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"Down to their innate molecular core, cancer cells are
hyperactive, survival-endowed, scrappy, fecund, inventive

copies of ourselves."
-Siddhartha Mukherjee, The Emperor of All Maladies: A Biography of Cancer, 2010
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Abstract

Therapeutic targeting of signal transduction pathways represents a new treatment strat-
egy, which can potentially improve the prognosis of advanced bladder cancer (BLCA).
We characterized AKT and CDK 4/6 as novel treatment targets. AKT inhibition was
effective only in cells possessing hotspot helical domain mutations in PIK3CA. This
sensitivity correlated with a DUSP1-dependent ERK 1/2 dephosphorylation and was
mediated via an increase in apoptosis. CDK 4/6 inhibition was effective only in cells
expressing RB and led to a reduction in E2F target genes and cell cycle progression.
This sensitivity correlated with a reduction in total RB expression. In vitro data was also
extended to a three-dimensional, in vivo xenograft model. Mutant PIK3CA, found in 20-
25%, and RB expression, found in 75-80% BLCA, can potentially be used as stratifying
and predictive biomarkers for response to AKT and CDK 4/6 inhibition respectively.

Keywords: Bladder cancer, signal transduction, target therapy, personalized medicine,
biomarkers, PI3K/AKT, CDK 4/6, RB
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1 Introduction

Bladder cancer (BLCA) includes neoplastic lesions arising from the tissues of the uri-
nary bladder. Advanced BLCA is a complex, heterogeneous and aggressive disease.
Current treatment strategies have had limited success in the management of patients
with advanced BLCA. The majority of these patients continue to have poor clinical out-
comes.

1.1 Epidemiology of bladder cancer

BLCA was diagnosed in 429000 new patients in 2012 and led to 165000 deaths world-
wide (Ferlay et al., 2015). It is the ninth most common cancer and the second most
common genitourinary cancer. Men are affected more than women with a worldwide
sex ratio of 3.5:1 and it is the sixth most common cancer affecting men. BLCA is mainly
a disease of older age groups, with 80% cases occurring in patients over 60 years. Most
risk factors associated with the development of BLCA are environmental. Cigarette
smoking is the most well-established of these and is associated with more than 50%
of cases (Freedman et al., 2011). Smoking for 20 years is associated with an approx-
imately 2-fold higher risk of developing BLCA, while smoking for 60 years increases
the risk around 5.5 fold. Increased risk of BLCA also correlates with the number of
daily cigarettes smoked (Brennan et al., 2000). Around 20% of cases are associated
with an occupational exposure to carcinogens such as aromatic amines, polycyclic and
chlorinated hydrocarbons. This exposure is likely to occur in industries that process
dyes, rubber, textiles, metals, paints, leather and petroleum (Burger et al., 2013). The
presence of arsenic in drinking water and previous pelvic radiation therapy are other
associated risk factors (Witjes et al., 2014). Chronic inflammation of the bladder re-
sulting from calculi, prolonged catheterization or chronic infections can also contribute
to the development of the disease (Sharma et al., 2009). The endemic presence of
Schistosoma haematobium, a parasite that infects the bladder to cause chronic cysti-
tis, contributes to the high incidence of the disease in northern Africa (Mostafa et al.,
1999).

It has also been observed that a positive family history of BLCA in first degree relatives
increases the risk of disease development by two fold (Aben et al., 2002). This has
prompted the investigation into genetic causes of BLCA. Current data indicate that
some familial cases of BLCA might be explained by genetic predispositions that affect
individual susceptibility to external carcinogens. This includes genetic variations in
NATS and GSTM1 that metabolize carcinogens, as well as SLC14A that can influence
urine concentration and the contact of carcinogens with the urothelium (Burger et al.,
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Figure 1.1: Tumor staging of BLCA. Ta includes papillary non-invasive tumors. Lo-
calized epithelial dysplasia constitutes CIS. Tumors are staged as T1, T2,
T3 or T4 as they invade into the sub-epithelial connective tissue, muscle
layer, perivesical tissue or surrounding organs respectively. Modified with
permission from Knowles and Hurst, 2015.

2013).

1.2 Pathology and staging of bladder cancer

Over 95% of bladder tumors are of epithelial origin. The majority of these are urothe-
lial carcinomas that affect the specialized 3 to 6 layer thick urothelium (or transitional
epithelium) lining the bladder (Epstein et al., 1998). Apart from a pure urothelial
histology, these tumors can also show squamous or glandular differentiation or have
micropapillary, nested, small cell or spindle cell variants. Other than urothelial car-
cinomas, epithelial tumors can also be squamous, adeno or undifferentiated carcino-
mas. Squamous cell carcinomas (SCC) are typically associated with cases arising from
S. haematobium infection. Non-epithelial tumors are rare and include sarcoma, lym-
phoma, melanoma, paraganglioma, etc.

Disease staging of BLCA is determined by the tumor, node and metastasis (TNM)
classification (Witjes et al., 2013)(Figure 1.1). Non- invasive tumors that are papil-
lary in nature are classified as Ta. Flat tumors bearing malignant cellular features, but
localized to the epithelium, are classified as carcinoma in situ (CIS). Tumors that in-
vade into the sub-epithelial connective tissue are classified as T1 and those that extend
into the muscle layer of the bladder are staged as T2. T3 tumors are those that in-
vade the perivesical tissue, while T4 tumors extend into surrounding organs such as
the prostate stroma, seminal vesicles, uterus, vagina, pelvic or abdominal wall. Hence,
Ta and T1 tumors are referred to as non-muscle invasive BLCA (NMIBC), T2 tumors
represent organ confined muscle invasive BLCA (MIBC), while T3 and T4 tumors are
considered to be non-organ confined MIBC. Absence of metastasis to regional lymph
nodes is regarded as N0. Involvement of single or multiple pelvic nodes that include
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Figure 1.2: Prognostic factors for RC. Tumor stage and lymph node involvement are
independent prognostic factors for the outcome of RC. Modified with per-
mission from Hautmann et al., 2012.

the hypogastric, obturator, external iliac or presacral nodes is classified as N1 or N2 re-
spectively. Metastasis to the common iliac lymph nodes is classified as N3. M0 indicates
the absence of distant organ metastasis, while M1 includes tumors that metastasize to
distant organs such as the liver, lung, mediastinum, bone or skin, etc.

1.3 Management of advanced bladder cancer

NMIBC accounts for around 70% of all BLCA. The standard treatment of these tumors is
a combination of surgery, using transurethral resection of the bladder tumor (TURBT),
and intravesical immunotherapy. These tumors tend to recur and patients require ex-
tensive follow up and monitoring, making BLCA the most expensive malignancy to treat
from diagnosis until death (Botteman et al., 2003). However, their overall prognosis
is excellent with a 5-year survival over 90%. About 10-15% of NMIBC can progress to
MIBC (Anastasiadis and de Reijke, 2012).

The standard of care for localized MIBC is radical cystectomy (RC). This includes the
surgical removal of the bladder, distal ureters and regional lymph nodes, together with
the prostate and seminal vesicles in males, and the urethra, adjacent vagina and uterus
in females (Witjes et al., 2013). The tumor stage and lymph node status are indepen-
dent prognostic factors for the outcome of RC (Hautmann et al., 2012)(Figure 1.2). In
a series of 1100 patients that underwent RC with pelvic lymph node dissection (PLND),
node negative Ta or CIS tumors had a disease-specific survival (DSS) of 88.9% at 20
years of follow-up. This reduced to 64.9%, 59.7% and 31.4% with node negative T2, T3
and T4 tumors respectively. Lymph node involvement,regardless of tumor stage, led to
a DSS of only 14.3%. In order to improve the outcome of RC, perioperative chemother-
apy has been used in the treatment of MIBC. Using neoadjuvant chemotherapy (NAC)
has the advantage that chemotherapy is delivered early in the disease course when the
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burden of micrometastasis might be low and tolerance might be better. A response to
NAC can also result in the shrinkage of the surgical margins at the time of RC. The
current European association of Urology (EAU) guidelines recommend cisplatin based
NAC in patients with MIBC. However the overall survival (OS) improvement at 5 years
is only 5-8%. Hence, non-responders are subjected to unnecessary toxicities as well as
a delay in RC (Witjes et al., 2013, Rosenberg et al., 2005).

Despite treatment, almost half of the patients with MIBC relapse and present with
metastatic disease. Additionally, around 10-15% patients present with metastasis at
the time of diagnosis (Rosenberg et al., 2005). Historically, the OS of patients with
metastatic disease was only around 3-6 months in the absence of chemotherapy regi-
mens (Sternberg and Vogelzang, 2003). Since the 1980s, cisplatin based combination
therapy has been used for the treatment of metastatic disease. The standard regimen
used is methotrexate, vinblastine, adriamycin and cisplatin (MVAC) that leads to a me-
dian survival of about 12-15 months. However, this regimen is also associated with
mucosal and hematological toxicity, with a treatment related mortality of up to 3%.
This has led to the development of alternate regimens (Bellmunt and Petrylak, 2012).
Doublet gemcitabine and cisplatin (GC) chemotherapy when compared to MVAC has a
similar efficacy with a median OS of 14 months and 15.2 months respectively (von der
Maase et al., 2005). However, GC has a lower toxicity profile as compared to MVAC and
is also recommended for standard use in the treatment of metastatic disease. Present
data does not support the recommendation of chemotherapeutic agents such as pacli-
taxel, docetaxel, ifosfamide, topotecan, etc. as second line regimens after the failure of
MVAC or GC based treatment. Vinflunine was demonstrated to offer a modest benefit
of a median OS of 6.9 months as compared to 4.6 months with best supportive care
(BSC) (Bellmunt et al., 2013). It is approved in Europe as a second line chemotherapy
for patients with metastatic disease (Witjes et al., 2013).

Quantification of temporal trends has revealed that no significant changes have oc-
curred in the survival or mortality rates of BLCA from 1973-2009 (Abdollah et al.,
2013). It is thus strikingly clear that the prognosis of muscle invasive and metastatic
BLCA remains poor to this day. More than a quarter of a century since the advent of cis-
platin based chemotherapy, these patients continue to have limited treatment options.
There is an urgent, unmet need for the development of novel treatment strategies to
improve their clinical outcome.

1.4 Target therapy in cancer

The past few decades have seen an explosion in our understanding of the molecular
biology of cancer. Normal cells become cancerous via a complex multistep process that
leads to the acquisition of specific molecular alterations. These alterations occur due
to different genetic and epigenetic mechanisms that lead to the gain or loss of func-
tion of key cellular regulators of different processes (Hanahan and Weinberg, 2011).
As a result of these changes, cancer cells possess the remarkable property of unregu-
lated growth and proliferation. This results from a self-sufficiency in growth signaling
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together with a resistance to anti-proliferative and apoptotic signals. A limitless replica-
tive potential makes the cancer cell immortal and an altered cellular metabolism helps
it to proliferate. Additionally these cells can interact with tumor stromal cells to sustain
angiogenesis, evade attack from the immune system and can ultimately metastasize to
other organs.

Classical chemotherapy used in the treatment of cancer is cytotoxic to all rapidly
dividing cells. Thus, apart from cancer cells, it also affects other normal cells of the
body including gastrointestinal epithelium, skin cells, hematological cells, etc. which
can lead to multiple side effects. In recent decades, target therapy is emerging as a
promising component of cancer treatment. Unlike chemotherapy, these agents selec-
tively target specific cellular molecules that are the regulators of tumor cell survival
and proliferation. Target therapy can thus selectively attack cancer cells as compared
to normal cells and avoid the systemic side effects seen with chemotherapy. Addition-
ally, it also has the potential to provide a better therapeutic effect by interfering with
specific molecular drivers of tumor growth (Gerber, 2008).

The first clinical application of target therapy was in the use of tyrosine kinase in-
hibitors (TKIs) in chronic myelogenous leukemia (CML). The molecular basis for CML is
the presence of a translocation between chromosomes 9 and 22, the so called ‘Philadel-
phia chromosome’, that leads to the constitutive activation of the BCR-Abl tyrosine ki-
nase. Targeting this kinase by TKIs such as Imatinib has led to a 5 year survival rate
of 89% for CML patients (Druker, 2008). Target therapy has also been used with some
success in breast cancer. Around 20-30% of invasive breast cancers overexpress ErbB2
(Her2) that encodes the human epidermal growth factor receptor type 2 (EGFR2),
which regulates cell growth and survival. Targeting this overexpression in breast can-
cer by using Trastuzumab, an anti-Her2 monoclonal antibody, was the first US Food and
drug administration (FDA) approval for target therapy in solid tumors (Hudis, 2007).
The ten-year OS of Her2 positive early stage breast cancer treated with Trastuzumab
in combination with chemotherapy is 84%, as compared to 75% with chemotherapy
alone (Slamon et al., 2011). Both these examples highlight the presence of an identifi-
able molecular target, which is selectively altered in cancer cells and important to their
malignant potential, as a requirement for target therapy. Success of target therapy also
relies on the ability of agents to effectively inhibit this molecule. The molecular make
up of each individual tumor is unique. Hence, an important prerequisite for target
therapy is the presence of the molecular alteration in an individual’s cancer. This is the
rationale of personalized or precision medicine, where a patient’s tumor genetics are
analyzed and targeted treatment is offered only in the presence of suitable alterations.

1.5 Molecular biology of bladder cancer

A two pathway model has been proposed to explain the divergence of molecular alter-
ations that produce NMIBC and MIBC as distinct clinical entities (Wu, 2005). NMIBCs
are genomically more stable with a near diploid karyotype while MIBCs are aneuploid
and genomically unstable. Both subtypes commonly show deletion of chromosome 9.
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Figure 1.3: Molecular pathogenesis of BLCA. The pathogenesis of BLCA proceeds via
multiple pathways to produce a disease that has molecular and clinical het-
erogeneity. Modified with permission from Knowles and Hurst, 2015.

Candidate tumor suppressor genes affected by this deletion include CDKN2A, CDKN2B,
TSC1, PTCH1, and DBC1 (Knowles and Hurst, 2015). NMIBC arises from epithelial hy-
perplasia that commonly possesses mutations in FGFR3, HRAS, PIK3CA, STAG2 and
produces papillary tumors. In contrast, MIBCs arise from flat dysplasia and CIS le-
sions that possess alterations in ECC2, ATM, FANCA that regulate DNA repair, as well
as STAG1, STAG2, NIPBL, SMC1A, SMC1B, SMC3 and ESPL1 that regulate chromatin
adhesion and segregation. These molecular alterations are proposed to promote fre-
quent chromosomal aberrations including the deletion of chromosomes 8p, 2q and 5q.
Unlike NMIBCs, MIBCs frequently have molecular alterations in p53 and RB. The so-
matic mutation frequency in MIBC is higher than the average frequency across several
other cancer types (Kandoth et al., 2013). Invasion and metastasis are regulated by al-
terations in MMP9, E-cadherin, VEGF, δNp63, among others that occur only in MIBCs.
NMIBCs and MIBCs also show distinct patterns of DNA methylation, with non-CpG is-
land hypomethylation occurring in NMIBC and extensive CpG island hypermethylation
in MIBC (Wolff et al., 2010). An extensive analysis of MIBC (131 chemotherapy naive
T2-T4a, Nx, Mx) tumors, including whole exome sequencing, and expression analysis
of mRNA, miRNA and proteins, was recently described by the Cancer Genome Atlas
(TCGA) (The Cancer Genome Atlas Research, 2014) . Thirty two genes showed sig-
nificant levels of recurrent alteration including TP53, MLL2, ARID1A, KDM6A, PIK3CA,
EP300, CDKN1A, RB1, ERCC2, FGFR3, STAG2, ERBB3, FBXW7, RXRA, ELF3, NFE2L2,
TSC1, KLF5, TXNIP, FOXQ1, CDKN2A, RHOB, FOXA1, PAIP1, BTG2, HRAS, ZFP36L1,
RHOA and CCND3. This study also found that mutations in chromatin regulatory ele-
ments are found at a higher frequency in BLCA than in any other epithelial cancer in
the TCGA cohort.

Recent data has identified distinct molecular sub-types, based on gene expression
signatures, in both NMIBC and MIBC. 5 subgroups were identified in a BLCA cohort
consisting of tumors of all grades and stages (Sjodahl et al., 2012). These subgroups
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were termed as urobasal (Uro) A, UroB, genomically unstable (GU), squamous cell
carcinoma like (SCCL) or basal (sharing features with basal like breast cancers), and
infiltrated (showing infiltration of non-tumor cells). These molecular sub-types also cut
across pathologic stages, suggesting that they arise as divergent properties of tumors
within the same pathologic classification. Ta tumors dominated UroA subtype but were
also present across the other sub-types. T1 tumors were present in both the UroB and
GU sub-types. MIBC tumors were distributed across all sub-types. FGFR3, CCND1
and p63 showed higher expression in UroA and UroB. The presence of TP53 mutations
and CDKN2A deletions in the largely MIBC UroB tumors, together with the presence of
FGFR3 mutations, represents a potential evolution from UroA tumors. FGFR3, CCND1
and p63 showed a lower expression in GU tumors which was accompanied by higher
levels of ERBB2 and E-Cadherin. KRT5, KRT6, KRT14 and EGFR were highly expressed
in the SCCL or basal tumors. UroA had the best prognosis, GU and infiltrated were
intermediate, while UroB and SCCL or basal tumors had the worst prognosis. Three
other studies that consisted of only MIBC cohorts have demonstrated similar findings
(Damrauer et al., 2014, Choi et al., 2014, The Cancer Genome Atlas Research, 2014).
One of these reports also discovered a molecular subtype that possesses an activated
wild type p53 gene signature and correlates with response to NAC (Choi et al., 2014).
It is thus emerging that unlike the simplified two pathway model, multiple pathogenic
pathways and sub-pathways operate in BLCA (Knowles and Hurst, 2015) (Figure 1.3).
This molecular diversity resembles the complex heterogeneity that is seen in BLCA
patients in their clinical progression and treatment response.

1.6 Target therapy in bladder cancer

No molecular target therapy has been approved for BLCA treatment to date. Recent
studies examining the molecular biology of BLCA have led to the identification of sig-
naling pathways that are frequently altered, suggesting that they might be important
drivers of tumorigenesis. Some of these pathways are also amenable to inhibition with
the help of small molecule inhibitors that are already in clinical development.

Multi-TKIs such as Sunitinib and Sorafenib have shown minimal benefit in clinical
trials of BLCA (Gallagher et al., 2010, Dreicer et al., 2009). Gefitinib, an EGFR inhibitor,
was associated with high toxicity (Philips et al., 2008). Trastuzumab was tested in
a trial where patients were prospectively screened for Her2 overexpression. A 57%
response was observed in Her2 positive patients (Hussain et al., 2007). Although a trial
with Bevacizumab, a monoclonal antibody directed against vascular endothelial growth
factor (VEGF), failed to meet its endpoint; it had a partial response rate of 53% and
a complete response of 19% respectively (Hahn et al., 2011). Rapamycin analogues
(rapalogues) that selectively target mechanistic target of rapamycin 1 (mTORC1) were
tested in different clinical trials for BLCA with overall disappointing results. However,
some of the trials had a small fraction of partial or complete responders (Gerullis et
al., 2011, Seront et al., 2012, Milowsky et al., 2013, Niegisch et al., 2015). Promising
results were recently seen using immunotherapy in metastatic BLCA. This trial had a
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52% overall response rate with the use of MPDL3280A, an antibody directed against
PD-L1 that is involved in the immune checkpoint pathway. Several clinical trials are
currently ongoing that target FGFR, PI3K, EGFR2, Aurora kinase A, Polo-like kinase 1,
Heat shock protein (HSP) 27 and HSP90 (Carneiro et al., 2015).

The TCGA data when integrated for mutation and copy number analysis reveal that
three signaling pathways are most commonly altered in MIBC, signifying that they
might represent important driver events in tumorigenesis. These are the p53/Rb path-
way (93%), RTK/Ras/PI3K pathway (72%) and chromatin remodeling by histone mod-
ification (89%) or SWI/SNF nucleosome remodeling (64%) (Network, 2014). Accord-
ing to this data set, 69% of all MIBC tumors possess molecular targets for therapy.
Another study has also demonstrated that about 60% of high-grade BLCA patients pos-
sess actionable molecular alterations (Iyer et al., 2013). Despite these data, the results
of most clinical trials have been disappointing. However, it should be noted that the
majority of these trials were conducted without any molecular pre-stratification of pa-
tients. The molecular heterogeneity of BLCA has been demonstrated in multiple inde-
pendent studies (Knowles and Hurst, 2015). It is thus likely that the success of target
therapy in BLCA depends not only on the selection of a suitable target, but also on the
application of these treatments to a suitable patient population. Hence, more thorough
pre-clinical studies are needed that assess not only the therapeutic value of a poten-
tial target, but also develop molecular markers for patient stratification and response
prediction.

1.7 Targeting the PI3K signaling pathway in bladder
cancer

The phosphoinositide 3-kinase (PI3K)/ v-akt murine thymoma viral oncogene (AKT)/
mechanistic target of rapamycin (mTOR) signaling pathway is the most frequently al-
tered pathway in cancer cells. PIK3CA, which encodes for the p110α subunit of the
PI3K, is the second most commonly mutated oncogene and the phosphatase and tensin
homolog (PTEN) is the most commonly altered tumor suppressor gene (Dienstmann
et al., 2014). Molecular alterations in upstream receptor tyrosine kinases (RTKs) or
RAS as well as in downstream signaling molecules such as AKT or tuberous sclerosis
complex (TSC) can also lead to over activation of this pathway. This can influence a
number of downstream molecular events that are pro-oncogenic.

1.7.1 The PI3K signaling pathway

PI3Ks are classified according to their structural homology and substrate preference
into three different classes (Engelman et al., 2006). Class I PI3Ks phosphorylate
phosphatidylinositol-4, 5 bisphosphate (PI-4,5-P2) to produce phosphatidylinositol-
3,4,5-trisphosphate (PIP3). Class II PI3Ks can phosphorylate phosphatidylinositol (PI)
to form phosphatidylinositol-3-phosphate (PI-3-P), phosphatidylinositol-3, 4-biphosphate
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(PI-3,4-P2) and PIP3. Class III PI3Ks can generate PI-3-P from PI. Class 1 PI3Ks have
been extensively studied in cancer biology and are classified into two types. Class 1A
are activated via RTK stimulation at the cell membrane, while class 1B PI3K activa-
tion is mediated via the G-protein coupled receptors (GPCRs). Structurally, the class
1A PI3Ks are heterodimers that consist of a p85 regulatory sub-unit and a p110 cat-
alytic sub-unit. The p85 sub-unit has three different isoforms, p85α, p85β and p55γ,
and contains a p110-binding domain and two Src-homology 2 (SH2) domains. The
SH2 domains of the p85 sub-units can bind to the phopshotyrosine motifs of activated
RTKs. This interaction is important in recruiting the PI3K to the plasma membrane as
well as in relieving the suppression of the p110 catalytic sub-unit. The isoforms of the
p110 sub-unit include p110α , p110β , p110γ and p110δ . They contain an N-terminal
adapter domain that interacts with the p85 regulatory subunit, a Ras-binding domain
(RBD) that mediates activation by the small GTPase Ras, a C2 domain, a helical do-
main (HD) and a C-terminal catalytic or kinase domain (KD) (Arcaro and Guerreiro,
2007). Stimulation of RTKs thus leads to the p85 subunit mediated activation of the
p110 catalytic function that results in the formation of PIP3 from PIP2. The forma-
tion of PIP3 functions as a second messenger that initiates further signaling cascades.
Phosphatase and tensin homolog (PTEN) inactivates PIP3 formation and stops these
signaling events.

PIP3 recruits molecules such as AKT (also known as protein kinase B or PKB) and
PDK1 owing to the affinity of their pleckstrin homology (PH) domains for PIP3 (Franke,
2008). After recruitment to the plasma membrane, AKT is phosphorylated at two dis-
tinct sites, threonine 308 in the T loop of the kinase domain by PDK1, and serine 473
in the hydrophobic motif in the C-terminal tail by mTORC2. This dual phosphoryla-
tion results in conformational changes that enable subsequent substrate binding and
is necessary for the complete activation of the kinase activity of AKT. mTORC2 is a
complex of six different proteins, the kinase mTOR; rapamycin-insensitive compan-
ion of mTOR (Rictor); mammalian stress-activated protein kinase interacting protein
(mSIN1); protein observed with Rictor-1 (Protor-1); mammalian lethal with Sec13
protein 8 (mLST8, also known as GbL); and DEP-domain-containing mTOR-interacting
protein (Deptor) (Laplante and Sabatini, 2009). Dephosphorylation of AKT by phos-
phatases such as PP2A and members of the PHLPP family result in its negative reg-
ulation. When inactive, AKT exists in a ‘PH-in’ confirmation state where the PH and
regulatory domains are folded to cover parts of the kinase domain. Interaction of the
PH domain with PIP3 moves the PH and regulatory domains away from the kinase do-
main, leading to a ‘PH-out’ conformation. This allows access to PDK1 and mTORC2 for
AKT phosphorylation (Huang and Kim, 2006).

1.7.2 Downstream effectors of AKT

AKT is an oncogenic serine/threonine kinase belonging to the AGC family of kinases
and a central node within the PI3K signaling cascade. It has the potential to regu-
late multiple downstream effectors that control important cellular processes. A major
downstream effector of AKT signaling is the mTOR pathway. mTORC1 is a complex
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Figure 1.4: The PI3K/AKT/mTOR pathway. PI3K activation results in the formation
of PIP3 that recruits AKT to the plasma membrane. Activation of AKT by
PDK1 and mTORC2 leads to the phosphorylation of downstream targets
that regulate multiple cellular processes. In BLCA, mTORC1 controls only
S6K1 phosphorylation and does not regulate 4E-BP1 phosphorylation. The
PI3K pathway also has cross-talk at different levels with the MAPK pathway.
Adapted from Franke T.F., 2008 and Nawroth et al. 2011.
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consisting of the mTOR kinase (which is also a component of the mTORC2 complex that
activates AKT), regulatory-associated protein of mTOR (Raptor); mammalian lethal
with Sec13 protein 8 (mLST8, also known as GbL); proline rich AKT substrate 40 kDa
(PRAS40); and DEP-domain-containing mTOR-interacting protein (Deptor) (Laplante
and Sabatini, 2009). It is negatively regulated by the tuberous sclerosis complex (TSC),
which is composed of TSC1 and TSC2. AKT mediated phosphorylation of PRAS40
and TSC2 inactivates the TSC, relieves this inhibition, and leads to the activation of
mTORC1. The two important substrates of mTORC1 are ribosomal protein S6 kinase
beta-1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-
BP1) that control protein translation. Phosphorylated S6K1 is necessary for the trans-
lation of 5’ terminal oligopyrimidine mRNAs while phosphorylation of 4E-BP1 prevents
its binding to eIF4E and promotes cap dependent translation. These two downstream
effectors can control the protein synthesis within the cell and ultimately exert control
over cell growth (Mamane et al., 2006). However, it has been previously demonstrated
by our group that mTORC1 regulates only S6K1 and does not influence 4E-BP1 phos-
phorylation in BLCA (Nawroth et al., 2011). Additionally, S6K1 can regulate a negative
feedback loop that acts on IRS-1, an adapter molecule of RTKs, to control the activity
of PI3K (Figure 1.4).

AKT can also regulate cell cycle progression and proliferation via multiple additional
substrates including GSK3β , p21Cip1 and p27Kip1 (Manning and Cantley, 2007). AKT
mediated regulation of apoptosis and cell survival occurs through different substrates
such as MDM2, Bad, Bax, Bim and the FOXO proteins. It can also influence the tran-
scription of multiple genes by regulating transcription factors such as CREB, YB-1, the
GATA and FOXO families. Regulation of hypoxia inducible factor (HIF)-1α, eNOS and
the Rho GTPase family can control angiogenesis and cell migration. AKT can also influ-
ence cellular metabolism by regulating glucose transporters and the phosphorylation
of GSK3β and FOXO proteins. Hence, AKT is able to influence multiple properties of
a cancer cell including its growth, proliferation, apoptosis, metabolism, invasion and
metastasis.

The PI3K signaling pathway also interacts at multiple levels with the RAS-RAF-MEK-
ERK component of the MAPK pathway, which is also initiated through activated RTKs,
GPCRs or protein kinase C (PKC) (Mendoza et al., 2011). Signaling in this pathway is
also upregulated in cancer cells. Activated RAS can directly stimulate PI3K, indepen-
dently from its regulation by the p85 sub-unit. ERK can also activate mTOR signaling
via its regulation of TSC2. Phosphorylation of RAF by AKT can inhibit its activity and
reduce ERK signaling. Both pathways also converge on common effectors such as BAD,
FOXO proteins, GSK3β , and c-Myc that regulate cell growth, survival and proliferation.

1.7.3 AKT structure and its isoforms

The structure of AKT consists of an N-terminal PH domain, a central kinase catalytic
(CAT) domain, a linker region (LINK) connecting the PH and the CAT domain, and
a regulatory hydrophobic motif (HM) in the C-terminal extension (EXT) (Kumar and
Madison, 2005) (Figure 1.5). AKT has three isoforms AKT 1, 2 and 3 encoded by dis-
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Figure 1.5: Structure of AKT. AKT structure includes a PH domain, a linker region, a ki-
nase domain and a hydrophobic motif. Amino acid positions are numbered
according to AKT1. Adapted from Kumar and Madison, 2005.

tinct genes. They share considerable structural homology with around 80%, 90% and
70% identical PH domains, CAT domains and EXT respectively. The LINK is poorly con-
served among the three isoforms with only a 17-64% homology in structure (Kumar
and Madison, 2005). Despite their structural similarities, these isoforms might have
distinct functional roles that can be regulated by their response to stimulation, tissue
distribution, sub-cellular localization and downstream substrate specificity (Gonzalez
and McGraw, 2009). Results from AKT isoform specific knockout mice have suggested
non-redundant roles for AKT1 in embryonic development, cell growth and survival,
AKT2 in glucose homeostasis and AKT3 in neuronal development. The three isoforms
were also demonstrated to possess distinct functions in breast cancer, prostate cancer
and glioma cells (Dummler and Hemmings, 2007). Small molecule inhibitors of AKT
can differ in the degree to which they inhibit AKT1, AKT2 and AKT3. It is thus im-
perative to understand the functional consequences of isoform specific inhibition in
particular model systems to determine the most effective strategy of tumor inhibition.
Isoform specific inhibitors can potentially minimize side effects that result from the in-
hibition of their physiological functions. For example, targeting only AKT1 in a tumor
that relies on it for cell proliferation could prevent the AKT2 inhibition induced adverse
effects on glucose metabolism.

1.7.4 Targeting the PI3K pathway in cancer

Targeting the PI3K/AKT/mTOR signaling network offers a chance to inhibit cellular
mechanisms that are integral to the function of tumor cells. Six different types of
agents that target this pathway at different nodes are currently in clinical trials. They
include Class I PI3K inhibitors, isoform selective PI3K inhibitors, mTORC1 selective
inhibitors (rapalogues), active site mTOR inhibitors, dual PI3K/mTOR inhibitors and
AKT inhibitors (Fruman and Rommel, 2014).

Targeting the PI3K pathway can result in signaling events or changes in gene ex-
pression that can compensate for the inhibitory effect (Klempner et al., 2013). For
example, inhibition of mTORC1 reduces S6K1 phosphorylation that results in a feed-
back activation of IRS1 and PI3K signaling (Carracedo et al., 2008). PI3K inhibition
can cause a FOXO mediated feedback uregulation of multiple molecules such as Bcl-2,
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Figure 1.6: Mechanism of action of AKT inhibitors. PH3 domain inhibitors prevent
the binding of AKT with PIP3, ATP-competitive inhibitors target the kinase
domain and activation of AKT while allosteric inhibitors prevent an active
conformation of AKT. Adapted from Mattmann et al., 2011.

IGF-1R, phosphoSTAT3, p-c-Jun, EGFR, etc. that can promote cell growth (Muranen
et al., 2012). The multiple levels of cross-talk between PI3K and MAPK signaling can
also result in the compensatory activation of the MAPK pathway after PI3K inhibition.
This activation can result in increased cell proliferation with a resistance to apoptosis
(Mendoza et al., 2011). Hence, complex feedback signaling networks and cross talk
with other pathways provide potential escape routes and resistance mechanisms to the
inhibition of the PI3K pathway.

1.7.5 AKT inhibitors

Small molecule inhibitors of AKT have been designed to target different areas within the
AKT molecule and have varying mechanism of action (Mattmann et al., 2011) (Figure
1.6).

ATP-competitive kinase inhibitors

Several inhibitors, such as A-443654, A-674563 and GSK690693, have been devel-
oped that target the ATP binding pocket of AKT. However, these compounds have a
problem with target selectivity due to the homology of the kinase domain with other
members of the AGC kinase family. Some of these compounds are no longer being pur-
sued in the pipeline of several drug companies owing to toxicity (Kumar and Madison,
2005, Mattmann et al., 2011). Biochemical studies have shown that treatment with
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ATP-competitive AKT inhibitors leads to an unexpected hyperphosphorylation of AKT.
This phenomenon has been explained by an inhibitor induced increase in membrane
localization of AKT as well as an increased reactivity to phosphorylation by PDK1 and
mTORC2 (Okuzumi et al., 2009). Although downstream AKT substrates were demon-
strated to be dephosphorylated despite the AKT hyperphosphorylation, it is possible
that dissociation of the inhibitor from AKT might promote increased catalytic activity
of AKT leading to oncogenic effects.

PH-domain inhibitors

These inhibitors prevent the binding of PIP3 to the PH domain and hence prevent acti-
vation of AKT. However, they can potentially target other molecules that share the PH
domain structure and might not be selective for AKT (Mattmann et al., 2011). Perifo-
sine is proposed to have a similar mechanism of action and is in an advanced stage of
clinical development. However, it is not a specific AKT inhibitor and can also inhibit
the MAPK and JNK pathways. Despite promising pre-clinical data, disappointing re-
sults have been obtained with perifosine in trials of prostate, breast, pancreatic, head
and neck cancer and melanoma (Gills and Dennis, 2009).

Allosteric inhibitors

Allosteric inhibitors are proposed to lock AKT in its ‘PH-in’ confirmation by binding to
sites at the PH domain and/or the hinge region. This stabilization results in inhibit-
ing AKT activity without affecting its ATP dependent kinase activity (Mattmann et al.,
2011, Barnett et al., 2005). This specific inhibitor binding location also enabled the
development of isoform specific inhibitors directed against only AKT1 or AKT2, or both
AKT 1 and 2 (Lindsley et al., 2005). Subsequent modifications have led to the develop-
ment of MK-2206, an allosteric inhibitor dependent on the presence of the PH domain,
which was selective for AKT against over 250 examined kinases. It inhibits all three
AKT isoforms with IC50s of 8, 12 and 65 nM for AKT 1, 2 and 3 respectively (Hirai
et al., 2010). It has been extensively studied in different pre-clinical models and led
to effective suppression of tumor growth and proliferation. Its safety was established
in a phase 1 trial in 2011 (Yap et al., 2011). MK-2206 is currently a part of over 50
phase 2 or 3 clinical trials in different cancers including breast, colorectal, endometrial,
ovarian, lung, head and neck cancer (https://clinicaltrials.gov/).

1.7.6 PI3K signaling in bladder cancer

Multiple studies have confirmed that the PI3K/AKT/mTOR pathway is frequently al-
tered in BLCA. Mutations in PIK3CA (encoding for the p110α subunit of the PI3K) are
present in 21-25% of MIBCs (Network, 2014, Iyer et al., 2013, Platt et al., 2009). Most
PIK3CA mutations in different cancers are located in the KD. The spectrum of PIK3CA
mutations is different in BLCA where around 75% of all mutations occur in the hotspot
region of the HD, commonly as E545K or E542K (Platt et al., 2009, Knowles et al.,
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Figure 1.7: PIK3CA mutations. PIK3CA mutations in BLCA are commonly found at
hotspot locations in the HD of the p110α. Adapted from Arcaro and Guer-
reiro, 2007.

2009)(Figure 1.7). A small fraction of mutations, referred to as ‘rare mutants’, also
occur in non-hotspot regions of the HD or in other PIK3CA regions. PIK3R1 mutations
(encoding for the p85 subunit of the PI3K), that can lead to deregulation of PI3K signal-
ing, are also found in 1-5% (Network, 2014, Ross et al., 2013b). Although mutations
in PTEN occur at a low frequency of 3-4% (Iyer et al., 2013, Network, 2014), loss of
PTEN expression is a common event in BLCA and is found in as many as 39-94% pa-
tients (Platt et al., 2009, Calderaro et al., 2014, Cappellen et al., 1997, Aveyard et
al., 1999, Tsuruta et al., 2006). Decreased expression of TSC1 or TSC2 is also common
with a loss of heterozygosity (LOH) in 40-50% and 15% of BLCA respectively (Knowles
et al., 2003, Platt et al., 2009). Activating mutations in AKT1 are a rare event occurring
in 2-3% (Iyer et al., 2013, Askham et al., 2010). Moreover, hyper activation of the PI3K
signaling pathway can also result from molecular alterations in upstream components
including RTKs such as the ERRB family of proteins (found in 2% to 11%) and FGFR3
(found in 3% to 11%), as well through the activation of RAS (found in 1% to 5%).
Integrated analysis of genetic alterations in the RTK/RAS/PI3K/AKT/mTOR pathway
reveals that this signaling network is altered in 72% of BLCA (Network, 2014). This
high frequency of alterations and the development of several small molecule inhibitors
makes the PI3K signaling pathway a strong contender for target therapy in BLCA.

Only rapalogues that selectively target mTORC1 have been tested so far in clinical
trials for BLCA. There are reports of four different clinical trials that used rapalogues as
a second line treatment in patients with metastatic BLCA, after the failure of platinum
based chemotherapy (Gerullis et al., 2011, Seront et al., 2012, Milowsky et al., 2013,
Niegisch et al., 2015). The overall results from all the trials were disappointing and
expected efficacy of rapalogues was not observed. However, some of the trials had a
small fraction of patients that responded to rapalogues and a retrospective molecular
analysis has been performed from these responders. In one study, loss of PTEN expres-
sion correlated with resistance to rapalogues, while a complete responder in another
study had an inactivating mutation in TSC1 (Iyer et al., 2012, Seront et al., 2012). In
a clinical trial of different solid tumors treated with a combination of a rapalogue and
pazopanib, a multi-TKI, an exceptional responder with BLCA had mutations in mTOR
(Wagle et al., 2014). While these associations offer interesting insights into the molec-
ular determinants of sensitivity to rapalogues, it should be remembered that they are
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case reports of single patients in a small cohort. The association between alterations in
PTEN and TSC1 and sensitivity to rapalogues could not be confirmed mechanistically
using cell line models (Seront et al., 2013, Guo et al., 2013).These findings need to
be studied further to enable the development of a robust clinical biomarker and the
molecular determinants of sensitivity to rapalogues currently remain unclear. How-
ever, these data support the hypothesis that response to inhibitors targeting the PI3K
network might be dependent on specific molecular alterations that activate signaling
within this pathway.

A detailed in vitro analysis using chemical and genetic inhibition of different compo-
nents in the PI3K pathway has led to several insights into its signaling in BLCA (Nawroth
et al., 2011). In this study, rapalogues as well as shRNAs directed against mTOR were
unable to dephosphorylate 4EBP1 in BLCA cell lines and led to a reduction in only S6K1
phosphorylation. However, an inhibition of both 4EBP1 and S6K1 was required for an
optimal reduction in BLCA proliferation. The absence of 4E-BP1 regulation might re-
flect a possible mechanism for the disappointing results of rapalogue trials. Inhibition
of both S6K1 and 4E-BP1 phosphorylation was observed only when using a dual in-
hibitor of PI3K and mTOR. Hence, the present model of PI3K signaling in BLCA supports
a PI3K dependent regulation of 4E-BP1, either alone or in combination with mTOR.
Furthermore, treatment of cells with both rapalogues and dual PI3K/mTOR inhibitors
led to AKT rephosphorylation via an S6K1- mediated feedback loop. This reactivation
of AKT correlated with a decrease in caspase activity in these cells and a lack of apopto-
sis. Given the importance of AKT in modulating various processes such as cell growth,
proliferation, angiogenesis, metabolism, migration and invasion, this reactivation rep-
resents a potential route for cells to escape the action of PI3K and mTOR inhibitors.
Hence, targeting AKT directly might be necessary to observe maximum therapeutic po-
tential of inhibiting the PI3K signaling pathway in BLCA. AKT inhibition might also be
effective only in cells with specific molecular alterations that influence PI3K signaling.

1.8 Targeting the CDK 4/6-RB pathway in bladder
cancer

Uncontrolled proliferation is a hallmark feature of cancer cells and the deregulation of
cell cycle signaling is a common occurrence.

1.8.1 Cell cycle progression

Cell division is a tightly regulated process that consists of different sequential stages.
DNA replication occurs in the S phase and mitotic division occurs in the M phase, where
a single cell produces two daughter cells (van den Heuvel, 2005). G1 is a gap phase
between the M and the S phase where cells are sensitive to external growth promoting
stimuli and prepare for entry into the S phase. G2 is a gap phase following the S
phase where the cell prepares for the M phase. Non-proliferating cells are those that
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have reversibly withdrawn from the cell cycle and are present in the resting G0 phase.
Cells that enter the G1 phase commit irreversibly to enter the S phase after passing the
restriction or R point. This sequential progression of the cell cycle is tightly regulated by
a network of cyclin dependent kinases (CDKs) (Malumbres and Barbacid, 2009). CDK
activity is controlled by binding to the cyclin proteins which are regulated temporally in
the cell cycle thus allowing specific phases to proceed. Cyclin D/CDK4, cyclin D/ CDK6
and cyclin E/CDK2 control the G1 to S transition by regulating the entry of cells through
the R point. Cyclin A/CDK2 and cyclin B/CDK1 drive the progression through the G2
and the M phases. Specific checkpoint mechanisms are also present that control for
any errors in DNA synthesis or chromosomal segregation, to prevent their transmission
to daughter cells. When activated, these molecules regulate CDK activity by means
of CDK inhibitors (CDKIs) that can produce a cell cycle arrest, during which these
defects can be repaired. When such a repair is unsuccessful, cells are programmed to
undergo senescence or apoptosis to prevent further transmission of errors in the genetic
code. Molecular alterations in the regulatory machinery can allow cells to accumulate
genetic or chromosomal defects that are a characteristic feature of malignant cells.
Genetic alterations in various molecules involved in cell cycle regulation also allow the
uncontrolled proliferation of cancer cells.

1.8.2 Signal transduction in the CDK 4/6-RB pathway

Signaling events initiated by growth promoting external stimuli act in the early part
of the G1 phase to push resting G0 cells to proliferate. This external control extends
only till the later part of the G1 phase until the R point is reached. Beyond this point,
the progress through the cell cycle can be controlled only by the internal cell cycle
machinery and is insensitive to external stimuli. The retinoblastoma (RB) protein is
responsible for the regulation of the R point and the G1-S transition to allow cell pro-
liferation (Knudsen and Wang, 2010) (Figure 1.8). In the absence of external mito-
genic stimuli, RB family proteins (RB, p107 and p130) are hypophosphorylated and
inhibit the expression of E2F target genes such as CCNE2, CCNA2, CDK1, CDK2 and
DHFR that control further cell cycle progression. This occurs by their direct binding
with E2F and blocking its activation domain, or by active repression of gene transcrip-
tion by modifying chromatin structure through the recruitment of histone deacetylase
(HDAC), methyltransferase, Polycomb proteins, SWI/SNF factors. RB family proteins
are a substrate of the CDKs. When mitogenic stimuli are present, the formation and
assembly of D-type cyclins (cyclin D1, cyclin D2 and cyclin D3) and CDK 4 or CDK 6
complexes is increased. This results in activation of the kinase activity of CDK 4/6 and
phosphorylation of the RB family of proteins in the early and mid G1 phase. This phos-
phorylation removes the inhibitory effect on the transcription of E2F targets and allows
cells to progress through the cell cycle and proliferate. The CDKIs interfere with the
binding of CDKs to cyclins and result in their inhibition. The INK4 family of proteins
that includes CDKN2A (p16INK4A), CDKN2B (p15INK4B), CDKN2C (p18INK4C) and
CDKN2D (p19INK4D) inhibit the activity of CDK 4/6 in response to anti-proliferative
signals and thus prevent RB phosphorylation and subsequent cell cycle progression. In
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Figure 1.8: The CDK 4/6 RB network. The CDK 4/6-RB pathway regulates the G1-
S transition. Phosphorylation of RB by CDK 4/6 results in its dissociation
from the E2F complex. This allows the transcription of genes that enable
the cell cycle to proceed. CDKN2A (p16INK4A) and CDKN2B (p15INK4B)
negatively regulate the activity of CDK 4/6. Adapted from Asghar et al.,
2015.
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the late G1 phase, RB phosphorylation is also regulated by the cyclin E/CDK2 complex
that can be inhibited by the Cip/Kip family of CDKIs such as CDKN1A (p21Cip1) and
CDKN1B (p27Kip1).

Loss of RB function allows deregulation of the cell cycle machinery and is a common
event in cancer cells (Giacinti and Giordano, 2006). In fact the RB protein was the
first tumor suppressor that was identified . This loss of function occurs most frequently
through inactivating mutations, which are commonly found in retinoblastoma, a child-
hood cancer. RB inactivation can also result from binding with viral oncoproteins like
in cervical cancer. Overexpression of cyclin D, CDK4 or CDK6 as well as the loss of func-
tion of CDKN2A or CDKN2B can all result in the hyperphosphorylation of RB, which
results in uncontrolled cell proliferation.

1.8.3 CDK 4/6 inhibitors in cancer treatment

The deregulation of the cell cycle can be targeted for cancer treatment with the use
of CDK inhibitors. These inhibitors can prevent RB phosphorylation, repress E2F tran-
scription and prevent S phase entry leading to reduced cell proliferation. The first (eg.
flavopiridol) and second (eg. dinaciclib) generation of CDK inhibitors were non-specific
and inhibited several CDKs. This low specificity was responsible for disappointing re-
sults in clinical trials and was also accompanied by high toxicities (Asghar et al., 2015).
Newer inhibitors have been developed that are more selective and act against specific
CDKs. There are three specific CDK 4/6 inhibitors that have been reported to date: PD-
0332991, LEE011 and LY2835219 (Fry et al., 2001, Gelbert et al., 2014, Rader et al.,
2013). While all these inhibitors are speculated to bind to the ATP-binding cleft in CDK
4/6 and function as ATP-competitive kinase inhibitors, no structural analyses have been
published to date. These CDK 4/6 inhibitors have been tested in pre-clinical models
of several cancer types including breast, ovarian, lung, prostate, renal, colon and liver
cancer, as well as in haematological malignancies. Most reports have shown an accu-
mulation of cells in the G0/G1 phase after treatment that is effective only in the absence
of RB mutations. This reflects a specific mechanism of action of the inhibitors that relies
on the RB regulated G1-S transition of the cell cycle (Asghar et al., 2015). PD-0332991
is being examined in over 60 clinical trials in oncology (https://clinicaltrials.gov/). It
was recently granted FDA breakthrough therapy designation in the treatment of es-
trogen receptor (ER) positive metastatic breast cancer in combination with hormone
therapy (Dhillon, 2015).

1.8.4 CDK 4/6 as a target in bladder cancer

Integrated network analysis from TCGA data has demonstrated that the cell cycle is
deregulated in up to 93% of BLCA. This includes molecules such as TP53, ATM, MDM2
as well as members of the RB signaling pathway (Network, 2014). This high frequency
of molecular alterations provides a rationale for the therapeutic targeting of cell cy-
cle regulation in BLCA. CDK 4/6 inhibitors have shown promising results in a variety
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of cancers and have an established safety profile. Specific CDK 4/6 inhibitors have
not been examined to date in BLCA. Inhibiting the CDK 4/6-RB network using these
inhibitors represents a novel experimental treatment strategy in BLCA.

1.9 Aims and objectives

Target therapies directed against specific signaling networks have the potential to im-
prove the dismal prognosis of patients with advanced BLCA. The two most frequently
altered signaling pathways in BLCA are the RTK/PI3K/AKT/mTOR pathway and the
cell cycle regulation pathway. This high frequency of alterations provides a rationale
for examining their potential for therapeutic targeting. In this work, we aimed to:

(I) characterize the potential of AKT as a target for BLCA treatment.

(II) characterize the potential of CDK 4/6 as a target for BLCA treatment.

(III) identify stratifying and predictive biomarkers for response to these treatments to
enable their personalized application in the clinic.

We had the following objectives to address these aims:

(i) Using BLCA cell lines that mimic the molecular alterations and heterogeneity
found in BLCA.

(ii) Determining the biochemical effects of AKT or CDK 4/6 inhibition on signal trans-
duction in these cell lines.

(iii) Analyzing the functional consequences of AKT or CDK 4/6 inhibition on cell via-
bility, apoptosis and cell cycle proliferation in these cell lines.

(iv) Investigating the influence of specific molecular alterations on sensitivity to AKT
or CDK 4/6 inhibition.

(v) Utilising genetic manipulation strategies to identify the molecular determinants
of treatment response.

(vi) Determining the molecular mechanism underlying treatment response.

(vii) Extrapolating the in vitro data to a three-dimensional, in vivo xenograft model.
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2 Materials
2.1 Multiple use equipment

Multiple use equipment Source

3M durapore surgical tape 3M, Saint Paul, MN, USA
Analytical balance AT250 Mettler Toledo, Giessen, Germany
Analytical balance Sartorius 2254 Sartorius, Goettingen, Germany
Autoclave Sytec DX-65 Systec GmbH, Linden, Germany
Automatic film processor Curix CP1000 Agfa Healthcare, Mortsel, Belgium
Bag sealer Folio FS3602 Severin Elektrogeraete GmBH, Sundern,

Germany
BD FACSCalibur Flow Cytometry System BD Biosciences, San Jose, CA, USA
Biological safety cabinet Herasafe KS12 Thermo Scientific, Waltham, MA, USA
BVC professional laboratory fluid aspira-
tor

Vacuubrand Gmbh, Wertheim, Germany

Centrifuge 5810R Eppendorf GmbH, Hamburg, Germany
Centrifuge ROTINA 35R Hettich, Tuttlingen, Germany
Chemidoc XRS Imaging System BioRad, Hercules, CA, USA
CO2 incubator HERA Cell240 Thermo Scientific, Waltham, MA, USA
CO2 incubator HERA Cell240i Thermo Scientific, Waltham, MA, USA
Cold light source Leica L2 Leica Microsystems GmbH, Wetzlar, Ger-

many
Cryogenic Freezing Container, 1 Deg C Nalgene, Rochester, NY, USA
Dremel 300 Dremel, Racine, WI, USA
Electrophoresis Power Supply EPS 601 Amersham Pharmacia Biotech., Uppsala,

Sweden
Embedding center Leica EG1150 Leica Microsystems GmbH, Wetzlar, Ger-

many
Glassware Schott AG, Mainz, Germany
Heating and drying oven Heraeus Func-
tionLine B6

Thermo Scientific, Waltham, MA, USA

Heating and drying oven Heraeus Func-
tionLine UT20

Thermo Scientific, Waltham, MA, USA

Heating block thermostat BT100 Kleinfeld Labortechnik, Gehrden, Ger-
many

Ice machine Manitowoc Manitowoc Ice, Manitowoc, WI, USA
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Multiple use equipment Source

Intellimixer RM-2L Elmi Ltd. Laboratory Equipment, Calaba-
sas, CA, USA

Magnetic Stirrer Heidolph Instruments GmbH,
Schwabach, Germany

Microcentrifuge 5430R Eppendorf GmbH, Hamburg, Germany
Microcentrifuge QikSpin QS7000 per-
sonal

Edwards Instrument Co., Narellan NSW,
Australia

Micropipettes PIPETMAN P2,P10, P20,
P200, P1000

Gilson Inc., Middleton, WI , USA

Microplate reader Vmax Kinetic Molecular Devices, Sunnyvale, CA, USA
Microscope AxioVert.135 Carl Zeiss, Oberkochen, Germany
Microscope AxioVert.A1 Carl Zeiss, Oberkochen, Germany
Microscope camera AxioCam ERc 5s Carl Zeiss, Oberkochen, Germany
Microtome RM 2255 Leica Microsystems GmbH, Wetzlar, Ger-

many
Mini Protean System BioRad, Hercules, CA, USA
Mini Trans-blot cell transfer system BioRad, Hercules, CA, USA
Mini-PROTEAN Tetra Cell gel system BioRad, Hercules, CA, USA
Minishaker IKA MS2 IKA Works Inc., Staufen, Deutschland
Multilabel plate reader VICTOR X3 Perkin Elmer, Waltham, MA, USA
Neubauer chamber LO Laboroptik, Lancing, England
Orbital shaker K15 Edmund Buehler GmbH, Hechingen, Ger-

many
PerfectBlue Gelsystem Mini M PEQLAB Biotechnologie GmbH, Erlangen,

Deutschland
pH Meter 691 Metrohm, Filderstadt, Germany
Power supply PowerPac HC BioRad, Hercules, CA, USA
Pressure cooker Fissler & Fissler, Idar-Oberstein, Germany
Spectrophotometer Nanodrop 2000c Thermo Scientific, Waltham, MA, USA
Stereo microscope Stemi DV4 Carl Zeiss, Oberkochen, Germany
Surgical instruments Timesco, Essex, United Kingdom
Thermal cycler C1000 CFX96 Bio-Rad, Hercules, CA, USA
Thermal cycler MJ Research PTC-200 BioRad, Hercules, CA, USA
Tissue processor Leica ASP200 S Leica Microsystems GmbH, Wetzlar, Ger-

many
Vortex-Genie 2 Scientific Industries, Inc., Bohemia, NY,

USA
Water bath W350 Memmert, Schwabach, Germany
Water purification system, Purelab ELGA Lab water, Celle, Germany

Table 2.2: List of multiple use equipment.
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2.2 Disposable equipment

Disposable equipment Source

Amersham hybond-P PVDF-Membrane GE-Healthcare, Buckinghamshire, Eng-
land

Cell culture plates 96 well, 6 well, 10 cm,
20 cm

Corning Incorporated, Corning, NY, USA

Cell lifter Sigma Sigma-Aldrich Chemie GmbH, Munich,
Germany

Chromatography paper Whatman GE-Healthcare, Buckinghamshire, Eng-
land

Conical bottom polystyrene tubes Elkay, Hampshire, United Kingdom
Conical tubes 15 ml and 50 ml Falcon Greiner GmbH, Frickenhausen, Germany
Cryogenic vials 1.8 ml Nunc Thermo Scientific, Waltham, MA, USA
Embedding cassettes Rotilabo Carl Roth, Karlsruhe, Germany
Hard-Shell PCR Plates 96-well BioRad, Hercules, CA, USA
Lens cleaning paper The Tiffen company, Hauppauge, NY, USA
Microscope coverslips Thermo Scientific, Waltham, MA, USA
Microscope slides Superfrost plus Thermo Scientific, Waltham, MA, USA
Microtome blades Feather R35 pfm medical AG, Cologne, Germany
Needles 27 Gauge BD Biosciences, San Jose, CA, USA
PCR reaction tubes 0.5 ml Biozym Scientific, Oldendorf, Germany
PCR Sealers Microseal ‘B’ Film BioRad, Hercules, CA, USA
Pipette tips with and without filter Sarstedt, Nuembrecht, Germany
Reaction tubes 0.5 ml, 1.5 ml, 2 ml Sarstedt, Nuembrecht, Germany
Round bottom polystyrene tubes Corning Incorporated, Corning, NY, USA
Silicone sheet, 0.5 mm thick Sahlberg GmbH & Co., KG, Munich, Ger-

many
Serological pipettes Greiner Bio-One International AG,

Kremsmuenster, Austria
Sterile filter Nalgene 0.25µm, 0.45µm Thermo Scientific, Waltham, MA, USA
Syringes 1 ml Omnifix B.Braun Melsungen AG, Melsungen, Ger-

many
White polystyrene 96 well plates Corning Incorporated, Corning, NY, USA
X-ray film CEA RP New Agfa Healthcare, Mortsel, Belgium

Table 2.4: List of disposable equipment.

23



2 Materials

2.3 Chemicals, reagents and enzymes

Chemicals, reagents and enzymes Source

2-mercaptoethanol Sigma-Aldrich Chemie GmbH, Munich,
Germany

70% Ethanol BrueggemannAlcohol Heilbronn GmbH,
Heilbornn, Germany

7-aminoactinomycin D (AAD) Life Technologies, Carlsbad, CA, USA
96% Ethanol Otto Fischar GmbH, Saarbruecken, Ger-

many
Agarose Ultrapure Thermo Scientific, Waltham, MA, USA
Ammonium persulfate (APS) Sigma-Aldrich Chemie GmbH, Munich,

Germany
Ampicillin Sigma-Aldrich Chemie GmbH, Munich,

Germany
Boric acid Sigma-Aldrich Chemie GmbH, Munich,

Germany
Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, MO, USA
Bromophenol blue Serva Electrophoresis GmbH, Heidelberg,

Germany
Cisplatin Sigma-Aldrich Chemie GmbH, Munich,

Germany
Color Prestained Protein Standard, Broad
Range

New England Biolabs, Ipswich, MA, USA

Complete Mini - Protease Inhibitor Roche, Basel, Switzerland
DAKO REAL antibody diluent Dako, Hamburg, Germany
Developing and fixation solutions Vision
X GV60

Roentgen bender GmbH & Co. KG,
Baden-Baden, Germany

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, Munich,
Germany

Dithiothreitol (DTT) Cell-Signaling, Cambridge, England
DNA ladder 2-Log (0.1 to 10 kb) New England Biolabs GmbH, Frankfurt,

Germany
DNA Loading buffer (6x) Thermo Scientific, Waltham, MA, USA
Dulbecco’s Modified Eagle’s Medium
(DMEM)

Biochrom, Berlin, Germany

E. coli, DH10B Dr. P. S. Holm, Experimental Urology,
Klinikum rechts der Isar, TUM

Ethanol absolute Merck Chemicals GmbH, Hessen, Ger-
many

Ethidiumbromide, 10 mgml−1 Sigma-Aldrich Chemie GmbH, Munich,
Germany
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Chemicals, reagents and enzymes Source

Ethylenediaminetetraacetic acid (EDTA),
0.5 M

AppliChem, Darmstadt, Germany

Fertilized eggs from white Leghorn chick-
ens

Brueterei Sued, Regenstauf, Germany

Fetal Bovine Serum (FBS) Biochrom, Berlin, Germany
Formaldehyde solution, 36.5-38% Sigma-Aldrich Chemie GmbH, Munich,

Germany
Fugene HD Promega Corporation, Madison, WI, USA
Glycine Sigma-Aldrich Chemie GmbH, Munich,

Germany
GoTaq qPCR master mix Promega, Madison, WI, USA
GoTaq Green PCR master mix Promega, Madison, WI, USA
Haematoxylin solution, Mayer’s Krankenhausapotheke, Klinikum rechts

der Isar, Munich, Germany
Human serum Life technologies, Carlsbad, CA, USA
Hydrogen chloride (HCl) Merck Chemicals GmbH, Hessen, Ger-

many
Hydrogen peroxide (H2O2) Merck Chemicals GmbH, Hessen, Ger-

many
Isocitrate monohydrate Sigma-Aldrich Chemie GmbH, Munich,

Germany
Isopropanol Sigma-Aldrich Chemie GmbH, Munich,

Germany
Kanamycin Sigma-Aldrich Chemie GmbH, Munich,

Germany
Lipofectamine 2000 Invitrogen, Carlsbad, CA, USA
Lipofectamine RNAimax Invitrogen, Carlsbad, CA, USA
Luminol Sigma-Aldrich Chemie GmbH, Munich,

Germany
LY2835219 Selleck Chemicals, Houston, TX, USA
Matrigel Phenol red free BD Biosciences, San Jose, CA, USA
Methanol Sigma-Aldrich Chemie GmbH, Munich,

Germany
MK-2206 HCl Active Biochem, Bonn, Germany
Mounting medium Entellan-new Merck Chemicals GmbH, Hessen, Ger-

many
Non-essential amino acids (NEAA), 100x Biochrom, Berlin, Germany
Opti-MEM Invitrogen, Carlsbad, CA, USA
p-Coumaric acid Sigma-Aldrich Chemie GmbH, Munich,

Germany
PD-0332991 isethionate Sigma-Aldrich Chemie GmbH, Munich,

Germany
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Chemicals, reagents and enzymes Source

Phosphate buffered saline (PBS), 1x, 10x Biochrom, Berlin, Germany
Phosphatase inhibitor Mix II Serva Electrophoresis GmbH, Heidelberg,

Germany
Precision Plus Protein Standard Bio-Rad, Hercules, CA, USA
Restriction enzymes and buffers Thermo Scientific, Waltham, MA, USA
Roswell Park Memorial Institute medium
(RPMI)

Biochrom, Berlin, Germany

Rotiphorese gel 30 Carl Roth, Karlsruhe, Germany
Select agar Sigma-Aldrich Chemie GmbH, Munich,

Germany
Skimmed milk powder Nestle, Vevey, Switzerland
SOC medium Life Technologies, Darmstadt, Germany
Sodium acetate Merck, Darmstadt, Germany
Sodium azide Sigma-Aldrich Chemie GmbH, Munich,

Germany
Sodium chloride (NaCl) Merck Chemicals GmbH, Hessen, Ger-

many
Sodium dodecyl sulfate (SDS) Sigma-Aldrich Chemie GmbH, Munich,

Germany
Sodium orthovanadate Sigma-Aldrich Chemie GmbH, Munich,

Germany
Sterile NaCl 0.9% B.Braun Melsungen AG, Melsungen, Ger-

many
T4 DNA Ligase Thermo Scientific, Waltham, MA, USA
TaqDNA Polymerase Thermo Scientific, Waltham, MA, USA
Tetramethylethylenediamine (TEMED) Carl Roth, Karlsruhe, Germany
Tris(hydroxymethyl)-aminomethane Merck, Darmstadt, Germany
Triton X-100 Sigma-Aldrich Chemie GmbH, Munich,

Germany
Trypan blue, 0.5% Biochrom, Berlin, Germany
Trypsin/EDTA Biochrom, Berlin, Germany
Tryptone Sigma-Aldrich Chemie GmbH, Munich,

Germany
Tween-20 Serva Electrophoresis GmbH, Heidelberg,

Germany
Yeast Extract Sigma-Aldrich Chemie GmbH, Munich,

Germany

Table 2.6: List of chemicals, reagents and enzymes
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2.4 Commercial kits

Commercial kits Source

Caspase-Glo 3/7 Assay Promega, Madison, WI, USA
CellTiter-blue Cell Viability Assay Promega, Madison, WI, USA
Click-iT EdU Flow Cytometry Assay Life Technologies, Carlsbad, CA, USA
HiSpeed Plasmid Midi Kit Qiagen, Hilden, Germany
mirVANA miRNA isolation kit Thermo Scientific, Waltham, MA, USA
Pierce BCA Protein Assay Thermo Scientific, Waltham, MA, USA
QIAquick gel extraction kit Qiagen, Hilden, Germany
QIAprep Spin Miniprep Kit Qiagen, Hilden, Germany
REAL Detection System K5001 Dako, Hamburg, Germany

Table 2.7: List of commercial kits

2.5 Buffers and solutions

All buffers and solutions were prepared using distilled H2O.

Buffer Components

0.05 % SDS Protein lysis buffer 150 mM NaCl
used in section 4.1 50 mM Tris/HCl, pH 7.2

1% Triton X-100
0.05% SDS
5 mM EDTA
Add 1 Complete Mini-Protease Inhibitor
tablet and 100µl of phosphatase inhibitor
for every 10 ml of protein lysis buffer prior
to use

1% SDS Protein lysis buffer 10 mM Tris/HCl, pH 7.2
used in section 4.2 1% SDS

1 mM Na orthovanadate (heated until pH
10 obtained)
Add 1 Complete Mini-Protease Inhibitor
tablet and 100µl of phosphatase inhibitor
for every 10 ml of protein lysis buffer prior
to use

Stacking gel buffer 0.5 M Tris-HCl, pH 6.8
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Buffer Components

Separating gel buffer 1.5 M Tris-HCl, pH 8.8
10x SDS page running buffer 25 nM Tris

192 mM Glycine
0.1% w/v SDS
pH 8.3

10x Transfer buffer 25 nM Tris
192 mMGlycine

1x Transfer buffer 10% 10x Transfer buffer
20% Methanol

4X Protein loading buffer 0.25 M Tris-HCl, pH 6.8
8% SDS
0.04% Bromophenol blue
40% Glycerine
Add 100µl of 1 M DTT to 500µl of 4x -
protein loading buffer prior to use

10x TBS 0.5 M Tris-HCl, pH=7.6
10x TBE 1 M Tris

1 M Boric acid
0.02 M EDTA

TBS-T 1x TBS
0.001% Tween-20

Immunoblotting blocking solution 5% non-fat milk powder in TBS-T
Immunoblotting antibody dilution buffer 5% BSA in TBS-T with 0.02% Sodium

Azide
Citrate buffer for heat induced epitope -
retrieval

0.01 M Isocitrate monohydrate, pH 6.0

LB medium 0.01% Tryptone
0.005% Yeast extract
0.01% NaCl

LB agar LB medium
1.5% Select agar

Chemiluminescence reagent part A 0.1 M Tris-HCl, pH 8.5
2.5 mM Luminol
0.4 mM p-Coumaric acid

Chemiluminescence reagent part B 0.1 M Tris-HCl, pH 8.5
0.18% H2O2

Table 2.9: List of buffers and solutions.
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2.6 Antibodies

Following antibodies were used for immunoblotting (WB) or immunohistochemistry
(IHC) at the respective concentrations. CST indicates Cell Signaling Technology.

Target protein, cata-
logue number

Application Dilution Source

4E-BP1, 9452 WB 1:1000 CST, Beverly, MA, USA
Phospho-4E-BP1 (Ser 65)
9456

WB 1:1000 CST, Beverly, MA, USA

Phospho-4E-BP1 (Thr 70)
9455

WB 1:1000 CST, Beverly, MA, USA

Phospho-4E-BP1 WB 1:1000 CST, Beverly, MA, USA
(Thr 37/46), (9459)
Akt (pan), 4685 WB 1:1000 CST, Beverly, MA, USA
Akt1, 2938 WB 1:1000 CST, Beverly, MA, USA
Akt2, 3063 WB 1:1000 CST, Beverly, MA, USA
Akt3, 4059 WB 1:1000 CST, Beverly, MA, USA
Phospho-Akt WB 1:1000 CST, Beverly, MA, USA
(Ser473), 3787
Phospho-Akt WB 1:1000 CST, Beverly, MA, USA
(Thr308), 2965
Phospho-Akt IHC 1:100 Bioworld Technology Inc.,
(Thr308), BS4009 St.Louis Park, MN, USA
Actin, A 2066 WB 1:1000 Sigma-Aldrich Chemie

GmbH, Munich, Germany
CREB, 9197 WB 1:1000 CST, Beverly, MA, USA
Cyclin D1, 2978 WB 1:1000 CST, Beverly, MA, USA
GAPDH, 2118 WB 1:1000 CST, Beverly, MA, USA
GSK-3β , 9315 WB 1:1000 CST, Beverly, MA, USA
Phospho-GSK-3β WB 1:1000 CST, Beverly, MA, USA
(Ser9), 9323
HA-Tag, 2367 WB 1:1000 CST, Beverly, MA, USA
Ki-67 Antigen, M7240 IHC 1:100 Dako, Hamburg, Ger-

many
MKP-1, sc-1102 WB 1:1000 Santa Cruz Biotechnol-

ogy, Inc., Dallas, TX, USA
MEK1/2, 8727 WB 1:1000 CST, Beverly, MA, USA
Phospho-MEK1/2
(Ser217/221), 9154

WB 1:1000 CST, Beverly, MA, USA

p110α, 4249 WB 1:1000 CST, Beverly, MA, USA
Total Erk-1/2, 9102 WB 1:1000 CST, Beverly, MA, USA
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Target protein, cata-
logue number

Application Dilution Source

Phospho-Erk-1/2
(Thr202/Tyr204), 4376

WB 1:1000 CST, Beverly, MA, USA

p70-S6Kinase, 9202 WB 1:1000 CST, Beverly, MA, USA
Phospho-p70-S6Kinase
(Thr389), 9234

WB 1:1000 CST, Beverly, MA, USA

c-Raf, 9422 WB 1:1000 CST, Beverly, MA, USA
Phospho-c-Raf WB 1:1000 CST, Beverly, MA, USA
(Ser259), 9421
Phospho-c-Raf WB 1:1000 CST, Beverly, MA, USA
(Ser338), 9427
RB, 554136 WB 2µgml−1 BD Biosciences, San Jose,

CA, USA
Phospho-RB (Ser 780),
8180

WB 1:1000 CST, Beverly, MA, USA

Peroxidase-conjugated
Anti-Rabbit IgG ,

WB 1:10000 Dianova GmbH, Ham-
burg, Germany

711-036-152
Peroxidase-conjugated
Anti-Mouse IgG,

WB 1:10000 Dianova GmbH, Ham-
burg, Germany

715-036-150

Table 2.11: List of antibodies.

2.7 siRNA sequences

All small interfering RNAs (siRNAs) were synthesized by Life technologies (Darmstadt,
Germany) and diluted in H20 to a stock solution of 20µM.

Target gene Sequence Modification

AKT1 UGCAGCAUCGCUUCUUUGCCGGUAU Stealth
AKT1 GACGUGGCUAUUGUGAAGGAGGGUU Stealth
AKT2 GGCACGGGCTAAAGTGACCATGAAT Stealth
AKT2 CCUUGGCAAGGGAACCUUUGGCAAA Stealth
AKT3 GGCACACACUCUAACUGAAAGCAGA Stealth
AKT3 ACCTCAAGATGTGGATTTACCTTAT Stealth
PIK3CA (directed against
5’ UTR)

AAGAGCCCCGAGCGUUUCUGCUUUU Stealth
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Target gene Sequence Modification

DUSP1 GCCAUUGACUUCAUAGACUCCAUCA Stealth
Mutant PIK3CA P9 13C CTCCTGCTTAGTCATTTCAGAGAtt Stealth
Mutant PIK3CA P9 CTCCTGCTTAGTGATTTCAGAGAtt Stealth
Mutant PIK3CA P10 TCTCCTGCTTAGTGATTTCAGAGtt Stealth
Mutant PIK3CA P16 AATCTTTCTCCTGCTTAGTGATTtt Stealth
Negative control Stealth RNAi siRNA Negative Control Hi GC

Duplex #2
Stealth

(proprietary sequence)
CREB GCUGGCUAACAAUGGUACCtt None
Negative control Silencer Negative Control No. 1 siRNA None

(proprietary sequence)

Table 2.13: List of siRNA sequences.

2.8 Primer sequences

All primers were synthesized by Life Technologies (Darmstadt, Germany) and dissolved
in H20 to 10µM stock solutions.

Target
gene

Forward primer Reverse primer

RB1 AGCAACCCTCCTAAACCACT TGTTTGAGGTATCCATGCTATCA
CCNA2 ACAAAGCTGGCCTGAATCAT GTCTCTGGTGGGTTGAGGAG
CCNE2 TGTTGGCCACCTGTATTATCTGG ATCTGGAGAAATCACTTGTTCCTATTTC
ACTB ATCTGGCACCACACCTTCTAC-

AATGAGCTGCG
CGTCATACTCCTGCTTGCTGAT-
CCACATCTGC

GAPDH TGGCATGGACTGTGGTCATGAG ACTGGCGTCTTCACCACCATGG

Table 2.14: List of primers for qPCR.
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Name Primer sequence

pBABE forward primer CTTTATCCAGCCCTCAC
pBABE forward primer CCTCGGCCTCTGCATAAAT
T7 TAATACGACTCACTATAGGG
BGH TAGAAGGCACAGTCGAGG

Table 2.15: List of primers for cloning and sequencing.

2.9 Plasmids

Plasmid Source

pcDNA 3.1 V5 His TOPO Life Technologies, Darmstadt,Germany
pBABE puro HA PIK3CA E545K, plasmid
number 12525 (Zhao et al., 2005)

Addgene, Cambridge, MA, USA

RcCMV/Rb , plasmid number 1763 -
(deposited by Bob Weinberg)

Addgene, Cambridge, MA, USA

Table 2.16: List of plasmids

2.10 Software for analysis

Name Manufacturer

CompuSyn Combo Syn Inc., Parasmus, NJ, USA
FlowJo FlowJo LLC, Ashland, OR, USA
GraphPad GraphPad Software Inc., La Jolla, CA, USA
Zen Lite 2012 Carl Zeiss, Oberkochen, Germany

Table 2.17: List of software for analysis

2.11 Cell culture

Quality control of cell lines was conducted by short tandem repeat profiling for authen-
tication, and mycoplasma testing.
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2.11 Cell culture

2.11.1 Cell lines

Cell line Source

253J Prof. Dr. WA Schulz, Heinrich-Heine-University, Duesseldorf, Ger-
many

5637 Prof. Dr. WA Schulz, Heinrich-Heine-University, Duesseldorf, Ger-
many

639V Prof. Dr. WA Schulz, Heinrich-Heine-University, Duesseldorf, Ger-
many

647V Leibniz Institute German collection of microorganisms and cell cul-
ture, Braunschweig, Germany

HT1197 American type culture collection, Manassas, VA, USA
HT1376 American type culture collection, Manassas, VA, USA
J82 American type culture collection, Manassas, VA, USA
RT112 Leibniz Institute German collection of microorganisms and cell cul-

ture, Braunschweig, Germany
RT4 American type culture collection, Manassas, VA, USA
T24 American type culture collection, Manassas, VA, USA
UMUC3 American type culture collection, Manassas, VA, USA
VmCUB1 Prof. Dr. WA Schulz, Heinrich-Heine-University, Duesseldorf, Ger-

many

Table 2.18: List of cell lines used

2.11.2 Media used for cell culture

Medium Formulation

Culture medium for cells at 5 % C02 RPMI
10% FBS
1 % NEAA

Culture medium for cells at 10 % C02 DMEM
10% FBS
1 % NEAA

Freezing medium 50% RPMI or DMEM
40% FBS
10% DMSO

Table 2.19: List of cell culture media
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3.1 Cell culture

3.1.1 Sub-culturing cell lines

Cells were cultured in laminar flow biological safety cabinets under sterile conditions.
All cell lines were maintained in sub-confluent conditions and used in early passages.
Solutions were pre-warmed to 37 ◦C before use. Sub-culturing of cells was carried
out by aspirating existing medium, washing with PBS containing 5% 0.5 M EDTA, and
incubating with trypsin at 37 ◦C until the cells were dissociated. Fresh medium was
added to neutralize the tryspin and cells were centrifuged at 300 RCF for 5 min. They
were re-suspended in fresh medium and a fraction was transferred onto new plates
for culturing the subsequent passage. Cells were maintained at 37 degreeCelsius in
saturated humidity. 253J, HT1197, 639V, HT1376, UMUC3 and VmCUB1 cell lines
were maintained at 10% CO2, while J82, 647V, T24, RT112, RT4 and 5637 cell lines
were maintained at 5% C02.

3.1.2 Cell counting

Cells were diluted in 0.5% trypan blue and counted using a Neubauer chamber. Un-
stained cells were considered to be viable.

3.1.3 Cyropreservation of cells

Cells were detached from plates using PBS and trypsin as described above. Following
centrifugation of cells, the pellet was re-suspended in 1 ml of freezing medium and
transferred into cryovials. They were transported using a freezing container and stored
at −80 ◦C for 48-72 hours, before transferring to liquid nitrogen. When thawing frozen
cells for use, the cryovial was immersed in a water bath to ensure quick thawing of the
freezing medium. Once thawed, cells were added to a tube containing fresh medium,
centrifuged and sub-cultured as described in section 3.1.1.
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3.2 Treatment with small molecule inhibitors and
chemotherapeutic agents

MK-2206 was dissolved in DMSO and stored as a 10 mM stock solution at −20 ◦C. PD-
0332991 esthionate and LY2835219 were dissolved in H2O and stored as 10 mM stock
solutions at −20 ◦C. Cisplatin was stored as a 3 mM stock solution dissolved in 0.9%
NaCl at room temperature. Working concentrations were made fresh in pre-warmed
medium. 1× 106, 2× 106 or 500-1000 cells were seeded a day before treatment with
inhibitors in 10 cm, 6 well and 96 well formats respectively. For inhibitors dissolved in
DMSO, the highest DMSO concentration was used as a control.

3.3 In vitro functional assays

3.3.1 Determination of cell viability

Cell viability was determined using the Cell-Titer blue cell viability assay as per man-
ufacturer’s protocol using 560 nm and 580 nm excitation and emission wavelengths
respectively. Importantly, cell numbers were adjusted such that cells were not more
than 70% confluent on the day of performing the assay (section 4.1). All experiments
were performed in triplicate.

3.3.2 Determination of caspase 3/7 activity

Caspase 3/7 activity was determined using the Caspase-Glo 3/7 assay, as a readout
for apoptosis. Manufacturer’s protocol was followed by measuring luminescence. Ab-
solute luminescence value was normalized to the number of living cells, which was
determined by cell counting using trypan blue in parallel. All experiments were per-
formed in triplicate.

3.3.3 Cell cycle analysis

Click-it EdU Alexa Fluor 488 flow cytometry kit was used as per manufacturer’s protocol
by incubating 10µM EdU for 1-3 hours in triplicate samples. Total DNA was stained
using 4µgmL−1 7-AAD. 10000 events were recorded on the flow cytometer ensuring
a low speed that corresponded to less than 600 events per s. Data was analyzed using
FlowJo software.

3.4 Determination of absolute IC50 values

Absolute IC50 values for the effect on cell viability were obtained using the 4 parameter
logistic model using GraphPad Prism software. According to this model (Sebaugh,
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3.5 Quantification of synergy

2011),

IC50= c
�

a− 50%response
50%response− d

��
1
b

�
(3.1)

where a is the lower asymptote of the sigmoid curve, d is the upper asymptote, b is
the slope of the linear portion of the curve and c is the concentration corresponding to
the response midway between a and d.

3.5 Quantification of synergy

Efficacy of drug combinations was assessed by calculating the combination index (CI)
(Chou, 2010, Chou, 2006) using the CompuSyn software. According this method, the
effect of a single drug is given by the median effect equation:

Fa
Fu
=
�

D
Dm

�
m, (3.2)

where D is the dose of a drug, Fa is the fraction affected by this dose, Fu is the fraction
unaffected by the dose, Dm is the median effect dose and m is the coefficient signi-
fying the shape of the dose-effect relationship, with m = 1, > 1 and < 1 indicating
hyperbolic, sigmoidal and flat curves respectively. The CI is calculated from the me-
dian effect of the constituent drugs in the combination as well as the combined effect
of the combination as:

CI =
D1

Dx1
+

D2

Dx2
(3.3)

where Dx in the denominator are for the D1 and D2 when drugs 1 and 2 are used
alone to produce an x% effect, while the D1 and D2 in the numerator refer to the
combination of 1 and 2 that also produces an x% effect. A CI value less than 1, equal to
1 and greater than 1 indicates synergism, additive effect and antagonism respectively.
The dose reduction index (DRI) measures how many fold the dose of each drug in a
combination can be reduced compared with the doses of each drug alone to obtain a
given effect.

3.6 Immunoblotting

3.6.1 Preparation of cell lysates

Entire procedure was carried out on ice. Medium from cell culture plates was aspirated
and cells were washed using ice cold PBS. Maximum possible PBS was aspirated and
cold lysis buffer containing phosphatase and protease inhibitors was added onto the
plate. 500µL and 100µL volumes of buffer were used for 10 cm and 6 well plates
respectively. Cells were harvested in the lysis buffer using cell scrapers and transferred
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Ingredient Volume (ml)

H20 2.45
1.5 M Tris pH 8.8 2.5
30% acrylamide/Bis-acrylamide solution 5
10% APS 0.05
TEMED 0.01
Total 10

Table 3.1: Formulation of a 15% polyacrylamide gel.

Ingredient Volume (ml)

H20 3.07
0.5 M Tris pH 6.8 1.25
30% acrylamide/Bis-acrylamide solution 0.65
10% APS 0.025
TEMED 0.005
Total 5

Table 3.2: Formulation of a polyacrylamide stacking gel.

to a microcentrifuge tube. When using lysis buffer containing 1% SDS, shear forces
were applied to the lysate using a 27 gauge needle until no viscosity was observed.
Lysates were centrifuged at 30000 RCF for 30 min at 4 ◦C in a pre-cooled centrifuge,
following which the supernatant was transferred into a fresh tube. Lysates were either
used immediately or stored at −80 ◦C.

3.6.2 Protein quantification and sample preparation

Proteins were quantified using the BCA assay as per manufacturer’s protocol in a 96-
well format. Briefly, all samples were prepared in duplicate together with a series of
BSA standards and incubated with the working reagent for 30 min at 37 ◦C. Absorbance
was measured at 562 nm and the protein quantity of the samples was obtained by
comparison with the BSA reference standards. Proteins from all samples were adjusted
to equal amounts using protein lysis buffer and a fresh mixture of 4x protein loading
buffer and DTT. Samples were mixed and denatured for 5 min at 100 ◦C. Following
denaturation, samples were either immediately used for immunoblotting or stored at
−20 ◦C.
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3.6.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Polyacrylamide gels were hand cast using gel casting chambers. 8, 10, 12 or 15%
separating gels were used depending on the desired protein separation (table 3.1).
Few ml of Isopropanol were used to cover the separating gel to allow polymerization
and ensure a sharp demarcation. Once the separating gel was polymerized, stacking
gel was prepared (table 3.2). Isopropanol was removed, stacking gel was poured and
a comb was inserted. Following complete polymerization, gels were fixed into the
electrophoresis assembly and 20-100µg of protein sample was loaded onto the gel.
Electrophoresis was carried out at 90 V until proteins entered the separating gel and
then continued at 150 V.

3.6.4 Transfer and blocking

Following electrophoresis, proteins were transferred onto a PVDF membrane that was
activated by immersing in methanol for 2-5 min. The gel and the membrane were
assembled in between two layers of blotting paper and sponges, which were incubated
in blotting buffer before use. Wet transfer was conducted for 1-2 hours at 100 V using
transfer buffer. Following the transfer, membrane was blocked for nonspecific binding
by incubating in blocking solution for 1 hour at room temperature.

3.6.5 Immunodetection

Primary antibodies were added at the required concentrations by dissolving in antibody
dilution buffer and incubated at 4 ◦C overnight. Membranes were then washed 3-5
times in TBST and incubated for 30 min at room temperature with secondary antibody
diluted in the blocking solution. After 3-5 further washing steps, proteins were detected
using the ECL reaction. Chemiluminescent signal was visualized using autoradiography
films.

3.7 Designing allele specific siRNAs

siRNAs can potentially distinguish between mRNA sequences that differ at a single base
pair. This property can be used to design allele specific (ASP) siRNAs that discriminate
between a mutant and a wild-type (WT) copy of a gene (Schwarz et al., 2006). We
designed siRNAs to distinguish between the WT PIK3CA gene and PIK3CA gene with
a 1633G>A (E545K) mutation (Figure 3.1). All siRNA sequences were fully comple-
mentary to the mutant sequence but possessed a mismatch with the WT sequence at
position 1633 containing the nucleotide G. Previous reports indicate that successful
allelic discrimination is aided by specific positions of nucleotide mismatches (Schwarz
et al., 2006). Hence, we built a tiled set of siRNAs with mismatches at positions 9,
10 and 16 (named as P9, P10 and P16 respectively), which have been demonstrated
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P9 13C CTCCTGCTTAGTCATTTCAGAGAdTdT
P9         CTCCTGCTTAGTGATTTCAGAGAdTdT

P10        TCTCCTGCTTAGTGATTTCAGAGAdTdT
P10       AATCTTTCTCCTGCTTAGTGATTTCAGAGAdTdT

Mutant      GAGGTATCTTTTAGAAAGAGGACGAATCACTAAAGTCTCTCTCCTA
Wild-type GAGGTATCTTTTAGAAAGAGGACGAGTCACTAAAGTCTCTCTCCTA

5´
5´
5´
5´

3´
3´
3´
3´

3´
3´

5´
5´

Figure 3.1: Allele specific siRNA design. Sequences of guide siRNA strands were de-
signed complementary to the mutant PIK3CA allele, but mismatched with
the WT allele. This mismatch was generated at different nucleotide posi-
tions within the siRNA.

to enable maximum discrimination. Another report also indicated that an additional
mismatch at a subsequent position enhances the allelic discrimination (Ohnishi et al.,
2008). Hence, we added an extra P13 mismatch in the P9 sequence (named P9 13C).
dT overhangs were added to have an unpaired 5’ end in the anti-sense siRNA strand,
to enable its activity as the guide strand (Schwarz et al., 2003).

3.8 Transfection of nucleic acids

siRNA transfection was carried out using Lipofectamine RNAiMax as per manufacturer’s
protocol. 0.5× 105 or 1× 105 cells were reverse transfected in a 6 well format with a
final siRNA concentration of 10 nM. Fugene HD was used for DNA transfection ac-
cording to manufacturer’s protocol. Generally, cells were seeded one day before trans-
fection and 3µl of Fugene HD was used to transfect 1µg of DNA in a 6 well format.
Co-transfection of DNA and siRNAs was conducted using Lipofectamine 2000 as per
manufacturer’s protocol using 1µg DNA and 10 nM final concentration of siRNA in a
6-well format. All nucleic acid-transfection reagent complexes were prepared in Opti-
MEM. For different cell culture plate formats, cell numbers and quantities of reagents
were adjusted according the surface area. Care was taken that the transfection reagent
was pipetted directly into OptiMEM, avoiding any contact with the plastic of microcen-
trifuge tubes. Mixing was done using gentle pipetting or inverting the tube to prevent
dissociation of the complexes.

3.9 Molecular biology techniques for cloning

3.9.1 Isolation of plasmid DNA

LB medium containing the selective antibiotic (100µg ml−1 Ampicillin or 50µg ml−1

Kanamycin) was inoculated with single colonies of the plasmid containing bacteria and
cultured at 37 ◦C with vigorous shaking for 16-18 hours until saturation was reached.
5 ml or 100 ml volumes were used for DNA extraction with miniprep or midiprep kits
respectively, which were performed according to the manufacturer’s protocol and DNA
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concentration was measured using NanoDrop 2000c. Plasmid stocks were prepared by
mixing 1 ml of the growth culture with 1:1 glycerol or 1:10 DMSO respectively and
stored at −80 ◦C.

3.9.2 Generation of competent bacteria

E.coli (DH10B were streaked overnight on agar plates and sub-cultured in 5 ml LB
medium. 100µl of this culture was added to 100 ml of LB medium and incubated for
2-3 hours to ensure growth in an early log phase. Culture was centrifuged at 3200 g
for 10 min at 4 ◦C and resuspended in cold 50 mM CaCl2, followed by incubation on ice
for 90 min. Cells were centrifuged again and resuspended in cold 1 ml CaCl2, mixed
with glycerol in a 1:4 volume and frozen immediately at −80 ◦C.

3.9.3 Restriction digestion

For analysis of plasmids or obtaining DNA fragments for cloning, generally 1µg DNA
was digested in required enzymes in a compatible buffer for 1 hour at 37 ◦C. Plas-
mid identity was additionally confirmed by sequencing which was performed by GATC
Biotech AG, Constance, Germany.

3.9.4 Agarose gel electrophoresis

1-2% agarose gels were prepared in 1xTBE buffer with a 0.5µg ml−1 final concentration
of ethidium bromide. DNA was loaded using 6x loading dye. Gels were run in 1x TBE
buffer at 110 V until bands were separated adequately. Bands were visualized using
UV transillumination and documentation was done using the Chemidoc XRS system.

3.9.5 Gel extraction, ligation and transformation

Following agarose gel electrophoresis, the DNA fragment of interest was isolated us-
ing the Qiaquick gel extraction kit. 80 fmol of the insert was ligated to 16 fmol of the
vector using T4 DNA ligase, by incubating at 15 ◦C for 16-18 hours. Competent bac-
teria were thawed on ice shortly before transformation, mixed gently with 0.8µl of 2-
Mercaptoethanol and kept on ice for 10 min. 100µl of the ligation mixture was added
to the competent cells and incubated on ice for 30 min, followed by a 45 s pulse at 42 ◦C
and a 2 min incubation on ice. The cells were then re-suspended in pre-warmed SOC
medium and incubated for 1 hour, shaking at 37 ◦C. Various amounts of this medium
were streaked onto LB agar plates containing the selection antibiotic and incubated at
37 ◦C for 16-18 hours.

3.9.6 Polymerase chain reaction (PCR) screening of clones

PCR mix was prepared using the GoTaq Green PCR master mix according to manufac-
turer’s protocol, using 10µM of forward and reverse primers. Up to 24 single colonies
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were picked using a sterile pipette tip and streaked onto a fresh LB agar plate containing
the selection antibiotic. The same pipette tip was placed inside the PCR reaction mix
to transfer the plasmid DNA. PCR cycling conditions were as follows: 95 ◦C for 2 min,
with 30 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 4 min, followed by 72 ◦C for 5
min. Restriction digestion, agarose gel electrophoresis and sequencing were performed
to confirm the identity of the clone.

3.9.7 Cloning strategy for pcDNA3.1 v5 HisTOPO HA PIK3CA
E545K

The HA PIK3CA E545K fragment from pBABE puro HA PIK3CA E545K was digested
using BamHI and SacII, and ligated into the pcDNA 3.1 v5 His TOPO vector, which was
digested using the same restriction enzymes.

3.10 Analysis of gene expression levels

3.10.1 RNA extraction

Total RNA was extracted from cultured cells using the mirVANA miRNA isolation kit as
per manufacturer’s protocol and stored at −80 ◦C. RNA quantity was determined using
Nanodrop 2000c. RNA with an A260/280 and A260/230 ratio between 1.9-2 was used
for downstream applications.

3.10.2 cDNA synthesis

High capacity cDNA reverse transcription kit was used following manufacturer’s pro-
tocol to synthesize cDNA from 2µg of total RNA in a 20µl volume.

3.10.3 Quantitative polymerase chain reaction (qPCR)

qPCR was carried out using GoTaq qPCR Master mix with 50 ng of cDNA in a 10µl vol-
ume with 0.25µM or 0.5µM of forward and reverse primers. Reactions were performed
in triplicate using a CFX96 Real-Time PCR detection system with following cycling con-
ditions: 94 ◦C for 2 min, 94 ◦C for 15 s, 60 ◦C for 30 s and 72 ◦C for 1 min for 44 cycles.
Quality of the reaction was analyzed by agarose gel electrophoresis of the final product
to confirm correct size and the absence of primer-dimer formation. A melting curve
was performed with each qPCR run.
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3.10.4 Relative quantification of gene expression

Two normalizer genes were used for the relative quantification of gene expression using
the ∆∆ CT method (Livak and Schmittgen, 2001). According to this method,

∆CT = CT(gene of interest)−CT(normalizer gene) (3.4)
∆∆CT =∆CT(treated sample)−∆CT(reference control sample) (3.5)
Relative gene expression= 2−∆∆CT (3.6)

3.11 Analysis of molecular alterations in BLCA

Data from the Cancer Genome Atlas (TCGA) was analyzed by using cBioPortal
(www.cbioportal.org) for the presence of mutations or copy number alterations in
genes in defined signaling networks (Network, 2014, Gao et al., 2013, Cerami et al.,
2012). Molecular alterations in cell lines were analyzed using the Cancer Cell Line En-
cyclopedia (CCLE) (www.broadinstitute.org/ccle) (Barretina et al., 2012) and the Cat-
alogue of somatic mutations in cancer (COSMIC) (cancer.sanger.ac.uk/cosmic) (Forbes
et al., 2015) public databases.

3.12 Chicken chorioallantoic membrane (CAM) assay

The CAM assay represents an in vivo model where tumors form three-dimensional struc-
tures on top of the CAM of fertilized embryos. Additionally, these tumors acquire blood
supply from the CAM vasculature. The CAM model also has the advantage of being nat-
urally immunodeficient (Ribatti, 2014). Fertilized white Leghorn chicken eggs were
placed at 37 ◦C with the convexity at the bottom. This was considered to be embryonic
day (ED) 1. On ED 4, eggs were turned by 180° and a small hole was made at the
apex using a drill. This was enlarged to around 1.5 cm diameter using a pair of curved
scissors and sealed with a piece of surgical tape. Either ED 8 or 9 was selected for
seeding cell line xenografts, ensuring that the CAM was well developed. An area of the
CAM was irritated using sterile lens paper until spots of bleeding were observed and
was marked by placing a sterile silicone ring on top. 2× 106 cells resuspended in 10µl
medium without additives were mixed homogenously with 10µl of Matrigel and incu-
bated in a heating block for 2- 5 min until adequate viscosity was reached. The entire
mixture was then pipetted onto the CAM within the silicone ring, avoiding bubbles.
Formation of visible tumor xenografts was confirmed on ED 11 before treatment with
inhibitors. Concentration of inhibitors was calculated with respect to the circulating
blood volume of the embryo (Kind, 1975) and solutions were prepared in 10µl ster-
ile 0.9% NaCl, which was pipetted on top of the tumor. MK-2206 was used at a final
concentration of 500 nM on ED 11 and 14, while 1000 nM of PD-0332991 was used
daily from ED 11 to ED 14. On ED 15, xenografts were carefully dissected from the
CAM surface and transferred into a plate containing cold PBS. These tumors were then
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finely dissected under a stereomicroscope to remove any residual CAM, dried on a tis-
sue, transferred into pre-weighed PBS containing microcentrifuge tubes and weighed
again. Tumor weight was obtained by calculating the difference between the two val-
ues. During the course of the assay, movement of eggs was kept to a minimum. Eggs
were kept at room temperature for a minimal amount of time.

3.13 Tissue processing and immunohistochemistry
(IHC)

Tissue was fixed in formaldehyde for 16-24 hours at 4 ◦C, followed by dehydration in
the tissue processor and embedding in paraffin. 3µm thick sections were cut using
a microtome and placed sequentially onto slides that were used for subsequent IHC.
Deparaffinization was carried out by incubating sections for 10 min in xylol followed
by sequential rehydration with 5 min washes in isopropanol, 96% ethanol and 70%
ethanol. For heat induced epitope retrieval, citrate buffer was prewarmed in a pressure
cooker and sections were incubated for 7 min at 116 ◦C, followed by cooling in the same
buffer for 10-15 min, and a TBS wash. Next, the endogenous peroxidase activity was
blocked by incubating sections for 5 min in 6% H2O2, followed by a TBS wash. In order
to block non-specific binding, sections were incubated in 5% human serum-TBS for 2
hours at room temperature, followed by three washes in TBS. Primary antibody diluted
in the DAKO real antibody dilution buffer was added onto the sections for 2 hours at
room temperature in a moist chamber. IgG of the same species and concentration as
the primary antibody was used as a negative control. Following a TBS wash, sections
were incubated for 15 min each with biotinylated secondary antibody and streptavidin
peroxidase (DAKO Real detection system) with TBS washes in between. Detection was
performed by incubating with the DAB peroxidase substrate and buffer (DAKO Real
detection system). Counterstaining was performed with haematoxylin for 60 s. Stain
was washed away in running lukewarm water, and sections were transferred to H20.
Dehydration was performed by sequential washes in an ascending alcohol series of 70%
ethanol, 95% ethanol and isopropanol for 5 min each, followed by xylol for 10 min.
Slides were mounted using mounting medium. For the quantification of staining, cells
that were positively stained were manually counted from at least three different areas
from 4 to 5 different tumors of each treatment condition.

3.14 Graphical depiction and statistical comparison

Unless stated otherwise, all data were obtained from at least three independent exper-
iments. Graphs were plotted using Microsoft Excel depicting the arithmetic mean ±
standard deviation (S.D.) or standard error of the mean (S.E.). A two-tailed Student’s
t test was used for comparison between data sets and p < 0.05 was considered to be
significant. Mutual exclusivity in TCGA data was assessed by a Log Odds Ratio. A
p < 0.001 using a Fisher Exact test was considered significant.
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4 Results

We aimed to characterize the effects of AKT and CDK 4/6 inhibition in BLCA. An impor-
tant readout for determining the response to these treatment strategies is their effect
on cell viability. Hence, we began by defining the assay conditions to determine cell
viability.

4.1 Establishment of cell viability measurement

R
e
la
ti
v
e
  v
ia
b
le
  c
e
ll
s
  i
n
  %

0 
100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 

20% 40% 60% 70% 90% 100% 

Cell counts with 
trypan blue 
CellTiter-Blue cell 
viability assay 

Observed  cell  density

0 

10 

20 

30 

40 

50 

60 

20% 40% 60% 70% 90% 100% R
e
la
ti
v
e
  f
lu
o
r
e
s
c
e
n
c
e
  u
n
it
s

  p
e
r
  c
e
ll
  i
n
  %

Observed  cell  density

A B

Figure 4.1: Cell viability estimation requires sub-confluent cell culture conditions.
(A) Cell counting using trypan blue was compared with the Celltiter-blue
assay at varying cell densities and (B) RFU value per cell was determined.

The ideal measure of cell viability is the determination of the number of living cells
from a cell population. However, compared to cell counting, cell viability assays can
enable this quantification in a high throughput manner. We directly compared the
Celltiter-blue cell viability assay with manual cell counting using trypan blue, in order
to establish if it is a true readout for viable cells. Cells seeded in varying densities,
with an observed confluence between 20 to 100%, were compared in parallel using
cell counts and the Celltiter-blue cell viability assay (Figure 4.1 A). The relative per-
centage of living cells as determined by cell counts correlated with the observed cell
density. This relationship was also seen when using the CellTiter-blue assay for an ob-
served cell density between 20-60%. However, in cells that were 70-100% confluent,
the cell viability assay greatly underestimated the number of living cells. Normalizing
the relative fluorescence units (RFU) to the number of living cells showed a relatively
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constant value of RFU per cell until cells reached a 70% confluence (Figure 4.2 B).
However, at 90-100% cell density the RFU per cell was 66-68% lower, which might ex-
plain the underestimation of viability at higher cell densities. Thus, the CellTiter-blue
cell viability assay can substitute for cell counting only when cells are present at a sub
confluent density less than 70%. This condition was maintained in all the assays which
were performed.

4.2 Characterizing AKT as a therapeutic target

For characterizing the potential of AKT as a target in BLCA, we began by examining
the expression and function of AKT isoforms in different BLCA cell lines. We then
proceeded to analyze the effects of a suitable AKT inhibitor on cell signaling, viability,
apoptosis and cell cycle proliferation and also investigated the molecular determinants
of treatment response (Sathe et al., 2014).

4.2.1 Expression and function of AKT isoforms
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Figure 4.2: AKT isoforms contribute heterogeneously to signaling in BLCA. (A) Re-
spective cell lines were analyzed for the expression of the AKT isoforms by
immunoblotting. (B) Representative cell lines were transfected with two
different siRNA oligonucleotides directed against each AKT isoform (A or
B) or control (ctrl), and protein expression was analyzed by immunoblot-
ting with the respective antibodies.

AKT inhibitors target the three AKT isoforms with different affinities. In order to use
an appropriate inhibitor in future experiments, we analyzed the expression of the AKT
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isoforms in BLCA and their contribution to signaling and maintenance of viability. All
AKT isoforms were expressed in a panel of 11 BLCA cell lines (Figure 4.2 A).

In order to analyze their activation status, we silenced the expression of each isoform
by using two independent siRNA oligonucleotides, as well as combined them to silence
AKT expression completely. The two representative cell lines showed varying expres-
sion of phosphorylated AKT after silencing the isoforms (Figure 4.2 B). While only iso-
forms 2 and 3 contributed to phosphorylated AKT in the 253J cells, all three isoforms
were phosphorylated in the HT1197 cells. In both the 253J and HT1197 cells, silencing
each of the isoforms led to a decrease in cell viability (Figure 4.3). However, combined
silencing of all three isoforms produced the greatest effect. Hence, the contribution of
AKT isoforms in BLCA signaling and maintenance of viability is heterogeneous and all
three isoforms should be inhibited for maximum treatment benefit.
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Figure 4.3: Inhibition of all three AKT isoforms is most efficacious. Representa-
tive cell lines were transfected with two different siRNA oligonucleotides
against each AKT isoform (A or B) or control (ctrl). Cell viability of trans-
fected cells was analyzed at 72 hours.* indicates p < 0.05.

We extended our data to the tumor specimens in the TCGA dataset by analyzing them
for molecular alterations in the AKT isoforms (www.cbioportal.org) (Figure 4.4). Dele-
tions in AKT1 were noted in only 3% of tumors, suggesting that most tumors express
the three isoforms. Moreover, AKT 1, AKT2 and AKT3 amplifications were observed
in 3%, 6% and 3% of tumors respectively. Interestingly amplifications in AKT1 were
mutually exclusive to the occurrence of alterations in either AKT2 or AKT3. Hence,
the AKT isoforms show a heterogeneous distribution of molecular alterations in BLCA
primary tumors.
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AKT1    6 %
AKT2    6 %
AKT3    3 %

Figure 4.4: Genetic alterations in AKT isoforms are mutually exclusive in BLCA.
Data for 131 muscle invasive BLCA tumors from TCGA was analyzed using
the cBioPortal and an Oncoprint was generated. Values denote percentage
of tumors altered with mutations (green), homozygous deletion (blue) or
amplification (red).

4.2.2 Biochemical effects of AKT inhibition

In order to inhibit all three AKT isoforms, we studied the biochemical effects of MK-
2206, a pan-AKT allosteric inhibitor, by immunoblotting in various BLCA cells (Figure
4.5). No AKT phosphorylation was detectable in the RT4 cells. In all the other cell
lines, MK-2206 treatment led to a dose dependent reduction in the serine and threonine
phosphorylation of AKT. This was accompanied by a decrease in S6K1 phosphorylation,
with no effect on total protein expression. However, no reduction was observed in the
phosphorylation of 4E-BP1, another mTORC1 downstream target, in different amino
acid residues.
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Figure 4.5: AKT inhibition does not affect 4E-BP1 phosphorylation. Respective cell
lines were treated for 1 hour with indicated concentrations of MK-2206 and
protein expression and phosphorylation was analyzed by immunoblotting.
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4.2.3 Functional effects of AKT inhibition

Next, we assessed the effect of MK-2206 treatment on the viability of these cell lines.
Despite a uniform biochemical response in mTORC1 downstream signaling, only three
of the eleven cell lines showed a reduction in cell viability of 40-60% after treatment
(Figure 4.6 A). The sensitive HT1197, 253J and VmCUB1 cells responded to MK-2206
with absolute IC50s ranging from 242, 674 and 1469 nM respectively. This response to
MK-2206 was confirmed by directly determining the number of living cells in all three
sensitive cell lines, which showed a 37-48% reduction (Figure 4.6 B). No such decrease
was observed in the 647V, RT112 and T24 cells as representatives of the resistant cell
lines.
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Figure 4.6: MK-2206 increases apoptosis and reduces viability only in selected cell
lines. (A) Cell viability was assessed 72 hours after the addition of respec-
tive MK-2206 concentrations. (B) Cell counts and (C) caspase 3/7 activity
were determined in the respective cell lines after 24 hours treatment with
1000 nM MK-2206.* indicates p < 0.05.

In order to determine the cellular mechanism that causes this decrease in cell num-
ber, we examined these representative cell lines for caspase 3/7 activity, as an indicator
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of apoptosis (Figure 4.6 C). MK-2206 treatment led to a 97%, 95% and 23% increase
in caspase 3/7 activity in the 253J, HT1197 and VmCUB1 cells respectively while no
significant changes were seen the resistant cell lines. Additionally, we assessed the
effect of MK-2206 on cell cycle progression in these cells by analyzing the EdU incor-
poration followed by flow cytometry (Figure 4.7). Modest but significant decreases in
the S phase or increase in the G0/G1 phase were seen in not only the sensitive 253J,
HT1197 and VmCUB1 cells but also the resistant 647V and T24 cells, indicating that
the selective response to MK-2206 is mediated by an increase in apoptosis.
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Figure 4.7: MK-2206 has a modest effect on cell cycle progression. Respective cell
lines were treated with 1000 nM MK-2206 for 24 hours and analyzed for
their cell cycle progression.* indicates p < 0.05.

4.2.4 Molecular correlates of response to MK-2206

Since only selected cell lines were sensitive to MK-2206, we analyzed if this response
correlated with genomic alterations in relevant molecules. All the eleven cell lines in
our panel were examined for alterations in PIK3CA, PTEN, TSC1, RAS and FGFR3 using
the COSMIC (cancer.sanger.ac.uk/cosmic) and CCLE (www.broadinstitute.org/ccle) pub-
lic databases, as well as previously published data (Platt et al., 2009) (table 4.1). No
correlations were present between the response to MK-2206 and alterations in PTEN,
TSC1, RAS and FGFR3. However, all three sensitive cell lines possessed activating
hotspot HD mutations in PIK3CA, which were not found in any of the resistant cell
lines.
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Cell line PIK3CA PTEN TSC1 RAS FGFR3 Response
to
MK2206

RT112 WT WT WT WT WT
over ex-
pressed

Resistant

RT4 WT WT, reduced
copy number

Mutant WT WT
over ex-
pressed

Resistant

647V WT WT, reduced
copy number

WT WT WT Resistant

HT1376 WT WT WT WT WT Resistant
T24 WT Mutant WT HRAS Mutant, KRAS WT,

NRAS WT
WT Resistant

UMUC3 WT Homozygous
deletion

WT KRAS Mutant, NRAS WT,
HRAS WT

WT Resistant

J82 P124L rare mutant Homozygous
deletion

WT WT Mutant Resistant

639V A1066V rare mutant Mutant Mutant KRAS Mutant, NRAS Mu-
tant, HRAS WT

WT Resistant

253J E545G hotspot helical do-
main mutant

WT WT WT WT Sensitive

HT1197 E545K hotspot helical do-
main mutant

WT, reduced
copy number

WT NRAS Mutant, HRAS WT,
KRAS WT

WT Sensitive

VmCUB1 E542K hotspot helical do-
main and E674Q helical do-
main mutant

WT WT WT WT Sensitive

Table 4.1: Genetic background of BLCA cell lines and their response to MK-2206.
Hotspot HD PIK3CA mutations correlate with sensitivity to MK-2206. WT
indicates wild type.

4.2.5 Biochemical signature of MK-2206 response

Both resistant and sensitive cell lines had shown a similar biochemical response in
downstream mTOR substrates after MK-2206 treatment, which cannot explain their
differential sensitivity. Hence,we examined these cell lines for additional signaling
events (Figure 4.8). GSK3β is a major regulator of cell proliferation and survival
and a direct AKT downstream target (Rayasam et al., 2009). However, both sensitive
and resistant cell lines showed a dose dependent reduction in GSK3β phosphorylation
that correlated with a decrease in AKT phosphorylation. Previous data has shown that
the Ras/Raf/Mek/Erk branch of the MAPK signaling pathway influences the prolifer-
ation of BLCA cells and can influence PI3K signaling at multiple levels (Nawroth et
al., 2011). MK-2206 treatment in all the six cell lines resulted in an increase in RAF-1
phosphorylation at serine 338, which indicates activated MAPK signaling. No decrease
in phospohrylation was observed at the serine 259 site of RAF-1, which is regarded as a
direct downstream substrate of AKT. However, the sensitive and resistant cells showed
opposite effects on the phosphorylation of ERK 1/2. While the sensitive 253J, HT1197
and VmCUB1 cells showed a dose dependent reduction in phosphorylated ERK 1/2, an
increase was observed in the resistant 647V, RT112 and T24 cells. The uniform increase
in RAF-1 phosphorylation at serine 338 indicated that this effect was independent of
upstream RAF signaling.
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A possible mediator could be DUSP1 (MKP-1), a phosphatase that is responsible for
the dephosphorylation of ERK 1/2. In the sensitive cell lines, MK-2206 treatment led
to an increase in DUSP1 expression that correlated with the observed ERK 1/2 dephos-
phorylation. An opposite response was seen in the resistant cells with a reduction in
DUSP1 expression.
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Figure 4.8: MK-2206 sensitive cells show a reduction in ERK 1/2 phosphorylation
and an increase in DUSP1 expression. Cell lines were incubated with
indicated MK-2206 concentrations for 1 hour and protein expression and
phosphorylation was analyzed by immunoblotting.
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To establish whether the DUSP1 mediated effect on ERK 1/2 phosphorylation is re-
sponsible for conferring sensitivity to MK-2206, we silenced its expression by using an
siRNA in all the three sensitive cell lines (Figure 4.9 A). In the absence of DUSP1 ex-
pression, MK-2206 treatment in all the three cell lines led to an increase in ERK 1/2
phosphorylation. Moreover, these cells became resistant to MK-2206 (Figure 4.9 B).
These results demonstrate that the increase in expression of DUSP1 that negatively
regulates ERK 1/2 phosphorylation, is involved in conferring sensitivity to MK-2206.
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Figure 4.9: DUSP1 mediated regulation of ERK 1/2 phosphorylation regulates sen-
sitivity to MK-2206. Cell lines were transfected with control (ctrl) or siR-
NAs directed against DUSP1. Transfected cells were treated with (A) indi-
cated MK-2206 concentrations for 1 hour and analyzed by immunoblotting
or (B) 1000 nM MK-2206 and cell viability was assessed at 72 hours. ’+’
indicates present and ’-’ indicates absent.

A possible regulator of this effect on DUSP1 expression can be CREB, which is a
downstream AKT target and can control the transcription of DUSP1 (Du and Mont-
miny, 1998, Xu et al., 2007). We silenced the expression of CREB in HT1197 cells
(Figure 4.10). Despite the decrease in CREB levels, MK-2206 treatment of these cells
continued to produce an increase in DUSP1 expression. The regulation of DUSP1 after
AKT inhibition is thus independent of CREB.
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Figure 4.10: MK-2206 induced DUSP1 expression is independent of CREB. Cells
transfected with control or CREB directed siRNA oligonucleotides were
treated with indicated concentrations of MK-2206 for 1 hour and protein
expression was analysed by immunoblotting. ‘+’ indicates present and ‘-’
indicates absent.

4.2.6 Molecular determinants of sensitivity to MK-2206

MK-2206 sensitive cells all possessed mutations in PIK3CA. The response of these cells
was dependent on the reduction in ERK 1/2 phosphorylation after treatment. We
wanted to examine if PIK3CA mutations were associated with this biochemical sig-
nature of response. In order to investigate this, we used two different strategies.

pAkt Ser 473

pAkt  Thr 308

Total Akt

p1

pErk 1/2 Thr 202/Tyr 204

Total Erk 1/2 

MK-2206 (nM) 

Actin
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Ctrl PIK3CA E545K

      0    1000      0       1000
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Ctrl PIK3CA E545K
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T24
Ctrl PIK3CA E545KDNA

Cell lines

4.479

Figure 4.11: Mutant PIK3CA controls the decrease in ERK 1/2 phosphorylation af-
ter AKT inhbition. Cells were transfected with either control vector (ctrl)
or mutant PIK3CA E545K for 72 hours and treated for 1 hour with 1000
nM MK-2206 and analyzed by immunoblotting.

First, we expressed recombinant mutant PIK3CA E545K in the 647V, RT112 and T24
cells that possess WT PIK3CA and compared the biochemical responses after MK-2206
treatment (Figure 4.11). The presence of the mutant PIK3CA led to an increase in both
phosphorylated AKT and ERK 1/2 (comparing lanes 1 and 3). As demonstrated before
(Figure 4.8), cells with a WT PIK3CA responded to treatment with an increase in ERK
1/2 phosphorylation. However, with expression of the PIK3CA mutation, MK-2206
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Figure 4.12: Mutant PIK3CA sensitizes cells to MK-2206 by increasing apoptosis.
Cells were transfected with either control vector (ctrl) or mutant PIK3CA
E545K for 72 hours and treated for (A) a further 72 hours to assess cell
viability or for 24 hours to assess (B) cell counts and (C) caspase 3/7
activity.

treatment prevented this increase in phosphorylated ERK 1/2 in the 647V cells and led
to a reduction in the RT112 and T24 cells. This resembles the response in the sensitive
cells that we observed previously (Figure 4.8). Additionally, expression of the PIK3CA
mutation conferred sensitivity to MK-2206 treatment in all three cell lines, as evidenced
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by a 37-68% reduction in cell viability (Figure 4.12 A). This was confirmed by a 30-70%
decrease in the number of living cells (Figure 4.12 B). A 200-300% increase in caspase
3/7 activity was also observed in these cells after MK-2206 treatment (Figure 4.12 C),
confirming that sensitivity is mediated via an increase in apoptosis.

As a second strategy, we wanted to silence the expression of the PIK3CA mutation
and determine its effect on sensitivity to MK-2206. The HT1197 cells are heterozygous
for the PIK3CA E545K mutation (cancer.sanger.ac.uk/cosmic). One way to selectively
silence the expression of this mutant without affecting the WT copy is the use of al-
lele specific (ASP) siRNAs that can selectively target the mutant gene sequence but
not the WT sequence . We designed four different ASP siRNAs on the basis of recom-
mendations from literature (Ohnishi et al., 2008, Schwarz et al., 2006)(section 3.7).
We transfected the HT1197 cells, that have the PIK3CA E545K mutation, and RT112
cells, that are PIK3CA WT, with these siRNAs and analyzed the expression of p110α
by immunoblotting (Figure 4.13) . P9 C13 failed to induce a significant reduction in
the expression of p110α in either cell line. P9, P10 and P16 all led to a reduction in
p110α expression of the RT112 cells that are WT for PIK3CA. Hence, none of the four
sequences were allele specific. We speculate that this is due to the prymidine:purine
mismatch between the ASP siRNA and its target that has been previously described as
being less efficient in allelic discrimination (Schwarz et al, 2006).

P9 C13

P9 

P10

P16

Ctrl   siRNA Ctrl   siRNA

HT1197 RT112

Figure 4.13: Allele specific siRNAs. Different siRNA sequences do not distinguish be-
tween mutant and WT PIK3CA.

Since we were unable to selectively silence the mutant PIK3CA allele, we used an
siRNA directed against the 5’UTR of the gene in the 253J and HT1197 cells that possess
mutant PIK3CA (Figure 4.14 A). We further reconstituted these cells with a recombi-
nant WT PIK3CA. Hence, the mutant PIK3CA was effectively substituted to a WT (Figure
4.14 B). This substitution led to a reduction in both AKT and ERK 1/2 phosphorylation
(comparing lanes 1 and 3). After treatment with MK-2206, cells containing the mutant
PIK3CA responded with a reduction in ERK 1/2 phosphorylation as demonstrated pre-
viously (Figure 4.8). However, cells containing the WT PIK3CA showed an increase in
phosphorylated ERK after treatment, resembling the response of the resistant cells that
we observed previously (Figure 4.8). These cells also became resistant to MK-2206 as
indicated by no significant changes in cell counts after treatment (Figure 4.14 C).
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Figure 4.14: WT PIK3CA leads to resistance to MK-2206. (A) Cells were transfected
with control (ctrl) or siRNA oligonucleotides against PIK3CA for 24 hours.
(B) siRNA transfected cells were then transfected with control (ctrl) or WT
PIK3CA containing vector for 48 hours and treated with 1000 nM MK-2206
for 1 hour for immunoblotting or (C) incubated for another 72 hours to
assess cell viability. * indicates p < 0.05.

Taken together, both these strategies confirm that the presence of a mutant PIK3CA
confers a response to AKT inhibition by leading to a decrease in ERK 1/2 phosphoryla-
tion after treatment. This response is mediated by an increase in apoptosis.

4.2.7 AKT inhibition in a three-dimensional xenograft model

In order to extend our in vitro data, we used the CAM model to grow three-dimensional
in vivo xenografts of selected cell lines and treated them with MK-2206 (Figure 4.15 A).
PIK3CA WT RT112 cells showed no decrease in tumor weight after MK-2206 treatment
while the PIK3CA mutant HT1197 cells showed a 50% reduction (Figure 4.15 B). Both
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cell lines showed a 50-70% decrease in AKT phosphorylation after MK-2206 treatment
(Figure 4.16 A, B). However, only the HT1197 cells showed a reduction of 54% in Ki-67
expression after treatment, indicating a reduction in proliferation.
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Figure 4.15: PIK3CA mutant cells are sensitive to MK-2206 in vivo. (A) Represen-
tative images of HT1197 and RT112 cells show tumour formation on the
CAM inside a silicone ring, 6 days after seeding of cells. Scale bar equals
2 mm. (B) Tumours from indicated cell lines were harvested and weighed
after MK-2206 or control treatment. * indicates p < 0.05. Results are
representative of at least two independent experiments.
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20µm. * indicates p < 0.05. All results are representative of at least two
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Similar to the in vitro experiment (Figure 4.11), we compared RT112 WT PIK3CA
cells to those that express the recombinant PIK3CA E545K mutation in the CAM model
(Figure 4.17 A). A 56% reduction in tumor weight was seen only in the cells containing
the mutation. Although an 80% reduction in AKT phosphorylation was seen in both sit-
uations, only the PIK3CA mutant cells showed a 55% reduced Ki-67 expression (Figure
4.17 B).
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Figure 4.17: HD mutant PIK3CA confers sensitivity to MK-2206 in vivo. (A) RT112
tumours transfected with either control vector or mutant PIK3CA E545K
were harvested after control or MK-2206 treatment and weighed. (B) Tu-
mors were analyzed with IHC using the indicated antibodies and staining
was quantified.* indicates p < 0.05.

4.3 Characterizing CDK 4/6 as a therapeutic target

For characterizing the potential of CDK 4/6 as a target in BLCA, we examined the alter-
ations in the CDK 4/6-RB network in BLCA. We next analyzed the effects of a selective
CDK 4/6 inhibitor on cell signaling, viability, apoptosis and cell cycle proliferation and
also determined the molecular alterations conferring response to treatment.

4.3.1 Molecular alterations in the CDK 4/6-RB pathway

We analyzed data from the TCGA cohort for genomic alterations in the CDK 4/6-
RB signaling pathway (The Cancer Genome Atlas Research, 2014, Gao et al., 2013)
(www.cbioportal.org) (Figure 4.18). Loss of function mutations in RB1 (encoding RB)
were present in 21%. CDKN2A and CDKN2B were deleted or mutated in 40% and 37%
tumors respectively. 2-12% tumors had alterations in CDK 4, CDK 6 or CCND1 (en-
coding cyclin D1). Overall, the CDK 4/6-RB pathway was deregulated in 64.9% of the
tumors. Moreover, the molecular alterations in CDKN2A and CDKN2B had a significant
tendency towards co-occurrence. Conversely, molecular alterations in RB1 occurred
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exclusively as compared to those in either CDKN2A or CDKN2B. Presence of alterations
in CDK 4/6-RB signaling was not associated with any significant changes in either OS or
disease free survival (DFS). The presence of molecular alterations in RB1 and CDKN2A
have previously been linked to the response to CDK 4/6 inhibition in several cancers
(Asghar et al., 2015). The results of our TCGA analysis demonstrated a high frequency
of RB1 and CDKN2A alterations in BLCA. Hence, we characterized their influence on
the response to CDK 4/6 inhibition in greater detail.

RB1           21 %
CCND1      12 %
CDK4           2 %
CDK6           2 %
CDKN2A    40 %
CDKN2B    37 %

Figure 4.18: The RB network is altered in 64.9% of BLCA. Data from 131 muscle
invasive BLCA tumors from the Cancer Genome Atlas was analyzed using
the cBioPortal and an Oncoprint was generated. Values denote percentage
of tumors altered with mutations (green), homozygous deletion (blue) or
amplification (red).

4.3.2 Molecular correlates of sensitivity to PD-0332991

For further experiments, we selected a panel of cell lines that are similar to the TCGA co-
hort for alterations in CDKN2A and RB1 using the CCLE (www.broadinstitute.org/ccle)
and COSMIC (cancer.sanger.ac.uk/cosmic) databases. UMUC3, RT112 and VmCUB1
cells have loss of expression of CDKN2A, while 5637, 647V and 639V cells have loss of
function mutations in RB1. No alterations of functional significance are present in the
HT1197, T24, 253J and J82 cells. The pattern of RB expression and phosphorylation
was analyzed in these cell lines (Figure 4.19), confirming previously published data
(Rieger et al., 1995).
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Figure 4.19: Expression and phosphorylation of RB. Respective cell lines were ana-
lyzed for their RB expression and phosphorylation by immunoblotting.

We tested the dose-response effect of PD-0332991, a selective CDK 4/6 inhibitor,
on the viability of this panel of BLCA cell lines (Figure 4.20). While seven cell lines
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(HT1197, 253J, T24, J82, UMUC3, RT112 and VmCUB1) responded to treatment,
three cell lines (5637, 647V, 639V) remained resistant. The absolute IC50 concen-
trations of PD-0332991 required to inhibit cell viability clustered these cell lines into
three distinct groups. The first group of cell lines were the most sensitive with IC50s
in a range of 401 to 523 nM. The second group consisted of intermediate responders
with IC50s from 1059 to 1390 nM, while no IC50 was reached in the third group con-
sisting of resistant cell lines. Correlating this response to the presence of alterations in
CDKN2A and RB showed that the sensitive cells had no alterations in either CDKN2A or
RB1 (table 4.2). The intermediate responders expressed RB but possessed loss of func-
tion mutations or deletions in CDKN2A. All the resistant cell lines had loss of function
mutations in RB1. PD-0332991 treatment is thus effective in reducing the viability of
only RB expressing cells.
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Figure 4.20: PD-0332991 reduces the viability of selected BLCA cell lines. Respec-
tive cell lines were treated with PD-0332991 for 72 hours and the effect
on cell viability was determined. Absolute IC50 (nM) was then calculated
from an average of three such experiments.

Cell line RB1 CDKN2A Sensitivity to PD-
0332991

HT1197 WT WT High
J82 Mutant, amino acid position and func-

tional impact not assessed
WT High

253J WT WT High
T24 WT WT High
UMUC3 WT WT, copy number loss Intermediate
RT112 WT WT, copy number loss Intermediate
VmCUB1 WT Mutant, nonsense substitution Intermediate
647V Mutant, nonsense substitution WT Resistant
639V Mutant, nonsense substitution WT Resistant
5637 Mutant, nonsense substitution WT Resistant

Table 4.2: Genetic background of BLCA cell lines and their response to PD-
0332991. WT RB1 cells are sensitive to PD-0332991. Loss of CDKN2A
expression correlates with an intermediate response.
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4.3.3 Combination of PD-0332991 and chemotherapy

The clinical application of PD-0332991 is likely to be in combination with conventional
chemotherapy regimens. Hence, we assessed the combined effect of PD-0332991 and
cisplatin on the viability of representative RT112 cells (Figure 4.21). Individual treat-
ments with 500, 1200 and 2000 nM of PD-0332991 led to a 25%, 50% and 50% re-
duction in the number of viable cells. 1500 nM of cisplatin when used alone produced
a 50% decrease in viability. However, a greater reduction in cell viability between
75-80% was observed after combining this concentration of cisplatin with the vary-
ing doses of PD-0332991. We then applied the Chou-Talalay CI theorem to analyze
these data. According to this theorem, CI values less than 1 indicate a synergistic
mechanism of action , while values equal to or greater than 1 indicate additive or an-
tagonistic effects respectively (Chou, 2010). The combination of cisplatin and varying
concentrations of PD-0332991 corresponded to CI values between 0.59 to 0.68 (table
4.3) indicating a synergistic effect. Additionally all the combinations had DRI values
greater than 1. This signifies that a dose reduction of both drugs is possible when
combined, while maintaining the therapeutic effect obtained from using higher con-
centrations of a single drug. Hence, using this combination also has the potential to
lower concentration associated toxicities.
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Figure 4.21: PD-0332991 and cisplatin are an effective drug combination. RT112
cells were treated with indicated concentrations of PD-0332991 and/or
cisplatin for 72 hours and the effect on cell viability was determined.

4.3.4 Biochemical effects of PD-0332991

In order to understand the biochemical effects of PD-0332991 treatment, we examined
different downstream substrates by immunoblotting (Figure 4.22)1. Increasing concen-
trations of PD-0332991 led to a dose dependent reduction in the phosphorylation of

1Figure 4.22 provided by Ms. Nicole Koshy, Experimental Urology, Klinikum rechts der Isar, TUM.
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PD-0332991 (nM) Cisplatin (nM) CI DRI (PD-0332991) DRI (Cisplatin)

500 1500 0.59 24.55 1.81
1200 1500 0.59 12.18 1.93
2000 1500 0.68 6.69 1.87

Table 4.3: PD-0332991 and cisplatin are synergistic. CI and DRI values were calcu-
lated using the Chou-Talalay CI theorem.

RB at serine 780 in all the RB expressing cell lines. However, this was accompanied by
a parallel reduction in total RB. The reduction in RB expression and phosphorylation
correlated with the concentrations of PD-0332991 that impacted cell viability (figure
4.20). Additionally, all cell lines showed an increase in the expression of cyclin D1
after PD-0332991 treatment. These results demonstrate that CDK 4/6 inhibition in RB
expressing cells leads to a reduction of both phosphorylated and total RB.
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Figure 4.22: PD-0332991 reduces RB expression. Respective cell lines were treated
for 24 hours with indicated concentrations of PD-0332991 and protein
expression was analyzed by immunoblotting.

4.3.5 Effects of CDK 4/6 inhibition on cell cycle progression

E2F target genes such as CCNA2 and CCNE2 are major downstream effectors of RB func-
tion (Giacinti and Giordano, 2006). RB expressing HT1197 and RT112 cells showed

64



4.3 Characterizing CDK 4/6 as a therapeutic target

HT1197
R
e
la
ti
v
e
  m
R
N
A
  e
x
p
r
e
s
s
io
n

PD-­0332991  (nM)

R
e
la
ti
v
e
  m
R
N
A
  e
x
p
r
e
s
s
io
n

PD-­0332991  (nM)

5637

R
e
la
ti
v
e
  m
R
N
A
  e
x
p
r
e
s
s
io
n

R
e
la
ti
v
e
  m
R
N
A
  e
x
p
r
e
s
s
io
n

RT112

647V

PD-­0332991  (nM)

PD-­0332991  (nM)

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

Ctrl 50 500 2000 

CCNA2 
CCNE2 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

Ctrl 50 500 2000 

CCNA2 
CCNE2 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

Ctrl 2000 

CCNA2 
CCNE2 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

Ctrl 2000 

CCNA2 
CCNE2 

Figure 4.23: PD-0332991 reduces the expression of E2F target genes in RB express-
ing cells. Respective cell lines were treated with the indicated concen-
trations of PD-0332991 for 24 hours. Graphs indicate the mean relative
mRNA expression of CCNA2 or CCNE2 in arbitrary units ± S.D normalized
to Actin or GAPDH expression using the comparative CT method.

a down regulation of expression of both CNNA2 and CCNE2 mRNA transcripts to 90-
99% with increasing concentrations of PD-0332991 (Figure 4.23). In the resistant
5637 cells, no such decrease was observed. In 647V cells, no change was observed in
CCNE2 expression and a 34% decrease was observed in CCNA2 expression.

This pattern of CCNA2 and CCNE2 expression after PD-0332991 treatment also cor-
related with the cell cycle progression in these cell lines, which was analyzed by mon-
itoring the incorporation of EdU by flow cytometry (Figure 4.24). In the HT1197 cells
50, 500 and 2000 nM of PD-0332991 treatment led to a 27%, 37% and 51% increase
in the G0/G1 phase of the cell cycle respectively accompanied by a 22%, 27% and 50%
decrease in cells in the S phase. RT112 cells showed a 19%, 127% and 127% increase
in the G0/G1 resting phase and a 25%, 98.5% and 99.8% reduction in the S phase
respectively. Cell cycle progression in the RB negative 5637 and 647V cells remained
unaltered after PD-0332991 treatment. No increase in caspase 3/7 activity, indicative
of apoptosis, was observed in either the RB positive or negative cells (Figure 4.25).
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Figure 4.24: PD-0332991 reduces cell cycle progression of RB expressing cells.
Respective cell lines were treated with indicated concentrations of PD-
0332991 for 24 hours and cell cycle was assessed by EdU incorporation.
* indicates p < 0.05.
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Figure 4.25: PD-0332991 does not influence apoptosis. Respective cell lines were
treated with 2000 nM of PD-0332991 for 24 hours and caspase 3/7 activ-
ity was assessed.

4.3.6 Molecular mechanism of sensitivity to CDK 4/6 inhibition

PD-0332991 has been designed as an ATP-competitive CDK 4/6 inhibitor and should
lead to a dephosphorylation of RB (Fry et al., 2001). The observation that it leads to a
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reduction in total RB in the RB positive cell lines was unexpected and we investigated it
further. We reconstituted RB negative cell lines 647V and 639V with recombinant RB,
whose expression is controlled by a CMV promoter (Figure 4.26 A). When these cells
were treated with PD-0332991 there was a reduction in phosphorylation of this re-
combinant protein. However, the expression of total RB protein remained unchanged.
Despite the observed reduction in phosphorylated RB, both cell lines remained resistant
to PD-0332991 (Figure 4.26 B).
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Figure 4.26: Recombinant RB expression in RB negative cells is not regulated by
PD-0332991. (A) 647V or 639V cells transfected with control (ctrl)
or RcCMV/RB cDNA for 30 hours were treated with 2000 nM of PD-
0332991 for a further 24 hours and protein expression was analyzed by
immunoblotting. ‘+’ indicates present and ‘-’ indicates absent. (B) Trans-
fected cells were treated with 2000 nM of PD-0332991 for a further 72
hours and cell viability was assessed.

PD-0332991 treatment led to different effects on total RB in two experimental se-
tups. While all RB expressing cells showed a reduction in total RB after treatment
(Figure 4.22), this effect was not observed in the reconstituted RB in the RB negative
cells (Figure 4.26 A). These two situations differ in the promoter that controls RB1
gene expression. Unlike the RB positive cells containing the intrinsic RB1 promoter,
reconstituted RB was under the control of an independent CMV promoter. We thus
speculated that the observed effect on total RB in RB positive cells might be depen-
dent on the RB1 gene promoter and the cell intrinsic transcriptional machinery that it
regulates. Indeed, a dose dependent reduction in the mRNA transcript of RB1 was ob-
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Figure 4.27: PD-0332991 regulates the transcription of RB1. (A) Respective cell
lines were treated with indicated concentrations of PD-0332991 for 24
hours and RB1 mRNA expression was analyzed. RT112 cells were treated
with indicated concentrations of LY2835219 for 24 hours and (B) protein
expression was analyzed by immunoblotting or (C) mRNA expression of
RB1 was determined. Graphs indicate the mean relative RB1 mRNA ex-
pression in arbitrary units± S.D normalized to Actin or GAPDH expression
using the comparative CT method.

served in both the HT1197 and RT112 cells after PD-0332991 treatment (Figure 4.27
A). We additionally treated RT112 cells with LY2835219, another CDK 4/6 inhibitor
(Gelbert et al., 2014). LY2835219 also led to a parallel reduction in phosphorylated
and total RB protein in the RT112 cells (Figure 4.27 B). This corresponded with a re-
duction in the mRNA transcript of RB1 in these cells (Figure 4.27 C), suggesting that
CDK 4/6 inhibition via different inhibitors leads to a negative regulation of RB1 mRNA
expression.
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4.3.7 CDK 4/6 inhibition in a three-dimensional xenograft model

Finally, we wanted to extrapolate our data to the three-dimensional xenograft CAM
model. HT1197 and 639V cells were seeded on the developing CAM as representa-
tives of RB positive and negative cells respectively. When treated with PD-0332991,
the HT1197 cells showed a 60% reduction in tumor weight (Figure 4.28 A). This was
accompanied by a 65% decrease in the expression of Ki-67 (Figure 4.28 B and C), in-
dicating a reduction in proliferation. 639V cells did not respond to PD-0332991 treat-
ment as indicated by no significant changes in either tumor weight or Ki-67 expression
(Figure 4.28 A, B and D). Hence, similar to our in vitro results, RB positive cells were
sensitive to PD-0332991 in a three-dimensional xenograft model.
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Figure 4.28: Three-dimensional RB expressing xenografts are sensitive to PD-
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dicates p < 0.05. Results are representative of at least two independent
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In this thesis, we have assessed the potential of targeting relevant signal transduction
pathways as a treatment strategy in BLCA. Specifically, we have characterized AKT and
CDK 4/6 as novel targets. We have also determined potential stratifying biomarkers
that can predict treatment response.

5.1 Assessment of cell viability

A number of cell viability assays are available to enable high throughput drug screening.
We have shown here that the Celltiter-blue cell viability assay can act as a surrogate
for counting the number of living cells, only when cells are cultured in a sub-confluent
condition. Ignoring this effect can lead to greatly underestimating the effect of an
inhibitor. This assay is based on the principle that only viable cells can reduce resazurin
to a fluorescent product resorufin (Riss et al., 2004). Hence, it is actually a measure
of the reducing potential and metabolic capacity of cells. We can speculate that at
higher cell densities, contact inhibition negatively affects cell metabolism, which results
in a decreased production of the fluorescent product. It was recently demonstrated
that the results of two independent studies that investigated the pharmacogenomics
of drug sensitivity using high throughput inhibitor screening , had different results for
several small molecule inhibitors. Rather than discrepancies in genetic data, this was
mainly attributed to differences in the results of cell viability assays (Haibe-Kains et
al., 2013). It is thus imperative that a particular viability assay is directly compared
with the number of living cells as a readout, with proper optimization of the assay
conditions.

5.2 Characterizing AKT as a target for therapy

The frequent alterations in the PI3K signaling pathway provide a rationale for its ther-
apeutic targeting in BLCA. Previous data from our group has indicated that using ei-
ther PI3K/mTOR or mTOR inhibitors leads to AKT rephosphorylation (Nawroth et al.,
2011). Hence, we characterized the potential of directly targeting AKT in BLCA.

5.2.1 Relative contribution of AKT isoforms

It has been demonstrated before that AKT isoforms display functional non-redundancy,
depending on the cellular context. In prostate cancer cells, inhibiting AKT1 and AKT2
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with specific small molecule inhibitors resulted in an induction of apoptosis, while
AKT3 inhibition had no such effect (DeFeo-Jones et al., 2005). In glioma cell lines,
siRNA mediated silencing of AKT2 and AKT3 resulted in a decrease in cell growth and
an increase in apoptosis (Mure et al., 2010). shRNA mediated selective silencing of
all the three isoforms in PTEN deficient prostate cancer or glioma cells resulted in the
highest inhibition of cell growth (Degtyarev et al.,2008). Only AKT2 was responsible
for regulation of cell migration in ovarian and breast cell line xenografts (Arboleda
et al., 2003). Similar results for AKT2 mediated control of cell migration were ob-
tained in three-dimensional models of breast cancer (Irie et al., 2005). Moreover, in
this model system AKT1 silencing led to an increase in cell migration and acquisition of
EMT features. Our data demonstrate that in BLCA, the AKT isoforms contribute hetero-
geneously to AKT phosphorylation and cell viability. The greatest effect in the reduction
of cell viability was observed when silencing all three isoforms. Hence, AKT inhibitors
that target all three isoforms are likely to have the most benefit for BLCA treatment.
While amplifications were observed in all three isoforms in the TCGA cohort, 3% of
tumors also showed deletions in AKT1. It has been previously demonstrated in mouse
models of lung and breast cancer that AKT1 deletions prevent or delay tumor initiation
(Hollander et al., 2011, Watson and Moorehead, 2013). Thus, it is possible that the
deletions in AKT1 reflect its role during the pathogenesis of these tumors.

5.2.2 Effects of MK-2206 on mTORC1 signaling

For characterization of AKT as a molecular target in BLCA therapy, we used the inhibitor
MK-2206. When analyzing biochemical effects on downstream targets, treatment re-
sulted in the dephosphorylation of S6K1 that correlated with the decrease in AKT phos-
phorylation, in all of the BLCA cell lines that we examined. This effect was also ob-
served in the RT4 cells although no phosphorylated AKT could be detected in these
cells with immunoblotting. This potentially indicates that they contain low levels of
phosphorylated AKT that cannot be detected by immunoblotting, or that MK-2206 can
directly affect S6K1 phosphorylation. No effect on different phosphorylation residues
in 4E-BP1 was observed with MK-2206 treatment in any of the cell lines, demonstrat-
ing that the regulation of 4E-BP1 is independent of AKT. This extends previous data
where the silencing of all three AKT isoforms in the RT112 and T24 cells led to a de-
crease in only S6K1 but not in 4E-BP1 phosphorylation (Nawroth et al., 2011). In this
publication, it was also demonstrated that inhibiting mTOR alone had a similar effect,
where only S6K1 phosphorylation was regulated, with no effect on 4E-BP1. However,
dual inhibition of PI3K and mTOR using a small molecule inhibitor was able to de-
phosphorylate both S6K1 and 4E-BP1. Based on our data, the current model of 4E-BP1
regulation in BLCA supports a mechanism in which mTORC1 is a direct downstream
target of AKT but regulates only S6K1 and not 4E-BP1. Our results now extend previ-
ous findings that the PI3K mediated regulation of 4E-BP1 occurs independently from
AKT. Since 4E-BP1 is a major modulator of BLCA proliferation (Nawroth et al., 2011),
further experiments are necessary to clarify its regulation.
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5.2.3 Mutant PIK3CA is a stratifying and predictive biomarker for
AKT inhibition

MK-2206 effectively reduced the viability of only PIK3CA mutant cell lines. This corre-
lation was also described independently by another group (Iyer et al., 2013). We have
extended this data by extensively characterizing the downstream functional effects and
molecular mechanism. Importantly, we have directly manipulated the PIK3CA gene us-
ing two different strategies to confirm its role in conferring sensitivity to MK-2206.
Additionally, we have also described a novel molecular mechanism responsible for this
sensitivity. According to our results, in the presence of an HD mutant PIK3CA , AKT
inhibition results in an increase in DUSP1 expression that leads to ERK 1/2 dephos-
phorylation and sensitivity to inhibition via an induction of apoptosis. The opposite
response is seen in cells with WT PIK3CA and these cells remain resistant to inhibition
(Figure 5.1).
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Figure 5.1: Mutant PIK3CA predicts response to MK-2206. Inhibition of AKT in the
presence of hotspot HD mutations in PIK3CA results in upregulation of
DUSP1 expression leading to reduction in ERK 1/2 phosphorylation and
sensitivity to MK-2206.

A modest reduction in cell cycle progression was observed in our cells after MK-
2206 treatment as described previously in breast cancer and leukemia (Sangai et al.,
2012, Simioni et al., 2012, She et al., 2008). However, the response to MK-2206 in
the presence of mutant PIK3CA was mediated via an induction of apoptosis. PIK3CA
mutations have correlated with the response to MK-2006 in thyroid and breast cancer
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(Liu et al., 2011, Sangai et al., 2012). However in both cases sensitivity also correlated
with the loss of PTEN expression, as well as RAS mutations in thyroid cancer. In non-
small cell lung cancer, no correlations were found between the response to MK-2206
and alterations in PIK3CA, PTEN or RAS (Meng et al., 2010). These data indicate
that the molecular determinants of response to inhibitors differ between various tumor
entities. In our study alterations in PTEN and RAS had no influence on sensitivity to
MK-2206. Our data indicates that in BLCA response to MK-2206 is solely dependent
on specific mutations in PIK3CA.

Another report has previously examined AKT inhibition in BLCA (Dickstein et al.,
2012). This study used AZ7328, an ATP-competitive AKT inhibitor. Although there
was a tendency between the presence of PIK3CA mutations and sensitivity to AZ7328,
no robust association was present. Additionally, no apoptosis could be detected in sen-
sitive cell lines. To our knowledge, no literature is available regarding the specificity of
AZ7328. Being an ATP-competitive AKT inhibitor, it also led to hyperphosphorylation of
AKT in all cell lines tested (Okuzumi et al., 2009). Further, apoptosis was determined
by PI staining that is indicative of DNA fragmentation occurring in the late phase of
apoptosis. However, this fragmentation might also be seen in cells undergoing necro-
sis, differentiation or alterations in chromatin structure (Riccardi and Nicoletti, 2006).
The direct association between PIK3CA mutations and sensitivity to MK-2206 that we
observed can possibly be explained by the difference in the mechanism of action of the
two inhibitors and their specificity.

Unlike other cancers which possess mutations predominantly in the KD of PIK3CA,
about 75% of PIK3CA mutations in BLCA occur in the HD. It has been demonstrated
that HD or KD mutants confer gain of function by different mechanisms. With HD
mutations, PIK3CA function is independent of interaction with the p85 sub-unit, but
requires RAS-GTP. The opposite occurs with KD mutants that are dependent on p85
but independent from RAS activation (Zhao and Vogt, 2008). In BLCA, HD mutations
led to more proliferation under conditions of nutrient depletion as compared to KD
mutations. HD mutant cells were also more resistant to anoikis (Ross et al., 2013a).
This may confer a selection advantage that explains their higher frequency in BLCA.
Rare mutants in BLCA were found to lead to a lesser degree of AKT activation and
did not confer sensitivity to MK-2206. According to our data, the presence of hotspot
HD PIK3CA mutations can serve as a stratifying biomarker for MK-2206 treatment and
also predict treatment response. 20 to 25% of muscle invasive BLCA patients stand to
benefit from this novel therapeutic strategy.

5.2.4 Cross talk between PI3K and MAPK signaling

The PI3K and MAPK pathways operate in response to similar external stimuli and reg-
ulate processes such as cell growth, proliferation and apoptosis. They also have molec-
ular cross-talk at multiple levels. An increase in RAF-1 phosphorylation at serine 338
was observed in all representative cell lines treated with MK-2206. This indicates an
activation of the RAS/RAF/MEK/ERK signaling pathway. The feedback activation of
various RTKs after AKT inhibition that has been described previously might explain
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this observation (Cen et al., 2013, Chandarlapaty et al., 2011). We did not observe
any effect at the RAF-1 serine 259 site, which has been shown to be negatively regu-
lated by AKT in some model systems (Zimmermann, 1999). The increase in ERK 1/2
phosphorylation in the presence of mutant PIK3CA and a decrease in the presence of
the WT PIK3CA, confirms a recent report that demonstrated direct activation of RAS
via PI3K (Will et al., 2014). We have described the down regulation of ERK 1/2 phos-
phorylation, that is mediated via DUSP1 in the presence of a mutant PIK3CA, as a novel
biochemical signature of response to AKT inhibition. This response was mediated by
an increase in apoptosis. In keeping with these findings, it was recently shown that the
reduction in ERK phosphorylation after PI3K inhibition is necessary to promote apop-
tosis in cells (Will et al., 2014). DUSP1 is expressed at higher levels in early stages
of BLCA (Loda et al., 1996). DUSP mediated reduction in ERK phosphorylation was
also demonstrated to be responsible for the tumor suppressor role of Notch in a BLCA
mouse model, confirming its importance in the regulation of cell proliferation (Rampias
et al., 2014). The mechanism by which AKT inhibition controls DUSP1 expression in
the presence of mutant PIK3CA remains to be examined. We have confirmed that it
does not depend on CREB mediated transcriptional control. The regulation of DUSP1
expression might be the result of multiple downstream signaling events in the PI3K and
MAPK pathways that are initiated by the PIK3CA mutation. Conversely, it could also be
related to physical properties of the mutation.

5.3 CDK 4/6 inhibition in BLCA

Frequent alterations in cell cycle regulation in BLCA indicate its importance in tumori-
genesis. CDK 4/6 is a target within this regulatory mechanism that has been success-
fully investigated in several tumor entities. We have examined the utility of CDK 4/6
as a target for BLCA treatment. We have demonstrated the first pre-clinical evidence
that CDK 4/6 inhibition is an effective therapeutic strategy in RB positive BLCA and
that it acts by reducing RB1 transcription. RB expression can be used as a stratify-
ing biomarker for the clinical application of PD-0332991 and up to 75-80% of BLCA
patients stand to benefit from it.

5.3.1 RB expression is a stratifying biomarker for CDK 4/6
inhibition

Correlation between selected biomarker expression and sensitivity to PD-0332991 has
been previously examined in several preclinical cancer models including glioblastoma,
melanoma, breast, ovarian and renal cell cancer (Young et al., 2014, Cen et al., 2012,
Konecny et al., 2011, Finn et al., 2009, Dean et al., 2010, Logan et al., 2013, Wiede-
meyer et al., 2010, Rivadeneira et al., 2010). Similar to our results in BLCA, these
studies have also shown that PD-0332991 is effective only in RB expressing cells and
results in a reduction in cell viability and cell cycle progression. We have also shown
a correlation between the reduction in cell cycle progression and a down regulation of
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E2F target genes. No increase in apoptotic activity was observed in the cell lines that
we examined, indicating that PD-0332991 has a cytostatic mechanism of action.

The loss of CDKN2A expression was associated with an increase in sensitivity to PD-
0332991 in melanoma, glioblastoma, rhabdoid, ovarian and renal cell cancer (Young et
al., 2014, Cen et al., 2012, Konecny et al., 2011, Finn et al., 2009, Logan et al., 2013,
Wiedemeyer et al., 2010, Katsumi et al., 2011). This sensitivity pattern is contrary
to our observations in BLCA where the loss of CDKN2A was associated with an inter-
mediate response requiring higher IC50s. However, at these higher does, these cells
responded with a greater reduction in E2F downstream targets and cell cycle progres-
sion as compared to cells that express CDKN2A. Since CDKN2A loss is a frequent event
in muscle invasive BLCA occurring in 40% patients, this association warrants further
investigation including by direct genetic manipulation of CDKN2A. It would also be in-
teresting to test the effect of CDK 2 inhibitors in these cells since one can hypothesize
that they are more reliant on the cyclin E/CDK 2 axis in the absence of CDKN2A.

5.3.2 PD-0332991 and cisplatin are a rational drug combination

PD-0332991 is being examined in over 60 clinical trials against different cancers, mostly
as single agent chemotherapy (www.clinicaltrials.gov). It was successful in combina-
tion with hormone therapy in ER positive breast cancer in the PALOMA-1 clinical trial.
In this trial, the combination of PD-0332991 with letrozole, an aromatase inhibitor,
significantly improved the progression free survival (PFS) to 20.2 months as compared
to 10.2 months with letrozole alone (Finn et al., 2015). Since chemotherapeutic agents
act in different cell cycle phases, the combination of PD-0332991 with chemotherapy
can have synergistic, additive or antagonistic effects. We have shown that PD-0332991
is synergistic in combination with cisplatin. Cells that are blocked in the G1 phase have
previously been demonstrated to be more sensitive to cisplatin induced DNA damage
mediated cytotoxicity (Shah and Schwartz, 2001). We can speculate that the PD-
0332991 mediated G0/G1 accumulation of cells sensitizes them to cisplatin. This is
relevant as cisplatin based chemotherapy is the standard of care in the treatment of
BLCA. The synergistic combination of PD-0332991 and cisplatin thus has the potential
to improve therapeutic efficacy. Moreover, a DRI more than 1 obtained for both the
drugs indicates that their doses can be lowered in combination as compared to single
agents, while maintaining the anti-tumor effect. Hence, this combination also has the
potential to lower the dose dependent toxicities of both the drugs.

5.3.3 CDK 4/6 inhibition reduces RB1 transcription

Treatment with PD-0332991 led to a parallel reduction in phosphorylated and total RB
in all the cell lines that we examined. This observation has also been made previously
in most studies with PD-0332991 both in vitro and in vivo, with few exceptions (Fry et
al., 2001, Konecny et al., 2011, Dean et al., 2010, Fry et al., 2004, Marzec et al., 2006).
However, it has not been elucidated in further detail and interpreted as a reduction in
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phosphorylated RB due to inhibition of the kinase activity of CDK 4/6. We have demon-
strated here a novel mechanism where CDK 4/6 inhibition leads to a reduction in total
RB protein via a reduction in the RB1 transcript. We have also confirmed these results
using another CDK 4/6 inhibitor LY2835219. Previous data has also demonstrated a
reduction in RB total protein after silencing CDK4 or CDK6 expression using shRNAs
(Li et al., 2014). Hence, the reduction in total RB expression might be a universal
downstream effect of CDK 4/6 inhibition using different methods. Since this reduction
in RB was not observed in recombinant RB under the control of an independent CMV
promoter, it is likely to be RB1-promoter dependent. Recombinant RB also failed to
sensitize RB negative cells to PD- 0332991 despite the reduction in its phosphorylated
form, indicating that the decrease in total RB expression might be required for the re-
sponse to PD-0332991. The mechanism by which CDK 4/6 inhibition acts on the RB1
promoter remains to be examined in further detail. One potential mechanism can be
via the auto-regulation of the promoter resulting from dephosphorylation of the RB
family members after CDK 4/6 inhibition (Burkhart et al., 2010). CDK 4/6 could also
be influencing the promoter via epigenetic mechanisms. Although our results using
an experimental strategy to reconstitute RB negative cells suggests that the promoter
mediated reduction in the RB1 transcript is the sole mechanism involved in regulating
total RB levels, it should be noted that only a 50% reduction in the RB1 transcript was
observed in RB positive cells. This does not correlate completely with the almost to-
tal loss of protein expression. Hence, we cannot rule out that additional mechanisms
such as protein degradation might regulate the CDK 4/6 mediated inhibition of RB
expression in RB positive cells.

5.4 Outlook

The first part of this work has examined the outcomes of AKT inhibition in BLCA in
detail. Similarly designed studies with different inhibitors against the key molecules in
the PI3K pathway should provide insights into the ideal strategy for its inhibition as well
as the molecular determinants of treatment response. The effect of these inhibitors on
4E-BP1 is a potentially crucial determinant of their efficacy and needs further investi-
gation. Specifically, various PI3K inhibitors and genetic manipulation strategies against
PI3K can be examined alone and in combination with mTOR inhibition. We have de-
scribed an association between the presence of mutant PI3KCA and regulation of DUSP1
expression. Additional studies into the mechanism underlying this phenomenon can
also expand our knowledge of this signaling cascade. Our data indicates that the MAPK
signaling pathway contributes to the development of resistance to PI3K pathway inhi-
bition. Understanding of this cross talk in greater detail might generate novel therapy
designs.

Our results using CDK 4/6 inhibitors demonstrate that these agents negatively regu-
late RB1 transcription. The mechanism underlying this effect should be investigated to
further improve our understanding of RB biology. The association between the loss of
CDKN2A expression and treatment response also deserves further study. Since this is
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a frequent molecular alteration in BLCA, these results will not only provide better in-
sights into developing biomarkers for the clinic, but will also provide information about
signaling in the RB network. It is also worth examining if these tumors might rely on
CDK2 for the regulation of RB and cell cycle progression, in the absence of CDKN2A.
In this scenario, CDK2 inhibitors might represent an interesting therapeutic modality
for them. Recently, CDK 4/6 inhibitors were demonstrated to overcome resistance to
PI3K inhibition in PIK3CA mutant breast cancer (Vora et al., 2014). This study opens
up an interesting avenue for further research, where combined inhibition of PI3K and
RB signaling can be analyzed as a treatment strategy in BLCA.

Despite its common occurrence, BLCA research has been under-funded and neglected
compared to high profile cancers like breast and prostate cancer. Unlike many epithelial
cancers, the patient prognosis and treatment options have remained largely unchanged
for over 30 years (DeGraff et al., 2013). The recent advances in the understanding of
the molecular biology of BLCA have the potential to change this dismal situation. These
are exciting times for translational research into BCLA signaling that can enable the
development of effective personalized medicine strategies. Modeling the recently de-
scribed molecular sub-types of BLCA and examining their influence on target therapies
can be a potential next step. Epigenetic alterations have been described as a frequent
event in BLCA and deserve further investigation. The combination of target therapy
with established chemotherapy, as well as with emerging promising strategies like im-
munotherapy or virotherapy offers hope to improving treatment success in BLCA.
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The prognosis of muscle invasive and metastatic BLCA has remained largely unchanged
in over 25 years. Therapeutic targeting of signal transduction pathways in BLCA offers
a novel treatment opportunity. However, given the molecular heterogeneity in BLCA,
the challenge is not only to identify suitable targets for treatment but also to define
biomarkers that can predict treatment response. The PI3K pathway and cell cycle reg-
ulation are altered in 72% and 93% of BLCA respectively providing a strong rationale
for their therapeutic targeting. In this work, we have investigated the potential of AKT
and CDK 4/6 as targets for BLCA treatment and identified the molecular determinants
of treatment response.

We have demonstrated in this project that AKT inhibition was most effective in BLCA
when inhibiting all three AKT isoforms via siRNA mediated knockdown of AKT. MK-
2206, an allosteric pan-AKT inhibitor, fulfills these requirements. When characterizing
MK-2206 mediated effects in signaling events within the PI3K pathway, inhibition of
only S6K1 phosphorylation but not 4E-BP1 phosphorylation was observed. Thus we
extended results from our group that the AKT-mTORC1 axis within the PI3K signaling
pathway does not regulate 4E-BP1 activity in BLCA or does so only in combination with
PI3K. When analyzing cell growth, MK-2206 was effective in only a subset of cell lines
that possess hotspot helical domain (HD) mutations in PIK3CA (encoding for the p110α
subunit of PI3K) by inducing apoptosis. An increase in DUSP1 expression that led to a
reduction in ERK 1/2 phosphorylation was a biochemical signature of reponse in these
cells. The causative role of mutant PIK3CA in conferring sensitivity was established by
direct genetic manipulation strategies involving recombinant protein overexpression
or gene silencing. A three-dimensional chicken chorioallantoic membrane xenograft
model was used to extrapolate the in vitro results.

In this thesis, we also analyzed the potential role of CDK 4/6 as a molecular target for
therapy in BLCA. Treatment of different cell lines with the inhibitor PD-0332991 was
effective only in cell lines expressing RB. CDKN2A loss correlated with intermediate
sensitivity to the inhibitor. In sensitive cells, PD-0332991 treatment led to a reduction
in the E2F target genes and an accumulation in the G0/G1 phase with a reduction in the
S phase, with no increase in apoptosis. A combination of PD-0332991 with cisplatin
showed a synergistic effect on cell proliferation. Biochemically, CDK 4/6 inhibition
using PD-0332991 or LY2835219 led to a parallel inhibition in both phosphorylated
and total RB. This reduction in total RB occurred via a promoter dependent regulation
of RB1 transcription and was necessary for the response to treatment. RB dependent
response to CDK 4/6 inhibition was also demonstrated in a three-dimensional chicken
chorioallantoic membrane xenograft model.

Overall, we have provided evidence for the efficacy of two novel treatment strategies
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6 Summary

in BLCA and examined the molecular mechanisms underlying this response. Our results
show that the presence of PIK3CA mutations, found in 20-25% muscle invasive BLCA
patients, can be used as a predictive biomarker for the response to AKT inhibition. Up
to 75% of RB expressing BLCA patients stand to benefit from CDK 4/6 inhibition. In
this way, therapeutic targeting of signal transduction pathways can tailor a personal-
ized medicine strategy in muscle invasive and metastatic BLCA and potentially improve
patient prognosis.
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7 Zusammenfassung

Die Prognose für das muskelinvasive und metastasierte Blasenkarzinom hat sich in den
vergangenen 25 Jahren nicht wesentlich verändert. Eine neue Behandlungsmöglichkeit
stellt die direkte Inhibierung von Siganltransduktionswegen dar. Aufgrund der mole-
kularen Heterogenität des Blasenkarzinoms stellt die Identifizierung von prädiktiven
Biomarkern und geeigneten Molekülen für die Behandlung eine große Herausforde-
rung dar. Der PI3K Signalweg und die Zellzyklus-Regulation sind in 72%, bzw. 93% der
Blasenkarzinome verändert und stellen somit potentielle Möglichkeiten für ein thera-
peutisches Eingreifen dar. In dieser Arbeit haben wir daher das Potential von AKT und
CDK 4/6 als therapeutische Zielmoleküle untersucht und molekulare Determinanten
für eine Therapieantwort identifiziert.

Für AKT konnte in dieser Arbeit mittels spezifischer siRNAs gezeigt werden, dass al-
le drei Isoformen inhibiert werden müssen, um eine möglichst gute Therapieantwort
zu erhalten. Der Inhibitor MK-2206, ein allosterischer pan-AKT Inhibitor, erfüllt die-
ses Kriterium. Eine Behandlung mit MK-2206 führt innerhalb des PI3K Signalweges zu
einer Inhibition der Phosphorylierung von S6K1, jedoch nicht 4E-BP1. Damit konnten
publizierte Daten unserer Gruppe erweitert werden die zeigen, dass die AKT-mTORC1
Achse des PI3K Signalweges nicht, oder nur in Kombination mit PI3K, die Aktivität von
4E-BP1 reguliert. Die Behandlung mit MK-2206 führte nur in den Zelllinien, die eine
Mutation in der helikale Domäne des PIK3CA Gens (das für die p110α Untereinheit
von PI3K kodiert) haben, zu einer Verringerung der Proliferation durch Induktion von
Apoptose . In diesen Zellen wurde durch MK-2206 die Expression von DUSP1 erhöht,
was zu einer Reduktion der Phosphorylierung von ERK 1/2 führte. Der kausale Zusam-
menhang dieser biochemischen Signatur mit dem funktionalen Ansprechen wurde mit
verschiedenen molekularbiologischen Strategien bestätigt. Dabei wurden Zellen mit
dem Wildtyp oder dem mutierten PIK3CA Gen transfiziert, bzw. mittels siRNA basier-
ten Methoden die endogene Expression des PIK3CA Gens unterdrückt. Diese Ergebnisse
wurden in einem 3-Dimensionalen Xenograft-Model auf der Chorioallantois Membran
(CAM) des Hühnerembryos bestätigt.

Des Weiteren wurde in dieser Arbeit die potentielle Rolle von CDK 4/6 als moleku-
lares Ziel einer Therapie des Blasenkarzinoms untersucht. Die Behandlung verschie-
dener Zelllinien mit dem CDK 4/6 Inhibitor PD-0332991 führte dabei nur in RB ex-
primierenden Zellen zu einer Reaktion . Der Verlust von CDKN2A korrelierte mit einer
reduzierten Sensitivität gegenüber diesem Inhibitor. In den RB positiven Zellen führte
die Behandlung mit PD-0332991 zu einer Reduktion von E2F Target-Genen und ei-
ner Akkumulation der Zellen in der G0/G1 Phase des Zellzyklus. Gleichzeitig konnte
eine verringerte Progression in die S-Phase, jedoch keine erhöhte Apoptose nachgewie-
sen werden. Die Kombination von PD-0332991 mit Cisplatin zeigte eine synergistische
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Wirkung auf das Wachstum der Zellen. Biochemisch führte die Inhibition von CDK 4/6
durch die Behandlung der Inhibitoren PD-0332991 oder LY2835219 zu einer Reduk-
tion von phosphoryliertem und RB-Gesamtproteingehalt . Die verminderte Expression
des RB Proteins wird auf transkriptioneller Ebene über den RB-Promotor reguliert und
scheint für eine Therapieantwort von zentraler Bedeutung zu sein. Das RB abhängi-
ge Therapieansprechen auf CDK 4/6 Inhibitoren wurde ebenfalls am 3-dimensionalen
Tumor-Xenograft Model der CAM des Hühnerembryos bestätigt.

Zusammenfassend konnten in dieser Arbeit zwei neue Behandlungsstrategien für
das Blasenkarzinom identifiziert werden. Dabei wurden molekulare Mechanismen un-
tersucht, die zu der Identifikation prädiktiver Marker führten. Diese Ergebnisse zei-
gen, dass Mutationen in dem PIK3CA Gen, die in etwa 20-25% der muskelinvasiven
Blasenkarzinome vorliegen, als prädiktive Marker für die Therapieantwort einer AKT
Inhibition genutzt werden können. In etwa 75-80% der Patienten mit einem muskelin-
vasiven Blasenkarzinom wird RB im Tumorgewebe exprimiert womit diese Patienten
von einer CDK 4/6 inhibierenden Therapie profitieren sollten. Auf diese Art und Wei-
se können personalisierte Behandlungsstrategien für muskelinvasive und metastasie-
rende Blasentumore durch zielgerichtete Inhibierung von Signaltransduktionswegen
angepasst werden und möglicherweise Patientenprognosen verbessert werden.
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