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SYNOPSIS
Introduction
Acquirement of resistance to various modes of therapy (chemo/targeted/radio) is the major
impediment in management of several cancers including epithelial ovarian cancer (EOC).
Though majority of EOC patients respond well initially to classical platinum-taxol
combination, nearly 10-20% of the cases relapse within 6 months of therapy completion and
does not respond to platinum again, thus termed as platinum-resistant relapse while cases
which relapses after 6-12 months are categorized as partially platinum-sensitive and disease
recurrence after 1 year is classified as platinum-sensitive relapse (1). Platinum resistant
relapse cases are generally confronted with second line of non-platinum agents like
doxorubicin, gemcitabine, irinotecan and etoposide while the platinum sensitive relapse
patients are again treated with platinum agents followed by non-platinum agents once they
become non-responsive to platinum (2). In either scenario, these platinum or non-platinum
based cytotoxic agents do not cease further relapse of the disease leading to high mortality
(3, 4). Thus it is critical to identify molecular processes or targets that would allow 1) the

platinum-resistant tumor cells be sensitized to targeted therapy or 2) delay in acquirement
of platinum-resistance or 3) predict response of non-platinum drugs to identify the right
choice and avoid excessive side-effects. All these three or any one of them is beneficial for
improved treatment response and better health of the resistant relapse patients.
Acquired chemoresistance, a multi-step process developed through series of molecular and
biochemical changes resulting from modulation in several key signaling components.
Evolution of a cancer cell to a highly resistant disease can be categorized in different stages
based on the degree of resistance which can be manipulated for therapeutic purpose.
Utilizing indigenously built platinum-taxol resistant A2780 and OAW42 dynamic cellular
models developed using pulse method of chemotherapy, we aim to identify and target key
molecular components capable of 1) preventing promotion of resistance or 2) delaying the
development of a highly chemoresistant disease or 3) predicting response for alternate nonplatinum agents to identify the optimal choice.
Previous reports from our lab suggested that an upregulated IGF1R expression promotes
development of resistance at an early stage while increased AKT activation but low IGF1R
level maintains a highly resistant phenotype in our cellular chemoresistant models (5).
PI3K/AKT and MAPK/ERK are the two key downstream signaling pathway of IGF1R
implicated in regulation of chemoresistance in several cancer including EOC (6-9). Though
there are several studies which shows activation of theses signaling pathways in chemo
resistant ovarian cancer cells there are no reports on how these signaling pathways are
modulated as ovarian cancer cells gradually become more and more resistant to platinumtaxol treatment. Among several cellular and molecular pathways associated with
chemoresistance, multiple reports correlate activation of autophagic flux with
chemoresistant phenotype in several cancers including EOC (9-12). Alterations in key
kinases and signalling pathways can fine tune autophagic flux to promote development of
chemoresistance (10, 13, 14). An active AKT signaling is reported to inhibit autophagic flux

while ERK activation regulates autophagy in a context dependent manner (11, 15, 16). Thus
investigating the association of autophagy during gradual acquirement of chemoresistance
and its regulation through key signaling intermediates may help in developing novel
therapeutic strategy against chemoresistant ovarian cancer.
Identifying molecular processes or targets that could impede development of therapy
resistance is the need of the hour for EOC. Repurposing of FDA approved drug for one
pathological condition to another disease significantly reduces the cost and time of
approving a promising drug. Vast clinical and basic studies support the idea of repurposing
of metformin, a first line drug for treating type-2 Diabetes, against EOC. Administration of
metformin was associated with better survival in 73 EOC patients. A reduced incidence of
EOC was also reported in diabetic patients who received metformin (17-19). Combinatorial
treatment of metformin along with paclitaxel was reported to reduce tumor volume in LSLKrasG12D/+PtenloxP/loxP mice (20). High dose of metformin treatment was reported to
inhibit cell proliferation in a panel EOC cell lines (21). Although, multiple reports suggests
various role of metformin in regulation of proliferation, sensitization and tumor
development, the role of metformin as an adjuvant to cisplatin-paclitaxel during the
attainment of therapy resistance is yet to explored.
Development of highly platinum resistant phenotype compels the use of second line nonplatinum agents like doxorubicin, gemcitabine, irino/topotecan and etoposide. A prior
subject specific assessment of the effectivity of these drugs can guide the choice of second
or third line chemotherapeutics to improve response rate. Classically, cytotoxicity based
approaches are used to determine effectivity of chemotherapeutic drugs which though
provides a gross estimation drug sensitivity but fails to monitor molecular response to
therapy, which may impart cross-resistance. The complexity in molecular response to an
external chemotherapeutic stimuli is governed by multitude of differential protein-protein
interaction (PPI) involving few key signaling hubs. In recent years, Bioluminescence
Page 17 of 264

Resonance Energy Transfer (BRET) has emerged as a powerful technique for studying
Protein-protein (PPI) and lipid-protein (PLI) interactions (22, 23). BRET works on the
principle of non-radiative energy transfer between a donor luciferase and a acceptor
fluorophore within a permissible distance (1-10nm). Thus real time monitoring of PPI and
PLI using -BRET may provide a better understanding of the drug response which may
ultimately predict therapy outcome.
In the quest for deep understanding of the contributory role of MAPK/ERK and
PIK3CA/AKT signaling in acquired platinum-resistance and develop remedial strategies,
the following questions were framed.
Key questions
1. Whether MAPK/ERK and PI3K/AKT signaling are modulated during the gradual
acquirement of chemo resistance in ovarian cancer cells?
2. Is it possible to target and pause promotion of resistance at the onset of cisplatinpaclitaxel dual resistance in ovarian cancer cells?
3. Is it possible to impede development of a highly chemoresistant phenotype?
4. Is it possible to utilize the dynamic modulation in MAPK/ERK and PI3K/AKT
signaling to predict therapeutic efficacy of second line non-platinum agents in
platinum-taxol resistant cells?
Based on these key questions, the following specific objectives were designed:

Objective 1: Understanding the biological relevance of MAPK/ERK and PI3K/AKT
signaling in dual chemo resistant ovarian cancer model
Results:
1. A. Evaluating the role of MAPK/ERK and PI3K/AKT in regulation of
chemotherapy induced autophagic flux during acquirement of resistance
To understand the modulation of MAPK/ERK and PI3K/AKT signaling during the course
of acquired chemoresistance, we utilized indigenously developed cisplatin–paclitaxel dual
resistant model in A2780 and OAW42 cell lines. These models were developed by
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successive and incremental treatment of cisplatin-paclitaxel over six months and were
classified into sensitive, early (A2780/OAW42DualER) and late (A2780/OAW42DualLR)
resistant cells depending on their resistant indices (5). Basal level of ERK1/2
phosphorylation and phosphorylation of its downstream target p90RSK1/2 and Fra-1 were
significantly higher in DualER cells of both models, inhibition of which with U0126 (a
MEK1/2 inhibitor) along with cisplatin-paclitaxel (CisPac) induced an additive cytotoxic
effect specifically in DualER cells (26.15% and 23.28% respectively) of both A2780 and
OAW42 models compared to only CisPac or U0126 indicating the dependency of DualER
cells upon activated ERK1/2 signaling.
Among the several molecular phenotypes regulated by ERK1/2, we were interested in
understanding the role of ERK1/2 in regulation of chemotherapy induced autophagic flux.
CisPac treatment to both sensitive and DualER cells showed increased LC3 I-II conversion
at 12 and 24 hrs for both the models. Surprisingly, p62 degradation which denotes
completion of autophagy was only evident in DualER cells. CisPac treatment of
A2780DualLR and OAW42DualLR cells induced minimal LC3 I-II conversion and p62
degradation. Assessment of autophagic flux in presence of chloroquine (CQ, an autophagy
inhibitor) revealed highest change in LC3 conversion specifically in A2780DualER cells post
CisPac+CQ treatment in comparison to only CisPac, indicating an increased chemotherapy
induced autophagy flux while blocked/ reduced autophagic flux was observed in A2780 and
A2780DualLR cells. Transmission electron microscopy also revealed a distinct surge in
numbers of autophagosomes (2.1 fold and 3.4 fold) as well as autophagolysosomes (3.4 fold
and 3.2 fold) in drug treated A2780DualER and OAW42DualER cells while increased
formation of autophagosomes without any change in autophagolysosome number was
observed in sensitive cells, indicating a blockade in completion of autophagic flux. A
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minimal increase in the number of autophagic bodies was observed in DualLR cells of both
models, suggestive of a low level of autophagy.
Exclusive presence of drug induced autophagic flux at the onset of resistance prompted us
to investigate the molecular crosstalk between autophagic flux and activated ERK1/2
signaling. Estimation of autophagic flux revealed a significantly increased LC3 conversion
and p62 level post treatment with CisPac+CQ compared to only CisPac while addition of
chloroquine along with CisPac and U0126 did not lead to further increase in LC3 and p62
accumulation in comparison to CisPac+U0126, indicating a blockade in late stage of
autophagy upon ERK1/2 inhibition. Similar results were observed when Trametinib (a
clinically approved MEK inhibitor) was used in the same conditions. Genetic knock-down
of ERK1 increased LC3II and p62 accumulation compared to parental A2780DualER cells
post CisPac treatment. Combinatorial treatment of U0126 and CisPac increased
phagophores and autophagosomes with a concomitant reduction in autophagolysosomes in
DualER cells indicating the role of ERK1/2 in completion of autophagic flux during the
onset of therapy resistance. Reduced initiation of autophagy flux in the DualLR was
attributed to the hyperactive AKT signaling, inhibition of which induced higher LC3I-II
conversion and p62 degradation.
In order to understand whether ERK1/2 regulates completion of autophagy via maturation
and subsequent fusion of autophagosome with lysosome we utilized the classical mCherryEGFP-LC3 reporter. Combinatorial treatment of CisPac along with U0126 in A2780DualER
cells reduced mcherry/EGFP ratio (1.91) with an accumulation of yellow puncta (colocalization coefficient: 0.70±0.04) in the perinuclear region, compared to only drug treated
cells, which predominantly displayed red puncta (mcherry/GFP ratio 4.11) with fewer colocalization (co-localization coefficient: 0.48+0.06). Dual immuno-staining with LC3
(autophagosome

marker)

and

LAMPI

(lysosomal

marker)

revealed

enhanced
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LC3+veLAMP+ve puncta specifically in CisPac treated DualER cells than untreated cells
(27.16±2.71 vs. 6.89±0.78 puncta/cell) which again reduced by 5-fold (5.3±0.59
puncta/cell) after combinatorial treatment of U0126 and CisPac. Autophagosome-lysosome
fusion involve a large number of molecular players of which UV radiation resistanceassociated (UVRAG) and Rubicon (RUBCN) are involved in endocytic transport,
autophagosome maturation and/or autophagosome–lysosome fusion through Rab7 (24, 25).
Both pharmacological and genetic inhibition of ERK1/2 along CisPac reduced level of
UVRAG and Rab7, implying a molecular link between ERK1/2 activation and
autophagosome-lysosome fusion. Inhibition of ERK1/2 activation (Trametinib) in DualER
cells increased apoptosis indicated by increased dead cell population, PARP cleavage and
annexin+ve/PI+ve population.
The above results suggested a promising role of ERK inhibitor to combat chemoresistance
at an early stage through inhibition of drug induced autophagic flux. However, to evaluate
the therapeutic efficacy at preclinical stage, an appropriate autophagy sensor is required.
Since the currently available sensors fails to monitor real-time autophagic flux in-vivo, we
developed a luciferase based novel autophagy sensor, mtFL-p62 which showed enhanced
luciferase signal due to accumulation of p62 upon blockade of autophagic flux and reduced
luciferase signal due to degradation of p62 upon induction of autophagy. After initial
validation of the sensor using different known modulators of autophagy we utilized the
sensor to monitor chemotherapy induced autophagic flux in A2780 and OAW42
chemoresistant model from cell lysate as well as live-cell assay. In agreement to our
previous data, chemotherapeutic treatment in A2780 and A2780Dual LR cells increased
luciferase signal (1.48±0.06 and 1.62±0.04 fold at 12 and 24 hour) and (0.62±0.03 and
2.07±0.16 fold at 12 and 24 hour) compared to their untreated group. Contrarily, a reduced
luciferase signal was observed upon drug treatment in A2780DualER cells which enhanced
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after combinatorial treatments of U0126 and CisPac. Chloroquine treatment along with
CisPac also increased signal output at all the stages.
Next tumour xenografts of A2780DualER cells stably expressing mtFL-p62 fusion reporter
were developed in nude mice and therapy induced autophagic flux was monitored for 14
days. CisPac treatment (day 1) resulted in 0.62 fold reduction in luminescence signal on day
2 which reduced further over subsequent treatment till 0.32-fold on day 14, indicating
ongoing p62 degradation and an active autophagic flux. While combinatorial treatment of
Trametinib with CisPac induced a 3.12 fold increase in luminescence signal on day-2 which
remain steady till day 4 and then dropped on day 6. A 3.80 and 3.78 fold gain in
luminescence signal was observed post administration of second and third dose on day 8
and day 14 respectively indicating the role of Trametinib in inhibition of CisPac induced
autophagic flux.

Combinatorial treatment of CisPac along with CQ showed a similar

kinetics while change in luciferase signal upon treatment with only Trametinib or
chloroquine did not change significantly. Further, combinatorial treatment of Trametinib
along with CisPac significantly reduced tumor growth with respect to only CisPac, only
Trametinib and untreated group respectively. Altogether our data suggests that a hyperactivated ERK1/2 drives autophagic flux to withstand therapeutic stress at the onset of
chemoresistance inhibition of which sensitizes these cells to therapy and prevent
development of highly chemoresistant phenotype.

1.B. Understanding the role of metformin in acquirement of chemoresistance
To determine the role of metformin on acquirement of chemoresistance, two different
strategies for administration of metformin treatment were adopted: i) Sequential treatment
of metformin and then cisplatin-paclitaxel [referred as MSLR (A2780MSLR or
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OAW42MSLR)], and ii) Combinatorial treatment of metformin along with platinum-taxol
[referred as MCLR (A2780MCLR or OAW42MCLR)]. A low (IC20) dosage of metformin
(2mM) was used to avoid cytotoxicity. The proliferation rate of MCLR and MSLR cells was
significantly higher than DualLR in both A2780 and OAW42 model. DualLR exhibited
longest doubling time of (39±0.93 and 84.25±11.42 hours) while MSLR and MCLR showed
a doubling time 28.05±0.60 hours and 24.18±0.14 hours respectively in A2780 model and
43.59±1.02 hours and 36.66±0.11 hours respectively in OAW42 model. MSLR and MCLR
cells of both A2780 and OAW42 cell lines, showed reduced AKT phosphorylation in
comparison to DualLR cells while ERK activation was higher in metformin treated groups.
To assess the tolerance of MCLR and MSLR cells towards cisplatin and paclitaxel, cell
viability was measured post CisPac treatment. A combined dosage of cisplatin and
paclitaxel induced only 4.5±2 % and 6.2±4.2% cell death in A2780Dual LR and
OAW42DualLR cells respectively while 33±2.73% and 18.51±2.4 % cell death was observed
in A2780MSLR and OAW42MSLR cells. Similarly, a 32.26±2.9% and 39+0.46 % cell death
was observed A2780MCLR and OAW42MCLR cells respectively.

Next, we estimated the

long term survival of these cells with increasing concentrations of cisplatin and paclitaxel
through clonogenic assay. A2780DualLR cells showed significantly increased number of
colonies (~90% and 65% surviving fraction) compared to A2780MSLR (~66% and 18%),
and A2780MCLR (~19% and 17%) in both the drug concentrations tested (100ng
cisplatin+13ng paclitaxel/ml and 100ng cisplatin+42.5ng paclitaxel/ml). OAW42MSLR and
OAW42MCLR cells also showed reduced number of colony in comparison to OAW42DualLR
cells.
Since, multiple reports suggest the role of metformin in stemness regulation, we quantified
the percentage of CSC population based on their innate drug efflux property by Side
Population assay. Highest percentage of CSC population (28.6 % and 22.1% respectively)
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was observed in A2780DualLR and OAW42DualLR cells while MSLR (15.1% and 4.13%)
and MCLR (9.70% and 6.79%) showed reduced percentage of CSC population in both
A2780 and OAW42 respectively. DualLR cells also showed highest percentage of CD133+ve
population compared to MSLR and MCLR cells of both models. A significantly higher
relative expression of pluripotent genes like Sox2, Oct 4, and Nanog was also observed in
DualLR cells in comparison to MSLR and MCLR cells of both models. These results
indicated that metformin attenuates development of CisPac resistance by targeting CSC in
EOC cells.
Since metformin is known to affect cellular metabolism, we performed 1D 1H-NMR
spectroscopy to identify the altered metabolites in presence and absence of metformin.
Taurine and histidine were found to be the most significantly altered metabolites between
the groups. Presence of metformin upregulated taurine level in A2780MSLR (~2 fold) and
A2780MCLR (~1.7 fold) as compared to A2780 cells while A2780DualLR (~1.2 fold) cells
showed similar level of taurine as compared to sensitive cells.
Since taurine is reported to promote stem cell differentiation (26, 27) and we also had
observed a decrease in the percent CSC population in MCLR and MSLR cells, we evaluated
the effect of taurine directly on CSC population of DualLR cells. Taurine reduced the CSC
population by 5.7% and 10.6% respectively in comparison to untreated cells (30.5% SP
population). Combinatorial treatment of taurine and CisPac also sensitized Dual LR cells to
therapy, indicating the role of taurine in maintenance of CSC and therapy resistance.
Objective 2: Development of BRET based sensors to monitor PI3K/AKT signaling and
MAPK/ERK signaling during the acquirement of chemoresistance
Targeting specific molecular pathways in late or highly resistant cells may improve
therapeutic outcome. However, it’s also important to assess the molecular changes (PPI or
PLI) during therapy for optimization of the currently available therapeutic options.
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Membrane translocation of AKT via its Pleckstrin Homology (PH) domain upon conversion
of PIP2 to PIP3 by phosphoinositol-3-kinase is a crucial and initial step of AKT activation.
In this report, we developed an improved BRET based PIP3 sensor (NAT) utilizing the
already available Luc-PH-AKT/YFP-Mem BRET biosensor by replacing Rluc with
nanoluciferase (NLuc, BRET donor), and a red-shifted TurboFP fluorescent (BRET
acceptor) protein

instead of YFP. Real-time live cell imaging of A2780 cells expressing

NAT revealed a dose dependent increase in AKT activation, which peaked at 5 min
(0.95±0.01) compared to untreated (0.13±0.02) cells and then remained fairly constant till
15 min. A similar dose dependent AKT activation kinetics was also observed in MCF7 cells
post insulin treatment. Increase in NAT BRET ratio was also observed post 15 min of IGF1 (0.98±0.03) or EGF (1±0.02) treatment while pre-treatment of cells with wortmannin
(PI3KCA inhibitor) and picropodophyllin (IGF1R inhibitor) reduced BRET ratio.

In

corroboration with the BRET data, a similar trend in AKT phosphorylation was observed in
A2780 cells post treatment with different growth factors and inhibitors by immunoblotting,
indicating the accuracy of the BRET sensor, NAT in portraying AKT activation dynamics.
Next, we developed ERK based BRET reporter by replacing the FRET compatible
fluorophores of FRET based Extracellular signal-regulated Kinase Activity Reporter
(EKARcyto and EKARnucleus) with NanoLuc and mOrange (Nluc-EKAR-mOrange, NEO).
Briefly, the sensor consists of consensus ERK target phosphorylation sequence of cdc25
(PRTP), phospho ERK binding domain (FQFP), a flexible linker of 72 glycine residue and
a proline directed phospho binding domain. Phosphorylation by ERK1/2 triggers a
conformational change which brings the donor and acceptor proteins in close proximity and
induce resonance energy transfer between them. To monitor the total ERK activity
(Cytoplasmic+Nuclear) both the constructs were transfected together in all the experiments.
Live cell monitoring of ERK activation revealed a dose and time dependent increase in
BRET ratio (27.44±0.19 and 48.21±0.51 mBu at 15 min respectively) post 100nM and 200
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nM IGF-1 treatment in comparison unstimulated A2780 cells (13.34±0.41 mBu). Similar
increase in BRET ratio indicating gradual ERK activation was observed in IGF-1 stimulated
MCF7 cells. Insulin and EGF stimulation induced increased BRET ratio (58.55±0.68 and
54.64±1.89 mBu respectively) while pre-treatment with U0126 (21.07±0.99 mBu) or
picropodophyllin (26.72±0.97 mBu) reduced BRET in A2780 cells. A similar trend of ERK
phosphorylation was observed post treatment with different growth factors and inhibitors
by immunoblotting indicating the efficiency of NEO in accurately portraying autophagy
flux.
Next we utilized our NAT and NEO sensor to monitor platinum-taxol induced ERK1/2 and
AKT activation in our DualLR and SKOV3 (an intrinsically platinum resistant cell-line) cells
in comparison to sensitive A2780 and OAW42 cells. Interestingly, platinum-taxol treatment
increased in NEO BRET signal in A2780DualLR (86.10±1.37 and 117.29±4.39 mBu) and
OAW42DualLR (85.59±4.63 and 93.12±4.14 mBu) cells post 12 and 24 hours, while no
significant change in BRET ratio was observed in parental cells. A similar increase in BRET
signal was observed in SKOV3 cells post 12 and 24 hours of platinum-taxol treatment. No
significant increase in NAT BRET signal was observed post cisplatin-paclitaxel treatment
in both sensitive and chemoresistant cells, however an increased basal BRET ratio was
observed in A2780DualLR, OAW42DualLR and SKOV3 cells in comparison to sensitive
A2780 and OAW42 cells. These results indicated a therapy induced ERK1/2 activation but
not AKT activation in cisplatin-paclitaxel dual resistant cells. Till date, ERK and AKT
activation are never measured in real time using BRET strategy in patient derived primary
tumor cells. We attempted live cell imaging of BRET phenomenon in ovarian cancer cells
(CD90-veEPCAM+ve) derived from malignant ascites from chemo naïve, platinum resistant
relapse and platinum sensitive relapse patients. Interestingly, an increased NEO (4.72 fold)
and NAT BRET (10.11 fold) ratio was observed in cells derived from platinum-resistant
patient while no significant change in BRET ratio was observed in ascites derived from
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chemo-naive and platinum-sensitive relapse patient post platinum treatment. Cells derived
from platinum-resistant patient also showed higher tolerance to cisplatin compared to
chemo-naïve and platinum-sensitive cases. Collectively this data suggests the importance
of ERK1/2 and AKT activation in predicting effectivity of a platinum-taxol therapy.
Disease recurrence within six months of initial therapy followed by non-responsiveness to
reintroduction of platinum drugs necessitates the use of second line of therapy with nonplatinum agents. The most commonly chosen second line of non-platinum drugs include
doxorubicin, gemcitabine, irinotecan and etoposide. It is important to understand whether
and which of these second line non-platinum agents will be appropriate in platinum-taxol
resistant cells by assessing the ERK1/2 and AKT signalling arms. Doxorubicin treatment
increased NEO BRET signal by 2.3 fold in A2780DualLR cells, by 3.5 fold in OAW42DualLR
cell and by 2.6 fold in SKOV3 cells post 24 hours of treatment, while no significant change
in BRET signal was observed in A2780 and OAW42 cells. Increased NEO BRET signal
was also observed post 24 hours of gemcitabine and etoposide treatment specifically in
A2780DualLR, OAW42DualLR and SKOV3 cells but not in sensitive A2780 and OAW42
cells. Intriguingly, Irinotecan treatment did not result any significant change in NEO BRET
ratio in chemoresistant or chemosensitive cells. In comparison to the NEO BRET, NAT
BRET ratio did not get significantly altered significantly post treatment with any of the
second line therapeutic agents in both chemoresistant and sensitive cells. A2780Dual LR,
OAW42DualLR and SKOV3 cells showed increased tolerance to doxorubicin, gemcitabine
and etoposide but not Irinotecan, which sensitize theses dual resistant cells to therapy.
Doxorubicin induced ERK1/2 activation led to increased activation of its downstream target
p90RSK, a growth promoting survival signal, while inhibiting pro-apoptotic BAD protein
specifically in DualLR and SKOV3 cells. However non-significant alteration in phospho
p90RSK and pBAD was observed post irinotecan treatment in both sensitive as well as
chemoresistant cells. Altogether our data suggests that chemotherapy induced ERK1/2
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activation may support development of cross-resistance to non-platinum agent and may lead
to poorer therapeutic outcome.
Conclusion:
Our data suggests that inhibition of ERK1/2 activation blocks chemotherapy induced
autophagic flux to prevent development of highly chemoresistant phenotype in the onset of
cisplatin-paclitaxel dual resistance. Repurposing metformin, an anti-diabetic drug, as an
adjuvant to platinum-taxol could impede the development of highly chemoresistant
phenotype. However, complete development of chemoresistance necessitate the
administration of currently available second line therapy, the choice of which can be guided
by prior evaluation of therapeutic effectivity by real-time BRET based monitoring of
ERK1/2 and AKT activation.
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Chapter 1: Introduction and review of literature

1.1 Cellular signaling: the central processing unit of cellular system

A vast array of signaling networks governs the ability of a cell to sense, respond and adapt
to diverse external stimuli. The interpretation of this external cues depend on the
downstream signaling network which shapes the behavior of a cell. Cells generally respond
to extracellular environment via its membrane receptors, which then transduces the
information to downstream signaling messengers, which in turn activates key effector
molecules. In a cellular system, signaling networks maintain normal physiological function
and homeostasis, however its perturbation leads to diseased states like cancer, diabetes and
neuro-degenerative diseases etc. (28). Alteration in amyloid β cleavage and degradation,
APOE-cholesterol pathways are the hallmarks of Alzheimer’s (29). A recent proteomic
study reported that survival promoting signaling pathways and signaling associated with
homologous recombination to be significantly altered between ovarian cancer and normal
tissue (30). Interestingly, cells responds to a vast array of stimulus with a fairly limited
number of signaling hubs with different temporal and spatial dynamics. Further the
amplitude of the signaling pathway i.e., the extent to which a pathway becomes active also
modulates the nature of response and a differential activation level of signaling pathways
are often observed in cancer. Though cancer is considered to be a genomic disease, the post
genomic era identifies the altered signaling pathways as the functional component of a
cancer cell that ultimately dictates the disease biology (31). Alteration in signaling pathways
are generally governed by either the expression of signaling intermediates or activation of
its components. Activation of signaling components are generally regulated by proteinprotein or protein-lipid interaction which may lead to formation of active protein complex
or post-translational modifications (32). Thus monitoring the modulation of key signaling
pathways and understanding the implication of such modulation in diseased state is crucial
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for a deeper understanding of the disease biology and provides a scope for new therapeutic
strategies.

1.1.1 Monitoring of signaling events
Modulation in signaling pathways can generally be studied by (i) Evaluating the level
and/or localization of the molecule/s of interest: Activation of a signaling pathway is
generally associated with
increased levels of key
signaling components. In
the context of signaling
pathways relayed through
kinases,
activation
Figure 1: Strategies to explore signaling pathway

pathway
is

usually

associated

with

modulation
phosphorylation

of

Schematic representation depicting various methods to
evaluate modulation in signaling pathways

multiple kinases and their
substrates

leading

to

activation or degradation of these proteins. Additionally, pathway activation can also be
studied with respect to the change in cellular localization of the participating proteins.
ii) Evaluating the expression level of downstream targets: Activation of signaling
pathways ultimately leads to activation of transcriptional modulators resulting in
transcriptional activation followed by enhanced expression of specific set of target genes.
The net effect of this activation kinetics gets reflected in altered functional and structural
properties of the cancer cells.
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(iii) Monitoring of key molecular interactions: Physical interaction amongst the signaling
components is pivotal for activation of signaling pathways. Thus modulation in signaling
arms is often evaluated through dynamic monitoring of key bio-molecular interactions, such
as protein-lipid interaction (PLI) and protein-protein interactions (PPI). Physical
interactions between membrane lipids and Ras or AKT oncoprotein is crucial for the
activation of respective signaling arms. PPI between two Her-2 monomers leading to Her2 dimerization marks the initiation of Her-2 signaling (Figure 1). A large number of PLI and
PPI events have been identified in cancer manifestation, progression and resistance
development (33, 34). Monitoring dynamics and strength of PPI or PLI among the
components of a signalling cascade is critical to develop therapeutics and therapeutic
strategies. Since these molecular interactions can be monitored from live cells in real time,
they offer a deeper understanding of temporal signaling kinetics in comparison to the two
other methods. On the contrary, monitoring of biomolecular interactions in live cells
requires introduction of exogenous reporter proteins in cells, which is difficult in many
circumstances. In the context of fusion reporter (protein of interest fused with a reporter
protein) proteins, the expression level of the protein of interest and the reporter needs to be
carefully regulated. Thus all these methods are complimentary and need to be evaluated
simultaneously. Differential modulation in PPI or PLI in normal and diseased cells may help
in shedding light towards understanding of disease biology and to design pharmacological
strategies to modulate the same (35).

1.1.2 Methods to monitor molecular interaction

PPI and PLI govern all aspects of cellular functioning which include signaling, metabolism,
replication and death. Thus understanding the real-time dynamics of these interaction is
crucial for interpretation of any biological phenomenon. Classically, biochemical assays
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like co-immunoprecipitation, ELISA, isothermal calorimetry and Surface Plasmon
Resonance (SPR) are used for studying PPI and PLI. Though additional modifications to
standardized protocols are required to study PLI. Prior labelling of cells with photoactivable
lipid probes in dilapidate media is generally performed to immunoprecipitate protein-lipid
complexes from live cells (36). These protein-lipid complexes are generally visualized by
autoradiography instead of immunoblots which are used to detect PPI. Depending on the
PLI of interest, choice of competitive or indirect Eliza methods are decided in plates precoated with lipids of interest (37). SPR protocols are modified to eliminate nonspecific
binding of lipid to the sensor (38). These assays provide critical thermodynamic and
biochemical information about biomolecular interactions. However, majority of these
techniques require purified proteins/lipids or cell lysates thereby not reflecting the real-time
biomolecular interaction dynamics in-vivo (39). In the context of this present work we will
majorly focus on molecular assays capable of evaluating molecular interaction
noninvasively from live cell or living subjects.

1.1.2.1 Yeast two Hybrid (Y2H) assay

The Yeast two Hybrid (Y2H) was the first in-vivo assay system to evaluate molecular
interactions between proteins. However this system has yet not been explored to study PLI
in live cells. The Y2H system is based on the reconstitution of a functional transcription
factor (TF) which is split into DNA binding domain (DNB) and activation domain (AB) and
thereby generating a signature. Each of these domains are genetically fused to proteins of
interest assumed to be interacting partners. Upon their interaction, the two domains are
brought together to reconstitute a functional transcription factor which then transcribes a
reporter gene or selection marker to generate molecular signature (40). Numerous PPIs had
been identified and validated using Y2H system and were instrumental for identifying many
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molecular inhibitors (41). The Y2H system has also been adapted in mammalian systems.
The TNF-α induced Y2H system (IY2H) was successfully utilized to monitor ID-MyoD
protein interaction in HEK293 cells and in tumor xenografts. This IY2H system consisted
of DNB of Gal4 fused to ID protein and activation domain of VP16 fused to MyoD protein
as the two interacting partners and a Gal4 response element driven firefly luciferase as the
reporter gene (42). Upon induction, MyoD and ID physically interact resulting in formation
of active Gal4-VP16 transcriptional complex that binds to Gal4 response elements driving
luciferase gene expression. Following a similar strategy, the interaction of P53-SV40 was
monitored in HeLa cells and tumor xenograft utilizing GFP or thymidine kinase as reporter
genes (43). Despite several advantages, the Y2H assay can only take place in the nuclear
compartment of the cell, which may result in false-positive interactions between proteins
(belonging to other cellular compartments) artificially expressed in the nucleus. Moreover,
the Y2H system lacks temporal resolution and because of the multi-component (AD, DBD,
reporter gene and its promoter element) nature of the assay system and adaptation of Y2H
in bacterial and mammalian system requires multiple modification (40).

1.1.2.2 Spilt Reporter system

The introduction of fluorescent and luciferase probes along with gene fusion and protein
labelling technology has revolutionized the field of PPI measurement. Split protein
completion is a powerful technique to study PPI where, a reporter protein (fluorescent or
luciferase) is genetically split into two non-functional peptides and fused with two
interacting protein components. Under appropriate condition and through interaction of the
component partner proteins, the non-functional halves of the reporter protein come in close
proximity and produce an active functional reporter to generate the signal (44). The first
split fluorescent reporter assay, also known as bimolecular fluorescence complementation
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(BiFC) assays, demonstrated complementation of two split GFP subunit in presence of antparallel leucine zipper domain in E.coli cells (45). Subsequently, complementation of YFP
was utilized to study interaction between NFκB and basic leucine zipper domain proteins in
mammalian cells (46). Currently, there are several fluorescent proteins utilized in BiFC for
monitoring PPI and their subcellular localization in bacteria, mammalian and plant cells (40,
44, 47). However, due to the irreversible nature of fluorescent complementation ad inherent
delay in chromophore maturation, the BiFC assay suffers from low temporal resolution.
Moreover, overexpression of split fluorescent protein fragment leads to protein
accumulation and complementation which often generate false positive results (44, 48). In
parallel, split luciferase complementation assay has also been adapted to monitor PPI in live
cells. The first split luciferase system utilized beetle luciferase to study interaction between
ID1-MyoD (49). Spilt firefly luciferase system was also utilized to study rapamycin induced
interaction between FK506-binding proteins (FKBP12) and FRB proteins (50). Interaction
between insulin receptor substrate (IRS-1) and SH2 domain of phosphotidyl inositol 3kinase (PI3K) was demonstrated utilizing split Renilla luciferase system (51). Currently
there are several split luciferase systems available utilizing Renilla as well as secretory
gaussia luciferase (52, 53). However, split luciferase reporters suffer from significant loss
in quantum yield of the reconstituted luciferase thereby lowering sensitivity of the assay.
However, both the split reporter system has yet not been explored to study protein-lipid
interaction in live cells.

1.1.2.3 Resonance energy transfer (RET) based assays
RET is the physical phenomenon describing the non-radiative energy transfer between two
transient dipoles separated by distance exceeding the sum of their van der Waals radii via
dipole-dipole coupling mechanism (54, 55). Upon excitation, donor electrons reach a higher
energy state and then rapidly relax to a lower singlet energy state by internal conversion. In
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presence of an acceptor molecule in close proximity, RET takes place, and the donor
molecule returns back to
the ground energy state by
non-radiative transfer of
energy to the acceptor
molecule (Figure 2). The
efficiency

of

RET

is

inversely proportional to
Figure 2: Schematic representation of Resonance energy

sixth

transfer (RET)

molecular distance, making

Jablonski Diagram explaining the mechanism of RET. The

the RET based assay highly

energy released from the relaxation of the excited donor is

power

of

inter

sensitive for monitoring

transferred non-radiatively to a nearby acceptor leading to
its excitation. The excited acceptor then relaxes back to the
ground energy state by releasing photons at specific
emission spectrum.

PPI/PLI

(56). There are

several factors that affects
the efficiency of RET (22,

57): (i) Intermolecular distance: The physical distance between the donor and acceptor is
inversely related to energy transfer efficiency. The optimal distance between two interacting
molecules is in the range of 1-10nm. (ii) Spectral overlap: The overlap between the
emission spectra of the donor and the excitation spectra of the acceptor is directly
proportional with the efficiency of the energy transfer. (iii) Spectral Resolution: The extent
of overlap between the donor emission wavelengths and acceptor emission wavelengths
increases bleed through signal in the acceptor channel (Filter) leading to increased nonspecific signal. Thus larger spectral resolution increases the specificity of RET (iv) Dipole
orientation: As the RET occurs via dipole-dipole coupling, the relative orientation of donor
and acceptor also effects RET efficiency. (V) Quantum yield of donor: A part of total
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energy from donor is generally lost as non-radiative decay before being transferred to the
acceptor moiety. Thus donors with high quantum efficiency or high photon output are
generally more efficient in exciting nearby acceptor molecule.
Based on the nature of the donor molecule, there are currently two types of RET based
assays for real-time monitoring of PPI/PLI dynamics: (i) Fluorescence resonance energy
transfer (FRET) and (ii) Bioluminescence resonance energy transfer (BRET).

1.1.2.3.1 Fluorescence resonance energy transfer (FRET)

Florescence resonance energy transfer (FRET) is a non-radiative energy transfer process
between an excited donor fluorophore and a nearby fluorescent acceptor protein via a longrange dipole-dipole coupling (58). FRET efficiency is calculated based on the formula:
E = 1/ (1 + r6/r06)

Where r refers to the distance between acceptor and donor dipole and r0 refers to foster
radius, which implies to the distance where FRET efficiency is 50%. The r0 value depends
on the interdipole orientation, refractive index of the surrounding environment, quantum
yield of the donor, extinction coefficient of the acceptor and the spectral overlap between
the donor and acceptor fluorescent proteins (54). In FRET based PPI/PLI assays, the change
in FRET efficiency is generally calculated rather than static FRET efficiency. There are
several variation of FRET microscopy depending on procedure of estimation of PPI/PLI,
for example, fluorescence lifetime imaging FRET (FLIM-FRET) evaluates reduction in
fluorescence life time of the donor in presence of the acceptor. On the other hand sensitized
emission FRET (seFRET) directly correlates changes in fluorescence intensity and
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polarization with FRET changes (59, 60). Depending on the types of fluorophores, several
efficient FRET pairs have been developed and has been summarized in table 1.
Ex/Em

Ex/Em

Examples of Biological

(Donor,nm)

(Acceptor, nm)

application

ECFP-EYFP

433/475

513/527

Activation of Src Kinase

(61)

ECFP-Venus

433/475

515/528

Caspase 8/9 cleavage

(62)

ECFP-Ypet

433/475

517/530

Activation of AKT

(63)

434/474

515/528

Activation of PKA

(64)

433/475

517/530

FRET pairs

Ref

mTurquoisemVenus
Cyclin B-Cdk1

mCerulean-

(65)
interaction

Ypet
mCerulean433/475

515/528

ERK activation

(66)

488/507

587/610

RhoA activation

(67)

506/517

558/600

CaMKIIα reporter

(67)

Venus
EGFPmCherry
mNeonGreenmRuby
Polarization of
mClover506/518

587/610

transmembrane volatage

(67)

mRuby
domain
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mOrange2437/572

587/610

MMP1 cleavage

(68)

488/507

486/510

Activation of HRas

(69)

mCherry
EGFPShadowG
Table 1: Commonly used FRET pairs with examples of their application in
monitoring signal transduction events.

One of major advantages of FRET based sensors is that, they not only allow real-time
Figure 1: Basic working principle of BRET based protein-protein interactionTable 2: Commonly used
FRET pairs
with examples
their
in spatial
monitoring
signal of
transduction
detection
of PPI/PLI
from liveofcells
butapplication
also provide
information
the interacting
events.
proteins. FRET based sensors have been extensively used to study calcium signaling,
cellular localization and level of Rac signaling, kinase signaling, secondary messenger
probes and many more (70). FRET based monitoring of ERK and AKT activation
downstream of PDGF in malignant mesothelioma cells revealed significant crosstalk
between the signaling arms (71). Recently, FRET based ERK and AKT sensors have been
utilized to screen kinase inhibitor library against TNBC cells (72). FRET has also been used
to study PLI in live cells following two distinct strategies. The first strategy involves tagging
the lipid-protein pair directly with the FRET fluorescent pair. In 2002, Hughes et al.,
reported the interaction between GFP tagged phospholipase D and BODIPY labelled
phosphocholine (PC) in Hela cells using FLIM-FRET microscopy (73). Alternatively, lipid
assisted protein-protein interactions can be used as a measure of protein-lipid interactions.
In order to study this, the interaction between PIP3 and AKT was measured using an
intramolecular FRET sensor consisting of PIP3 interacting PH-AKT domain flanked
between CFP and YFP. PIP3-PH-AKT interactions induce significant conformational
changes leading to induction of FRET between CFP and YFP (74). However, requirement
of an external light source, photo bleaching, photo-toxicity, low signal to noise ratio and
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non-specific activation of acceptor fluorophore by the external light source limit application
of FRET to single cell level, measured only microscopically. The use of fluorescent protein
as energy donor, significantly limits the application of FRET in tumor tissues due to signal
attenuation, low signal to noise ratio and auto-fluorescence. To circumvent these issues and
adapt RET technology for measuring molecular interaction in small animals or group of live
cells, bioluminescence reporter proteins have emerged as the preferred choice for donor
protein.

1.1.2.3.2 Bioluminescence resonance energy transfer (BRET)
Bioluminescence resonance energy transfer (BRET) is a natural phenomenon observed in
marine plankton like jellyfish Aequorea victoria and sea pansy like Renilla reniformis. The
calcium dependent photoprotein, aequorin synthesized by Aequora victoria oxidizes
coelenterazine to emit blue light, which excites GFP protein in close proximity to emit green
light (75). The basic principle of this natural phenomenon involves luciferase mediated
oxidation of its substrate luciferin thereby, exciting it to a high energy state. After internal
conversion to low energy state by dissipating some amount of energy as heat due to random
collisions, the remaining electronic relaxation energy is transferred as non-radiative dipoledipole coupling to adjacent acceptor fluorophore, which then emits photon at characteristic
wavelengths (Figure 3) (35, 76). Utilizing this underlying principle, various BRET pairs
have been developed using either native or genetically modified luciferase enzymes coupled
with various florescent proteins or fluorophores or synthetic dyes and are summarized in
table 2. The use of luciferase enzyme as the energy donor eliminates the need of external
light source thus avoiding photo bleaching or phototoxic effects. Furthermore, the
enzymatic nature of luciferase-luciferin system offers high signal to noise ratio and
increased sensitivity. Several BRET pairs have been genetically coupled with proteins of
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interest to study their interaction directly from live cells in their natural cellular milieu and
are quantified in terms of BRET ratio which is calculated using the formula (35, 77)

𝑚𝑖𝑙𝑙𝑖𝐵𝑅𝐸𝑇 𝑢𝑛𝑖𝑡 (𝑚𝐵𝑈) =

𝐴𝑣𝑔.𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)−𝐶𝑓∗𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)
∗
𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)

𝐶𝑓 =

1000

𝐴𝑣𝑔. 𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦
𝐴𝑣𝑔. 𝑅𝑎𝑑(𝑑𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦

Figure 2: Basic working principle of BRET based protein-protein interaction
Interaction between protein A and B brings the donor luciferase (example:
Nanoluciferase, Nluc) and acceptor luciferase (example: TurboFP 635) with in a
permissible distance (<10 nm), the energy from donor upon catalysis of its substrate is
transferred to acceptor molecule resulting in acceptor emission at respective wavelength.
In BRET upon positive interaction, two resultant peaks are obtained, donor emission and
acceptor emission
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Assay

BRET-Pairs

Em
(donor, nm)

Ex/Em
(Acceptor,nm)

Ref

BRET1

Rluc480-EYFP

480

513/527

(78)

BRET2

Rluc-EGFP (with
modified
coelenterazine)

400

488/507

(79)

BRET 3

Rluc8-mOrange

480

548/560

BRET4

Rluc8-Tag RFP

480

555/584

BRET 5

Rluc8-Tag RFP (with
coelenterazine-V)

515

555/584

BRET 6

Rluc8.6-TagRFP

535

555/584

BRET 7

Rluc8-TurboFP635

480

588/635

BRET 8

Rluc8.6-TurboFP635

535

588/635

Nluc-Ypet

480

517/530

(80)

Nluc-EGFP

480

488/507

(81)

Nluc-Venus

480

515/528

(82)

Nluc-mNeonGreen

480

506/517

(83)

Nluc-cyOFP1

480

497/589

(84)

Nluc-mOrange

480

548/560

Nluc-TagRFP

480

555/584

Nluc-TurboFP635

480

588/635

Nluc-HaloTag TMR

480

552/578

Nluc-HaloTag NCT

480

595/635

Nluc-HaloTag OG

480

492/520

Nluc-CGP 12177

480

543/560

nanoBRET
with
fluorescent
proteins

nanoBRETwith
fluorescent
dyes

(22)

(23)

(85)

(86)

Table 3: Commonly used BRET pair for monitoring biomolecular interactions
Figure 3: Alterations in key signaling axisTable 4: Commonly used BRET pair for
monitoring biomolecular interactions
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One of the major consideration for designing BRET sensors is the choice of luciferase as
BRET donor. The quantum yield of the donor luciferase is directly proportional to the
amount of energy transferred to the fluorescent acceptor protein. Several BRET sensors
have been initially developed using Renilla luciferase (Rluc) which emits light at 480 nm
and thus can pair with proteins of excitation range of 500-520 nM. The Rluc-EYFP BRET
pair was used to study growth factor induced conformational changes in IGF1R receptor
and modulation in IGF1R activation in presence of various antibodies (78, 87). Rluc based
BRET reporters had also been successfully adapted to monitor activation of key kinases,
like PI3K in MCF7 breast cancer cell line and ERK1/2 in the primary hippocampal neurons
isolated from mice embroys (88, 89). The Rluc-EYFP BRET system was later improved by
replacing the Rluc with brighter Rluc 8 and EYFP with red shifted TurboFP635 (BRET6.1)
fluorescent protein. The Rluc8-TurboFP635 was the first BRET pair employed to detect
protein-protein interaction from live animals (22). Recently, development of Nanoluciferase
(Nluc) by random mutagenesis of the 19kDa subunit of a heteromeric luciferase produced
naturally by deep sea shrimp O.gracilirostris along with substrate optimization has
revolutionized the field of BRET (nanoBRET) technology (90). Nluc offers three major
benefits in comparison to its predecessors (i) Nluc is an extremely bright luciferase which
produces 150 times greater light output than Renilla and Firefly luciferase thus increasing
the sensitivity of the BRET platform (ii) Nluc exhibits substantial brightness even at longer
wavelengths thus could be coupled with red-shifted fluorophores to increase the spectral
resolution and specificity of the BRET system (iii) Nluc can readily be exploited to generate
fusion protein with various partners since the smaller size excludes the possibility of
structural alteration of target protein (91-93). The nanoBRET system has been successfully
utilized to monitor ligand-receptor interaction, caspase activation, various intercellular
protein-protein interaction like p53-MDM2, YAP-14-3-3ζ etc. (80, 91, 94-96). All these
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highly sophisticated techniques allow us to assess the dynamics of molecular interactions
(Protein-Protein or Protein-Lipid) occurring in altered signaling pathways due to
pathogenesis or changes in external cues.

1.1.3 Understanding the implication of signaling pathway modulation
Perturbation in the signaling networks due to genetic or extracellular environmental factors
may govern the nature and behavior of all diseased phenotype. In context of cancers, which

Figure 4: Alterations in key signaling axis
Continued
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Schematic representation of alteration in 10 key signaling pathways in a cohort of 9125
cancer cases of various types. The numbers represents the fraction of altered samples in each
pathways. The pathways are ranked on the basis of median alteration frequencies. (Adapted
from Sanchez-Vega F. et al; Oncogenic Signaling Pathways in The Cancer Genome Atlas;
Cell; 2018)
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signaling pathways have been identified as the driver for various cancers and have been
extensively studied (Figure 4). It is difficult to mention all those reports and therefore most
relevant ones are summarized below. Details regarding other key signaling pathways are
described in other reviews (98-100). Alteration in RTK-Ras signaling pathways is
frequently observed in 94% of melanoma, 88% of genomically-stable subtype of colorectal
cancer, 82% of Her2 positive breast cancer, 78% of pancreatic cancer, 74% of lung
adenocarcinoma and 58% of ovarian cancer. Alteration in PI3K-AKT signaling is observed
in 68% of lung squamous cell carcinoma. 80% of esophagogastric cancer and 49% of
ovarian cancer (100). Several strategies have been approved by the FDA to therapeutically
challenge these signaling axes in various cancer types. Use of Gefitinib and Erlotinib for
targeting the EGFR have been approved for lung cancers, Lapatinib for targeting Her2 in
breast cancer, Imatinib targeting the BCL-ABL activation in leukemia, Trametinib targeting
MEK in melanomas, etc. (101, 102).
However, the success of administering these drugs alone or along with traditional
chemotherapeutics have been significantly curtailed due to therapy induced rewiring of
signaling networks, which confers cancers cells the ability to withstand cytotoxic effect of
these therapies. Often the success of chemotherapeutic regimen is significantly
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compromised due to differential modulation in key signaling pathways leading to the
development of chemoresistance. Thus it is important to understand these modulations in
response to chemotherapeutic stress to identify the possible mechanisms of
chemoresistance.

1.2 Chemoresistance
Chemoresistance implies to the molecular conundrum that bestows cancer cells the ability
to

tolerate

the

toxic

effect

of

chemotherapeutics to evade cell death.
Certain cancers have the intrinsic ability to
resist chemotherapeutic drugs due to their
genetic makeup. However, in most of the
cases

chemoresistance

is

generally

acquired over time in multiple steps
involving alteration in many molecular
pathways or signaling hubs (Figure 5).
Globally
Figure 5: Modes of chemoresistance

to

several mechanisms contribute

the generation of chemoresistant

Schematic representation of the two ways of phenotype which include, but not limited
development of therapy resistance

to, increased expression of drug efflux

pumps (MDR1, MRP1 and MRP 6), altered drug metabolism, increased DNA repair,
increased
stemness
properties, altered
cell-cycle checkpoints, increased activation of
Figure
6:
Mechanisms
regulating
chemoresistance
Figure
7: Modes
of
survival
promoting
pathways
with concomitant
reduction in apoptosis, increased
chemoresistance
cytoprotective autophagic flux, etc. (Figure 6) (103, 104). Underlying these mechanisms are
Schematic representation of the two ways of

development of therapy resistance
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aberrant gene regulatory networks and intricate signaling pathways that are activated by
membrane receptors (growth factor receptors, G-protein-linked receptors, chemokine
receptors and integrins) and are often deregulated in chemoresistant cancer cells (105-109).

Figure 8: Mechanisms regulating chemoresistance
Schematic representation of various molecular mechanisms that contributes to the
development of chemoresistance

Figure 9: MAPK/ERK signaling cascadeFigure 10: Mechanisms regulating
chemoresistance
Therapy induced rewiring of signaling networks contributes to the development of therapy
Schematic representation of various molecular mechanisms that contributes to the
resistance in most if not all the cancers and has been extensively researched and reviewed
development of chemoresistance
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(110-112). In context of chemoresistant ovarian cancer, several reports demonstrate the role
of receptor/non-receptor tyrosine kinases in therapy resistance. Increased activation of
EGFR via amphiregulin was reported to promote docetaxel and carboplatin resistance by
promoting cancer stem cell phenotype in patient derived ovarian cancer line (113).
Resistance to CDK inhibitors were attributed to activation of Her2-Ras signalling in a panel
of ovarian cancer cell lines (114). Increased activation of non-receptor tyrosine kinase, Src
was reported to promote stemness via MAPK/ERK1/2 pathway (115). Promotion of
paclitaxel resistance in SKOV3 cells was shown to be modulated by expression of TAM
receptor tyrosine kinases (Tyro3) (116). We previously showed that an up regulated IGF1R
expression was beneficial for the cancer cells to survive the therapeutic stress at the onset
of resistance but was dispensable when they attained a highly resistant phenotype with high
levels of hyperactivated AKT signaling (5, 117). We also report the role of IGF1R as
prognostic marker of in a cohort 19 high grade serous ovarian cancer patients (118).
Additionally, in a cohort of 28 ovarian cancer cases, increased activation of
IGF1R/AKT/ERK signaling axis was specifically observed in platinum-resistant ovarian
cancer patients (8). The involvement of the two major signaling arms - MAPK/ERK1/2 and
PI3K/AKT signalling, downstream of RTKs, are well established in the regulation of
therapy resistance in several cancers.

1.2.1 The role of Extracellular Regulated Kinase 1/2 (ERK1/2) in
chemoresistance
ERK1/2 is the one of most well studied effector kinase belonging to mitogen activated
protein kinase (MAPK) family. Activated ERK1/2 integrates various extracellular signaling
cues with an array of effector kinases and transcription factors to regulate cellular growth,
proliferation, differentiation, apoptosis, autophagy and cellular migration (119-121).
Activation of various receptors like RTKs, G-protein coupled receptors, T-cell receptors,
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etc., lead to activation of Ras through conversion of Ras-GDP to Ras-GTP which induces
membrane translocation and activation of Raf, which in turn activates its downstream
kinases MEK1/2. Upon activation, MEK1/2 phosphorylates ERK1/2 leading to its
activation (120). ERK1/2 is one of the key effector kinases in the MAPK pathway, that
regulates a plethora of downstream targets in both cytoplasm as well as the nucleus (Figure
7) (122). Till now, around 497 ERK1/2 targets have been identified utilizing recombinant
protein, mass-spectrometry, kinase assay and immunoprecipitation based assays (123). This
list of ERK1/2 target genes is increasing every day indicating the importance of this effector
kinase in regulation of various diseases including cancer.
The MAPK/ERK1/2 pathway is extremely complex due to several feedback and
feedforward
within
cascade,

loops

the
and

core
the

complexity is further
elevated

by

non-

canonical activation of
ERK1/2 and cross-talk
with other pathways
Figure 11: MAPK/ERK signaling cascade
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and its downstream targets, modified from Reactome pathway
database

Page 57 of 264

mutation which leads into its constitutive activation (124, 125). An increased percentage
(41%, 45% and 33%) of BRAF mutation (most prevalent point mutation V600E) was
reported in melanoma, thyroid and low grade serous ovarian carcinoma (126). Mutations in
MEK1/2 and ERK1/2 are less frequent but they remain activated in majority of human
cancers.
The MAPK/ERK activation regulates several molecular process like apoptosis, evasion of
cell cycle checkpoints, drug efflux, stemness etc., which in turn confers resistance to
multiple drugs (Figure 8).

Figure 14: Role of PI3K/AKT and MAPK/ERK in chemoresistance
Schematic representation of PI3K/AKT and MAPK/ERK pathway regulated
molecular pathways that contributes to the development of therapy resistance

Figure 15: AKT protein domains and isoforms: AKT consist of three domain and
sequence homology of each in AKT isoforms adapted from Kin D; AKT/PKB
signaling mechanisms in cancer and chemoresistance; Front Biosci; 2000;10:975Page 58 of 264
87.Figure 16: Role of PI3K/AKT and MAPK/ERK in chemoresistance

Increased activation of MEK/ERK1/2 was reported to activate anti-apoptotic proteins of
Bcl-2 family in response to 5-fluro-uracil treatment in colon and gastric cancer cells (127,
128). ERK1/2 promoted anti-apoptotic phenotype via increased expression of survivins also
conferred resistance to paclitaxel in breast cancer cells (128). Upregulation of cyclin D1/E1
through increased ERK1/2 activation conferred resistance to cisplatin in osteosarcoma
(129). Increased stabilization of c-Myc as a consequence of phosphorylation by ERK1/2
promoted G1-S phase transition (130). ERK1/2 mediated alteration in cancer cell
metabolism was also reported to promote a resistant phenotype in breast, ovarian and colon
cancer cells. FGFR4 mediated activation of ERK1/2 and anaerobic glucose metabolism
conferred doxorubicin resistance in breast cancer cells and combinatorial treatment with 2deoxy glucose and MEK inhibitor U0126 was reported to sensitize these cells to doxorubicin
(131). Increased activation of ERK1/2 also support stemness phenotype, which is a crucial
determinant of therapeutic outcome. An increased percentage of cells expressing CD133,
which is a marker for pancreatic cancer stem cells, directly correlates with ERK1/2
activation conferring gemcitabine resistance (132). ERK1/2 activation through EGFR was
reported to regulate maintenance of stemness properties in ovarian cancer cells to mediate
docetaxel and carboplatin resistance (113). Cancer-ECM interaction play a crucial role in
determining therapy resistance. Collagen-I and fibronectin mediated ERK1/2 activation was
demonstrated to promote resistance to cisplatin, 5-FU and epirubicin in esophageal cancer
(133). Similarly, integrin-β1 and laminin 5 mediated ERK1/2 activation regulated
trastuzumab resistance in metastatic breast carcinoma cell lines (134). Nidogen 1 (NID1)
mediated activation of ERK1/2 was reported to promote both epithelial-mesenchymal
transition and platinum resistance in ovarian cancer (135). Increased ERK1/2 activation in
response to cisplatin conferred resistance in a panel of ovarian cancer cell lines by promoting
cytoprotective autophagy. Over expression of metabolic enzymes like Hexokinase 2 was
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established to enhance ERK1/2 activation and autophagic flux in platinum resistant ovarian
cancer cells (11).
The highly complex but crucial role of MAPK/ERK pathway in multiple aspect of therapy
resistance has attracted a vast number of clinical trials aimed to target various members of
this pathway in several cancer and reviewed extensively by Yang et al. Currently, 131
different combinations of MAPK pathway inhibitors either alone or in combination with
other therapies are being assessed in clinical trials. Out of which, majority are MEK
inhibitors (58%), while rest are either RAF inhibitors or combination of MEK and RAF
inhibitors (136). Presently, there are four clinically approved RAF inhibitors for cancer
management. Use of Sorafenib has been approved for treatment of advanced renal cell
carcinoma and advanced hepatocellular carcinoma. All of the other three approved Raf
inhibitors, Vemrafenib, Dabrafenib and Encorafenib are used in management of late-stage
metastatic melanoma (137). Trametinib, Cobimetinib and Binimetinib are currently the
approved MEK inhibitors for treatment of advanced metastatic melanoma (138).

1.2.2 The role of AKT in chemoresistance
The serine/threonine kinase, AKT belongs to the AGC family of kinases which are activated
by various RTKs, G-protein coupled receptors, integrin receptors etc. AKT regulates several
cellular process like survival, growth, metabolism and metastasis (139). The three isoforms
of AKT (AKT1, AKT2 and AKT3) share structural and some amount of functional activity
(Figure 9). Isoform specific AKT knockout mice were utilized to identify the unique and
overlapping functions of the AKT isoforms. AKT1 knockout was reported to significantly
increase apoptosis in mice. AKT2 knockout is known to be associated with glucose
metabolism deficiency while impaired brain development was reported in AKT3 knock out
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and translocates back to the cytoplasm where it is phosphorylated by mTORC2 at the serine
473 for complete activation. The functional AKT can further activate a plethora of
downstream targets including mTOR, GSK3β, NFκB and FOXO3A (Figure 10) (142).
Upregulation of AKT activation regulates several molecular phenomenon that contribute to
the development of therapy resistance in multiple cancers (Figure 8). Increased AKT
activation was reported to enhance DNA repair via upregulation of ribonucleotide reductase
M2 (RRM2) in tamoxifen resistant breast cancer cells (143). AKT mediated
phosphorylation of protein phosphatase magnesium-dependent 1 D (PPM1D) prevents its
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degradation, which in turn dephosphorylates p53, checkpoint kinase 2 (Chk2) and ATM to
prevent cell death in response to platinum treatment

Figure 20: PI3K/AKT signalling pathway

Simplistic representation of PI3K/AKT signalling pathway and downstream target
adapted from Robbins HL and Hague A; The PI3K/Akt Pathway in Tumours of
Endocrine Tissues; Front Endocrinol (Lausanne); 2016; 6:188.

Figure 21: The process of macroautophagyFigure 22: PI3K/AKT signalling
pathway
Simplistic representation of PI3K/AKT signalling pathway and downstream target
adapted from Robbins HL and Hague A; The PI3K/Akt Pathway in Tumours Page
of 62 of 264
Endocrine Tissues; Front Endocrinol (Lausanne); 2016; 6:188.

in ovarian and cervical cancer cell lines (144). The cytotoxic effect of majority of the
chemotherapeutics converge upon activation of apoptotic pathway. AKT mediated
enhancement of Bcl-2 and XIAP (anti-apoptotic proteins) expression with concomitant
reduction in Bax (pro-apoptotic) contributed to the resistant phenotype in non-small cell
lung cancer cell line (145). AKT activation was also reported to promote anti-apoptotic
phenotype by inducing inhibitory phosphorylation of Bad (Serine 112) thereby preventing
its interaction with Bcl-xl in A549 lung carcinoma cell line (146). Cisplatin treatment was
reported to activate PI3K/AKT signaling in chemoresistant ovarian cancer cells, inhibition
of which sensitized these cells to chemotherapeutic drugs. AKT signaling had also been
demonstrated to abrogate cisplatin induced apoptosis in ovarian cancer cells (6). Elevated
levels of activated AKT was also reported to promote stemness through increased level of
Nanog in HT1080 fibrosarcoma, SK-LMS-1 leiomyosarcoma, and DDLS8817
dedifferentiated liposarcoma cell lines (147). A strong correlation between AKT mediated
mTOR activation and increased stemness phenotype was reported in U251 (glioblastoma)
and SH-SY5Y (neuroblastoma) human cell lines which was reversed in presence of
rapamycin (148). Previously, we have also reported the role of AKT in enrichment of cancer
stem cell population in highly platinum-taxol resistant ovarian cancer cells (149). AKT
mediated increase in hypoxia inducible factor (HIF-1α) expression can also promote
stemness phenotype. Under hypoxic condition activated AKT was also reported to increase
transcription and translation of HIF-1α via activation of P300 and eukaryotic initiation
factor-4E in U87MG, glioma and MCF-7 breast cancer cell line (148). Activation of HIF1α increased expression of Oct-4 and Nanog to promote a cancer stem like phenotype and
therapy resistance in breast cancer cells (150). MDM2 mediated p53 ubiquitination and its
subsequent degradation contributes to development of chemoresistance in multiple
carcinomas. AKT activation was reported to enhance this process by activating MDM2 by
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phosphorylating at Ser-166 and Ser-186 (151). AKT activation also regulates several cell
cycle regulators to promote cellular proliferation (139). Phosphorylation of p21Cip1 by AKT
stimulates DNA synthesis and CDK activity to enhance proliferation. Inhibition of AKT
activation in ovarian carcinoma cell lines reduces the level of p21Cip1 and sensitizes cells to
platinum and taxol (152). Activated AKT also prevents degradation of Cyclin D1 by
inducing a negative phosphorylation on GSK3β to regulate cell cycle (139). Increased level
of AKT was reported to negatively regulate cytotoxic autophagy in ER+ breast cancer cells
whereas inhibition of AKT sensitized these cells to tamoxifen and fulvestrant

by inducing

autophagic cell death (153). All these reports altogether indicate the role of AKT in
regulation of several molecular phenotypes to promote chemoresistance.
Considerable efforts have been made for therapeutically targeting AKT to reverse therapy
resistance. However, a majority of AKT inhibitors have failed in clinical settings. Among
several inhibitors, Perifosine has moved furthest in clinical trials. It is a 3rd generation
alkylphospholipid which inhibits the localization of PH domain to the membrane. However
administration of Perifosine in combination with capecitabine and bortezomib lacked
efficacy in treatment of multiple myeloma (154). Another phase II trial of Perifosine against
recurrent malignant gliomas is currently underway. Various kinase domain inhibitors like
AZD5363, GSK2110183, and LY2780301 etc are in multiple phase II clinical trials (155).
Interestingly, PI3K, the upstream activator of AKT, was successfully targeted using
alpelsib. Combinatorial treatment of alpelsib along with fulvestrant was reported to prolong
progression-free survival in advanced breast cancer patients harboring PI3K mutation (156).
Amongst a deluge of molecular mechanisms regulated by the PI3K/AKT and MAPK/ERK
signaling pathways, autophagy and cancer stem cells are of paramount importance as they
are two crucial determinants of therapy resistance. Thus in context of this present work, we
majorly focus on these two aspects.
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1.2.3 Autophagy in chemoresistance
The ability of chemoresistant cells to endure cytotoxic effect of chemotherapeutic drug also
depends upon its ability to respond and adapt to therapy induced intracellular and micro
environmental stress. One of the key adaptive phenomenon against various extracellular or
intracellular stress responses is autophagy, which remains active in both normal and disease
states. It is a highly dynamic, lysosomal degradative catabolic process, which is
evolutionarily conserved across species. The autophagic pathway starts with the formation
of a double membranous structure called phagophore, which extends to form a double
membrane vacuole called autophagosome by sequestering damaged organelles and proteins.
Autophagosome loaded with damaged cargo ultimately fuse with lysosome leading to its
degradation (Figure 11). The pioneering discovery of ATG genes in yeast initiated the
understanding of the process and currently the role of autophagy is evident in all major
physiological process and diseases. (157).

Figure 23: The process of macroautophagy
Continued

Figure 24: The dual role of autophagy in cancerFigure 25: The processPage
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macroautophagy
Continued

Pictorial representation of macroautophagy which initiates with sequestering of cytoplasm
along with its damaged content of organelles directly or through adaptor proteins like p62
within double membrane structure called phagophore or isolation membrane, which
eventually closes to form an autophagosome. The outer autophagosomal membrane then
subsequently fuses with lysosomes (red coloured vesicles) leading to degradation of
internal materials
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homeostatic balance (158, 159). On the contrary, autophagy is also reported to impart a
protective function in advanced tumor exposed to various stresses like starvation, nutrient
or growth factor deprivation and hypoxia (Figure 12) (160-162).

Figure 26: The dual role of autophagy in cancer
Continued
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Figure 27: The dual role of autophagy in cancer

Autophagy prevents tumour initiation by maintaining genomic integrity and tissue
homeostasis however it promotes tumour progression by inhibiting necrotic cell death in
nutrient or oxygen starved micro environment and promotes metastasis by preventing
anoikis; adapted from Singh S.S et al; Dual role of autophagy in hallmarks of cancer;
Oncogene; 2018;37(9):1142-1158.

Figure 28: Dual role of autophagy in cancer therapy:Autophagy prevents tumour
initiation by maintaining genomic integrity and tissue homeostasis however it promotes
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bevacizumab was attributed to hypoxia induced autophagic flux in GBM xenografts,
targeting which with chloroquine inhibited tumor growth (168). Activation of therapy
induced autophagy was also reported in HCC cell line post oxaliplatin treatment.
Combination treatment of resistant HCC cell line with bevacizumab or sorafenib along with
chloroquine was reported to significantly induce cell death both in in-vitro and in-vivo (169).
Similarly, combinatorial treatment of hydroxychloroquine, HCQ was also reported to be
more effective against therapy resistant B-chronic lymphocytic leukemia and mantle cell
lymphoma (MCL) (170, 171). Several components of autophagic pathway also contribute
to the development of therapy resistance. SQSTM1 or P62 is an autophagic adaptor protein
that binds to ubiquitinated proteins and organelles and delivers them to autophagosome for
degradation. Interestingly, p62 also regulates process such as inflammation, anti-oxidant
response and apoptosis (172). Upregulation of NRF-2 mediated anti-oxidant response via
p62 imparts resistance against cisplatin in ovarian, breast and colon cancer cells (173).
Though chemotherapy induced autophagy can enhance cancer cell survival, induction of
excessive autophagy can lead to cancer cell death. Suberoylanilide hydroxamic acid
(SAHA), a newly developed HDAC inhibitor is reported to induce autophagic cell death in
breast cancer cells resistant to tamoxifen (174). Tanshinone IIA, a functional compounds of
Salvia miltiorrhiza, was reported to induce beclin1 dependent autophagic cell death in
squamous cell carcinoma cell line (175). Gemcitabine induced autophagic flux was reported
to play cytoprotective function in oestrogen receptor negative MDMB-231 cells while
promoting cell death in oestrogen receptor positive MCF-7 cells by activation of excessive
autophagic flux through ERα-ERK1/2-p62 axis. Inhibition of ERK1/2 impaired autophagic
flux and promoted “autophagic switch” from cytotoxic to cytoprotective (176). The
PI3K/mTOR dual inhibitor NVP-BEZ235 was reported to induce autophagic cell death and
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cell cycle arrest in cisplatin resistant urothelial cells (177). Thus induction of excessive
autophagy may augment chemotherapy induced cell killing.
Several clinical trials are already underway to test the efficacy of autophagy inhibitor either
alone or in combination with other therapies against various malignancies. HCQ is the FDA
approved autophagic inhibitor in clinical practice (178). However, the available clinical data
regarding HCQ is inconsistent. Administration of HCQ as a monotherapy against metastatic
pancreatic cancer was found to be well tolerated in a cohort of 20 patients, however no
significant increase therapeutic efficacy was observed (179). Combinatorial treatment of
HCQ along with proteasome inhibitor Bortezomib in a phase-I clinical trial of 25 patients
with relapsed or refractory myeloma showed good response in 3 (14%) patients and disease
stabilization in 10 patients (180). Combination of HCQ with radiotherapy along with
successive or concurrent temozolamide failed to improve overall survival rate in a cohort of
76 GBM patients (181). Two clinical trials are currently ongoing to test the safety and
maximum tolerated dose of HCQ in refractory and relapsed advanced stage high grade
serous ovarian carcinoma (NCT03081702, NCT01634893). Till now, clinical data
regarding inhibition of autophagy as a therapeutic option is in its early days and requires
thorough and rigorous investigation and such studies are partly hindered because of lack of
in-vivo assay systems capable of monitoring therapy induced autophagic flux in real time.
Currently, transgenic animal models stably expressing fluorescent autophagy sensor are
used to monitor autophagy induction or inhibition in response to stress or treatments on the
tissue cryosections of interest using fluorescent microscopy (182). Such assays tend to
provide valuable information but they fail to monitor the dynamic nature of autophagic flux.
Thus development of novel autophagy reporter system to test the efficacy of FDA approved
HCQ and other experimental autophagy inhibitors in combination with chemo or
radiotherapy for various malignancies is a necessity at present time.
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1.2.3.1 Real time monitoring of autophagy during therapy:
Two types of molecular probes comprised of reporter proteins have been generated to
monitor autophagic flux in real time i) Fluorescent based probes and ii) Luciferase based
probes.
Fluorescent based probes:
EGFP-LC3 was the first autophagic sensor to be developed, which was used extensively for
real time monitoring of autophagy kinetics. Besides deciphering the intricate biology
associated autophagy, scientists have employed this reporter to screen chemical libraries to
identify novel autophagic inducers/blockers. This sensor was used to screen bioactive
compounds that are capable for induction of autophagy in glioblastoma cells (183). A
similar screen identified four FDA approved drug perhexiline, niclosamide, amiodarone and
rottlerin as autophagy inducer in MCF7 cells (184). Microscopic analysis of tissue
cryosections from transgenic mice ubiquitously expressing GFP-LC3 under cag promoter
was utilized to monitor autophagic flux (185). However, the EGFP-LC3 sensor does not
provide a complete picture since an increase in LC3 puncta can result from both increased
induction of autophagy or blocked autophagic degradation. Development of mRFP-GFPLC3 sensor (tfLC3) led to a more accurate estimate of autophagy induction and inhibition
by measuring both autophagosome and autophagolysosome formation (186). Subsequently,
this probe was utilized to identify novel/alternate drugs for autophagy modulation. The
potential of flubendazole, an antihelminthic drug as an autophagy inducer was described in
HeLa cell line (187). Pampaloni et al., (2017) identified six potent autophagy inducers and
four inhibitors from a natural compound library in U343 glioma 3D tumor spheroids by time
lapse florescence imaging (188). Mice model expressing mCherry-EGFP LC3 construct was
used to study autophagic flux in peripheral and central nervous system of new born animals
and ischemia-reperfusion injury in mice. The principle of which has been explained in detail
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in section 2.3.4 (189, 190). Kaizuka et al., (2016) reported a novel autophagy sensor GFPLC3-RFP-LC3ΔG which when cleaved by endogenous ATG4 proteases generated
equimolar amounts of GFP-LC3 and RFP-LC3ΔG. GFP-LC3 is degraded by autophagy,
while RFP-LC3ΔG remains in the cytosol, serving as an internal control and producing a
quantitative method to evaluate autophagic flux in cultured cells and whole organisms such
as zebrafish and mouse embryo. This sensor was further used to screen more than 1000
FDA approved drugs in HeLa cells and 13 novel autophagy inducers and 18 novel inhibitors
were identified (191). A potential drawback of this sensor is rapid decrease in GFP signal
within 30 minutes of autophagy induction which limits the longitudinal kinetic measurement
(182).
Luciferase based probes:
LC3-RlucC124A luciferase system was developed to estimate the autophagic flux based on
the reduction of luciferase signal due to degradation of the fusion protein in the
autophagolysosome upon induction of autophagy. In this system, mutated Renilla luciferase
with increased half-life was used as a reporter probe to avoid any reduction of luciferase
signal due to autophagy independent degradation. The mutated form of LC3G120A, which
does not undergo degradation upon induction of autophagy was used for normalization.
Autophagic flux was estimated as the ratio of luciferase signal of wild type LC3 fusion
protein to LC3G120A fusion protein from cell lysates. This sensor system was utilized to
screen small molecule library in cell lines to identify various inhibitors and activators of
autophagic process (192). Apart from the inherent limitation of LC3 degradation as an
estimate of autophagic flux, the need for ratio metric quantification of luciferase readout for
estimating autophagic flux makes the system suboptimal for in vivo application by
bioluminescence imaging.
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Next utilizing the degradation of p62 as an estimate for studying autophagy, Luc2p-p62
reporter sensor was developed. An ubiquitination defective p62ΔU mutant was used for
normalization as it does not undergo autophagic degradation. The ratio of luciferase readout
of Luc2p-p62ΔU to Luc2p-p62 was used to estimate autophagic flux (an increase ratio
suggestive of increased autophagic flux). This sensor was used to ratio metrically quantify
autophagic flux in glioma cell lysates treated with temozolomide (193). Apart from the short
half-life (1 hr) of the reporter protein luc2p, which may provide a false readout of p62
degradation, the need for ratio metric measurement of luciferase activity along with luc2pp62ΔU possess limitation for in vivo application.
Poly-80/poly-19-Fl2 is the only luciferase based autophagy sensor that has been applied for
monitoring starvation and rapamycin induced autophagic flux in-vivo by electroporation of
the sensor in the skeletal muscle of normal and Atg16L1 hypomorphic mice. The sensor
quantitates autophagic flux by estimating the degradation of aggregated (poly-80) to nonaggregated poly glutamine repeats (poly-19) (194). However, the ratio metric nature of the
assay system is difficult to be adapted in in vivo system. Along with the demerits of FL2
having a short half-life, poly-glutamine aggregates are not selective autophagy substrates
and can be degraded by ubiquitin-proteasome system which adds up compounding factor in
quantifying the autophagic flux (195). Thus it is of outmost importance to develop an
autophagy assay system capable of monitoring real-time autophagy flux in-vivo.

1.2.4 Cancer stem cell in chemoresistance
Tumor heterogeneity is one of the factors that contribute to the failure of treatment. Recent
evidence suggests presence of a small subpopulation of cancer cells capable of self-renewal
and differentiation that evade the cytotoxic effects of common chemotherapeutics to
promote disease relapse and resistance (196, 197). Majority of the chemotherapeutic drugs
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target the actively dividing tumor cell population, while cancer stem cells (CSC) remain
largely unaffected due to their quiescent nature and cause disease relapse after the end of
chemotherapeutic regimen. Multiple reports including our own which indicate the tumor
initiation capability of cancer stem cells (Figure 14) (149, 198-200).

In 1997, Bonnet and

Dick first confirmed the existence of CSCs in leukemic cells based on the presence of
CD34+ and CD38- cell population, which were capable of tumor initiation in
immunocompromised mice that led to the vast knowledge on the role of cancer stem cells
or stem like cells in cancer biology (201).

Figure 32: Role of cancer stem cells in disease relapse:
Conventional therapies fail to target the cancer stem cells population which are capable
of tumor initiation leading to disease relapse. A combination therapy of conventional
chemotherapeutic drug and CSC targeted therapy is more beneficial for cancer
management, adapted from Islam F, et al. Cancer stem cells in oesophageal squamous
cell carcinoma: Identification, prognostic and treatment perspectives. Crit Rev
Oncol/Hematol; 2015; 96(1):9-19.

Figure 33: Cancer stem cells and therapy resistanceFigure 34: Role of cancer
stem cells in disease relapse:
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Conventional therapies fail to target the cancer stem cells population which are capable
of tumor initiation leading to disease relapse. A combination therapy of conventional

CSCs are the driver of therapy resistance against cisplatin, paclitaxel, temozolomide,
etoposide and doxorubicin in gliomas, glioblastoma breast, lung, colorectal, pancreatic,
prostate and ovarian cancer(202). Chemotherapeutic treatments which failto target CSCs,
may also cause increase in CSC population in tumor as reported by the expansion of
prelukemic DNMT3A mutant stem cells in the bone marrow post chemotherapy (203).
Increase in percentage of glioma stem cells (GSCs) were reported in patient derived cell
lines post treatment with temozolomide and these GSCs were functionally and
phenotypically interconvertible between cancer cells and cancer stem cells. (204).
Similar increase in CSC population was observed in glioblastoma multiforme post treatment
with bevacizumab (205). It was elegantly reported that in bladder cancer cell lines, the pool
of quiescent label retaining cells divide unexpectedly and exponentially in between the
chemotherapeutic cycles to repopulate tumor (206).
There are several mechanisms by which CSCs evade cytotoxic effect of conventional
chemotherapeutics (Figure 15). The increased tolerance of CSCs against chemotherapeutics
is contributed to the increased expression of drug transporters like MDR1, ABCG2 and
ABCB1 and this property of enhanced drug efflux is also utilized to identify stem cells in
tumor population using side population assay (207, 208). CSCs also reduce the damaging
effect of various chemotherapeutics by reducing the level of ROS generation due to the
increased expression of aldehyde dehydrogenase as observed in leukemia, breast cancer,
lung cancer, bladder cancer and head and neck squamous cell carcinoma (209). Increased
expression of ALDH can also detoxify chemotherapeutic drugs such as cyclophosphamide,
temozolamide, paclitaxel and epirubicin (210-212). Altered epigenetic profile of CSCs also
lead to inactivation of chemotherapeutics. Increased expression of DNA methyl transferases
in CSCs inhibit the expression of thymidine phosphorylase which is essential for conversion
of capecitabine to 5-FU leading to therapy resistance (213). Chemotherapeutic drugs
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conventional chemotherapies via several mechanisms
Current theory suggests that therapeutic regimen targeting both tumor cells and CSC will
be more beneficial than conventional chemotherapeutic regimen. However, targeting CSCs
have been challenging till now and is in its early development. Various signaling pathways
like Wnt/b-catenin, Notch, PI3K/AKT and Hedgehog (HH) found to be crucial for
maintenance of stemness properties have been targeted in in-vitro and pre-clinical settings
(218). The HH pathway inhibitor Vismodegib, was approved by both FDA and European
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Medicines Agency for therapy against metastatic and locally advanced basal cell carcinoma
(219). Due to the presence of multi drug transporters and drug detoxification systems, cancer
stem cells also demonstrate a multi drug resistant phenotype. Thus it is crucial to identify
drugs or drug combination that can target these CSCs along with main tumor population in
order to prevent disease relapse and therapy resistance.

1.3 Multi drug resistance:
Development of resistance to one class of chemotherapeutics sometimes may promote the
development of resistance to other class of drugs having a different mode of cytotoxicity.
Classically this phenotype is termed as multi-drug resistance (MDR) and is contributed to
the increased expression of ATP binding cassette family of drug transporters like Pglycoprotein and multidrug resistance related proteins (MRP) which efflux the drug out of
the cytoplasm (220). MDR phenotype can also be contributed by the severe down regulation
of apoptosis, drug detoxification, epithelial-mesenchymal transition, increased DNA repair
and presence of CSC (104, 221).
Several in-vitro and clinical studies report the development of resistance to one drug can
severally alter the effectivity of another unrelated drug, thus indicating the importance of
designing an optimal therapeutic regimen especially against tumour cells resistant to first
line of therapy (222-224). Breast cancer patients who display resistance to doxorubicin
rarely respond to second line paclitaxel treatment indicating development of multi drug
resistance (225). Further studies reported that selection of cells in presence of doxorubicin
with significantly increased expression of P-glycoprotein and breast cancer resistance
protein (BCRP) levels while reducing procaspase-9 expression lead to the development of
cross resistance to paclitaxel (226). However, selection of cells in presence of paclitaxel did
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not confer cross resistance to doxorubicin in the similar extent when the sequence of drug
administration was reversed. In another report, Borris et al (2020) using pharmacological
screening reported that cells that are resistant to paclitaxel show cross resistance to EGFR
directed tyrosine kinase inhibitors (227).
Interestingly, activation of the two key signaling hubs, the PI3K/AKT and MAPK/ERK
have been reported to promote development of MDR phenotype in multiple cancers (228,
229). Activation of AKT was reported to upregulate expression of MDR genes via activation
of NFκB in HL-60 acute myeloid leukemia cell line (230). Inhibitory phosphorylation of
GSK3β by AKT accelerates transcription of c-Mye, c-Jun, and cyclin D1 via accumulation
of β-catenin, which in turn upregulates expression of MDR1 and survivin to promote a MDR
phenotype in breast cancer cells (231). Increased AKT activation in five acute lymphoblastic
leukemia VCR-resistant cell lines was reported to impart cross resistance to prednisolone,
dexamethasone, daunorubicin and doxorubicin. Upregulation in ERK1/2 activation also
increases expression of drug transporters imparting a single or multi drug resistant
phenotype (232).

ERK1/2 mediated phosphorylation of HIF-1α induces Pgp expression in

chemoresistant lymphocytic leukemia, colon, breast, pancreatic and non-small lung cancer
cells. ERK1/2 activation was also reported to positively regulate expression of other drug
transporters like BCRP and MRP1 (233). Ectopic expression of Raf in breast cancer cell
lines was reported to increase expression of MDR-1 and Bcl-2 via activation of ERK1/2
(234). Adriamycin resistant hepatocellular carcinoma cells (HepG2) show increased
ERK1/2 activation to promote MDR phenotype, inhibition of which reduces the expression
of P-gp and MRP-1 expression and sensitizes cells to therapy (235). Similar sensitization of
gemcitabine resistant pancreatic cancer cells by gefitinib reduced expression of MDR via
downregulation of ERK1/2 (236).
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The efficacy of any given chemotherapeutics is the measure of its ability to induce cell death
by overcoming the apoptotic threshold of cancer cells with minimum toxicity.

The

development of multidrug resistant clones under the selection pressure of commonly
prescribed chemotherapeutics often show alteration in several molecular resistance
pathways. Unlike resistance developed against targeted therapies which has acquired a
defined mechanism of resistance, resistance to chemotherapeutics is less well defined.
Further the response to a given therapeutics or therapeutics combination also depends
individual receiving it i.e. the common drug for a given tumor may not perform optimally
in all patients (237). Thus prior prediction of efficacy of clinically approved therapies by
ex-vivo chemo-sensitivity assay systems before the onset of therapy can be highly beneficial
for selection of optimal drug or drug combination, especially in the context of cancers like
ovarian cancer, wherein majority of patients show resistance to primary therapy of platinumtaxol.

1.4 Ovarian cancer
Ovarian cancer is one of the most lethal gynaecological malignancies accounting to the
seventh highest mortality rate in women in the world and third in India (238, 239). The
risk factors for ovarian cancer includes age, genetic history, obesity and parity. Majority of
the ovarian cancer cases are of epithelial origin with dismal 5-year survival rate of 35-40%
(240, 241). The poor success of ovarian cancer treatment is contributed to late diagnosis of
the disease at an advanced stage and acquirement of therapy resistance which is a major
impediment in ovarian cancer management
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1.4.1 Subtypes of ovarian cancer
Based on the site of origin of primary tumour, ovarian cancer can be mostly classified into
three main categories, epithelial ovarian carcinoma (EOC), germ cell and sex cord or
stromal cell tumours (Figure
16) (242). Majority of the
ovarian
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Figure 38: Classification of ovarian cancer based on
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Histopathological classification
Surface epithelial ovarian cancer (EOC) is most prevalent
cancer type among all OC types contributing to 70% of of EOC further subdivides this
all ovarian cancer.

group into four subgroups

consisting of serous (70%), the major type of EOC followed by endometrioid (15%),
mucinous, clear cell, having similar frequency of approximately 5% and mixed or
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endometrioid, clear cell and mucinous tumours were included in type I tumours with
predominant activating BRAF, KRAS and β-catenin mutation along with high microsatellite
instability while high grade serous and mixed ovarian tumours with predominant p53
mutation (>90%) and PI3KCA amplification were characterized as Type II. Type II tumours
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are more prevalent and aggressive than Type I tumours. Thus in our study we have majorly
focused on high grade serous ovarian carcinoma (HGSOC) (244).

1.4.2 Disease management and treatment
Optimal tumour resection and platinum-taxol based chemotherapy are mainstays of ovarian
cancer management. Based on these treatment modalities, currently there are five accepted
treatment regimens for stage II to stage IV epithelial ovarian cancer (245):
1. Cytoreductive surgery followed by six cycles of platinum-taxol-based chemotherapy
injected intravenously or intra peritoneally.
2. Cytoreductive surgery trailed by intra venous administration of platinum-taxol-based
chemotherapy along with bevacizumab, which is continued as a maintenance therapy
3. Neo adjuvant chemotherapy of platinum-taxol for 3-6 cycles followed by cytoreductive
surgery and few more rounds of chemotherapy which can be administered intravenously or
in some context intra-peritoneal chemotherapy with hyperthermia (heated intraperitoneal
chemotherapy [HIPEC])
4. Chemotherapy along with PARP inhibitor for patients with BRCA mutation
5. Only chemotherapy for patient associated with high risk of surgical mortality/morbidity
The choice of methodology depends upon the extent of disease progression, mutation status,
health performance of patient and the risk associated with surgery. Debulking surgery is
performed for complete macroscopic resection of tumor to best possible extent and
subsequent cycles of chemotherapy is administered for targeting the residual microscopic
disease. The success of optimal debulking surgery is directly correlated to disease prognosis
(246, 247).
Platinum based compounds such as cisplatin and carboplatin along with intermittent
paclitaxel remain the first choice of chemotherapy for high grade serous ovarian cancer.
These drugs are generally administered by intravenous route or intraperitoneally.
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Majority of the HGSOC cases respond well to the initial challenge of platinum-taxol,
however in 70% of the cases they show disease recurrence within a short period of time.
Based on the time of relapse from end of first chemotherapy cycle, which is termed as
platinum free interval (PFI), the cases are categorized into three groups: i) platinum
refractory which accounts to 20% the total cases which do not respond to platinum from the
very beginning of therapy ii) 30% of the total cases show disease relapse within 6 months
of therapy and do not respond to platinum again and are termed as platinum resistant ii)
cases which show disease relapse after 6 months of therapy is classified as platinum
sensitive, this cases are likely to respond to platinum again (4, 248). However, after several
rounds of relapse and therapy, majority of the cases eventually acquire resistance to
platinum thus necessitating the usage of non-platinum agents. The currently practiced
second or subsequent line therapeutic agents are doxorubicin, gemcitabine, irino/topotecan
and etoposide. All these chemotherapeutic agents display a similar response rates of 1520% having a progression free survival of three to four months and an overall survival of
12 months thus confounding the choice of therapeutics for a given case (Figure 17) (4, 249).
Further, there is a severe lack of targeted therapies for ovarian cancer. Currently PARP
inhibitors are approved for BRCA mutant cases while Bevacizumab, monoclonal antibodies
targeting angiogenesis, have been approved for maintenance therapy in platinum-sensitive
cases (249-251). Therefore management of therapy resistant disease remains the major
hurdle for EOC and contributes to low five year overall survival of 40%. Thus it is critical
to identify molecular processes or targets that would allow
1) The platinum-resistant tumor cells be sensitized to targeted therapy or
2) Delay in acquirement of platinum-resistance or
3) Predict response of non-platinum drugs to identify the right choice and avoid
excessive side-effects.
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All these three or any one of them will impart improved treatment response and may
involve critical signaling pathways.

Figure 41: Treatment modalities and clinical classification of therapy resistance
Cisplatin-paclitaxel is the primary choice of first line therapy for epithelial ovarian
cancer either as NACT or adjuvant therapy. Majority of the cases shows disease relapse
and based on the platinum-free interval they are classified into (i) Refractory (ii)
platinum-resistant and (iii) platinum-sensitive. Non-platinum agents are generally
preferred for platinum-resistant EOC.
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Acquired resistance is a multistep process involving alteration in several molecular
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pathways that bestows a cell the ability to tolerate cytotoxic effect of platinum and taxol.
Several reports suggest upregulation of multi drug transporters in ovarian cancer cells which
contributes towards developing resistance to cisplatin, paclitaxel and doxorubicin. These
upregulation in MDR genes are regulated through several signaling pathways like
Hedgehog, hyaluronic acid receptor and AKT (252-254). Also a reduction in platinum drug
uptake via downregulation of hCTR1 and hCTR2 was reported in EOC cell line post
platinum challenge (255). Upregulation of anti-apoptotic genes like Bcl-2, Mcl-1, Bcl-xL
and XIAP with downregulation of pro-apoptotic proteins Fas, Bim, Bak and Bax was
reported in platinum resistant and refractory cases (256-258). Increased DNA repair also
contributes to platinum resistance along with a concomitant increase in the expression of
ERCC1 and ERCC4 were also reported post platinum therapy in EOC patients (259). Data
from our own lab suggests upregulation of PI3K/AKT signaling confers platinum resistance
via enrichment of CSC population and activation of NFκB (260).
Recent evidences however call for a paradigm shift in understanding therapy resistance by
investigating the gradual process of acquiring resistance rather than comparing sensitive and
its resistant counterpart. Our lab has previously established two dynamic model of cisplatinpaclitaxel dual resistance in A2780 and OAW42 EOC cell lines, developed using pulse
method of chemotherapy, to study gradual modulation of signaling pathway during
acquirement of chemoresistance. The gradual evolution of a cancer cell to highly resistant
disease can be categorized into various stages based on the resistance index thereby
investigating molecular alterations. Previously we observed intriguing oscillatory pattern of
IGF-1R expression which peaked at the early stage of therapy resistance and then gradually
diminished as the cells acquired a highly resistant phenotype governed by an active
PI3K/AKT signaling. Targeting IGF-1R using picropodophyllin specifically sensitized cells
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at the early stage of resistance to platinum while the hyperactive AKT signaling maintained
a highly chemoresistant phenotype by enriching cancer stem cell population (5, 149).
IGF1R signalling mainly relays extra cellular signal to the nucleus through PI3K/AKT and
MAPK/ERK pathways. Several reports demonstrate the involvement of these pathways in
chemoresistance in ovarian cancer cells (6-9). It has been reported that cisplatin treatment
activates PI3K/AKT signalling and blocking this signalling pathway sensitizes resistant
ovarian cancer cells to chemotherapeutic drugs (6, 261). It has been also demonstrated that
AKT signalling abrogates cisplatin induced apoptotic response in the ovarian cancer cells
(7). On the other hand a gene microarray study of 28 patients with highgrade serous ovarian
cancer demonstrated that samples relatively resistant to platinum chemotherapy showed
enrichment of genes involving IGF1/NFkB/ERK signaling when compared to those tumors
remaining sensitive (8). Also it was demonstrated that treatment of ovarian cancer cell line
with chemotherapeutic drugs induces apoptosis through activation of JNK/p38 in sensitive
cells while resistant cells showprolonged activation of ERK1/2 (262). Though there are
several studies which show activation of these signalling pathways in chemoresistant
ovarian cancer cells there are no such reports on whether these signalling pathways are
modulated as an ovarian cancer cell gradually become more and more resistant to platinumtaxol treatment. The implication of such modulation in governing acquirement of therapy
resistance is still not understood. Further the role of these pathways in development of
collateral resistance to non-platinum drugs in cisplatin-paclitaxel resistant ovarian cancer
cells has not yet been addressed. Thus, we aim to understand the biological relevance of
these pathways in our dynamic model of chemoresistance to identify and target these key
molecular components in order to 1) prevent promotion of resistance or 2) delay the
development of a highly chemoresistant disease or 3) predict therapeutic response of
alternate non-platinum agents to identify the optimal choice.
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Aim:
Understanding the role of MAPK/ERK and PI3K/AKT signalling during gradual acquirement
of chemoresistance to design stage specific intervention to tackle development of platinumtaxol dual resistance in high grade serous ovarian cancer

Key questions:
1. Whether MAPK/ERK and PI3K/AKT signalling are modulated during the gradual
acquirement of chemo resistance in ovarian cancer cells?
2. Is it possible to target and pause promotion of resistance at the onset of cisplatin-paclitaxel
dual resistance in ovarian cancer cells?
3. Is it possible to impede development of a highly chemoresistant phenotype?
4. Is it possible to utilize the dynamic modulation in MAPK/ERK and PI3K/AKT signaling to
predict therapeutic efficacy of second line non-platinum agents in platinum-taxol resistant
cells?

Objectives:
1. Understanding the biological relevance of MAPK/ERK and PI3K/AKT signaling in dual
chemo resistant ovarian cancer model
2. Development of BRET based sensors to monitor PI3K/AKT signaling and MAPK/ERK
signaling during the acquirement of chemoresistance
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Chapter 2: Hyper activated ERK1/2 kinase drives autophagy to promote
survival of ovarian cancer cells at the onset of chemoresistance
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2.1 Introduction
The PI3K/AKT and MAP/ERK are the two keystone signalling hub that can regulate several
cellular phenotypes like survival, proliferation, differentiation and therapy resistance in cancer
cells. Activating PI3K mutation and PTEN deletion, a negative regulator of AKT activation,
are not frequent in high grade serous ovarian cancer, however genomic amplification of PI3K
and AKT are observed in 20 and 10-15% of cases. Increase expression of AKT or its
downstream target mTOR was reported to be associated with poor overall and disease free
survival in TCGA cohort (263). In a cohort of 230 EOC cases, increased phospho AKT (pAKT) level was associated with poor overall and progression free survival in comparison to
cases having reduced p-AKT (264). Increased AKT phosphorylation at serine 473 residue has
been correlated with histological grade and chemoresistance in 118 FFP tumor samples (265).
Similarly, increase activation of AKT signalling pathway, evaluated in terms of the level of pAKT, p-mTOR and p70S6K was observed by immunohistochemistry in tissue section of 18
chemoresistant (88.89%, 94.44% and 100% respectively) cases in comparison to 25
chemosensitive (64 %, 68 % and 72% respectively) cases (266). Several reports including data
from our lab suggested a hyperactive AKT signalling governs a highly chemoresistant
phenotype of EOC cell lines and inhibition of which was reported to sensitize these cells to
therapy. Mechanistically, increased AKT activation was reported to promote platinum resistant
phenotype via multiple mechanisms like regulation of G2-M transition by upregulation of Chk1 activity and stabilization, inhibition of p53 dependent apoptosis, modulation of pro and antiapoptotic genes, by upregulation of DNA damage repair, promotion of epithelial-mesenchymal
transition and stemness properties (6, 141, 149, 228, 254, 267).
Activating mutation in upstream regulators of MAPK/ERK1/2, i.e., KRAS and BRAF are rare
in HGSOC in comparison to low grade serous ovarian carcinoma, however several members of
the pathway show local genetic gains and mRNA overexpression indicating an active signalling
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cascade in HGSOC (263, 268). Increased activation of ERK1/2 was reported in HGSOC tissue
sections and tumor lysates in comparison to normal fallopian tube (268). High level of phospho
MEK, the upstream regulator of ERK1/2, was correlated with poor prognosis in 408 HGSOC
cases from TCGA cohort (269). Increased activation of ERK1/2 along with its upstream and
downstream kinases was reported in 14 ascites derived xenograft model (270). Interestingly,
platinum-taxol, the primary line of therapy in HGSOC, are reported to increase ERK1/2
phosphorylation in cisplatin or paclitaxel resistant ovarian cancer. Activated of ERK1/2
promotes activation of several downstream targets like p90RSK1/2, MNK to promote cisplatin
and paclitaxel resistance in EOC cell line (271). However, it is interesting to note, the activation
of MAPK/ERK in HGSOC occurs in absence of any activating mutation in KRAS, BRAF and
MEK suggesting that activation of ERK1/2 occurs via activation of far upstream pathway
drivers like rector tyrosine kinases. Intriguingly, Liu L et al (2018) reported that in a co-culture
system of tumor associated macrophages derived from mouse bone marrow monocytes show
an increased level of IGF-1 to promote proliferation and migration of ID8 mouse EOC cells via
activation of ERK1/2 and AKT signalling (272). Previously, utilizing a dynamic model of
cisplatin-paclitaxel dual resistance our lab has demonstrated that increase in IGF1R expression
supports the onset of resistance and targeting IGF1R using natural compound picropodophyllin
significantly sensitizes these cells to cisplatin-paclitaxel specifically at the early stage of
therapy resistance. Interestingly, as the cells acquire a highly chemoresistance phenotype, the
IGF1R expression declines with increased activation of AKT which maintain
chemoresistant phenotype by promoting stem cell like properties

this highly

(5). Acquired

chemoresistance is a multi-step process developed through series of molecular and biochemical
changes involving modulation in several key kinases. Though association of the MAPK/ERK
and PI3K/AKT pathway with EOC chemoresistance is apparent, the dynamic modulation of
this pathways and its implications during evolution of a cancer cell to a highly resistant disease
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has yet not been understood. Thus utilizing our indigenously developed cisplatin-paclitaxel dual
resistant model we aim to ask following questions

1. Whether MAPK/ERK and PI3K/AKT signalling are modulated during the gradual
acquirement of chemo resistance in ovarian cancer cells?

2. Is it possible to target and pause promotion of resistance at the onset of cisplatinpaclitaxel dual resistance in ovarian cancer cells?

Upregulation in drug transporters, down regulation of drug detoxification system and apoptotic
machineries, faster DNA repair, upregulation of survival pathways are shown to be associated
with resistance development. In recent time, autophagy, a catabolic cellular process has been
implicated in tumour initiation as well as maintenance of chemoresistance in various cancers
including EOC (163). In a cohort of 45 EOC patients suffering from recurrent disease, elevated
autophagic flux in tumor cells derived from the ascites was reported to promote enhanced
survival against cisplatin (273). Several studies showed that genetic or pharmacological
inhibition of autophagy lead to sensitization of chemo-resistant cells to therapy (274).
Mechanistically several altered molecular pathways are held responsible for increased
autophagic flux in chemoresistant ovarian cancer cells. Increased ERK1/2 activation and
expression YAP, a transcriptional regulator is reported to regulate induction of autophagy in
cisplatin treated ovarian cancer cells (9, 275). Unbiased proteomic screen in paclitaxel treated
ovarian cancer cells identified increased expression of an autophagy regulator, TXNDC17 (276,
277). Expression of autophagy adaptor protein, p62 is also reported to be higher in cisplatin
resistant SKOV3 cells and knockdown of p62 sensitized these cells to cisplatin. (278, 279).
Two clinical trials designed at targeting autophagy in ovarian cancer are currently being held.
NCT03081702, a phase I/II study, is aimed at determining the dose and clinical benefits of
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hydroxyl-chloroquine that can be administered with itraconazole in platinum-resistant
epithelial ovarian cancer patients. In another phase I clinical trial (NCT01634893), combination
of oral HCQ with sorafenib is being tested in stage III or IV refractory or relapsed epithelial
ovarian cancer, extra ovarian peritoneal carcinoma, or fallopian tube carcinoma patients.
Alteration in several key kinase pathways during acquirement of chemoresistance can fine tune
the autophagic flux in cancer cells which in turn can protect cells against chemotherapeutic
stress in several cancers including EOC.

Macroautophagy, henceforth denoted as autophagy,

is a conserved catabolic process induced by various types of nutritional, pH, hypoxic and
chemotherapeutic stress (157). AMPK, a central kinase modulated by metabolic stress promotes
chemoresistance in osteosarcoma, gastric cancer and lung adenocarcinoma via upregulation of
autophagic flux by inhibition of mTORC1 and activation of ULK1 (10, 13, 14). Activation
of PI3K/AKT which in turn activates mTOR promotes a chemoresistant phenotype in EOC,
head & neck, breast, endometrial and several other cancers and is well established autophagy
suppressor (12, 15, 280, 281). Interestingly, the role of MAPK/ERK1/2 signalling in regulation
of autophagic flux is context dependent, activation of MAPK/ERK is shown to positively
regulate autophagic flux in chemoresistant gastric, breast and ovarian cancer cells while
MAPK/ERK pathway mediated repression of autophagic flux was reported in basal or BRAF
inhibitor resistant lung, breast and PDAC cells (11, 176, 282). Though there are multiple studies
which implicates the role of autophagy in promotion of chemoresistance, all these studies
described a onetime relation between autophagic flux and chemoresistance and did not
evaluate whether an increased autophagic flux is required for both initiation as well as
maintenance of chemoresistance or sufficient for one of the either steps. Thus understanding
the role of chemotherapy induced autophagic flux during the process of acquirement of
chemoresistance and its modulation by MAPK/ERK and PI3K/AKT pathway would enable us
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a better understanding of the molecular process governing the gradual evolution of therapy
resistance in ovarian cancer cells in order to design targeting strategies.
Pre-clinical evaluation of any novel drug or novel therapeutic strategy provides the basis for
future clinical trials. The development of novel autophagy activators/inhibitors or evaluation
the efficacy of known autophagy modulators are somewhat hindered due to lack of assay system
to monitor autophagic flux in-vivo settings. Autophagy is a dynamic, multi-step process
involving the formation of phagophore or isolation membrane which gradually expands and
sequesters bulk cargo and ultimately closes to become autophagosome, which then fuses with
lysosomes/endosomes to from autophagolysosome leading to the degradation of cargo proteins
and organelles. LC3-I to LC3-II conversion by ubiquitin-like protein conjugation system is an
indispensable process for autophagosomes formation and is initiated through cleavage of LC3
by cysteine protease Atg4 and the cleaved product is then conjugated with
phosphatidylethanolamine by E2-like enzymes Atg 7 and Atg 3 to from LC3-II which then
associates with nascent autophagosome membranes (283). The conversion of LC3-I to LC3II serves as a marker of induction of autophagic flux while the fusion of autophagosome with
lysosome and subsequent degradation of the sequestered cargo marks the end point of
autophagic process and is characteristically detected by degradation of autophagy adaptors like
Sequestosome-1 or p62 (284, 285). This dynamicity in autophagic flux involving
autophagosome formation and autophagosome lysosome fusion is classically monitored in real
time utilizing various florescent based LC3 sensors (GFP-LC3, mCherry-GFP-LC3 and GFPLC3-RFP-LC3ΔG) by live cell imaging (186, 191, 286). However, application of these
fluorescent based autophagy sensors in non-invasive in vivo imaging of mouse models are
severely limited due to auto-florescence, tissue penetration and signal attenuation of fluorescent
reporter. Utilization of Luciferase based probes can circumnavigate these limitations and
proficiently be applied for non-invasive real-time monitoring of autophagic flux in pre-clinical
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animal models (287, 288). Currently, only poly80/poly19-FL2 luciferase based autophagy
sensor has been utilized for ratometric estimation of real-time autophagic flux in vivo,
adaptation of this sensor for assessing the autophagy kinetics in a high-throughput manner is
however difficult. Autophagy independent degradation of the poly80 repeats and FL2 further
complicates the estimation of autophagy flux (192-194). Thus there is a persistent need to
develop an in vivo autophagy sensor which can dynamically monitor the progression or stalling
of autophagic flux in response to various autophagy modulators and/or chemotherapeutic drug
non-invasively in pre-clinical mouse models.
Utilizing the dynamic model of cisplatin-paclitaxel dual resistance we aimed to understand the
modulation in ERK1/2 and AKT signaling arms during gradual acquirement of
chemoresistance. We further evaluate the role of ERK1/2 in regulation of therapy induced
autophagic flux to promote onset of therapy resistance. Utilizing a novel autophagy sensor, we
assessed the efficacy of ERK1/2 targeted therapies in modulation of autophagic flux and
development of platinum-taxol resistance.

2.2 Methodology
2.2.1 Development of chemoresistant model
Cisplatin-paclitaxel dual resistant A2780 and OAW42 cellular models were established by
treatment of cells with incremental doses of platinum-taxol for a period of 6 months (5). At
each stage of resistance development cells were treated with platinum-taxol for 2 hours,
following which cells were allowed to recover to 80-90 % confluency in absence of drug. The
drug concentration was kept fixed for 3 cycles following which an increased concentration was
applied for three successive cycles. The process was continued till acquirement of a highly
resistant (~90% viable at IC50 of sensitive sells) phenotype (Figure 18). Based upon resistance
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index, cells were categorized into early resistant (DualER), i,e cells at the onset of
chemoresistance ( 5 times higher than IC50 of sensitive cells) and late resistant (DualLR), i.e
cells that achieved a highly resistant phenotype (10 times higher than IC50 of sensitive cells)
(287).
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2.2.2 Immunoblotting
sB
(A)
Pictorial
depiction
of Cisplatin-Paclitaxel
chemoresistant
model development
in EOC
Immunoblotting
for Phospho/total
ERK, phospho/total
AKT, phospho/total
p90RSK1/2
, Fra-1,
cells A2780 and OAW42 using pulse method. (B) Tabular representation of IC50 dosage
LC3B, p62, cleaved PARP, UVRAG, Rubicon, Rab7 was performed from whole cell lysate as
of induvial cell lines of A2780 and OAW42 cisplatin-paclitaxel dual resistant model.
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elaborated in section 5. Images were captured in chemidoc (Biorad) and quantified using Image
J software (NIH) as described in section 6.5.

2.2.3 Transmission electron microscopy
TEM images were captured for A2780 and OAW42 chemoresistant model post treatment with
either cisplatin-paclitaxel alone or in combination with U0126, a MEK1/2 inhibitor for
quantitation of autophagic flux. Cell pellets were processed electron microscopy and images
were capture on JEOL 1400 plus transmission electron microscope operated at 120 kV as
described in section 6.6.

2.2.4 Confocal and immunofluorescence microscopy
Chemotherapy induced autophagic flux was measured monitored in cells expressing puromCherry-EGFP-LC3 plasmid post treatment with cisplatin-paclitaxel either alone or in
combination with U0126 by confocal microscopy as described in section 6.7.1. The data was
analysed to determine the extent of mCherry-EGFP colocalization in terms of Mander’s
colocalization coefficient and mCherry/EGFP ratio as described in detail in section. LC3 and
LAMP1 dual immunostaining was performed to estimate number, size and volume of
autophagosome (LC3+ve puncta) and autophagolysosome (LC3+veLAMP1+ve puncta) as
described in section 6.7.2.

2.2.5 Generation of firefly luciferase/mutant thermostable firefly luciferasep62 fusion construct (Fl-p62/ mtFL-p62)
GFP-p62 plasmid, purchased from Addgene, deposited by Dr.Noboru Mizushima. The p62
CDS was first cloned at EcoR1 site of pcDNA3.1+. The mtFL or FL gene was inserted
upstream of p62 using Nhe1 and Hind III restriction enzymes to generate pCMV-mtFL-p62 or
pCMV-FL2-p62 fusion construct.
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2.2.6 ERK1 silencing by lentiviral mediated sh-RNA constructs
Lentiviral knockdown of ERK1 was performed as described in section 5 using a target
sequence against ERK1 (5'-GACCGGATGTTAACCTTTA-3') [71, 72]. Constructs were
verified by restriction digestion and sequencing. Lentivirus particles were produced in
HEK293FT and transduced in A2780DualER cells. Stable cells expressing ShERK1 construct
were FACS sorted using eGFP as a marker using protocol described in section 6.12.

2.2.7 Apoptosis detection with Annexin/PI
Classical Annexin V and PI dual staining was performed in order to detect necrotic, early
apoptotic and late apoptotic population in A2780DualER and OAW42DualER cells post
treatment with Cisplatin-Paclitaxel, Trametinib and Cisplatin-Paclitaxel+Trametinib for 12 and
24 hours as per detailed protocol in section 6.8.1. Flow cytometric assessment of each group
was performed in Attune NxT Flow cytometer and data analysis was performed using FlowJo
version 10 software.

2.2.8 Real-time cell death assessment using CellToxTM
CellToxTM assay is based on the principle of passive uptake of dye by dead cells, which upon
entering dead cells interacts with their DNA to generate fluorescence signal. The cytotoxic
effect of Cisplatin-Paclitaxel, Trametinib and Cisplatin-Paclitaxel+Trametinib was quantified
in terms of fluorescent signal emitted by dead cell population in A2780DualER. The detailed
staining procedure is described in section 6.4.2. The fluorescence signal was measured for 56
hours at an interval of every 6 hours in Biotek cytation5 imaging system using 485-500 nm
excitation filter and 520-530 nm emission filer.

2.2.9 Cell viability assay
Cell viability assay was performed by standard thiazolyl blue tetrazolium bromide method as
described in section 6.4.1.
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2.2.10 Generation of stable clones expressing
A2780DualER cells stably expressing mCherry-EGFP-LC3 or mtFL-p62 was generated against
puromycin or G418 selection respectively as described in detail in section 6.3.7.

2.2.11 Luciferase assay
Luciferase assay was performed in chemoresistant cells of A2780 and OAW42 model
transiently or stably transfected with mtFL-p62, FL-p62 along with pCMV-Renila luciferase
for normalization as described in section 6.9. All transfection experiments were performed in
triplicates and repeated thrice.

2.2.12 Live-cell imaging
Live cell imaging was in chemoresistant cells stably expressing mtFL-p62 performed as
described in section 6.10 and using IVIS spectrum imaging system (Perkin-Elmer).
Bioluminescence signals were quantified using the Live Image (4.4) software.

2.2.13 In-vivo imaging
Tumor xenograft model of A2780DualER cells stable clones expressing mtFL-p62 construct
were generated by subcutaneous injection in female CD1-NUDE mice as described in section
6.16. These animals were divided into six groups having 8 mice in each group and followed
for 15 days to monitor dynamic modulation in autophagic flux. The animals were monitored
for further 10 days to assess the effect of each line of therapy in tumors growth.

Group-I:

Untreated, Group-II: CisPac, treated with 2mg/kg of Cisplatin and 1mg/kg-Paclitaxel thrice
on day 1, day 7 and day 13 Group-III: Trametinib, a therapeutically relevant and FDA
approved MERK1/2 inhibitor was administered daily at dosage of 1mg/kg for 15 days and
Group-IV: Chloroquine, a well-established lysosomal inhibitor administered daily at dosage
of 40mg/kg for 15 days Group-V: Trametinib+Cisplatin-paclitaxel, combinatorial treatment
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of Trametinib (1mg/kg, daily for 15 days) along with cisplatin-paclitaxel on 1st , 7th and 12th
day and Group-VI: CisPac+Chloroquine, combinatorial treatment of chloroquine (40mg/kg,
daily for 15 days) along with platinum-taxol on 1st , 7th and 12th day. Each drug or drug
combinations were intraperitoneally injected. Bioluminescence imaging of autophagic flux
was perfermoed on alternate days following intraperitoneal D-luciferin (30mg/kg) injection in
Xenogen-IVIS imaging systems. Images were processed and analysed using Living Image
software 4.4.

2.2.14 Statistical analysis
All experiments have been performed at least and represented as mean ± SEM. For
determination of statistical significance unpaired student’s t-Test was performed with
exception of in vivo experiments, which were analyzed using two way ANOVA. A p-value cutoff of less than 0.05 was considered to be significant and represented by *. P value of less than
0.005 was represented by ** and *** represents a P value of less than 0.0005. The term “ns”
represents statistically non-significant change.

2.3 Results:
2.3.1 ERK1/2 activation predominates in the onset of therapy resistance
To investigate whether ERK1/2 and AKT activation are differentially modulated during
gradual acquirement of cisplatin-paclitaxel dual resistant model, we estimated the basal as well
as cisplatin-paclitaxel (CisPac) induced level of phospho ERK1/2 and AKT in our indigenously
established cellular models of platinum-taxol resistance developed by treating A2780 and
OAW42 EOC cells with incremental doses of both drugs for a period of six months. These
chemoresistant cells were classified into sensitive, early (onset of resistance; A2780DualER or
OAW42DualER) and late (stabilized resistance: A2780DualLR or OAW42DualLR) resistant cells
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based on their resistant indices. The DualER cells showed 5 times higher resistance index while
the DualLR cells had 10 times higher resistance index than their sensitive parental counterpart.
The basal level of phosphorylated ERK1/2 was highest in A2780DualER cells compared to the
A2780 and A2780DualLR cells which did not enhance further after drug treatment, while, the
A2780 and A2780DualLR showed increased ERK1/2 phosphorylation post drug treatment
indicating. A similar pattern of basal and drug induced ERK1/2 activation was also observed
in the OAW42 chemoresistant model. Interestingly, the DualER cells also showed increased
basal level of two downstream targets of ERK1/2, the phospho p90RSK1/2 and the Fra-1 (Figure
19A-B and 20 A-B). Increased nuclear localization of pERK was specifically evident in the
A2780DualER cells in comparison to the sensitive and late resistant cells, altogether indicating
a hyperactive ERK1/2 signalling specifically in the early stage of resistance (Figure 19C-D).
Knocking down of IGF1R expression in the early stage of resistance specifically reduced the
level of p-ERK1/2 in comparison to parental counterpart, indicating an increased IGF1R
expression activates ERK1/2 in these cells (Figure 19E and 20 E-F). To test the dependency
of DualER cells on the activated ERK1/2 signalling, we inhibited ERK1/2 activation using
U0126 (10µM), a MEK1/2 inhibitor and its cytotoxic effects alone or in combination with
platinum-taxol were measured. An additive cytotoxic effect was observed specifically in
A2780DualER cells (26.15%) and OAW42DualER cells (23.28%) on combinatorial treatment
compared to CisPac or U0126 alone (Figure 19F-G). In comparison to the increased ERK1/2
activation in the DualER cells, basal activation of AKT was highest in the Dual LR cells in
comparison to the DualER and sensitive cells of both A2780 and OAW42 model. When cells of
various stages of resistance were challenged with drugs, slight increase in AKT activation was
observed only in ER but not in the LR cells that possess maximum level of phospho-AKT
(Figure 19A-B and 20C-D).
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Figure 19: Basal ERK1/2 activation peaks during the onset of platinum-taxol dual
resistance
(A-B) Immunoblot depicting increased basal level of phospho ERK1/2, p90RSK1/2 and FRA1 in A2780DualER and OAW42DualER cells compared to sensitive and DualLR cells of both
model, on the other hand DualLR cells of both model showed maximal basal level of AKT
phosphorylation in comparison to sensitive and DualER cells (C) Representative
immunofluorescence microscopy image depicting increased nuclear localization of
pERK1/2 in the DualER cells (scale 16µm) (D) Quantification of nuclear localization of
pERK1/2, highest mean fluorescence intensity (MFI) was observed in DualER cells. (E)
Immunoblotting analysis revealed a significantly reduced pERK1/2 level in DualER while
pAKT level did not alter significantly post IGF1R knockdown (F-G) Graph representing an
additive cytotoxic effect of

combinatorial treatment of Cisplatin-Paclitaxel and U0126

(CisPac+U0126) over only Cisplatin-Paclitaxel (CisPac) administered at IC50 dosage and
only U0126 in A2780DualER and OAW42DualER cells

Figure 20: Densitometric quantification of phospho ERK1/2 and phospho AKT in
comparison to total protein:
Continued
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(A-B) Graph representing increased ratio of phospho ERK1/2 to total ERK1/2 was observed in
DualER cells in comparison to sensitive and DualLR cells of both A2780 and OAW42 model. (CD) Graph representing increased ratio of phospho AKT to total AKT was observed in Dual LR
cells in comparison to sensitive and DualER cells of both A2780 and OAW42 model. (E-F)
IGF1R knockdown specifically reduced ratio of phospho to total ERK1/2 ratio in Dual ER while
no significant alteration in phospho to total AKT ratio was observed.

2.3.2 Autophagic flux remains upregulated at the early stage of platinumtaxol dual resistance
In order to investigate the role of autophagy during initiation or in maintenance of
chemoresistance we treated sensitive, DualER and DualLR cells with a very high dosage (10
times the respective IC50) of platinum-taxol for 12 and 24 hour. CisPac treatment showed
increased LC3 I-II conversion in sensitive (A2780 and OAW42) and DualER (A2780DualER
and OAW42DualER) cells at 12 and 24 hours by immunoblotting while similar treatment led to
minimal LC3 I-II conversion in DualLR cells of both models (Figure 21A-B). Enhanced
LC3II/LC3I ratio [1.39±0.04 (0hr) to 1.96±0.15 (12hr) to 2.42±0.08 (24hr)] and [1.03±0.12
(0hr) to 1.6±0.05 (12hr) to 1.9±0.19 (24hr)] were observed (average of three immunoblots) in
CisPac treated A2780 and A2780DualER cells respectively. There was no significant change in
LC3II/LC3I ratio in A2780DualLR cells. A similar trend in LC3II/LC3I ratio was observed in
OAW42 chemoresistant model (Figure 21C, E). p62 degradation, which marks the completion
of autophagy, was most evident specifically in A2780DualER and OAW42DualER cells post 24
hours of CisPac treatment and was quantified by the reduction in p62/tubulin ratio [1.39±0.09
(0hr) to 0.63±0.06 (24hr) in A2780DualER] and [1±0.08 (0hr) to 0.23±0.05 (24hr) in
OAW42DualER]. However, changes in p62 level in sensitive and DualLR cells were found to be
non-significant (Figure 21A-B, D, F). Chloroquine (10µM) along with CisPac treatment led to
highest change in LC3 conversion and p62 stabilization in A2780DualER cells compared to
A2780 and A2780DualLR cells, indicating maximal autophagic flux in these cells (Figure 21GI).
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Figure 21: platinum-taxol induced autophagic flux remains high at the early stage of
resistance

continued to next page

Figure 20: platinum-taxol induced autophagic flux remains high at the early stage of
resistance

continued to next page
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(A-B) Immunoblot depicting cisplatin-paclitaxel induced increased LC3 I-II conversion
and p62 degradation specifically in A2780DualER and OAW42DualER cells while
sensitive cells showed increased LC3I-II conversion without significant p62 degradation
compared to respective untreated cells. DualLR cells of both models showed significantly
reduced LC3 I-II conversion and p62 degradation in comparison to its untreated
counterpart. (C-F) Graph representing significantly increased LC3 II/LC I ratio and
reduced p62/tubulin ratio in the DualER cells of both models as quantified from 3
independent immunoblotting experiments (G) Immunoblot depicting highest differences
in LC3I-II conversion and p62 accumulation in A2780DualER cells treated with CisPac in
presence and absence of chloroquine (CQ) compared to sensitive and A2780DualLR cells
(H-I) Graph representing significantly increased LC3 II/LC I ratio and reduced
p62/tubulin ratio in the A2780DualER cells compared to A2780 and A2780DualLR cells
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(H-I) Graph representing significantly increased LC3 II/LC I ratio and reduced
(Figure 22A, B). Similarly, the numbers of autophagic bodies in the OAW42DualER cells
p62/tubulin ratio in the A2780DualER cells compared to A2780 and A2780DualLR cells
(15±1.11/cell) were higher than the OAW42 (12±1.02/cell) and OAW42Dual LR (8±0.58/cell)
after chemotherapeutic challenge (Figure 22C, D). When each of the autophagic bodies were
analysed and compared amongst sensitive, DualER and DualLR cells post drug treatment, a sharp
increase in both autophagosomes (2.1 and 3.4 fold respectively) as well as autophagolysosomes
(3.4 and 3.2 fold respectively) number were found in A2780DualER and OAW42DualER cells
indicating a continued autophagic flux while increase in only autophagosomes in A2780 (5.3
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fold) and OAW42 (3.1 fold) cells without any change in autophagolysosome number indicated
a blockade in completion of autophagic flux (Figure 22B, D). A minimal increase in the number
of phagophore, autophagosomes and autophagolysosomes in both A2780DualLR and
OAW42DualLR cells suggested a low level of autophagy (Figure 22B, D). Overall, these data
conclusively suggest that the chemotherapy induced autophagic flux remains high specifically
at early stage of resistance and then decrease as cells acquire maximal resistant stage.

Figure 22: platinum-taxol induced increased autophagosome and autophagolysosome
formation in the early stage of resistance
Continued
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(A, C) Representative electron microscopy images of sensitive, DualER and DualLR cells of
A2780 and OAW42 chemoresistant model pre and post 24 hours of cisplatin-paclitaxel
treatment. Red arrow represents phagophore, green arrow represents autophagosome and
autophagolysosomes are indicated by yellow arrow (scale 1µm for A2780 model and 2µm
for OAW42 model) (B, D) Graph representing the number of individual and total autophagic
structure pre and post platinum-taxol treatment. A significant increase in number of both
autophagosome and autophagolysosome was observed in DualER cells while sensitive cells
showed

increased

autophagosome

number

without

any significant

change

in

autophagolysosome number. DualLR cells showed reduced autophagic bodies in both A2780
and OAW42 model. (n=10 cells/group)

2.3.3 Activated ERK1/2 promotes autophagic flux at onset of platinumtaxol resistance
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led to LC3
I-II conversion
and p62 degradation, addition of U0126 resulted in higher
LC3 I-II conversion and p62 accumulation at 12 and 24 hours in both the A2780DualER and
OAW42DualER cells (Figure 23A-B and 24A-D). To investigate the role of ERK1/2 in
regulation of autophagic flux, we administered combinatorial treatment of chloroquine (CQ, a
lysosomal inhibitor) along with CisPac and U0126 which, however, did not further supplement
the increased LC3 and p62 accumulation observed upon CisPac+U0126, treatment, while
addition of chloroquine along with CisPac significantly upregulated LC3 conversion and p62
level in comparison to cells treated with only CisPac, indicating that inhibition of ERK1/2
activation blocks the late stage of autophagy (Figure 23C and 24E-F). To further confirm the
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above observation was not U0126 specific, we replaced U0126 with Trametinib (10 nM),
another ERK1/2 inhibitor, which showed similar changes in LC3 and p62 accumulation in
presence of CisPac alone or in combination with CQ (Figure 23D and 24E-F).

Figure 23: Hyperactive ERK1/2 drives autophagic flux specifically at the early stage of
resistance:
(A-B) Immunoblot depicting increased LC3 I-II and p62 accumulation post combinatorial
treatment with U0126 and CisPac in A2780DualER and OAW42DualER cells for 12 and 24
hours (C-D) Significant increase in LC3 conversion and p62 accumulation was observed
post CisPac+CQ treatment compared to only CisPac treated A2780DualER cells, while
CisPac+CQ+U0126/Trametinib (Tranib) showed similar LC3 conversion or p62 level
compared to A2780 DualER cells treated CisPac+U0126 or CisPac+Trametinib
To assess the precise effect of ERK1/2, lentiviral mediated knock down of ERK was carried
out in the A2780DualER cells. The efficiency of ERK knockdown was estimated based on the
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Figure 24: Densitometric quantification of LC3II conversion and p62 degradation
(A-B) Graph representing increased LC3II/LC3I ratio post combinatorial treatment with U0126
and CisPac in A2780DualER and OAW42DualER cells for 12 and 24 hours (C-D) Graph representing
reduced p62/tubulin ratio post CisPac treatment which increases significantly post combinatorial
treatment with U0126 and CisPac in A2780DualER and OAW42DualER cells for 12 and 24 hours
(E-F) Graph representing a significant increase in LC3 conversion and p62 accumulation was
observed post CisPac+CQ treatment compared to only CisPac treated A2780Dual ER cells, while
CisPac+CQ+U0126/Trametinib showed similar LC3 conversion or p62 level compared to A2780
DualER cells treated CisPac+U0126 or CisPac+Trametinib
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that the basal level rather than therapy induced activated ERK1/2 regulates completion of
autophagy particularly at the onset of resistance development (Figure 25C and 26C-D).

Figure 25: Inhibition of ERK1/2 activation regulates chemotherapy induced
autophagic flux specifically in the early stage of resistance
(A) Immunoblot depicting efficiency of ERK knockdown in A2780Dual

ER

cells (B)

Immunoblot depicting cisplatin-paclitaxel induced increased LC3 I-II and p62 accumulation
in A2780Dual

ER

cells post ERK knockdown (C) Combinatorial treatment of U0126 and

cisplatin-paclitaxel did not alter LC3 conversion and p62 level significantly in comparison
to only cisplatin-paclitaxel treatment in sensitive and Dual

LR

cells of both models.

Figure 23: Inhibition of ERK1/2 activation regulates chemotherapy induced
autophagic flux specifically in the early stage of resistance
(A) Immunoblot depicting efficiency of ERK knockdown in A2780Dual

ER

cells (B)

Immunoblot depicting cisplatin-paclitaxel induced increased LC3 I-II and p62 accumulation
in A2780Dual

ER
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cells post ERK knockdown (C) Combinatorial treatment of
U0126

cisplatin-paclitaxel did not alter LC3 conversion and p62 level significantly in comparison

Figure 26: Densitometric quantification of LC3II conversion and p62 degradation
(A) Graph representing a significant increase in CisPac induced LC3II/LC3I ratio post ERK
Knockdown (B) Graph representing cisplatin-paclitaxel induced increased p62/tubulin ratio
post ERK knockdown in comparison to wild type DualER cells (C-D) Combinatorial
treatment of U0126 and cisplatin-paclitaxel did not significantly alter LC3II/LC3I and
p62/tubulin ratio in comparison to only cisplatin-paclitaxel treatment in sensitive and Dual

LR

cells of both models.

Figure 23a: (A) Graph representing a significant increase in CisPac induced LC3II/LC3I
ratio post ERK Knockdown (B) Graph representing cisplatin-paclitaxel induced increased
p62/tubulin ratio post ERK knockdown in comparison to wild type DualER Page
cells109
(C-D)
of 264
Combinatorial treatment of U0126 and cisplatin-paclitaxel did not significantly alter
LC3II/LC3I and p62/tubulin ratio in comparison to only cisplatin-paclitaxel treatment in

We reasoned if basal level of ERK1/2 activation is crucial for the autophagosome-lysosome
fusion, then the ER cells would show maximum level of defective autophagy upon ERK1/2
inhibition. Indeed, evaluation of autophagic bodies by TEM revealed a 1.67 fold increase in
phagophores, and a 2.1 fold increase in autophagosomes with a concomitant reduction (0.6
fold) in autophagolysosomes in A2780DualER cells subjected to combinatorial treatment of
U0126 and CisPac in comparison to only platinum-taxol (Figure 27A-B). In OAW42DualER
cells, 0.5 fold reduction in autophagolysosomes with 1.44 fold increase in phagophores and 2.1
fold increase in autophagosomes were observed post combinatorial treatments (Figure 27C-D).

Figure 27: ERK1/2 inhibition along with chemotherapy induces autophagosome
accumulation:
(A, C) Representative electron microscopy images of A2780DualER and OAW42DualER
cells treated with CisPac alone or in combination of U0126 depicting individual
autophagic structures phagophore (red arrow), autophagosome (green arrow) and
autophagolysosome(yellow arrow) (scale 1µm: A2780DualER and 2µm: OAW42DualER)
(B,D) Graph representing increased number of phagophores and autophagosomes with a
concomitant reduction in autophagolysosomes in A2780DualER and OAW42DualER cells
post CisPac+U0126 treatment in comparison to only CisPac (n=10 cells/group)
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Figure 24: ERK1/2 inhibition along with chemotherapy induces autophagosome
accumulation:

Absence of a positive correlation between drug induced autophagic flux with augmenting
resistance in our models was intriguing. AKT, a negative regulator of autophagy is found to be
gradually activated with increasing resistance in these models (5, 289). Combinatorial
treatment of an AKT inhibitor with the drugs induced higher LC3I-II conversion and p62
degradation in these A2780DualLR cells (Figure 28A-D).

Figure 28: Hyper activated AKT signalling negatively regulates therapy induced
autophagic in the late stage of resistance
(A, B) Immunoblot depicting increased LC3 I-II conversion and p62 degradation in
A2780DualLR and OAW42DualLR cells upon combination treatment of AKT inhibitor
(AKT IV) and cisplatin-paclitaxel at different time points. (C) Graph representing
increased LC3II/LC3 I ratio in A2780DualLR and OAW42DualLR cells upon combination
treatment of AKT inhibitor (AKT IV) and cisplatin-paclitaxel at different time points (D)
Graph representing reduced p62/tubuin ratio in A2780DualLR and OAW42DualLR cells
upon combination treatment of AKT inhibitor (AKT IV) and cisplatin-paclitaxel at
different time points.

Figure 25: Hyper activated AKT signalling negatively regulates therapy induced
autophagic in the late stage of resistance
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(A, B) Immunoblot depicting increased LC3 I-II conversion and p62 degradation in
A2780DualLR and OAW42DualLR cells upon combination treatment of AKT inhibitor

2.3.4 Activated ERK 1/2 kinase regulates autophagosome–lysosome fusion
Proper completion of autophagy pathway requires the fusion of autophagosome with
lysosomes leading to degradation of the damaged and internalized biomolecules along with the
cargo proteins which when blocked by chemical or genetic manipulation adversely affect
cellular homeostasis (290). In order to understand whether ERK1/2 plays any role in
autophagosome maturation and its subsequent fusion to lysosome, we utilized the classical
Figure 29: ERK1/2 inhibition abrogates autophagolysosome formation in the early
stage of resistance development
(A) Representative images of sensitive, early and late resistant cells of A2780 model
expressing mCherry-EGFP-LC3 treated with CisPac alone or CisPac+U0126. Co-localized
mcherry and EGFP puncta depicting autophagosome are highlighted as yellow, while
autophagolysosomes are indicated by isolated red puncta. CisPac treatment increased the
number of red puncta in A2780DualER cells, which reduced significantly post CisPac+U0126
treatment. Increased number of yellow puncta were observed in A2780 and A2780Dual LR
cells (scale 10 µm). (B-C) Graphical representation of mCherry/EGFP ratio and Mander’s
co-localization coefficient of mCherry and EGFP puncta. CisPac treatment induced increase
in mcherry/EGFP ratio with concomitant reduction in yellow puncta post CisPac treatment
while reduced mcherry/EGFP ratio and increased yellow puncta was observed in
A2780DualER cells post CisPac+U0126 treatment. CisPac treatment reduced mcherry/EGFP
ratio and increased yellow puncta in A2780 and A2780DualLR cells (n>35 cells/group). (D,
G) Representative images of LC3 (Green, autophagosome) and LAMP1 (Red, lysosome)
dual immunostained sensitive, early and late resistant cells of both A2780 and OAW42
chemoresistant models treated with CisPac alone or in combination with U0126.
Autophagosome-lysosome fusions were depicted as yellow puncta. The white square insets
represent the magnified images (scale 10 µm for A2780 model and 20 µm for OAW42
model). (E, H) Graphical representation of the number of LC3+veLAMP1+ve puncta in
sensitive, early and late resistant A2780 and OAW42 cells treated with CisPac alone or in
combination U0126. A2780DualER and OAW42DualLR cells treated with CisPac show
increased LC3+veLAMP1+ve puncta compared to other groups, which reduced post
CisPac+U0126 treatment (F, I) Number of LC3+ve puncta in sensitive, early and late resistant
A2780 and OAW42 cells treated with CisPac alone or in combination U0126 (n>35 cells).
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mCherry-EGFP-LC3 reporter that produces yellow puncta, as a result of mcherry and EGFP
colocalization, upon formation of autophagosomes and red puncta post autophagosomelysosome fusion, as result of quenching of EGFP in the acidic environment of lysosome. Thus
the extent of mCherry EGFP colocalization is inversely proportional to the number of
autophagolysosome formation.

This increase in autophagolysosome formation is

characterized by increase mCherry/EGFP ratio as a result of reduction in number of EGFP
puncta and increase in number of mCherry puncta

(186).Combinatorial treatment of CisPac

along with U0126 in A2780DualER cells stably expressing mCherry-EGFP-LC3 reporter
resulted in reduced mcherry/EGFP ratio (1.91) along with accumulation of yellow puncta due
to increased co-localization (co-localization coefficient: 0.70±0.04) of LC3 EGFP and
mCherry puncta in the perinuclear region, compared to only CisPac treated cells, which
displayed increased red puncta (mcherry/GFP ratio 4.11)

with reduced co-localization (co-

localization coefficient: 0.48+0.06) at 24 hours. In comparison to A2780DualER cells, CisPac
treatment showed significantly reduced red puncta (mcherry/GFP ratio 1.90) and increased
yellow puncta (co-localization coefficient: 0.61±0.01) in A780DualLR cells, while sensitive
cells showed the least number of red puncta (mcherry/GFP ratio 1.17) and increased number
yellow puncta (co-localization coefficient: 0.71±0.04) indicating severe defect in
autophagolysosome formation (Figure 29A-C). To determine whether ERK1/2 regulates the
process of autophagosome-lysosome fusion we performed dual immuno-staining with LC3
(autophagosome marker) and LAMPI (lysosomal marker) in our A2780 and OAW42
chemoresistant model post CisPac treatment either alone or in combination with U0126. CisPac
treatment enhanced LC3+veLAMP+ve puncta in A2780DualER cells in comparison to untreated
cells (27.16±2.71vs. 6.89±0.78 puncta/cell) which were reduced by 5-fold (5.3±0.59
puncta/cell) after combinatorial treatment of U0126 and CisPac. CisPac treatment in A2780
cells did not lead to any noticeable increase in LC3+veLAMP+ve puncta than control (2.96±0.83
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vs.4.31±0.99 puncta/cell) but showed no significant change (1±1.93 puncta/cell) after
combinatorial treatment. In A2780DualLR cells, drug treatment resulted in ~2.2 fold increase
in LC3+veLAMP+ve puncta than the untreated cells (7.8±1.5 vs. 3.4±1.6 puncta/cell), with no
significant change upon combinatorial treatment (8.5±1.91 puncta/cell) (Figure 29D-E). A
similar trend of drug induced enhancement of

LC3+veLAMP1+ve puncta in OAW42DualER

cells were observed compared to the untreated cells (49.8±3.77 vs. 16.5±1.98 puncta/cell)
which was reversed upon application of U0126 and CisPac (14.4±2.85 puncta/cell). The
OAW42 and OAW42DualLR cells showed similar trend as A2780 and A2780DualLR cells for
all treatments (Figure 29G-H).
The LC3+ve puncta primarily detects the autophagosome formation which increases upon
induction or blockade in autophagic flux. CisPac treatment in A2780DualER cells enhanced
LC3+ve puncta than untreated cells (107±6.95 vs. 58±6.71 puncta/cell), which increased further
post combinatorial treatment (107±6.95 vs. 137.6±10.62 puncta/cell). CisPac also increased
LC3+ve puncta (138.14±11.98 vs. 88.5±2.31 puncta/cell) in A2780 cells which did not alter
significantly post combinatorial treatment (125±10.56 puncta/cell). Treatment with either
CisPac alone or in combination to U0126 induced least number of LC3+ve puncta in
A2780DualLR cells (58±4.76, 58±5.42 puncta/cell in both cases), indicating a low induction of
autophagic flux (Figure 29D-F). A similar trend was observed in OAW42 model as well
(Figure 29G-I).
Next we estimated the surface area and volume of these LC3+ve puncta pre and post treatment
across the resistant stages. Assuming these autophagic bodies to be spherical, an increase in
surface area and volume of these puncta were observed after CisPac treatment in A2780DualER
(0.14±0.003µm2 and 0.06±0.003µm3 respectively) compared to untreated cells (0.06±0.004
µm2 and 0.015±0.002 µm3 respectively) which increased further upon CisPac+U0126
treatment (0.184±0.007 µm2 and 0.083±0.004 µm3 respectively). In contrast, the surface area
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and volume of LC3+ve puncta changed marginally in A2780 and A2780DualLR cells post drug
treatment which remained unchanged after combinatorial treatment (Figure 30A-B). CisPac
treatment increased surface area and volume of LC3+ve puncta was observed in OAW42 cells,
although the volume of autophagosome in OAW42 cells were smaller compared to
OAW42DualER cells while the OAW42DualLR cells reduced volume and area of LC3+ve puncta
(Figure 30C-D).

Figure 30: ERK1/2 activation regulates autophagosome morphology
(A, C) Graphical representation of surface area of LC3 puncta in sensitive, early and late
resistant A2780 and OAW42 cells treated with CisPac alone or in combination U0126 (B,
D) Graphical representation of volume of LC3 puncta in sensitive, early and late resistant
A2780 and OAW42 cells treated with CisPac alone or in combination U0126 (n=30-40
cells/group, average area and volume was calculated from ~ 5000 puncta)

Figure 27: ERK1/2 activation regulates autophagosome morphology
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(A, C) Graphical representation of surface area of LC3 puncta in sensitive, early and late
resistant A2780 and OAW42 cells treated with CisPac alone or in combination U0126 (B,

Autophagosome maturation and autophagosome-lysosome fusion involve a large number of
molecular players of which UV radiation resistance-associated (UVRAG) and Rubicon
(RUBCN) are reported to regulate endocytic transport, autophagosome maturation and/or
autophagosome–lysosome fusion via Rab7 (24, 25, 291). UVRAG promotes autophagosomelysosome fusion by interacting with VPS16 while Rubicon inhibits the fusion (24, 292).
Interestingly, CisPac treatment increased both UVRAG and Rab7 level at 24 hrs which
decreased following the combinatorial treatment in both A2780DualER and OAW42DualER
cells indicating a blockage at the autophagosome-lysosome fusion step (Figure 31A, C-D and
32A-B). Similar treatments did not alter Rubicon level significantly (Figure 31B). Cisplatinpaclitaxel treatment reduced UVRAG and Rab7 level in A2780DualER/Erk- cells as well, thus
clearly indicates a new role of basal ERK1/2 in facilitation of proper autophagosome-lysosome
fusion (Figure 31E and 32C).
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Figure 31: ERK1/2 regulates multiple components of autophagosome-lysosome
fusion
(A) Immunoblot depicting CisPac induced increase in UVRAG level of A2780DualER and
OAW42DualER cells, which reduces significantly post combinatorial treatment of
CisPac+U0126 (B)

Immunoblot depicting no alternation in Rubicon level in

A2780DualER cells treated with cisplatin-paclitaxel alone or in combination of U0126.

(C,

D) Immunoblot depicting significant reduction in Rab7 level post combinatorial treatment
with U0126 and platinum-taxol in A2780DualER and OAW42DualER cells (E) A
significantly reduced UVRAG and Rab7 level was observed in A2780DualER/ERK1(shERK1) post CisPac treatment in comparison to parental counterpart.

Figure 32: Densitometric quantification of UVRAG and Rab7 in DualER cells

(A-B)

Graph representing CisPac induced increased UVRAG/tubulin and Rab7/tubulin ratio
inA2780DualER and OAW42DualER cells, which reduces significantly post combinatorial
treatment of CisPac+U0126
Continued
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Figure 28a: (A-B) Graph representing CisPac induced increased UVRAG/tubulin

Rab7/tubulin ratio inA2780DualER and OAW42DualER cells, which reduces significantly

(C, D) Graph representing significantly reduced UVRAG/tubulin and Rab7/tubulin ratio in
A2780DualER/ERK1- (shERK1) post CisPac treatment in comparison to parental counterpart.

(C, D) Graph representing significantly reduced UVRAG/tubulin and Rab7/tubulin ratio in
A2780DualER/ERK1- (shERK1) post CisPac treatment in comparison to parental counterpart.

2.3.5 ERK1/2 inhibition promotes platinum-taxol induced apoptosis in early
stage of resistance

To understand whether inhibition of autophagy via ERK1/2 inhibition switches the balance
towards apoptosis we measured the level of cleaved PARP, which increased significantly post
combinatorial treatment of CisPac along with U0126 or CQ in DualER cells of both A2780 and
OAW42 model (Figure 33A-C). Combinatorial treatment of CisPac along with Trametinib
induced a significantly rapid cell death kinetics indicated by 2 fold increased cell death at 24
hour in comparison to cells treated with either CisPac which showed similar effect at 36 hours
or Trametinib which did not induced noticeable cell death (Figure 33D). CisPac+Trametinib
also showed significantly higher cell death (~3.3-fold) in comparison to only CisPac (~2.5
fold). A significantly higher and faster cell death kinetics was also observed in OAW42DualER
cells treated with CisPac+Trametinib (Figure 33E). A significantly higher percentage of early
(Annexin+ve) and late apoptotic (Annexin+ve/PI+ve) population was observed post combinatorial
treatment CisPac+Trametinib at 12 (8.96% and 15.12% respectively) and 24 (23.9% and
32.59% respectively) hours in comparison to 12 (5.08% and 8.44% respectively) and 24
(10.8% and 15.91% respectively) hours of only CisPac treatment. Treatment of cells with only
Trametinib showed marginal increase in early and late apoptotic population at both time points
(Figure 33F, H). Similar treatment of CisPac+Tramentinib in OAW42DualER cells significantly
increased percentage of early and late apoptotic cells in comparison to only CisPac, indicating
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increased promotion of CisPac induced apoptosis in absence of ERK1/2 activation (Figure
33G, H).
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H
H

Figure 33: ERK1/2 inhibition sensitize DualER cells to platinum-taxol induced apoptosis
(A-C) Enhanced PARP cleavage in A2780DualER and OAW42DualER cells treated with platin
um-taxol and U0126/chloroquine (CQ) for 12 and/or 24 hours. (D-E) Real-time cell death
kinetics indicating significantly increased cell death post combinatorial treatment of
CisPac+Trametinib in comparison to only platinum-taxol (CisPac), only Trametinib and
untreated in A2780DualER and OAW42DualER cells. (F-G) Scatter plot showing time
dependent increase in Annexin+ve (early apoptotic) and Annexin+ve/PI+ve (late apoptotic) cells
post combinatorial treatment of CisPac+Trametinib in comparison to only CisPac, only
Trametinib and untreated cells in A2780DualER and OAW42DualER cells. (H) Table
representing percentage of Annexin+ve (early apoptotic) and Annexin+ve/PI+ve (late apoptotic)
cells post combinatorial and single treatment.
Figure 29: ERK1/2 inhibition sensitize DualER cells to platinum-taxol induced apoptosis
(A-C) Enhanced PARP cleavage in A2780DualER and OAW42DualER cells treated with platin
um-taxol and U0126/chloroquine (CQ) for 12 and/or 24 hours. (D-E) Real-time cell death
kinetics indicating significantly increased cell death post combinatorial treatment of
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in living
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representing percentage of Annexin+ve (early apoptotic) and Annexin+ve/PI+ve (late apoptotic)
cells post combinatorial and single treatment.
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sensor is required. Completion or perturbation of autophagy is well correlated with p62
degradation, thus monitoring p62 kinetics through a reporter (e.g., luciferase) protein would
allow us to reliably estimate the autophagy kinetics (293)[54]. Increased accumulation of p62
due to blocked autophagy would increase luciferase activity while an enhanced clearance of
p62 due to ongoing autophagic flux would reduce luciferase activity (Figure 34A). We utilized
a mutant thermostable Firefly Luciferase (mtFL) to prevent reporter protein mediated p62
degradation,

mtFL displayed significantly longer half-life compared to its wild type

counterpart (wtFL) (9 vs 3 hours) (Figure 34B) and developed a new autophagy sensor (mtFLp62). Serum starvation (2 hours), a well-known autophagy inducer, decreased mtFL-p62
luciferase activity by 0.60 fold while addition of CQ (2 hours) led to 2.2 fold higher luciferase
activity compared to the control. Similar treatments induced no reduction or minimal
enhancement in luciferase activity in cells expressing only mtFL or wtFL-p62 indicating the
ability of mtFL’s to accurately monitor autophagic flux through p62 kinetics (Figure 34C).
Further, treatment of cells with known autophagy inducers like rapamycin and etoposide
reduced (0.53 and 0.45 fold respectively) luciferase activity while Wortmannin and
Bafilomycin increased luciferase activity (1.7 and 2.3 fold respectively) after 24 hours of
treatment in A2780 cells transfected with mtFL-p62, confirming the potential of the sensor
(Figure 34D). Next, we utilized the mtFL-p62 to monitor chemotherapy (CisPac) induced
autophagic flux in A2780 and OAW42 EOC cells for different time points. Moderately
enhanced luciferase activities (1.4 & 1.6 fold at 12 and 24 hours) were found in drug treated
A2780 cells transiently expressing the mtFL-p62 compared to the untreated counterparts.
Combinatorial treatment of CisPac and chloroquine led to 2.2 and 2.1 fold increase in luciferase
activity respectively in similar conditions. Contrarily, luciferase activity remained unaltered
post 24 hours of CisPac and CisPac with Chloroquine treatment in A2780 cells expressing
wtFL-p62, indicating the inability of this reporter to portray changes in p62 level (Figure 34E).
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Similar increase in mtFL-p62 activity was also observed in OAW42 cells post 12 and 24 hours
of CisPac alone (1.9 and 2.1 fold) or CisPac with chloroquine (2.5 and3.5 fold) treatments,
indicating a stalled autophagic flux in A2780 and OAW42 cells upon chemotherapeutic stress
(Figure 34F).

Figure 34: Monitoring of autophagy flux based p62 kinetics using mtFL-p62 construct
(A) Schematic representation of the working principle of mtFL-p62 as an autophagy sensor.
Continued
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Figure 30: Monitoring of autophagy flux based p62 kinetics using mtFL-p62 construct

(B) Graph representing fold change in luciferase activity with respect to pre-treatment condition
(0 hour) over time period. A 50% reduction in wtFL luciferase activity was observed post 3 hours
of cyclohexamide treatment while mtFL showed similar reduction post 9 hours. (C) Graph
representing reduction in luciferase activity post 2 hours of serum starvation (Ser. Starved) and
increase in luciferase activity post 2 hours of Ser. Starved+chloroquine (CQ) specifically in cells
transfected with mtFL-p62 but not in cells transfected with either wtFL-p62 or only mtFL. (D)
Reduced luciferase activity was observed upon Rapamycin and Etoposide treatment (24 hours)
respectively while increased luciferase activity was observed upon Wortmannin and
Bafilomycin treatment (24 hours) in A2780 cells transfected mtFL-p62. (E, F) p62 degradation
kinetics monitored by luciferase activity in sensitive A2780 and OAW42 cells. Both the cells
show a significantly increased luciferase activity post 24 hours of CisPac and CisPac+CQ
treatment. Similar treatment did not alter luciferase activity significantly in A2780 cells
transfected with wtFL-p62.
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treatment. Similar treatment did not alter luciferase activity significantly in A2780 cells
35A). An increased luciferase activity was observed in A2780DualLR cells (1.3 & 2 fold
transfected with wtFL-p62.
respectively), indicating existence of an enhanced ERK1/2 driven autophagic flux at early
stages but a stalled one at late resistant stages (Figure 35B). Combinatorial treatment of
chloroquine with CisPac for 12 and 24 hours led to a time dependent increase in luciferase
activity in both A2780DualER (2.95 and 3.71 fold) and A2780DualLR (3.29 and 5.11 fold) cells
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(Figure 35A, B). Similarly, 0.6 and 0.3 fold reduction in mtFL-p62 activity was observed in
OAW42DualER cells post 12 and 24 hours of drug treatment, which increased by 2.23 and 2.53
fold post combinatorial treatment of U0126 and CisPac (Figure 35C). An increased luciferase
activity was observed in OAW42DualLR (1.9 and 1.8 fold) cells post drug treatment (Figure
35D). Combinatorial treatment of CisPac and chloroquine for 12 and 24 hours increased
luciferase activity in both OAW42DualER (3.8 and 3.75 fold) and OAW42DualLR (4 and 4.5
fold) cells (Figure 35C-D). Moreover, proteasome inhibitor (Bortezomib) failed to increase the
CisPac induced reduction in mtFL-p62 luciferase activity in A2780DualER cells indicating
autophagy specific degradation of mtFL-p62 (Figure 35E).

Figure 35: mtFL-p62 portrays differential autophagic flux depending on the stage
of platinum-taxol resistance
(A, C) Luciferase activity from A2780DualER and OAW42DualER cell lysate depict
increased luciferase activity post combinatorial treatment of U0126/Chloroquine along
CisPac compared to cells treated with only CisPac at 12 and 24 hour
Continued
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(B, D) CisPac treatment significantly increased luciferase activity in A2780DualLR and
OAW42DualLR cells, which increased further upon combinatorial treatment of CisPac+CQ
at both 12 and 24 hour (E) Application of chloroquine along with CisPac but not proteasome
inhibition with Bortezomib, rescued only CisPac mediated reduction in luciferase activity
at both 12 and 24 hours.

(B, D) CisPac treatment significantly increased luciferase activity in A2780DualLR and
LR sensor tracks real time autophagy kinetics in live cells and
2.3.8
mtFL-p62
OAW42Dual
cells, which increased further upon combinatorial treatment of CisPac+CQ

at bothmodel
12 and 24 hour (E) Application of chloroquine along with CisPac but not proteasome
mouse
inhibition with Bortezomib, rescued only CisPac mediated reduction in luciferase activity
Encouraged by the ability of mtFL-p62 to capture autophagy dynamics in-vitro we aim to test
at both 12 and 24 hours.
its potential as a real-time autophagy sensor. To monitor the therapy induced modulation of
autophagy kinetics in live cells in real-time, A2780, DualER and DualLR cells were transfected
with mtFL-p62 and luciferase signal was captured from live cells following respective
treatments. Interestingly, chemotherapeutic treatment increased luminescence signal in A2780
cells (1.5 and 1.72 fold at 12 and 24 hours respectively) and A2780DualLR cells (1.5 and 4.8
fold at 12 and 24 hours respectively) compared to respective pre-treatment condition (0 hour)
(Figure 36A, C, D, F). A reduction in luminescence signal was observed in A2780DualER cells
(0.62 and 0.39 fold) post 12 and 24 hours of cisplatin-paclitaxel treatment respectively. An
enhanced luciferase signal was observed after combinatorial treatments of CisPac along with
Trametinib (1.8 and 2.2-fold respectively) or U0126 (1.4 and 2-fold respectively) (Figure 36B,
E). Administration of chloroquine along with platinum-taxol enhanced luminescence signal in
all three cells post 12 and 24 hours of treatment (Figure 36A-F).
Next therapy induced autophagic flux was monitored for 14 days in A2780DualER tumour
xenografts stably expressing mtFL-p62 reporter (Figure 37A). Trametinib treatment alone
enhanced bioluminescence on day-4 (1.60-fold) over day 0 which then remained stationary till
14 days. Treatment of chloroquine alone showed a similar kinetics with a 1.66-fold increased
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luminescence on day-4, which then remained stationary till 14th day. In contrasy, CisPac
treatment resulted in reduction in luminescence signal on day 2 by 0.62-fold, which again
reduced further following second and third dose by 0.45- (day 8) and 0.32-fold (day 14),
indicating a continued degradation of p62 and an active autophagic flux. Intriguingly,

Figure 36: Monitoring of therapy induced autophagy dynamics in live cell
(A-C) Representative images of autophagic flux kinetics in sensitive, early and late resistant cells
expressing mtFL-p62 post 12 and 24 hours of CisPac treatment alone or with ERK1/2 inhibitor
[U0126/Trametinib (Tranib)] or chloroquine. (D-F) Live cell imaging of mtFL-p62 revealed
significant reduction in luciferase activity in A2780DualER cells post challenging cells with
Continued
Figure 32: Monitoring of therapy induced autophagy dynamics in live cell
(A-C) Representative images of autophagic flux kinetics in sensitive, early and late
cells
Pageresistant
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expressing mtFL-p62 post 12 and 24 hours of CisPac treatment alone or with ERK1/2 inhibitor

CisPac at both 12 and 24 hours while combinatorial treatment of CisPac long with
Trametinib/U0126/Chloroquine increased luciferase activity in comparison to respective
pre-treatment condition (0 Hour). Platinum-taxol treatment increased luciferase activity in
A2780 and A2780DualLR cells at both 12 and 24 hours. Combinatorial treatment of CisPac
and Chloroquine increased luciferase activity in both A2780 and A2780DualER cells.

combinatorial treatment of CisPac along with Trametinib showed a 3.12 fold increase in
CisPac at both 12 and 24 hours while combinatorial treatment of CisPac long with
Trametinib/U0126/Chloroquine
increased
luciferase
comparison
to respective
luminescence
signal on day-2 which
remained
steady activity
till day 4in and
then reduced
on day 6.
pre-treatment condition (0 Hour). Platinum-taxol treatment increased luciferase activity in
Administration of second and third doses on day 7 and day 12 respectively, again induced an
A2780 and A2780DualLR cells at both 12 and 24 hours. Combinatorial treatment of CisPac
increase in luminescence signal on day 8 (3.80-fold) and day 14 (3.78 fold), indicating
the role
and Chloroquine increased luciferase activity in both A2780 and A2780DualER cells.
of Trametinib in inhibition of CisPac induced autophagic flux. Application of chloroquine
along with CisPac also induced an increased bioluminescence on day-2 (1.9-fold) which then
gradually decreased till the administration of second and third combinatorial dose on day 7 and
day 12, following which a 2.76 and 2.13-fold increased bioluminescence signal was observed
on day 8 and day 14 respectively. (Figure 37A-B). Though demonstrating an incremental trend,
the change of luciferase signals post treatment with single agents (CQ and Trametinib) over 14
days were not found to be statistically significant compared to control and CisPac treated
groups by two way ANOVA analysis. This indicates that Trametinib and CQ may not be
enough to block autophagy to a significant extent within 14 days. However, when the
modulation in luminescence signals of the combinatorial groups ( CisPac with Trametinib or
Chloroquine) were compared among days and with other groups by two way ANOVA analysis,
highly significant differences (p=0.0015 and 0.02 respectively) were observed indicating such
combinatorial treatments are sufficient to arrest autophagy in short duration. Trametinib
treatment also reduced ERK1/2 activation as observed from tumour lysates by immunoblotting
(Figure 37B).
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Figure 37: Non-invasive bioluminescence imaging of therapy induced autophagy flux in
live animals
Continued

Figure 33: Non-invasive bioluminescence imaging of therapy induced autophagy flux in
live animals

Page 129 of 264

Continued

(A) Representative bioluminescence images of real time mtFL-p62 kinetics in A2780DualER
tumour xenograft post treament with vehicle (untreated), CisPac, chloroquine, Trametinib,
CisPac+Trametinib and CisPac+Chloroquine and observed over 14 days. (B) Graphical
representation of kinetics of quantified bioluminescence signal from mice revealed Trametinib
treatment alone enhanced bioluminescence on day-4, which remained stationary till day-14. A
similar kinetics was observed with chloroquine treatment alone. In contrary, CisPac treatment
resulted in slow but continued reduction in bioluminescence over the course of 14 days.
Application of Trametinib along with CisPac tripled luminescence signal by day-2 then
remained steady at day 4 followed by a reduced luciferase activity on day 6, which again peaked
on day 8 and day 14 post second (day 7) and third (day 13) dose . Application of chloroquine
along with CisPac also increased bioluminescence till day-2 which then gradually reduced till
the administration of second combinatorial dose on day-7, following which an increased
bioluminescence signal was observed on day-8. The luminesce signal again peaked on day 14
After administration of individual therapeutic regimen for 15 days, tumour growth was
monitored till day 25. Single treatment of Trametinib showed 0.36-fold reduction in tumour
volume while only CisPac showed 0.56 fold reduction in tumour volume in comparison to
untreated cells. Interestingly, combinatorial treatment of CisPac along with Trametinib
significantly reduced (0.08-, 0.14- and 0.22-fold at day 25) tumour volume in comparison to
untreated, CisPac and only Trametinib treated group respectively.

Similar reduction in

tumour volume was observed in CisPac+chloroquine group in comparison to untreated (0.19fold), CisPac (0.34-fold) and only chloroquine (0.26-fold) group, indicating the effectivity of
combinatorial treatment over single agent (Figure 38A, C). Enhanced p62 staining was
observed in tumours treated with Trametinib or chloroquine along with platinum-taxol, while
a reduction in p62 staining was observed in CisPac treated group (Figure 38C-D).
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Figure 38: Inhibition of ERK1/2 or autophagy sensitizes DualER tumour xenografts to
therapy
(A) Graphical representation of alteration in tumour volume at day 25, revealed the efficacy of
combinatorial treatment of Trametinib/ chloroquine along with CisPac in reducing tumour
growth compared to untreated, only CisPac, only Trametinib and only CQ group. Table
depicting the two way Annona statistics on the right (n=8) (B) Immunoblot depicting reduction
in phospho ERK level following administration of Trametinib in mouse on day 2, 6, 10 and
14.
Continued
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(C) Tabular representation of p62 percent positive cells in tumour sections and tumor volume.
(D) Immunohistochemical staining of p62 in mice tumour tissue revealed increased p62 staining
in tissue section harvested from tumours treated with CisPac+Trametinib/chloroquine in
comparison to tissue obtained from untreated, only cispac, only Trametinib or only chloroquine
group. Lowest p62 stating was observed in tumour sections obtained from only CisPac group.

2.4 Discussion
Understanding the key signalling event governing the gradual acquirement of therapy
resistance has become a dire necessity in this era of personalized medicine. The five year
survival rate for stage III/IV advanced ovarian carcinoma is 35% and this poor survival rate
can be accounted to the acquirement of resistance to first line platinum therapy (294).
Currently, there are only limited number of targeted therapy against HGSOC due to absence of
a targetable driver mutation/over activated signalling (295). ERK1/2 and AKT are the key
effector kinase that activates several molecular pathways to prevent therapy induced cell death.
Several reports suggests that increased activation of these pathways in chemoresistant ovarian
cancer cells imparts survival advantage against conventional therapy. Though a small subset
of tumour cells remain refractory to commencement of standard therapy, majority of the cancer
cells progressively develop resistance through successive alteration in several molecular and
biochemical pathways (5, 112). Though many studies highlight the benefit of targeting ERK1/2
and AKT in chemoresistant cells, these studies fails to understand how these signalling
pathways are gradually modulated during evolution of chemoresistance and the implication of
such modulation to promote development of a highly chemoresistant phenotype is yet to
known. Understanding these molecular events in a stepwise manner may help in identifying an
optimal therapeutic window to target these pathways in order to prevent development of a
highly chemoresistant phenotype.
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Employing the indigenously developed cisplatin-paclitaxel dual resistant cellular model of
ovarian cancer (5), we showed that that an increased basal activation of ERK1/2 kinase
stimulates cisplatin-paclitaxel induced autophagic flux at the early stage of resistance
development, inhibition of ERK1/2 activation impedes autophagic flux by obstructing
autophagosome-lysosome fusion and promotes CisPac induced apoptosis. Intriguingly, therapy
induced autophagic flux became dispensable as the cells acquire a highly resistant phenotype,
these reduced autophagic flux was attributed to the hyper activated AKT signalling at late stage
of resistance. Both pharmacological and genetic inhibition of ERK1/2 kinase in combination
with chemotherapy led to increase in number and size of autophagosomes with concomitant
reduction in autophagolysosome number. ERK1/2 inhibition along with platinum-taxol
significantly reduced the level of UVRAG and Rab7, the two key regulators of autophagosomelysosome fusion in DualER cells. In order to assess the therapeutic efficacy of ERK inhibitor,
we developed a novel autophagy sensor mtFL-p62, which enabled us to monitor the autophagy
kinetics through degradation/stabilization of p62 in live cells and in tumour bearing mice
through

real

time

bioluminescence

imaging.

Chemotherapy

treatment

reduced

bioluminescence signal specifically in DualER cells but not in the chemosensitive or DualLR
cells, which in conjunction with chloroquine showed enhanced bioluminescence signal across
all the stages due to p62 stabilization. Interestingly, administration of Trametinib, a FDA
approved MEK1/2 inhibitor, along with chemotherapy simulated a comparable effect like
chloroquine, a classical lysosomal inhibitor, in DualER cells. Combinatorial treatment of
Trametinib or chloroquine along with CisPac led to significant increase in p62 accumulation
for period of 72 hours as revealed by real time bioluminescence imaging of DualER tumour
xenograft. Further the combinatorial regimen of CisPac+Trametinib/CQ for 15 days
significantly reduced tumour growth in comparison to treatment with individual drugs. In
summary our data suggests that an active ERK1/2 kinase specifically drives the onset of
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chemoresistance by sustaining an increased autophagic flux in chemotherapy treated ovarian
cancer cells, inhibition of which primes the cells towards apoptosis, thus identifying a
therapeutic window for targeting ERK1/2 driven autophagic flux for maximizing the effect of
a therapy.
Chemotherapy induced autophagy was reported to play both pro-survival and pro-death role in
a context dependent manner (174, 175, 296, 297). In majority of cancers including epithelial
ovarian cancer the induction of autophagy in response to chemotherapy ultimately leads to
development of resistance (10, 11, 14, 176, 281). Enhanced autophagic flux mediated by YAP
oncoprotein in cisplatin-resistant OV2008 cells, by up regulated TXNDC17 in paclitaxel
resistant cells or by activated ERK1/2 in response to cisplatin treatment in ovarian cancer cells
describe the intimate association of autophagy, drug treatment and chemoresistance (9, 11, 275,
276). However, all these cell line based studies reported a onetime relation between
chemoresistance and autophagic flux and did not investigate the dynamic association of
autophagy across different stages of resistance. We previously reported dynamic models of
chemoresistance in ovarian cancer cells which can be distinctly divided into early (onset) and
late (maximal) resistant cells based on their resistance index and are characterised with
IGF1Rhigh/pAKTlow (in early stage) and IGF1Rlow/pAKThigh (at late stage) pathways (5).
Utilizing these models (developed in A2780 and OAW42 cells) we report an increased LC3III conversion rate in sensitive and ER cells indicating an increased initiation of autophagy,
however only DualER cells showed completion of autophagy indicated by increased p62
degradation. The DualLR cells were characterized with low level of initiation and completion
of autophagy likely due to presence of hyper activated AKT. Inhibition of AKT indeed
promoted active autophagy in these cells as demonstrated by other studies (289, 298, 299). At
par with molecular data, TEM images revealed lowest number of autophagic bodies
(phagophore, autophagosome and autophagolysosome) in the DualLR cells while the sensitive
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cells displayed increased number of phagophore and autophagosomes with reduced number of
autophagolysosomes. CisPac treatment increased the number both of autophagosomes and
autophagolysosomes to a similar extent in the DualER cells. Increased autophagic flux is
classically characterized by increased number of autophagosomes and autophagolysosome
(285, 300). Higher autophagosomes as well as autophagolysosomes were observed in UC13
bladder cancer cells after knockdown of ZKSCAN3, a negative transcriptional regulator of
autophagy (301). Cisplatin treatment in T24 bladder cancer cells was reported to induce
autophagosome and autophagolysosome numbers, while pre-treatment of these cells with
chloroquine prevented the formation of autophagolysosome but not autophagosome (302).
Defect in autophagy upon genetic knockdown of CD38 in coronary arterial myocytes was
reported to increased formation of autophagosome without any change in autophagolysosome
number (303). In line with these published literature, we observed enhanced number of both
autophagosomes and autophagolysosomes in the ER cells following drug treatment. Our data
indicates that an upregulated autophagic flux allows cells to survive chemotherapy stress at the
onset of resistance and foster development of a highly chemoresistant phenotype where
autophagy becomes dispensable.
Cellular kinases are the key modulators of autophagic flux (10, 13, 289, 298, 299). Therapy
induced ERK1/2 activation was reported to positively regulate autophagic flux in oesophageal,
breast, bladder, hepatocellular carcinoma cells as well as in a panel of cisplatin resistant ovarian
cancer cells (176, 304-306). Cisplatin-paclitaxel treatment induced ERK1/2 activation in
sensitive and DualLR cells but not in the DualER cells, having highest basal level of activated
ERK. Pharmacological inhibition of ERK1/2 using U0126 and Trametinib or stable ERK
knockdown led to significant accumulation of LC3 and p62, when combined with platinumtaxol specifically in the DualER cells, indicating a blockade in autophagic flux. Combinatorial
treatment of U0126 along with platinum-taxol also increased autophagosome accumulation
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and reduced number of autophagolysosome. Similar treatment did not significantly alter LC3
conversion or p62 degradation in sensitive and DualLR cells in comparison to only platinumtaxol treated cells. Thus indicating that the basal but not the induced level of phospho-ERK
seemed to be critical for maintenance of autophagy and cell survival under therapeutic stress.
Prolonged activation of ERK1/2 kinase by Lindane in sertoli cells prevented maturation of
autophagosome to autophagolysosomes (307). Increased autophagic flux in PDAC cells with
mutated Ras or Raf and brain tumour cells resistant to in BRAFi, was reported upon inhibition
of Ras-Raf-MEK-ERK signalling. These differential role of ERK in regulation of autophagy
can be attributed to the difference of cellular model systems, here in we measured the effect of
ERK1/2 in regulation of cisplatin-paclitaxel induced autophagy in cisplatin-paclitaxel resistant
cells in comparison to cancer cells having constitutive and hyperactivated MAPK signalling or
in untransformed cells exposed to carcinogen. Platinum induced ERK1/2 activation was
reported to increase autophagic flux in cisplatin-resistant A2780/CP70 cells (11). Although the
extent of platinum resistance between A2780/CP70 and our dual resistant cells is difficult to
compare, both the reports suggests the role of activated ERK1/2 in promotion of autophagic
flux, suggesting that an optimal level of ERK activation (basal or drug induced) is critical for
proper completion of autophagy.
A complete autophagy cycle comprises of several steps which include phagophore formation,
autophagosome formation and maturation and finally degradation of autophagosome through
autophagosome-lysosome fusion (284). Increase in the LC3+veLAMP1+ve puncta and reduction
in colocalization of EGFPLC3 and mCherryLC3 puncta are bonafide signatures of increased
autophagolysosome formation (285, 300). Blockade of autophagolysosome formation by
mevastatin or withaferin in MDA-MB-231 and MCF7 cells was reported to increase
colocalization of GFP and RFP puncta (308, 309). Treatment of A375 melanoma cells with
N6-isopentenyladenosine was reported to prevent autophagosome-lysosome fusion leading
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into reduced the number of LC3+veLAMP1+ve puncta (310). Interestingly, enhanced
autophagolysosome formation indicated by increased number LC3+veLAMP1+ve and mCherry
LC3 puncta was also observed in cisplatin resistant ovarian cancer cells on O-GlcNAc
transferase knockdown (311). Inhibition of ERK1/2 activation by ROS during severe ER stress
was reported to block autophagolysosome fusion in HeLa cells (312). Enhanced co-localization
of EGFP mCherry puncta (0.70±0.04) was also observed in ER cells treated with combination
of U0126 and CisPac, as well in sensitive and LR cells (having low basal ERK1/2 activation)
post drug treatment. A drastic increase LC3+veLAMP1+ve puncta was observed in ER cells post
platinum-taxol treatment, which again returned to basal level upon ERK1/2 inhibition,
highlighting the role of ERK1/2 in autophagosome lysosome fusion.

Induction of autophagy

by amino acid starvation and its blockade by vinblastine at the autophagosome lysosome fusion
step was reported to increase autophagosome size in CHO cell line (313). Intriguingly, we also
observed increased size (both by area and volume) of the LC3 puncta in ERK inhibited and
drug treated ER cells which were not evident in sensitive and LR cells. Regulation of such
phenotype by ERK1/2 is still not reported.
Autophagosome maturation and autophagosome-lysosome fusion are regulated by several
proteins in sequential and interconnected steps. HCV and M. Tuberculosis infected
macrophages show impaired autophagolysosome formation and increased autophagosome
accumulation due to reduced UVRAG expression. Tissue specific UVRAG knockdown in
murine cardiac muscles also led to similar defect in autophagolysosome formation (314).
Recently, phosphorylation of UVRAG via mTOR was reported to inhibit UVRAG function
leading into reduced autophagolysosome formation (315). Interestingly, ER cells showed
enhanced UVRAG level post drug treatment, while inhibition (both genetic and
pharmacological) of ERK clearly reduced UVRAG level. Rab7 is a critical regulator of
autophagolysosome fusion and knocking down of Rab7 was reported to reduce
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LC3+veLAMP1+ve structure in Hela cells post serum starvation. Overexpression of Rab7 T22N
dominant negative mutant also led reduction LC3+veLAMP1+ve puncta but did not prevent
initial maturation of autophagosome (316). Similar observation was reported in CHO cells
upon amino acid starvation where accumulation of large autophagosomes and impairment in
autophagolysosome formation were observed upon overexpression of dominant negative Rab7
(317). We observed increased size of autophagosomes upon combinatorial treatment of U0126
and platinum-taxol. Further genetic or pharmacological inhibition of ERK1/2 reduced Rab7
level, indicating a mechanistic link between autophagosome-lysosome fusion and ERK1/2
activation in DualER cells. Altogether, our data suggests the role activated ERK1/2 in regulation
autophagolysosome formation via UVRAG and Rab7. Till date, a direct connection between
activated ERK1/2 with autophagosome-lysosome fusion regulators has not been established.
Although regulation of genes involved in autophagosome-lysosome fusion by EGR1 or miR138, two downstream ERK1/2 targets may potentially influence the process and such studies
are currently ongoing in our laboratory. Interestingly, inhibition of ERK1/2 activation along
with platinum-taxol led to significant increase in the level of cleaved PARP, percent cell death
and apoptosis, indicating that inhibition of ERK1/2 sensitizes DualER cells to platinum-taxol
induced apoptosis.
ERK1/2 regulated therapy induced autophagic flux specifically at early stage of resistance
development indicates a therapeutic window to target therapy resistance at the onset. In order
to estimate the in-vivo therapeutic potential of targeting ERK regulated autophagy axis, we
developed a novel luciferase based autophagy reporter, mtFL-p62.

Currently available

fluorescent based mCherry-GFP-LC3 and GFP-LC3-RFP-LC3ΔG reporter are only amenable
monitor autophagic flux in live cells or ex-vivo microscopic analysis of tissue section harvested
from transgenic animals, thus these approaches fails to monitor autophagic flux in real-time
(182). Even with the known benefits of luciferase based reporter system in optical imaging,
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currently there are only 3 luciferase based autophagy reporter, out which only
polyQ80/polyQ19 sensor has been tested in-vivo. Both the LC3-RlucC124A Luc2p-p62 reporters
has been utilized for ratio metric estimation autophagic flux in cell line model. Only the
polyQ80/polyQ19 senor has been utilized to monitor autophagic flux in the skeletal muscles
of ATG16L hypomorphic and normal mice by ratio metrically quantifying the degradation of
aggregated poly glutamine repeats (polyQ80-luciferase) in comparison to its non-aggreated
form (polyQ19). However, ratio metric analysis are difficult to adapt system in pre-clinical
models for drug screening and validation (194). Moreover, the autophagy independent
degradation of FL2 and poly-glutamine repeats may add confounding factors for estimation of
autophagic flux. The mtFL-p62 fusion construct is standalone reporter system, which does not
necessitate the use normalization reporters due to the enhanced stability of mtFL (half-life: 9
hours) in comparison to wtFL (half-life 3 hours) which reduces the autophagy independent
degradation of the reporter protein thus minimizing the probability of inaccurate measurement
of autophagic flux. Utilizing various know autophagy inducers and inhibitors we have
validated the accuracy of mtFL-p62 in monitoring autophagic flux. Cisplatin-paclitaxel
induced reduction in luciferase activity specifically in DualER cells and increased luciferase
activity in sensitive and DualLR cells along with concomitant increase in luciferase activity post
combinatorial treatment with U0126/chloroquine highlights the potential of the senor in realtime monitoring of autophagic flux.
The actual strength of this mtFL-p62 sensor lies in real-time monitoring of autophagic flux
from live cells and pre-clinical mouse models, which has never been demonstrated by any of
the existing autophagy sensors. In mice model, drug treatment gradually diminished the
luciferase signal over 14 days signifying ongoing autophagic flux in the tumours, which was
further reflected by immunohistochemical staining of p62 in tumour tissues. Compared to
Trametinib or chloroquine treatment alone, which showed a non-significant increase in
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luciferase signal, combinatorial treatment of Trametinib or chloroquine with platinum-taxol
resulted in more pronounced blockade in autophagic flux by 48-96 hours. Intriguingly,
Trametinib was found to block autophagic flux for a period of 24-96 hours in a similar extent
as chloroquine, a well-established autophagy inhibitor, indicating the potential of Trametinib

Figure 39: Proposed model of the role of ERK1/2 driven autophagic flux during
acquirement of therapy resistance

in regulation of autophagic flux in clinical settings. Administration of CisPac along with
Trametinib significantly reduced tumour volume and increased p62 staining intensity
compared to untreated and single agent treated group indicating the therapeutic potential of
combinatorial regimen of platinum-taxol and Trametinib in management of platinum resistant
ovarian cancer. Identification of molecular drivers of cisplatin-paclitaxel dual resistance can
significantly improve the therapeutic management of ovarian cancer. Herein, we report that
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HGSOC cells responds to chemotherapeutic stress by sustaining a continued autophagic flux
driven by hyper activated ERK1/2 at the early stage of resistance development. Addiction of
these cells to the hyper activated ERK1/2 driven autophagy signalling was observed in both
cell line and pre-clinical animal model (Figure 39). Till date, Trametinib and Cobimetinib, are
the two FDA approved MEK inhibitors for treatment of BRAF mutant unresectable or
metastatic malignant melanoma and non-small cell lung cancer (318, 319). Recently,
Ulixertinib (BVD-523), a potent ERK1/2 inhibitor, has shown favourable pharmacokinetics
and clinical benefits in NRAS- and BRAF V600- and non-V600–mutant solid-tumour
malignancies with acceptable side effects (NCT01781429). These and other future ERK
inhibitors might be able to exert therapeutic benefit to EOC patients by regulating the
autophagic flux in the tumour cells particularly after few cycles of platinum-taxol therapy
which is known to initiate resistance development. Our unique autophagy sensor would be a
valuable resource for such clinical studies.
Although an increased autophagic flux drives the onset of cisplatin-paclitaxel dual resistance,
chemotherapy induced autophagic flux remains subdued as the cells acquire a highly
chemoresistant phenotype. Thus targeting of ERK1/2 driven autophagic flux may not be
successful in the late stage of resistance. Additionally, it is difficult to accurately identify
various stages of chemoresistance in clinical settings. Thus, we aimed to investigate alternate
strategies to tackle development of highly chemoresistant cells.
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Chapter 3: Repurposing metabolic drug to impede development of
platinum-taxol resistance in ovarian cancer
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3.1 Introduction
Platinum-taxol resistance is the major contributor of poor therapeutic outcome in management
of high grade serous ovarian cancer (HGSOC). We have shown in previous chapter that
targeting ovarian cancer cells specifically at the onset of development of chemoresistance by
inhibiting the ERK1/2 driven autophagy axis provides a possible strategy to manage cisplatinpaclitaxel dual resistance. However, this strategy may not be successful against highly resistant
(platinum-taxol) cells, which are characterized by reduced autophagic flux. Attainment of a
highly chemoresistant phenotype severely rewires signalling networks making it difficult to
design targeted therapy. Majority of the published research are focused on reversing/sensitizing
chemoresistant phenotype by targeting key signalling axes rather than identifying preventative
measures to delay its acquirement.

Thus development of alternate strategies to delay the

acquirement of the highly chemoresistant phenotype may be explored. Discontinuous dosing
of small molecule inhibitor, vemurafenib, was reported to delay acquirement of therapy
resistance in two independently derived primary human melanoma xenografts harbouring
BRAFV600E mutation. This strategy was reported to exploit fitness advantage of sensitive
cells to proliferate at a higher rate than resistant cells, thus reducing the level of resistance of
the overall tumour (320). Treatment of ovarian cancer cell line with combination of ethacrynic
acid or selenite along with melphalan was reported to prevent development of melphalan
resistance by reducing the activity of glutathione S-transferase (321, 322). Though the success
of MDR inhibitors were fairly limited in clinical setting, continuous exposure of paclitaxel in
presence of MDR inhibitors NSC23925 was reported to prevent development of paclitaxel
resistance in ovarian cancer cells (323).

Altogether, these studies indicate the therapeutic

potential of developing a strategy to impede the development of therapy resistance is possible.
However, no such studies are reported to delay acquirement of platinum resistance in any
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cancer cells. Thus utilizing our dynamic cellular model of cisplatin-paclitaxel dual resistance
we aimed to ask
5. Is it possible to impede development of a highly chemoresistant phenotype?

Amongst several molecular mechanisms that maintain a highly chemoresistant phenotype, the
presence of a small sub-population of cancer cells having self-renewal and tumour initiation
properties, termed as Cancer Stem Cells (CSC) significantly contribute to this phenotype
(324, 325). Since majority of the chemotherapeutic drugs targets a population of actively
proliferating cancer cell, CSCs due to their quiescent nature and increased expression of drug
transporters evade the cytotoxic effect of chemotherapeutics (200). Previous reports from our
lab suggest enrichment of CSC population in late resistant cells contributes to the highly
chemoresistant phenotype in DualLR cells for both A2780 and OAW42 models (149, 260).
Herein, we explore a strategy to achieve delay in development of chemoresistance by lowering
the CSC population through targeting their metabolic pathways.
Rewiring of cellular metabolism form TCA cycle to aerobic glycolysis is a critical mechanism
which regulates maintenance and differentiation of CSCs (326, 327). Alteration in the level of
cellular metabolites like Carnitine and acetylcarnitine can regulate mitochondrial metabolism
which in turn regulates differentiation of adipose-derived mesenchymal stem cell (328).
Cellular metabolites like methionine also affects the epigenetic make up for maintenance of
stemness via histone methylation (329). Taurine, a semi-essential amino acid synthesised in
the body as by product of cysteine and methionine metabolism, has been reported to promote
differentiation of neuronal and mesenchymal stem cells (26, 27)(26, 27)(26, 27)(26, 27)(26,
27)(319, 320)(319, 320)(319, 320)(16, 17). However, the role of these metabolites in regulation
of CSCs are yet to be investigated.
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Metabolic drug such as metformin, commonly prescribed for type II diabetes, has been
repurposed as anti-tumour agent in several cancers including EOC (330-332). Several reports
also suggest the role of metformin in regulation of CSC (330, 333-335). The landmark study
by Evans et al reported a reduced incidence of ovarian cancer in diabetic patients receiving
metformin (336). In a cohort of 73 EOC patients, administration of metformin was associated
with increased survival suggesting the anti-tumour efficacy of metformin (17). Efficacy of
metformin as anti-tumour agent has also been demonstrated in pre-clinical SKOV3ip1
xenograft and LSL-KrasG12D/+PtenloxP/loxP mice model of EOC (20). Apart from alteration in
glucose metabolism, administration of metformin also regulates lipid metabolism and TCA
cycle (337, 338). The anti-proliferative effect of high dose of metformin has been reported in
TYKNU, OV90, and OVCAR 433 cell lines. Metformin treatment significantly altered the
level of mitochondrial shuttle metabolites and mitochondrial respiration (339). Although,
multiple reports described multifunctional effects of metformin on proliferation, sensitization,
cellular metabolism and tumour growth, the consequence of administration of low dose of
metformin as an adjuvant to platinum-taxol during gradual acquirement of chemoresistance is
yet to be investigated.
Herein, we assessed the efficacy of continuous administration of low dose metformin along
with platinum and taxol as a therapeutic strategy to impede the development of highly
chemoresistant phenotype. We further demonstrated the role of metformin induced alteration
in cellular metabolism in maintenance/differentiation of CSC population and therapy
resistance.
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3.2 Materials and Methods:
3.2.1 Development of cisplatin-paclitaxel dual resistant model in presence
of metformin:
Cisplatin-paclitaxel dual resistant A2780 and OAW42 cellular models were developed as
described above in Section 2.2.1.Since there no earlier report on the use of metformin as an
adjuvant to platinum-taxol, two strategies of metformin administration were implemented : i)
MSLR cells of both A2780 and OAW42 were developed by sequential treatment with
metformin (24 hours) followed by platinum-taxol for 2 hours and ii) MCLR cells of both
models were developed by combinatorial treatment of metformin and cisplatin-paclitaxel (2
hours). The pulse method of cisplatin-paclitaxel treatment were adopted for all the cellular
models i.e cisplatin-paclitaxel dosage was escalated after every 3 cycles of chemotherapy for
period of six months. In order to avoid metformin induced cytotoxicity, metformin was
administered at a low dosage (IC20 i.e., 2mM) (Figure 40).

Figure 40: Schematic representation of cisplatin-paclitaxel dual resistant model developed
in presence or absence of metformin
Continued
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Figure 46: Schematic representation of cisplatin-paclitaxel dual resistant model developed
in presence or absence of metformin

A2780DualLR was developed by administration of incrementing doses of cisplatin and
paclitaxel (doses were escalated after every 3 cycles). Two strategies of metformin
administration was followed (i) Pre-treatment with metformin for 24 hours, followed by 2
hours of cisplatin and paclitaxel for development of A2780MSLR cells.

(ii) Combinatorial

treatment with metformin along with cisplatin-paclitaxel for 2 hours was followed for
development of A2780MCLR cells. Phase contrast microscopy images of each cell type is
represented alongside.
Figure 47: Presence of metformin during acquirement of resistance promotes a
proliferative phenotypeA2780DualLR was developed by administration of incrementing doses
of cisplatin
paclitaxel (doses were escalated after every 3 cycles). Two strategies of
3.2.2
MTT and
assay
metformin administration was followed (i) Pre-treatment with metformin for 24 hours,
MTT assay was performed as above and described in section 6.4.1
followed by 2 hours of cisplatin and paclitaxel for development of A2780MSLR cells. (ii)
Combinatorial treatment with metformin along with cisplatin-paclitaxel for 2 hours was

3.2.3 Trypan blue exclusion assay
for cell proliferation
MCLR
followed for development of A2780

cells. Phase contrast microscopy images of each cell

Proliferation
rate was
estimated using trypan blue exclusion assay by manual cell counting
type is represented
alongside.
using a haemocytometer as described in detail in section 6.3.5. Using the number of viable
cells over a period of 120 hours we calculated doubling time (Td) using an online calculator.

3.2.4 Clonogenic assay
To determine the ability of DualLR, MSLR and MCLR to tolerate the cytotoxic effect of
cisplatin-paclitaxel, long term survival of each cells were measured in terms of colony forming
ability in presence of two increasing dosage of platinum taxol. The detailed method for
quantitation of clonogenic potential of each cells is described in section 6.4.3.
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3.2.5 Immunoblotting
Immunoblotting was performed to estimate the level of phospho and total ERK1/2 and AKT
as described in section 6.5.

3.2.6 Quantitative real-time PCR
Real time PCR was performed to quantitate the expression of Sox-2, Oct-4 and Nanog with
respect to internal control GAPDH as described in section 6.11. Sequence of each gene is
described in section 6.11.5

3.2.7 Side population assay
Side population assay was performed to estimate the percentage of CSCs in the sensitive,
DualLR, MSLR and MCLR cells. Side population assay distinguishes CSCs from non-CSCs
based on their increased ability to efflux drug in presence and absence a drug transporter
inhibitor Verapamil. The detailed method has been described in section 6.13.

3.2.8 Surface biomarker based CSC quantification
CD133 is a well-established marker of CSC population in ovarian cancer. Percentage of
CD133+ve cells was estimated by staining cells with anti-CD133 antibody followed by flow
cytometric analysis as described in section 6.8.2.
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3.2.9 Cell Metabolome Quenching and Metabolites Extraction for NMR
Analysis
Cell metabolites were quenched using liquid nitrogen and extracted using phase separation as
described in section 6.14.1.

3.2.10 NMR experimentation and metabolite identification
1

H-Nuclear Magnetic Resonance spectra was acquired on an 800MHz Bruker Avance AV III

spectrometer using water signal suppression programme at 298K. Metabolites were identified
using literature survey and 2D-NMR spectra followed by TOSCY and COSY analysis as
described in section 6.14.2..

3.2.11 Statistical analysis
To determine whether observations are statistically significant student T-test, Mann–Whitney
U test, and one-way analysis of variance (Kruskal Wallis test) were performed as mentioned
in result section and described in detail in section. A p value of less than 0.05 was considered
statistically significant.

3.3 Results:
3.3.1 Metformin intervention during acquirement of platinum-taxol
resistance promotes proliferation
Since metformin is reported to alter proliferation of ovarian cancer cells, we estimated the
proliferation rate of cisplatin-paclitaxel dual resistant cells developed in presence or absence
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of metformin in both our indigenously developed cellular (A2780 and OAW42 models) of
EOC. The proliferative capacity was highest in parental of A2780 and OAW42 cells.
Intriguingly both A2780MCLR and A2780MSLR cells displayed an increased proliferation rate
than A2780DualLR cells from 96 hours onwards (Figure 41A). Similarly, OAW42MSLR and
OAW42MCLR cells

displayed increased proliferation potential in comparison to

OAW42DualLR cells from 72 hours onwards (Figure 41B). The proliferation data was used to
quantitate the doubling time of A2780MSLR and A2780MCLR cells which were 28.05±0.60 hours
and 24.18±0.14 hours respectively in comparison to A2780DualLR cells having longest
doubling time of 39±0.93 hours, while parental A2780 cells doubled in 23.02±0.74 hours. Also
a significantly reduced doubling time was observed in OAW42MSLR (43.59±1.02 hours) and
OAW42MCLR (36.66±0.11 hours) cells with respect to doubling time of 84.25±11.42 hours in
OAW42DualLR cells. The doubling time of parental OAW42 cells was 43.73±3.11 hours
(Figure 41C), thus indicating the DualLR cells have reduced proliferative capacity in
comparison to MCLR and MSLR cells in both Models. Since ERK1/2 activation promotes a
proliferative phenotype in comparison to AKT activation which sustains an increased survival
potential we compared the level of basal ERK1/2 and AKT activation in our chemoresistant
model, which revealed

an increased ERK1/2 phosphorylation in dual resistant cells

developed in presence of metformin (MSLR and MCLR) in both A2780 and OAW42 model.
A2780DualLR and OAW42DualLR cells showed increased phosphorylation of AKT in
comparison to respective MSLR and MCLR cells. The parental sensitive A2780 and OAW42
cells showed reduced phosphorylation of both ERK1/2 and AKT, indicating long term presence
of metformin promotes activation of ERK1/2 while AKT activation remains low in comparison
to DualLR cells (Figure 41D-H).
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Figure 41: Presence of metformin during acquirement of resistance promotes a
proliferative phenotype
(A-B) Graph depicting proliferation rate of A2780 and OAW42 resistant cells over a span
of 120 hours. MSLR and MCLR cells had a higher proliferation rate than DualLR cells in
both models. (C) Quantification of doubling time revealed a significantly reduced
doubling time in MCLR and MSLR cells compared to DualLR cells of both model (D)
Immunoblot depicting enhanced ERK phosphorylation in MSLR and MCLR cells, and
enhanced AKT phosphorylation in LR cells in both the A2780 and OAW42 resistant
models.

3.3.2

Long

term

metformin

treatment

impedes

development

of

chemoresistance and reduce CSCs
To comprehend the effect of continuous and sequential administration of metformin in
cisplatin-paclitaxel dual resistance, we quantified the cell viability in presence of
chemotherapeutics. Interestingly, combinatorial treatment of A2780DualLR cells with cisplatin
(50 ng/ml) and paclitaxel (8.5 ng/ml) for 72 hours induced a mere 4.5±2 % cell death while
similar treatment significantly increased cell death in A2780MSLR (33±2.73%) and A2780MCLR
(39+0.46 %) cells. Similarly, an 18.51±2.4 % and 32.26±2.9% death was observed in
OAW42MSLR and OAW42MCLR cells respectively in comparison to 6.2±4.2% cell death in
OAW42DualLR post 72 hours of platinum taxol treatment. Similar dosage induced ~50% cell
death in parental A2780 and OAW42 cells (Figure 42A). The long term survival potential of
these cells in presence of two increasing dosage of platinum-taxol were estimated using
clonogenic assay which revealed a significantly greater fraction of colonies in the
A2780DualLR cells in both dosage (~90% surviving fraction in 100ng/ml cisplatin+13ng/ml
paclitaxel and 65% surviving fraction against 200ng/ml cisplatin+26ng/ml paclitaxel). While
the similar treatment reduced surviving fraction in A2780MSLR (~66% and 18% respectively),
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Figure 42: Presence of metformin reduces tolerance of resistance cells to therapy
(A) MTT assay showing significantly reduced viability of MCLR, MSLR as compared to DualLR
cells, in response to 50ng cisplatin+8.5ng paclitaxel/ml in both A2780 and OAW42 models. (BE) Long term survival assay of A2780 and OAW42 cell models in response to increasing
concentration of cisplatin-paclitaxel treatment displayed significantly higher colony forming
ability in LR cells compared to MCLR and MSLR cells in both the cellular models.
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and A2780MCLR (~19% and 17% respectively) in both the dosage (Figure 42B-C). Similarly,
50% of OAW42DualLR colonies survived platinum-taxol treatment while only 21% and 16%
survival fraction was observed in OAW42MSLR and OAW42MCLR cells post treatment with
250ng Cisplatin+20ng Paclitaxel/ml (Figure 42D-E). Since, previous reports from our lab
suggests the increased CSC fraction in the Dual LR significantly reduces the effectivity of
cisplatin-paclitaxel, we quantified the percentage of CSC population using a functional assay
based on the increased drug efflux potential of CSCs (149). Highest percentage of CSCs were
observed in A2780DualLR cells (28.6 %) population while a presence of metformin
significantly reduced CSCs population in A2780MSLR (15.1%) and A2780MCLR (9.70%) cells.
Only 2.16% of parental A2780 cells were CSC (Figure 43A). A significantly higher fraction
of CSCs was also observed in OAW42DualLR cells (22.1%) in comparison to OAW42MSLR
(4.13%) and OAW42MCLR (6.79%) cells (Figure 43B). To further validate the alteration CSC
population in MSLR and MCLR cells in comparison to Dual LR cells, we quantified the CSC
population based on surface expression of CD133, a well-established CSC biomarker of
ovarian cancer. A significantly reduced CD133+ve population of 28.5% and 35.5% was
observed in A2780MSLR and A2780MCLR cells respectively in comparison to 74.4% CD133+ve
population in A2780DualLR cells (Figure 43C). A similar increased percentage of CD133+ve
population was detected in OAW42DualLR (9.63%) cells in comparison to 4.29% and 0.64%
CD133+ve population in OAW42MSLR and OAW42MCLR cells (Figure 43D). The parental A2780
and OAW42 also showed reduced percentage of CSCs based on CD133 expression. Moreover
the A2780DualLR and OAW42DualLR cells showed increased expression Oct 4, Sox 2 and
Nanaog, pluripotent genes with respect to MSLR and MCLR cells of both models, thus
indicating the presence of metformin during acquirement of therapy resistance significantly
reduces stemness and sensitizes the cells to platinum-taxol (Figure 43E-F).
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Figure 43: Presence of metformin reduces stemness properties.
Continued
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(A-B) FACS dot plot showing side population distribution (tail end of scatter) with and
without verapamil in A2780 and OAW42 cellular resistant models. Both the MSLR and
MCLR cells of A2780 and OAW42 cellular model had a reduced SP population compared
to LR cells. (C-D) Histogram showing an increased expression of CSC biomarker CD133
in LR cells of both the A2780 and OAW42 resistant model in comparison to MSLR and
MCLR cells. (E-F) Quantitative PCR showing the relative expression of pluripotent genes
(oct-4, sox-2, nanog), in A2780 and OAW42 cellular models. GAPDH was used as an
internal control. MSLR and MCLR cells show significantly reduced expression of
pluripotent genes compared to LR cells.

Figure 50: Continuous presence of metformin during development of resistance alters
amino acid metabolism(A-B) FACS dot plot showing side population distribution (tail

3.3.3 Metformin treatment alters the level of semi-essential amino acids

end of scatter) with and without verapamil in A2780 and OAW42 cellular resistant models.
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discriminant analysis OPLS-DA, a higher supervised clustering method for comparison
between two groups (Figure 44A-B). Further this model was utilized to extract/identify the
significantly altered metabolites amongst the groups. One dimensional (1D) 1H-NMR spectral
peaks corresponding to specific metabolites were identified using through literature review
followed by confirmation using dimensional (2D) NMR experiments [Total Correlation
Spectroscopy (TOCSY) and Correlation Spectroscopy (COSY)]. We identified 41 metabolites
from the 1D-NMR spectra. Interestingly, a significant increase in the level of taurine and
histidine were observed in A2780MCLR and A2780MSLR cells in comparison to A2780DualLR
cells by both the multi and uni-variate analysis (Figure 44C-D). A 2-fold and 1.9-fold increase
in taurine level was observed in A2780MSLR and A2780MCLR respectively in comparison to
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A2780 cells while taurine level remained similar in A2780DualLR (~1.2 fold) (Figure 44E). A
significant increase in histidine level was observed in A2780MCLR (~3 fold) and A2780MSLR
(~2.33 fold) cells compared to A2780 cells. A 1.3-fold increased histidine level was observed
in A2780DualLR (Figure 44F). Analysis of the metabolic profile revealed significant alteration
in only two metabolites, which is indeed expected as the resistant cells were developed in a
synchronous manner thus alteration in multiple metabolites were not expected. Identification
of only 2 significantly upregulated metabolites specifically in metformin treated ones increased
our confidence.
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Figure 44: Continuous presence of metformin during development of resistance alters amino
acid metabolism
(A-B) Orthogonal partial least squares discriminant analysis (OPLS-DA) showing optimized
discrimination between (A) A2780DualLR (COMBI) vs. A2780MCLR (MET) (R2X=0.578,
R2Y=0.404 and Q2=0.404), A2780DualLR(COMBI) vs. A2780MSLR (CPM) (R2X=0.897,
R2Y=0.989 and Q2=0.738). (C-D) Inset representing regions from the superimposition of the mean
NMR spectra

of A2780DualLR (Red), A2780MSLR (Blue), A2780MCLR (Green), indicating

differential level of taurine and histidine (E-F) Concentration of Taurine (E) and Histidine (F) relative
to loading control TSP across A2780, A2780DualLR,A2780MSLR and A2780MCLR

Figure 51: Taurine promotes CSC differentiation and sensitizes cells to therapy:Figure 52:
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(Figure 45A). Similar

treatment of taurine in SKOV3, an intrinsically platinum EOC cell line led to 3.81% and 5.33%
reduction in SP population in comparison to its untreated counterpart (Figure 45B), indicating
external supplementation of taurine reduces CSCs population in therapy resistant EOC cell
line. Intriguingly, combinatorial treatment of platinum-taxol (50ng Cisplatin + 8.5 ng
paclitaxel/ml) along with taurine (10mM and 25mM) in A2780DualLR cells significantly
induced 27.22±2.62% and 49±2.35% cell death respectively in comparison to cells treated with
only platinum-taxol (7.61+2.28%) (Fig 45C).
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Figure 45: Taurine promotes CSC differentiation and sensitizes cells to therapy:
(A-B) FACS dot plot depicting the side population distribution in A2780LR and SKOV3 cells
treated with taurine. Treatment of taurine for 24 hours reduced stem cell like population as
compared to untreated in both the cell lines. (C) D) MTT assay showing percentage of cell death
in response to taurine and cisplatin-paclitaxel. Combination of taurine+cisplatin-paclitaxel
significantly sensitized A2780LR cells towards platinum-taxol.

Figure 53: Proposed role of metformin in development of therapy resistanceFigure 54:
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likely contribute to the disease relapse and chemoresistant phenotype (325). Therapy induced
increase in cell population expressing ALDH1A1, CD44 and CD133 had been reported in EOC
(340, 341). Thus targeting CSC population can offer therapeutic benefit in ovarian cancer
management and identification and validation of novel therapeutic strategies against CSCs are
crucial. CSCs show an altered metabolic profile which regulates its quiescent nature (342, 343).
Herein, we aimed to repurpose a commonly prescribed metabolic drug “metformin” to target
cellular metabolism and CSCs in order to prevent development of a highly chemoresistant
phenotype. To evaluate the role of low dose of metformin as an adjuvant to platinum-taxol, we
developed platinum-taxol dual resistant cellular models of EOC by treatment of sensitive
A2780 and OAW42 cells with incremental dosage of cisplatin-paclitaxel either alone or in
presence of metformin. Administration of metformin during gradual acquirement of
chemoresistance significantly altered the proliferative capacity, level of ERK1/2 and AKT
activation and also sensitized the cells to therapy by targeting the CSC population in both model
of acquired resistance. The effect of metformin in reduction of CSC population was evident by
the reduction in side population, percentage of CD133 expressing cells and reduced expression
of pluripotent genes like Sox 2, Oct 4 and Nanog. Presence of metformin during acquirement
of resistance significantly increased the level of two amino acids, histidine and taurine, in
comparison to sensitive and cisplatin-paclitaxel dual resistant cells. Interestingly, treatment of
highly resistant cisplatin-paclitaxel dual resistant A2780DualLR and intrinsically platinum
resistant SKOV3 cells with low dose of taurine significantly reduced the reduced the CSC like
population and promoted platinum-taxol induced cell death (Chemo-sensitization). Altogether,
we propose a therapeutic strategy to impede the development of a highly chemoresistant
phenotype by repurposing metformin, administration of which at a low dose significantly
promotes CSC differentiation by upregulating the taurine level. Our study also highlights, the
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potential of a common health supplement, taurine in CSC differentiation and chemosensitization.
Repurposing of therapeutics approved for treatment of one particular disease to manage another
different pathological condition is a cost and time effective strategy for implementation of
novel therapeutic strategies. The repurposed molecule can be directly tested of its efficacy in
clinical trials since the initial research on its pharmacokinetics, side-effects and other
pharmacological characteristics remains largely understood. Thus can be readily approved
and integrated in the management of the disease of interest. A large body of clinical and preclinical research supports the notion of repurposing metformin for management of EOC. In a
cohort of 239 EOC cases, 61 patients who received metformin showed a significantly
(p=0.007) higher 5 year disease free survival (67%) in comparison to patients without
metformin treatment (47%). Metformin was reported to be independent predictor of survival
with a hazard ratio of 3.7 (17). Xu et al, 2018 reported that combinatorial treatment of
metformin along with cisplatin impairs NFκB activation, thus reducing the level IL-6 in the
tumour stroma of EOC patients which turns delays tumour growth (344). Metformin treatment
at a very high dosage was reported to impart anti-proliferative effect in EOC cell lines (8 mM
for 48 hours) and tumour xenografts (200mg/kg) (19, 21). Developing a cellular model closely
mimicking the clinical scenario of patients suffering from platinum-taxol dual resistant EOC,
we investigated the molecular and cellular alterations as a consequence of continuous
metformin treatment during acquirement of therapy resistance. Surprisingly, the MSLR and
MCLR cells developed by sequential and combinatorial treatment of metformin along with
cisplatin-paclitaxel respectively displayed an increased proliferation rate of 2.5-fold and 3.5fold respectively in comparison to DualLR cells of both models after 72-96 hours. This
discordance with previous reports might be the result of the high dosage used in other reports
in comparison to a low dosage used in our study and the one-time nature of treatment versus
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the continuous administration of metformin. Thus our data indicates that continuous
administration of sub-lethal (IC20) dosage of metformin promotes cellular proliferation when
administered in combination with chemotherapeutics. Application of metformin had been
reported to significantly increase the sensitivity of breast, lung and prostate cancer cells to
chemotherapy (345, 346). Metformin treatment was also reported to sensitize both cisplatin
resistant and paclitaxel resistant EOC cells to therapy (347). In agreement with previous
studies, we also report that presence of metformin during evolution of therapy resistance in
MSLR and MCLR cells, significantly reduces the tolerance of these cells to cisplatin-paclitaxel
in comparison to the DualLR cells, which were developed in absence of metformin. As the
majority of the cytotoxic drugs predominantly targets the proliferative cells, the reduced
tolerance of MSLR and MCLR cells towards platinum-taxol may be ascribed to the increased
proliferation rate of these cells as compared to slow proliferation rate of DualLR cells. ERK1/2
activation fosters a proliferative phenotype via upregulation of cell cycle entry genes along
with downregulation of genes that impairs the process, in contrast AKT activation reduces cell
cycle entry and supports a quiescent cell-survival phenotype (260, 348, 349). Metformin
regulates ERK1/2 activation in a context dependent manner, metformin positively regulates
ERK1/2 activation in promyelocytic leukemia and acute myeloid cells while metformin
treatment in pancreatic cancer cells inhibits ERK activation (132, 350). Herein we observed an
increased basal level of activated ERK1/2 in MCLR and MSLR cells for both the cellular
models, while the basal level of AKT activation was significantly lower in these cells in
comparison to DualLR cells. Thus an increased ERK1/2 signalling in the MSLR and the MCLR
cells may promote their high proliferative nature, while the hyperactive AKT signalling in the
DualLR cells may support a quiescence state with enriched CSCs population.
Increased stemness phenotype can significantly promote therapy resistance in several cancers
including EOC (202, 207). Previously our lab reported an increase in percentage of CSC
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population with acquirement of cisplatin-paclitaxel dual resistance (149). Metformin treatment
had been associated with reduced spheroid formation and decrease in percentage of ALDH+ve
cells in SKOV3 and A2780 cells (351). Reduced formation of mamosphere was reported in
metformin treated breast cancer cells (330). Interestingly, we observed a reduction in CSC
population in cisplatin-paclitaxel resistant cells developed in presence of metformin indicating
the role of metformin in promoting CSC differentiation in comparison to their Dual LR
counterpart which were developed in absence of metformin in both A2780 and OAW42
resistant models. The percentage of CD133+ve ovarian cancer cells also reduced in MSLR and
MCLR cells of both cellular models. The reduced expression of Nanog, Sox-2 and Oct 4 in
MSLR and MCLR cells in comparison to DualLR cells point to the increased differentiation of
CSCs to non-CSC population in presence of metformin in both the cellular models. These
results substantially advocates the role of metformin in promoting differentiation of stem like
population in EOC cells, which in turn could result in to reduced tolerance of these cells to
platinum-taxol.
Stemness phenotype of cancer cells are also regulated by cellular metabolism and
bioenergetics, alteration in which can promote differentiation of CSCs in to non-CSCs (335,
352). Metformin, is a metabolic drug that primarily targets the complex I of the mitochondria
(353). Deletion of TCA cycle intermediates was reported in metformin treated breast and nonsmall cell lung cancer cell lines (354, 355). Metformin treatment prior to upfront surgery was
reported to alter mitochondrial metabolism, nucleotide metabolism, TCA cycle and redox
pathways in EOC patients (356). Intriguingly, we detected an alteration in both purine
metabolism (Histidine level) and semi-essential amino acid metabolism (Methionine/CysteineTaurine level) as a result of administration of low dose of metformin for a prolonged period
during development of cisplatin-paclitaxel dual resistant cellular models. Since we
synchronously developed our cellular models of chemoresistance we did not expect a global
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changes in tumour metabolome, indeed we observed alteration in two specific metabolites as a
result of combination treatment of metformin and platinum-taxol. The metabolic profile of
MSLR (sequential treatment) and MCLR (combinatorial treatment) cells were similar as was
the other cellular properties like proliferation, stemness and chemoresistance, indicating an
equivalent therapeutic outcome irrespective of the treatment strategies. Taurine is a semiessential amino acid synthesized in presence of vitamin B6 from cysteine or methionine, it plays
a crucial role in retinal function and calcium homeostasis in neurons (357). Major physiological
function of taurine include antioxidant activities, anti-inflammatory effects, osmoregulatory
actions (358). Apart from its physiological functions, supplementation of taurine at a high
dosage was reported to promote apoptosis in colon and lung cancer cells (359, 360). Taurine
treatment also promotes differentiation of mesenchymal stem cell via increased ERK1/2
activation in neuronal and retinal stem cells (27). However, the role of taurine on CSC
homeostasis has yet not been explored. Taurine supplementation to standard culture condition
at a low dosage of 10 and 25mM for 24 hours significantly decreased the percentage of SP
population to 24.6% and 19.9% respectively in comparison to untreated A2780DualLR (30.5%)
cells, indicating the role of taurine in inducing differentiation of CSCs into non-CSC
population. Similar treatment of taurine also reduced SP population in a dose dependent
manner in SKOV3, an inherently platinum resistant EOC cell line. Also, increased taurine level
was negatively correlated with reduced CSC like population in the MSLR and MCLR cells.
Further we observed that the combinatorial treatment of taurine (10mM and 25mM) along with
platinum-taxol induced a 2.65- and 4.68-fold increased cell death in DualLR cells in comparison
to only chemotherapy, indicating the chemo-sensitization effect of taurine, which may be
contributed to the increased differentiation of CSC population. Thus we identified a novel role
of a common health supplement taurine on CSC homeostasis and chemoresistance, which may
serve as novel approach to combat chemoresistance. Altogether our data signifies that the
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continuous presence of metformin impedes the development of a highly chemoresistant
phenotype by regulating taurine level which in turn promotes CSC differentiation (Figure 46).

Figure 4655: Proposed role of metformin in development of therapy resistance
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Chapter 4: Development of BRET based bio-molecular interaction
platform to predict response of non-platinum drugs
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4.1 Introduction:
The evolution of a highly chemoresistant phenotype can be prevented at the onset of resistance
development by targeting ERK1/2-autophagy axis or can be delayed by metformin intervention
(361, 362). However, attainment of a highly chemoresistant phenotype may render these
strategies unsuccessful. In such scenarios, alternate drugs that act by attacking other critical
pathways are the only choice to achieve some response. Clinically, platinum resistance is
defined by time course (progression free interval, PFI) within which disease relapses after
completion of first line therapy. The term “platinum-resistant relapse” defines a condition
wherein the disease relapses within 6 months of completion of front-line platinum-taxol
therapy and these patients never respond to platinum-again. While cases with PFI of greater
than 6 months are termed “platinum-sensitive relapse” and these cases respond to platinum
again with or without an alternate drug. However, these cases also develop platinum resistance
over the course of multiple relapse and therapy. Platinum-resistant relapse cases have a dismal
progression free (3-4 months) and overall survival (approximately a year) (363). Currently,
there is no effective targeted therapy against platinum-resistant ovarian cancer. The only
targeted therapy that has progressed from phase-2 to phase-3 was bevacizumab, which showed
a response rate of 16-21% when used as a single agent and showed a higher response rate in
combination with paclitaxel (364). However, the phase 3 “AURELIA” study recently reported
that bevacizumab alone in combination with chemotherapeutics does not significantly improve
the overall survival and show 3 months benefit in progression free survival (365). Thus, the
platinum-resistant cases resort to the available second line chemotherapeutics, which
comprises liposomal doxorubicin, topo/irinotecan, gemcitabine and etoposide (4).
The majority of the second line chemotherapeutics show a similar response rate of 15-30%.
Gemcitabine, a cytidine analogue which incorporates in DNA to block DNA synthesis and
liposomal doxorubicin, a topoisomerase II inhibitor are generally preferred for managing the
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platinum-resistant disease, shows a response rate of 25% and 22.4% respectively. Irinotecan, a
topoisomerase I inhibitor and oral etoposide, another topoisomerase II inhibitor also shows a
similar response rate of 19.9% and 18% respectively (249, 366). A recent clinical trial, aimed
at determining the optimal second line chemotherapy for platinum-resistant disease, reported
no significant benefit of liposomal doxorubicin over topotecan (367). Thus the choice of second
line therapy for individual patients relies upon treatment history, cost, availability, associated
toxicities and convenience of treatment but rarely on molecular pathways. Since the response
rate of majority of the available therapies is similar, a prior subject specific assessment of the
efficacy of these drugs can guide the choice of second or third line chemotherapeutics to
improve response rate.
MAPK/ERK1/2 and PI3K/AKT are the two key signalling axes that governs the development
of platinum-taxol dual resistance in our indigenously developed chemoresistant cellular
models. These effector kinases are the focal point of several signal transduction pathways and
are master regulators of therapy resistance. However, the modulations in these key signalling
arms in response to second line non-platinum agents in chemoresistant ovarian cells is yet to
be investigated. Thus, utilizing the dynamic model of chemoresistance and cells derived from
patient ascites we aim to ask:
1. Is it possible to utilize the dynamic modulation in MAPK/ERK and PI3K/AKT
signalling to predict therapeutic efficacy of second line non-platinum agents in
platinum-taxol resistant cells?

Predicating efficacy of chemotherapeutic drugs on cancer cell lines or cells derived from
patient tumours prior to initiation of chemotherapeutic regimen holds a high prognostic
significance. Classically, the efficacy of chemotherapeutic drugs was estimated as a function
of reduction in mitochondrial respiration or ATP production (368). Significant correlation of
clinical response with Area Under Curve (AUC) and IC50 was reported in primary cells
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harvested from 70 chemo naïve and 30 refractory ovarian tumours by ATP luminescence assay
(369). A similar correlation of overall and progression free survival with in-vitro cytotoxicity
was also reported for 83 patients (370). Although these assays serve as a gross indicator of
sensitivity, they fail to evaluate therapy induced molecular responses, which are crucial
determinants in predicting therapy resistance. Chemotherapeutic insults result in a myriad of
molecular responses regulated through alterations in molecular interactions (protein-protein
interaction [PPI or protein-lipid [PLI]) which in turn leads to activation of key signalling
pathways. Thus, evaluation of these key molecular interactions to estimate activation of key
survival promoting pathways in response to chemotherapeutic stress may help to determine the
most effective choice of non-platinum agents against platinum resistant ovarian cancer cell
lines or primary cells isolated from ascites.
In recent years, Bioluminescence Resonance Energy Transfer (BRET) based proximity assay,
has emerged as a powerful system for studying PPI (35, 371, 372). Application of BRET in the
assessment protein-lipid interaction by directly labelling the interacting partners has yet not
been explored. However, utilizing membrane localized acceptor (fluorescent) protein,
interaction between membrane lipids such as phosphatidyl inositol-3-phosphate (PIP3) with
PH domain of proteins has been evaluated through BRET based platforms. These assays work
on the virtue of the close proximity between membrane localized acceptor protein and donor
tagged PH-domain upon interaction with membrane lipids. This lipid assisted PPI framework
was utilized to monitor AKT activation in MCF7 cells and human serum samples by RlucPH/AKT-YFP-mem BRET sensor. A Renilla Luciferase (Rluc) based BRET sensor, RlucEKAR-Venus, was reported to precisely predict the activation of ERK1/2 in neurons isolated
from hippocampus of mice embryos (88, 89). Though both the sensors were useful in
estimating the activation of PIP3/AKT and ERK1/2 pathway, the low quantum yield of Rluc
and low spectral resolution of these BRET pairs significantly limit the application of the
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sensors. Several reports suggest the advantage of NanoBRET system over classical BRET,
especially due to the high quantum yield and sustained luciferase signal of nanoluciferase
(Nluc) (92). Thus, development of highly sensitive and cost-effective Bioluminescence
Resonance Energy Transfer (BRET) based platforms that can monitor chemotherapy induced
ERK1/2 and AKT activation may help to monitor the molecular modulation in survival signals
and predict the efficacy of commonly used second line chemotherapeutics against platinumtaxol resistant ovarian cancer cells.

4.2 Methodology
4.2.1 Development of chemoresistant model
Cisplatin-paclitaxel resistant A2780 and OAW42 cells were developed following pulse method
strategy, with incremental doses of platinum-taxol over a period of 6 months as described in
section 2.2.1.

4.2.2 Enrichment of tumour cells from ascitic fluid
Patient studies were performed as per Institutional Ethics Guidelines. The ascitic fluid was
subjected to centrifugation to obtain cell pellet which was treated with RBC lysis buffer to
remove contamination of red blood cells. To enrich the tumour cells, depletion of CD90
positive fibroblasts was carried out by Magnetic Assisted cell sorting. CD90 negative fraction
was further sorted by FACS for EpCAM positive cells. CD90-/EpCAM+ cells thus obtained
were cultured in MCDB:M199 media and experiments were performed within one week of
obtaining the cells.
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4.2.3 Development of PIP3/AKT BRET construct (NAT)
The NAT BRET sensor comprises of PH-AKT-Nluc fusion construct (Pleckstrin Homology
(PH) domain of AKT fused to nanoluciferase) and the membrane localized Turbo635 protein.
The PH-AKT domain was PCR amplified with Nhe-1 and Bgl-II restriction site form PH-AKTEGFP construct and column purified. The PCR amplified product was then substituted in place
of Turbo in the Turbo-Nluc plasmid using the Nhe-I and Bgl-II site to generate PH-AKT-Nluc.
Synthetically synthesized oligonucleotides coding for membrane localization signal was
annealed and column purified. The membrane localization sequence was derived from Nterminal of neuronal protein GAP3 (20 amino acid). The annealed oligonucleotide was
substituted in place of Stat3 in Stat3-Turbo construct using Nhe1 and Sal1 to generate GAPTurbo. The BRET pair together was termed NAT.

4.2.4 Development of BRET sensor for monitoring ERK1/2 activation
(NEO)
The Cerulean-EKARcytoplasmic-Venus and Cerulean-EKARnuclear-Venus was purchased
from Addgene. The full length cytoplasmic and nuclear EKAR was PCR amplified with BglII and Xho-I site and column purified. The PCR amplified product was then introduced in the
Nlu-mOrange vector using the Bgl-II and Xho-I site to generate nanoluc- EKARcyto/nuclmOrange (NAT). For construction of Nluc-CEKAR as BRET donor construct for
normalization, the CEKAR was PCR amplified and cloned downstream of Nluc by replacing
mOrange in the Nluc-mOrange vector using XhoI and BamHI restriction enzyme.

4.2.5 Side directed mutagenesis
The PH-AKT domain mutant were made in the background of PH-AKT-EGFP and PH-AKTNluc by replacing the 14th codon expressing lysine with alanine (K14A_PH-AKT-EGFP/Nluc)
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by standard site directed mutagenesis (SDM) protocols and using SDM primers as described
in section 6.2.8. All constructs were verified by restriction digestion and sequencing.

4.2.6 Immunoblotting:
Immunoblotting was performed for estimating the level of phosphorylated and total ERK1/2,
AKT, p90RSK1/2, BAD and mTOR as described is section 6.5.

4.2.7 Confocal microscopy
A2780 cells were transiently transfected with PHAKT-EGFP or its mutant K14A_PHAKT –
EGFP construct and treated with IGF-1 for 15 min. Following treatment each sample was
processed for confocal microscopy and imaged in LSM780 for membrane localization as
described in section 6.7.1.

4.2.8 Cell viability assay
In order to determine IC50, cells were incubated with each of the non-platinum drugs at
different concentration. After 48 hours, MTT assay was performed to determine cell viability
as described in section 6.4.1. The data was fitted into a dose-inhibition curve and plotted.

4.2.9 BRET imaging and analysis
Bioluminescence resonance energy transfer measurements in cell populations were performed
as described in section 6.15. For NAT, emission spectra was acquired at 500 and 640 nm while
NEO spectra was collected at 500 and 550 nm followed by ROI calculation and analysis in
Living image software version 4.5. BRET ratio was represented as milliBRET unit (mBU)
calculated using the formula:
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𝑚𝑖𝑙𝑙𝑖𝐵𝑅𝐸𝑇 𝑢𝑛𝑖𝑡 (𝑚𝐵𝑈) =

𝐴𝑣𝑔.𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)−𝐶𝑓∗𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)
∗
𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)

𝐶𝑓 =

1000

𝐴𝑣𝑔. 𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦
𝐴𝑣𝑔. 𝑅𝑎𝑑(𝑑𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦

4.3 Results:
4.3.1 PIP3 BRET biosensor NAT accurately predicts PIP3/AKT activation:
Activation of AKT is initiated at the membrane upon conversion of PIP2 to PIP3 by
phosphatidylinositol-3-kinase, which induces membrane translocation of AKT via its PH
domain (373). We aimed to monitor the protein-lipid interaction between PH-domain of AKT
and PIP3, as a surrogate for AKT activation utilizing an improved BRET biosensor. We
developed a nanoBRET platform consisting of fusion construct expressing PH-domain of AKT
and Nluc, as BRET donor and membrane targeted TurboFP fluorescent protein as BRET
acceptor. Thus, increase in BRET ratio indicates an increased interaction of PH-AKT-Nluc
with PIP3 (Figure 47A). The PH-AKT-Nluc displayed a 127-fold increase in luciferase activity
in comparison to PH-AKT-Rluc indicating an increased quantum yield of the PH-AKT-Nluc
construct (Figure 47B). Efficient energy transfer of Nluc and TurboFP635 BRET pair was
observed at the characteristic emission maxima (NLuc: 500 nm and TurboFP: 640 nm) with a
BRET ratio of 231.94 mBu in A2780 cells expressing TurboFP635-Nluc fusion protein (Figure
47C). Since, the orientation of donor and acceptor protein influence BRET efficiency, we
developed both PH-AKT-Nluc and Nluc-PH-AKT fusion construct. Nluc fused to the Cterminus of PH-AKT (PH-AKT-Nluc) displayed significantly higher BRET ratio in
comparison to N-terminal orientation post insulin treatment, indicating the efficiency of Cterminal orientation for optimal energy transfer (Figure 47D). Stability of the PH-AKT-Nluc
construct was confirmed by immunoblotting which displayed prominent band at 33kDa (Figure
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47E). Fusion of GAP domain with TurboFP led to its membrane localization in A2780 cells
(Figure 47F).

Figure 47: Validation of NAT BRET sensor
(A) Graphical depiction of the working principle of NAT BRET sensor
Continued
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(B) graph representing increase in luciferase activity in A2780 cells expressing PHAKTnanoluciferase (PHAKT-Nluc) in comparison to cells expressing AKT-Rluc Turbo at 640
nm in A2780 cells.(C) Spectral scan of nanoluciferase (Nluc) and nanoluciferase-TurboFP
(Nluc-Turbo) fusion protein indicating resonance energy transfer (231.9 milliBRET unit,
mBu) between Nluc and (D) Fusion of Nluc in the C-terminal of AKT show increased
efficiency of resonance energy transfer in comparison to Nluc fused in the N-terminal of
AKT when paired with membrane localized TurboFP635 in A2780 cells (E) Immunoblot
depicting increased molecular weight of nanoluciferase-AKT fusion protein (33 kDa) and
nanoluciferase-EKAR-mOrange (66 KDa) fusion protein in comparison to nanoluciferase
(Nluc, 19 kDa) (F) Representative image of A2780 cells expressing GAP-TurboFP,
depicting membrane localization of the fusion protein (scale 10µm).

Figure 56: NAT accurately predicts AKT activation dynamics(B) graph representing
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0.51±0.03) treatment (Figure 48C). Pre-treatment of cells with wortmannin (PI3KCA inhibitor)
and picropodophyllin (IGF1R inhibitor) prevented IGF-1 induced AKT activation (0.22±0.03
and 0.20±0.01 mBU respectively) compared to cells treated with only IGF-1 (0.83±0.04). Pretreatment of cells with U0126 (MEK1/2 inhibitor, 0.63±0.03) was able to only partially inhibit
IGF-1 induced AKT activation compared to untreated cells (Figure 48D). In parallel to our
BRET data, a similar trend in AKT phosphorylation was observed in A2780 cells post
treatment with different growth factors and inhibitors by immunoblotting (Figure 48E-F).
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Interestingly, introduction of a point mutation (K14A) in the PH-AKT domain completely
abolished PIP3 PH-AKT interaction and membrane localization of PH-AKT (Figure 48G). A
significantly reduced BRET ratio was observed in cells expressing mutated PHK14A-AKTNluc (0.20±0.02) in comparison to cells expressing wild type PH-AKT-Nluc (0.61±0.07) post
IGF-1 treatment (Figure 48H).

Figure 48: NAT accurately predicts AKT activation dynamics
(A-B) Graph representing dose and time dependent increase in BRET ratio (mBU) post
insulin treatment in A2780 and MCF7 cells (C) Increased BRET ratio in A2780 cells post
treatments 15 minute with Insulin (500nM), IGF-1 (100nM) and EGF (200nM) (D-E)
Wortmannin (Wort, 200nM) and picropodophylin (PPP, 2µM) but not U0126 (10µM)
specifically inhibits IGF-1 induced AKT activation in A2780 cells as represented by BRET
and immunoblotting assay. (F) Graph representing Densitometric quantitation of phospho to
total AKT ratio in A2780 cells post treatment with growth factors inhibitors and activators
(G) Representative confocal images depicting membrane translocation of wild type PHAKT
(WT-PH-AKT-EGFP) post IGF-1 treatment which gets impaired severely in K14A point
mutated PH-AKT (H) Side directed mutagenesis at PH domain PIP3 interaction site
abrogates IGF-1 induced AKT activation
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4.3.2 BRET based ERK activity reporter (NEO) accurately predicts
ERK1/2 activation:
We then constructed a Nluc based BRET sensor for monitoring cdc25c phosphorylation as a
surrogate for ERK1/2 activation. The NEO BRET sensor was developed by substituting the
fluorophores of FRET based Extracellular signal-regulated Kinase Activity Reporter
(EKARcyto and EKARnucleus) with NanoLuc and mOrange (Nluc-EKAR-mOrange, NEO). The
NEO BRET sensor constituted of a phospho ERK binding domain (FQFP), a consensus ERK
target phosphorylation sequence of cdc25 (PRTP), a flexible linker of 72 glycine residue and
a proline directed phospho binding domain. Changes in conformation as a result of
phosphorylation by ERK1/2 brings the donor and acceptor proteins in close proximity, thus
inducing resonance energy transfer (Figure 49A). The NEO BRET sensor comprises of NlucEKARcyto-mOranage and Nluc-EKARnuclear-mOranage for detection of ERK1/2 activation
from both cytoplasm and the nucleus. Efficient energy transfer between the donor Nluc and
acceptor mOrange indicated by a BRET ratio of 257.94mBu was observed in A2780 cells
expressing mOrange-NanoLuc fusion protein (Figure 49B). An increased efficiency of
resonance energy transfer was observed when Nluc was cloned in the N-terminal of EKAR
indicated by increased BRET ratio (50.55±2.2 mBu) in comparison to cells expressing
mOrange-EKAR-Nluc(36.67+0.42 mBu) (Figure 49C). The nuclear and cytoplasmic
localization of Nluc-EKARnuclear-mOrange and Nluc-EKARcytoplasmic-mOrange construct
was validated by confocal microscopy (Figure 49D).
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Figure 49: Validation of NEO BRET sensor
(A) Schematic representation of the working principle of NEO biosensor
Continued
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Figure 58: Validation of NEO BRET sensor
(A) Schematic representation of the working principle of NEO biosensor

(B) Spectral scan of nanoluciferase (Nluc) and nanoluciferase-mOrange (Nluc-mOrange)
fusion protein indicating resonance energy transfer (257.9 milliBRET unit, mBu) between
Nluc and mOrange at 560 nm in A2780 cells (C) Fusion of Nluc in the N-terminal of EKAR
show increased efficiency of resonance energy transfer in comparison to Nluc fused in the
C-terminal of EKAR in A2780 cells (D) Represenative microscopic images showing
cytoplasmic localization of Nluc-cytoplamicEKAR-mOrange and nuclear localization of
Nluc-nuclearEKAr-mOrange in A2780 cells (E-F) Graph representing dose and time
dependent increase in BRET ratio (mBU) post IGF-1 treatment in A2780 and MCF7 cells
(G) IGF-1 and EGF induced highest ERK1/2 activation post 15 min in A2780 cells as
indicated by increased BRET ratio in comparison to insulin (H-I) U0126 (10 µM) and
picropodophylin (PPP, 2µM) but not wortmannin (Wort, 200 nM) specifically inhibits IGF1 induced ERK1/2 activation in

A2780 cells as represented by BRET and immunoblotting

assay.
Live cell imaging of ERK activation revealed a dose and time dependent increase in BRET
ratio (27.44±0.19 and 48.21±0.51 mBu at 15 min respectively) post 100nM and 200 nM IGF1 treatment in comparison to unstimulated A2780 cells (13.34±0.41 mBu) (Figure 49E). A
similar increase in BRET ratio indicating gradual ERK activation was observed in IGF-1
stimulated MCF7 cells (Figure 49F). Treatment of A2780 cells expressing NEO BRET sensor
with EGF treatment simulated a comparable effect as IGF-1 (58.55±0.68 and 54.64±1.89 mBu
respectively) while insulin induced lowest ERK1/2 activation (40.55±3.03 mBu) (Figure 49G).
MEK1/2 inhibitor, U0126 (21.07±0.99 mBu) and IGF1R inhibitor, picropodophyllin
(26.72±0.97 mBu) significantly reduced IGF-1 (64.21±1.66 mBU) induced increased NEO
BRET ratio while PI3KCA inhibitor, wortmannin (45.85±4.14 mBu) partially prevented
ERK1/2 activation (Figure 49H). A comparable level of ERK phosphorylation was observed
post treatment with above mentioned inducers or activators by immunoblotting (Figure 49I-J).
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4.3.3 Dynamic modulation of ERK and AKT activation in sensitive and
chemoresistant ovarian cancer ascites and cell lines
Previously, we have demonstrated the role of ERK1/2 and AKT signalling at onset and late
stage of platinum-taxol dual resistance in two indigenously developed ovarian cancer models.
Now, we aim to evaluate the level of therapy induced ERK1/2 and AKT activation in dual
resistant A2780 model. Interestingly, platinum-taxol treatment at respective IC50 dosage,
induced highest fold increase in NEO BRET ratio in A2780DualLR cells in comparison to
A2780DualER

and

sensitive A2780 cells,
indicating the therapy
induced

ERK1/2

activation

remains

significantly higher in
late stage of resistance
and

possibly

contributes to their
survival (Figure 50A).
Similarly,

an

increased BRET ratio
was

observed

OAW42DualLR

in
and

SKOV3, an inherently
platinum

resistant

ovarian cancer cell
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Figure 50: Platinum-taxol induces increased ERK1/2 activation specifically in late stage
of resistance
(A, C) Graph representing increased NEO BRET ratio indicating ERK1/2 activation of
ERK1/2 in A2780DualLR, OAW42DualLR and SKOV3 cells. (B, D) Cisplatin-paclitaxel
treatment did not alter NAT BRET ratio in sensitive and DualLR cells of both A2780 and
OAW42 model. (E-F) Immunoblot depicting increased level of p-ERK1/2 specifically in
A2780DualLR, OAW42DualLR and SKOV3 cells post cisplatin-paclitaxel treatment

line (Figure 50 C). On the other hand, platinum-taxol treatment led to non-significant alteration
Figure 59: Platinum specifically induces ERK1/2 and AKT activation in platinum
NAT BRET ratio in both sensitive and DualLR cells. Although, the basal NAT BRET ratio was
resistant patientFigure 60: Platinum-taxol induces increased ERK1/2 activation
highest
in these
cells,
indicating
a significantly higher basal level of AKT activation in
specifically
in late
stage
of resistance
LR
ER ratio indicating ERK1/2 activation of
(A, C) Graph
representing
increased
NEO BRET
A2780Dual
comparison
to A2780
and A2780Dual
cells (Figure 50B). Similarly, platinum-

ERK1/2 in A2780DualLR, OAW42DualLR and SKOV3 cells. (B, D) Cisplatin-paclitaxel
taxol treatment did not enhance NAT BRET ratio in OAW42 chemoresistant model and in
treatment did not alter NAT BRET ratio in sensitive and Dual LR cells of both A2780 and
SKOV3
cells
(Figure
50 Immunoblot
D). We also depicting
observed increased
a similar modulation
in phosopho-ERK
OAW42
model.
(E-F)
level of p-ERK1/2
specificallyand
in
LR
A2780DualLRlevel
, OAW42Dual
and SKOV3
cells
phospho-AKT
by immunoblotting
(Figure
50 post
E-F).cisplatin-paclitaxel
Next, we aimed to treatment
test the specificity

and sensitivity of NEO and NAT sensor in live HGSOC cells isolated from patient’s ascites by
CD90-veEPCAM+ve sorting. Based on the platinum free interval, the cases were categorized
into platinum-resistant, platinum sensitive and chemo naïve. Interestingly, platinum-taxol
induced increase in both NEO (4.72-fold) and NAT BRET (10.11-fold) ratio specifically in
cells derived from platinum-resistant subjects while no significant alteration in platinum
induced NEO or NAT BRET ratio was observed in chemo-naive and platinum-sensitive
patients, indicating the ability of resistant cells to activate pro survival signalling pathways in
response to chemotherapeutic stress (Figure 51A-B).

A similar increase in the level of

phospho-ERK and phospho-AKT was also observed in primary cells established from a
platinum-resistant patient post cisplatin treatment (Figure 51C). In-vitro cytotoxicity of
platinum determined by MTT assays correlated well with clinical definition of therapy
resistance as indicated by increased tolerance of cells derived from platinum resistant subjects
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to platinum (20 and 16 µg/ml) in comparison to cells derived from chemo-naïve (8 µg/ml) and
platinum-sensitive (4 and 5 µg/ml) subject (Figure 51D).

Figure 51: Platinum specifically induces ERK1/2 and AKT activation in platinum
resistant patients
(A-B) Quantification of ERK1/2 and AKT activation in cells derived from patient ascites
utilizing NAT and NEO BRET sensor, increased NAT and NEO BRET ratio was observed post
platinum treatment specifically in cells derived from both platinum-resistant relapse ascites
(Pt-Res and Pt-Res2) but not in chemo-naïve or platinum sensitive relapse (Pt-Sen) ascites (C)
Immunoblotting depicting increased ERK1/2 and AKT phosphorylation specifically in
platinum-resistant relapse sample post platinum treatment (D) Graph representing increased
tolerance to platinum specifically in platinum-resistant relapse case (Pt-Res: 20µg/µl, Pt-Res
2: 16 µg/µl, Pt-Sen: 4 µg/µl, Pt-Sen 2: 5µg/ml Chemo-naïve: 4µg/µl)

Figure 61: Non-platinum therapy induced modulation in ERK1/2 and AKT
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sensitive and platinum-taxol resistant ovarian cancer cellsFigure 62: Platinum

4.3.4 ERK1/2 activation predicts cross-resistance to second line of ovarian
cancer therapy
Acquirement of a highly resistant platinum phenotype imposes the use of non-platinum agents.
The most commonly used non-platinum agents against platinum resistant ovarian cancer are
doxorubicin, gemcitabine, irinotecan and etoposide. Utilizing our highly platinum-taxol
resistant DualLR cells and intrinsically platinum resistant SKOV3 cells we aimed to evaluate
influence of second line non-platinum agents on ERK1/2 and AKT activation dynamics
through BRET technology. Doxorubicin treatment increased NEO BRET signal by 2.3fold in
A2780DualLR cells, by 3.5fold in OAW42DualLR cell and by 2.6 fold in SKOV3 cells post 24
hours of treatment, while no significant change in BRET signal was observed in A2780 and
OAW42 cells. Increased NEO BRET signal was also observed post 24 hours of gemcitabine
treatment in specifically A2780DualLR (1.96 fold), OAW42DualLR (3.35 fold) and SKOV3 (2.7
fold) cells but not in sensitive A2780 and OAW42 cells. Etoposide treatment also increased
NEO BRET signal specifically in platinum-taxol resistant DualLR cells of both models and
SKOV3 cells. Intriguingly, Irinotecan treatment did not result any significant change in NEO
BRET ratio in chemoresistant or chemosensitive cells (Figure 52A). In comparison to the NEO
BRET, NAT BRET ratio did not significantly alter post treatment with any of the second line
therapeutic agents in both chemoresistant and sensitive cells (Figure 52C). A similar increase
in ERK1/2 phosphorylation level was observed post doxorubicin, gemcitabine and etoposide
treatment specifically in the platinum resistant cells, while irinotecan treatment did not alter
phospho-ERK1/2 level significantly (Figure 52B and 53A-E). On the other hand, the level of
AKT phosphorylation remained unaltered post chemotherapeutic treatments in both resistant
and sensitive cells (Figure 52D). Intriguingly, platinum-taxol resistant A2780DualLR,
OAW42DualLR and SKOV3 cells also showed increased resistant against doxorubicin
indicated by resistance index of 8.9, 7.70 and 7.45 respectively in comparison to A2780 and
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Figure 52: Non-platinum therapy induced modulation in ERK1/2 and AKT activation in
sensitive and platinum-taxol resistant ovarian cancer cells
(A, C) Heat map representing alteration in NEO and NAT BRET signal respectively in sensitive
(A2780 and OAW42) and platinum-taxol resistant (DualLR and SKOV3) cells post treatment with IC50
dosage doxorubicin (Dox), Gemcitabine (Gem), Irinotecan (Irino) and etoposide (Etopo). All the nonplatinum agents except irinotecan increased NEO BRET ratio in SKOV3 and Dual LR cells of both
A2780 and OAW42 model (B, D) Immunoblot depicting increase in ERK1/2 but not AKT activation
post treatment with all the tested non-platinum agents except irinotecan

Figure 63: Non-platinum therapy induced modulation in ERK1/2 and AKT activation in
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sensitive and platinum-taxol resistant ovarian cancer cells
(A, C) Heat map representing alteration in NEO and NAT BRET signal respectively in sensitive

Figure 53: Densitometric quantification of phospho/total ERK1/2 and phospho/total
AKT post chemotherapeutic challenge: (A-E) Fold increase in phospho to total ERK1/2
ratio in sensitive and resistant cells post treatment with cisplatin-paclitaxel, doxorubicin,
gemcitabine, irinotecan and etoposide in comparison to the untreated cells. Significant
higher fold increase in phospho/total ERK1/2 was observed specifically in resistant cells
treated with all drugs expect irinotecan (F-J) Fold change in phospho to total AKT ratio in
sensitive and resistant cells post treatment with cisplatin-paclitaxel, doxorubicin,
gemcitabine, irinotecan and etoposide in comparison to the untreated cells. No significant
change was observed in either sensitive or resistant cells.
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OAW42 cells. Similarly, A2780DualLR (RI: 9.41 and 10.94), OAW42DualLR (RI: 10.34 and
8.86) and SKOV3 (RI: 5.01 and 4.86) cells also showed increased tolerance to gemcitabine
and etoposide respectively. Interestingly, only irinotecan sensitized the resistant cells to
therapy (Fig 54A-D). Altogether our data suggests that chemotherapy induced ERK1/2
activation may support a resistant phenotype and may lead to poorer therapeutic outcome.

4.3.5 ERK1/2 promotes survival and anti-apoptotic signature in platinumtaxol resistant cells
Assessment of the consequence of ERK1/2 activation post doxorubicin treatment as opposed
to irinotecan, revealed an increased phospho p90RSK1/2 level specifically in chemoresistant cells
post doxorubicin treatment but not after irinotecan treatment. Doxorubicin challenge also
upregulated inhibitory phosphorylation of pro-apoptotic protein BAD (serine 112) specifically
in platinum-taxol resistant A2780 and SKOV3 cells. Irinotecan challenge did not alter
phospho-BAD level in both sensitive and resistant cells. No significant alteration in mTORC1
level, a bonafide AKT target, was observed post doxorubicin or Irinotecan treatment in
sensitive or chemoresistant cells (Figure 54E). These results indicated that doxorubicin induced
increased ERK1/2 activation promote a growth promoting, anti-apoptotic phenotype via
p90RSK1/2-BAD signalling axis.
Figure 54: Activation of ERK1/2 signalling negatively correlates with sensitivity of
platinum-taxol resistant cells to non-platinum agents
(A-D) Graph representing % survival versus log transformed concentration of second-line
non-platinum agents in sensitive (A2780 and OAW42) and therapy resistant (DualLR and
SKOV3) cells post 72 hours of treatment. Interestingly, only irinotecan sensitized
platinum resistant cells to therapy (E) Immunoblot depicting increased phospho
p90RSK1/2 and phospho BAD level specifically in DualLR and SKOV3 cells post
doxorubicin treatment in comparison to irinotecan.
Figure in the next page
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Figure 54: Activation of ERK1/2 signalling negatively correlates with sensitivity of
platinum-taxol resistant cells to non-platinum agents

Figure 65: BRET based platform accurately predicts therapeutic efficacy of nonPage 187 of 264
platinum agentsFigure 66: Activation of ERK1/2 signalling negatively correlates with
sensitivity of platinum-taxol resistant cells to non-platinum agents

4.4 Discussion:
Acquirement of platinum resistance is a major obstacle in management of HGSOC and several
efforts are already underway to target key molecular alterations and pathways. However, it’s
also important to evaluate and optimize the currently available therapeutic options for
management of platinum-resistant disease. Thus, development of a platform for personalised
in-vitro or ex-vivo evaluation of the efficacy of the available second line drugs before initiation
of therapy could guide the choice of second- or subsequent-line therapy for optimal response.
Herein, we have developed two improved BRET based PPI and lipid assisted PPI sensors, for
real-time monitoring of ERK1/2 and PIP3/AKT activation in live cells. The NAT and NEO
sensors revealed platinum-taxol induced activation of ERK1/2 but not AKT in platinum-taxol
resistant DualLR and platinum resistant SKOV3 cells in comparison to the sensitive counterpart.
A similar ERK1/2 activation along with AKT activation were observed in cells derived from
platinum-resistant patients but not in cells isolated from chemo-naïve and platinum-sensitive
relapse ascites. To the best of our knowledge, this is the first report of BRET based imaging of
growth promoting effector kinases, ERK1/2 and AKT in cells derived from ascites of EOC
patients. Further, we demonstrated that second line non-platinum agents that failed to act on
platinum-taxol resistant cells also led to increased NEO BRET ratio and phospho-ERK1/2
level, indicative of increased ERK1/2 activation. Intriguingly, Irinotecan treatment did not
induce ERK1/2 or AKT activation and subsequently sensitized these resistant cells to therapy.
This enhanced tolerance of cisplatin-paclitaxel resistant cells to doxorubicin could be attributed
to an anti-apoptotic, pro-survival cellular phenotype driven by ERK1/2-RSK-BAD signalling.
The diversity of cellular response to external stimuli are governed by multitude of spatially and
temporally resolved differential protein-protein or protein-lipid interaction. Alteration in
PPI/PLI network can lead to various diseases and also contribute to the aberrant activation of
cell survival pathways leading to cancer progression and therapy resistance. Among the several
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methods to study PPI/PLI, resonance energy transfer is an attractive assay system due to its
physical distance constraint of 10 nm which increase the specificity of the assay system. Forster
resonance energy transfer (FRET) was classically used to monitor PPI/PLI in live cells,
however, limitations arising from autofluorescence, use of external light source which may
lead to photobleaching or phototoxicity prompted the development of BRET based proximity
assay, where donor fluorophore is replaced by luciferase (374).

In recent years, BRET, has

emerged as a powerful tool for studying PPI, post-translational modification and protein
conformation. Along with PPI measurements BRET also offers opportunities to measure PLI,
utilizing lipid assisted PPI between proteins fused with luciferase and cell membrane targeted
acceptor protein.

BRET assay system has been employed to monitor several molecular

interactions including AKT and ERK. The earlier sensors utilize a BRET1 or BRET3 platform
consisting of Rluc or its mutant Rluc8 as BRET donor and YFP or Venus BRET acceptor.
Herein, we substituted the Rluc/Rluc8 with brighter and stable nanoluciferase for both NAT
and NEO BRET sensor resulting in increased luciferase activity. Further, we paired donor Nluc
with Turo635 for NAT, having a spectral resolution of 140 nm and mOrange for NEO, having
a spectral resolution of 80 nm in comparison to previously developed Rluc/YFP or
Rluc8/Venus having spectral resolution of ~55nm. The increased spectral resolution of Nluc
TurboFP/mOrange system significantly reduces background signal resulting from overflow of
donor signal in the acceptor channel thus significantly improving the dynamic range and
sensitivity of the BRET platform. This enabled us to precisely portrayed real-time modulation
in AKT and ERK activation dynamics post treatment with various growth factors and inhibitors
in A2780 and MCF7 cells.
PIP3/AKT and ERK1/2 signalling, are key signalling hubs, reported to play a crucial role in
development of therapy resistance in multiple carcinoma including ovarian cancer (141, 144,
150, 233, 257). Previous reports form own lab also demonstrated the role of these pathways
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during initiation and maintenance of chemoresistance in two indigenously developed acquired
chemoresistant cellular models of ovarian carcinoma (5, 149, 375). Re-challenging platinumtaxol resistant DualLR cells and intrinsically platinum-resistant SKOV3 cells with cisplatinpaclitaxel specifically increased NEO BRET ratio and ERK1/2 phosphorylation without any
significant alteration in the NAT-BRET ratio or AKT phosphorylation, implying the role of
ERK1/2 in platinum-taxol induced therapeutic stress. In agreement with our observation,
multiple reports suggest platinum induced ERK1/2 activation plays a key role in imparting
therapy resistance in hepatocellular as well as ovarian carcinoma.
Classically, tumour cell lysate or paraffin fixed tumour samples are used to evaluate activation
of protein kinases by RPPA or IHC based methods. However, both the methods have their
shortcomings in measuring the dynamics of activation in live cell. Herein, we dynamically
monitored therapy induced modulation in ERK1/2 and AKT activation directly in live cells
derived from HGSOC ascites through BRET. We observed an increased BRET ratio for both
NEO and NAT constructs in malignant ascites derived cancer cells of Platinum-resistant
relapse patients but not in cells derived from treatment-naïve or platinum sensitive relapse
patients.

This data confirms that platinum induced ERK activation is a molecular signature

for platinum-resistance and probably bestows survival advantage for these cells. However,
discrepancy in NAT BRET ratio enhancement in primary cancer cells might arise due to
heterogeneity and thus the role of activated AKT in imparting platinum resistance cannot be
completely ruled out. A detailed study is required to thoroughly understand the contribution of
AKT and ERK activation in acquirement of platinum resistance.
Currently available therapeutics for platinum-resistant HGSOC include Doxorubicin,
Gemcitabine, Irinotecan (preferred over topotecan due to reduced toxicity) and etoposide.
These drugs show a similar response rates (10-15%), PFS (3-4 months), and OS (~12 months)
against platinum-resistant HGSOC.(4, 249). The efficacy of these non-platinum agents reduce
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further upon attainment of multidrug resistance phenotype (103). Development of resistance to
doxorubicin and partially to topotecan had been reported in paclitaxel resistant ovarian cancer
cells (376). Thus, prior assessment of the efficacy of a chosen second line drug for a particular
patient can be of great benefit. Classically, MTT or other cytotoxicity based assays are utilized
to monitor efficacy of chemotherapeutics drugs against cancer cells which however fail to
monitor the underlying molecular response. We observed increased NEO BRET ratio
indicative of ERK1/2 activation specifically in chemoresistant cells post treatment of
doxorubicin, gemcitabine and etoposide but not of irinotecan. This change in NEO BRET was
also reflected in western blot analysis where all drugs except irinotecan induced
phosphorylation of ERK in therapy resistant cells. However, AKT level remained fairly
unaltered in both sensitive and resistant ovarian cancer cells post treatment with non-platinum
agents and did not show any change in NAT BRET ratio and phospho-AKT level. Interestingly,
we observed that cisplatin-paclitaxel dual resistant A2780/OAW42DualLR and SKOV3 cells
were insensitive to doxorubicin, gemcitabine and etoposide but not toward irinotecan. Further,
an increased doxorubicin induced ERK1/2 activation promoted an anti-apoptotic, pro-survival
cellular phenotype via p90RSK1/2-BAD signalling while irinotecan treatment did not alter the
level of p90RSK1/2 and BAD phosphorylation. Activation of ERK1/2 was reported to promote
multi-drug resistant phenotype in other cancers as well (377-379). Combinatorial treatment of
U0126 and adriamycin was reported to sensitized multidrug resistant HEPG2 cells (235).
Increased ERK1/2 activation post gemcitabine treatment in gemcitabine resistant pancreatic
cancer cells, Bxpc-3, was reported to promote MDR phenotype, which reversed upon
combinatorial treatment of gefitinib and gemcitabine (379). Altogether, our data suggests
ERK1/2 activation can act as a crucial indicator of therapeutic efficacy of the second line
chemotherapeutics against platinum resistant HGSOC. Thus, real-time monitoring of therapy
induced ERK1/2 and AKT activation by utilizing our improved NAT and NEO BRET platform
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can indicate the efficacy of non-platinum drugs prospectively in a personalized manner, which
may guide the choice of most appropriate therapeutic option (Figure 50). The PPI /lipid assisted
PPI based BRET platforms described here would be valuable resource for such clinical studies.

Figure 55: BRET based platform accurately predicts therapeutic efficacy of
non-platinum agents
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Chapter 5: Summary
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An integrated network of signalling pathways maintains cellular growth and homeostasis.
Reinforced by genetic reprogramming, cancer cells hijack this regulatory network to support
limitless replicative potential and evade death. Depending on the type of cancer, therapeutic
targeting of these modified signalling pathways have been attempted and such strategies have
relatively improved the therapeutic outcome. However, in absence of a targetable genetic
alteration, conventional therapies involving chemo/radio therapy and surgery are applied as
forefront strategies for the management of cancers, such as EOC. Platinum-taxol based
chemotherapeutic regimen remains the primary choice against EOC, as the majority of the
cases initially responds wells to therapy. However, nearly 30% of the cases relapse within 6
months of initial therapy complete and do not respond to platinum again, thus termed
as platinum-resistant relapse while cases that relapse after 6 months are classified as platinumsensitive relapse. A few cases classified as platinum-refractory show upfront resistance to
platinum. Eventually, platinum sensitive patients also develop platinum resistance after
multiple rounds of relapse and therapy. Acquirement of platinum resistance remains the major
hurdle for EOC and contributes to a low five year overall survival of ~40%. Acquired
chemoresistance is a multi-step process involving therapy induced rewiring of signalling
networks. Thus it is critical to identify the alterations in key signalling pathways and evaluate
the implication of such alteration during gradual acquirement of chemoresistance.
The process of gradual evolution of chemoresistance can be categorized into multiple stages
depending on the degree of resistance which can be manipulated for therapeutic purpose.
Utilizing two dynamic models of platinum-taxol resistance in A2780 and OAW42 cells, we
aim to identify and target key signalling pathways to 1) target cells at the onset of resistance
or 2) impede the development of a highly chemoresistant phenotype or 3) predict the
response of highly chemoresistant cells to non-platinum agents for identifying the optimal
choice of therapy.
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Increased activation of RTK signalling axis contributes to the development of therapy
resistance in various cancers including EOC. Previous reports from our lab suggest that an
increased IGF1R expression protect cancer cells from therapeutic stress at the onset of
resistance (DualER) while hyperactivated AKT signalling maintains a highly chemoresistant
phenotype (DualLR). Monitoring of MAPK/ERK and PI3K/AKT, the two major signalling
axis downstream of IGF1R, revealed an oscillatory pattern of ERK1/2 activation which peaked
at the early stage of resistance while increased AKT activation was associated with the late
resistant stage. This increased ERK1/2 activation was found to promote cytoprotective
autophagic flux specifically at the early stage of resistance. Therapy induced autophagic flux
was found to blocked in the sensitive cells while late resistant cells showed reduced autophagic
flux, probably due to the presence of hyperactive AKT. Pharmacological or genetic inhibition
of ERK1/2 significantly reduced chemotherapy induced autophagic flux indicated by reduced
p62 degradation, number of LC3+veLAMP1+ve puncta and autophagolysosome formation.
Inhibition of ERK1/2 activation also reduced the level of UVRAG and Rab7, two key proteins
involved in autophagosome-lysosome fusion, indicating the role of ERK1/2 in the sustenance
of chemotherapy induced autophagic flux. Interestingly, early resistant cells showed oncogenic
addiction towards ERK1/2, as combinatorial treatment of platinum-taxol along with
Trametinib, an FDA approved MEK inhibitor, significantly promoted cell death and apoptosis.
Utilizing a novel autophagy sensor comprised of a mutant thermostable firefly luciferase fused
with p62, we longitudinally monitored autophagic flux from live cell and tumour bearing mice.
Combinatorial treatment of platinum-taxol along with Trametinib or chloroquine led to
increased luminesce signal indicative of p62 accumulation and stalled autophagy while only
platinum-taxol treatment induced autophagic flux leading to reduced luminesce signal.
Interestingly, Trametinib was found to be equally efficient as chloroquine, in blocking
autophagic flux in live cells and tumour xenograft. To the best of our knowledge, this is the
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first report of real time monitoring of chemotherapy induced autophagy flux kinetics in live
animals. Further, a significant reduction in tumour growth was observed upon combinatorial
treatment of platinum-taxol with Trametinib/chloroquine indicating the role of ERK1/2 driven
autophagic flux in ameliorating chemotherapeutic stress at the onset of resistance. Altogether
our data suggest that therapeutic targeting of ERK1/2 blocks cytoprotective autophagic flux
and sensitizes cells at the early stage of resistance to prevent the development of a highly
chemoresistant phenotype.
Targeting the ERK1/2 driven autophagic axis though sensitizes cells at the early stage of
resistance, the development of a highly resistant phenotype may render this strategy ineffective.
Additionally, precise identification of an early resistance stage in clinical settings is difficult,
thus an alternate strategy is to impede the development of a highly chemoresistant phenotype.
Among several processes, enrichment of CSCs population has been identified as a major
regulator of disease relapse and resistance. Therefore, the efficacy of any therapeutic regimen
depends on its ability to target this small sub-population of quiescent CSC. Utilizing cisplatin
and paclitaxel dual resistant models developed either in the presence or absence of metformin,
we demonstrated that continuous administration of a low dose of metformin during
acquirement of chemoresistance led to a significant increase in proliferation rate and ERK
activation while AKT activation reduced compared to dual resistant cells developed in absence
of metformin. Interestingly, the presence of metformin significantly reduced CSC population
indicated by the reduction in side population (SP), CD133+ve cell population and expression
of pluripotent genes. Reduction in CSC population was concomitant with increased sensitivity
of these cells towards platinum-taxol. Further metabolic profiling of the metformin treated
platinum-taxol resistant cells identified a significant increase in the level of taurine and
histidine in comparison to sensitive cells and platinum-taxol resistant cells. Intriguingly, a low
dosage of taurine was found to reduce the percentage of SP (CSC-like population) in
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A2780DualLR cells and SKOV3, an inherent cisplatin resistant cell line. Combinatorial
treatment of platinum-taxol along with taurine significantly sensitized DualLR cells to therapy.
Collectively, our data for the first time demonstrates that metformin impedes the development
of platinum-taxol resistance by inducing CSC differentiation through taurine metabolism, and
maintains a highly proliferative cellular state, susceptible to chemotherapeutic intervention.
We also demonstrate the role of a common health supplement, taurine, in inducing CSC
differentiation in ovarian cancer cell lines.
The gradual evolution of a highly platinum-taxol resistant phenotype can be targeted at its onset
or can be delayed through metformin administration. However, attainment of a highly
chemoresistant phenotype necessitates the use of non-platinum drugs like doxorubicin,
gemcitabine, irinotecan and etoposide. The majority of the second line chemotherapeutics
show a similar response rate of 15-30% against platinum-resistant disease. Thus a prior subject
specific assessment of the efficacy of these drugs can guide the choice of optimally effective
non-platinum agents. Biomolecular interactions are the fingerprints of a variety of biological
phenomena that measure specific responses of drugs in cancer cells and are superior to
currently available cytotoxicity assays for predicting therapy efficacy. Utilizing, a brighter,
stable and highly sensitive nanoluciferase, we developed two BRET sensors to monitor specific
molecular events through PIP3 mediated AKT activation at the plasma membrane (NAT
sensor) and ERK1/2 activation through its substrate phosphorylation in cytoplasm and nucleus
(NEO sensor). BRET assessment revealed inducer/inhibitor mediated temporal modulation in
AKT and ERK activation in A2780 and MCF-7 cells with high sensitivity and specificity.
Intriguingly, platinum-taxol induced only ERK1/2 phosphorylation and not AKT, as observed
by live-cell BRET assessment in cisplatin-paclitaxel resistant DualLR and in SKOV3 cells. This
indicates that ERK mediated signalling is crucial for the survival of these drug resistant cells.
Platinum challenge significantly increased NAT and NEO BRET signal specifically in cells
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derived from platinum-resistant relapse patients but not in treatment-naive or platinum
sensitive relapse patients, indicating the ability of platinum-resistant cells to upregulate growth
promoting signalling pathways in response to therapy. To the best of our understanding, this is
the first report on real-time monitoring of therapy induced ERK1/2 and AKT activation in
patient ascites through BRET technology. Further, treatment of A2780/OAW42 DualLR and
SKOV3 cells with doxorubicin, gemcitabine, etoposide and irinotecan showed increased
ERK1/2 activation for all except irinotecan as observed by live-cell BRET assessment.
Interestingly, only irinotecan among all these drugs was able to sensitize these resistant cells
to therapy. Further, doxorubicin treatment led to activation of p90RSK1/2 and inhibition of
BAD specifically in resistant cells. Such effects were not observed with irinotecan treatment,
implying that activation of ERK1/2 in response to therapy is crucial for the survival of these
resistant cells. Altogether, our data suggest that the application of BRET can foresee the
efficacy of cancer drugs through activation of two crucial pathways in real-time which may be
expanded into a valuable assay for management of therapy-resistant ovarian and other
cancers.
Collectively, our data suggest that targeting ERK1/2 driven autophagic flux sensitizes ovarian
cancer cell in the early stage of resistance to prevent the development of a highly
chemoresistant phenotype. Repurposing of metformin as an adjuvant to platinum-taxol could
impede the development of a highly chemoresistant phenotype. However, attainment of highly
resistant phenotype necessitates the administration of non-platinum drugs, the choice of which
can be guided by our BRET platform.
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Chapter 6: Materials and methods
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6.1 Bacterial culture
6.1.1 Reagents
Sr. No.

Reagent name

Source

1

Luria-Bertani (LB) broth

HiMedia, India

2

Luria-Bertani (LB) agar

HiMedia, India

3

Yeast extract

HiMedia, India

4

Bactotryptone

HiMedia, India

5

Ampicillin

Sigma, USA

6

Kanamycin

Sigma, USA

7

Zeocin

Invitrogen, USA

8

Dimethyl sulfoxide (DMSO)

HiMedia, India

9

Sodium chloride

HiMedia, India

10

Potassium chloride

HiMedia, India

11

Magnesium sulphate

Sigma, USA

12

Magnesium chloride

Sigma, USA

13

4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)

Sigma, USA

14

Calcium chloride

Sigma, USA

15

Manganese chloride

HiMedia, India

16

Potassium hydroxide

HiMedia, India

17

Sucrose

Sigma, USA

6.1.2 Bacterial strains
Sr. No.

Bacterial strain

Source

1

Escherichia coli DH5α

ATCC

6.1.3 Bacterial culturing media preparations
Luria Broth: 20 grams (g) of Luria Broth powder was dissolved in 1 litre of milliQ water and
sterilized by autoclaving.
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Luria Agar: 34gms of Luria agar powder was dissolved in 1 liter of milliQ water and sterilized
by autoclaving.
Super Optimal Broth: 2g-bactotryptone, 0.5g-yeast extract, 50mg-Nal, 18.6mg-KCl. 1MMgCl2 (10 ml): 2.033g and 1M- MgSO4 (10 ml): 2.465g was dissolved in 100ml of media.
Antibiotics were added as necessary for propagation of plasmids

6.1.4 Plasmids used in the study and their selection markers
Sr. No

Construct name

Selection marker

1.

pCMV-Nluc-mOrange

Zeocin

2.

pCMV-Turbo-Nluc

Zeocin

3.

pCMV-PH-AKT-EGFP

Kanamycin

4.

pCMV-PH-AKT-Nluc

Ampicillin

5.

pCMV-PH-AKT-Rluc8.6

Zeocin

6.

pCMV-GAP-Turbo

Ampicillin

7.

pCMV-Cerulean-EKARcytoplasmic-Venus

Ampicillin

8.

pCMV-Cerulean-EKARnuclear-Venus

Ampicillin

9.

pCMV-Nluc-EKARcytoplasmic-mOrange

Zeocin

10.

pCMV-Nluc-EKARnuclear-mOrange

Zeocin

11.

pCMV-FL2

Ampicillin

12.

pCMV-mtFL

Ampicillin

13.

pCMV-RL

Ampicillin

14.

pCMV-mtFL-p62

Ampicillin

15.

pCMV-FL-p62

Ampicillin
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6.1.5 Bacterial culturing technique
All bacterial cultures were grown aseptically in LB media or LB agar in presence or absence
of antibiotics and incubated at 37°C for growth. For bacterial culture grown in media, tubes
were kept under mild stirring at 180 RPM

6.1.6 Preparation of Competent cells
1. Single E.Coli colonies were obtained by streaking DH5α strain on LB agar and grown at
37°C for 16 hours
2. Starter culture were prepared by suspending well isolated colony in 1 ml of LB medium and
grown for 6 hours in 1.5 mL Eppendorf tube at 37°C, 180 RPM
3. 200 μl of the starter culture was added to 100 mL SOB in 1 litre conical flask and incubated
at 20°C at 150 RPM. Culture were grown till the absorbance of the medium reached 0.5 at
600 nm

4. Next, culture was chilled on ice for a minimum of 10 minutes and kept on ice for all the
following steps

5. The bacterial suspension was then aliquoted in pre-chilled 50 ml sterile centrifuge tubes and
centrifuged at 4°C for 10 minutes at 3000 RPM

6. The supernatant consisting of clear media was discarded and bacterial pellet was processed
for making competent cells

7. Bacterial pellet was gently re-suspended in 50 ml of freshly prepared ice-cold TB buffer by
gentle tapping and incubated for 10 minutes on ice

8. After 10 minutes bacterial suspension was centrifuged at 4°C for 10 minutes at 3000 RPM
and supernatant was discarded
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9. Bacterial pellet was gently re-suspended in 2 ml of ice-cold TB buffer containing 7% DMSO
by tapping and incubated on ice for 10 minutes
10. After incubation, 100 μl of bacterial suspension were aliquoted in pre-chilled 1.5 mL micro
centrifuge tubes on ice
11. The aliquots were flash-frozen in liquid nitrogen and stored at –80℃ till use

6.1.7 Bacterial transformation
1. 10ng of plasmid DNA was added to 100 µl of competent cells were thawed on ice and mixed
with 10ng of plasmid DNA and incubated on ice for 30 minutes
2. After incubation, competent cell were incubated at 42°C for 60 sec for heat-shock and
followed by incubation on ice for 5 minutes
3. 900µl of LB medium was added to the cells and incubated at 37°C for 60 minutes at 180
RPM
4. Desired volume of bacterial culture were then plated on an LB agar plate with the
appropriate antibiotic

6.1.8 Plasmid isolation
NucleoSpin® Plasmid kit manufactured by MACHEREY-NAGEL (MN), Germany was used
for all plasmid isolation.
1. 10 ml of bacterial culture containing desired plasmid were grown overnight at 37°C at 180
RPM
2. Bacterial culture were pelleted by centrifugation at 3000RPM for 10 minutes at 4°C and
resuspended in 250 µl Buffer A1 containing RNase A
3. For cell lysis, 250 µl of Buffer A2 was added and mixed gently
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4. 300 µl of neutralization buffer A3 was added and centrifuged at 12,000 RPM for 5 minutes
for pelleting cell debris
5. Clear supernatant containing plasmid of interest was loaded on to NuceloSpin column and
centrifuged at 12,000 RPM for 1 minute
6.

Columns were washed with buffer A4 to remove salts and dried by additional step of

centrifugation at 12,000 RPM for 1 minute and heating at 70°C
7. Plasmids were eluted using milliQ water pre-warmed to 70°C
8. Plasmid yield was quantified using Nanodrop spectrophotometer, Thermo Scientific, USA

6.2 Molecular Cloning
6.2.1 Reagents
Sr. No.

Reagent name

Source

1

Glacial acetic acid

Fisher Scientific, USA

2

EDTA

Invitrogen, USA

3

Tris base

Sigma, USA

4

Agarose

Sigma, USA

5

Ethidium bromide (EtBr)

Sigma, USA

6

6X DNA loading dye

NEB, USA

7

DNA molecular weight standards

NEB, USA

8

NucleoSpin® Gel and PCR Clean-up kit

Macherey-Nagel, Germany

9

Restriction enzymes and buffers

NEB, USA

10

T4 DNA Ligase kit

NEB, USA

11

PrimeSTAR GXL DNA Polymerase Kit

Clontech-Takara-Bio, USA

6.2.2 Electrophoresis Buffers:
Tris acetate EDTA buffer (TAE):

40mM Tris base, 20mM glacial acetic (20mM) and 1mM

Sodium EDTA
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6.2.3 DNA gel electrophoresis
1. Desired percentage of agarose gel depending on the size of the DNA was made and EtBr
was added for visualization of nucleic acids at concentration of 0.2g/ml
2. Samples were prepared by mixing appropriate volume of 6X loading dye and loaded on to
agarose gel along with molecular weight standard
3. Gel was run at 60-80V in TAE buffer for desired time for optimal resolution of the band of
interest and visualized in gel doc under UV light

6.2.4 Polymerase chain reaction (PCR)
1. All PCR reaction mixture of 25µl reaction volume were made to as given in the following
table
Components
and
concentration
5X PCR buffer
2.5mM dNTPs
Forward Primer 10µM
Reverse Primer 10µM
PrimeSTAR
GXL
Polymerase
Template DNA 20 ng/µl
milliQ water
Total volume

stock

Volume
5 µl
4 µl
0.25 µl
0.25 µl

DNA

0.5 µl
2
13 µl
25 µl

2. PCR reaction conditions

*Annealing temperature was calculated using online tool using the formula:
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Tm (℃ ) = [(the number of A and T) x 2] + [(the number of G and C) x 4] - 5
** For colony PCR all reaction conditions were kept similar apart from initial denaturation
which was 4 minutes instead of 2 minutes

6.2.5 Restriction digestion
1. Appropriate restriction enzymes with incompatible ends were selected
2. All restriction digestion were made using following table
Component

Volume/concentration

Plasmid DNA / PCR amplified DNA

1µg

10X-NEB restriction buffer (according
5µl (1X)
to restriction enzymes of choice)
Restriction enzyme 1

10 units / 1µg of DNA

Restriction enzyme 2

10 units / 1µg of DNA

Nuclease free water

Volume make up to 50µl

3. Reaction mixture were incubated at 37°C water bath for 16-20 hours
4. Efficiency of restriction digestion was assessed by DNA gel electrophoresis

6.2.6 DNA purification from gel, PCR product and restriction digestion reactions
1. Desired DNA fragment was cut from agarose gel under UV-illuminator
2. Agarose pieces containing DNA fragment were collected in micro centrifuge tube and
weighed
3. DNA was purified from gel using NucleoSpin® Gel and PCR Clean-up kit
4. Gel piece was melted at 550C in NT1 buffer (volume of NT1 buffer= 2*weight of gel in mg)
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* Same kit was used for purifying DNA from PCR product and restriction digestion reaction
with modification in volume of NT1 buffer (volume of NT1 buffer= 2*volume of reaction)
5. Solution contacting the DNA fragment of interest was loaded in the nucleospin column and
centrifuged at 12,000 RPM for 1 minute
6. Columns were washed with buffer NT3 to remove salts and dried by additional step of
centrifugation at 12,000 RPM for 1 minute and heating at 70°C
8. DNA fragment were eluted using milliQ water pre-warmed to 70°C
8. Yield was determined using Nanodrop spectrophotometer, Thermo Scientific, USA

6.2.7 Ligation
1. Purified cut vector and insert (vector to insert ratio: 1:3) were ligated at 160 C for 16-20
hours using T4 DNA ligase using the following protocol
Component

Volume/concentration

Vector Plasmid DNA (1X)

50-100 ng

Insert plasmid DNA (3X)

150-300 ng

10X-NEB T4 DNA ligase buffer

2µl (1X)

T4 DNA Ligase enzyme

1µl

milliQ water

Volume make up to 20µl

2. Ligated products were transformed in E. Coli DH5α and screened by colony PCR or
restriction digestion followed by plasmid purification
6.2.8 Side Directed Mutagenesis (SDM)
1. Mutagenesis primers containing desired mutation of interest were designed.
SDM Primer for introduction of K14A mutation in PH domain of AKT
Forward SDM primer: ggctgcacGCCcgaggggaatatattaaaacc
Reverse SDM primer: cctcggGCgtgcagccagccctcct
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2. PCR reaction mixture using the plasmid DNA (PH-AKT-Nluc/PH-AKT-EGFP) of interest
was constituted following the below table
Component

Volume/Concentration

Plasmid DNA

125 ng

Forward SDM primer

125 ng

Reverse SDM primer

125 ng

2.5 mM dNTPs mix

4µl

5X-Primestar GXL buffer

10µl

Primestar GXL enzyme (high fidelity)

1µl

Nuclease free water

Volume make up to 50µl

3. PCR reaction conditions:

*Annealing temperature was calculated using online tool using the formula:
Tm (℃ ) = [(the number of A and T) x 2] + [(the number of G and C) x 4] – 5
4. The PCR products were analysed based on their predicted size by gel electrophoresis
5. The PCR product and the original template DNA were digested with DpnI restriction enzyme
following restriction digestion protocol mentioned above
6. Following digestion, PCR products were purified and transformed in DH5α in presence of
antibiotic
7. 5-10 isolated colonies were grown overnight in LB broth containing antibiotic for
amplification of mutated plasmid DNA

Page 208 of 264

8. Plasmid DNA was purified and screened using Sanger sequencing to identify construct/s
harbouring desired mutation

6.3 Cell culture
6.3.1 Reagents and chemicals
Sr. No.

Reagent name

Source

1

Media – DMEM, MEM and RPMI

Gibco, USA

2

Foetal bovine serum (FBS)

HiMedia, India

3

100X-Penicillin – Streptomycin (Pen-Strep)

HiMedia, India

4

Trypsin-0.25% – (EDTA)-0.02%

Sigma, USA

5

Dimethyl sulfoxide (DMSO)

Sigma, USA

6

G418

Sigma, USA

7

Puromycin

Sigma, USA

8

Superfect transfection reagent

Qiagen, USA

9

Lipofectamine 2000

Invitrogen, USA

10

Trypan blue solution (0.4%)

Sigma, USA

11

Vybrant DyeCycle Violet (DCV) stain

Thermo Fisher Scientific, USA

12

Verapamil hydrochloride

Sigma, USA

13

Polybrene

Sigma, USA

14

Charcoal stripped serum

HiMedia, India

6.3.2 Buffers
Phosphate Buffer Saline: 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4 and 2mM KH2PO4, pH
7.4.

6.3.3 Cell lines
List of cell lines used in this study with culture media.
Sr. No.

Cell line name

Origin

Source

Culture media

1

A2780

Ovarian cancer

ATCC

DMEM
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2

OAW42

Ovarian cancer

ATCC

MEM

3

SKOV3

Ovarian cancer

ATCC

RPMI

4

MCF7

Breast cancer

ATCC

RPMI

5

HEK293FT

ATCC

DMEM

Human
kidney

embryonic

6.3.4 Cell culture Methods
Standard aseptic practice was followed for performing cell culture, All the cell lines were
maintained in their respective media supplemented with the 10% FBS and 1% Pen-Strep and
incubated under 5% CO2 at 37°C in a humidified incubator. Cells with 70-80% confluence
were used for experiments.
*for BRET assay to measure growth factor induced ERK and AKT activation, culture media
was supplemented with 10% charcoal stripped serum instead of normal FBS
6.3.4.1 Sub culturing of Cells
1. Old culture media was aspirated from culture plate using sterile glass pipette and cells were
washed with 1X PBS buffer
2. Required volume of Trypsin-EDTA solution was added to the plate to cover the entire
surface and the cells were then incubated in 37⁰C incubator for 3-4 minutes
4. Activity of trypsin was neutralized by complete medium in ratio of 1:3
5 Single cell suspension was made by gently pipetting and cells were centrifuged at 800 RPM
for 4 minutes. Supernatant was discarded and the cells were resuspended in complete medium
6. Viable cell count was determined using trypan blue dye exclusion method followed by
manual cell counting in a haemocytometer. Number of cells/ml were calculated using the
following formula: No of cells/ml= average number of cells per WBC chamber*dilution
factor*104
7. A portion of cell suspension was reseeded according to the requirement in new culture plate/s
with fresh complete medium
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6.3.4.2 Cryopreservation
1. Adherent cells were trypsinized and collected in 15ml tube
2. Cells were washed twice with 1XPBS and collected by centrifugation at 800 RPM for 4
minutes s at 4⁰C
3. 1 million cells were resuspended well in freezing medium containing 30% FBS and 8%
DMSO (950µl FBS and 50µl DMSO)
4. Vials were kept in freezing container filled with isopropanol and transferred to -80⁰C
5. On the following day, the vials were transferred to liquid Nitrogen for long term storage of
the cells

6.3.4.3 Revival of Cryopreserved vials
1. Vial removed from liquid N2 was immediately transferred to water bath set at 37⁰C
2. Thawed cells were resuspended in 1ml complete medium and centrifuged at 800RPM for 4
minutes s at 4⁰C
3. Cells were washed once with 1X PBS and centrifuged at 800 RPM for 4minutes s at 4⁰C
4. Cells were resuspended in culture medium and plated in 60mm dish containing complete
medium
5. Cells were allowed to recover and revive at 37⁰C incubator with 5% CO2 supply overnight

6.3.5 Cell proliferation assay
1. 2*104 cells were seeded in each well of a 6 well plate in triplicate
2. Viable cell count was determined using trypan blue dye exclusion method followed by
manual cell counting in a haemocytometer at every 24 hours till 120 hours
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3. Cell number was plotted against time to determined proliferation rate and doubling time was
calculated using online doubling time calculator

6.3.6 Transient transfection of mammalian cell lines
All transfections were performed using Superfect, Qiagen, USA transfection reagent according
to manufacture guidelines at 70 % confluency
For luciferase assay:

Transfection of luciferase construct of interest and normalization vector

was done in a ratio of 9:1
For BRET assay: Transfection of donor and acceptor plasmid was done in a ratio of 1:1. For
normalization, cells were transfected with only donor
6.3.7 Stable transfection (mtFL-p62) of mammalian cell line (A2780DualER)
1. Cells were trypsinized post 24 hours of transfection with mtFL-p62 and split in to 100 mm
tissue culture dish at single cell density
2. Cells were cultured in complete media containing 4µg/ml of Puromycin
3. Feed fresh sterile media with adequate quantity of Puromycin was added every 72 hours
4. Once well isolated colonies emerged in cell culture dish, they were picked using pipette and
transferred to a 96-well plate containing selection media
5. Each colonies were screened using luciferase assay to identify cells expressing transgene
6. Colonies were expanded and cryopreserved as per requirement

6.4 Cell viability assay
6.4.1 MTT assay
1. 2*103 cells were seeded in each well of a 96 well plate in triplicate and incubated overnight
in a humidified incubator at 37°C and 5% CO2
2. Cells were treated with various drug at desired concentration
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3. All the cytotoxicity test were performed after 48 hours of drug treatment and the cells were
incubated for 72 hours
4. At end points, 20µl of MTT (5mg/ml) reagent (Sigma, USA) was added to each well and
incubated for 3 hours
5. The spent media from each well were removed completely
6. 100µl DMSO per well was added to solubilise the dye
7. Absorbance from each well was measured at 560nm and 670nm and percent cell viability
was calculated using the formula
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑇𝑒𝑠𝑡 𝐴𝑏𝑠𝑜𝑏𝑎𝑛𝑐𝑒 560 − 𝑇𝑒𝑠𝑡 𝐴𝑏𝑠𝑜𝑏𝑎𝑛𝑐𝑒 670
𝑋 100
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐴𝑏𝑠𝑜𝑏𝑎𝑛𝑐𝑒 560 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐴𝑏𝑠𝑜𝑏𝑎𝑛𝑐𝑒 670

6.4.2 CellTox assay
1. 1*104 cells were seeded in each well of a black clear bottom 96 well plate in triplicate and
incubated overnight in a humidified incubator at 37°C and 5% CO2
2. Cells were treated with various drug at a concentration mentioned below along with CellTox
dye (1:1000 dilution)

Drug

Concentration

Source

Cisplatin-paclitaxel

250ng of cisplatin-42.5ng of Sigma, USA
paclitaxel

Trametinib

10 nM

Cayman Chemicals, USA

3. Real time cell death kinetics was measured at every 6 hour interval at 485-500 nmEx/520530 nmEm in Biotek cytation5 (VT, USA) imaging system
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6.4.3 Clonogenic assay
a) Cells were trypsinized and viable cell count was determined using haemocytometer
b) 500 cells were seeded per well in 6-well plates and incubated under at 37°C under 5%
CO2 in a humidified incubator
c) On the following day, cells were treated with increasing dose of platinum-taxol for 2
hours
A2780 model: 100ng cisplatin+13 ng paclitaxel, 250ng cisplatin+ 42.5 ng/ml of
paclitaxel
OAW42 model: 70 ng cisplatin+13 ng paclitaxel, 100 ng cisplatin+ 20 ng/ml of paclitaxel

d) After treatment spent media was removed and fresh complete media was added
e) Cells were incubated at 37°C under 5% CO2 in a humidified incubator for 10-14 days
till visible colonies appear
f) After the end of the incubation period, plates were washed once with PBS and fixed
using pre-chilled mixture 90% methanol and 10% glacial acetic acid at -20°C for 5
minutes
g) Cells were stained with staining solution (0.5% crystal violet in 90% methanol + 10%
glacial acetic acid) and incubated for 1 hour at room temperature
h) Excess staining solution was then discarded and plates were washed once with 1X
PBS
i) Plating efficiency was calculated using following formula

𝑃𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
𝑋 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
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j) Surviving fraction was determined using the formula,

𝑆𝑢𝑟𝑣𝑖𝑣𝑖𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑃𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
𝑃𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒

6.5. Immunoblotting
6.5.1 Reagents
Sr. No.

Reagent name

Source

1

Bradford regent

Sigma, USA

2

Tris-base

Hi media, India

3

Sodium dodecyl sulphate (SDS)

Hi media, India

4

β-mercaptoethanol

Sigma, USA

5

100X-Protease inhibitor cocktail

Sigma, USA

6

Sodium orthovanadate

Sigma, USA

7

Sodium fluoride

Sigma, USA

8

Sodium chloride

Sigma, USA

9

Sodium EDTA

Sigma, USA

10

Sodium deoxycholate

Sigma, USA

11

Nonidet P-40 (NP-40)

Sigma, USA

12

Triton-X-100

Sigma, USA

13

Acrylamide

Hi media, India

14

Bis-acrylamide

Sigma, USA

15

Ammonium persulfate

Sigma, USA

16

Tetramethylethylenediamine (TEMED)

Sigma, USA

17

Pre-stained protein ladder

Hi media, India

18

Methanol

SRL Chemicals, India

19

Polyvinylidene difluoride (PVDF) membrane

PALL, USA

20

Bovine serum albumin

Hi media, India

21

Skimmed non-fat milk

Hi media, India

22

Tween 20

Sigma, USA

23

Enhanced chemiluminescent substrate

Clonetech Takara, USA

(BSA)
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24

Horseradish

peroxidase

(HRP)-conjugated

secondary antibodies

Sigma, USA

6.5.2 Primary antibodies
Sr. No

Antibody

Dilution

Source

1

Phospho ERK1/2

(1:2000)

CST, USA

2

Total ERK1/2

(1:2000)

CST, USA

3

Phospho AKT

(1:2000)

Sigma, USA

4

Total AKT

(1:2000)

Sigma, USA

5

Phospho p90RSK1/2

(1:1000)

R&D systems, USA

6

Total p90RSK1/2

(1:1000)

R&D systems, USA

7

Fra-1

(1:1000)

Santacruz biotechnology, USA

8

LC3

(1:1000)

CST, USA

9

P62

(1:2000)

Abcam, UK

10

UVRAG

(1:1000)

Abclonal, USA

11

Rubicon

(1:1000)

Abclonal, USA

12

Rab7

(1:1000)

CST, USA

13

Phospho mTOR

(1:2000)

CST, USA

14

Phospho mTOR

(1:2000)

CST, USA

15

Phospho BAD

(1:1000)

CST, USA

16

Total BAD

(1:1000)

CST, USA

17

Tubulin

(1:4000)

Sigma, USA

6.5.3 Buffers
Sr.
No.

Buffer name

Compositions
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50mM Tris-HCl pH 8.0, 150mM
1

Radio immunoprecipitation assay (RIPA) NaCl, 1% Nonident P-40 or 1%
buffer

Triton-X100,

0.5%

Sodium

deoxycholate and 0.1% SDS.
2

Resolving gel buffer

1.5 M Tris-HCl, pH 8.8

3

Stacking gel buffer

0.5 M Tris-HCl, pH 6.8.
0.5 M Tris-HCl pH 6.8, 10% SDS,

4

5X-Protein loading buffer

50%

Glycerol,

0.01%

Bromophenol blue and 25% βmercaptoethanol.

5

Gel running buffer

25mM Tris base, 190mM Glycine
and 0.1% SDS.
29g Acryamide + 1g of Bis-

6

30% Acryl amide mix

acrylamide

in

100ml

double

distilled water.
48mM Tris, 39mM glycine,

7

Transfer buffer

8

Tris-buffered saline (TBS)

20mM Tris, 150mM NaCl, pH 7.4.

10

Wash buffer (TBST)

TBS with 0.1% Tween 20.

11

Blocking buffer

12

Stripping buffer

0.04% SDS and 20% methanol.

5% BSA or 5% Skimmed-non-fat
milk in TBST
62.5mM Tris, 20% SDS and 0.8%β-mercaptoethanol

6.5.4 Immunoblotting
6.5.4.1 Lysate preparation
1) Cells were collected by trypsinization and required amount of the RIPA lysis buffer
supplemented with 1X-protease inhibitor cocktail, 1mM-Sodium orthovanadate and
5mM-Sodium fluoride was added to cell pellet
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2) Cells were incubated on ice for 1 hour and sonicated in water cooled sonicator
(Biorupter) at high amplitude for 3-5 cycles (30-seconds-on/30-seconds-off)
3) Cell lysates were centrifuged at 14000RPM for 30 minutes at 4°C to remove cell
debris
4) Clear supernatant was collected as cell lysates for further use
6.5.4.2 Bradford assay
1) BSA standards were made by serially diluting 1mg/ml stock (Concentration range
0.2mg/ml-1mg/ml)
2) 5 µl of each of standard concentration was added to 250 µl of Bradford reagent in
triplicate
3) Absorbance was measured at 595nm, values were subtracted against the blank and a
standard curve was plotted by using the linear regression analysis. The formula derived
from the standard curve was used for estimating protein concentration of the cell lysates
4) Cell lysates were diluted 10 times with PBS and 5 µl of diluted cell lysate was added to
250 µl of Bradford reagent in triplicate
5) Colorimetric absorbance was taken at 595nm using Biotek citation 5
6) Absorbance values were subtracted against the blank and protein concentration was
calculated using the formula derived from the standard curve

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (µ𝑔/µ𝑙) =

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 + 𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑟𝑎𝑑 𝑐𝑢𝑟𝑣𝑒
𝑋 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒

7) Protein samples were prepared by mixing 30-60 µg of protein lysates with 5X-loading
buffer
8) Samples were heated at 95°C for 5 minutes and used for loading on poly-acrylamide gel
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6.5.4.3 Poly-acrylamide gel casting
1) Gel percentage was determined according to the molecular weight and casted by following
the below table
2) Resolving gel was poured first and allowed to polymerize for 30 minutes
3) Stacking gel was poured over resolving gel and allowed to polymerize for 30 minutes after
placing the comb

% Acrylamide

8%
AKT,

12%

4% (stacking)

mTOR,
ERK1/2, LC3, p62,

Proteins detected

UVRAG,

Rubicon,

Rab7, BAD, Fra-1

p90RSK1/2
Milli Q water

4.6 ml

3.3 ml

1.25 ml

30% Acrylamide

2.7 ml

4 ml

0.25 ml

1.5 M Tris pH 8.8

2.5 ml

2.5 ml

0.5 ml

0.5 M Tris pH 6.8
10% SDS

100 µl

100 µl

20 µl

10% APS

50 µl

50 µl

10 µl

TEMED

5 µl

5 µl

2 µl

6.5.4.4 Procedure for immunoblotting
1) The solidified gel was placed in the cassette and fitted with electrodes in the tank.
2) The tank was filled with 1X running buffer completely
3) The comb was then gently removed and the wells were washed with the buffer to remove
un-polymerized gel pieces
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4) The prepared samples (as mentioned in section point 8 section 6.5.4.2) were then loaded into
respective wells
5) The gel was then allowed to run at 60V, 400mA. After the sample entered the resolving gel
the voltage was gradually increased to 80V. The run was stopped as soon as desired resolution
has been achieved
6) The PVDF membrane was activated by soaking in methanol for 60 seconds
7) The gel, blotting paper and activated PVDF membrane were then soaked in 1X transfer
buffer and incubated for 10 minutes
8) Onto the base of the Trans blot system the two soaked blotting papers were placed one after
another, the transfer buffer was poured on top of the membrane and the air bubbles were
removed carefully. Then, the PVDF membrane was placed and the gel was carefully placed
over it
9) The remaining two blotting papers were placed on the top of the gel and same as before the
transfer buffer was poured, ensuring that the bubbles were removed
10) Transfer of proteins were performed at 13V, 400mA for 1 hr
11) After complete transfer, the membrane was removed carefully and then incubated in 40 ml
of 5% blocking buffer for 1 hr on a shaker
12) After blocking, the membrane was probed with primary antibody(s) and incubated
overnight at 4oC with gentle shaking
13) Next day, the membrane was washed thrice with the wash buffer (1X TBST) and then
incubated with the secondary antibody for 2 hour at room temperature
14) After the secondary Ab incubation the membrane was again washed thrice with the wash
buffer.
15) Proteins were detected using chemiluminescent substrate and imaged in chemidoc imaging
system (Biorad)
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16) Blots were stripped by incubating with stripping buffer for 10 minutes under vigorous
shaking and reprobed with Tubulin antibody (loading control) and procced as mentioned before
for detection of protein band

6.6 Transmission Electron Microscopy
1) 5*106 cells were collected by trypsinization and centrifuged in 15 ml tube at 1000 RPM for
4 minutes
2) Cell pellets were collected in a 1.5 ml micro-centrifuge tube and fixed using 2.5%
glutaraldehyde (Volume: Volume) in 0.1 M cacodylate buffer (pH: 7.4)
3) Fixed cells were treated with 1% osmium tetroxide (weight: volume) in 0.1 M cacodylate
buffer and incubated at 40 C for 1 hour
4) Samples were dehydrated in graded series of ethanol (30%-50%-70%-90%-100%). In each
step samples were dipped in ethanol solution for 15 minutes
5) Samples blocks were prepared by embedding in araldite resin and incubated at 70°C for 24
hours for polymerization
6) Ultrathin sections of approximately 50-70nm were made using Lieca UC7 ultramicrotome
7) Sections were mounted on 300 mesh copper grids and stained with 10% Uranyl acetate
alcoholic and lead citrate for contrast enhancement
8) Samples were imaged on a JEOL 1400plus transmission electron microscope operated at
120 kV using Tengra camera and acquired with iTEM software
9) Autophagic bodies were identified and quantified on the basis of their morphology and
staining intensity in 10-15 cells across different fields
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6.7 Confocal and Immuno-fluorescence microscopy
6.7.1 Confocal microscopy
1) 5*105 cells were seeded in 35 mm tissue culture dish containing 22 mm coverslips and
incubated at 370 C humidified incubator at 5% CO2
2) On the following day, cells were transfected with mCherry-EGFP-LC3/PH-AKT-EGFP/
NAT constructs/GAP-TurboFP635 as mentioned previously
3) Cells were then treated* as necessary and fixed with 4% paraformaldehyde for 15 minutes
at 370 C incubator.
4) Coverslips were then mounted on glass slide using Vectasheild (Vector labs, USA) and
imaged on LSM780, Ziess confocal microscope
5) Images were analysed using image J or Zen software.
* mCherry-EGFP-LC3 assay:
1) A2780, DualER

and DualLR cells were transfected with mCherry-EGFP-LC3 plasmid and

treated for 24 hours with platinum-taxol (at concentration 10 times the respective IC50) alone
or in combination with U0126 (10 µM)
2) Cells were imaged in LSM780 microscope using 488 and 633 laser with 40X optical zoom
and 2X digital zoom
3) Images were analysed for colocalization and ratio of mCherry and EGFP puncta. For
colocalization analysis Ziess Zen imaging software’s “coloc” function was used. Pixel
intensity spatial correlation analysis was used to determine the extent of co-localization of
mCherry and EGFP puncta and data was represented as mean Manders colocalization
coefficient derived from total number of cells counted. The values of Mander colocalization
coefficient ranges between 0 to 1, where 0 depicts no colocalization and 1 represents perfect
colocalization. A value over 0.5 signifies the extent of proper co-localization. For calculation
of mCherry/EGFP ratio, a fixed intensity threshold was set before estimating the number of
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EGFP or mCherry puncta. Number of puncta was calculated using “find maxima function” of
Image J software at respective green and red channel. The ratio of red vs green puncta was then
calculated for each cell and represented as mean of total number of cells analysed (n< 40 cells)
* For monitoring membrane localization of PH-AKT
1) A2780 cells were transfected PH-AKT or K14A-PH-AKT construct and treated with 100nM
of insulin for 15 minutes

6.7.2 Immunofluorescence
6.7.2.1 Primary antibodies
Sr. No

Antibodies

Dilution

Source

1

Phospho ERK1/2

(1:200)

CST, USA

2

LC3

(1:100)

CST, USA

3

LAMP1

(1:200)

DSHB

6.7.2.2 Protocol
1) Cells were seeded on 22 mm coverslips on the previous day of experiment
2) After overnight incubation cells were treated as required
3) Cells were then fixed with 4% paraformaldehyde for 15 minutes at 370C room temperature
4) After fixation, the coverslips were washed twice with 1X PBS and then permeabilized with
0.2% Triton X-100 in 4% PFA for 15 minutes
5) Cells were then washed with 1X PBS thrice and blocked with 3% BSA for 30 minutes at
room temperature.
6) 40μL of the primary antibody solution was added on a parafilm and then coverslips were
inverted onto the solution
7) These parafilms with the coverslips were then kept overnight at 40 C in a humidified
chamber.
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8) On the following day, the cells were washed with 1X PBS for three times and incubated for
2 hours at room temperature with respective secondary antibodies (1:200) diluted in 3% BSA
in 1X PBS
9) After incubation, the cells were again washed with 1X PBS thrice and DNA was labelled
using DAPI
10) Coverslips were then mounted on glass slides using Vectashield (Vector Laboratories,
USA)
6.7.2.3 Analysis
For counting LC3+ve/LAMP+ve puncta: colocalized puncta LC3 and LAMP1 puncta were
first identified using “coloc” function of Zen imaging software and then counted using “ find
maxima” function of image J software.
For morphometric analysis of LC3+ve puncta: area of LC3 puncta was deduced from the
pixel size using image J software in the following manner
1) A scale was set according to the known distance
2) Images were converted to 8 bit binary images and analysed using “analysed particles”
function of image J software
3) The diameter of each LC3 puncta was calculated using the formula: Area (𝐴 =4𝜋𝑟2) with
the assumption that each LC3 puncta are perfect sphere. The value of the diameter obtained
above was used to calculate the volume using the formula: Volume (V)=4/3 πr^3

6.8 Flow cytometry
6.8.1 Annexin-PI assay
1. 3*105 A2780/OAW42DualER cells were seeded and treated with either platinum-taxol (10
times the IC50 dosage of respective cells), only Trametinib (10 nM) or their combination for 12
and 24 hours
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2. Cells were harvested after treatment and washed with ice cold PBS (1X)
2. 1X annexin binding buffer was prepared by adding 1 ml of 5x annexin binding buffer with
4 ml deionized water
3.

100 µg/mL working solution of PI was prepared by diluting 5 ul of 1mg/ml PI stock

solution with 45 ul of 1X annexin binding buffer
4.

The washed cells from step 2 were pelleted down again, supernatant discarded and

resuspended in 100 ul 1X annexin binding buffer
5. To this, 5 µL of Alexa Fluor® 488 annexin V and 1 µL of 100 µg/mL PI working solution
was added
6. The cells were incubated at Room temperature for 15 minutes
7. After the incubation, 400 µL 1X annexin-binding buffer was added, mixed gently and
analysed the stained cells through Flow Cytometry, measuring the florescence emission at 530
nm band pass filer and

575 nm high pass filter

6.8.2 Staining with CD133 for flow cytometry
1. 3*105 Cells were harvested and washed with ice cold PBS
2. Cells were resuspended in blocking buffer containing 3% FBS in 1X PBS for 20 minutes on
ice
3. The cells were centrifuged at 1500 RPM for 5 minutes and the supernatant was discarded
4. Anti-CD133 antibody (1:100) was added to the cells and incubated on ice for 30 minutes
5. The cells were then washed with PBS, centrifuged at 1500 RPM for 5 minutes and
resuspended in secondary anti-rabbit alexaflour 488 (1:200)
6. The cells were incubated for 30 minutes on ice in the dark
7. The cells were then washed in ice cold PBS three times, resuspended in FACS buffer for
analysis in flow cytometer.
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6.9 Luciferase assay
6.9.1 Reagents
Sr. No.

Reagent name

Source

1

5X-Passive lysis buffer

Promega, USA

2

Lar-II (Firefly luciferase substrate)

Promega, USA

1mg/ml Coelenterazine in 100%-Methanol (Renilla
3

Biosynth, USA
luciferase substrate)

6.9.2 Protocol
1) Cells with desired reporter plasmids (pCMV-mtFL-p62/FL-p62) were transfected along
with normalization vector (pCMV-RL) as described previously and transfected cells were
seeded in triplicates in a 24-well plate. In context of stables cell lines, cells were directly seeded
in triplicates in a 24-well plate
2) Cells were treated with drugs as mentioned below for 24 hours
Cell line

Chemotherapeutic drugs

Inhibitors

A2780/OAW42

Cisplatin

Chloroquine (CQ, 10µM)

(500ng/ml)+paclitaxel
(85ng/ml)

Wortmanin (500ng/ml)

Rapamycin (200ng/ml)

Etoposide (30nM)
DualER

U0126 (10 µM)
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Cisplatin

Trametinib (10 nM)

(2500ng/ml)+paclitaxel
(425 ng/ml)

Bortezomib (100 ng/ml)

Chloroquine (CQ, 10µM)

DualLR

Cisplatin

Chloroquine (CQ, 10µM)

(5000ng/ml)+paclitaxel
(850 ng/ml)

3) After 24 hours of incubation with each drug cells were washed twice with PBS and lysed
with 80µl of 1X-Paasive lysis buffer containing protease inhibitor
4) Cell lysate was incubated at room temperature for 10 minutes with continuous shaking
5) Cell lysates were collected in 1.5 ml micro-centrifuge tube and cell debris were removed by
centrifugation at 14000 RPM for 30 minutes at 4°C
6) Clear supernatant was collected for luciferase assay and protein estimation
7) Luciferase assay was performed in a white 96-well plate by adding 10-20µl of lysate with
50µl of Lar-II substrate
8) Bioluminescence reading was immediately measured in open filter for 1 second in Biotek
citation 5.
9) To measure Renilla luciferase activity, coelenterazine (1mg/ml, dilution: 1:50) was used in
the same way as described for Lar-II substrate
10) Protein concentration was measured using Bradford assay as described in section 6.5.4.2
11) Reporter activity was calculated as mentioned below:


Relative reporter activity from transient transfection experiment,
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
=


𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑖𝑔ℎ𝑡 𝑢𝑛𝑖𝑡𝑠 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 𝑔𝑒𝑛𝑒/𝑃𝑟𝑜𝑡𝑒𝑖𝑛
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑖𝑔ℎ𝑡 𝑢𝑛𝑖𝑡𝑠 𝑜𝑓 constitutively 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 𝑔𝑒𝑛𝑒/𝑃𝑟𝑜𝑡𝑒𝑖𝑛

Relative reporter activity from cells stably expressing reporter gene,

𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑅𝐿𝑈/µ𝑔/𝑠𝑒𝑐) =

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑖𝑔ℎ𝑡 𝑢𝑛𝑖𝑡𝑠 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 𝑔𝑒𝑛𝑒
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

6.10 Live cell imaging of autophagic flux
1) 5*104 cells expressing mtFL-p62 were seeded in each well of a clear bottom 96 well black
plates and incubated overnight at 370C in a humidified incubator at 5% CO2

2) On the following day, cells were treated with drugs (as mentioned in point 2 section 5.8) for
12 and 24 hours

3) 1mg/ml D-luciferine was added to each wells after end of 12 and 24 hours

4) Images were acquired in IVIS spectrum (Perkin-Elmer, USA) using open filter settings to
collect the total light output. A subject height of 0.50 cm with medium sized field of view (C
setting in IVIS software) was used to acquire bioluminescence signal after every 1 minute to
capture the peak luciferase activity

5) For quantification of bioluminescence signal average radiance were measured by drawing
ROI over each well and quantified using the Live Image (4.4) software.

Page 228 of 264

6.11 Quantitative Real-time PCR
6.11.1 Reagents
Sr. No.

Reagent name

Source

1

RNeasy total RNA isolation minutes i kit

Qiagen, Germany

2

SuperScript™ First-Strand cDNA Synthesis kit

Invitrogen, UK

3

PowerUp SYBR Green

Applied Biosystems, USA

4

Ethanol

Sigma, USA

5

Diethyl pyrocarbonate (DEPEC)

Sigma, USA

6

Sodium acetate

Fisher scientific

7

Sodium-EDTA

Invitrogen, USA

8

Formaldehyde

Sigma, USA

9

Formamide

Sigma, USA

10

Ethidium bromide

Sigma, USA

11

6X-RNA loading dye

12

Agarose

Sigma, USA

6.11.2 Buffers
MOPS buffer (1X): 4.186g-MOPS (20mM), 0.411g-Sodium acetate (5mM), 0.372g-Sodium
EDTA (1mM) in 1 litre of milliQ and pH (7.0) adjustment was done using NaOH to 7.0
Denaturation mix: 13µl of 37% Formaldehyde, 22µl of Foarmamide and, 65µl of 10X-MOPS
buffer.
6.11.3 RNA isolation
1) Cells were trypsinized and centrifuged at 1000 RPM for 5 minutes at 4°C
2) Cell pellet was used to isolate total RNA from cells using RNeasy mini kit as per protocol
3) RNA yield was determined using Nanodrop spectrophotometer
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4) 1 μg of RNA samples were mixed with 1.8 μl of denaturation mix preparation and heated at
55℃ for 15 minutes in a dry bath
5) An appropriate volume of 6X loading dye was added to the denaturated RNA samples and
loaded on 0.8% formaldehyde-agarose denaturating gel (0.32g of agarose, 4 ml of 10X MOPS
buffer and 36 ml of milliQ)
6) Gel was run in 1X MOPS buffer at 60 V for 45 minutes and the bands were visualized in
a UV-transilluminator.
6.11.4 CDNA synthesis
1) 2 µg of good quality RNA was reverse transcribed into cDNA using Superscript TM first
strand synthesis kit, Invitrogen
2) Two separate reaction mixture was
Reaction-1
S. No. Component

Amount

1

RNA (2 µg)

X µl

2

10 mM dNTP mix

1 µl

3

Random Hexamers

1 µl

4

DEPC-treated water

To 10 µl

Reaction-2
S. No. Component

Amount

1

2 µl

10X RT buffer
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2

25 mM MgCl2

4 µl

3

0.1 M DTT

2 µl

4

RNase OUT (40 U/ µl)

1 µl

3) Reaction-1 was incubated at 650 C for 5 minutes
4) Reaction -1 and Reaction-2 were mixed and incubated at room temperature for 2 minutes
5) 1 µl of Superscript reverse transcriptase enzyme was added to the reaction mixture and
incubated at room temperature for 10 minutes
6) PCR reaction was set using following conditions: 420 C for 50 minutes utes-700 C for 15
minutes
7) 1 µl of RNase H was added to each tube and incubated at 370C for 20 minutes.

6.11.5 Real time polymerase chain reaction
6.11.5.1 List of primers used
Sr. No

Primer name

Sequence

1

OCT4 Forward

2

OCT4 Reverse

3

SOX2 Forward

4

SOX2 Reverse

GCTTAGCCTCGTCGATGAAC

5

NANOG Forward

AAAGCTTGCCTTGCTTTGAA

6

NANOG Reverse

AAGTGGGTTGTTTGCCTTTG

7

GAPDH Forward

TGCACCACCAACTGCTTAGC

8

GAPDH Reverse

GGCATGGACTGTGGTCATGAG

GTGGAGAGCAACTCCGATG
TGCAGAGCTTTGATGTCCTG
AACCCCAAGATGCACAACTC
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6.11.5.2 Protocol
1) The qPCR reaction mixture was prepared for each gene as follows
Sr. No

Ingredients

Amount/Volume

1

2X SYBR Green master mix

5 µl

2

Forward primer (10 pmol/µl)

1 µl

3

Reverse Primer (10 pmol/µl)

1 µl

4

cDNA (10ng/µl)

1 µl

5

milliQ water

To 10 1 µl

2) Samples were run in triplicates for all genes using standard qPCR protocol at an annealing
temperature of 600 C
3) The relative expression of each target gene was calculated using GAPDH as an internal
control as follows: Relative expression = 2- ΔCt where ΔCt = Ct of target gene - Ct of GAPDH.

6.12 Lentiviral mediated genetic knock down
6.12.1 Reagents
Sr. No
1

2

Reagents

Source

Lipofectamine 2000

Invitrogen, USA

Polybrene

Sigma, USA

6.12.2 Preparation of lentiviral particles
1) One day prior to co-transfection 1*106 HEK293FT cells were seeded in a 60mm dish
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2) Plasmids mix was made as mentioned below and co-transfected in HEK293FT cells
a. 2 µg of VSVG plasmid+ 4 µg of pΔ plasmid+ 6 µg of pLL3.7 containing
ERK1 shRNA in 500 ul of incomplete media
b. ERK1 shRNA sequence: 5'-GACCGGATGTTAACCTTTA-3'.
3) 30µl of Lipofectamine 2000 reagent was mixed with 470 µl of incomplete sterile
media
4) Both tubes were incubated at room temperature for 5 minutes
5) Both the tubes were mixed and incubated at 37°C for 20 minutes
6) After the end of incubation period, 2ml of complete media was added to the above
mixture and mixed gently
7) Spent media from the culture plate was removed and the transfection mix was added
to cells and incubated under 5% CO2 at 37°C humidified incubator
8) Post 16-20 hours of transfection media containing transfection complex was removed
and replenished with fresh complete media
9) Cells were incubated under 5% CO2 at 37°C humidified incubator for 48-60 hours
and syncytia formation was checked
10) At the end of the 48-60 hours of incubation, spent media was collected into a 15 ml
centrifuge tube aseptically and centrifuged at 2000 RPM for 10 minutes to remove
cells
11) Culture supernatant was then filtered through a 0.45μ sterile syringe into a fresh tube
and ultra-centrifuged at 30,000 RPM for 90 minutes at 4°C. Ultra-centrifuge was set
at highest acceleration while no brake was applied for deceleration
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12) A white viral pellet was collected at the bottom of ultra-centrifuge
13) Supernatant was carefully discarded into a hypo-chloride solution to remove any leftover viral particle
14) 1ml of fresh complete media was added to the pellet and resuspended by gentle
tapping followed by incubation at 40C overnight for proper mixing
15) Aliquot of viral particle containing media was stored at -80°C for future use.
6.12.3 Viral transduction
1) 4 × 105 to 5 × 105 cells were seeded in a 60 mm culture dish at a confluency of 60%–
70% and incubated overnight at 370C under 5% CO2 in a humidified incubator
2) Viral particle were diluted in fresh media supplemented with 4 μg/ml of Polybrene were
added to culture plate after removal of spent media and incubated at 370C under 5%
CO2 in a humidified incubator for 16 hours
3) Stable clones expressing EGFP were enriched by FACS sorting.

6.13 Side population assay
1) DyeCycle Violet staining (Invitrogen, USA) was used to detect SP (CSC) population
2) Verapamil stock (5mM) was prepared by dissolving 1.23 mg of Verapamil
hydrochloride in 500µl of DMSO
3) 5*106 cells were seeded in 10 cm dish and incubated overnight at 370C under 5%CO2
in a humidified incubator
4) Cells were trypsinized and equally divided in two facs tubes after cell counting
5) Cells in each tubes were resuspended in 1 ml of media
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6) In one of the tubes, labelled as control, 10µl of verapamil stock solution was added and
incubated for 15 minutes at 37°C water bath. The other tube was labelled as test
7) 1µl DyeCycle Violet stain solution was added to both the tubes and incubated for 90
minutes at 37°C water bath in dark. Tubes were tapped at every 15 minutes intervals to
prevent cell clumping
8) After the end of the incubation period, the tubes were kept on ice for 10 minutes utes
and then centrifuged at 1000RPM for 5 minutes at 4°C
9) Supernatant was discarded and cells were resuspended in sterile PBS for flow
cytometry.
10) Flow cytometry data was analysed using Flow Jo software.

6.14 Metabolite extraction and NMR
6.14.1 Metabolites extraction
1) 4*106 cells were seeded in four 10 cm dish and incubated overnight at 370C under 5%
CO2 in a humidified incubator
2) Cells were extensively washed with ice-cold PBS (1X) for four times in order to
completely remove any residue of culture medium
3) A total of 15*106 cells was then collected in 5.4 ml of ice cold PBS by scrapping
4) Tubes were snap frozen in liquid nitrogen for quenching cellular metabolism
5) Cell suspension was thawed gradually over ice bath
6) Cell suspension was sonicated for 6 cycles (30 sec ON and 30 sec OFF at maximum
amplitude) to extract inter-cellular metabolites from the quenched cells.
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7)

Dual phase extraction of metabolite was performed using following mixture:
i. 6 ml of -200C chloroform + 6 ml of methanol+ 5.4 ml of cell lysate
(Total volume 17.4 ml). Volume ratio (0.9:1:1)

8) Lysed cell solutions were incubated for 20 minutes on ice and vortexed frequently to
facilitate metabolite extraction
9) The cell extracts were centrifuged at 4000 g at 40 C for 20 minutes
10) A two-phase extract was formed with upper layer containing water-soluble intracellular
metabolites, a middle layer of proteins and lipids and lower layer of apolar metabolites
11) The upper layer was carefully collected in multiple 1.5 ml centrifuge tubes and vacuum
dried

6.14.2 NMR experimentation
1) The vacuum dried metabolites were resuspended in D2O (600 µl) with 3(trimethylsilyl) propionic-2, 2, 3, 3, d4 acid (TSP, 0.1% W/V) and loaded into 5 mm
NMR tubes
2)

1

H-NMR spectra were acquired at 298K on an 800MHz Bruker Avance AV III

spectrometer using ZGPR 1D pulse sequence for efficient water signal suppression
3)

The spectra were recorded with spectral width of 14,367.8Hz, 256 transients, 1.5
seconds relaxation delay, 32K data points and an acquisition time of 1.14 seconds

4)

For metabolite identification purposes, 2D NMR spectra were obtained using TOCSY
and COSY software. Following manual phase and baseline correction, the 1D spectra
were referenced to TSP (δ=0.0 ppm) in MestReNova version 7.1.0 (Mestrelab
Research, Santiago de Compostela, Spain
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5) For minutes imizing the chemical shift variations, NMR spectra(s) were bucketed with
a binning width of 0.02 ppm. After removal of the water signal regions (δ 4.5–5.10
ppm), the spectral regions of δ 0.5–4.5 and δ 5.10–9.0 were subjected to further
multivariate and univariate analysis. Spectra were normalized using constant sum
normalization using MetaboAnalyst 4.0 and scaled with unit variance scaling (SIMCA
13.0.2, Umetrics, Sweden)

6.14.3 Data analysis
1) Partial Least squares-discriminutes ant analysis (PLS-DA) and Orthogonal Partial
Least squares-discriminutes ant analysis (OPLS-DA) were generated using SIMCA
13.0.2 (Umetrics, Sweden)
2) Robustness and validation of the OPLS-DA model was confirmed by R2 and Q2 score
3) S-plot and variable important for projection (VIP) plot with threshold of >0.60 and ≥1
respectively were used to identify significant regions discriminutes ating the groups
4) The identified significant variables underwent spectral integration (MestReNova
version 7.1.0, Mestrelab Research, Santiago de Compostela, Spain). These metabolite
integral values were constant sum normalized and subjected to univariate analysis

6.15 BRET
6.15.1 Transfection
1) 6*105 cells were seeded in 60 mm culture dish and incubated overnight at 370C
under 5% CO2 in a humidified incubator
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2) a. For measuring NAT BRET ratio: PH-AKT-Nluc and GAP-TurboFP635 plasmids
were transfected in 1:1 ratio in one plate (donor + acceptor) and only PH-AKT-Nluc
was transfected in another plate (donor alone) using Superfect transfection reagent
b. For measuring NEO BRET ratio: Nluc-ERKARcytoplasmic-mOrange and NlucERKARnuclear-mOrange plasmids were transfected in 1:1 ratio in one plate (donor +
acceptor) and only Nluc was transfected in another plate (donor alone) using Superfect
transfection reagent

3) After 5 hours of transfection, 1*104 cells were reseeded in each well of 96-black well
plate (in triplicates) and incubated overnight at 370C under 5% CO2 in a humidified
incubator
* For measurement of growth factor induced ERK1/2 and AKT activation cells were
washed twice with 1X PBS and seeded in charcoal stripped media
** For measurement of platinum induced NAT and NEO ratio in cells derived from
patient ascites:
4) 5*103 cells were seeded in each well of each well of 96-black well plate (in triplicates) and
incubated overnight at 370C under 5% CO2 in a humidified incubator
5) Cells were transfected with NAT or NEO plasmids as previously performed for cancer cell
lines
6.15.2 Treatment
1) For measurement of growth factor induced NAT and NEO kinetics: After 36 hours of
transfection, cells were treated with various growth factors for 15-20 minutes as mentioned
below:
Sr. No

Growth Factor

Concentration/s

Source
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1

Insulin

250nM

and Sigma, USA

500Nm
2

IGF-1

100 nM and 200 Sigma, USA
nM

3

EGF

200 nM

Sigma, USA

2) For measurement of inhibitor dissuade NAT and NEO kinetics: Transfected cells were
pre-treated with various inhibitors for 24 hours as mentioned below and then stimulated with
IGF-1 (200 nM)
Sr. No

Inhibitors

Concentration/s Source

1

Wortmanin

200 nM

Calbiochem,
Germany

2

U0126

10 µM

CST, USA

3

Picropodophyllin

2 µM

Calbiochem,
Germany

3) For measurement of chemotherapy induced NAT and NEO kinetics: Transfected cells
were treated with various chemotherapeutic drugs for 24 hours as mentioned below
Cell line

Concentration
Cisplatin-

Doxorubicin Gemcitabine Irinotecan

Etoposide

paclitaxel
A2780

50 ng/ml+8.5 60 nM

2.9 nM

17.9 nM

1.4 µM

4 nM

14.6 nM

1.2 µM

ng/ml
OAW42

72

ng/ml+14 82 nM

ng/ml
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SKOV3

300 ng/ml+30 454 nM

18.9 nM

20.46 nM

9.3 µM

27.5 nM

32.5 nM

11.53 µM

41.7 nM

14.9 nM

10.7 µM

ng/ml
A280DualER

250
ng/ml+42.5
ng/ml

A280DualLR

500 ng/ml+85 540 nM
ng/ml

OAW42DualLR 720

ng/ml+ 548 nM

140 ng/ml

4) For measurement of platinum induced NAT and NEO ratio in cells derived from patient
ascites: After 24 hours of transfection, cells were treated with respective IC 50 dosage of
platinum for 24 hours
6.15.3 Imaging and analysis
1) Cells were imaged using furimazine substrate at 1:1000 dilution in IVIS spectrum at
appropriate filters (as mentioned below) with integration time of 30-60 sec per filter. Subject
height was set at 0.50cm (standard for plate imaging) and FOV (field of view) used was C, to
capture the entire plate image. Binning was set as medium for all acquisition
2) For monitoring temporal kinetics of growth factor induced ERK1/2 and AKT activation:
Immediately after ligand and substrate addition, acquisition was performed for 15-20 minutes
s at an interval of every 30 secs using same settings as mentioned above
Constructs

Donor Filter

NAT and its only donor (PH-AKT-Nluc) 500 nm

Acceptor Filter
640 nm

constructs
NEO and its only donor (Nluc) constructs

500 nm

560 nm
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3) All imaging analysis were done on IVIS living imaging software 4.5.
4) For calculating BRET ratio, following steps were followed:
a) Acquisition file was opened in IVIS software and scan for individual time point was loaded
in the software
b) For any particular time-point, an ROI of same size was drawn on all the wells in donor
channel and acceptor filter
c) Average radiance (Avg. Rad) from each well was measured for both donor and acceptor
filter
d) Background correction was performed by subtracting signal from wells with untransfected
cells
e) BRET ratio is determinutes ed using avg. radiance values utilizing the formula
𝑚𝑖𝑙𝑙𝑖𝐵𝑅𝐸𝑇 𝑢𝑛𝑖𝑡 (𝑚𝐵𝑈) =

𝐴𝑣𝑔.𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)−𝐶𝑓∗𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)
∗
𝐴𝑣𝑔.𝑅𝑎𝑑 (𝐷𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)

𝐶𝑓 =

1000

𝐴𝑣𝑔. 𝑅𝑎𝑑(𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦
𝐴𝑣𝑔. 𝑅𝑎𝑑(𝑑𝑜𝑛𝑜𝑟 𝑓𝑖𝑙𝑡𝑒𝑟)𝑑𝑜𝑛𝑜𝑟 𝑜𝑛𝑙𝑦

f) Corrected BRET ratio was represented in milliBRET unit.

6.16 In-Vivo imaging
6.16.1 Reagents and chemicals
Sr. No.

Reagent name

Source

1

D-Luciferin

Biosynth, UK

2

Isoflurane

Baxter, USA

6.16.2 Methods
6.16.2.1 Cell preparation
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1) A2780DualER cells stably expressing mutant thermostable firefly luciferase fused with
p62 (mtFL-p62) reporter construct were grown completed media at 70-80%
confluency
2) Cells were trypsinized and counted using haemocytometer to determine viable cell
count
3) 5*106 viable cells were resuspended in 100 µl ice cold 1X PBS

6.16.2.2 Cell implantation in mice
1) Animal handling and euthanasia was performed as per the guidelines of Institutional
Animal Ethics Committee of ACTREC, TMC
2) Non-obese diabetic-severe combined immunodeficient (NOD-SCID) mice were used
for all experiments
3) Mice were anesthetized using isoflurane to remove fur using electronic razor with
utmost care to avoid injuries
4) The site of injection was sterilized with 70% alcohol
5) 5*106 A2780DualER cells were injected subcutaneously using 26 gauge injection
6.16.2.3 Drug treatment in mice
1) Treatment regimen was started after 20 days of cell implantation as palpable tumours
were observed
2) Animals were divided into 6 groups with 8 animals in each group and treated as
mentioned below
Drug

Dosage

Days
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1

2

3

4



5

6

7

8

9

10

11

12



13

14

15



Cisplatin-

2mg

Paclitaxel

1mg

Trametinib

1mg

          

Chloroquine

40

          

mg/kg
Cisplatin-

2mg/kg

Paclitaxel

1mg/kg

+Trametinib

1mg/kg

Cisplatin-

2mg/kg

Paclitaxel

1mg/kg

+Chloroquine 40mg/kg







          






          

*  denotes Cisplatin-Paclitaxel treatment  denotes Trametinib treatment

 denotes Chloroquine treatment
6.16.2.4 Bioluminescence imaging of mice
1) Bioluminescence and bright field images of mice were captured every alternate day
for 15 days in IVIS-Spectrum pre-clinical optical imager
2) 100µl of D-luciferin with stock concentration of 30mg/ml was intraperitoneally
injected into mice
3) Animals were then euthanatized by isoflurane in air-tight chamber with steady flow of
oxygen
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4) Mouse were then imaged inside IVIS-Spectrum pre-clinical optical imager under
isoflurane euthanasia and bioluminescence images were acquired every 2 minutes till
peak luciferase signal was acquired using sequence mode with field of view C and
image height of 1.5 cm,
5) Bioluminescence images were analysed using LIVING IMAGE 4.4 software
6.16.2.5 Tumour volume measurement
Tumour volume was measured on every 5th day till day 25 using digital Vernier
calliper and volume was calculated using the formula:
Tumour Volume (mm3) = ½*length*breadth2

6.17 Statistics
1. All statistical analysis was performed using GraphPad prism version 8 or Microsoft
excel 13 software.
2. Unpaired Student T-test was used for comparing cell line data.
3. Kurskal-wallis test was performed for metabolomics data.
4. Two way ANOVA was performed for in-vivo animal data.
5. Statistical significance was set to p<0.05 where ns indicates non-significant,*
indicates p<0.05, ** p< 0.005, *** p< 0.0005 as calculated by respective statistical
test.
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