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ABSTRACT

INVESTIGATION OF RESISTANCE MECHANISMS IN RESPONSE TO
PIK3CA INHIBITION IN BREAST CANCER
İbrahim Oğuzhan Tarman
M.S. in Molecular Biology and Genetics
Advisor: Onur Çizmecioğlu
Co-advisor: Özgür Şahin

December 2020

Breast cancer is the most frequently diagnosed cancer type, accounting for 25% of
total cancer cases. PI3K pathway is the most deregulated pathway in breast cancer.
Therefore, many inhibitors have been developed for druggable pathway constituents.
PIK3CA, which codes for p110α catalytic domain of PI3K, is often found to be
mutated in breast cancer patients, resulting in overactivation of PI3K signaling. Recent
FDA approval of Alpelisib (BYL719), a p110α-specific small molecule inhibitor, has
proven to be effective in hormone receptor positive advanced or metastatic breast
cancer patients with activating PIK3CA mutations. Despite its superior efficacy
compared to pan-PI3K inhibitors, therapy resistance is still the major problem. AKT
has been viewed as the main kinase that relays oncogenic PI3K signal further
downstream. Recent studies have revealed readily known kinases that function
independent of AKT to be involved in PIK3CA resistance in a PI3K-dependent
manner. In this study, we aimed to identify novel molecular targets within the PI3K
pathway, but signal in an AKT-independent manner that can confer resistance to
PIK3CA inhibition. Our bioinformatical analyses identified STK10 as a potential
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candidate. STK10 knockdown was able to sensitize breast cancer cells to BYL-719
and induce cell growth in untransformed cell. Moreover, we developed BYL-719
resistant Luminal A subtype breast cancer cell lines to further study additional
mechanisms of resistance. Our resistant cell line models had sustained AKT, S6 and
4EBP1 phosphorylation compared to wild-type counterparts under BYL-719
inhibition. Future transcriptomic and proteomic analyses to be performed on these cell
lines will provide new insights on BYL-719 resistance mechanisms and help identify
novel molecular targets for new therapeutic approaches in combatting BYL-719
resistance in patients.

Keywords: Breast cancer, PIK3CA, alpelisib, BYL-719, drug resistance
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ÖZET

MEME KANSERİNDE PIK3CA İNHİBİSYONUNA KARŞI DİRENÇ
MEKANİZMALARININ İNCELENMESİ
İbrahim Oğuzhan Tarman
Moleküler Biyoloji ve Genetik, Yüksek Lisans
Tez Danışmanı: Onur Çizmecioğlu
İkinci Tez Danışmanı: Özgür Şahin
Aralık 2020

Meme kanseri en çok tanı koyulan kanser türüdür ve toplam tanıların %25’ini
oluşturmaktadır. PI3K yolağı meme kanserinde en çok değişime uğrayan yolaktır. Bu
nedenle, PI3K yolağının hedeflenebilir üyelerine karşı pek çok inhibitor
geliştirilmiştir. p110α katalitik alt birimini kodlayan PIK3CA geni meme kanseri
hastalarında yüksek sıklıkla mutasyona uğrar, bu da yüksek PI3K yolak etkinliğine
neden olur. Amerikan FDA kuruluşunun PIK3CA mutasyonu olan ileri düzey veya
metastatik hormon reseptörü pozitif meme kanseri hastalarında kullanımına onay
verdiği p110α spesifik küçük molekül inhibitörü Alpelisib (BYL-719) oldukça etkili
sonuçlar vermiştir. Alpelisib, Tüm PI3K izoformlarını hedefleyen inhibitörlerden
daha üstün olmasına karşın, terapi direnci halen büyük bir sorun teşkil etmektedir.
PI3K yolağı elemanlarından AKT, onkojen PI3K sinyalinin iletilmesinden sorumlu
ana kinaz olarak görülmektedir. Ancak, yakın zamanlı çalışmalar PI3K yolağında yer
alan birtakım kinazların da AKT’den bağımsız şekilde sinyal iletimi yaparak PIK3CA
inhibisyonuna karşı gelişen dirençte rolü olduğunu göstermiştir. Bu çalışmada da
benzer şekilde PI3K yolağında yer alıp AKT’den bağımsız şekilde sinyal iletimi

iv

yaparak PIK3CA direncinde rol alan yeni moleküler hedefleri bulmayı amaçladık.
Biyoinformatik analizlerimiz STK10’u bu kriterlere uyan potansiyel bir aday olarak
belirlemiştir. STK10 ifadesinin siRNA yoluyla düşürülmesi meme kanseri hücrelerini
BYL-719 tedavisine hassas hale getirmiştir ve transforme olmamış hücrelerde
büyüme hızına pozitif katkı sağlamıştır. Buna ek olarak sonradan kazanılmış BYL719 direncine sahip Luminal A alt tipine sahip meme kanseri hücre hatları geliştirdik.
Dirençli modellerimizde AKT, S6 ve 4EBP1 fosforilasyon düzeyleri yabanıl tip
hücrelere oranla BYL-719 etkisi altında daha yüksek oranda korunmaktadır. Dirençli
hatlarımızda gerçekleştirilebilinecek olan transkriptomik ve proteomik analizler yeni
BYL-719 direnç mekanizmalarına ışık tutabilir, yeni moleküler hedeflerin
belirlenmesinde ve bu sayede BYL-719 direncine karşı yeni tedavi opsiyonlarının
geliştirilmesinde yardımcı olabilir.

Anahtar Kelimeler: Meme kanseri, PIK3CA, alpelisib, BYL-719, ilaç direnci
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CHAPTER 1
INTRODUCTION

1.1

Breast Cancer

Breast cancer (BC) is the most frequently diagnosed cancer type in women worldwide,
accounting for roughly 25% of total cancer cases. It is also the leading cause of death
among women in most regions of Europe, Middle East, Asia, South America, and
North Africa [1]. In 2020, breast cancer is estimated to account for 30% of all new
cancer diagnoses among women in the United States. Mortality-wise, unlike
worldwide trend, breast cancer is estimated to be ranked second in the US, accounting
for 15% of all cancer related deaths following lung cancer (Figure 1.1) [2].

Figure 1.1. An illustration showing estimated new cancer cases and deaths by sex
in the United States for the year 2020 [2]. (See Appendix for copyright permission.)
1

1.1.1

Molecular Characterization of Breast Cancer Subtypes

Early work established by Sørlie and colleagues [3,4] utilized cDNA microarrays to
classify breast carcinomas into at least four different subsets. In addition to subtype
characterization based on cDNA microarrays, pathologists have been using several
molecular markers such as estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER2) and Ki67 proliferative marker staining to
identify molecular subtypes. Molecular marker based characterization is more
accessible therefore used frequently in the clinic, however both methods show good
concordance with each other [5–7]. Accordingly, following table (Table 1.1) shows
breast cancer subtype definitions based on molecular pathology markers [5,7].

Luminal A and Luminal B subtype breast cancers are both hormone receptor positive.
Luminal A breast cancer subtype lacks any detectable levels of HER2, whereas
Luminal B subtype breast cancers have amplified/over-expressed HER2 levels. Main
systemic therapy strategy for hormone receptor positive breast cancer is to target
estrogen and estrogen receptor function in these tumors. Therefore, selective estrogen
receptor modulators (SERMs) such as tamoxifen, aromatase inhibitors (AI) such as
anastrozole and letrozole and selective estrogen receptor down regulators (SERDs)
such as fulvestrant are used [8]. In the last decade, CDK4/6 inhibitors and PI3K
inhibitors have also been used in endocrine resistant ER+ patients [9]. HER2-positive
breast cancer is characterized as being hormone receptor negative and HER2
overexpressed or amplified. Main strategy for treatment is to target HER2 receptor
using inhibitors such as trastuzumab, lapatinib, pertuzumab, and antibody-drug
conjugate (ADC), trastuzumab emtansine (T-DM1). Combination of HER2 inhibitors
and chemotherapy has shown to be efficacious in HER2+ breast cancer patients [10].
2

Triple negative (basal-like) subtype breast cancer lacks any targetable receptors,
therefore mainstay therapy for treatment of TNBC is chemotherapy. Given lack of
DNA damage repair in triple negative tumors, DNA-crosslinking agents provide a
critical platform for possible future drugs [8,11,12]. Importantly, the first
immunotherapy (anti PD-L1) and an ADC (Sacituzumab Govitecan) have been FDAapproved for the treatment of aggressive TNBCs recently [13].

Table 1.1. Breast cancer subtype definitions [5,7].
Intrinsic Subtype Pathologic definition

1.2

Luminal A

ER and/or PR positive
HER2 negative
Ki-67 low (<14%)

Luminal B

ER and/or PR positive
HER2 over-expressed or amplified
Any Ki67

HER2-positive

HER2 over-expressed or amplified
ER and PR negative

Basal-like

ER and PR negative
HER2 negative

Role of PI3K/AKT Pathway in Breast Cancer and Current
Therapeutic Options

1.2.1

An Overview of the PI3K/AKT Pathway

Phosphoinositide 3-kinase (PI3K) pathway is one of the most frequently activated
oncogenic pathway in cancer. Class IA PI3Ks, which are the most studied class of PI3
3

kinases, consist of a heterodimer, a regulatory subunit named p85 and a catalytic
subunit named p110 and receive signals through adaptor proteins from several cell
surface receptors and oncoproteins such as ERBB receptors, FGFR and IGF-1R, G
protein-coupled receptors (GPCRs) and Ras. Class IB PI3K’s receive signals
exclusively from GPCRs [14–16]. PIK3CA, PIK3CB and PIK3CD genes encode p110
catalytic isoforms p110α, p110β and p110δ, respectively. These isoforms are highly
homologous and possess 5 mutual domains: An N‑terminal p85‑binding domain, a
RAS‑binding domain, a membrane‑binding domain called C2 followed by the helical
domain, and finally the C‑terminal catalytic domain. p85 regulatory subunit consists
of 5 different isoforms, namely p85α, its splice variants p55α and p50α, p85β and
p55γ. These isoforms share 3 main domains: inter‑Src homology 2 (iSH2) domain that
binds to p110 which is flanked by two SH2 domains [16,17].

During inactive state, p85 inhibits p110 catalytic activity by binding to the N‑terminus
of the p110 subunit via its iSH2 domain [16]. Adaptor proteins activated by cell
surface RTK receptors bind and relieve p85 inhibition on p110 subunit. As a result,
activated p85-p110 heterodimer binds lipid phosphatidylinositol-4,5-bisphosphate
(PIP2) at the plasma membrane and converts it to phosphatidylinositol-3,4,5trisphosphate (PIP3) via phosphorylation. PIP3 recruits PDK1 and AKT through
pleckstrin homology (PH) domain to plasma membrane where PDK1 phosphorylates
AKT at Threonine 308 residue. AKT is fully activated when mTOR/Rictor (TORC2)
complex phosphorylates AKT at Serine 473 residue. Activated AKT then
phosphorylates its substrates, such as PRAS40 and Tuberin (TSC2). Phosphorylated
TSC2 can no longer sustain its inhibitory effects on mTOR/Raptor (TORC1) complex.
Active mTORC1 phosphorylates its targets such as S6K and 4EBP1. Overall
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mTORC1 activity results in protein synthesis, RNA translation and cell growth. In
addition, other AKT substrates include GSK3α, GSK3β, FoxO transcription factors,
MDM2, BAD, and p27 KIP1 which leads to survival and cell cycle entry
[14,15,18,19].

Figure 1.2. An overview of PI3K/AKT Pathway [14]. (See Appendix for
copyright permission)

1.2.2

Common Aberrations in the PI3K/AKT Pathway in Breast Cancer

Over 70% of all breast cancer patients show mutations in genes involved in the
PI3K/AKT pathway. Approximately 20-40% of patients show activating mutations in
the PIK3CA gene, coding for PI3K catalytic subunit p110α, which is observed more
frequently in Luminal subtype [20–22]. PTEN and INPP4B loss is also another
frequent aberration resulting in hyperactivation of PI3K signaling, often observed in
basal subtype patients [23,24]. PDK1 amplification or overexpression is also observed
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frequently in luminal and HER2+ patients (22% each) and basal subtype patients
(38%) [25]. Receptor activation/amplification of insulin-like growth factor receptor 1
(IGF-1R) and insulin receptor (IR) is observed in as much as 40-50% of luminal and
basal subtype patients [24,26,27].

1.2.2.1

Oncogenic Mutations in the PIK3CA Gene

Exons 1, 9 and 20 of the PIK3CA gene harbors more than 91% of all the somatic
mutations, which encode for p85 binding, helical and kinase domains, respectively.
While most common activating mutations in the helical domain are E545K and
E542K, most frequent mutation in the kinase domain is H1047R [12,13]. Miled and
colleagues reported that a region of regulatory subunit p85 (termed p85ni), which
inhibits activity of wild-type p110α, was unable impose such inhibitory effects when
p110α harbored E542K, E545K, or Q546K mutations in vitro [29].

Figure 1.3. Common hotspot mutations in PI3K p110α subunit. Adapted from
[30].

1.2.3

Targeting PI3K Pathway

PI3K pathway is frequently deregulated in breast cancer, making its constituent
kinases critical targets for drug treatment. Although there are many inhibitors
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developed against several key components in the PI3K pathway, such as PI3K, AKT,
and mTOR, due to the scope of this thesis, only PI3K inhibitors will be covered here.
1.2.3.1

Pan-PI3K Inhibitors

Pan-PI3K inhibitors target all Class I p110 isoforms. Buparlisib (BKM120) is one of
the most studied pan-PI3K inhibitor. Clinical trials revealed that although BKM120 is
able to extend median progression free survival (PFS) of breast cancer patients, the
drug was associated with severe adverse effects (grade ≥3), high levels of anxiety and
depression, even leading to suicide attempts, in several patients. Such mood
alterations are thought to be caused due to universal PI3K inhibition in brain since
BKM120 is expected to cross the blood brain barrier [31–35]. Pictilisib is another panPI3K inhibitor that has been evaluated in two randomized clinical trials. In both of the
studies Pictilisib failed to extend median PFS of the patients significantly [35–37].

Pan-PI3K inhibitors broadly target all PI3K isoforms that may provide better efficacy.
However, targeting all isoforms narrows their therapeutic window due to severe
adverse effects [15].

1.2.3.2

Isotype-specific PI3K Inhibitors

Severe adverse effects caused by pan-PI3K inhibitors were mostly rooted from
inhibition of all PI3K isoforms that were also required to carry out regular cellular
activities. Isotype-specific PI3K inhibitors were developed to minimize such adverse
effects, therefore maximizing their therapeutic window, meanwhile still maintaining
inhibition of major PI3K isoforms frequently mutated in cancer [15,35]. Currently,
two isotype-specific PI3K inhibitors are being evaluated in multitude of clinical trials,
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namely α-specific PI3K inhibitor Alpelisib (BYL-719) and α-specific and β-sparing
PI3K inhibitor Taselisib (GDC-0032), former one is already approved for hormone
receptor positive breast cancer [38].

1.2.3.2.1

Alpelisib (BYL-719)

The PIK3CA gene is frequently mutated in breast cancer, therefore it is a critical node
for targeting the PI3K pathway [24]. Alpelisib is a small molecule, α-specific PI3K
inhibitor that shows 50-fold specificity towards p110α subunit compared to other
isoforms of PI3K [39].

SOLAR-1 clinical trial (NCT02437318) conducted with 572 patients who had HRpositive and HER2-negative breast cancer and had received/receiving aromatase
inhibitor treatment (341 of which harbored PIK3CA mutations) revealed that in the
cohort of patients with PIK3CA mutations, progression free survival (PFS) of patients
who received fulvestrant in combination with Alpelisib was 11.0 months compared to
placebo-fulvestrant group where the PFS was 5.7 months. However, survival benefit
criteria were not met for PIK3CA-wild type patients. Serious adverse effects were
observed in 34.9% of the patients receiving alpelisib in combination with fulvestrant,
compared to 16.7% in the placebo–fulvestrant cohort [38].

Therefore, Alpelisib has been approved by the Food and Drug Administration (FDA)
to be used in combination with fulvestrant for postmenopausal women and men, with
HR+/HER2-, PIK3CA-mutated, advanced or metastatic breast cancer following the
SOLAR-1 clinical trial [38,39].
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1.3

Mechanisms of Resistance to PI3Kα Inhibition by BYL-719

PI3K pathway is a complex network of interactions with intricate feedback loops, and
numerous crosstalk points, branching with parallel pathways. This can essentially
serve as contingency plans to bypass pathway inhibition. Identifying such nodes of
escape is vital to overcome PI3K pathway resistance. Here I summarize the recent
findings with respect to the mechanisms of resistance to α-specific PI3K inhibition.

Persistent mTORC1 activity was correlated with resistance to PI3Kα inhibition by
BYL-719. In their study, Elkabets and colleagues reported that in xenografts of JIMT1 and MCF7 cells, BYL-719 treatment reduced p-AKT levels in both cell lines, but pS6(S240/244) and p-S6(S235/236) levels were retained most prominently in de novo
resistant JIMT-1 model. Furthermore, in patients who did not respond well to BYL719 treatment, p-S6(S240/244) levels were found to be higher in tumor biopsies
compared to that of responding patients. Moreover, patients who initially responded
well to treatment but later on showed tumor progression again had p-S6(S240/244)
levels comparable to that of initially non-responding patients [40]. All these studies
show that PI3K/mTOR downstream pS6 could be a key inducer of resistance to BYL719.

In another study, Juric and colleagues present a case of a patient with metastatic breast
cancer bearing PIK3CA mutations that initially responded partially to BYL-719
treatment, yet soon after discontinued treatment due to disease progression in her
lungs. In order to identify the genetic determinants that drive acquired resistance to
9

BYL-719 treatment, they performed whole genome sequencing comparing primary
tumor biopsy with biopsies taken from multiple metastatic sites shortly after her
demise. Metastatic sites showed copy loss of PTEN compared to pre-treatment biopsy.
Immunohistochemistry (IHC) analysis also confirmed their findings where PTEN
expression was lost in lung metastasis compared to primary tumor (prior to BYL-719
treatment) and periaortic lesion (stable disease phase during BYL-719 treatment) [41].
Similarly, Razavi and colleagues reported that 25% of PIK3CA mutant, hormone
receptor positive metastatic breast cancer patients that were resistant to alpelisib plus
aromatase inhibitor treatment had PTEN mutations. The authors also state that
selective enrichment of mutant alleles can also be associated with therapy resistance.
Their analyses revealed that frequency of activating ESR1 mutations were also
significantly increased in patients receiving alpelisib plus aromatase inhibitor. To test
this, they utilized knock-in mice expressing either wild-type or mutant ESR1 and
observed that when alpelisib and estrogen deprivation was combined, disease
progressed more rapidly in ESR1-mutant mice compared to wild type. Cumulatively,
almost half of the patients in the clinical trial had PTEN loss or activating ESR1
mutations which was associated with poorer response to the combination therapy [42].

Insulin feedback regulation is also shown to keep PI3K pathway active even under
inhibitory pressure of BKM120 and BYL-719. Hopkins and colleagues propose that
certain dietary approaches such as ketogenic diet can be utilized to improve the
efficacy of PI3K inhibitors. They demonstrated that combination of PI3K inhibition
with either BKM120 or BYL-719 and ketogenic diet reduced p-S6(S235) levels in
mice and prolonged survival compared to PI3K inhibition alone [43].
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Vora and colleagues demonstrate that breast cancer cells that are chronically exposed
to PI3K inhibition have retained RB phosphorylation compared to their wild type
counterparts. Utilizing their PI3K inhibitor resistant cell lines, they performed a 42compound drug screen where they compare single agent PI3K inhibition in
combination with various drugs. As a result, they identified CDK4/6 inhibitor LEE011
as the most potent sensitizer to PI3K inhibition. When combined with PI3K inhibition,
LEE011 was able to reduce retained p-RB signal in resistant cell lines. They show that
active mTOR signaling under PI3K inhibition was the main reason for the
maintenance of RB phosphorylation in the resistant cell lines. They also observed a
similar phenomenon in patients enrolled to clinical trials of BYL-719. Patients that
failed to respond to PI3K inhibition by BYL-719 had higher levels of RB
phosphorylation compared to responding patients. They also show that combination
of PI3K inhibition with CDK4/6 inhibitor LEE011 significantly reduced tumor growth
in xenografts with PIK3CA mutant cells [44]. At the time of writing, LEE011, BYL719 and aromatase inhibitor Letrozole are being evaluated in a clinical trial
(NCT01872260) with 256 ER+/HER2- locally advanced or metastatic breast cancer
patients in double (i.e., LEE011 and Letrozole, or BYL-719 and Letrozole) and triple
combinations.

In one study, Leroy and colleagues identified a compensatory mechanism where under
inhibitory pressure of BYL-719, p110β steps in as the signal transducer from IGF1R.
Like previous findings described above, their resistant cell line models have sustained
mTOR activity which results in BYL-719 resistance. Phosphoproteomics analyses
revealed that in BYL-719 resistant cell lines, phosphorylation on tyrosine
phosphosites of IGF1R, IRS1, IRS2, and p85 PI3K were increased compared to
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parental

cell

lines.

Immunoprecipitation

experiments

demonstrated

that

phosphorylated IRS and p85 proteins recruit p110β, thereby promoting resistance in
the cells [45].

1.3.1

AKT-Independent Mechanisms of Resistance to PI3Kα Inhibition

AKT is the most thoroughly studied PI3K downstream effector and since been viewed
as the primary path that relays upstream signals from PI3 kinase. Recent studies have
shown that PI3K-dependent but AKT-independent pathways also play a pivotal role
in transducing PI3K signal downstream and contributing to tumorigenesis and PI3K
inhibitor resistance [46–49]. Here we summarize recent findings in AKT-independent
but PI3K-dependent mechanisms of resistance to α-specific PI3K inhibition.

Castel and colleagues reveal that PDK1-SGK1 axis drives resistance to PI3Kα
inhibition via residual mTORC1 downstream activity and blockade of either PDK1 or
SGK1 sensitizes cancer cells to PI3Kα inhibition [46]. Previous work from the same
group also indicate that BYL-719 sensitivity was associated with full inhibition of
signaling through mTORC1 pathway [40]. Combining shRNA targeted to SGK1 with
BYL-719 decreases phosphorylation levels of S6 and 4EBP1. Similarly, in cells
overexpressing SGK1, BYL-719 fails to inhibit phosphorylation of S6 and 4EBP1.
SGK1 is shown to interact with and phosphorylate TSC2 thereby promoting mTORC1
activity [46]. In another study, Orlacchio and colleagues also demonstrated that
PDK1-SGK1 axis is vital for PI3K driven tumorigenesis. Their work in thyroid cancer
reveals that AKT alone is not sufficient, and the activity of SGK1 is also required for
tumor growth in vitro and in vivo [47]. Another member of the SGK family of AGC
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kinases, SGK3 was also associated with AKT-independent signaling downstream of
mutant PIK3CA [48].

In another study, PIM kinase is shown to confer resistance to BYL-719 by activating
PI3K downstream in an AKT-independent manner. The authors utilized a gain-offunction approach to identify genes that can result in acquired resistance when
upregulated. To achieve this, they transfected T47D cells with 15,970 different human
open reading frames and treated cells with BYL-719. PIM1 resulted in increased
growth under BYL-719 inhibition. T47D cells overexpressing PIM1 had higher
phosphorylation levels of p70S6K1 and 4EBP1 compared to GFP control.
Combination of PIM inhibitor (LGH447) and BYL-719 sensitized cell lines with high
endogenous levels of PIM to BYL-719. Elevation of PIM was also observed in several
patient biopsies who were receiving BYL-719, but had poor response to the drug [49].

1.4

STK10 Kinase

STK10 is a member of Ste20 family of serine/threonine kinases and is the human
homolog of murine LOK. Unlike its murine homolog, which is predominantly
expressed in lymphocytes, STK10 is expressed in wide range of tissues, although
mostly in hematopoietic cells [50].

Human STK10 and murine LOK are highly conserved and show 88% amino acid
similarity [51]. Mouse homolog LOK is a 130-kDa protein composed of 966-amino
acids, with N-terminal kinase domain and C-terminal coiled coil domain [52]. Human
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STK10 has an open reading frame of 968 amino acids and shows 98% and 93%
similarity in kinase and coiled-coil domains to that of murine LOK, respectively [51].

One study reveals that STK10 is capable of autophosphorylation and shows highly
similar domain structures to two polo-like kinase kinases human Slk and Xenopus
laevis xPlkk1, 76% and 84% similarity within kinase domain and 61% and 70%
similarity within coiled-coil domain with hSlk1 and xPlkk1, respectively. STK10 is
shown to be immunoprecipitated together with Plk1 in nocodazole-treated samples
and able to phosphorylate Plk1 in vitro. Researchers also expressed kinase-dead,
dominant-negative version of STK10 in NIH3T3 cells and observed that mutant
STK10 expressing cells grew more slowly compared to wild type STK10 expressing
cells and showed DNA content abnormalities [50]. In another study, researchers
identified a somatic mutation in STK10 where an arginine residue is changed to a
histidine (R634H), to cause carcinogenesis in Peripheral T-cell lymphoma (PTCL). It
was shown that wild-type STK10 act as a tumor suppressor by suppressing NF-κB
and potentiating dexamethasone-induced apoptosis. STK10(R634H) somatic
mutation results in anti-apoptotic effects through activation of NF-κB, leading to
carcinogenesis [53]. So far, STK10 has not been studied extensively in context of
breast cancer. Despite evidence indicating potential tumor suppressor roles for wild
type STK10, mutations in STK10 is shown to have tumorigenic potential in PTCL
and with prospect of many more to be characterized. Furthermore, its association with
Plk1 might present a critical node in terms of its oncogenic role in cancer.
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1.4.1

ERM Family Proteins

Apart from participating in several cellular functions, such as cell proliferation and
regulation of apoptosis as mentioned above, murine LOK has also been associated
with rearrangement of cytoskeleton and cell motility by phosphorylating ERM family
proteins. Studies in mice by Belkina and colleagues revealed that LOK is mainly
localized near plasma membrane, mostly enriched in close proximity to ERM and is
an ERM kinase both in vitro and in vivo [54].

ERM family proteins consist of three structurally similar proteins called ezrin, radixin,
moesin and are responsible for linking actin filaments to the plasma membrane
thereby controlling cell shape and consequently regulating cell adhesion, migration
and division. ERM proteins consist of three major domains. N-terminal membrane
binding domain (FERM) is the most conserved domain between the ERM proteins.
C-terminal domain (CTD) is responsible for F-actin binding. These two domains are
joined together by an α-helical domain [55]. A study by Pelaseyed and colleagues shed
light on the intricate mechanism of ezrin activation by LOK. Upon PIP2 binding, ezrin
goes under a conformational change allowing LOK C-terminal domain to gain access
and wedge apart the membrane and F-actin-binding domains of ezrin. LOK kinase
domain can then phosphorylate the exposed threonine residue (T567 in ezrin) leading
to activation of ezrin [56,57]. In this study, we used p-ERM antibody as an STK10
activity marker.
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1.5

Rationale and Aims of the Study

Recent approval of Alpelisib (BYL-719) by FDA brought the drug under the spotlight.
Even though the initial trial that led to the approval was a success, several patients had
to discontinue treatment due to progression of their disease. Inevitably, as a result of
the selective pressure drug imposes on the tumor, specific tumor population within the
collective will prevail and be naturally selected, resulting in development of acquired
resistance. Recent studies have revealed several key mechanisms where tumors escape
inhibitory pressure of the drug. Resonating theme is that resistance is mainly driven
by residual mTOR signaling downstream of PI3K.

PI3K pathway is a complex network of interactions. For years, AKT has been thought
to be the main effector of PI3K-mediated tumorigenesis. Several studies have already
identified PI3K-dependent, yet AKT-independent mechanisms where tumor cells take
advantage in order to escape PI3K inhibition. Scientists question the reliability of
AKT phosphorylation as a PI3K activity marker. AKT-independent signaling
downstream of PI3K is a lesser explored realm to be dwelled on. In this line, we aimed
the following:
•

Identify and validate a novel, AKT-independent, druggable target downstream
of PI3K that can potentially confer resistance to PI3K/AKT pathway
inhibition.

•

To generate BYL-719 resistant cell line models and discover molecular
mechanisms of PI3K inhibitor resistance.

16

CHAPTER 2
MATERIALS AND METHODS

2.1

Materials

2.1.1

Buffers

1X Anode Buffer I

300 mM Tris, 20% (v/v) methanol

1X Anode Buffer II

25 mM Tris, 20% (v/v) methanol

1X Cathode Buffer

40 mM 6-aminocaparoic acid, 20% (v/v) methanol

1X PBS

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2
mM KH2PO4 (pH: 7.4)

1X SDS-PAGE Running Buffer

25 mM Tris, 14.41 g/L glycine, 1% (v/v) SDS

1X TAE

40 mM Tris, 20 mM acetic acid, 1 mM EDTA

1X TBST

20 mM Tris, 8 g/L NaCl 0.2% (v/v) Tween20

RIPA Lysis Buffer

150 mM NaCl, 1% (v/v) NP-40, 0.5% (v/v)
Sodium DOC, 50 mM Tris-HCl (pH 8.0), 50 mM
NAF, 1 mM Na3VO4, 4% (v/v) Protease inhibitor,
4% (v/v) Phosphatase inhibitor

2.1.2

Chemicals and Reagents

4X protein loading dye

250 mM Tris HCl (pH:6.8), 10% (w/v) SDS,
0.1% (w/v) Bromophenol blue, 50% Glycerol
(v/v), 25% (v/v) β-mercaptoethanol
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6-aminocaparoic acid

Sigma Aldrich, St Louis, MO, USA

Acetic acid (glacial)

Isolab, Wertheim, Germany

Acrylamide/bisacrylamide

Applichem, Darmstadt, Germany

Agar

Sigma Aldrich, St Louis, MO, USA

Ammonium persulfate

Carlo Erba, Cornaredu, Italy

Bovine serum albumin

Santa Cruz, Dallas, TX, USA

Protease inhibitor cocktail

Roche Applied Science, Mannheim, Germany

ECL

Amersham Pharmacia Biotech, Amersham, UK
Thermo Fisher Scientific, Waltham, MA, USA

Ethanol

Sigma Aldrich, St Louis, MO, USA

Ethidium bromide

Thermo Fisher Scientific, Waltham, MA, USA

Isopropanol

Sigma Aldrich, St Louis, MO, USA

Lipofectamine™ 2000

Invitrogen, Carlsbad, CA, USA

Methanol

Sigma Aldrich, St Louis, MO, USA

Nuclease free water

ChemCruz, Dallas, TX, USA

Page Ruler protein ladder

Thermo Fisher Scientific, Waltham, MA, USA

Phosstop

Roche Applied Science, Mannheim, Germany

Ponceu S

Sigma Aldrich, St Louis, MO, USA

Sodium chloride

Merck, Darmstandt, Germany

Sodium dodecyl sulfate

Merck, Darmstandt, Germany

Sulforhodamine B sodium salt

Sigma Aldrich, St Louis, MO, USA

TEMED

Serva, Heidelberg, Germany

Trichloroacetic acid

Sigma Aldrich, St Louis, MO, USA

Trizma base

Sigma Aldrich, St Louis, MO, USA
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Tryptone

Sigma Aldrich, St Louis, MO, USA

Tween-20

VWR, Radnor,PA, USA

Yeast extract

Merck, Darmstandt, Germany

2.1.3

Media and Supplements

DMEM (low glucose)

Biowest, Nuaille, France

DMEM (wo/ phenol red)

Thermo Fisher Scientific, Waltham, MA, USA

DMEM (F12)

Sigma Aldrich, St Louis, MO, USA

Epidermal growth factor (EGF)

Peprotech, London, UK

Fetal bovine serum

Biowest, Nuaille, France

Hydrocortizone

Peprotech, London, UK

Insulin

Sigma Aldrich, St Louis, MO, USA

Non-essential aminoacids

Lonza, Basel, Switzerland

optiMEM

Invitrogen, Carlsbad, CA, USA

Penicillin/Streptomycin

Lonza, Basel, Switzerland

Trypsin (10X)

Biowest, Nuaille, France

2.1.4

Kits

LookOut® Mycoplasma

Sigma Aldrich, St Louis, MO, USA

Detection Kit
E.Z.N.A.® Gel Extraction Kit

Omega Biotek, Norcross, GA, USA

E.Z.N.A.® Plasmid Mini Kit

Omega Biotek, Norcross, GA, USA
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Pierce™ Protein Assay Kit

Pierce, Rockford, IL, USA

Phusion® High-Fidelity PCR Kit NEB, Ipswich, MA, USA
Restriction enzymes (SalI-HF,

NEB, Ipswich, MA, USA

HindIII-HF, EcoRI-HF)
Shrimp Alkaline Phosphatase

NEB, Ipswich, MA, USA

T4 DNA Ligase

NEB, Ipswich, MA, USA

2.1.5

Equipment

Amersham™ Imager 600

GE Healthcare, Chicago, Illinois, USA

Cell counting chamber

Marienfeld, Könighofen, Germany

Centrifuges

Thermo Fisher Scientific, Waltham, MA, USA
Beckman, Pasadena, CA, USA

Freezer (-20oC)

Bosch, Stuttgart, Germany

Freezer (-80oC)

Hettich, Geldermansen, Germany
Thermo Fisher Scientific, Waltham, MA, USA

Fridge (+4oC)

Bosch, Stuttgart, Germany

Horizontal shakers

FinePCR, Seoul, South Korea
Bellco, Vineland, NJ, USA

Incubator

NuAire, Plymouth, MN, USA

Laminar flow hood

Nüve, Ankara, Turkey

Leica DMi8 Inverted Microscope Leica Microsystems, Wetzlar, Germany
Mini-PROTEAN® gel casting

Bio-Rad, Hercules, CA, USA

module
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Mini-PROTEAN® Tetra Cell

Bio-Rad, Hercules, CA, USA

Multichannel pipette

Thermo Fisher Scientific, Waltham, MA, USA

NanoDrop 1000

Thermo Fisher Scientific, Waltham, MA, USA

Nikon TS300 Inverted

Nikon, Tokyo, Japan

Microscope
Power supplies

Bio-Rad, Hercules, CA, USA

Synergy HT™ Multi-Mode

Biotek, Winooski, VT, USA

Microplate Reader
Trans-Blot® Turbo™ Transfer

Bio-Rad, Hercules, CA, USA

System
Thermal cycler

Applied Biosciences, Foster City, CA, USA

Vortex

Isolab, Wertheim, Germany

Water bath

Nüve, Ankara, Turkey

2.1.6

Consumables

100 mm cell culture dishes

TPP, Trasadingen, Switzerland

145 mm cell culture dishes

TPP, Trasadingen, Switzerland

6-well plates

Greiner bio-one, Frickenhausen, Germany

96-well plates

Greiner bio-one, Frickenhausen, Germany

Filtered pipette tips (10, 20, 200, Greiner bio-one, Frickenhausen, Germany
1000 µL)
Cell scrapers

Greiner bio-one, Frickenhausen, Germany

Coverslips

Marienfeld, Königshofen, Germany
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Cryovials

Greiner bio-one, Frickenhausen, Germany

Micropipettes (Pipetman)

Gilson, Middleton, WI, USA

Parafilms

VWR, Radnor, PA, USA

PCR tubes

Greiner bio-one, Frickenhausen, Germany

Plastic pipettes (5 mL)

Isolab, Wertheim, Germany

Plastic pipettes (10, 25 mL)

Greiner bio-one, Frickenhausen, Germany

PVDF membrane

Bio-Rad, Hercules, CA, USA

Reaction tubes (0.5, 1.5, 2 mL)

Greiner bio-one, Frickenhausen, Germany

Storage bottles

Corning Incorporated, Corning, NY, USA

Unfiltered tips (1000 µL)

LP Italiana, Milano, Italy

Unfiltered tips (10, 200 µL)

Corning Incorporated, Corning, NY, USA

Whatman paper

GE Healthcare, Little Chalfont, UK

2.2

2.2.1
2.2.1.1

Methods

Cell Culturing
Culturing Cell Lines

All cells were grown on 10cm petri dishes and maintained at 37oC and 5% CO2. Cells
were passaged every 3-4 days. Non-confluent cells after indicated period were only
subjected to medium change. MDA-MB-436 and BT20 cells were split in 1:3 ratio,
HEK293FT, MCF7 and T47D cells were split in 1:5 ratio and HMEC and MEF cells
were split in 1:7 ratio. MDA-MB-436, BT20, HEK293FT and MEF cells were
maintained in low glucose Dulbecco Modified Eagle Medium (DMEM) supplemented
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with 10% heat inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin
(P/S), 1% non-essential amino acids (NEAA) and 1% L-glutamine. MCF-7 and T47D
cells and their resistant counterparts were maintained in phenol red free DMEM
supplemented with 10% heat inactivated FBS, 1% P/S, 1% NEAA and 0.01 mg/mL
insulin. HMEC cells were maintained in DMEM/F12 supplemented with 4% heat
inactivated FBS, 0.01 ng/mL EGF, 25 ng/mL hydrocortisone, 1% P/S, 1% Lglutamine and 0.025 mg/mL insulin. For cell splitting, growth media was aspirated,
and cells were washed twice with 5 mL PBS. Subsequently, 1-2 mL trypsin was added
and incubated at 37oC for 5 minutes. Following incubation, trypsin was inactivated by
diluting with cell culture media at a ratio of 1:3. All cell lines were tested for
mycoplasma contamination periodically.

2.2.1.2

Developing Drug Resistant Cell Line Models

MCF7 and T47D cells were initially tested for mycoplasma and Alpelisib (BYL719)
response. BYL719 resistant cell lines, hereinafter referred to as BYLR, were
developed under continuous BYL719 exposure for over a period of 9-10 months, at
increasing doses starting from parental IC25. BYL719 was added to culture media one
day after cell splitting and kept for 3 days. Cell splitting or medium change was
performed based on cell confluency. All cell lines were tested for mycoplasma
contamination and BYL719 response periodically.
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2.2.1.3
2.2.1.3.1

siRNA and Vector Transfections
siRNA Transfections

siRNA transfections were performed using Lipofectamine 2000™ and OptiMEM
reduced serum media. For 6 well plates, cells were seeded at a density of 100.000
cells/well,

120.000

cells/well

and

200.000

cells/well

for

HMEC/MEF,

BT20/MCF7/T47D and MDA-MB-436 cells, respectively. For 96 well plates, cells
were seeded at a density of 4000 cells/well and 5000 cells/well for BT20/MCF7/T47D
and MDA-MB-436 cells, respectively.

siRNAs (see TABLE 2.1) were transfected at a concentration of 20 nM diluted in 250
µL and 20 µL OptiMEM for 6 and 96 well plates, respectively. 2-4 µL lipofectamine
was diluted in 250 µL OptiMEM and 0.2-0.4 µL lipofectamine was diluted in 20 µL
OptiMEM for 6 and 96 well plates, respectively. Each mixture was vortexed at high
intensity for 10 seconds and left to incubate at room temperature for 10 minutes. After
that, both vials were mixed in 1:1 (v/v) ratio totaling up to 500 µL and 40 µL
transfection mixture per well for 6 and 96 well plates, respectively. Transfection
mixtures were vortexed at low intensity for 30 seconds followed by 30 minutes of
incubation at room temperature. Transfection mixture was added on top of 1000 µL
and 80 µL P/S-free media for 6 and 96 well plates, respectively. The plates were then
left to incubate at 37oC and 5% CO2. Further treatments were performed the next day.
Drugs were added in 200 µL and 30 µL for 6 and 96 well plates, respectively.
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Table 2.1. List of siRNAs used
siRNA

Catalog Number

Company

1027280

Qiagen

siSTK10 #1

D-004168-05-0002

GE Dharmacon

siSTK10 #2

D-004168-06-0002

GE Dharmacon

siSTK10 #3

D-004168-07-0002

GE Dharmacon

siAllStars

2.2.1.3.2

Vector Transfections

Vector transfections were performed using Lipofectamine 2000™ and OptiMEM
reduced serum media. For 6 well plates, cells were seeded at a density of 250.000
cells/well and 500.000 cells/well for BT20/MCF7/T47D and MDA-MB436/HEK293FT cells, respectively. For vector and drug combinations cells were
seeded initially at 6 well plates, transfected and trypsinized the following day where
they were seeded onto 96 well plates.

500-1000 ng vector was diluted in 250 µL OptiMEM. 2-4 µL lipofectamine was
diluted in 250 µL OptiMEM. Rest of the protocol is identical to that of siRNA
described previously in Section 2.2.1.3.1. Cells were incubated in vector transfection
mix for 24-48 hours and then treated with drug in 200 µL.

2.2.2
2.2.2.1

Cell-based Assays
In-vitro Sensitization Assay

Sulforhodamine B (SRB) assay was used to measure cell viability in 96 well plate
format. Briefly, 25% trichloroacetic acid (TCA) was added into wells containing
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media at 1:2.5 ratio for fixation. After incubation at +4oC for an hour, wells were
washed five times with dH2O and dried via tapping. Subsequently, 50 µL of 0.4%
SRB sodium salt in 1% acetic acid was added to each well and incubated at room
temperature while shaking at low intensity for 30 minutes. After that, excess dye was
removed by washing five times with 1% acetic acid. Plates were left to dry overnight
at room temperature, protected from direct light. Next day, 150 µL of 10 mM Tris
base was added to dissolve the dye and incubated at room temperature while shaking
at high intensity for 15 minutes. Luminescence at 564 nm was recorded using Synergy
HT™ microplate reader.

2.2.2.2

Soft Agar Colony Formation Assay

For 6 well plates, 2.5 mL of bottom agar mixture (Bottom agar mix for a total of 45
mL consists of 25 mL 2X DMEM, 5 mL ddH2O and 15 mL 2.25% agarose) was added
per well and left to solidify 30 minutes at room temperature. Meanwhile 2-parts of 2X
DMEM was mixed with 1-part ddH2O to be used later with top agar mixture. Cells
were trypsinized and then counted. For MEF and HMEC, accounting for triplicates,
200.000 and 300.000 cells/well were counted and pelleted, respectively. Cells were
mixed with 9 mL of 2X DMEM/ddH2O mix and 2.7 mL 2.25% agarose. 2 mL from
the mixture was added per well on top of solidified bottom agar. Top agar was let to
solidify at room temperature for 50 minutes. Subsequently, the wells were fed with 23 mL of cell-type specific media. Media was changed every 3-4 days during an
experimental span of 3 weeks. After 3 weeks, media was aspirated, and colonies were
stained with 0.005% crystal violet solution and representative pictures were obtained
using 4X magnification of Leica DMi8 inverted microscope.
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2.2.2.3

2-D Growth Assay

HMEC and MEF cells were seeded at a density of 40.000 cells/well onto 12 well
plates. Cells were fixed with 10% (v/v) acetic acid, 10% (v/v) ethanol fixing solution
overnight at room temperature (2 mL added per well of a 12 well plate). After fixation
wells were washed once with 1X PBS solution. Fixed cells were then stained with
0.4% (w/v) crystal violet and 20% (v/v) ethanol solution for 1 hour at room
temperature. (1 mL crystal violet solution added per well of a 12 well plate). After
staining crystal violet solution was discarded and the wells were washed three times
with dH2O. Plates were left to dry overnight. Wells were then de-stained with 10%
(v/v) acetic acid solution (1 mL de-staining solution added per well of a 12 well plate).
200 µL solution from each well were transferred to a 96 well plate and absorbance at
595 nm was measured using BioTek Microplate Reader.

2.2.2.4

Scratch Assay

For scratch assay, MEF cells were seeded to 90% confluency. Then cell monolayer
was scratched using a fine tip 200 µL micropipette tip. Subsequently, cells were
washed twice with PBS and supplemented with 1% FBS containing DMEM.
Depending on the condition, drug was added to the media. Images were taken at 0-612-24 hour time points using 4X magnification of Leica DMi8 inverted microscope.
Images were then analyzed automatically using TScratch software [58].
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2.2.3

Molecular Biology

2.2.3.1

Construction of pBABE-Hygro-STK10 Plasmid

2.2.3.1.1

Polymerase Chain Reaction (PCR)

STK10 open reading frame (ORF) was amplified from pCMV-XL4-STK10 vector
obtained from Origene using primers listed in TABLE 2.2. PCR components and
program used to amplify STK10 ORF is given in TABLE 2.3 and TABLE 2.4,
respectively.
Table 2.2. Primer sequences for cloning STK10 ORF
Direction

Primer Sequence

Forward

5'-GGCGCCACCGTCGACGCGCCCCCGGCCATGG-3'

Reverse

5'-CCAGCCACAGCCCCGGGTCGACGCGGTTGTTAAGAAGCA-3'

Table 2.3. PCR components for STK10 ORF amplification
Component
5X Phusion GC Buffer

10 µL reaction
2 µL

10 mM dNTPs

0.2 µL

Forward primer

0.5 µL

Reverse primer

0.5 µL

pCMV-XL4-STK10

0.5 µL

DMSO

1 µL

Phusion polymerase

0.1 µL

DEPC

5.2 µL
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Table 2.4. PCR program for STK10 ORF amplification
Step

Temperature

Duration

98oC

30 secs

98oC

10 secs

68.9oC

20 secs

72oC

2 mins

Final extension

72oC

10 secs

Final hold

4oC

Ind.

Initial denaturation

25 cycles

2.2.3.1.2

Restriction Enzyme Digestion and Ligation

STK10 ORF was run on gel following PCR and band of interest was excised from the
gel using E.Z.N.A.® Gel Extraction Kit according to manufacturer’s instructions.
pBABE-Hygro empty plasmid and STK10 ORF amplicons were both digested with
SalI-HF for 2 hours at 37oC using the protocol described in TABLE 2.5.
Table 2.5. Digestion protocol
Component

Vector Digestion

Amplicon digestion

5 µg (x µL)

Total gel extraction
product (y µL)

SalI-HF

5 µL

5 µL

10X CutSmart buffer

5 µL

5 µL

(40-x) µL

(40-y) µL

DNA

DEPC water

SalI-HF digested pBABE-Hygro vector was run on gel and vector backbone was
excised from the gel using E.Z.N.A.® Gel Extraction Kit according to manufacturer’s
instructions. Subsequently, gel extraction product was subjected to dephosphorylation
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using Shrimp Alkaline Phosphatase (rSAP) according to manufacturer’s instructions.
PCR cleanup was performed on digested amplicon and dephosphorylated vector.
Ligation of digested pBABE-Hygro and STK10 ORF was performed at room
temperature for 2 hours using the protocol shown in TABLE 2.6. Vector and insert
concentrations were calculated as follows:
𝐼𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔) = 𝑉𝑒𝑐𝑡𝑜𝑟 (50 𝑛𝑔) ∗

𝐼𝑛𝑠𝑒𝑟𝑡
𝐼𝑛𝑠𝑒𝑟𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 ∗
𝑉𝑒𝑐𝑡𝑜𝑟
𝑉𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ

Table 2.6. Ligation reaction protocol
Component

Control

1:3

1:5

1.5 µL

1.5 µL

1.5 µL

10X T4 DNA Ligase Buffer

3 µL

3 µL

3 µL

SalI digested and dephosphorylated
pBABE-Hygro vector

50 ng

50 ng

50 ng

SalI digested STK10 ORF amplicon

-

87 ng

145 ng

T4 DNA Ligase

DEPC water

Up to 30 µL

5 µL of ligation product from each group was transformed into E. coli C3040I strain
bacteria using heat shock at 42oC for 30 seconds. 800 µL LB media was added to
transformed bacteria and left to incubate at 37oC shaker at 200 RPM for 30 minutes.
Following incubation, bacteria were spread onto LB agar plates containing 500 μg/mL
ampicillin and incubated at 37°C overnight. Following day, 4 colonies from amplicon
introduced groups (1:3 and 1:5) were picked and left to incubate in 5 mL LBampicillin media at 37oC shaker at 200 RPM overnight. Plasmid was isolated from
bacteria using E.Z.N.A.® Plasmid Mini Kit. Isolated plasmids were then digested with
HindIII-HF to verify correct insert orientation. Vectors harboring ligands in correct
orientation were selected and subsequently transfected into HEK293FT cells to
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confirm functional STK10 expression referring to STK10 and p-ERM (STK10
substrate) levels.

2.2.4
2.2.4.1

Protein Biochemistry
Protein Isolation

Cell seeding and treatments were performed as previously described (see Section
2.2.1.3). Following incubation for either 24, 48 or 72 hours, medium was collected
into 1.5 mL reaction tubes and centrifuged at 5.000 RPM for 5 minutes to collect
apoptotic bodies. Meanwhile, wells were washed with 1 mL PBS and aspirated. Then,
40 µL RIPA was added per well. Cells were scraped while in RIPA buffer (see TABLE
2.7 for buffer contents) for 1-2 minutes on ice. Next, scraped cells were transferred
onto their respective reaction tubes and incubated on ice while being vortexed for 10
seconds every 5 minutes for a total of 15 minutes. After that, mixture was centrifuged
at 14.000 RPM for 20 minutes. Supernatants containing protein were transferred into
fresh 1.5 mL reaction tubes and stored at -80oC for future experiments.

Table 2.7. Contents of RIPA lysis buffer
Ingredient

Stock Concentration

Final Concentration

For 1 mL

NaCl

2M

150 mM

75 µL

NP-40

10%

1%

100 µL

Sodium DOC

10%

0.5%

50 µL

SDS

10%

0.1%

10 µL

Tris HCl (pH 8.0)

2M

50 mM

25 µL

NAF

1M

50 mM

50 µL
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Na3VO4

100 mM

1 mM

10 µL

Protease inh.

25X

4%

40 µL

Phosphatase inh.

20X

4%

40 µL

ddH2O

2.2.4.2

600 µL

Protein Quantification

Protein quantification was performed using Pierce™ BCA Protein Assay Kit. Nine
standard solutions containing bovine serum albumin (BSA) between concentrations
of 0-2 µg/µL were prepared. Standards and protein samples were added in duplicates
in 96 well plate at a ratio of 7:1 (21 µL standard and 3 µL protein sample). 200 µL of
Solution A and B mixture (50-parts Solution A and 1-part Solution B) was added onto
the wells with protein and incubated at 37oC for 30 minutes. Absorbance at 562 nm
was measured using SynergyHT microplate reader. Protein sample concentrations
were determined by plotting a standard curve based on BSA standard readings.

2.2.4.3

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDSPAGE)

Protein concentration between different samples were equalized by mixing calculated
amounts of protein (15-20 µg per well), dH2O and 4X protein loading dye (see TABLE
2.8 for contents). Subsequently, the mixture was boiled at 95oC for 3 minutes to
facilitate further linearization of protein domains. Stacking and resolving gels were
prepared based on TABLE 2.9.
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Table 2.8. Contents of 4X protein loading dye
Ingredient

Stock Concentration

Final Concentration

For 10 mL

100%

40%

4 mL

1M

240 mM

2.4 mL

SDS

-

8%

0.8 g

Bromophenol blue

-

0.04%

0.004 g

β-mercaptoethanol

100%

5%

0.5 mL

Glycerol
Tris HCl (pH 6.8)

ddH2O

Up to 10 mL

Table 2.9. Contents of stacking and resolving gels.
Ingredient

8% resolving gel

10% resolving gel

5% stacking gel

dH2O

2.3 mL

1.9 mL

1.36 mL

30% acrylamide
mix

1.3 mL

1.7 mL

0.34 mL

1.3 mL (pH 8.8)

1.3 mL (pH 8.8)

260 µL (pH 6.8)

10% SDS

50 µL

50 µL

20 µL

10% APS

50 µL

50 µL

20 µL

TEMED

5 µL

5 µL

2 µL

Total volume

5 mL

5 mL

2 mL

1M Tris

For gel preparation, initially resolving gel was poured into Mini-Protean gel casting
module and topped off with isopropanol to eliminate bubbles and level the gel. After
polymerization, stacking gel was poured and either 10 well or 15 well comb was
placed. 15-20 µg protein was loaded in 20 µL and 15 µL for 10 and 15 well combs,
respectively. 1 and 1.5 µL protein ladder (Thermo Scientific PageRuler™ Plus
Prestained Protein Ladder Product# 26619) was loaded in 10 and 15 well combs,
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respectively. Electrophoresis was performed at 80V for 20 minutes and bumped up to
120V until tracking dye reached bottom of the gel.

2.2.4.4

Western Blotting

Proteins were transferred to PVDF membranes using semi-dry transfer method
performed with Bio-Rad Trans-Blot® Turbo™ Transfer System. Whatman papers, 3
mm in thickness, were cut in 7 cm x 9 cm dimensions and 4X, 2x and 5x Whatman
papers were dipped in Anode I, Anode II and Cathode buffers, respectively. PVDF
membrane was activated in methanol for 3 minutes and then dipped in Anode Buffer
II for a minute. Layers were stacked in transfer system cassette from bottom to top as
follows: 4X Anode I buffer dipped Whatman papers, 2x Anode II buffer dipped
Whatman papers, activated PVDF membrane (cut in 6.5 cm x 8 cm dimensions), the
gel and 5x Cathode buffer dipped Whatman papers. Transfer was performed at 25V
for 30 minutes.

After transfer was completed, the membrane was dipped in Ponceau S solution to
assess transfer quality and left to incubate for 3 minutes with fast agitation. Membrane
was then washed with dH2O until Ponceau S stain is removed. Membrane was cut at
appropriate molecular weights harboring protein of interest. Membrane fragments
were blocked with either 5% (w/v) milk: TBST or 5% (w/v) BSA: TBST for an hour
at room temperature with slow agitation. After blocking, membrane fragments were
probed with appropriate primary antibodies overnight at +4oC with slow agitation.
Following overnight incubation membranes were washed three times with TBST for
10 minutes each totaling to 30 minutes with fast agitation. Membrane fragments were
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then incubated with appropriate secondary antibodies overnight at +4oC with slow
agitation. Membranes were washed three times with TBST for 10 minutes each
totaling to 30 minutes with fast agitation and then put in TBS buffer for CCD imaging.
List of primary and secondary antibodies are given in TABLE 2.10.

Table 2.10. List of primary and secondary antibodies used
Antibody

Company

Catalog Number

Dilution

p-4EBP1

Cell Signaling Technology

CST 9451

1:2000

Sigma-Aldrich

A5441

1:10.000

AKT

Cell Signaling Technology

CST 9272

1:1000

p-AKT (T308)

Cell Signaling Technology

CST 4056

1:1000

p-AKT (S473)

Cell Signaling Technology

CST 9018

1:1000

EGFR

Cell Signaling Technology

CST 2646

1:1000

ERα-F10

Santa Cruz Biotechnology

sc-8002

1:1000

p-ERM

Cell Signaling Technology

CST 3726

1:2000

HER2

Thermo Fisher Scientific

MA5-13105

1:1000

Abcam

ab70484

1:2000

p-mTOR

Cell Signaling Technology

CST 5536

1:1000

PR

Santa Cruz Biotechnology

sc-7208

1:1000

S6

Cell Signaling Technology

CST 2217

1:4000

p-S6 (S235/236)

Cell Signaling Technology

CST 2211

1:4000

p-S6 (S240/244)

Cell Signaling Technology

CST 5364

1:4000

Cell Signaling Technology

CST 7074

1:10.000

Cell Signaling Technology

CST 7076

1:10.000

β-actin

LOK (STK10)

HRP-coupled
anti-rabbit IgG
HRP-coupled
anti-mouse IgG
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2.2.4.5

CCD Imaging of Membranes

Membrane images were captured using Amersham™ Imager 600. Membrane
fragments were placed in white bottom tray and ECL reagents were mixed in 1:1 ratio
and applied onto the membranes. Tray was then placed in the upper position.
Membranes were exposed in “Auto” capture mode. Captured TIFF images were then
imported to Bio-Rad Image Lab software version 6.0.1 and automatically backgroundcorrected for improved clarity.

2.2.5

Developing Stable Cells Using Retroviral Transduction

For viral production, HEK293-FT cells were seeded to 70% confluency. Two mixtures
were prepared. First one contained DNA mixture of 1 µg pCMV-VSV-G (envelope
protein), 1 µg gag/pol packaging plasmid and 2 µg of pBABE-Hygro-STK10 vector
in 250 µL DMEM. Second one contained 5 µL lipofectamine in 250 µL DMEM. DNA
content tube was mixed with lipofectamine tube and incubated at room temperature
for 15 minutes. Following incubation, wells containing HEK293-FT cells were
aspirated and 1.5 mL DMEM containing 8% (v/v) FBS was added. 500 µL from the
final mixture was added dropwise to the corresponding wells. Next day, cell media
was replenished, and first viral particles were harvested 24 hours following media
replenishment. Meanwhile wild-type MEF and HMEC cells were seeded onto 6 well
plates at a density of 70% confluency. Second harvest was collected 24 hours later
and pooled together with the initial harvest in a 15 mL reaction tube. Viral harvest
was then filtered with 0.45 µm filter and subsequently mixed with polybrene (1:1000).
Media of MEF and HMEC cells were aspirated and 1 mL of viral mixture was added
onto their corresponding wells. Next day, viral media was aspirated, and suitable
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media was added for MEF and HMEC cells. Cells transduced with the virus were
selected using hygromycin for over a period of 2 weeks. Following selection, stable
overexpression of STK10 was validated using western blot.

2.2.6

Bioinformatics and Statistical Analyses

Data from METABRIC and GEO datasets GSE17785, GSE48216 were utilized in this
work. Mantel-Cox test was used to calculate significance in survival analyses of
patients. Two experimental groups were compared using 2-tailed Student’s t-test.
Multiple t-test was used for grouped analyses. Graphs were prepared using GraphPad
software (GraphPad software Inc., La Jolla, CA, USA). Significance thresholds were
denoted as * p<0.05, ** p<0.01, *** p< 0.001, where significant and applicable.
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CHAPTER 3
RESULTS

3.1

Identification of STK10 as a Potential Sensitizer for PI3K Pathway
Inhibitor Resistance

Recent work by Castel et. al and Le et. al [46,49] have associated known kinases with
resistance to PI3Kα inhibition via AKT-independent mechanisms. Roles of such
kinases in cancer have since been overlooked, as AKT has been viewed as the main
branch where PI3K pathway mediates tumorigenesis. Identification of new molecular
targets provide novel therapeutic approaches to combat PI3Kα resistance in breast
cancer. With this line of thinking our study aimed to identify genes that can confer
resistance to PI3Kα inhibition in an AKT-independent manner.

In order to identify genes potentially involved in PI3K pathway resistance in an AKTindependent manner, we initially utilized a dataset that has mRNA expression data
from a collection of 84 breast cancer cell lines, out of which 70 of them has been tested
for response to 138 compounds (Figure 3.1) [59]. After filtering differentially
expressed mRNA in PI3K mutant breast cancer cell lines based on sensitivity to
PI3K/AKT/mTOR inhibition, we ended up with 196 genes upregulated in resistant
PIK3CA mutated cell lines. Subsequently, to filter out genes related to AKT signaling,
we used patient phospho-proteomics data coupled to mRNA expression data [60] and
eliminated genes positively correlated with AKT phosphorylation (Pearson
correlation coefficient > 0.15). This further reduced our gene count to 150. To further
narrow our gene list, we performed survival analyses using METABRIC dataset and
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identified 12 genes predicting survival in PIK3CA mutated patients. Finally, we
utilized data from a paper by Wallin and colleagues [61] which includes mRNA
expression data (GSE17785) from MCF10A cells that were over-expressing mutant
PI3K (H1047R). We identified STK10, whose expression levels were significantly
upregulated upon expression of ectopic mutant PI3K compared to control cells
(Figure 3.1).

Figure 3.1. Identification of STK10 as a potential target for PI3K pathway
inhibitor resistance, independent of AKT. Workflow of bioinformatical analyses
for identification of STK10 with potential involvement in PI3K/AKT pathway
inhibitor resistance in an AKT-independent manner.
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When reviewed in an STK10-exclusive manner, cell line data shows STK10
significantly elevated in cell lines resistant to Sigma AKT1-2 inhibitor (Figure 3.2A
left panel) and GSK1059615, PI3K-mTOR inhibitor (Figure 3.2A right panel) [59].
Furthermore, METABRIC data suggests that STK10 expression predicts overall
survival in both PIK3CA mutant and wild type patients, albeit to a lesser extent in the
latter. Patients with elevated STK10 levels show poorer survival (Figure 3.2B).
STK10 mRNA levels were also found to be elevated in MCF10A cells transfected
with kinase domain mutant PIK3CA (H1047R) expressing vector compared to untransfected cells. Vector and PIK3CA inhibitor (GDC-0941) combination resulted in
a decrease in STK10 mRNA levels [61].

Figure 3.2. STK10-exclusive review of the bioinformatical data (A) STK10
expression in cell lines either resistant or sensitive towards Sigma AKT1-2 inhibitor
(left panel) and GSK1059615 (PI3K-mTOR inhibitor) (right panel) [59]. (B) KaplanMeier plot showing the effects of STK10 expression levels on patient survival in

40

breast cancer patients with either mutated or wild-type PIK3CA. (C) STK10 mRNA
levels upon expression of mutant PIK3CA (H1047R) in MCF10A cells (GSE17785)
[61].

Lack of α-specific inhibitor resistance expression dataset forced us to use mRNA data
from cells treated with PI3K-mTOR dual inhibitor GSK1059615 and AKT1-2
inhibitor. However, given p110α is the isoform transducing majority of PI3K
signaling, we reasoned that this data might also be applicable to α-specific PI3K
inhibition [62].

To confirm data from Figure 3.2C, we treated MCF7 (PIK3CA-mutant: E542K and
E545K) and T47D cells (PIK3CA-mutant: H1047R) [63] with BYL-719 for 72 hours.
STK10 levels were reduced markedly as a result of BYL-719 inhibition.

Figure 3.3. STK10 levels are reduced upon BYL-719 treatment. MCF7 and T47D
cells were treated with BYL-719 for 72 hours. Beta-actin is used as loading control.

To summarize, our bioinformatical analyses revealed STK10 kinase to be potentially
involved in PI3K pathway in an AKT-independent manner. We also demonstrated that
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STK10 levels are decreased upon PI3Kα inhibition, further supporting our
bioinformatical data.

3.2

Selecting the Most Suitable Cell Lines for Further Studies with
STK10

To identify the most suitable breast cancer cell model to study cellular functions of
STK10, we collected lysates from a multitude of breast cancer cells and performed
Western blot (Figure 3.4). At first glance, we observed that STK10 is expressed
mostly in MDA-MB-436 cells, which is a PIK3CA WT cell line. Even though it
contradicts with our initial bioinformatical analyses, we reasoned that being a PTENnull model [64] it will have an overactive PI3K pathway. Moreover, MDA-MB-436
cells are shown to be highly resistant to α-specific PI3K inhibition by BYL-719 [65]
and having such high levels of STK10 make MDA-MB-436 cells a perfect model to
assess roles of STK10 in de novo PI3Kα resistance.

To identify another TNBC cell line that can complement studies with MDA-MB-436
cell line, we selected BT20 cell line, which has moderate amount of STK10 expression
within our breast cancer cell line panel. Having relatively lower levels of STK10 made
BT20 cell line a preferred model to study STK10 overexpression. Moreover, BT20
cells are also shown to be mildly resistant to α-specific PI3K inhibition by BYL-719
[65]. In addition, BT20 cells harbor two different PIK3CA mutations, C1616G in exon
9 which corresponds to kinase domain and A3140G in exon 20 which is located within
the helical domain. The protein product therefore has P539R and H1047R mutations,
making BT20 cell line a suitable model considering the starting point of our
bioinformatical analyses [66].
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Luminal A cell lines such as MCF7 and T47D also display moderate levels of STK10.
Both cells have PIK3CA mutations, MCF7 cells harbor kinase domain E542K and
E545K mutations and T47D cells harbor helical H1047R mutation [63]. These cell
models are of another importance since FDA has recently approved α-specific PI3K
inhibitor Alpelisib (BYL-719) to be used on PI3K mutant, hormone receptor positive
patients in combination with fulvestrant. Developing BYL-719 resistant counterparts
of these cells, being both PIK3CA mutant and hormone receptor positive, can
potentially shed light on novel resistance mechanisms that can be beneficial for the
patient subset that does not respond well to the drug. Inhibitors developed for the
molecular targets to be identified from these cells can be used in combination with
BYL-719 to improve drug response, thus aiding tumor recession. Therefore, we
started developing BYL-resistant cells from MCF7 and T47D cells via chronic BYL719 treatment, which will be reviewed in second part of this thesis.

Figure 3.4. Western blot analysis of lysates obtained from a panel of breast
cancer cell lines. p-ERM is used as an activity marker for STK10.
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Next, we wanted to validate our Western blot results (Figure 3.4) referring to some
datasets with cell line mRNA expression data. We utilized data from The Cancer Cell
Line Encyclopedia (CCLE) [67]. Grouping breast cancer cell lines based on their
subtype revealed that STK10 mRNA is mostly expressed in TNBC cell lines followed
by Luminal A cell lines (Figure 3.5). We can again see that MDA-MB-436 cells have
the highest STK10 mRNA expression. BT20 expression data is not available.

Figure 3.5. STK10 mRNA expression levels in a panel of breast cancer cell lines.
Cell line data was separated based on subtype. mRNA expression data was obtained
from The Cancer Cell Line Encyclopedia (CCLE).

After deciding which cell models to conduct our study on, we first wanted to validate
whether STK10 knockdown sensitizes TNBC cell line MDA-MB-436 to α-specific
PI3K inhibition by BYL-719, we transfected cells with siRNA specific to STK10 and
then combined it with BYL-719 inhibition. Figure 3.6 shows the results of cell
viability assay. Combination of STK10 siRNA with BYL-719 inhibition showed
better growth inhibition compared to single agent inhibition at both 7.5 and 10 µM of
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BYL-719. STK10 siRNA sensitized MDA-MB-436, which is a de novo resistant cell
line to BYL-719, towards BYL-719.

Figure 3.6. STK10 knockdown sensitizes MDA-MB-436 cells to BYL-719. MDAMB-436 cells were treated with either 7.5 µM (left panel) or 10 µM (right panel) BYL719, 24 hours following transfection with STK10 siRNA. Viability readings were
measured 72 hours following drug treatment in triplicates.

Next, we wanted to determine whether this sensitization effect is driven through the
PI3K pathway. Indeed, combination of especially siSTK10 #1 and BYL-719 resulted
in marked reduction of S6 phosphorylation, an mTOR activity marker downstream, at
both Serine 235/236 and Serine 240/244 (Figure 3.7A). Similarly, 4EBP1
phosphorylation, another mTOR downstream marker, was also reduced upon
combination. Interestingly though one can see that combination also affected AKT
phosphorylation at Threonine 308 residue, which rather contradicts with our initial
hypothesis where STK10 was thought to act within the PI3K pathway, but
independent of AKT.
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Even though MDA-MB-436 cells have already high endogenous STK10 expression,
we wanted to see whether overexpression of STK10 with a vector can affect mTOR
downstream targets such as S6 and 4EBP1. Therefore, we overexpressed STK10 and
combined it with BYL-719 inhibition (Figure 3.7B). The aim was to test whether
STK10 overexpression can rescue mTOR downstream targets from inhibitory effects
of BYL-719. However, we failed to observe any change in phosphorylation levels of
S6 and 4EBP1 upon exogenous STK10 expression.

Figure 3.7. Western blot analysis of MDA-MB-436 cells showing expression levels
of various PI3K/AKT pathway markers upon combination of BYL-719 with (A)
STK10 siRNA and (B) STK10 overexpression vector. BYL-719 treatment was
performed for 4 hours.

We then moved on to our next TNBC cell line model BT20. We again performed cell
viability assay with STK10 siRNA transfection in combination with BYL-719
inhibition (Figure 3.8). Similar to the results obtained with MDA-MB-436 cells, the
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combination of siSTK10 #1 and BYL-719 showed better growth inhibition and
sensitized BT20 cells to BYL-719 inhibition.

Figure 3.8. STK10 knockdown sensitizes BT20 cells to BYL-719. BT20 cells were
treated with either 0.75 µM (left panel) or 1 µM (right panel) BYL-719, 24 hours
following transfection with STK10 siRNA. Viability readings were measured 72
hours following drug treatment in triplicates.

We then wanted to check changes in PI3K pathway upon combination of STK10
siRNA with BYL-719 treatment. According to our hypothesis, we expected to observe
further decrease in phosphorylation levels of mTOR downstream targets (Figure
3.9A). Unfortunately, this time downstream markers of mTOR activity such as S6 and
4EBP1 phosphorylation were not altered upon combination of siRNA and BYL-719.
This led us to think that initial effects observed with MDA-MB-436 cell might be cell
line-specific. We then used our stably STK10 overexpressing BT20 cells to check
whether STK10 can rescue mTOR downstream signaling from inhibitory effects of
BYL-719. Similar to the effects observed with the siRNA experiment, stably STK10
overexpressing BT20 cells also showed no alteration to signaling when coupled with
BYL-719 treatment. In other words, STK10 overexpression failed to rescue inhibition
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of mTOR downstream targets, such as S6 and 4EBP1 (Figure 3.9B). Interestingly,
mTOR phosphorylation was rescued in STK10 overexpressing cells compared to
controls; however, the same effect was not relayed to downstream targets. Even
though STK10 siRNA was able to sensitize BT20 cells to BYL-719, this effect seems
to rather be propagated via another pathway, possibly parallel to PI3K specific to this
cell line.

Figure 3.9. Western blot analysis of BT20 cells showing expression levels of
various PI3K/AKT pathway markers upon combination of BYL-719 with (A)
STK10 siRNA and (B) stable STK10 over-expression. BYL-719 treatment was
performed for 4 hours.

We also utilized our stably STK10 overexpressing BT20 cells to test whether STK10
overexpression could lessen the inhibitory effects imposed by BYL-719. Control and
BT20.STK10 cells (STK10-overexpressing counterpart) were seeded onto 96 well
plates and treated them with various doses of BYL-719 (Figure 3.10). We then
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performed SRB cell viability assay. We showed that STK10 overexpression did not
provide any survival benefit to BT20 cells in the presence of BYL-719.

Figure 3.10. SRB cell viability analysis of BT20.Control and BT20.STK10 cells
upon BYL-719 treatment. Cells were treated with varying doses of BYL-719 (0.25,
0.5, 1, 2.5, 5, 10, 25 and 50 µM) for 72 hours. Cell viability was measured in
triplicates.

SUMMARY
To summarize, we observed significant increase in growth inhibition upon
combination of siSTK10 and BYL-719 in both MDA-MB-436 and BT20 cells. These
effects seem to arise from reduction of residual mTOR downstream signaling in
combination for MDA-MB-436 cells. However, we failed to reproduce the same
pathway inhibition in BT20 cells suggesting possible involvement of cell type specific
effects. In addition, overexpression of STK10 in both cell lines did not rescue mTOR
downstream inhibition when coupled with BYL-719 treatment. We reasoned that
inherent genomic alterations accumulated by these cell lines might be resulting in
phenotypes, such as having over-active PI3K pathway, and consequently masking
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possible effects of STK10 within the cellular environment. Therefore, we decided to
continue our study with untransformed cells.

3.3

Investigation of Potential Roles of STK10 in Untransformed Cells

For our study in untransformed cells, we selected human mammary epithelial cell line,
HMEC and mouse embryonic fibroblast cell line, MEF. These cells have relatively
unaltered (quasi-normal) signaling pathways, therefore provide better cellular
environment to study roles of STK10. Moreover, HMEC cell line is of epithelial
lineage and MEF cells are of mesenchymal lineage which will us to decipher
physiological functions of STK10 in different tissue types.

3.3.1

Functional Validation of Retroviral pBABE-Hygro-STK10 Vector
Product

To assess role of STK10 within the cells, we transduced HMEC and MEF cells with
retroviral particles and performed selection for two weeks. At the end of selection,
lysates were collected, and Western blot analysis was performed. We were able to
observe significant increase in STK10 levels in both cell lines (Figure 3.11). This was
also accompanied with an elevation of p-ERM levels, an STK10 substrate, indicating
presence of functional protein product.
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Figure 3.11. Western blot analysis of HMEC and MEF cells stably
overexpressing STK10. p-ERM was used as STK10 activity marker and beta-actin
was used as loading control (HE: High exposure).

3.3.2

Investigation of Possible Involvement of STK10 within the PI3K
Pathway

To understand role of STK10 within the PI3K pathway, we starved MEF and HMEC
cells stably overexpressing STK10 and performed BYL-719 pre-treatment 30 minutes
prior to stimulation (Figure 3.12). We hypothesized that we would observe rescue in
phosphorylation levels of PI3K pathway components, especially mTOR downstream
targets in presence of STK10.

In STK10 overexpressing MEF cells, we observed rescue of p-AKT, p-S6 and p4EBP1 levels (Figure 3.12A). Residual AKT activation was present in starved
condition of STK10 overexpressing MEF cells, compared to no signal in control MEF
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cells (lane 4 versus lane 1). p-S6 (S240/244) levels were also rescued in STK10
overexpressing MEF cells when BYL-719 inhibited cells were stimulated with 4%
FBS (lane 3 versus lane 6). However, the most notable difference was observed in p4EBP1 levels. Even during starved condition, STK10 overexpressing cells were able
to maintain residual levels of 4EBP1 phosphorylation, which was also protected from
inhibitory effects of BYL-719.

HMEC cells, on the other hand, displayed a much different phenotype. Even though
we observed increase in phosphorylation levels of PI3K pathway components, having
STK10 present in the system did not affect downstream signaling under BYL-719
inhibition (Figure 3.12B). Even a further decrease in p-S6 levels were observed
compared to control cells. STK10 was only able to rescue the decrease in p-ERM
levels during starvation, where STK10 overexpressing cells had undisturbed p-ERM
levels comparing lanes 1 and 4, and during drug-stimulation combination treatment,
where p-ERM levels are higher in lane 6 compared to lane 3.
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Figure 3.12. Western blot analysis of PI3K pathway components in starved (A)
MEF and (B) HMEC cells stably overexpressing STK10 stimulated with 4% FBS
for 10 minutes. BYL-719 pre-treatment was performed 30 minutes prior to FBS
induction. (S: Starved, 4%: 4% FBS induction, B: BYL719 pre-treatment). Beta-actin
was used as loading control.

FBS contains multitude of different growth factors, thus results in activation of
different pathways at once. To add further specificity to those activated pathways, we
used the same setup from Figure 3.12, but this time we used insulin which specifically
activates PI3K and MAPK signaling downstream of insulin receptor A (IR-A), insulin
receptor B (IR-B) and insulin-like growth factor receptor 1 (IGF-1R) through Shc and
IRS1/2 adaptor proteins [68] (Figure 3.13). When stimulated with insulin, in both cell
lines, STK10 overexpression failed to rescue BYL-719 mediated inhibition of PI3K
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pathway components, suggesting STK10 is not involved with signaling downstream
of IR-A, IR-B or IGF-1R.

Figure 3.13. Western blot analysis of PI3K pathway components in starved (A)
MEF and (B) HMEC cells stably overexpressing STK10 stimulated with 2 µg/mL
insulin for 10 minutes. BYL-719 pre-treatment was performed 30 minutes prior to
FBS induction. (S: Starved, I: 2 µg/mL insulin stimulation, B: BYL719 pretreatment). Beta-actin was used as loading control.

We also stimulated cells with epidermal growth factor (EGF) in a similar setting
(Figure 3.14). Stimulation of EGFR leads to activation of PI3K pathway and as well
as RAS/RAF/MEK/ERK pathway [69]. Similarly, we failed to observe any rescue in
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phosphorylation levels of AKT, S6 or 4EBP1. One can say that STK10 is not located
downstream of EGF receptor family.

Figure 3.14. Western blot analysis of PI3K pathway components in starved (A)
MEF and (B) HMEC cells stably overexpressing STK10 stimulated with 20
ng/mL EGF for 10 minutes. BYL-719 pre-treatment was performed 30 minutes prior
to FBS induction. (S: Starved, E: 20 ng/mL EGF stimulation, B: BYL719 pretreatment). Beta-actin was used as loading control.

We then wanted to test whether STK10 overexpression confers any resistance to BYL719. We treated control and STK10 overexpressing cells with various doses of BYL719 and observed that similar to the results with TNBC cell lines, STK10

55

overexpression did not provide any survival benefit to HMEC and MEF cells as well
(Figure 3.15A and B).

Figure 3.15. SRB cell viability assay performed on (A) HMEC and (B) MEF cells
stably overexpressing STK10. Cells were treated with varying doses of BYL-719
(0.1, 0.25, 0.5, 1, 2.5 and 5 µM) for 72 hours. Cell viability was measured in
quadruplets.

3.3.3

Investigation of STK10 as a Potential Oncogene

We then directed our focus to potential roles STK10 might have as an oncogenic
factor. Initially, we wanted to study whether STK10 can promote anchorageindependent growth of these cell lines. So, in order to assess whether STK10 can
promote anchorage-independent growth and induce transformation in HMEC and
MEF cells, we performed soft agar growth assay utilizing our stable STK10
overexpressing cells. Our expectation was to observe an increase in colony forming
capabilities of these cell lines; however, no difference in colony number was observed
in stable STK10 overexpressing cells and controls (Figure 3.16).
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Figure 3.16. Colony formation assay showing colony formation capabilities of (A)
HMEC and (B) MEF cells stably overexpressing STK10. Cells were seeded in
triplicates and grown in soft agar for three weeks.

We then wanted to test whether STK10 had any effect on growth rate of our stable
cells. Therefore, we performed 2D growth assay and plotted cellular growth over a
period of 48 hours and determined cell growth using crystal violet stain (Figure 3.17).
We observed that in both cell lines STK10 overexpression led to an increased growth
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rate compared to control cells. The effect on growth rate was most notable with HMEC
cells (Figure 3.17A).

Figure 3.17. 2D growth assay performed on (A) HMEC and (B) MEF cells stably
overexpressing STK10.

Absorbance at 554 nm was measured in triplicates.

Significance denoted as: *** p<0.001, ** p<0.01 and * p<0.05.

To test whether STK10 can modulate migratory capabilities of cells, we performed
scratch assay with MEF cells. STK10 overexpressing cells did not show any
enhancement of migratory capabilities compared to controls (Figure 3.18). Small
difference observed in the graph can possibly be attributed to increased growth rate of
stable STK10 overexpression (refer to Figure 3.17B). Furthermore, when BYL-719
was present in the culture medium, STK10 overexpression did not provide any
migratory benefit over control cells.
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Figure 3.18. Scratch assay comparing migratory capabilities of MEF.Control
and MEF.STK10 cells. Cells were seeded in triplicates and mean percent open
wound area was calculated automatically by TScratch software comparing open
wound area at wound introduction and 12 hours following wound introduction [58].

SUMMARY
Overall, our studies with untransformed HMEC and MEF cells revealed that STK10
might be involved with the PI3K pathway through a receptor currently unknown to
us, exclusively in MEF cells, again underlining cell type-specific nature of the kinase.
STK10 overexpression alone was not enough to transform these cell lines.
Consistently, both cell lines had their growth rates increased when STK10 is
overexpressed, albeit this did not confer any resistance to PI3Kα inhibition by BYL719 nor did it provide any migratory benefits.
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3.4

Development and Characterization of BYL-719 Resistant Breast
Cancer Cell Line Models

3.4.1

Developing BYL-719 Resistant Cell Line Models

Luminal breast cancer is the most common subtype among all breast cancer incidents,
comprising about 75% of all patients [70]. Endocrine therapy has been the standard of
care treatment for hormone receptor positive breast cancer patients with main goal of
estrogen deprivation. There are multiple options to be used as first-line therapy for
HR+ breast cancer patients; these can be divided into 3 main subgroups: selective
estrogen receptor modulators (SERMs), aromatase inhibitors (AIs) and selective
estrogen receptor down regulators (SERDs). Briefly, SERMs are estrogen receptor
agonist or antagonist molecules depending on the tissue. Binding of a SERM to ER
dictates whether ER will be coupled with a coactivator or corepressor. Known SERMs
for metastatic breast cancer are tamoxifen and toremifene [71]. Unlike SERMs, AIs
reduce estrogen levels in the plasma by targeting aromatases, which are responsible
for converting androgenic substrates to estrogens. Some known AIs are letrozole and
anastrozole [72]. SERDs such as fulvestrant are developed to eliminate risks
associated with agonist and antagonistic effects of SERMs. SERDs competitively bind
to ER and impair receptor dimerization, consequently blocking localization of ER to
nucleus [73]. Nevertheless, all the drugs mentioned above are still prone to drug
resistance. One of the most frequent mechanisms of resistance to endocrine therapy is
overactivated PI3K pathway [74]. As such many clinical trials combine endocrine
therapy with PI3K pathway inhibitors.
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Alpelisib (BYL-719) has been approved by the FDA to be used in combination with
fulvestrant following the successful clinical trial on 572 patients who had HR-positive
and HER2-negative breast cancer and had received/receiving aromatase inhibitor
treatment. The drug combination proved to increase survival of those patients that had
PIK3CA mutations [38]. However, like all drugs BYL-719 is also prone to de novo or
acquired mechanisms of resistance. We investigated de novo mechanisms of
resistance towards BYL-719 in the first part of this thesis. Now, in order to study
possible mechanisms of acquired BYL-719 resistance, we utilized MCF7 and T47D
cell lines, which harbor helical E545K and catalytic H1047R PIK3CA mutations,
respectively [63]. This renders them a perfect model to study acquired BYL-719
resistance in a clinically relevant manner.

MCF7 and T47D wild type cells at low passage were tested for BYL-719 response,
IC25 for these cell lines were found to be around 3.0 µM and 0.2 µM, respectively
(Figure 3.19).

Figure 3.19. SRB cell viability assay showing respective IC25 and IC50 values of
low passage MCF7 and T47D cells against BYL-719. Cells were treated with
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various doses of BYL-719 (0.25, 0.5, 1, 2.5, 5 and 10 µM) for 72 hours. Cell viability
was measured in quadruplets.

To develop acquired BYL-719 resistance, MCF7 and T47D cells were separated into
two cohorts. Wild type labeled cells only received DMSO (vehicle), meanwhile MCF7
and T47D BYLR (BYL-719 resistant) cohort were initially treated with 2.5 and 0.2
µM BYL-719, respectively. These doses were selected referring to their respective
IC25 values (Figure 3.19) and BYL-719 doses were increased gradually throughout
a period of 10 months and capped off at 9 µM and 6 µM, respectively (Figure 3.20).

Figure 3.20. Illustration depicting BYL-719 resistant MCF and T47D cell line
development process. Low passage MCF7 and T47D cells were subjected to BYL719 treatment with increasing doses over a period of 10 months. Initial drug dose was
determined based on IC25 of MC7 and T47D cells at 2.5 and 0.2 µM and capped off
at 9 and 6 µM, respectively. Drug resistance was validated using SRB cell viability
assay.
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3.4.2

Characterization of BYL-719 Resistant Cell Line Models

After 10 months of chronic BYL-719 exposure, drug response of MCF7 and T47D
BYLR cells were assessed by treating them with various doses of BYL-719 and
comparing their response to their wild type counterparts using SRB cell viability assay
(Figure 3.21). MCF7 cells more resistant to BYL-719(WT IC50: 7.3 µM). After 10
months of drug exposure, MCF BYLR cells had doubled their IC50 to around 13.8
µM (Figure 3.21A). T47D cell line was more sensitive to BYL-719 (WT IC50: 0.6
µM). After 10 months of drug exposure, T47D BYLR cells increased their IC50 by 5
fold to around 3 µM (Figure 3.21B).

Figure 3.21. Viability curves comparing dose response of (A) MCF7 WT, BYLR
and (B) T47D WT, BYLR towards BYL-719. SRB viability assay results for MCF7,
T47D WT and BYLR cell lines treated with various doses of BYL-719 for 72 hours.
Data points/doses used for MCF7: 1, 2.5, 5, 10, 15, 20, 50, and 100 µM. Data
points/doses used for T47D: 0.25, 0.5, 1, 2.5, 5, 10, 25 and 50 µM. Cell viability was
measured in triplicates.
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After confirming acquired resistance these cell lines have developed with cell viability
assay, we wanted to see altered signaling process between WT and BYLR cohorts. In
order to identify how receptor signaling landscape have changed in our resistant cell
line models, we compared expression of major receptors between wild type and
resistant cells using Western blot (Figure 3.22). In both cell lines, EGFR expression
is diminished in resistant counterparts. Moreover, we observed an increase in ER
levels in resistant counterparts of both cell lines. However, rest of the receptors we
examined show varying expression pattern. In MCF7 BYLR cells, EGFR and PR
expression decrease, meanwhile we see a slight increase in HER2 levels. In T47D
BYLR cells, HER2 and EGFR expression is decreased, meanwhile PR expression is
increased.

Figure 3.22. Western blot analysis of MCF7, T47D WT and BYLR cells probed
with various cell surface markers. Beta-actin was used as loading control.
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We were then intrigued to find how resistant cells were able to keep up with the
continuous inhibitory pressure from BYL-719, so we treated MCF7 and T47D WT
and BYLR cells with increasing doses of BYL-719 for 24 hours. Our Western blot
analysis revealed that PI3K signaling landscape differs between WT and BYLR cells.
In both resistant cell lines, AKT phosphorylations are retained even more so than their
wild type counterparts as BYL-719 dose increases, more prominent in T47D BYLR
cell line. AKT phosphorylation being more protected in resistant cell lines imply that
resistance mechanism most likely involves AKT as well. Consequently, mTOR
downstream markers like S6 and 4EBP1 also maintain active state more distinctly in
BYLR cells, again most prominently in T47D BYLR cells. Out of all the markers
probed, most striking effect has been observed in phosphorylation levels of 4EBP1.
Overall, these results suggest that resistance to BYL-719 inhibition is also mediated
through downstream components of PI3K pathway as well.
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Figure 3.23. Western blot analysis showing PI3K/AKT pathway elements upon
treatment with increasing doses of BYL-719 in (A) MCF7 and (B) T47D WT
versus BYLR cells lines. Cells were treated with BYL-719 for 24 hours. Beta-actin
was used as loading control.

We also discovered in lysates collected from cells, STK10 expression was elevated in
T47D BYLR cells compared to WT counterparts (Figure 3.24A). Based on this
finding, we questioned whether siSTK10 treatment can sensitize resistant cells to
BYL-719. Indeed, combination of siSTK10 and BYL-719 led to significant increase
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in percent inhibition compared to single treatment (Figure 3.24B). Similar with
previous findings (Figure 3.6 and Figure 3.8), STK10 silencing acted as a sensitizer
for BYL-719 treatment. We also tested PI3K pathway markers upon combination of
siSTK10 and BYL-719; however, there was no alteration in combination group
compared to single treatment, again indicating possible activity of parallel pathways
(data not shown). STK10 might be triggering other pathways currently unclear to us,
thereby modulating response to BYL-719 inhibition.

Figure 3.24. STK10 silencing sensitizes T47D BYLR cells to BYL-719 inhibition.
(A) Western blot analysis of STK10 levels in T47D WT and BYLR cells. (B) SRB
cell viability analysis showing percent inhibition upon either single or combination
treatment of siSTK10 and BYL-719. Cell viability was measured in triplicates.
Significance denoted as: *** p<0.001, ** p<0.01 and * p<0.05.

SUMMARY
To summarize, in our acquired BYL-719 resistance studies, we were able to develop
BYL-719 resistant cell lines, as confirmed by SRB viability assays. Both MCF7 and
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T47D BYLR cell lines have decreased expression of EGFR. Moreover, they can
sustain AKT and mTOR downstream signaling even under inhibitory pressure of
BYL-719 compared to their wild type counterparts. We also proposed two ways of
sensitizing these cells to BYL-719 treatment. First, STK10 was found to be elevated
in T47D BYLR cells. siRNA-mediated silencing of STK10 synergized with BYL-719
treatment and resulted in further decrease of cell viability. Secondly, we used
tamoxifen, an ER antagonist, to target elevated ER expression in these cell lines,. In
both cell lines we observed synergism between tamoxifen and BYL-719. Further
characterization of these cell lines using RNA-seq analyses will help propel these
sensitization studies even further.
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CHAPTER 4
DISCUSSION

PI3K receives signals from a wide range of tyrosine kinase receptors, GPCRs, Ras
and involved in wide range cellular functions, such as proliferation, survival,
differentiation, chemotaxis and homeostasis [75,76]. PI3K pathway is implicated to
be involved in many cancers [77]. Therefore, there has been a great effort to develop
inhibitors targeting several key nodes at PI3K pathway. First generation of drugs
targeting PI3K, such as Wortmannin and LY294002 never made it into clinical trials
due to specificity issues and heavy side effects [78]. Over the years, more potent
inhibitors have been developed. Recent development of isoform specific PI3K
inhibitors helped alleviate heavy side effects observed with pan-PI3K inhibitors.
However, drug resistance remains to be a major problem.

4.1

Potential Involvement of STK10 in PI3K Pathway

In our study, we initially aimed at identifying molecular targets that can modulate
PIK3CA inhibition resistance in a PI3K-dependent, but AKT-independent manner.
AKT has been studied extensively; therefore, identifying AKT-independent molecular
targets can create novel therapeutic approaches to combat PIK3CA inhibition
resistance. Recent studies also demonstrate the importance of AKT-independent
mechanisms involved in PIK3CA resistance. In clinical trials, patients who do not
respond well to PIK3CA inhibition, or develop resistance show increased
phosphorylation of mTOR downstream targets yet having suppressed AKT
phosphorylations compared to responding patients [40]. Lately, SGK1 and PIM
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kinases were also identified as alternative paths that can drive PI3Kα resistance by
maintaining an active mTOR downstream signal without AKT phosphorylation
[46,49]. This also raises the question whether probing AKT phosphorylation can be a
faithful marker of PI3K activity in patients. Clearly, an active PI3K pathway without
displaying AKT phosphorylation can still propagate the signal further downstream of
mTOR via alternative paths. Therefore, assessing phosphorylation levels of S6 as
surrogate marker can be more effective in determining PI3K pathway activity than
AKT [79]. Our approach to identify AKT-independent molecular targets is therefore
relevant with recent findings in cell-based models and clinics.

Our bioinformatical analyses identified STK10 to be significantly upregulated in cells
displaying PI3K and AKT inhibitor resistance (Figure 3.2). We identified STK10 to
be upregulated at mRNA levels in cells resistant to PI3K and AKT inhibition.
Furthermore, STK10 is a good indicator of patient survival based on METABRIC
dataset. All patients, irrespective of their PIK3CA status showed poorer survival when
STK10 levels were high, although biggest separation was observed in PIK3CA mutant
patients (Figure 3.2).

Our wet lab experiments, on the other hand, displayed cell line-specific effects. In
TNBC cell lines, MDA-MB-436 and BT20, STK10 was able to sensitize these cells
to BYL-719 consistently, although mechanism of such sensitization was rather cell
line-specific. In MDA-MB-436 cells we observed further decrease in phosphorylation
levels of both AKT, S6 and 4EBP1 upon STK10 knockdown, indicating presence of
an AKT-dependent mechanism of sensitization (Figure 3.7A). BT20 cells displayed
no change in PI3K/AKT pathway components (Figure 3.9). This might be attributed
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to baseline PIP2 levels in these cell lines, given p-ERM activation is shown to be PIP2dependent [56]. One can assume that low levels of baseline PIP2 levels would lead to
less efficient activation of ERM proteins. In both cell lines overexpression of STK10
failed to rescue PI3Kα specific inhibition. Even though we saw a significant increase
in p-ERM levels, STK10 substrate which indicates functional STK10 overexpression,
PI3K pathway was untouched. This led us to think that STK10 might not be located
within the PI3K pathway at all, and the sensitization to BYL-719 inhibition might be
mediated through some parallel pathways such as MAPK. We addressed this partially
by stimulating HMEC and MEF cells stably expressing STK10 by insulin and EGF,
which also alternatively activates MAPK on top of PI3K pathway (Figure 3.14) [69].

STK10 overexpression did not rescue phosphorylation levels of AKT, S6 or 4EBP1.
This result is also in line with the literature. Kuramochi and colleagues identified that
STK10 catalytic domain showed high homology with STE20 family proteins which
are known to be involved with many MAPK cascades. When tested, STK10 failed to
activate ERK2, JNK/SAPK and p38 MAPK [52]. With our stimulation experiments
with insulin and EGF, we were able to cross out the possible involvement of STK10
with IR, IGF1-R and EGFR induced PI3K and MAPK cascade activation. This leaves
out GPCR mediated activation of PI3K pathway. However, inducing GPCRs is a
daunting task. Human genome is estimated to encode around 800-1000 different
GPCR subtypes with over 200 different ligands identified to activate these receptors
[80,81]. When stimulated with 4% FBS, we were able to observe a rescue of
downstream targets in STK10 overexpressing MEF cells (Figure 3.12); however, FBS
contains amino acids and multiple growth factors, activating many pathways at once,
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making it impossible to pinpoint exact pathway STK10 is involved in and exerts its
effect from.

The standing issue is, we are still not sure how STK10 can potentially be involved
with PI3Kα resistance while displaying cell type specific effects on PI3K downstream
markers. To uncover possible mechanisms of resistance STK10 might be involved in,
a more direct approach must be adopted. Identifying interaction partners of STK10
using mass spectrometry will be the most robust way to unravel such mechanism of
resistance and possible involvement of STK10 within the PI3K pathway. Our group
is currently working on methods to identify interaction partners of STK10 by utilizing
proximity labeling methods, such as APEX2 or BioID coupled to mass spectrometry.
Compared to conventional affinity purification methods, biotin-based proximity
labeling approaches are superior in identification of weak and transient interactions
between proteins. Moreover, use of biotin ligases (BioID) or peroxidases (APEX)
allow for high resolution labeling of proximal targets within a radius as small as 10
nm, thereby reducing background contaminants and increasing specificity [82–84].

Another point to consider while interpreting the data is the exact location of STK10
within the PI3K cascade. Is it directly involved in signaling, or just a transcriptional
end-product of PI3K activity? Figure 3.3 might give a clue whether STK10 is just a
transcriptional product. When MCF7 and T47D cells are treated with BYL-719,
STK10 levels were also found to be decreased. Similarly, Figure 3.2C might be
hinting in the same direction. Expression of helical domain mutant PIK3CA (H1047R)
which yields an overactive PI3 kinase, results in elevation of STK10 mRNA levels.
And consistent with Figure 3.3, PI3K inhibition results in a decrease of mRNA
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product. Moreover, if we were to assume that PI3K pathway is more active in cells
resistant to PI3K and/or AKT inhibition, we can use a similar reasoning to interpret
the data in Figure 3.2A. Hypothetically, an active PI3K pathway in “resistant” cells
can also result in more active transcription of end targets like STK10 (if we were to
assume so), which is unsurprisingly elevated in “resistant” cells. To uncover this, the
next step should be to thoroughly investigate STK10 promoter for binding site of
familiar transcription factors, such as forkhead box proteins (FOXO), nuclear factor
kappa Β (NFκB) and cAMP Response Element Binding (CREB) protein [85].

Protein localization also plays an important role in proper functioning of the protein,
since it dictates access to interaction partners [86]. Therefore, it is also important to
ascertain whether STK10 directly localizes to plasma membrane when overexpressed.
Although ERM phosphorylation upon STK10 overexpression is a confirmation of
that, N-myristoylation can be utilized to target STK10 to the plasma membrane, where
the kinase can unleash its full potential [87]. It will be interesting to perform similar
experiments with myr-STK10 and check for any involvement with the PI3K pathway.
Nevertheless, all our STK10 overexpression experiments failed to induce resistance
to BYL-719 inhibition, even though we had success sensitizing cells to BYL-719 with
siRNA mediated knockdown of STK10.

4.2

STK10 as a Potential Agent for Tumorigenesis

Soft agar colony formation assays measure ability of cells to grow and divide without
needed to attach to extracellular matrix, also known as anchorage-independent
growth. Normal cells lack such ability and undergo anoikis, a form of cell death.
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Transformed cells, on the other hand, do not need extracellular matrix to divide and
grow. Therefore, this assay is an easy method to evaluate cellular transformation in
vitro [88,89]. In our experiments with HMEC and MEF cells, we observed that stable
STK10 overexpression affects number of colonies compared to controls. In other
words, STK10 did not increase the ability of anchorage-independent growth (Figure
3.16). Given soft agar colony formation assay is one of the most stringent method to
test cellular transformation, we reasoned that depending on a single agent (STK10) to
induce transformation might be too optimistic. Coupling STK10 overexpression with
mutant PIK3CA expressing HMEC or MEF cells can help alleviate such issues. We,
therefore, plan to perform same experiment with HMEC and MEF cells expressing
mutant PIK3CA (H1047R) that are readily available in our lab and transduce them to
overexpress STK10 and assess the effect of combination on cellular transformation.

We also observed that stably STK10 overexpressing HMEC and MEF cells grew more
significantly than their control counterparts within a period as short as 48 hours
(Figure 3.17). This observation is also in line with the literature. In one study, STK10
knockdown was shown to decrease cell growth in Ewing’s sarcoma cell models. Off
note, STK10 knockdown was also shown to induce apoptosis [90]. In addition, STK10
has been shown to interact with and phosphorylate PLK1 in vitro and cells expressing
kinase dead version of STK10 were observed to grow more slowly [50]. Collectively,
these results may suggest a role for STK10 in cell cycle progression and cell division
via PLK1.

ERM family of proteins link actin cytoskeleton to the plasma membrane. ERM
proteins when phosphorylated by many of its targeting kinases, such as protein kinase
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Cα (PKCα, θ), NIK (NFκB-inducing kinase), LOK (Lymphocyte-Oriented Kinase)
and MST4 [54,91–95] at conserved threonine residues near its F-actin binding site,
the protein changes conformation to an open state with the help of PIP2 [56]. At this
open state, ERM proteins can also interact with cytoplasmic domains of several
membrane proteins, such as CD44 and intracellular adhesion molecule (ICAM) [96],
which is shown to have roles in migration and cell proliferation [97]. ERM was shown
to be involved in migration at wound edges through association with PKCα.
Phosphorylation of ezrin at T567 was critical in PKCα mediated migration and T567A
mutation inhibited migration during wound closure [92]. To this end, we used p-ERM
as an activity marker of STK10. In most cell lines, we observed consisted
phosphorylation of ERM proteins upon STK10 overexpression (Figure 3.7 and
Figure 3.11). Based on literature, we wanted to know whether STK10 can have a role
in migration through ERM proteins. To investigate this, we performed scratch assay
with stably STK10 over-expressing MEF cells (Figure 3.18). However, we failed to
observe any change in migratory capabilities of MEF cells. Moreover, STK10
overexpressing cells also did not show enhanced migration even under BYL-719
inhibition. There is also evidence in the literature confirming these results. In
lymphocytes, ERM phosphorylation is associated with cellular rigidity. In cells
transfected with LOK kinase domain (KD), increased ERM phosphorylation resulted
in decreased lymphocyte mobility [54]. Overall, we can say that ERM mediated
migration may not be propagated through STK10.
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4.3

BYL-719 Resistant Cell Models to Identify Novel Mechanisms of
BYL-719 Resistance

BYL-719 was approved by FDA to be used in combination with fulvestrant in
hormone receptor positive, PIK3CA mutant patients [38]. In our study, we were able
to successfully develop two BYL-719 resistant cell lines from wild-type MCF7 and
T47D cells via chronic BYL-719 treatment (Figure 3.20). We validated resistance by
SRB cell viability method and observed as much as 4-fold increase in IC50 in T47D
cells (Figure 3.21). Given approval of BYL-719 in hormone receptor positive and
PIK3CA mutant patients, these cell lines represent a perfect model to study α-specific
inhibition by BYL-719 since both are Luminal A subtype and PIK3CA mutant.

Initial characterization experiments revealed mixed results when we look at
expression levels of key receptors. Loss of EGFR can be observed in both resistant
cell lines (Figure 3.22). This might be hinting for possible re-routing of signaling
away from major receptors like EGFR and IGFR. EGFR loss has been observed in
HCC827, non-small cell lung cancer cell line, which was associated with acquired
resistance towards AZD9291, mutant selective EGFR inhibitor [98]. However,
literature lacks possible explanations to such a case in the context of BYL-719
resistance. In addition, discrepancy between the trend observed in HER2 and PR
levels might indicate different mechanisms of resistance adopted by MCF7 and T47D
BYLR cells. This can partly be attributed to initiation of selection with different BYL719 doses when generating acquired BYL-719 resistant counterparts. Given MCF7
parental cells had higher tolerance to BYL-719 inhibition (Figure 3.19), one might
argue that use of higher BYL-719 doses to develop resistant MCF7 cells might have
targeted other p110 isoforms (β, δ and γ) non-specifically due to elevated drug doses.
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Whereas in T47D cells use of lower doses of BYL-719 might only be sufficient to
primarily target p110α while developing resistant cells. Difference in BYL-719 doses
used to generate resistant cells and therefore p110 isoforms targeted non-specifically
as a result of high BYL-719 doses, as is the case with MCF7 cells, might explain
adoption of different resistance mechanisms in these cell lines.

PI3K and ER pathways show high levels of crosstalk. Preclinical analyses revealed
that PI3K inhibition led to upregulation of estrogen receptor [79]. In a study it was
shown that inhibition of PI3Kα resulted in a compensatory mechanism where
KMT2D, an epigenetic modulator often associated with open chromatin state, gets
reactivated due to diminishing inhibitory AKT phosphorylations and consequently
activate estrogen receptor dependent transcription [99]. In a follow up study, authors
revealed that KMT2D mediated activation of ER transcriptional activity led to SGK1
transcription via direct promoter binding, which was also shown to substitute for AKT
signaling under BYL-719 treatment and result in BYL-719 inhibitor resistance
through mTOR downstream activity. Moreover, it was shown that SGK1 also
phosphorylate and inactivate KMT2D, thereby inhibiting ER transcriptional activity
[46,100]. Furthermore, our group have also revealed a reverse phenotype in tamoxifen
resistant MCF7 and T47D cells, designated TamR. TamR cells displayed increased
expression of EGFR, meanwhile showing decreased ERα expression [101]. Consistent
with the literature we also observed increase in expression levels of ERα in our
resistant cell lines compared to their wild type counterparts (Figure 3.22). One might
argue about a possible shift from EGFR to ERα mediated PI3K signaling.
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We also revisited a protein that we initially identified as a potential sensitizer to PI3Kα
inhibition resistance. Interestingly, STK10 was found to be elevated exclusively in
T47D BYLR cells compared to wild type counterparts (Figure 3.24). siRNA mediated
knockdown of STK10 sensitized T47D BYLR cells to BYL-719. Even though our
efforts failed to identify potential involvement of STK10 within the PI3K pathway,
STK10 knockdown experiments we performed successfully sensitized subject cell
lines to BYL-719. Therefore, it is critical to identify interaction partners of STK10
and consequently identify pathways it might mediate PI3Kα inhibitor resistance.

Further characterization experiments revealed that resistant cells are able to preserve
phosphorylation of AKT, S6 and 4EBP1 under BYL-719 inhibition better compared
to control cells (Figure 3.23). However, upstream elements implicated in such
phenotype remains to be identified. Increased accessibility of RNA sequencing
technology has been pivotal in identification of key transcripts involved in drug
resistance [102]. Transcriptomic and proteomic analyses to be performed on these cell
lines will provide new insights on BYL-719 resistance mechanisms and help identify
novel molecular targets for new therapeutic approaches in combatting BYL-719
resistance in patients.

CONCLUSIONS
Overall, in our studies to identify potential molecular targets that can confer resistance
to PI3Kα inhibition in a PI3K-dependent but AKT-independent manner, we identified
STK10 as a potential target. Even though siRNA mediated knockdown of STK10
sensitized cells to BYL-719, we failed to prove its direct involvement in the PI3K
pathway. Overexpression of STK10 also did not confer any resistance to BYL-719

78

inhibition nor did it induce any change in PI3K pathway components. We revealed
that STK10 overexpression increased growth rate of untransformed HMEC and MEF
cells. Furthermore, we developed BYL-719 resistant cell lines. STK10 was found to
be elevated in one of our models, T47D BYLR. STK10 was able to sensitize these
cells to BYL-719 as well.

To conclude, identification of interaction partners of STK10 via mass spectrometry
and performing RNA-seq analyses on our resistant cell lines to identify potential
transcripts that confer resistance to BYL-179 will be future studies that can develop
these projects further.
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