accurately predicted 

tumour stage and poor prognosis (defined as <18 months survival) in patients 

with MIBC (54).  Dyrkjot et al (2005) constructed a 45-gene signature of disease 

progression from NMIBC (55).  This signature had a high positive predictive value 

for progression but a low negative predictive value.  This, however, was probably 

due to a variety of treatments being used in patients in the non-progressing cohort.  

More recently several groups have conducted in depth analysis on the molecular 

classification of muscle invasive bladder cancers, based on mRNA expression and 



 24 

whole exome sequencing, with the aim of unravelling the heterogeneity in clinical 

behaviour (56,58).  This analysis has lead to the concept of different molecular 

subtypes of MIBC. 

 

Damraurer et al characterized MIBC in basal and luminal subtypes which show 

molecular similarity to breast cancer basal and luminal subtypes (56).  A seminal 

publication from The Cancer Genome Atlas (TCGA) group suggested 4 subtypes (I-

IV) in which cluster 1 expressed luminal markers (58).  Choi et al described 

luminal, p53 like and basal subtypes (57).  Both the luminal and p53-like subtypes 

contained luminal markers.  In studies using a luminal subtype (56,57), tumours 

expressed markers of differentiation, frequently had papillary morphology and 

also FGFR3 upregulation and mutation.  Overall this may suggest an alternative 

lineage, where MIBC occurs as a result of previous NMIBC rather than progression 

from CIS.  All studies had tumours expressing basal markers and in these studies 

those with basal markers had a worse prognosis than tumours in other categories.  

Further analysis of the tumours from the TCGA cohort has evaluated the overlap of 

the three main molecular categories (figure 7).  In view of the molecular 

heterogeneity amongst MIBC, the authors suggest at least 3 categories should be 

used in any future analysis. 

  



 25 

 

Figure 7.  Schematic representation of the overlap between different molecular 

classification systems of MIBC. (TCGA – The Cancer Genome Atlas) 

 

Debate remains as to how to integrate this information with conventional staging 

and grading as some reports suggest that some transcriptional subtypes are 

independent of conventional histological strategies (59).  Although conventional 

pathological categorisation does not reliably prognosticate for some disease 

subtypes, it is clearly informative to a certain extent.  As such, it is likely that such 

molecular subtyping will be additive rather than replace conventional pathological 

categorisation.   

 

The TCGA group have also conducted DNA based genome wide analysis on bladder 

tumours.  Information on copy number alterations and mutations has lead to the 

identification of three pathways, frequently dysregulated in bladder cancer.  These 

include cell cycle regulation, PI3K signalling and chromatin remodelling.  Of 

particular interest in this work is the confirmation of PI3K signalling 

dysregulation.  AXL activation has been frequently shown to signal through the 

PI3K/AKT axis and this study confirms the need for its further study in bladder 

cancer. 
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Tyrosine kinases: Structure and function 

Tyrosine kinases are a subclass of protein kinase that, once activated, catalyse the 

transfer of a phosphate group to a tyrosine residue on protein substrates.  This 

process is fundamental to signal transduction between and within cells.  This, 

therefore, implicates tyrosine kinases in the regulation of a wide-ranging list of 

cellular functions.  Tyrosine kinases can be further sub-classified according to their 

cellular location being either receptor tyrosine kinases (RTK) or cytoplasmic 

tyrosine kinases. 

 

All receptor tyrosine kinases contain an extracellular ligand binding domain, 

transmembrane helix and cytoplasmic protein tyrosine kinase domain.  All known 

RTKs, apart from the insulin receptor, exist as monomers.  Upon ligand binding 

they dimerise which results in autophosphorylation of the cytoplasmic domains.  

Such dimerisation, with downstream activation, can be achieved through ligand-

independent mechanisms.  These include receptor overexpression, with trans 

cellular binding, cross-talk with other receptors or increased phosphatase activity. 

 

Tyrosine phosphorylated sites in the cytoplasm act as binding sites for a variety of 

signalling proteins.  Such proteins contain domains which include SH2 (Src 

homology 2) or PTB (phosphotyrosine binding).  SH2 domain–mediated binding of 

signalling proteins to tyrosine autophosphorylation sites provides a mechanism 



 27 

for assembly and recruitment of signalling complexes by activated receptor 

tyrosine kinases (60) (figure 8).  Downstream signalling/activity is dependent 

upon both the number and concentration of RTK, concentration of protein kinase 

activity and the ability to recruit molecules with the SH2 and PTB domains.  PI3K is 

an RTK substrate, with SH2 domain (in the p85 subunit) that binds to activated 

RTK and ultimately activates AKT, which in turn activates downstream pathways 

involved in cell survival.  Ras is activated by several RTK.  SH2 containing SOS 

binds Grb2.  This SOS/Grb2 complex binds to activated RTK thus associating SOS 

with the cell membrane where it can stimulate Ras.  Although several effector 

proteins can bind Ras, a well described axis is interaction with Raf and ultimately 

activation MEK and ERK (MAPK).  ERK activation is involved in a range of 

processes including metabolic regulation, cell cycle, cell migration, cell shape, 

proliferation, cell survival and differentiation (61) 
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Figure 8. Schematic representation of receptor tyrosine kinase.  Activation, 

through ligand binding and dimerization leads to phosphorylation of the 

intracellular domain which in turn allows binding of molecules containing PTB and 

SH2. 

 

Signal Transducers and Activator of Transcription (STAT) contain an SH2 domain 

which binds to phosphorylated tyrosine residues on RTKs, similarly to PI3K.  In the 

case of STAT, this leads to dimerization, followed by nuclear migration and 

activation of transcription.  Constituent STAT3 activation has been implicated in 

oncogenic transformation and will be further discussed with its relevance to 

bladder cancer. 

Termination of Tyrosine Kinase signalling and activation 

When under normal, physiological controls, RTK signalling is attenuated by 

binding of inhibitory ligands, hetero-oligomerization with receptor mutants, 
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inhibition by phosphorylation on non-tyrosine residues, activity of tyrosine 

phosphatases or receptor endocytosis. 

Tyrosine Kinase inhibitors and clinical practice 

Given their role in a range of cellular functions, which, when dysregulated 

characterise cancer development, RTK have been investigated as potential 

therapeutic targets over recent years.  Studies across different cancer types, 

including several RTK targets have been undertaken, which have led to a number 

of tyrosine kinase inhibitors entering routine clinical practice.  Examples of TKI in 

routine clinical practice are given in the table 6. 
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Table 6. Tyrosine Kinase Inhibitors in routine clinical practice. 

Agent Disease Target(s) FDA/EMA approval 

Imatinib 
CML 

GIST 
BCR-Abl 2002 

Bosutinib CML BCR-Abl 2012 

Lapatinib Breast cancer 
HER2 

EGFR 

2007 

2008 

Gefitinib NSCLC EGFR 2003 

Erlotinib NSCLC EGFR 2004 

Sorafenib 

Renal Cell Carcinoma 

Hepatocellular Carcinoma 

Thyroid cancer 

VEGFR 

PDGFR 
2005 

Sunitinib 
Renal Cell Carcinoma 

GIST 

PDGFR 

VEGFR 

KIT 

2006 

FDA – Food and Drugs Administration 

EMA – European Medicine Agency 

CML – Chronic Myeloid Leukaemia 

NSCLC – Non-small Cell Lung Cancer 

GIST – Gastrointestinal Stromal Tumour 
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AXL: Current perspective 

AXL structure 

AXL is one of three members of the TAM (Tyro3, AXL, Mer) receptor tyrosine 

kinase sub-family.  Each member has a conserved extracellular domain containing 

two immunoglobulin-like domains and two fibronectin 3 domains (62) (figure 9).  

The intracellular kinase domain varies between members.  AXL contains 999 

amino acid residues with a predicted size of 110 KDa, however, actual molecular 

weight, given post-translational modification such as glycosylation and acetylation, 

is around 140kDa.  AXL was first discovered as a transforming gene in patients 

with chronic myeloid leukaemia (CML) (63) and later cloned from patients with 

CML (64).  AXL is expressed ubiquitously in humans (65) and its quiescent 

functions include clearance of apoptotic cells, maintenance of natural killer cell 

function and platelet aggregation although a wider range of functions is expected 

(62). 
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Figure 9. AXL protein structure with 2 extracellular IgG like domains, 2 fibronectin 

3 - like domains and an intracellular kinase domain. 

AXL activation 

The mechanisms that result in AXL activation can be considered as either ligand-

dependent or ligand-independent.  Gas6, a vitamin K dependent protein with 

sequence homology to protein S, was first identified as the ligand for AXL in 1995 

(66) and is involved in typical ligand-receptor activation of AXL.  Gas6 protein is 

coded for by the GAS6 gene.  Ligand-independent activation occurs through either 

homotypic dimerization, heterotypic dimerization, cross-talk with other receptors 

or transcellular activation (figure 10).  Activation results in autophosphorylation of 

tyrosine residues in the cytoplasmic domain, which then leads to phosphorylation 

of other substrates or constitutes a docking site that recruit signalling molecules 

containing phosphotyrosine-binding domains.  The findings of contemporaneous 
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studies of AXL signalling in different diseases, in vitro and in vivo models are 

discussed below. 

 

Figure 10. Mechanisms resulting in AXL activation.  Taken from Linger et al. (62) 

(i), ligand-independent dimerization, (ii) ligand-dependent dimerization, (iii) 

heteromeric dimerization of two different TAM, (iv) heterotypic dimerization with 

a non-TAM receptor, and (v) trans-cellular binding of extracellular domains.  GAS 6 

is indicated as the red ligand. 

 

AXL activation and signalling in vitro and in pre-clinical models 

Across both a panel of mesothelioma cell lines and biopsy specimens, AXL was 

over-expressed (67,68) in comparison with normal mesothelial cells.  Both cells 

transfected with shRNA to AXL and those treated with the pre-clinical AXL 

inhibitor, DP-3975 (Diciphera Pharmaceuticals (Lawrence, KS)) were promoted 

toward G0/G1 phase of the cell cycle, showed reduced AXL-PI3K interaction, AKT 
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activation, S6 activation and cell migration as assessed by scratch assay.  

Furthermore, phosphorylation of downstream molecules was found, through 

transfection with shRNA to GAS6 and subsequent administration of exogenous 

Gas6, to be Gas6 dependent.  However, in this analysis, AXL inhibition with 

DP3975 produced only a modest reduction in cell survival.  This effect was 

enhanced with inhibition of other receptor tyrosine kinases, including EGFR and 

MET, with a heat shock protein 90 inhibitor.  This suggests that, in this 

mesothelioma model, single RTK inhibition is insufficient to ameliorate growth and 

survival mechanisms.  The implication being that, in the clinical setting, specific 

AXL inhibition may produce less benefit than non-specific multi kinase inhibition. 

 

In melanoma cell lines and tumour tissue samples, AXL mRNA levels were 

increased (69). Such AXL over-expression also correlated with mutations in known 

proto-oncogenes, which confer poor prognosis in melanoma patients, namely 

BRAF and NRAS.  Stimulation of AXL with Gas6, initiated phosphorylation of AKT 

rather than ERK.  AXL positive melanoma cell lines were also found to express 

GAS6 suggesting autocrine activation in this model.  This, and indeed the majority 

of studies into AXL activation suggest that the transforming potential of AXL is 

mediated through overexpression as opposed to receptor mutation.  However, 

manufactured C-terminal truncation mutations through cDNA retroviral 

incorporation, in the AXL receptor have, however, been shown to transform cell 

behaviour (70) via activation of the AXL receptor.   
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El Sayadi et al. (71) found, in leimoyosarcoma tumour lysates, that both AXL and 

Tyro3 were present in 12 of 13 samples and co-expressed with GAS6 in 8 of 13 

samples, suggesting autocrine or paracrine signalling.  In this study, AXL 

activation, with either co-expression of AXL and GAS6 or stimulation with 

exogenous Gas6 resulted in AKT and ERK1/2 phosphorylation.  Cell viability and 

AKT phosphorylation were reduced by incubation with foretinib, a multikinase 

inhibitor of VEGFR, MET and AXL.  

 

In B-cell chronic lymphocytic leukaemia (CLL), a disease characterized by 

proliferation and defective apoptosis of B-cell lymphocytes, AXL was constitutively 

active. This was determined using p-AXL expression on western blotting in both 

peripheral blood samples and CLL cell lines (72).  In contrast, in other 

haemopoetic cell lines (multiple myeloma and amyloidosis) AXL was expressed 

but not constitutively active.  Furthermore, AXL phosphorylation correlated with 

phosphorylation of and complexes with non-receptor kinases PI3K, PLC gamma 2 

and Lyn, Syk and ZAP70 (72).  The precise mechanism for constitutive AXL 

activation was not confirmed in this study and although bi-directional regulation 

of non-receptor kinases on receptor tyrosine kinases has been observed, this study 

showed that AXL activation was upstream of src family kinases (SFK) activation.  

Inhibition of AXL phosphorylation with R428, an AXL specific small molecule 

inhibitor, reduced the phosphorylation of the mentioned non-receptor kinases and 

also induced apoptosis in leukaemic B cells (72). 
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AXL was similarly constitutively phosphorylated and activated in the acute 

myeloid leukaemia (AML) cell line MV4-11 and human AML blasts (73).  AXL 

signalling, through phosphorylation of FLT3 was abrogated using either soluble 

fusion protein, with structure similar to AXL extracellular domain, or foretinib.  

This effect on survival was shown, through flow cytometry, to be dependent on cell 

cycle arrest (increase in S phase) and, through annexin V-FITC labelling, due to 

induction of apoptosis.  Abrogation of AXL activity led to a reduction in 

phosphorylation of FLT3 in FLTS-ITD+ (Fms-like tyrosine kinase 3 Internal 

Tandem Duplication, an aggressive subtype) positive cell lines and human blasts.  

In a severe combined immunodeficiency mouse model, AXL-fc (fusion protein) also 

reduced the proliferation of grafted human FLT3-ITD+ blood cells and overall 

survival in these mice. 

 

Paccez et al (74) identified AXL expression in prostate cancer cell lines and 

prostate cancer.  AXL was shown to signal through activation of the PI3K/AKT axis 

in addition to overlapping signalling with STAT 3.  Inhibition of AXL resulted in a 

reduction in circulating Interleukin (IL-6) and also phosphorylated STAT3, which 

in turn resulted in a reduction in proliferation in prostate cancer cell lines. 
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AXL in bladder cancer 

To date, there are two published studies of the role of AXL in bladder cancer.  

Sayan et al. (75), in our own laboratory in Leicester, found through investigating 

the role of the transcription factor activator protein one (AP-1), a known target of 

MEK|ERK1/2 activation, that invasive bladder cancers expressing fra-1, a 

constituent of AP-1 were more likely to be muscle-invasive than non-muscle-

invasive.  Furthermore, in fra-1 expressing cell lines, UMUC3 and J82, it was shown 

through qPCR that the gene for AXL was up-regulated approximately 20-fold.  AXL 

knockdown with siRNA reduced cell invasion with no apparent effect on cell 

proliferation.  Yeh et al. (76) identified an up-regulation of AXL and PDGFR-alpha 

as consequences of c-MET activation in T24 cells with inducible c-MET gene 

expression.  This suggests crosstalk of different RTKs in bladder cancer.  

Furthermore, co-expression of c-MET, AXL and PDGFR-alpha resulted in invasion 

in cell lines and poor prognosis in a series of 65 patients.  Interestingly, there was 

incrementally worse survival with co-expression of AXL, PDGFR and c-MET in this 

series. 

 

Unpublished data, accessed via oncomine.org, supports a role for AXL in Epithelial 

Mesenchymal Transition (EMT) and invasion.  EMT is a process by which epithelial 

cells lose cell-cell adhesion and gain migratory properties which ultimately result 

in a mesenchymal phenotype.  This process is important in normal growth but is 
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frequently dysregulated in cancer progression.  Stranskyet al. (77) characterised 

genetic variants between NMIBC and MIBC.  In this analysis, AXL was 

overexpressed in MIBC and both the gene for Vimentin and ZEB2, markers of 

mesenchymal phenotype, were in the top five genes co-expressed with AXL (figure 

11). 

 

Figure 11. Data from Stransky et al (77) detailing co-expression of vimentin and 

ZEB2, markers of EMT in association with AXL. 

AXL in treatment resistance 

In addition to mounting evidence for a role in invasion, AXL expression and 

activation has been implicated in resistance to both conventional chemotherapy 

and also modern TKI therapy.  Examples of this are discussed below. 
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TKI monotherapy has frequently been associated with rapid response in a range of 

cancers.  Unfortunately, this is often followed by a similarly rapid cancer 

progression.  To address this rebound phenomenon in adrenocortical cancer Lin et 

al. (78) developed a Sunitinib resistant cell line through chronic exposure (20nM 

for 48hrs).  Sunitinib is a multikinase inhibitor of PDGFR, VEGFR, RON and cKIT, 

licensed for the use in renal cell carcinoma and GIST.  Resistant cells were found to 

have up regulation of a number of TKs including AXL and ERK1/2.  Indeed, ERK 

was the most up regulated of these kinases and specific ERK inhibition, with 

PD98059, reduced cell proliferation by approximately 65%. In addition to further 

implicating AXL activation as a pathway to treatment resistance, this study also 

highlights that activation of compensatory oncogenic signalling pathways can be 

through the same downstream molecules i.e. VEGFR signals through ERK which is 

eventually up regulated following sunitinib monotherapy, despite VEGFR 

abrogation. 

 

In gastrointestinal stromal tumour (GIST) cell lines, imatinib a PDGFR and c-kit 

inhibitor, resistance was developed through chronic exposure to the drug (79).  In 

these resistant cells a tyrosine kinase switch, with c-KIT down regulation and AXL 

up regulation, through increase gene copy number, mRNA level and protein 

expression was observed.  Additionally, GAS6 was over expressed in resistant cell 

lines indicating autocrine AXL activation in imatinib resistant GIST cells.  
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In imatinib resistant CML cell lines, AXL was overexpressed and constitutively 

activated (80).  Subsequent AXL knockdown, using siRNA, was able to restore 

sensitivity to imatinib.  In imatinab resistant cells, following AXL knockdown a 

similar reduction in proliferation and apoptosis induction was observed in 

comparison to in imatinib sensitive cells. Interestingly inhibitors of the MEK/ERK 

and PKC axis were able to reduce the expression of AXL in resistant cell lines and 

also restore imatinib sensitivity.  This suggests that MEK/ERK and PKC are 

implicated in the over expression of AXL observed in resistant cells and have a 

potential bidirectional signalling relationship with AXL, at least in this CML model. 

 

Lay et al. (81) reported correlations between AXL expression, invasion and 

migration in addition to chemoresistance in an in vitro model consisting of 

progressively invasive lung cancer cell lines. In this model, downstream signalling 

was through PI3K/AKT and NF κB, which acts downstream of AKT, rather than, 

ERK or MEK.  Furthermore, in this analysis, sulfasalazine, a non-steroidal anti-

inflammatory agent routinely used in inflammatory bowel disease and rheumatoid 

arthritis, which acts to inhibit NF κB, reversed AXL-dependent chemoresistance 

and reduced cell invasion.  The effect of sulfasalazine was, however, not specific to 

NF KB and the inhibitory effect was also seen on ERB-B2 and EGFR 

phosphorylation which may have contributed to the observed changes. 

 

In another lung cancer study, aimed at better predicting response to targeted 

therapies and identifying future therapeutic targets, Byers et al. (82) constructed 
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an epithelial mesenchymal transition (EMT) gene signature.  In mesenchymal cell 

lines, AXL was significantly over expressed compared to epithelial cell lines.  

Furthermore, in vitro AXL inhibition using SGI-7079, a pre-clinical AXL inhibitor, 

restored mesenchymal cell lines response to erlotinib, a TKI used as second line in 

metastatic non-small cell lung cancer. 

 

In an in vitro breast cancer model of resistance to the HER2 inhibitor, lapitinib, AXL 

expression was up regulated, via a modest gene copy number increase (2-fold) and 

hypomethylation in the AXL gene promoter region resulting in increased mRNA 

levels (83).  Interestingly, there was no observed change in gene copy number, 

mRNA or protein levels for HER2.  In these laptinib resistant cells, phosphorylation 

of HER2 was reduced similarly to lapatinib sensitive cells, however, the observed 

increased cell survival was owing to activation of the PI3K/AKT pathway and 

MEK/ERK activation.  To provide further support of AXL-dependent lapitinib 

resistance, resistant cells transfected with siRNA to AXL had regained sensitivity to 

lapitinib with respect to cell growth/proliferation.  Furthermore, treatment with 

foretinib restored the ability of lapatinib to modulate gene expression in lapatinib 

resistant cell lines.  Foretinib or lapatinib alone were unable able to interrupt the 

interaction between AXL and the regulatory subunit of PI3K, p85 (containing SH2), 

which leads to AKT activation. However, in combination this pathway was 

abrogated.  This suggests, that in the development of lapatinib resistant breast 

cancer cells, cross talk between HER family receptors and AXL is an essential and 

seemingly reversible step. 
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Clinical significance of AXL 

Given the large in vitro and in vivo body of evidence supporting AXL expression in 

alignment to invasion and chemoresistance, it is unsurprising that AXL is 

expressed in a range of human cancers including lung, breast, colon and thyroid 

(84-87).  AXL expression has consistently been shown to confer an increased risk 

of metastasis and poor survival in patients.  Furthermore, increased AXL 

expression has been shown to be associated with chemoresistance in clinic 

practice (88-91). 

Current status of AXL inhibitors 

Clinical Trials 

Foretinib, mentioned above in the context of AML (73) and breast cancer (83), has 

been further evaluated in a number of clinical trials.  

 

In a phase I dose escalation study (92), including 37 patients with a variety of 

metastatic cancers, who had been heavily pre-treated with standard treatment, 

foretinib produced stable disease over a median follow up of 6 months in 74% of 

trial participants.  All patients reported some adverse events, which included grade 

1 or 2 fatigue, hypertension, nausea, diarrhea, anorexia, vomiting and headache. 
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However, these all resolved with either discontinuing the drug or dose reduction.  

Five serious adverse events included left ventricular dysfunction, pulmonary 

embolism, grade 3 diarrhoea and grade 4 fatigue.  A maximum tolerated dose of 

80mg once daily was determined, owing to grade 3 diarrhoea and hypertension 

amongst those taking higher doses.  Less than 1% of foretinib was excreted in the 

urine.  In a second phase I study (93) a maximum tolerated dosage of 3.6mg/kg 

(240mg in 70kg male) was determined when taken on five consecutive days with 

nine days rest in a 14 day cycle.  Dose limiting toxicities included derangement in 

serum AST and lipase.  In this study, pharmacokinetic analysis revealed a 

maximum concentration at 4 hours after initial dosing which declined with 

monoexponential decay subsequently, with a half-life of 40 hours.  Urinary 

excretion of foretinib was <1%.  This study also showed reduction in pERK and 

pAKT, as evaluated by immunohistochemistry, in tumour samples taken during 

foretinib treatment.  Overall, 55% had stable disease for 10 months and 7.5% 

patients had partial response. 

 

Both of the above dosage regimes (intermittent and continuous) have been 

evaluated in a phase II study of foretinib in patients with locally advanced, bilateral 

or metastatic papillary renal cell carcinoma (94).  There was an overall response 

rate, defined as complete or partial response, of 13.5% for a median duration of 

18.5 months.  Patients in the intermittent dosing cohort had slight improvements 

in progression free survival, although this was not statistically significant.  

Furthermore, germline MET mutation was predictive of a response. 
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Additionally, foretinib has been evaluate, in similar phase II trials in gastric cancer 

(95) and recurrent head and neck cancer (96).  Similar results, in terms of 

maintaining stable disease were observed.  Common to all of these trials, however, 

is a lack of assessment of the differential response between patients whose 

tumours express AXL and those that do not. 

Pre-clinical investigation 

Holland et al. (97) investigated R428 (Rigel pharmaceuticals), a small molecule 

inhibitor of AXL discovered following high-throughput screening, with an IC50 in 

the nanomolar range (14nmol in HeLa cells using pAKT as a readout).    In 

comparison, activity against other targets Mer, Tyro3, VEGFR2, HER2 was 16, 14, 

34 and >100-fold less.  R428 inhibited invasion of breast cancer cell lines (MDA-

MB-23) but had little effect on proliferation.   In vivo evaluation in mouse models 

revealed that R428 had a half-life of 4 hours (with 25mg/kg dosage) and twice 

daily oral dosing was sufficient to block Gas6-induced AXL phosphorylation in 

mouse blood.  Furthermore, R428 was able to inhibit development of metastasis in 

mice with breast cancer xenografts.  In this study, breast cancer cells were either 

administered heterotopically, directly intracardiac, or orthotopically, into the 

mammary fat pad.  Tissue lysates from these mice revealed a reduction in the EMT 

regulator, Snail, further implicating AXL in EMT.  R428 had no effect on the extent 

of primary tumour growth in orthotopically (mammary fat pad) administered 
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breast cancer cells.  Taken together this suggests R428 inhibits later stages of 

metastasis.  To add clinical relevance, the combined effect of R428 and cisplatin 

was evaluated and found to be additive on the delay to onset and burden of 

metastasis in these mice.  In a separate study, R428 inhibited melanoma cell 

invasion through abrogation of AXL signalling (69).  As previously described in 

melanoma, AXL phosphorylation was GAS6 dependent in this model.  

 

Vorinostat is a histone deacetylase inhibitor, which promotes protein acetylation, 

modulates gene expression and induces differentiation, growth arrest and 

apoptosis of tumour cells.  It was approved by the FDA for treatment of cutaneous 

T cell lymphoma in 2006.  Virinostat has been shown to have a wide reaching effect 

on gene signature in AML cells lines and patients peripheral blood.  One of the 

most marked effects was in down regulating the mRNA expression of AXL (98).  

The authors suggest that virinostat interferes with the binding of the transcription 

factor SP1 to promoter regions of other genes modulated by virinostat exposure.  

However, the precise mechanism underpinning the effects on AXL expression were 

not uncovered. 

 

Two further multikinase inhibitors, with activity against AXL, which have featured 

in the literature are LY2801653 (99) and Cabozantinib (100). LY2801653, is a 

small molecule multikinase inhibitor of MET, MST1R, FLT3, AXL, MERTK, TEK, 

ROS1, DDR1/2 and MKNK1/2.  Cabozantinib (XL184) is a multikinase inhibitor, 

with FDA licensed for the treatment of medullary thyroid cancer, with action 
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against MET, VEGFR2, RET, KIT, AXL and FLT3.  To date, reports on the effect of 

these agents have focussed on those mediated through inhibition of kinases other 

than AXL.  However, in such studies the IC50 for AXL has been repeatedly in the 

nanomolar range (99,100) suggesting a potential contributory role of AXL 

inhibition in the observed effects. 

Summary 

Despite a falling incidence, bladder cancer remains an important and expensive 

healthcare problem.  All subsets of disease carry significant cost, mandated either 

by the requisite repeated cystoscopic follow up in NMIBC, major surgery or 

radiotherapy in MIBC or palliation in metastatic bladder cancer.  As such, there are 

several milestones in the natural history of bladder cancer in which therapeutic 

advances will not only improve patient care but also efficiency. 

 

The treatment of high-risk NMIBC has remained largely unchanged for many years.  

Close cystoscopic follow up in parallel with immunotherapy is current best 

practice.  Despite this treatment, a significant number of patients will develop 

recurrence or progress to MIBC, thus requiring radical treatment.  It follows, 

therefore, that this subset of patients represents a challenging group and an 

opportunity to develop novel therapies.  Currently, available alternatives under 

investigation revolve around optimising the delivery of standard intravesical 

treatments either through electromotive forces or controlled hyperthermia.  To 
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date there are no registered clinical trials of tyrosine kinase inhibitors in NMIBC, 

indeed the focus of such therapies in many diseases has focussed on the setting of 

metastatic disease. 

 

The transforming potential of AXL appears to be consistently mediated through 

increased mRNA and/or protein expression level.  The processes leading to AXL 

activation varies between disease and cell system.  There are examples in the 

literature of GAS6-dependent (be it endocrine or autocrine), GAS6-independent 

and constitutive activation.  The measured consequence of such activation is most 

frequently mediated through either PI3K/AKT activation, MEK/ERK1/2 activation 

or both (figure 12).  Furthermore, ERK may have a bidirectional role in AXL 

signalling and activation.  Additionally, STAT3 signalling has been shown to be a 

consequence of AXL activation.  AXL activation appears to results in cell migration, 

invasion, cell survival and chemoresistance.  Within the developing field of AXL 

inhibitors, foretinib and R428 appear to have the largest body of evidence 

supporting further study.  Given its proximity to clinical practice, foretinib was 

chosen for further investigation in this study. 
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Figure 12. Schematic representation of AXL-dependant signalling pathways and 

different cancer types.  Top; MEK/ERK and PI3K axis dependant AXL signalling.  

Bottom; STAT3 dependant AXL signalling 
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Aims and objectives 

The principal hypothesis is that AXL expression correlates with invasion, 

metastasis and poor prognosis in bladder cancer.  This is, in part, based on the 

growing body of AXL literature and the identification of AXL in bladder cancer cell 

lines exhibiting a mesenchymal phenotype.  We aim to assess the expression of 

AXL in human bladder cancer tissue samples and correlate this expression with a 

range of clinical variables.  In patients with bladder cancer, there is a significant fall 

in survival that occurs with the onset of muscle invasion and moreover metastasis.  

It follows therefore, that identifying whether AXL expression associates with this 

stage progression is a crucial step in validating AXL as a potential therapeutic 

target in bladder cancer.  Furthermore, we aim to investigate the pathways 

through which AXL signals in bladder cancer cell lines and whether foretinib is 

able to abrogate such signalling. 
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Chapter 2: Materials and Methods 
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Human Immunohistochemistry 

Patient selection 

To evaluate the expression of AXL in human bladder cancers, tissue samples were 

used from two separate series of patients.  For the cystectomy series, tissue was 

obtained from the University Hospitals of Leicester pathology department in 

accordance with the agreed standards detailed in the study protocol “Expression of 

Tumour Markers in Bladder Cancer” (UHL 10882).  The study protocol was 

granted ethical approval (10/H0401/13) in 2010.  For the Tissue Micro Array 

analysis, which was donated from the University of Newcastle-upon-Tyne, local 

ethical approval had been granted previously. 

Cystectomy series 

A non-consecutive series of 65 patients, who had previously undergone radical 

cystectomy at Leicester General Hospital between October 1996 and May 2008 

was identified using our electronic theatre management system.  Although a 

greater number of cystectomies were performed during this time, specimens for 

collection were chosen based on the adequacy of the accompanying clinical data, to 

allow meaningful clinical correlation.  Formalin-fixed paraffin-embedded (FFPE) 

tissue, which had been initially used for diagnostic purposes, from these patients 
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was obtained from our pathology department.  All patients in this series had a 

TURBT which confirmed either MIBC or recurrent high-risk NMIBC prior to radical 

cystectomy.  A small proportion of patients undergoing cystectomy had no residual 

tumour evident on histopathological processing of the cystectomy specimen, the 

inference being that the entire tumour had been resected at the time of TURBT.  

We therefore, elected to examine tissue from the most recent TURBT prior to 

radical cystectomy in all cases. In addition, we identified those patients with 

histologically confirmed lymph node metastasis and examined this tissue also. 

Tissue Microarray analysis 

As part of the Bladder Cancer Database Newcastle project, Between October 1997 

and December 2006 tissue was collected from over 300 patients following TURBT, 

across all stages and grades of bladder cancer, to construct a tissue microarray 

(TMA).  The resultant slides were kindly donated by Professor Craig Richardson 

(University of Newcastle-upon-Tyne) and processed under the protocol described 

below.  Following processing, there were 285 stained tumour cores, with complete 

clinical records, for further analysis. 
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Clinical Variables 

In this study, immunohistochemistry serves both to test our initial hypothesis that 

AXL expression is associated with invasion, metastasis and poor prognosis and to 

potentially provide a basis for further in vitro study.  Therefore, in addition to a 

qualitative analysis of AXL expression, we correlated such expression, via means of 

a numerical scoring system with a range of clinical variables.  These include 

pathological stage, grade, disease-specific survival, overall survival and the need 

for radical cystectomy in patients initially receiving treatment for NMIBC. 

Immunohistochemical methods. 

Human Immunohistochemistry protocol 

FFPE tissues were sectioned and prepared on vectabond slides.  No sections were 

left for longer than 2 weeks before staining to avoid antigen degradation. 

Bladder tumour and lymph node tissue was fixed in formalin and paraffin-

embedded.  4μm sections were dewaxed, rehydrated and antigen retrieval was 

performed with microwaving for 20 minutes in 10mM citrate buffer.  Endogenous 

peroxidase was blocked by incubation in 0.3% H2O2 for 10 minutes.  After rinsing 

in Tris Buffered Saline (TBS) sections were incubated for 10 minutes in 1:5 normal 
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rabbit serum and blocking solution (TBS/ 3% Bovine Serum Albumin/ Triton X-

100).  Incubation with polyclonal goat IgG primary antibody to human AXL (AF-

154 R&D systems, Minneapolis, US) was done at 4oC overnight.  After rinsing in 

TBS twice, secondary rabbit anti-goat IgG-horse radish peroxidase antibody 

(DAKO, Cambridgeshire, UK) was applied for 30 minutes.  Diaminobenzidine 

(DAB) was used as a chromogen prior to counterstain with haematoxylin, 

dehydration and mounting.   

 

Variables for optimization 

Historically, the results of immunohistochemical assays have varied greatly from 

laboratory to laboratory.  Although not excluded, such variability has been reduced 

by improvements in reagent quality, standardisation of antigen retrieval methods 

and recommendation for reference standards and controls (101-103).  It is now 

commonplace for commercially available antibodies to be provided with suggested 

staining protocols.  Our study used a polyclonal goat primary antibody, AF154, (R 

and D systems, UK) and the final IHC protocol closely reflected the manufacturer’s 

suggestions with regards to incubation periods and reagent temperatures.  

However, we used in house blocking solution and DAB to reduce cost.  Our 

secondary antibody was a HRP-linked rabbit anti goat antibody (DAKO, 

Cambridge, UK) the manufacturer’s recommendation for usage was at a fixed 

dilution of 1:2000 and, therefore, was not altered in the process of optimization.  

As such, the most important variable to optimize was primary antibody 
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concentration.  The manufacturer’s recommendation for AF154 concentration was 

between 5µg/ml (1:40) and 15µg/ml (1:120).  We therefore stained human 

bladder cancers and human stomach, the recommended positive control, across a 

range of concentrations which spanned below the lowest and above the highest 

concentration. 

Image capture 

All images were captured on a Leica video microscope and saved for further 

analysis.  To maximize standardisation of obtained images, each photo was 

adjusted to minimize over-exposure or under-exposure, as assessed by Leica 

image analysis software.  

Immunohistochemistry scoring 

To score each section we first elected to identify regions of interest (x100 

magnification) that satisfied the following criteria. 

 

 The most invasive region of bladder cancer on the section, defined on H&E 

and conjunction with a consultant histopathologist. 
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 Positive vascular endothelium therefore indicating successful staining in 

that microenvironment.  As such, regions with no vascular staining were 

ignored. 

 

Within bladder cancer sections which contained both invasive and non-invasive 

tumours, the most invasive focus of tumour is the benchmark of pathological 

reporting and is used to guide subsequent treatment.  Therefore, evaluating these 

areas for AXL immunostaining increases the accuracy of subsequent correlation 

with histopathology reports. 

 

Following identification of these regions of interest, we examined 10 high-power 

fields (x400 magnification), at random, for the proportion of tumour cells taking 

up the stain.  The score for each high-power field was calculated using the 

following tabulation (table 7) and aggregated to give a score between 0 and 30.  

 

Table 7. Scoring system for cystectomy series 

Score Proportion of cells 

0 0% 

1 0-10% 

2 10-50% 

3 >50% 

 

A variety of different scoring systems have been used to histological specimens 

(104-109).  We elected to use a system analgous to the J-score, used to ascertain 

oestrogen receptor status in breast cancer (109).  Although the majority of IHC 
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scoring systems include assessments of proportion and intensity of cell membrane 

staining, the J-score uses proportion alone.  Clearly, a higher number should be 

present if more cells stain positive and a lower one with fewer cells.  Given the 

variability in staining intensity across TURBT sections, our assumption was that, in 

this series, an assessment of proportion of cells taking up the stain alone would be 

more accurate than combining this with an assessment of intensity.  Ultimately, the 

accuracy of any scoring method can only be validated with a sufficiently large 

dataset that allows a retrospective analysis once prognosis or eventual outcome is 

known. 

 

In the TMA analysis, representative foci, at least with respect to macroscopic and 

histological appearance, of tumour had already been isolated.  Multiple tumour 

sections are analysed on one slide, as opposed to in our cystectomy series, where 

whole sections were processed in several separate groups over a number of weeks.  

It, therefore, follows that unavoidable, albeit subtle, variation in staining protocol 

inherent in processing sections on different days such as variations in humidity, 

exposure to reagents or reagent degradation, which may affect the final 

appearance, would be avoided.  As such, we elected to introduce a measure of 

staining intensity to the final TMA IHC score.   Scores for each tissue core were 

assigned according to both the proportion of cells taking up the stain and intensity 

of membrane staining (table 8).  This measure is analogous to the Allred staining 

method, employed in assessing oestrogen receptor status in breast cancer (108).  

In this TMA there were two sections obtained from each tumour.  If only one 
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sample was successfully stained, then this case was disregarded from further 

analysis.  As such, to generate a final IHC score, a mean of aggregated values was 

used, giving a range of 0-3. 

Table 8. Scoring system for TMA series 

Proportion  Score Intensity Score 

0% 0 Absent 0 

<10% 1 Weak 1 

10-50% 2 Intermediate 2 

>50% 3 Strong 3 

Interobserver variation and validation 

To improve the accuracy of our analysis, a consultant histopathologist verified the 

regions of interest as those representative of the most invasive cancer in each 

section.  Additionally, we performed an assessment of interobserver agreement to 

support the reproducibility of our findings.  Two independent scorers scored the 

first 35 stained sections from our cystectomy series and the results were 

compared using Cohens kappa coefficient (110).   

Correlations with clinical variables 

After sections were assigned IHC scores, a variety of associations, with the clinical 

parameters detailed above, were tested.  For all relevant clinical variables, we 

undertook both univariate and multivariate analysis of the association of AXL 
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expression with the variables in question.  For all tests a type 1 error significance 

level was set at 5%.  Whilst it is recognised that multiple testing can lead to 

increased type 1 error and several authors have suggested that corrections to 

significance levels should always take account of this (111-113), some authors 

debate whether such correction is always necessary or appropriate.  A Bonferroni 

correction, where the accepted significance level is equal to α/n, where n is the 

number of variables is perhaps the most widely used correction for multiple 

testing.  Perneger VT (1998) (114) suggests that Bonferroni corrections inevitably 

exchange a reduced type 1 error for an increased type 2 error.  Furthermore, in the 

context of a robust hypothesis, in this instance that AXL expression correlates with 

invasion, it is more appropriate not to use a Bonferroni correction.  As such, we 

elected not to apply a post hoc Bonferroni correction. 

 

For binary variables such as invasion, metastasis at presentation, latent metastasis 

and failure of standard treatment in NMIBC, binary logistic regression was used.  

Survival analysis was conducted using either Kaplan-Meier survival analysis or 

multivariate Cox regression as appropriate.  To determine a role for AXL as a 

biomarker, we constructed a series of 2x2 contingency tables with a range of 

variables and calculated sensitivity, specificity, positive predictive value and 

negative predictive value, using Chi squared test to assess statistical significance.  

All statistical tests were performed on SPSS version 22 (IBM, New York). 
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Determining threshold values for AXL status 

Given our hypothesis that AXL expression is associated with invasion, for both the 

cystectomy series and TMA, we plotted receiver operating characteristic curves for 

these variables.  This allowed an assessment of how well AXL score can 

discriminate between muscle invasive and non-muscle invasive disease.  

Additionally, to determine threshold values of AXL score that would be 

appropriate to be considered AXL positive and AXL negative, we calculated the 

Youden index (115).  This single statistic represents the maximum potential 

effectiveness of a biomarker to distinguish between disease states, in this instance 

non-muscle invasive and muscle invasive disease.  In essence it represents the AXL 

score at which the sum of sensitivity and specificity is maximal.  The threshold 

values in both the cystectomy series and TMA calculated using muscle invasion as 

a test variable were then used in subsequent analysis.  
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Mouse Immunohistochemistry 

Mouse model 

Historically, there has been a lack of an animal model that represents the 

development of CIS and subsequent progression to MIBC.  Recent reports suggest 

that a transgenic mouse, with constitutively active STAT3, may reflect this type of 

bladder cancer (116).  In this analysis, transgenic mice and wild-type mice were 

exposed to nitrosamine, a carcinogen known to induce TCC of the bladder.  In the 

wild-type mice, once sacrificed, a variety of papillary non-invasive lesions and 

solid muscle invasive lesions were identified.  However, in the transgenic mice at 

an earlier juncture they develop dysplasia, CIS and muscle invasive TCC in the 

absence of papillary lesions.  It follows, therefore, that this is a novel in vivo model 

of CIS and muscle-invasive bladder cancer. Mice were grown and sacrificed at the 

host institution (Baylor Medical School, Texas, USA).  FFPE sections of wild-type 

(n=5) and transgenic (n=5) mouse bladder were kindly supplied for further 

analysis.  As described above the wild type mouse tumour specimens contained a 

mixture of papillary and muscle invasive cancers and the transgenic mouse 

specimens contained both CIS lesions and muscle invasive tumours.  Given the 

small number of available sections we performed a qualitative analysis, rather 

than quantitative, on the stained sections. 
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Mouse AXL has 88% sequence homology with human AXL.  It was, therefore, 

uncertain as to whether the protocol used in our human AXL IHC assays would 

provide satisfactory results.  Furthermore, there are no available positive mouse 

controls in the literature.  However, given that neither the primary nor secondary 

antibodies used in the protocol described were raised in mice we elected to use 

this as a starting point.  Sections of intestine from Multiple Intestinal Neoplasia 

(MIN) mice, previously grown in our laboratory, were stained for AXL using our 

previously described protocol.  MIN mice are an intestinal and colonic tumour 

mouse model with a truncation of the APC gene.  APC is a tumour-suppressor gene, 

loss of which predisposes to colorectal cancer and familial adenomatous polyposis 

in humans.  They develop hundreds of intestinal and colonic polyps during their 

development.  We stained sections of intestine from MIN mice to evaluate the 

specificity of staining and also exclude significant background. 

Cytoblock staining 

To further confirm the expression of AXL in bladder cancer cell lines and validate 

our IHC and cell culture findings, we stained sections from cytoblocks of J82 and 

RT112 cell lines.  Cells were cultured in the standard fashion until approximately 

2x107 cells were present in a T175 (175cm2 surface area) flask (25% confluent).  

Cytoblocks were constructed using the Shandon™ Cytoblock™ Cell Block 

Preparation System (Thermoscientific, UK) and their suggested protocol 

(University of Leicester SOP 547 v3).  This system combines the process of 
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centrifugation, to encourage cells down a funnel and increased cell density, and 

fixating grown cells to produce a formalin fixed cell button, which can be prepared 

for further IHC analysis. 

 

Sections of cytoblocks were prepared and stained according to the 

immunohistochemistry protocol previously listed. 
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Cell culture studies 

Preparation of foretinib 

A total of 2.1mg of foretinib (GSK Brentford, UK), with a molecular weight of 

632.65 gmol-1, was supplied as a dried powder and stored at room temperature.  

Therefore, 2.1mg was dissolved in 330µl of 100% DMSO to give an approximately 

10mM stock solution which was stored at -20oC. 

Cell culture general method 

Ten cell lines were used in this study. J82, RT112, RT112 (E-cadherin dominant 

negative mutant), UMUC3 and T24 were obtained from our in-house cell line bank, 

stored in liquid nitrogen.  These cells were initially donated from Cancer Research 

UK (CRUK) in 2005.  HT1197, HT5637, EJ28, 253J and HT1376 were donated from 

Cancer Research Technologies (CRT).  The medium used varied from cell line to 

cell line (table 10) according to recommendations from the ATCC or previous 

experience from CRT.  The listed media all contained 10% Fetal Bovine Serum 

(FBS) however, for some experiments it was necessary to incubate cells in serum 

free medium for a period of time, so called serum-starvation.  Serum starvation 

describes a period of cell culture in the absence of, or with minimal amounts of the 

relevant, growth factor containing serum.  This process down regulates a variety of 
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intracellular signalling proteins.  It is, therefore, an important step prior to 

stimulating a known receptor or pathway. 

Table 10.  Cell lines, phenotype and growth medium 

Cell line Tumour Phenotype Chosen growth media 

J82 UC Mesenchymal 
Eagle minimum essential medium, 

10% FBS 

T24 UC Mesenchymal McCoys 5a Medium Modified, 10% FBS 

RT112 UC Epithelial 

Eagle’s  minimum essential medium,  

2mM Glutamine (glutamax), 1% NEAA, 

10% FBS 

UMUC3 UC Mesenchymal 
Eagle minimum essential medium, 

10% FBS 

HT1376 UC Epithelial 
Eagle’s  minimum essential medium, 

1% Na Pyruvate, 1% NEAA, 10% FBS 

253J UC Mesenchymal RPMI, 10% FBS 

EJ28 UC Mesenchymal 
Eagle’s  minimum essential medium, 

1% Na Pyruvate, 1% NEAA, 10% FBS 

HT1197 UC Epithelial 
Eagle’s  minimum essential medium 

1% Na Pyruvate, 1% NEAA, 10% FBS 

HT5637 UC Epithelial RPMI, 10% FBS 

 

Cell lines were grown as a monolayer in a humidified incubator supplemented 

with 5% CO2 at 37oC.  Trypsin-EDTA (ethylene diamine tetraacetic acid) was used 

to lift cells for passaging.  In general cells were cultured to 70-99% confluence 

prior to passaging into either a larger container (T25, T75 and T175 corning 

plastic cell culture flasks, Sigma Aldrich) for further culture or 6cm dishes for 

specific experiments. 
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Retrieval from liquid nitrogen 

Previously frozen cells were thawed in 37oC water bath for 1-2 minutes.  The 

thawed cell suspension was added to 9 mls of appropriate media then centrifuged 

at 1000rpm for 5 minutes.  After removal of the supernatant, the remaining cell 

pellet was mixed with 10mls of appropriate media (table 10) and transferred to a 

T25 flask for further incubation. 

Freezing for further investigation 

To maintain stock levels, cells were cultured with the intention of storage in liquid 

nitrogen for further use.  Cells were passaged, ultimately into a 175 cm3 flask.  Cells 

were lifted with trypsin-EDTA, re-suspended in 10mls of growth medium prior to 

centrifuge at 1000 rpm for 5 minutes.  The resulting supernatant was re-

suspended in 1ml of medium and cell number counted using a standard 

haemocytometer.  Approximately one million cells were transferred to 0.5ml 

eppendorf containers and centrifuged at 1000rpm for 5 minutes.  Cell pellets were 

then re-suspended in 1ml of freezing medium (80% growth medium, 10% FBS and 

10% DMSO).  They were then transferred to an initial freezer at -80oC overnight 

prior to transfer into liquid nitrogen. 
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Preparation of cell lysates 

For all in vitro experiments, the final cell passage was onto 6cm well plates.  

Relevant protein expression was assessed using lysates from cell culture 

monolayers.  Cells were twice rinsed in PBS prior to exposure to 800μl of lysis 

buffer (117).   

 

The amount of protein, and hence concentration, in each lysate was determined 

using the Pierce BCA Protein Assay Kit (Thermo Scientific).  Five microlitres of 

protein lysate were added to 200μl of working reagent in 96 well plates.  The plate 

was then incubated for 30 minutes at 37oC to allow time for colour change to take 

place.  In parallel, a series of bovine serum albumin (BSA) known standards was 

assayed in a similar fashion.  Absorbance was evaluated using a Genios Microplate 

Reader.  A curve of the BSA standards was plotted and hence protein concentration 

of test lysates could be determined.  

 

After protein concentration was confirmed 1µl of a 1:1 mixture of 0.002% 

bromophenol blue and 5% 2-mercaptoethanol was added to each lysate.  

Following this each lysate was boiled for 10 minutes at 96oC and once cooled 

underwent a 5-second burst of ultrasonication.  This served to reduce the viscosity 

of the sample and ease subsequent loading into stacking gels.  At this stage, lysates 

were frozen pending further analysis. 
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To standardise the amount of protein in each running lane, a variable amount of 

lysate and lysis buffer was used to make a final volume of 20μL.  In order to 

maximise the amount of protein analysed 20µl of the lysate with lowest protein 

concentration had no additional lysis buffer added.  Lysates with higher protein 

concentrations would be supplemented with lysis buffer, to a volume of 20μl, 

dependant on the concentration of protein.  For instance, if a lysate had a protein 

concentration twice that of the lowest lysate concentration in a particular 

experiment, then half the volume of the higher concentration lysate would be used 

and the remaining volume required to bring the total up to 20µl would be made up 

of lysis buffer. 

Western blotting 

In this study we used a 5% polyacrylamide stacking gel above a 10% 

polyacrylamide running gel.  Gels were assembled in a standard electrophoresis 

chamber (Mini-PROTEAN® Tetra Cell, BIO-RAD, UK) and covered in a running 

buffer.  Two microliters of a 1:1 mixture of 0.002% bromophenol blue and 5% 2-

mercaptoethanol was added to each thawed lysates prior to boiling at 96oC for a 

further 5 minutes prior to loading into the stacking gel.  Twenty microlitres of 

lysate, with standardised protein concentration, was loaded in each lane.  One lane 

was dedicated to a molecular weight marker, in which, 7µl of Pageruler Plus 

(ThermoScientific, UK) was loaded.  A 120V potential difference was applied 
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across the gel for 60 minutes or until the blue colouring had reached the bottom of 

the gel, indicating the protein mixture had traversed the gel appropriately.   

 

For protein blotting we used a polyvinylidine flouride (PVDF) membrane 

(Immobillion-P membrane, Merck Millipore, Germany), which was activated with 

methanol, to enhance protein binding, prior to securing in the tanks.   

 

The final transfer setup included 3 soaked pieces of filter paper either side of the 

gel/membrane complex, all secured and immersed in transfer buffer in a 

Criterion™ Blotter (BIO-RAD, UK) tank.  Given the relatively high molecular weight 

of AXL, we elected to use a prolonged transfer time overnight in the presence of 

low current and potential difference (22V). 

 

Successful transfer was confirmed with Ponceau stain (Sigma-Aldrich, Germany).  

After successful staining was confirmed membranes were rinsed with distilled 

water. 

 

Membranes were trimmed and divided into relevant sections prior to incubation 

in blocking solution for one hour.  Following blocking, excess solution was 

removed and membranes were incubated with primary antibody at 4oC overnight.  

Each antibody was diluted to the appropriate concentration in the appropriate 

diluent according to manufacturer’s recommendation (table 11).  Membranes were 

then rinsed in 0.1% tris buffered saline and tween 20 (TBS-T) and agitated for 10 
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minutes three times over prior to incubation with secondary antibody for one hour 

at room temperature.  Finally, the excess secondary antibody was removed by 

rinsing membranes in 0.1% TBS-T for 10 minutes twice over.  

 

As in our immunohistochemistry studies, the secondary antibody was linked to 

HRP.  In this instance, HRP was used to induce a chemiluminescent reaction as 

opposed to a chromogenic one.  1ml of chemiluminescent substrate (SuperSignal™ 

West Pico PLUS Chemiluminescent Substrate) was applied to each membrane for 

one minute prior to shaking off the excess and securing between two sheets of 

acetate.  In darkroom conditions, the membranes were exposed to X-ray film 

(Kodak BioMax Light Film, Amersham Biosciences, Buckinghamshire, UK) prior to 

development.  The duration of exposure required to produce interpretable results 

on the X-ray film was variable.  The principal reason for this was the exponential 

decay of signal strength with time produced by the chemiluminescent substrates 

used.  Therefore, the first film was developed after an initial exposure of 10 

seconds.  If the signal strength was either insufficient or too strong then further 

exposures of longer or shorter duration were developed.  

 

The intensity of observed bands was quantified using image J (www.imagej.net) 

analysis software and reported values were standardised to the intensity of alpha 

tubulin signals. 
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Table 11.  Antibodies used in western blotting 

*All secondary antibodies supplied by DAKO, Cambridge, UK unless indicated 

D=donkey, M=mouse , G=goat, R=rabbit 

Antibody Genus Manufacturer 
Concentration 

and diluent 

Corresponding 

secondary 

antibody 

AXL 

AF154 

Polyclonal 

goat IgG 
R and D Systems 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

DαG-HRP 

(Santa Cruz) 

AKT 

Rabbit 

monoclonal 

IgG 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαR-HRP 

pAKT (Ser473) 

Rabbit 

monoclonal 

IgG 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαR-HRP 

pAKT (Thr308) 

Rabbit 

monoclonal 

IgG 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαR-HRP 

pERK1/2 

(Thr202/Tyr204) 

Rabbit 

monoclonal 

IgG 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαR-HRP 

pMEK 

Rabbit 

monoclonal 

IgG 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαR-HRP 

α tubulin 

Mouse 

monoclonal 

antibody 

Cell Signaling 

1μg/ml in 5% 

non-fat dry milk 

and 0.1% TBST 

GαM-HRP 
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Individual experiments 

Determination of AXL expression 

The 10 cell lines were grown as described above and passaged into 6cm dishes.  

Once between 70% and 100% confluent, cells were lysed with 800ul of laemmli 

buffer.  Protein levels were quantified and standardised.  The final lysates were 

processed alongside 7μl of marker and resultant membranes stained for AXL 

expression. 

Stimulation of cells with GAS6 

Both J82 (AXL positive) and RT112 (AXL negative) cells were each passaged into 4 

separate 6cm dishes following standard culture to 70% confluence in T-175 flasks.  

Following rinsing with PBS twice, culture medium was replaced with serum-free 

medium and incubated overnight.  Human recombinant GAS6 (R&D, Abingdon, UK) 

was added to give an overall concentration of 2µg/ml in the serum free medium.  

Cells were lysed at 4 time points (t=0, t=15 minutes, t=30 minutes and t=120 

minutes).  Lysates were processed in the usual fashion and expression of AXL, total 

AKT, pAKTS473, pAKTT248, pMEK and pERK1/2 were assessed using western 

blotting as described. 
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Transfection with siRNA to AXL 

Cells were grown in the standard manner to a population of 8 million.  Four cell 

pellets, each with 2 million cells, were mixed with 60ul of transfection buffer and 3 

microlitres of siRNA or control scatter siRNA in a electroporation cuvette (0.2cm 

bio rad).  A Gene PulserXcell electroporation system was used to apply a single 

pulse (250mV, 250F).  The contents of the cuvette were then resuspended in 

culture medium and transferred to 6cm culture dishes.  After further culture for 48 

hours, cells were lysed and western blotting to detect AXL, AKT, pAKTS473, 

pAKTT248, pMEK and pERK1/2 followed. 

Inhibition of AXL with foretinib 

To assess the AXL-specific effects of foretinib, we used both GAS6 stimulated cells 

and quiescent J82 cells.  Following standard culture and passage into 4 separate 

6cm dishes, J82 cells were serum starved overnight prior to incubation with 10nM 

foretinib or control (DMSO) for 2 hours.  Growth medium in one foretinib-

containing and in the control culture dish was then supplemented with sufficient 

human GAS6 to give a concentration of 2µg/ml.  After 5 minutes cells were lysed in 

the described fashion.   
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We then evaluated the effect of increasing concentrations of foretinib on J82 cells.  

Cells were serum starved overnight, prior to incubation with varying 

concentrations of foretinib or DMSO as a control (5mM, 10mM, 25mM and 50mM) 

for 2 hours.  Recombinant human GAS6, giving a final concentration of 2µg/ml was 

added to the growth medium and foretinib solution.  After 5 minutes, cells were 

lysed for further analysis. 
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Reagents and Solutions 
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Immunohistochemistry 

Blocking solution (20mls) - 20mls TBS / 3%BSA (0.6g) / 100μl 20Triton-X 

 

Cell culture 

Lysis buffer (0.125M TrisHCL, 2% SDS, 10% glycerol) 

 

Western blotting 

5% Stacking Gel (3ml) -  0.5ml 30% acrylamide mix, 0.38ml 1.0M Tris pH 6.8, 

0.03ml 10% SDS, 0.03ml 10% ammonium persulfate (APS) and 0.003ml TEMED, 

2.06ml deionized water 

 

10% Resolving Gel (10ml) - 4.1mls deionized water, 3.3ml 30% acrylamide 

solution, 2.5ml 1.5M Tris-HCL pH 8.8, 0.1ml 10% SDS, 0.1ml APS, 0.01ml TEMED 

 

Running buffer (1L) - 3.02g Tris-base, 18.8g glycine and 10ml 10% SDS made up to 

1L with deionised water 

 

Transfer buffer (stock buffer solution) (1L) - 58.1g Tris-base, 29.3g glycine, 37.5ml 

10% SDS made up to 1L with deionised water 

 

Transfer buffer (final solution) (1L) - 100mls stock solution, 200mls methanol 

700mls deionised water 
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blocking solution - 5% non-fat dry milk powder, 0.1% TWEEN 20, Tris buffered 

saline (TBS) or BSA solution depending on antibody 
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Chapter 3: Results  
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Human Immunohistochemistry 

Preliminary Results 

Optimisation of primary antibody concentration 

The variation in staining with varying primary antibody concentration is shown in 

figure 13-15.  Our interpretation was that the most intense staining, in the absence 

of background was achieved at a concentration of 5µg/ml (1:40).  Furthermore, a 

typical section of human stomach is shown and compared to the expected staining 

pattern, according to the manufacturers (figure 16).   

 

 

Figure 13 – AXL immunostaining at AF154 concentration of 20µg/ml (1:10) 
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Figure 14 – AXL immunostaining at AF154 concentration of 5µg/ml (1:40) 

 

Figure 15 – AXL immunostaining at AF154 concentration of 1µg/ml (1:200) 
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Figure 16.  Comparison of AXL staining of the manufacturers recommended 

positive control, with reference image(top) and our staining at 5µg/ml (1:40) 

(bottom). 
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Cystectomy Series: Qualitative analysis 

Our initial investigation revealed that, when present, AXL staining was distributed 

in the cell membrane almost exclusively (figure 17).  However, the staining pattern 

was often heterogeneous within each section (figure 18).  Explanations for this 

include variations in the way samples were initially fixed in formalin, tumour 

heterogeneity with different sub-clones of cells and protein expression and 

variations in the technique of applying reagents to each section.  Heterogeneity 

within each section, regardless of the cause, poses problems with accurately 

scoring the stained sections.  Determining whether a negative region within a 

section is negative because there is no AXL expression or a technical artefact 

becomes difficult. Each batch of processed slides contained one positive control 

(human stomach).  However, we also observed that in all stained sections, vascular 

endothelium was consistently positive (figure 19).  That is, the staining in vascular 

endothelium was similar, regardless of whether the adjacent section contained 

AXL positive tumour, AXL negative tumour or normal urothelium. 
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Figure 17.  Predominant AXL membrane staining in MIBC 

 

Figure 18.  Heterogeneity, with regards to AXL staining across entire MIBC section 
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Figure 19.  Consistent vascular endothelial staining in bladder cancer sections 

 

In NMIBC, AXL expression was strongest in the basal urothelial cell layer (figure 

20).  In view of the recent advances in molecular subtyping of bladder cancers, this 

suggests that AXL may act as a marker of basal cancers, which have a worse 

prognosis.  Although the intensity of staining in TURBT specimens was often 

variable, the most intense staining was observed in foci of CIS (figure 21).  We 

found no evidence of AXL positivity in stromal cells associated with normal or 

cancerous urothelium apart from in vascular endothelium, which was consistent 

regardless of associated MIBC, NMIBC or normal urothelium (figure 19)  
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Figure 20, Basal cell distribution in NMIBC 

 

Figure 21, Strong AXL staining in CIS 
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Determining AXL IHC score and threshold values 

Following a qualitative analysis of AXL expression, we sought to quantify AXL 

expression, via an IHC score discussed previously.  In this analysis, the overall aim 

of IHC is to equate visual appearance to clinical phenotypes of disease. In this 

study where possible we have analysed both AXL score as a continuous variable 

and AXL status as a binary discrete variable. 

 

The patient characteristics and spread of AXL scores in this cystectomy series are 

given in table 12 and figure 22.  No patients in this series had neoadjuvant 

chemotherapy prior to cystectomy as this was not considered standard practice at 

the time. 

Table 12. cystectomy series patient characteristics 

Mean age (range)  65.4 (41,78) 

Male gender (%)  45 (69.2%) 

NMIBC 

pTa 6 (28.6%) 

pT1 13 (61.9%) 

CIS 7* (33.3%) 

High grade/G3 (%) 15 (71.4) 

MIBC 

pT2 21 (47.7%) 

pT3 14 (31.8%) 

pT4 9 (20.5%) 

CIS 7 (15.9%) 

High grade/G3 (%) 42 (64.4) 

Total  65 

*5 patients with CIS in combination with NMIBC 
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Figure 22. Histogram illustrating spread of AXL IHC scores in cystectomy series. 

 

ROC analysis, using muscle invasion as the test variable this instance AXL score 

and muscle invasion were compared.  The area under the curve (AUC) of 0.727 

(95%CI 0.594, 0.861) (figure 23) indicates that AXL score is a good discriminator 

of muscle invasion.  That is, sections with a higher AXL score are significantly more 

likely to be muscle-invasive.  ROC analysis also provides a rational for the selection 

of threshold values for scores which could be considered positive or negative, and 

hence convert AXL score from an ordinal scale to AXL status, a dichotomous 

variable. 

 

Table 13 and figure 24 shows the way specificity and sensitivity of AXL score 

varies with varying AXL IHC scores.  The maximal value of the sum of sensitivity 

and specificity, the Youden index, gives the value which best discriminates 

between positive and negative test variables.  In this, instance muscle invasion.  
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This corresponds to an AXL IHC score of 15, which was used as a threshold value 

for subsequent analysis. 

 

Figure 23.  ROC curve comparing AXL IHC score and the presence of muscle 

invasion 
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Table 13. Sensitivity, specificity and approximation of the Youden index with 

varying AXL score and muscle invasion as test variable 

 
AXL score Sensitivity Specificity Sum 

0.5 0.932 0.095 1.027 

1.5 0.886 0.143 1.029 

2.5 0.864 0.238 1.102 

3.5 0.818 0.238 1.056 

4.5 0.818 0.381 1.199 

5.5 0.818 0.476 1.294 

6.5 0.795 0.524 1.319 

7.5 0.773 0.524 1.297 

8.5 0.773 0.619 1.392 

9.5 0.727 0.714 1.441 

10.5 0.705 0.762 1.467 

11.5 0.636 0.81 1.446 

12.5 0.614 0.81 1.424 

13.5 0.591 0.81 1.401 

14.5 0.591 0.857 1.448 

15.5 0.568 0.905 1.473 

16.5 0.409 0.905 1.314 

17.5 0.318 0.905 1.223 

18.5 0.273 0.905 1.178 

19.5 0.205 0.905 1.11 

20.5 0.159 0.952 1.111 

22 0.136 0.952 1.088 

23.5 0.091 0.952 1.043 

24.5 0.045 0.952 0.997 

25.5 0.023 0.952 0.975 

27.5 0 0.952 0.952 

30 0 1 1 
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Figure 24. Approximation of the Youden index with varying AXL IHC score 

 

Analysing whole TURBT sections from patients who subsequently underwent 

radical cystectomy allows a detailed qualitative analysis of the expression pattern 

in bladder cancer.  However, this group of patients represent only a subset of all 

patients with bladder cancer.  As such the clinical variables we were able to 

correlate with AXL expression, in this series were modified accordingly.  We, 

therefore, assessed the correlation between AXL expression with the presence of 

muscle invasion and the presence of pre-operatively unsuspected lymph node 

metastasis. 
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AXL status and MIBC 

Univariate and multivariate analysis, controlling for age, gender, grade and CIS, of 

predictors of invasive disease reveal that AXL positivity is associated with muscle-

invasive, rather than non-muscle invasive bladder cancer (OR 3.8 and 23.3 on 

univariate and multivariate analysis respectively).  This was the only variable that 

is associated with invasion on both univariate and multivariate binary logistic 

regression (table 14).  Interestingly, male gender was also associated with invasion 

on multivariate analysis.  This is likely to be as a result of a relatively small number 

of women in the included analysis (n=20).  Nonetheless, it highlights the 

importance of controlling for gender on the subsequent analysis. 

 

Table 14. Univariate and multivariate analysis of predictors of invasion 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

Age 1.014 0.957 1.075 0.631 1.090 0.996 1.192 0.060 

Gender 3.778 0.965 14.787 0.056 7.508 1.470 38.351 0.015 

High grade 4.271 0.912 19.993 0.065 5.540 0.670 45.803 0.112 

AXL status 3.176 1.066 9.462 0.038 23.291 2.082 260.538 0.011 

CIS 0.556 0.164 1.878 0.344 0.015 0.001 0.255 0.004 

 

AXL score was also a predictor of invasion (OR 1.110 (95% CI 1.02, 1.207 P=0.016) 

that is, with each point rise (from 0-30) in AXL score the chance of invasive disease 

increases (table 13).  
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Table 15.  Univariate and multivariate analysis of associations with invasion 

 Univariate Multivariate 

 OR 95% CI P OR 95% CI P 

AXL score 1.113 1.029 1.204 0.007 1.110 1.020 1.209 0.016 

Gender 3.778 0.965 14.787 0.056 5.383 1.067 27.163 0.042 

Age 1.014 0.957 1.075 0.631 1.062 0.985 1.146 0.118 

High grade 

disease 

4.271 0.912 19.993 0.065 5.527 0.851 35.904 0.073 

CIS 0.556 0.164 1.878 0.344 0.162 0.030 0.875 0.034 

 

It would appear in this analysis (table 14 and 15) that CIS confers a protective 

association with muscle invasion.  That is, the presence of CIS makes invasion less 

likely.  This would however be an unexpected finding.  It is perhaps is more in 

keeping with selection bias of patients undergoing cystectomy for high-risk 

NMIBC, which is conferred by the presence of CIS rather than indicating a 

protective association between CIS and invasion. 

 

Table 16.  Contingency table for AXL status and muscle invasion 

 AXL positive AXL negative Totals 

MIBC 27 (61%) 17 (39%) 44 (68%) 

NMIBC 7 (33%) 14 (67%) 21 (32%) 

Totals 34 (52%) 31 (48%) 65 (100%) 

 

Further univariate analysis in this series (Table 16) reveals that AXL positivity, as a 

test to predict invasion, has a sensitivity of 61.4%, specificity of 66.7%, positive 

predictive value of 79.4% and negative predictive value of 45.2%.   
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AXL status and metastatic disease 

In patients with MIBC, AXL positivity was associated with preoperatively 

unsuspected lymph node or visceral metastasis (OR 5.5 (CI 1.0134, 29.8508) 

P=0.0482 Chi squared test) following complete pathological staging.   AXL status, 

as a biomarker of unsuspected lymph node metastasis has a sensitivity of 84.6%, 

specificity of 50%, negative predictive value of 86.7% and positive predictive value 

of 45.8% (table 17). 

 

Similarly, AXL score was significantly associated with metastatic disease (OR 1.134 

(95% CI 1.002, 1.282 P=0.046) on univariate analysis. 

 

On multivariate analysis, controlling for age, gender, grade, stage and concomitant 

CIS neither AXL status, nor score, reached statistical significance in terms of 

predicting metastatic disease.  However, in this series there were 39 patients with 

MIBC who underwent lymphadenectomy and this number is likely to be 

insufficient to undertake meaningful multivariate analysis. 

 

Table 17.  AXL status and metastatic disease 

 
AXL Positive AXL negative Totals 

Metastatic MIBC 11 (85%) 2 (15%) 13 (33%) 

Non-metastatic MIBC 13 (50%) 13 (50%) 26 (67%) 

Totals 24 (62%) 15 (38%) 39 (100%) 



 94 

CIS sub-analysis 

Fourteen patients in this series had foci of CIS available for analysis in their TURBT 

sections.  Seven (50%) of these patients had CIS in conjunction with muscle 

invasive disease, 5 (36%) patients had CIS with other associated non-muscle-

invasive lesions whilst 2 (14%) patients had CIS in isolation.  Overall 11 (79%) 

exhibited AXL positive immunostaining (figure 21). Interestingly, 4 patients had 

AXL negative NMIBC but AXL positive foci of CIS.  The potential inference being 

that AXL expression varies between lesions in the same patient and that the most 

invasive lesions or at least potentially invasive lesions are AXL positive. 

Lymph node metastasis sub-analysis 

Seven of 11 (63%) histologically confirmed lymph nodes available for analysis 

displayed AXL expression (figure).  Of the 11 nodes positive for cancer, 10 primary 

tumours were AXL positive and one AXL negative.  Of the seven AXL positive 

lymph nodes, all primary tumours were AXL positive. 
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Figure 24.  AXL positive metastatic lymph node 

TMA analysis 

Given the larger sample size, TMA analysis allows more powerful multivariate 

analysis in addition to further univariate analysis.  For multivariate analysis it is 

recommended that for each measured variable there are at least 10 patients in 

each subgroup (118-120), hence the equivocal results in our cystectomy series.  

Patient characteristics and distribution of AXL scores are given in table 18 and 

figure 25. 
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Table 18.   Patient characteristics: TMA analysis 

Age (years), median 

(range) 

  73 

(32,101) 

   

Male   211 74.3%  

Female   73 25.7%  

NMIBC 

Stage 
pTa 102 60.3% 

pT1 65 38.4% 

CIS 2 1.2% 

High-grade (G3)   43 25.4% 

Standard Therapy 
 

155 91.7% 

Radical Cystectomy 
 

14 8.3% 

MIBC 

Stage 
T2 99 86.1% 

T3/T4 16 13.9% 

M1 at 

presenta

tion 

62 53.9% 

High-grade (G3)   95 82.6% 

Radical Cystectomy 
 

37 71.2% 

Radiotherapy  15 28.8% 

Neoadjuvant  chemotherapy 
 

7 16.7% 

 

 

Figure 25.  Histogram illustrating distribution of AXL scores in TMA analysis 
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Given the hypothesis of AXL expression resulting in invasion and metastasis, AXL 

expression was correlated with the following clinical variables; 

 

1. The presence of muscle invasion at diagnosis 

2. The presence of metastasis at diagnosis 

3. The ultimate requirement of radical therapy in patients initially diagnosed 

with NMIBC 

4. The development of latent metastasis in patients treated, with the intent of 

cure, for MIBC 

5. Disease-specific survival in patients treated, with the intent of cure, for 

MIBC 

 

As in the cystectomy series, both univariate and multivariate analysis were used.  

Where appropriate patient age, gender, grade (high grade), stage, prior neo-

adjuvant chemotherapy, radical treatment type (cystectomy or radiotherapy) were 

also controlled for in multivariate analysis. 

Determining threshold values for AXL status 

A threshold value for AXL positivity was determined in a similar manner to that in 

our cystectomy series.  Namely plotting of ROC curves with invasive disease as a 

test characteristic followed by plotting the sum of sensitivity and specificity and 

approximating the Youden index (figure 26, 27 and table 19).  The AUC was lower 
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in comparison to the cystectomy series, but still significant (AUC 0.646 (95% CI 

0.581, 0.710, P<0.05).  The Youden index was 1.625 and therefore, values ≥ 1.6 

were considered positive in the remainder of the analysis. 

 

 

 

Figure 26. ROC analysis with muscle invasion as test variable 
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Table 17.  TMA analysis:  Youden index calculations 

AXL score Sensitivity Specificity Sum 

0.25 0.896 0.237 1.133 

0.625 0.87 0.296 1.166 

0.875 0.843 0.325 1.168 

1.125 0.783 0.408 1.191 

1.375 0.765 0.456 1.221 

1.625 0.73 0.533 1.263 

1.875 0.67 0.58 1.25 

2.125 0.574 0.651 1.225 

2.375 0.47 0.746 1.216 

2.625 0.33 0.781 1.111 

2.875 0.27 0.852 1.122 

 

 

Figure 27.  TMA analysis Youden index plot with muscle invasion as test variable 
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Muscle invasion at diagnosis 

Both AXL score and AXL status were independent predictors of muscle invasion on 

univariate analysis (AXL score OR 1.653 (95% CI 1.302, 2.099 P<0.0001; AXL 

status OR 3.087 (95% CI 1.852, 5.145 P<0.0001)) and multivariate analysis (AXL 

score OR 1.464 (95% CI 1.098, 1.952 P<0.05) (table 20); AXL status OR 2.411 

(95% CI 1.300, 4.4700 P<0.05)) when controlling for age, gender and high grade 

(G3) disease (table21).  The association of increasing age, female gender and high-

grade disease with muscle invasion is well established and supports the external 

validity of this study. 

 

Table 18.  Univariate and multivariate analysis of predictors of muscle invasion 

including AXL score 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL score 1.653 1.302 2.099 0.000 1.464 1.098 1.952 0.009 

Age 1.027 1.005 1.049 0.014 1.026 0.998 1.056 0.073 

Gender 0.509 0.298 0.870 0.014 0.414 0.203 0.844 0.015 

High grade 14.805 8.112 27.023 0.000 15.123 7.957 28.741 0.000 
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Table 21.  Univariate and multivariate analysis of predictors of muscle invasion 

including AXL status. 

 
 Univariate analysis Multivariate analysis 

Variable OR CI CI P OR CI CI P 

AXL status 3.087 1.852 5.145 0.000 2.411 1.300 4.4700 0.005 

Age 1.027 1.005 1.049 0.014 1.027 0.998 1.056 0.025 

Gender 0.509 0.298 0.870 0.014 0.423 0.207 0.866 0.019 

High grade 14.805 8.112 27.023 0.000 15.328 8.048 29.192 0.000 

 

With regards to biomarker studies AXL status (table 20), when used to analyse 

invasion has a sensitivity of 54%, specificity of 47%, negative predictive value of 

62.9% and positive predictive value 43.9%. 

 

Table 22.  Contingency table stratifying AXL status and muscle invasion 

 
AXL Positive AXL negative 

 
MIBC 62 (54%) 53 (46%) 115 (40%) 

NMIBC 79 (47%) 90 (53%) 169 (60%) 

Totals 141 (50%) 143 (50%) 284 (100%) 

 

Metastatic disease at presentation 

AXL score and AXL status were associated with metastatic disease at diagnosis of 

bladder cancer on univariate analysis (AXL score OR 1.484 (95% CI 1.113, 1.979 

P<0.05); AXL status OR 2.257 (95% CI 1.219, 4.178 P<0.05)) (table 23 and 24).  

However, on multivariate analysis, controlling for age, gender and high-grade 
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disease the significance falls to below that of conventional statistical thresholds 

(AXL score OR 1.208 (95% CI 0.868, 1.682 P=0.263); AXL status OR 1.387 (95% CI 

0.689, 2.791 P=0.359)).  The associations between metastatic disease, age, female 

gender and high-grade disease were all statistically significant.  Explanations for 

the disparity between assertions from univariate and multivariate analysis include 

a lack of true association or a weakness in the statistical analysis.  In this sub 

analysis the vast majority of patients had high-grade disease (n=58) in comparison 

to G1 or G2 disease (n=9).  Having a small number of patients in this cohort would 

inevitably weaken this form of analysis and may account for our findings. 

 

Table 23.  Univariate and multivariate analysis of predictors of metastasis at 

diagnosis including AXL score 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL score 1.484 1.113 1.979 0.007 1.208 0.868 1.682 0.263 

Age 1.058 1.028 1.088 0.000 1.063 1.028 1.099 0.000 

Gender 0.490 0.268 0.897 0.021 0.559 0.273 1.145 0.559 

High grade 9.032 4.236 19.256 0.000 9.186 4.122 20.472 0.000 

 

Table 24.  Univariate and multivariate analysis of predictors of metastasis at 

diagnosis including AXL status 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL status 2.257 1.219 4.178 0.010 1.387 0.689 2.791 0.359 

Age 1.058 1.028 1.088 0.000 1.063 1.028 1.100 0.000 

Gender 0.490 0.268 0.897 0.021 0.561 0.273 1.153 0.116 

High grade 9.032 4.236 19.256 0.000 9.374 4.209 20.876 0.000 
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Metastatic disease following radical treatment for MIBC. 

It is standard care for all patients, prior to undergoing radical treatment, with the 

intent of cure to have to radiological investigations aimed at excluding distant 

metastasis.  Subsequent to radical treatment the radiological follow up of patients 

with bladder cancer is variable and may lead to bias i.e. patients who are more 

aggressively investigated are more likely to be diagnosed with metastatic disease 

than those who are not.  Furthermore, none of the eleven patients undergoing 

neoadjuvant chemotherapy developed metastasis which, potentially further skews 

the multivariate analysis.  This is indicated by the infinitely wide confidence 

interval observed in table 25 and 26.  Unfortunately the time to metastasis was not 

recorded in the data collection phase and therefore not available to analyse. 

 

Neither AXL score nor AXL status was significantly associated with the 

development of metastatic disease, following treatment for MIBC, on either 

univariate or multivariate analysis (table 23 and 24).  Conversely high-grade 

disease appears to be associated with a lower incidence of latent metastasis, this 

further casts doubt of the significance of this sub analysis.  
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Table 25. Univariate and multivariate analysis of predictors of latent metastasis 

including AXL score 

 

 

Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL score 1.776 0.752 4.193 0.190 2.578 0.764 8.698 0.127 

Age 1.034 0.958 1.115 0.393 0.959 0.851 1.082 0.499 

Gender 0.156 0.037 0.653 0.011 0.139 0.022 0.895 0.038 

High grade 0.162 0.036 0.734 0.018 0.179 0.024 1.326 0.092 

Extravesical 

disease (T3+) 

1.594 0.344 7.391 0.552 1.616 0.178 14.679 0.670 

Cystectomy 0.700 0.173 2.836 0.617 0.659 0.072 6.035 0.712 

Neo adjuvant 

therapy 

0.000 0.000 .* 0.999 0.000 0.000 .* 0.999 

*Indicates very wide confidence interval 

 

Table 26. Univariate and multivariate analysis of predictors of latent metastasis 

including AXL status 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL status 1.800 0.338 9.581 0.491 1.754 0.215 14.346 0.600 

Age 1.034 0.958 1.115 0.393 0.972 0.868 1.088 0.621 

Gender 0.156 0.037 0.653 0.011 0.153 0.025 0.932 0.042 

High grade 0.162 0.036 0.734 0.018 0.317 0.056 1.779 0.192 

Extravesical 

disease(T3+) 

1.594 0.344 7.391 0.552 2.403 0.278 20.772 0.426 

Cystectomy 0.700 0.173 2.836 0.617 0.852 0.092 7.929 0.888 

Neo adjuvant 

therapy 

0.000 0.000 .* 0.999 0.000 0.000 .* 0.999 

*Indicates very wide confidence interval 
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Table 27.  Contingency table stratifying AXL status and latent metastasis in MIBC 

 
AXL Positive AXL negative Totals 

Latent metastasis 9 (82%) 2 (18%) 11 (21%) 

No latent metastasis 30 (71%) 12 (29%) 42 (79%) 

Totals 39 (74%) 14 (26%) 53 (100%) 

 

AXL status as a marker for developing metastatic disease subsequent to treatment 

for MIBC has the following characteristics; sensitivity 82%, specificity 29%, 

negative predictive value 85.7% and positive predictive value of 23% (table 27). 

Requirement for radical cystectomy in NMIBC 

Both AXL score and AXL status were independent predictors of the need for radical 

treatment, or standard treatment failure, in patients initially diagnosed with 

NMIBC on univariate and multivariate analysis controlling for age, gender, high 

grade disease and stage (pTa or pT1) (table 28 and 29).  pT1 disease and high-

grade disease were also predictors of the need for radical treatment.  This 

correlates with multicentre studies of risk factors for recurrence and progression 

(14-16).  Of the 14 patients requiring cystectomy, three progressed to MIBC, 10 

had high-risk recurrence despite BCG and one had an early cystectomy.  The mean 

time between NMIBC diagnosis and cystectomy was 17 months.  Increasing age 

was shown to be “protective” against the need for radical treatment and this is 

likely to reflect a higher proportion of patients that are unfit for such treatment 

rather than a difference in disease biology with advancing age. 
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Table 28.  Univariate and multivariate analysis of predictors of requirement for 

cystectomy including AXL score 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL score 2.150 1.159 3.986 0.015 2.619 1.161 5.907 0.020 

Age 0.946 0.906 0.988 0.013 0.886 0.820 0.957 0.002 

Gender 3.653 0.461 28.926 0.220 3.053 0.249 37.417 0.383 

High grade 9.242 2.724 31.357 0.000 11.876 1.980 71.236 0.007 

Stage (pT1) 

 

7.057 1.887 26.390 0.004 7.777 1.080 560.23 0.042 

 

Table 29.  Univariate and multivariate analysis of predictors of requirement for 

cystectomy including AXL score 

 Univariate analysis Multivariate analysis 

Variable OR 95% CI P OR 95% CI P 

AXL status 7.881 1.706 36.405 0.008 10.520 1.905 58.094 0.007 

Age 0.946 0.906 0.988 0.013 0.884 0.815 0.957 0.002 

Gender 3.653 0.461 28.926 0.220 3.455 0.303 39.427 0.318 

High grade 9.242 2.724 31.357 0.000 11.953 1.923 74.313 0.008 

Stage (pT1) 

 

7.057 1.887 26.390 0.004 6.448 0.927 44.860 0.060 

 

Evaluation of AXL status as a marker of the need for radical cystectomy in NMIBC 

shows the following characteristics (table 30); Sensitivity 85.7%, specificity 56.8%, 

negative predictive value 97.7% and positive predictive value of 15.1%. 

When evaluating a role for AXL status in predicting the need for radical cystectomy 

in high risk NMIBC the biomarker parameters are more encouraging.  AXL status 

has a positive predictive value of 40%, negative predictive value of 8.7% 

sensitivity of 85.7% and specificity of 53.8%.  In other words, patients with AXL 

positive high-risk NMIBC were 7 times more likely to undergo cystectomy than 

those with AXL negative tumours (95% CI 1.4, 35.5) (table 31).  
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Table 30.  Contingency table stratifying AXL status and the need for cystectomy in 

NMIBC 

 
AXL 

Positive 

AXL 

negative 

 
NMIBC requiring cystectomy 12 (86%) 2 (14%) 14 (8%) 

NMIBC not requiring cystectomy 67 (43%) 88 (57%) 155 (92%) 

Totals 79 (47%) 90 (53%) 169 (100%) 

 

Table 31.  Contingency table stratifying AXL status and the need for cystectomy in 

high-risk NMIBC 

 AXL Positive AXL negative Totals 

High risk NMIBC cystectomy 12 (85.7%) 2 (14.3%) 14 (26.4%) 

High risk NMIBC no cystectomy 18 (46.2%) 21 (53.8%) 39 (73.6%) 

Totals 30 (56.6%) 23 (43.4%) 53 (100%) 

Survival analysis 

In this series, 73 patients died of bladder cancer whereas 33 died of other causes 

and 178 were censored at the time of analysis, i.e. were still alive at the most 

recent recorded follow up.  The median follow up was 33 months (range 0, 91).  Of 

the 169 patients diagnosed with NMIBC, 5 died of bladder cancer.  As such, this 

number is insufficient to draw significant conclusion.  Therefore, the focus of our 

survival analysis is on patients diagnosed with MIBC who underwent treatment 

with the intent of cure and those with metastatic disease at diagnosis. 
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Disease-specific survival in MIBC 

In patients, diagnosed with MIBC who went on to receive treatment with the intent 

of cure, namely radiotherapy or cystectomy, AXL score was associated with poor 

disease-specific survival on multivariate analysis (HR 5.255 (CI 1.228, 22.488 

P=0.025)), correcting for age, gender, stage, grade, neoadjuvant chemotherapy, 

radiation therapy or cystectomy (table 32).  That is, as AXL score rises the chance 

of death from bladder cancer rises by 5.255 fold.  Although the hazard ratio still 

indicates an association with AXL positivity and poor survival, the statistical 

significance was lost when using AXL status rather than score (table 33). 

 

Table 32.  Disease-specific survival including AXL score 

 Univariate analysis Multivariate analysis 

Variable HR 95% CI P HR 95% CI P 

AXL score 2.41

9 

0.87

7 

6.673 0.08

8 

5.25

5 

1.22

8 

22.488 0.02

5 
Age 1.07

0 

0.98

8 

1.159 0.09

6 

0.99

1 

0.88

1 

1.114 0.87

6 
Gender 0.28

1 

0.07

9 

1.000 0.05

0 

0.37

7 

0.08

5 

1.673 0.20

0 
High grade 0.39

0 

0.11

0 

1.1384 0.14

5 

0.46

4 

0.06

5 

3.321 0.44

5 
Extravesical 

disease(T3+) 

2.34

6 

0.59

4 

9.269 0.22

4 

8.98

7 

0.37

9 

213.30

9 

0.17

4 
Cystectomy/radiothe

rapy 

0.27

7 

0.07

6 

1.001 0.05

0 

0.03

5 

0.00

2 

0.659 0.02

5 
Neo adjuvant therapy 0.04

2 

0.00

0 

419.73

8 

0.50

0 

0.00

0 

0.00

0 

.* 0.99

9 
*Indicates very wide confidence interval 
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Table 33.  Disease-specific survival including AXL status 

 Univariate analysis Multivariate analysis 

Variable HR 95% CI P HR 95% CI P 

AXL status 4.45

8 

0.55

8 

35.59

3 

0.15

8 

9.753 0.56

3 

169.0

23 

0.11

8 
Age 1.07

0 

0.98

8 

1.159 0.09

6 

0.987 0.88

3 

1.102 0.81

3 
Gender 0.28

1 

0.07

9 

1.000 0.05

0 

0.508 0.10

9 

2.371 0.38

9 
High grade 0.39

0 

0.11

0 

1.138

4 

0.14

5 

0.609 0.12

0 

3.099 0.55

0 
Extravesical 

disease(T3+) 

2.34

6 

0.59

4 

9.269 0.22

4 

11.33

4 

0.82

1 

156.4

42 

0.07

0 
Cystectomy/radiothe

rapy 

0.27

7 

0.07

6 

1.001 0.05

0 

0.079 0.00

6 

1.107 0.06

0 
Neo adjuvant 

therapy 

0.04

2 

0.00

0 

419.7

38 

0.50

0 

0.000 0.00

0 

.* 0.98

7 
*Indicates very wide confidence interval 

Kaplan Meier survival curves (figure 28) for both AXL positive and negative MIBC 

patients reveals that although the difference did not reach statistical significance 

(P=0.124 Mantel-Cox log rank test) the five-year survival was lower in patients 

with AXL positive tumours (AXL positive 58.7% vs. AXL negative 80.0%).  Indeed, 

only one patient in the AXL negative arm died indicating that the lack of statistical 

significance is perhaps owing to underpowering. 
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Figure 28.  Kaplan Meier curve; AXL status and survival in MIBC 

Survival in metastatic disease 

Kaplan Meier analysis of survival in patients with metastatic disease at the time of 

diagnosis reveals no significant difference in survival between the two cohorts 

(figure 29).  Mean and median survival both marginally favoured AXL negative 

patients (table 34) although the difference was not statistically significant.  It is 

noteworthy, however, that in this sub-analysis it is possible that patients treated 
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with palliative chemotherapy would be likely to survive longer than those not.  

Unfortunately, this information was not gathered during the initial data collection. 

Figure 29.  Kaplan Meier analysis: AXL status and survival in metastatic bladder 

cancer  

 

Table 34.  Mean and median survival in AXL positive and negative metastatic 

disease 

 Mean 95% CI Median 95% CI 

AXL positive 9.915 4.367 17.758 5 3.387 8.613 

AXL negative 11.063 4.367 17.758 6 2.111 7.889 
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Human IHC summary 

We have demonstrated that AXL expression associates with phenotypes of bladder 

cancer with poor prognosis.  These include CIS, muscle invasion, metastasis and 

progression from high-risk NMIBC to MIBC.  Comparison of our IHC findings with 

existing models of bladder cancer development (52,53) further suggests that AXL 

expression associates with invasive tumours (figure 30).  Overall, this supports our 

hypothesis that AXL expression is implicated in the processes of invasion and 

metastasis and provides a basis for further study. 

 

Figure 30.  AXL expression at important milestones of bladder cancer development 

and progression. 
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Mouse IHC 

Immunohistochemistry staining protocol development 

The typical staining of MIN mice intestine is shown below (figure 31).  There was 

specific uptake in areas of developing polyps and basal cells of intestinal glands.  

Additionally, there was very little background staining.  As such, we concluded that 

the protocol used in humans provided specific staining in mice.  Therefore, we 

used the same protocol in staining the mouse sections of bladder cancer. 

 

Figure 31.  AXL immunohistochemical staining in MIN mice demonstrating specific 

staining of developing tumours and basal cell layer of intestinal glands 
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Mouse Immunohistochemistry Qualitative Analysis  

Five FFPE sections of wild-type (WT) mouse bladder and five sections of 

transgenic (TG) mouse bladder were stained as described.  Representative images 

of the different staining patterns in wild-type and transgenic mice is shown in 

figures 32-35.  In WT mice, papillary TCC is AXL negative, although it has some 

uptake of stain which is more consistent with edge artefact rather than specific 

staining.  In sections of MIBC there is a clear difference in the extent and intensity 

of staining between WT and TG mice.  In the latter AXL staining is more intense, 

more extensive and more frequent (figure 34).  In a similar fashion to human IHC, 

some of the most intense staining was observed in sections of CIS. (figure 35).  

Although wild type mice did develop CIS lesions, albeit later than TG mice, no wild 

type CIS lesions were available for analysis.  Nonetheless, these findings support 

those of human IHC, in that AXL expression associates with muscle invasion and 

CIS.  Furthermore, there appears to be clear value in using this mouse model to 

evaluate AXL inhibitors in the future. 
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Figure 32.  WT mouse papillary TCC 

 

Figure 33.  WT mouse MIBC 
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Figure 34.  Transgenic mouse CIS/dysplasia 

 

Figure 35.  Transgenic mouse MIBC 
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Cell Culture Studies 

AXL expression across a panel of bladder cancer cell lines 

The greatest AXL expression was observed J82 and T24 cells whereas the lowest 

AXL expression was observed in RT112 and HT 1376 cells (Figure 36).  J82 cells 

grew more quickly and with greater reliability than T24 cell and were, therefore, 

used for further investigation.  Both RT112 and HT1376 cells were AXL negative, 

however, RT112 cells grew much more quickly than HT1376 and hence were 

selected as an AXL negative cell line to be used for further study.  Furthermore, 

AXL expression appears to correlate with a mesenchymal rather than epithelial 

phenotype (table 8).  This observation is supported by bladder cancer gene 

sequencing data, which reports co-expression of vimentin, a marker of EMT, and 

AXL (54,55). 
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Figure 36. Top, AXL expression in Western blot analysis (top) across a range of 

bladder cancer cell lines with corresponding densitometry (bottom) (n=1). 

 

The difference in phenotype between mesenchymal J82 cells and epithelial RT112 

cells is clearly shown on inverse phase microscopy (figure 37).  AXL IHC of J82 and 

RT112 cytoblocks also confirms the lack of AXL expression in RT112 cells (figure 

38).  We also inferred from this that our western blotting protocol was reliable 

despite the lack of a known negative control. 
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Figure 37.  Inverse phase microscopy of J82 (top) and RT112 (bottom) cells. 
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Figure 38.  Cytoblock AXL staining of J82 (top) and RT112 (bottom) cells. 
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Stimulation of J82 and RT112 cells 

Following a period of overnight serum starvation J82 cells were stimulated by 

exposure to GAS6.   The process of serum starvation overnight appeared to have no 

effect on AXL expression levels.  The predominant GAS6 dependent signalling 

appears to be through activation of AKT rather than activation of the MEK/ERK 

axis (figure 39).  In contrast, serum starved AXL negative RT112 cells displayed 

little or no activation with GAS6 incubation. 
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Figure 39.  Effect of 2μg/ml GAS6 on expression of AXL and downstream pathways 

activation.  J82 cells (top) and RT112 cells (bottom). 
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Transfection with siRNA to AXL 

The effect of two different siRNA to AXL on AXL expression in J82 cells shows that 

knockdown of AXL was successful with both siRNA vectors (figure 40).  Scatter 

siRNA and untreated J82 cells were used as controls.  The lysates obtained were 

used subsequently to compare the effect on downstream markers of AXL.  

 

Figure 40.  Effect of siRNA to AXL on AXL expression 

Effect of foretinib on J82 cells 

The effect of 2 hour pre-incubation with 10nM foretinib in GAS6-stimulated and 

quiescent J82 cells, in comparison to AXL knockdown is shown below (figure 41).  

Low dose foretinib is able to abrogate slightly the phosphorylation of AKT and 

MEK in both unstimulated and GAS6 stimulated J82 cells.  Given the observed 

effect in unstimulated cells it is unclear whether the effect in stimulated cells is 

GAS6, and presumably therefore AXL, specific.  Interestingly, siRNA knockdown of 

AXL does not significantly reduce activation of PI3K or MEK/ERK axis, indeed to a 
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lesser degree than serum starvation in previous experiments.  However, this may 

be owing to the fact that subsequent to transfection cells were further incubated in 

serum-containing medium for a further 24 hours and reactivation of the PI3K 

signalling may have occurred. 

 

Figure 41.  Effect of single dose (10nM) foretinib on downstream pathways in both 

stimulated (right 2 lanes) and unstimulated (left 2 lanes) (2μg/ml GAS6) J82 cells. 

Effect of dose escalation of foretinib on J82 cells 

Dose escalation of foretinib reveals a dose dependent inhibition of pAKTS473 and an 

initial reduction in MEK and ERK phosphorylation (figure 42).  However, at higher 

doses this effect is lost and increased expression of pMEK and pERK are observed.  
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This finding may implicate ERK 1/2 in bidirectional AXL signalling which has been 

suggested previously (72). 

 

 

Figure 42.  Effect of dose escalation of foretinib on J82 cells following stimulation 

with GAS6 (2μg/ml) (n=1). 

Cell culture summary 

Overall, we demonstrate that AXL expression varies across a panel of bladder 

cancer cell lines, and that the highest expression is observed in cell lines with a 

mesenchymal phenotype.  Stimulation with GAS6 results in activation of pAKT 

rather than pMEK/pERK, and such stimulation can be abrogated following 
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preincubation with foretinib.  Foretinib also appears to have a biphasic effect on 

pMEK and pERK expression.  This suggests extra AXL-activity of foretinib in 

addition to the potential bidirectional signalling of MEK/ERK on upstream 

receptors.  We do show conflicting results, in so far as AXL knockdown cells show 

significant levels of pAKT, pMEK and pERK expression. However, this is potentially 

explained by the fact that following transfection, cells were further cultured in 

serum containing media with the potential to activate the PI3K/AKT axis in spite of 

AXL knockdown. 

 

Although foretinib is able to abrogate AXL-dependent activation of pAKT, the 

activation of pMEK and pERK at higher doses may preclude the further study in 

animals.  However, we have demonstrated AXL-dependent signalling through 

activation of AKT.  As such, our suggestion is that, although foretinib does not 

appear suitable for further study, alternative agents, such as R428, should be 

investigated. 
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Chapter 4: Discussion  
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Human immunohistochemistry 

Initially, this study focused on determining AXL expression in human bladder 

cancer specimens with a view to establishing a role in the natural history of 

bladder cancers. 

 

In NMIBC, AXL expression was strongest in the basal urothelial cell layer (figure 

18b).  In view of the recent advances in molecular subtyping of bladder cancers, 

this suggests that AXL may act as a marker of basal cancers, which have a worse 

prognosis.  Although the intensity of staining in TURBT specimens was often 

variable, the most intense staining was observed in foci of CIS (figure18c).  We 

found no evidence of AXL positivity in stromal cells associated with normal or 

cancerous urothelium apart from in vascular endothelium, which was consistent 

regardless of associated MIBC, NMIBC or normal urothelium (figure 19)  

 

This often takes the form of either determining whether a section is positive or 

negative or generating a score, which lies along an ordinal or continuous scale.  

Each approach has their advantages.  Using a binary scoring system, if validated 

appropriately, is more useful in clinical practice to determine if an IHC appearance 

conveys high or low risk for a particular disease characteristic.  A continuous or 

ordinal scale is perhaps more useful in hypothesis generation and testing i.e. if 
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expression increases a particular disease characteristic becomes increasingly 

likely.   

  

The process of optimizing our IHC protocol principally revolved around finding the 

most appropriate concentration of AXL primary antibody.  This corresponded to 

the minimum manufacturer’s recommended concentration, which gave a staining 

pattern on human stomach controls similar to manufacturer’s reference images.  

Conveniently, this gave a staining pattern in bladder cancers with minimal 

background staining and variable intensity in AXL positive tumours.  Using a 

standard IHC protocol and a scoring system similar to that employed in other 

studies (89) we have demonstrated that AXL expression associates with 

phenotypes of bladder cancer, which confer poor prognosis.  These include, CIS, 

muscle invasion, unsuspected lymph node metastasis and failure of standard 

treatment in NMIBC.  With regards to a role for AXL status as a biomarker, we have 

identified a number of milestones in the natural history of bladder cancer in which 

AXL status may be a useful measure to inform future management.  In NMIBC, AXL 

status has a negative predictive value of 98% when applied to the eventual need 

for radical cystectomy.  In patients undergoing radical cystectomy for MIBC, AXL 

status has a negative predictive value of 86% and positive predictive value of 46%, 

for lymph node metastasis; expressed alternatively those patients with AXL 

positive primary bladder tumours are over 5 times more likely to have pre-

operatively unsuspected metastasis.  Crucially, in the cohort of patients with high-

risk NMIBC, the properties of AXL status appear to outperform the current EORTC 
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bladder cancer risk tables, in terms of predicting progression.  AXL status has a 

positive predictive value of 40% in patients with high-risk NMIBC, the mean time 

to cystectomy being 17 months.  In comparison, EORTC risk tables suggest the 

maximum one-year progression and recurrence rates expected in high-risk NMIBC 

are 17% and 61% respectively.  Furthermore, most of the patients undergoing 

cystectomy in our series had been treated with BCG, a neglected aspect of the 

existing EORTC tables.  Overall, this suggests AXL status could be additive to 

existing methods for predicting the need for radical treatment. 

 

Although these findings will require external validation prior to influencing clinical 

practice, they promise to be useful in aiding decisions regarding early radical 

cystectomy in high-risk NMIBC and neo adjuvant therapy in patients undergoing 

cystectomy respectively.  From a qualitative perspective, AXL expression was most 

intense in foci of CIS lesions but also present in most MIBC and metastatic lymph 

nodes in our cystectomy series.  Taken together this supports the notion that AXL 

expression is related to the processes of invasion and metastasis in bladder cancer.  

 

Our analysis is strengthened by the fact that it is conducted using tissue from two 

different units and patient cohorts.  This minimizes error introduced by variation 

in methods of fixation and storage.  Our assertion is that using sections from 

TURBT specimens in comparison to cystectomy sections ultimately allows a more 

useful analysis.  Although cystectomy specimens are often easier to process and of 

higher quality much of the tumour tissue has been previously resected or treated 
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with neo-adjuvant chemotherapy.  Furthermore, there would be inevitable 

uncertainty as to whether the observed pattern of AXL expression was present at 

initial diagnosis, which is the most useful juncture to influence treatment 

decisions.   

 

The IHC tumour identification and scoring was validated by a consultant 

histopathologist.  Although several automated systems for IHC interpretation exist, 

this is still considered the gold standard.  Additionally, we have been able to 

examine both whole tumour sections and also representative cores of tissue in a 

TMA.  Whole section analysis allows a thorough assessment of the distribution of 

AXL staining, which is predominantly in the basal urothelial layer in NMIBC and 

throughout the tumour in MIBC.  Large number TMA analysis allows us to draw 

conclusions about the role of AXL in the natural history of bladder cancer using 

multivariate analysis with a range of disease and patient variables.  Similarly, this 

analysis has provided further information about AXL as a biomarker for disease 

progression in NMIBC.  

 

Although we have tissue from different centres, the staining protocol was 

performed in one centre which, to date has not been repeated independently.  This 

potentially raises questions about the reproducibility of our findings, however this 

approach is commonplace in published literature and, therefore, considered 

acceptable.  The inferences that can be drawn from IHC have inherent limitations.  

Although we have been able to identify increased expression levels in invasive and 
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metastatic bladder cancers, we cannot conclude that AXL inhibition will reverse 

these processes.  They do, however, provide a rational for the cell culture work we 

have undertaken and further study. 

Mouse immunohistochemistry 

In IHC performed on bladder cancers from transgenic mice with constitutively 

active STAT3, there is a clear increase in AXL expression when compared with wild 

type.  This supports an association between AXL and STAT3 signalling.  However, 

the precise mechanism is not shown in the study.  Interestingly, this is a pathway 

that has not featured heavily in the AXL related literature.  More readily authors 

have focussed on AXL and the relationship to AKT and ERK expression 

(71,75,78,80).  One prostate cancer study has identified a role for AXL in the 

regulation of STAT3 through IL-6 signalling (figure 12) (74).  In this study, 

abrogation of AXL signalling resulted in reduced IL-6 levels and STAT3 expression.  

In addition to supporting potential role for STAT3 in AXL regulation in bladder 

cancer, our findings support the use of this mouse model in the future 

investigation of AXL inhibitors and bladder cancer. 
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Cell culture studies 

In this in vitro analysis we have demonstrated that AXL expression levels vary 

between different bladder cancer cell lines.  Furthermore, increased AXL 

expression appears to correlate with a mesenchymal phenotype, a finding 

supported by analysis in other cancers (67-71).  Through knockdown studies in 

J82 cells, AXL expression has been shown to be associated with invasion in 

previous studies (75).  Our study is additive to the literature as we have shown 

that stimulation, in AXL expressing J82 cells, results in phosphorylation of AKT 

rather than ERK.  The current AXL literature in different cancers appears to show 

that either AKT, ERK or both are stimulated by AXL activation and this varies with 

the tumour type studied.  Both AKT and ERK have been shown to contribute to 

activation of various intracellular pathways involved in signal transduction, 

proliferation and cell survival, which can ultimately result in a cancerous 

phenotype.  This analysis, therefore, appears to concord with our IHC findings. 

 

Pre-incubation with foretinib, an attractive agent given its current proximity to 

clinical practice and proven AXL inhibition, can abrogate GAS6-dependent AKT 

phosphorylation.  Taken in isolation this finding would suggest merit in further 

study of foretinib in bladder cancer.  However, we also observed that foretinib 

appears to have an inhibitory role on the MEK/ERK axis at lower doses, which is 

lost at higher doses.  One possible explanation for this is a feedback mechanism, 
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activated by MEK/ERK knockdown, which is distinct from those studied in this 

thesis. 

 

Although we have identified that stimulation of AXL activates AKT we have not 

shown that knockdown, via siRNA reduces AKT phosphorylation.   Once 

transfected with siRNA to AXL, J82 cells were incubated in serum containing 

medium.  As the PI3K/AKT axis can be activated by a number of different receptors 

it is possible that this results in our observed unchanged levels of pAKT. 

 

Given the role of both AKT and ERK in a range of activities implicated in cancer 

development and progression our analysis does not support further work into 

foretinib and bladder cancer. 

Conclusion 

Despite changes in UK and worldwide exposure to occupational carcinogens and 

cigarette smoking, bladder cancer remains an important and costly disease3.  The 

natural history of NMIBC and MIBC varies significantly and there is a high price, 

both clinically and economically on both improving available treatments in MIBC 

and developing therapies that can minimise the progression of NMIBC to MIBC or 

to the point where it cannot be safely managed endoscopically.  At present, there 

are limited options for patients who fail standard NMIBC treatment and, therefore, 

this represent a challenging group.  Although chemohyperthermia and EMDA are 
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promising avenues for further study, to our knowledge, there are currently no 

registered trials of TKIs in NMIBC.  

 

Tyrosine kinase inhibitors have been investigated as adjuncts to standard therapy 

in bladder cancer (121).   This has however focussed on a potential role for TKI as 

adjuncts to chemotherapy in metastatic bladder cancer or when chemotherapy 

fails rather than in other stages of bladder cancer. 

 

AXL, since identification as a transforming gene in leukaemia in 1995, has become 

an increasingly popular molecule of interest across a range of human cancers.  

There are repeated reports in the literature of the association between AXL 

expression in cancer tissue and invasion, metastasis and poor prognosis.  There 

are varying reports as to the downstream pathways, through which AXL signals.  

These centralise upon activation of either AKT or ERK.  We demonstrate that in 

bladder cancer this appears to be through activation of the PI3K/AKT axis.  In 

addition, it would appear that activation of the transcription factor STAT3 is 

implicated in the process of AXL signalling and invasion given the marked 

differential in AXL expression between STAT3 negative and STAT3 expressing 

mouse bladder cancers.  This represents a novel avenue for further study and 

supports the use of such a mouse model in the future development of therapies for 

bladder cancer, which has been notoriously difficult to develop. 
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In conclusion, this thesis provides robust evidence for AXL as a biomarker in 

bladder cancer.  Furthermore, we present a rationale for further experimentation 

into AXL as a therapeutic target in bladder cancer.   Our suggested focus of such 

study would be aimed at ultimately evaluating the role of currently available AXL 

inhibitors in patients with either MIBC in conjunction with cystectomy or NMIBC 

with a high risk of progression. 
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