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SUMMARY

Cancer is one of the major causes of death after cardiovascular disorders. The key property of
cancer cells is to evade the cell cycle checkpoints and proliferate in an uncontrollable fashion.
The major therapeutic interventions available to treat cancer are mostly surgery, radiotherapy
and chemotherapy alone or in combination. Despite being one of the oldest and most

researched diseases, treatment rate in cancer remains extremely low.

Y-Box binding protein-1 (YB-1) is a multifunctional protein; which regulates the transcription
and translation of many essential genes and proteins involved in cell proliferation, growth and
DNA repair. It is a vital protein required for embryonic growth and postnatal development.
YB-1 slowly declines with adolescent and disappears virtually from all the organs of body
with age. According to clinical reports, YB-1 is overexpressed in almost all kinds of cancers.
This overexpression is associated with poor prognosis and therapy resistance. Also KRAS
mutation is associated with aggressive and therapy resistance in various types of tumors. It is
known that YB-1 is constitutively activated in KRAS(G12V)-mutated breast cancer cells
(BCC). In the present study the role of YB-1 in KRAS(G13D)-mutated BCC was investigated
and following novel findings were obtained:

1) YB-1 is constitutively activated by phosphorylation at Ser-102 in KRAS(G13D) BCC, and
this phosphorylation cannot be further stimulated by epidermal growth factor (EGF) or
ionizing radiation (IR) as checked until 24 hours post stimulation.

2) Mitogen-activated protein kinase (MAPK) pathway is the predominating pathway
responsible for the constitutive phosphorylation of YB-1 in KRAS(G13D)-mutated BCC.
However, in the presence of an additional PTEN mutation along with KRAS(G13D)
mutation, phosphoinositide 3-kinase (PI3K) becomes the predominant pathway responsible
for the constitutive YB-1 phosphorylation in these BCC.

3) A dynamic crosstalk exists between MAPK and PI3K signaling pathways, which is
responsible for the regulation of constitutive phosphorylation of YB-1 in KRAS(G13D)-
mutated BCC. Therefore dual targeting of both the pathways inhibits YB-1
phosphorylation significantly more than the additive effect of both the pathways.

4) YB-1 strongly regulates proliferation of KRAS(G13D)-mutated BCC and stimulates repair
of IR-induced DNA double strand breaks (DSB) leading to radioresistance .



5) YB-1 regulates DSB repair through homologous recombination (HR) and alternate non-
homologous end joining (A-NHEJ) DSB repair pathways. YB-1 plays no significant role in
regulating classical non-homologous end joining (C-NHEJ) repair pathway.

6) Phosphorylation of YB-1 at Ser-102 is essential for its role in DSB repair and post-
irradiation cell survival.

7) Proteomic studies revealed that knocking out YB-1 results into down regulation and up
regulation of several important proteins involved in DNA repair. KAPL is one of the
important protein involved in DNA end resection that was found to be down regulated in
YB-1 knockout cells.

8) YB-1 regulates HR and A-NHEJ DSB repair pathways through KAP-1 mediated end

resection.

Thus, based on the described findings, YB-1 is proposed to be a potential therapeutic target
to treat KRAS-mutated cancers in combination with radiotherapy.
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EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor
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1 Material and Methods
1.1 Materials

1.1.1 Equipments

Device Manufacturer
Analytical balance Kern & Sohn
Binocular Carl Zeiss

Centrifuges

Andreas Hettich, Eppendorf

ELISA reader

Anthos Labtec

Fluorescence microscope

Zeiss

Flowcytometer

BD Biosciences

Fuchs-Rosenthal counting chamber

Witeg laboratory technology

Gel electrophoresis chamber Hoefer
Incubator Binder
Light microscope Leitz

Magnetic stirrer

Heidolph Instruments

pH meter WTW

Pipettes Eppendorf
Pipetting aid, Pipetboy Integra Biosciences
Power supply for electrophoresis Pharmacia
Precision balance Sartorius

Semi-dry blot system Hoefer

Shaker (shaking)

Edmund Bihler

Sonifier B-12

Branson Ultrasonics Corporation

Sterile bench for cell culture

BDK Luft- u. Reinraumtechnik

Steriler Heidolph Instruments
Vortexer UniEquip
Water bath GFL GFL

X-ray unit (RS-225)

Gulmay Medical




1.1.2 Consumables:

Product Manufacturer
Culture flasks, slides BD Falcon
Cell scraper Costar

Filter pipette tips (10 ul, 100 pl, 1000 ul) Sarstedt
Filtropur filtration units Sarstedt

Multi-well plates (96-well)

Greiner Bio-One

Nitrile gloves Hartmann

Kimberly-Clark

Nitrocellulose membrane (0.2 um)

Carl Roth

Pasteur pipettes

Wu Mainz

Pipette tips (10 ul, 100 pl, 1000 pl)

Eppendorf, Greiner Bio-One

Centrifuge tubes (0.5 ml, 1.5 ml, 2.0 ml)

Eppendorf

Reaction tubes (15 ml)

Sarstedt

Reaction vessels (50 ml)

Greiner Bio-One

Whatman Chromatography Paper (3mm)

Whatman, GE Healthcare

1.1.3 Laboratory chemicals and compounds:

Acrylamide Roth

Agarose Sigma

APS AppliChem
Bicarbonate Biochrom AG
[-Mercaptoethanol Sigma-Aldrich
Boric acid Sigma-Aldrich




Bromophenol blue

Pharmacia Biotech

BSA Roth
Complete protease inhibitor tablets Roche
Cresyl violet stain Applichem
DC protein assay reagent A BioRad
DC protein assay reagent B BioRad
DMSO Applichem
Di-Na hydrogen phosphate Applichem
DTT Sigma
ECL Plus Western blot detection reagent VWR
EDTA Applichem
Ethanol Merck
Formaldhyde Merck
Glycin Roth
Glycerol Applichem
G418 InvivoGen
HCI Roth
HEPES Sigma
KCI Merk

Lipofectamine

ThermoFisher Scientific

Lipofectamine RNAI MAX transfection reagent

ThermoFisher Scientific

Methanol VWR
Dry Milk Roth
NaCl Applichem




Penicilin-Streptomycin

Gibco

Phosphatase inhibitor cocktail 2 (for tyrosine protein | Sigma
phosphatases, acid and alkaline phosphatases)

Phosphatase inhibitor cocktail 3 (for serine/threonine Sigma
protein phosphatases and L-isozymes of alkaline

phosphatase)

Ponceau S Sigma
Precision plus protein standard BioRad
Protease inhibitor Roche
Protein assay kit Bio-Rad
SDS pellets Serva
Sodium bicarbonate Biochrom AG
TEMED Sigma
Tris-Base Sigma
Tris-HCI Applichem
Trypsin Sigma
Tween 20 Roth

Vectashield mounting medium with DAPI

Vector Laboratories

1.1.4 Composition of used buffers and solutions

Blotting buffer (Anode) pH 9,0

3,1 g Boric acid

4 ml 10 % SDS (v/v)
200 ml Methanol
ad 11 H20dd

Blotting buffer (Cathode) pH 9,0

3,1 g Boric acid

4 ml 10 % SDS (v/v)
50 ml Methanol
ad 1 1 H20dd

Cresyl violet stain

0,5 g Cresyl violet




Loading buffer

Lysis buffer, pH 7, 5

PBS, pH 7.4

Stacking gel buffer (4x), pH 6,8

Running buffer

Stripping buffer, pH 2,2

TBST, pH 7,5

27 ml Formaldehyde, 37 %
ad 11PBS

2.5 ml Stacking gel buffer (4x)
2.0 ml 10 % SDS (v/v)

2.0 ml Glycerin

0.25 mg Bromphenol blue

ad 10 ml H20dd

5 % p-Mercaptoethanol added
during sample preparation

50 mM Tris HCI

50 mM Glycerol-2-phosphate
150 mM NaCl

1 mM Na3VvO4

10 % Glycerin

1 % Tween-20

1 mM NaF

0,1%1MDTT,

1 % Protease inhibitor und

1 % Phosphatase inhibitor-cocktail
2and 3

added fresh before use

13,7 mM NaCl

2,7 mM KCI

80,9 MM Na2HPO4
1,5 mM KH2PO4

30,3 g Tris Base
20 ml 10 % SDS (v/v)
ad 500 ml H2Odd

144.1 g Glycin
30 g Tris Base
59 SDS

ad 5 1 H20dest

7,5 g Glycin
0.59 SDS

5 ml Tween-20
ad 500 ml H20dd

3,152 g Tris HCI
11,688 g NaCl

2 ml Tween-20
ad 2 | H20dd



Separating gel buffer, pH 8,8

18.17 g Tris Base

4 ml 10 % SDS (v/v)

ad 100 ml H20dd

FACS buffer 1% 0.5mM EDTA
5% FCS
500 PBS
1.1.5 Antibodies
S. | Antibody Dilution Source Company Catalogue
No. No.
1 YB-1 1:1000 in 3% Anti-Rabbit | Cell Signaling 4202
milk
2 P-YB-1 1:1000 in 3% Anti-Rabbit | Cell Signaling 2900
(S102) BSA
3 ERK1/2 1:1000 in 3% Anti-Rabbit | Cell Signaling 4695
BSA
4 P-ERK1/2 1:1000 in 3% Anti-Rabbit | Cell Signaling 4377S
(T185/Y187) | BSA
5 Akt 1 1:1000 in 3% Anti-Mouse | Cell Signaling 2967
milk
6 Akt 2 1:1000 in 3% Anti-Rabbit | Cell Signaling 2962
milk
7 Akt 3 1:1000 in 3% Anti-Mouse | Cell Signaling 3788
milk
8 P-Akt (S473) | 1:1000 in 3% Anti-Rabbit | Cell Signaling 4060
BSA
9 Ki67 1:100 in 3% Anti-Rabbit | eBioscience 14-5698-82
BSA
10 | KRAS 1:1000 in 3% Anti-Mouse | Calbiochem OP24
milk
11 | EGFR 1:1000 in 3% Anti-Rabbit | Abcam Ab52894
milk
13 | RSK 1:1000 in 3% Anti-Rabbit | Cell Signaling 9355
milk
14 | P-RSK 1:1000 in 3% Anti-Rabbit | Cell Signaling 9344
(T359/S363) | BSA
15 | PRAS40 1:1000 in 3% Anti-Rabbit | Cell Signaling 2691
milk




16 | P-PRAS40 1:1000 in 3% Anti-Rabbit | Cell Signaling 2997
(T246) BSA
17 | Tubulin 1:1000 in 3% Anti-Mouse | Calbiochem CP06
milk
18 | Lamin A/C 1:1000 in 3% Anti-Mouse | Abcam Ab40567
BSA
19 | Actin 1:1000 in 3% Anti-Rabbit | Sigma A2066
milk
20 | GAPDH 1:1000 in 3% Anti-Rabbit | Cell Signaling | 5174
milk
21 | Kapl 1:1000 in 3% Anti-Mouse | Cell Signaling 4123S
BSA
22 | RPA 1:300 in 1% Anti-Rabbit | Cell Signaling 2267S
TBST
23 | yH2AX 1:300 in 1% Anti-Mouse | Merck Millipore | 05-636
(S139) TBST
24 | YO-PRO-1 1:2000 in 1% Anti-Mouse | Invitrogen Y3603
PBS

1.1.6 Secondary Antibody

Anti-Rabbit IgG HRP
Anti-Mouse 19G HRP

Anti-Mouse 1gG Alexa-Fluor 488

1.1.7 Molecular targeted inhibitors

To access the specific activities of KRAS dependent signaling pathways involved in
regulation of YB-1 phosphorylation and radioresistance, stimulating ligand and inhibitors

were used at concentrations indicated:

1:2000 GE Healthcare
1:2000 GE Healthcare
1:300 Invitrogen

Inhibitor Concentration | Specificity Manufacturer | Catalogue
No.

B02 5uM Rad51 Selleckchem S8434

LY294002 10 uM PI3K Calbiochem 440202

MK2206 10 uM Akt Selleckchem S1078

Nu7441 5uM DNAPK(cs Selleckchem S2638




PD98059 20 M MEK Selleckchem S1177

Talazoparib 25 nM PARP Selleckchem S7048

U0126 5 UM MEK Calbiochem 662005
1.1.8 Cell lines

The following established human cell lines of different tumor entities and normal cells as
well as transformed breast epithelial cell lines were used in the present study.

Cell line description, origin and reference

Cell line

Entity, culture media

MDA-MB-231 (Parental)

Breast epithelial cancer cell line (ATCC® HTB-26 ")
DMEM + 10% FCS + 1%P/S

MDA-MB-231
shSCR ,shAktl, shAkt2, shAkt3

Breast epithelial cancer cell line, transduced
with-shRNA for scramble and Aktl, Akt2
and Akt3

DMEM + 10% FCS + 1%P/S + 2 pg/ml
Puramycin

MDA-MB-231 YB-1 knockout

DMEM + 10% FCS + 1%P/S + 2 pg/ml
Puramycin

MDA-MB-231 -
Wild-type — YB-1 overexpression

DMEM + 10% FCS + 1%P/S + 2 pg/ml
Puramycin + 1 mg/ml G418

MDA-MB-231 — Mutant-YB-1
S102A overexpression

DMEM + 10% FCS + 1%P/S + 2 pg/ml
Puramycin + 1 mg/ml G418

MDA-MB-453 Breast epithelial cancer cell line (ATCC® HTB-131™"
DMEM + 10% FCS + 1% P/S

SKBr3 Breast epithelial cancer cell line (ATCC® HTB-30""
RPMI + 10% FCS + 1%P/S

HBL-100 Transformed breast epithelial cell line derived from

milk of healthy lactating woman
RPMI + 10% FCS + 1%P/S




NM2C5 Melanoma epithelial cell line
RPMI + 10% FCS + 1%P/S

MCF10A Normal breast epithelial cells (ATCC® CRL-10317

u20s Osteosarcoma cells
McCoy’s Media

U20S-DRGFP U20S cells with the reporter construct for
Homologous Recombination (HR)
McCoy’s Media + 2pg/ml Puramycin

U20S-NJ5GFP Osteosarcoma with the reporter construct for DNA-
PKcs dependent Non Homologous End Joining (D-
NHEJ)

McCoy’s Media + 2pg/ml Puramycin

U20S-NJ2GFP Osteosarcoma with the reporter construct for Alternate
Non-Homologous End Joining (A-NHEJ)
McCoy’s Media + 2pg/ml Puramycin

MDA-MB-231 cells stably expressing scramble-shRNA, Aktl-shRNA, Akt2-shRNA and
Akt3-shRNA were received from Prof. Dr. Manfred Jicker (Institute of Biochemistry and

Signal Transduction, University Medical Center Hamburg-Eppendorf, Hamburg, Germany.)

1.1.9 Cell culture media

Dulbecco’s Modified Eagle Medium (DMEM) containing 4.5 mg/ml glucose from Gibco
supplemented with 44.04 mM NaHCO3 and 10% FCS + 1%P/S.

RPMI-1640 containing L-glutamine from Gibco, supplemented with 26.8 mM NaHCO3 and
10% FCS + 1%P/S.

McCoy’s Media — McCoys media (Sigma-M-4892) 11.9g/L supplemented with 2.2 g/L
NaHCO3 and 10%FCS + 1%P/S.

For cryo-protection of cells DMEM, MEM or RPMI-1640 supplemented with 20% FCS
containing 5% DMSO as cryo-conservative was used.



1.2 Methods

1.2.1 Cell Culture

All cell culture work was performed under a sterile laminar flow hood with aseptic condition
and using sterile working materials. All the necessary solutions required for cell culture work
were stored at 4 ° C. The culture media was always heated in water bath at 37 ° C before use.
The cell cultures were maintained in incubators with humidified atmosphere of 93% air and
7% CO2 at 37°C. The cells were routinely checked for mycoplasma contamination by using 4

', 6-diamidin-2-phenylindole (Dapi) staining.

1.2.2 Treatment of cells with the inhibitors

All inhibitors were dissolved in DMSO. The stock solutions (10 mM) were stored at -20 ° C.
According to the required concentrations, the stock solution of the inhibitors was diluted with
cell culture medium. Control cells received same concentration of DMSO as vehicle. The
final concentrations used and the duration of treatment varied depending on

experimental protocol. This has been addressed in every experiment in the results section.

1.2.3 Transfection of cells with specific SIRNAs

SIRNA based transfection methods were used to transiently knock down the protein
expression of various proteins mentioned in the result part. Two different types of transfection

methods were used based on the experimental protocol.
i) Lipofectamine based transfection:

Cell were plated in 6-well plates (450,000 for MDA-MB-231 cells and 800,000 for MDA-
MB-453 cells) Transfection procedure was performed 24 h later when the cells were in a 75%
confluent. 50nM concentration of SIRNA was used in all the transfection methods. The siRNA
solution was prepared in the desired concentration with opti-MEM in a total volume of 50 pl.
Two microliter pl of Lipofectamine ™2000 per one ml of medium was used per transfection.
Two microliter pl of Lipofectamine diluted in 48 pul Opti-MEM and incubated for 5 minutes at

room temperature (transfection reagent). Thereafter, the sSiRNA solution (50 pl) was added to

10



the transfection solution (50 pl), mixed gently and incubated for 20 minutes at room
temperature. Finally, the siRNA-Lipofectamine ™ 2000 mixture was used to treat the cells.
The medium was changed with the fresh medium 24 h after transfection. Protein isolation for

Western bloting was performed 72 h after transfection.
il) Reverse Transfection:

Cells were splitted and centrifuged at 750 g for 5 minutes. Cell pellet was dissolved in
required media and siRNA solution was added. The siRNA solution was prepared in the
desired concentration. Opti-MEM in a total volume of 200 pl was dissolved in 2 pl of
RNAmax solution and 2.5 pl of siRNA per one millilitre media. The siRNA solution was
allowed to incubate for 30 minutes at room temperature and thereafter was mixed with cells.
The cells were then plated into 6-well plate. Medium was changed after 48 hours after

transfection

1.2.4 Exposure to ionizing radiation (IR)

Irradiation (4 Gy) was performed at 37°C using a Gulmay RS225 X-ray machine (Gulmay
limited, Chertsey, UK) with a dose rate of 1 Gy/minute with the following exposure

parameters: 200 kVp, 15 mA and 0.5 mm Copper additional filtering

1.2.5 Proliferation assay

Proliferation assays were performed to monitor the antiproliferative effect of YB-1, PI3K
inhibitor LY and MEK inhibitor PD in single or combination treatment.
For this purpose, 30,000 cells (MDA-MB-231), 300,000 cells (MDA-MB-453) per, 60,000
cells (SKBR, HBL-100) were seeded in 6-cm culture dishes. Twenty-four hours later, medium
was changed with fresh medium and the cells were treated with the inhibitors or siRNA
indicated in the result part of the respective experiment. Control cells received DMSO at the
appropriate concentration. Cells were counted at day 1, 2, 3 and 5 after treatment using a
Fuchs-Rosenthal counting chamber under light microscope. The mean number of cells £
standard deviation (SD) was calculated from indicated numbers of biologically independent

experiments and graphed.
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1.2.6 Colony formation assay

The colony-forming test was developed in 1956 by Puck and Marcus (Puck et al., 1956) and
is now regarded as the golden standard for the determination of cellular radiosensitivity.
After exposure to ionizing radiation, tumor cells undergo massive cell death. However, some
cells still have the potential to undergo at least 5 to 6 cell divisions and form colony of at least
50 daughter cells. Such cells are called clonogenic cells. To study the cellular radiosensitivity
after treatment with different inhibitors or in YB-1 knockout clones, depending on cell line
and treatments, 250 or 500 cells were seeded per well in 6-well plates (6 parallel cultures per
experimental condition) or 1000 cells in 10-cm cell culture dishes (3 parallel cultures per
experimental condition). Cell culture medium containing 20% FCS was used. After a 24-hour
incubation, cells were treated with the inhibitors or DMSO for 2 h and irradiated. The
inhibitor concentrations and treatment times varied depending on the experiment and
indicated while describing the respective experiment in the result section. Ten to twelve days
after treatment the colonies were stained for 20 minutes with cresyl violet staining solution.
All the colonies consisting 50 cells or more were counted under light microscope. The colony

forming efficiency (plating efficiency, PE), was determined by the following formula:
PE (XGy) = No. of colonies with 50 cells or more/ number of cells seeded

Using a linear-quadratic model, the survival fractions (SF) of irradiated cells was calculated

based on PE as below:
SF (x Gy) = PE (x Gy) / PE (0 Gy)

Survival curves were prepared in Sigmablot, in which SF was shown in a logarithmic scale.

1.2.7 y-H2AX foci assay

lonizing radiation exposure produces massive DNA double strand breaks (DSBs) in cells.
Intrinsic repair mechanisms determine the biological effect of the ionizing radiation. Most of
the DSBs are repaired within 24 hours after radiation. The radiation-induced
DSB, which are not repaired after 24 hours are determined by y-H2AX focus assay. This test
is based on the detection of phosphorylation of the histone H2AX at Ser-139 known as y-H2X
(Rogakou et al., 1998). Since the number of y-H2AX foci correlate with the amount of
residual DNA DSB, it is possible to determine the efficiency of DNA repair by counting the
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number of residual y-H2AX foci, 24 h after irradiation. For these experiments, indicated
number of cells were seeded in 4-chamber culture slides. Confluent or sub-confluent cells
(depending on the experiment and end-point) were treated with the appropriate inhibitors, as
indicated in the result section. Thereafter, cells were mock irradiated or irradiated with single
dose 4 Gy and and y-H2AX staining was performed after 24 hours. For that, media were
removed and the cells were fixed with PBS / 2% formaldehyde solution (37%) for 15 minutes
and then washed three times with PBS for a total of 10 minutes. Subsequently, the cells were
incubated with PBS / 1% BSA / 0.2% Triton X-100 at 4 ° C for 5 minutes to permeabilize the
cell membrane. After a 5 minutes wash with PBS / 1% BSA, the non-specific binding sites
were blocked with PBS / 3% BSA for 1 hour, followed by the incubation with P-H2AX-
specific antibody (Ser-139) for 2 hours in PBS / 1% BSA / 0.5% Tween-20. Thereafter, the
cells were washed three times in PBS / 1% BSA / 0.5% Tween-20 for 5 minutes. Fluorescent
conjugated secondary antibody (AlexaFluor®488) diluted in PBS / 1%BSA / 0.5% Tween-20
was added and cells were incubated for 1 hour. The cells were again washed thrice with PBS /
1% BSA / 0.5% Tween-20 for 5 minutes each and mounted with vectashield containing DAPI
(nuclear marker).The evaluation of the foci was carried out by fluorescence microscopy at a
magnification of 40X. The foci were counted in 100 cell nuclei per experiment and the graph
was plotted with the mean of foci per cells + standard error (SEM) from indicated number of
biologically independent experiments.

1.2.8 Immunofluorescence staining in tissue samples from patients

Breast cancer patients undergoing surgery as a primary treatment were included in the study.
Previous neo-adjuvant treatment and chemoradiotherapy were considered as exclusion
criteria. The study was approved by the Ethics Committee of the Medical Faculty of the
University of Tuebingen (confirmation # 426/2013BO1). All patients provided signed
informed consent. Freshly excised material from the six tumors and one corresponding normal
tissue were retrieved from the operation theatre and embedded into paraffin as described
before (Menegakis et al., 2015a, Menegakis et al., 2015b). Cross-sections of the paraffin-
embedded material were used for staining. Paraffin sections were deparaffinised and
rehydrated. Slides were incubated in citrate buffer pH 6.0 (Thermo Scientific) using a
pressure cooker. Sections were blocked with 10% donkey serum in PBS at room temperature
for 30 minutes followed by incubation with rabbit antiserum to phospho-YB-1 (Cell
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Signaling, 1:150), p-ERK1/2 (Cell Signaling, 1:300), EGFR (Abcam, 1:100) and rat
antiserum to Ki67 (eBioscience, 1:100). Nuclei were stained with YO-PRO-1 (Invitrogen,
1:2000). All washing steps were performed with TBS/Tween (TBST) and antibody
incubations were done in TBST with 3% BSA or TBST with 5% dry milk. The sections were
analysed with a confocal laser scanning microscope (Leica TCS SP; Leica Microsystems) at

250x or 400x magnification.

1.2.9 Western Blotting
1.2.9.1 Preparation of the total cell lysate

All steps of the protein isolation were performed on ice. The confluent cells
seeded on 6-cm cell culture dishes were washed twice with ice-cold PBS and an adequate
amount of the lysis buffer was added. 0.1% 1 M DTT, 1% protease inhibitor and 1% each
phosphatase inhibitor Cocktail 2 or 3 were added in the lysis buffer before use. With the help
of a cell scraper, the cells were scratched from the surface of the cell culture dish and placed
in a 1.5 ml centrifuge tube. The cell membrane was disrupted by sonication. Subsequently, the
total cell lysate was separated by centrifugation 14000 g, 4 ° C, 15 minutes) from the cell
pellet.

1.2.9.2 Protein determination

The determination of the protein content of the total cell extracts was carried out by the DC
protein Assay kits (modified Lowry assay).A calibration graph with known
BSA concentrations was prepared and protein concentration corresponding to the total cell
lysate calculated. The test was carried out in a 96-well plate. Five microliter of the standards
and the cell extracts were pipetted into 3 wells (triplet) and mixed with 25 ul of reagent A
(alkaline copper tartrate solution). The proteins form a complex with Cu2 + ions. Then, 200 pl
of reagent B (diluted Folin solution) was added. Within a 6 minute of incubation, the Cu +
ions form an unstable blue complex with the folin reagent, which serves as a measure of
protein concentration. The absorption was measured at 620 nm in the ELISA reader. The
mean values were calculated based on optical density as a readout of absorption values. A
graph was prepared with respect to the standards, which gives the protein concentration in the

respective condition.

14



1.2.9.3 SDS PAGE

The gel electrophoretic separation of the proteins was carried out by means of SDS-PAGE
(Sodium dodecyl sulphate-polyacrylamide gel electrophoresis) in which an SDS-containing,
discontinuous Tris-glycine buffer system was used. The proteins pass first through a stacking
gel, where they get concentrated at the bottom before entering the separating gel. Different
percentage of acrylamide/bisacrylamide solutions were used depending on the molecular
weight of the proteins, which needed to be detected by separating gels (Table 2.1).

Tab.. 2.1: Composition of stacking and separating gel for the SDS-PAGE.

Stacking gel | Separating gel 8% | Separating gel 12%
Deionized water 3ml 9.5 ml 7ml
Stacking gel buffer 1.25ml - -
Separating gel buffer - 5mil 5ml
Acrylamide solution 30% 0.75 ml 5.5 mil 8 ml
TEMED 5 pl 10 pl 10 pl
10% APS v/v 100 pl 100 pl 100 pl

1.2.9.4 Sample preparation:

Equal amount of protein (50 to 100 ug) samples were taken from each condition and mixed
with the equal volume of loading buffer. Subsequently, the samples were denatured at 95 ° C
for 5 minutes and loaded on the gel. The maximum capacity of the gel was 100 ul. The
samples were loaded on the gel along with the molecular weight marker. Electrophoresis was
performed with 1x SDS running buffer in the electrophoretic device under cooling condition

(6 ° C). The samples were run at an electric voltage of 35 volt
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1.2.9.5 Transfer of proteins to the nitrocellulose membrane

The proteins on SDS-PAGE were transferred non-covalently to a nitrocellulose membrane.
using semi-dry blotting method. In this method, a nitrocellulose membrane soaked for 5
minutes in anode buffer was applied on the gel, followed by 3 piles of the whatman paper also
pre-soaked in anode buffer. It is then kept on the transfer device with the other side of the gel
upright. Another 3 piles of whatman paper pre-soaked with cathode buffer were kept on the
exposed side of the gel. The bubbles were carefully removed by gently rolling the glass
pipette on the surface of whatman paper. The protein transfer was performed for 2 hours 30
minutes at 270 V (0.8 mA/cm?).

1.2.9.6 Ponceau S staining

To check the protein transfer on the nitrocellulose membrane, the membrane was stained by
red dye known as Ponceau stain. The membrane was kept in Ponceau S solution for 1 minute
at room temperature and then washed off with distilled water. The dye stains
the proteins on the membrane non-specifically and reversibly. With the help of the bands of
the

molecular weight markers the areas of interested proteins were marked on the membrane.
1.2.9.7 Blocking

To saturate non-specific binding sites, the membrane was incubated in 3% BSA or 5% dry-

milk in TBST for 1 hour at room temperature on a shaking device.
1.2.9.8 Immunodetection

After blocking, protein detection was performed by antibody labelling. For this purpose, the
membrane was first incubated with protein specific primary antibody diluted in 3% BSA or
3% milk in TBST overnight at 4 °© C on a shaking device. Unbound primary antibody was
removed by washing the membrane three times with TBST each 10 minutes at room
temperature with shaking.
After that, the membrane was incubated in secondary antibody diluted in 3% BSA or 3% milk
in TBST for 1 hour at room temperature. Secondary antibody that was not attached to the
constant Fc portion of the primary antibody was removed by washing the membrane three
times with TBST,10 minutes each, room temperature. The secondary antibodies used are

tagged with horseradish peroxidase (HRP), through which the specific antibody-protein
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binding was visualized. For this purpose, the ECL Western blotting detection Kit was used.
This peroxidase substrate system contains luminol; which is oxidized by the secondary
antibody-coupled HRP and forms a chemiluminescent product, which can be detected in the
LI-COR detection system. The signal strength correlates with the activation/expression of

protein of interest.
1.2.9.9 Stripping of Western blot membranes

Wherever a second protein was required to detect from one blot, specifically bound primary
and secondary antibodies from the membrane are removed by the method known as stripping.
This was done at room temperature. For this purpose, the membrane was briefly washed with
TBST and put in stripping buffer thrice for 10 minutes (15 minutes for strong stripping) on a
shaking device. Thereafter, the membrane was washed with TBST thrice for 10 minutes and
blocked again with the required blocking solution and entire procedure of primary antibody
and secondary antibody incubation was performed followed by the detection. The
densitometry of the protein bands was obtained by using the analysis feature of the LI-COR

software.

1.2.10 YBX1 knockout using CRISPR/Cas9

YBX1 gene knockout by CRISPR/Cas9-mediated genome engineering was performed by Dr
Corinna Kosnofel in the lab of Prof. Birgit Schittek, Department of Dermatology, University
of Tuebingen as described previously (Kosnopfel et al., 2017) using the lentiCRISPRv2 one
vector system harbouring YBX1 specific SgRNA sequences (YB-1 sgRNA1 (forward): 5’-cac
Cgg gac cat acc tgc gga atc g-3°, YB-1 sgRNAI (reverse): 5’-aaa ccg att ccg cag gta tgg tcc c-
3’; YB-1 sgRNA2 (forward): 5°- cac cgc gta gtg ccg ggc ttg gtg tcg g-3°, YB-1 sgRNA2
(reverse): 5’-aaa CCC gac acC aag ccc ggc act acg c¢ -37; Sigma-Aldrich, Taufkirchen,
Germany). Following lentiviral transduction and selection with 2 pg/ml puromycin for 14

days, single cell clones were generated and selected based on the loss of YB-1 expression.

1.2.11 DNA repair reporter assay

Human osteosarcoma cell line U20S harbouring a chromosomally integrated copy of an
individual reporter for specific repair pathway was generated in the lab of Prof. Dr. Jeremy

Stark and gifted for the present study by Prof. George Illiakis. Each reporter construct
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contains an inactive expression cassette for green fluorescent protein (GFP) that is interrupted
by one or more recognition sites for the rare-cutting endonuclease 1-Scel (Gunn and Stark,
2012). The individual reporters were designed in a way that a defined DSB repair outcome
leads to restoration of a GFP expression cassette. The cells were cultured in McCoy’s media
with 2 pg/ml of selection marker pluromycin. For the experiment, the osteosarcoma cells with
the reporter construct for specific repair pathways were split and transfected with YB-1-
SIRNA and seeded in McCoy’s media. Seventy-two hours after transfection, cell were
transfected with the plasmid expressing I-scel endonuclease which transport into the nucleus
independent of external stimulation and produce DNA DSB on the reporter construct. After

24 hours, the percentage of GFP positive cells was determined by flow cytometry analysis.

1.2.12 Flowcytometry

After splitting, the cells were passed through 50 pm filter and collected in 10 ml media in a
falcon tube and centrifuged at 750 g for 5 minutes. After removing the supernatant cells, were
washed with PBS and again centrifuged at 750 g for 5 minutes. After removing the PBS cell
pellet was dissolved in FACS buffer. Flowcytometry analysis was performed using a plot of
forward scatter versus side scatter to gate for events that are consistent with individual cells.
The gated cells were analysed in a plot for green fluorescence on the y-axis, and orange or red
fluorescence on the x-axis. This plot allows a distinction between cells with high
autofluorescence versus green fluorescent cells. Cells expressing GFP were used as the

outcome of reporter assay experiments

1.2.13 Proteomic study

Proteomic analysis was performed by stable isotope labelling by amino acids in cell culture
(SILAC). It is a simple, robust, yet powerful approach in mass spectrometry (MS)-based
guantitative proteomics. The SILAC tags cellular proteomes through typical metabolic
processes, which include incorporation of non-radioactive, stable isotope-containing amino
acids into newly synthesized proteins. Growth medium is prepared in which natural or
““light’” amino acids are substituted by ‘‘medium’’ or ‘‘heavy’’ SILAC amino acids. Cells
grown in such medium integrate the medium or heavy isotope tagged amino acids completely

in about five cell doubling and the labelled or SILAC amino acids have no effect on alteration
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of cell morphology or growth rates. In this way when light, medium and heavy cell
populations are mixed, they remain discrete by MS, and protein levels are determined from
the relative MS signal intensities. SILAC delivers precise relative quantification without any
chemical manipulation and permits the development of elegant functional assays in
proteomics. MDA-MB-231 parental and two YB-1 knockout clones 5 and 10 that were
prepared by CRISPR-Cas9 technology, were used for the study. Three differently labelled
media was used to culture the cells. Light Media for parental cell and medium and heavy
labelled media for clone 5 and clone 10, respectively. Cells were grown for four passages to
ensure the complete incorporation of the labelled amino-acids. After forth passages the
protein was isolated for mass spectrometry (MS) which was performed by Dr. Mirita Franz-
Wachtel, Proteome Center Tuebingen, University of Tuebingen.

1.2.14 Statistics

Student's t-test was used to compare the difference between two groups. P<0.05 was
considered statistically significant (*P<0.05; **P<0.01; ***P<0.001). Densitometry of the
immunoblots was performed in LI-COR Odyssey® Fc using the Image Studio Lite Software
Version 5.2. Pearson correlation test was performed to analysis the correlation between

different proteins analyzed in immunofluorescence staining of patient tumor samples.
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2 Introduction

Cancer is the second main cause of death and poses major health hazard after cardiovascular
diseases worldwide. Using the Global Burden of Disease methodology, it is estimated that
there were 17.5 million cancer cases, 8.7 million deaths, and 208 million disability-adjusted
life-years worldwide in 2015 (Global Burden of Disease Cancer et al., 2017). The global
cancer liability has risen to 18.1 million new cases and 9.6 million deaths in 2018. One out of
five men and one out of 6 women develop cancer worldwide during their lifetime, and one in
eight men and one in eleven women die from the disease. The latest World Health
Organization (WHO) statistics predicted 13.2 million cancer related deaths worldwide by
2030 (Biemar and Foti, 2013) . Hence, cancer is one of the major global diseases which
demands special attention from oncologist around the world to find a proper cure. The major
therapeutic paradigms prevalent in cancer treatment comprised of single or combination of
surgery, radiotherapy and chemotherapy. The advancement in medical technology and high
throughput sequencing based personalized therapy increased the sophistication of cancer
management but, unfortunately, could only contribute slightly in extending the duration of
survival but not the complete cure of cancer. Therefore, it is urgent requirement to search for

novel therapeutic strategies to target cancer.

Among various kinds of cancer, breast cancer is the most commonly diagnosed cancer in
women (24.2%) (Ghoncheh et al., 2016). Around one out of four, all new cancer cases
diagnosed in women worldwide are breast cancer. It is also the leading cause of cancer death
in women (15.0%) as per the International Agency for Research on Cancer by WHO. Breast is
the part of the body, which is not critical for the survival and hence could be removed to treat
primary tumors. However, most of the breast cancer tumors are highly aggressive and
invasive. Thus, metastasis to other organs makes the management of breast cancers very
complicated. Breast tissue is largely dependent on hormones secreted by ovaries like estrogen
and progestron for its proliferation and growth. Besides that, epithelial growth factor receptor
2, known as Her2 is also highly expressed in most of the breast cancers. Hence, high number
of the breast cancers are estrogen receptor(ER), progestron receptor(PR) and/or Her2
positive/over-expressing and targeted by specific inhibitors of these receptors (Tamoxifen,
Fulvestrant etc) or monoclonal antibody,e.g. Trastuzumab in the case of Her2 positive cancer.
Approximately, 15-20% of breast cancer are knows as triple negative breast cancer (TNBC)
(Diana et al., 2018). TNBC by definition means that these tumors are negative for ER, PR and

Her2. TNBC are highly aggressive and drug resistant tumors, which shows epithelial to
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mesenchymal transformation and distant metastasis (Yao et al., 2017). Although representing
only 15-20% of breast cancer, distant recurrence and mortality in the TNBC is significantly
higher than the other breast cancer subtypes (Goncalves et al., 2018) . Due to the lack of the
three receptors in TNBC, hormonal therapies and anti-Her2 therapies remains ineffective and
chemotherapy is the primary option for these patients. Despite initial responses to
chemotherapy, resistance develops quickly and makes the treatment non-effective (Shao et al.,
2017). Therefore, it is the biggest challenge in modern oncology to develop effective targeted
therapy to treat TNBC. Several studies have shown that there is an increased rate of activating
mutation in the RAS/MAPK pathway in TNBC (Giltnane and Balko, 2014, Bianchini et al.,
2016) as opposed to other subtypes of breast cancer. Thus targeting RAS/MAPK pathway
might provide a therapeutic approach to treat TNBC.

2.1 RAS

RAS is a small membrane bound GTPase, which acts as molecular switches regulating the
transfer of the extracellular signals inside the cell. The three human RAS genes [i.e. Kirsten rat
sarcoma viral oncogene homolog (KRAS), neuroblastoma RAS viral (v-ras) oncogene
homolog (NRAS) and Harvey rat sarcoma viral oncogene homolog (HRAS)] encode four RAS
proteins, with two KRAS isoforms that arise from alternative RNA splicing. KRAS is the most
frequently mutated oncogene in human cancers (85%), followed by NRAS (11%) and least
percentage of mutation about 4% are reported in HRAS (Hobbs et al., 2016). Synthesized in
cytosol, RAS is transferred to the inner part of the plasma membrane, where it interacts with
diverse membrane receptors like epidermal growth factor receptor (EGFR), insulin-like
growth factor 1 receptor (IGF-1R), and platelet-derived growth factor receptor (PDGFR).
Thus, RAS regulates major signaling pathways including the RAF/mitogen-activated protein
kinase (MAPK) / extracellular-signal regulated kinase (ERK1/2) (Vikis and Guan, 2002,
Smith et al., 2004) and phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) (Castellano and Downward, 2011, Manning and Toker, 2017) .These pathways
control important cellular functions, including cell proliferation, differentiation, migration and
apoptosis (McCubrey et al., 2007, Peng et al., 2018, Yang et al., 2017) . RAS proteins acts as
binary switch, which cycles between on and off states depending upon the kind of bound
guanine (di or tri) phosphate molecule. Guanine nucleotide exchange factor (GEF) regulates

the conversion of inactive GDP bounded state to the active GTP bounded state. GTPase
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activating protein (GAP) regulates the conversion of GTP bounded state back into the more
stable GDP bounded inactive state of RAS protein. Hence, RAS activation is strictly regulated
under normal cellular condition. Due to mutation in RAS or in its activating protein the on and
off switching goes aberrant, which results into the permanent binding of GTP with RAS and
constitutive activation of the signaling pathways regulated by RAS. This is the most common
phenomenon seen in many kinds of KRAS driven cancers. The most common signaling
pathway, which is regulated by RAS, is MEK-ERK pathway. Strategies to target KRAS will
be highly beneficial to the patients having KRAS driven cancer. Unfortunately, there are no
direct KRAS inhibitors available. As an alternative approach, targeting the downstream
effectors of KRAS like MAPK or PI3K pathways could be an effective strategy in managing

such tumors.

2.2 MAPK signaling pathway

Mitogen-activated protein kinase (MAPK) is a serine/threonine protein kinase, which is found
in eukaryotic cells. The MAPK signaling comprises of conservative three-step kinase cascade
of RAF/MEK/ERK (Li et al., 2016a, McCain, 2013). The initiation of this cascade is activated
by ligands (growth factors) that bind to a variety of membrane receptors, such as receptor
tyrosine kinases (RTKs), G protein coupled receptors (GPCRs), toll-like receptors and
cytokine receptors (Katz et al., 2007, Volinsky and Kholodenko, 2013). After the initial
activation, the membrane bound RAS becomes activated by GTP binding and then recruits
and activates the RAF kinase in the MAPK kinase cascade. RAF a serine/threonine protein
kinase comprises of three main family members RAF-1, B-RAF, and A-RAF. RAF is a RAS
effector and upstream activator of the ERK pathway. It can phosphorylate proteins directly or
can promote the phosphorylation of protein via activation of downstream substrates like
MEK/ERK. In most cases RAF phosphorylates downstream MEK, which makes the cascade
fully activated (Dhillon et al., 2007) (Fig. 2.1) . MEKZ1/2 in turn activates ERK1/2
(T202/Y204) by dual phosphorylation on a threonine and a tyrosine residue located in the
activation loop of the protein. Recent studies have shown that activated ERK1/2 can
phosphorylate about two hundred downstream substrates, which in turn regulates gene
expression, cell proliferation, differentiation and migration (Lefloch et al., 2009, Chen et al.,
2009).
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Fig. 2.1 Schematic representation of MAPK signaling pathway. Ligand stimulation induces dimerization of
EGFR, which induces autophosphorylation of EGFR and conversion of inactivated GDP coupled KRAS to
activated GTP bound KRAS. The activated KRAS phosphorylates downstream kinases RAF and stimulates the
subsequent activation of MEK and ERK (own compilation).

Many studies have shown that genetic mutations or aberrations in any of the component of
RAS-RAF-MEK-ERK cascade plays an important role in development and progression of
various human cancers (Shao et al., 2018, Nandan and Yang, 2011, Burotto et al., 2014,
Leung et al., 2019). In various malignant tumors including thyroid, colorectal, breast and
melanoma cancer, RAF-MEK-ERK pathway is reported to be constitutively hyperactivated
(Levidou et al., 2012, Wellbrock and Arozarena, 2016, Yang et al., 2017, Steelman et al.,
2010, Vicent et al., 2004). Extensive statistical studies have demonstrated that activation of
RAF-MEK-ERK pathway is associated with the oncogenesis of malignant cancers, making it
an attractive target for efficient anticancer therapeutics (Montagut and Settleman, 2009, Yu et
al., 2015). Based on this, a number of molecular agents targeting BRAF or MEK have entered
clinical trials (de Langen and Smit, 2017, Welsh and Corrie, 2015) . Unfortunately, they failed
to sustain results due to the emergence of acquired resistance. Consequently, there is an
urgent need to develop potential therapeutic targets to prevent the onset of the acquired
resistance. The most common mechanism of the acquired resistance against RAF or MEK

inhibitors is through reactivation of the ERK1/2 by some other pathway or activation of
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another parallel pathway responsible for activation of similar processes. One of the prominent

parallel pathway, which is also regulated by KRAS is PI3K/Akt/mTOR pathway.

2.3 PI3K/Akt/mTOR signaling pathway

Phosphatidylinositol 3-kinase (PI3K) , Akt and the mechanistic target of rapamycin (MTOR)
signaling pathway regulates many essential cellular functions like cell cycle progression,
survival, metabolism, motility, and genomic instability (Hanahan and Weinberg, 2011). There
are eight mammalian PI3K enzymes which are grouped into three classes known as Class I, 11
and 111 (Vanhaesebroeck et al., 2010). Class | is further divided into Class 1A and IB out of
which Class 1A PI3K plays the predominant role in cancer. These PI3Ks are formed by a
catalytic subunit pl110 and a regulatory subunit p85. The pll1l0 subunit generates
phosphatidylinositol 3,4,5-triphosphate (PIP3) and p85 subunit is responsible for the
interaction of PI3K with the upstream effectors. Both Class IA and 1B PI3Ks phosphorylate
phosphatidylinositol 4,5-biphosphate to generate PIP3. Following activation of receptor
tyrosine kinases by ligand, Class | PI3K generates PIP3 at the plasma membrane, which
induces the recruitment of the phosphoinositide-dependent kinase-1 (PDK1) and Akt (Fig.
2.2) (Franke et al., 1995).

Tumor suppressor protein phosphatase and tensin homolog (PTEN), tightly regulates the
levels of PIP3 by converting PIP3 back to phosphatidylinositol 4,5-bisphosphate and therefore
exerts an opposing effect to PI3K (Maehama and Dixon, 1998) Recruitment of PDK1 and Akt
to the plasma membrane leads to the direct interaction of both kinases. PDK1 phosphorylates
Akt on a T308 residue and activates it partially (Alessi et al., 1997) (Stokoe et al., 1997).
Complete activation of Akt is mediated by mTORC2 (mechanistic target of rapamycin
complex 2) by an additional phosphorylation at S473 (Sarbassov et al., 2005). Activation of
Akt leads to the phosphorylation of a large number of downstream targets for example
Caspase-9 mouse double minute 2 homolog (MDMZ2), p27, glycogen synthase kinase 3 beta
(GSK3p), Forkhead box O transcription factor (FOXO), proline-rich Akt substrate of 40 kDa
(PRAS40), Bcl-2-associated death promoter (BAD) and tuberous sclerosis complex (TSC2)

which regulates cell growth, survival and proliferation (Manning and Cantley, 2007).
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Fig. 2.2 Schematic representation of PI3K/Akt signaling pathway under unstimulated and ligand induced
stimulated conditions. Ligand stimulation induces homo or hetero dimerization of EGFR which induces its
autophosphorylation and conversion of inactivated GDP coupled KRAS to activated GTP bound KRAS. The
activated KRAS phosphorylates PI13K that could further phosphorylate PDK1 under regulation of a phosphatase
PTEN. mTORC2 and activated PDK1 phosphorylates Akt, which further phosphorylate several downstream
substrate and regulate cell growth, survival, proliferation and DNA repair (own compilation).

PI3K/Akt pathway regulates cell growth and proliferation and therefore plays an important
role in cancer. The pathway is frequently hyperactivated in human malignancies and
associated with cancer progression. The pathway is also shown to be involved in cancer-
promoting microenvironment such as angiogenesis and inflammatory cell recruitment (Beagle
and Fruman, 2011) (Hirsch et al., 2014). Therefore, the inhibition of PI3K/Akt signaling
pathway has become a promising approach in cancer therapy. However, the development of
resistances due to abrogation of negative feedback mechanisms or the activation of other
proliferative signaling pathways has substantially restricted the anticancer efficacy of PI3K/
Akt inhibitors.
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There are three different Akt isoforms known which are Aktl, Akt2 and Akt3. Aktl promotes
growth and survival, Akt2 controls cellular invasiveness and mesenchymal characteristics and
Akt3 regulates synthesis of new protein and cell division (Irie et al., 2005) (Maroulakou et al.,
2007). Although many studies have shown that Akt is the major downstream effector of PI3K
but in many cases PI3K and Akt can operate independent of each other in cancer, which adds
to another level of complexity in this signaling pathway. Therefore, targeted therapies used
alone will not be efficient and combined therapies are needed to produce stronger anticancer

effects.

2.4 Y-Box Binding Protein-1 (YB-1)

Y-box binding protein-1 (YB-1), encoded by the YBX1 gene, is a member of the cold-shock
domain protein superfamily (Eliseeva et al., 2011, Lindquist and Mertens, 2018). It is one of
the unique multifunctional protein, which can bind with DNA, RNA and several proteins
(Kuwano et al., 2004). Due to high flexibility in selecting binding partners, YB-1 is reported
to regulate transcription and translation of a wide range of important genes and proteins
involved in cell proliferation and progression (Wu et al., 2007, Schittek et al., 2007), DNA
replication (Wu et al., 2015) and repair (Pagano et al., 2017) , multi-drug resistance (MDR)
(Murugesan et al., 2018) and epithelial to mesenchymal transition (EMT) (Khan et al., 2014,
Evdokimova et al., 2009) (Gopal et al., 2015). YB-1 is reported to present in cytoplasm,
nucleus and mitochondria of the cell. As a nucleic acid binding protein, multimers of YB-1
combines with mRNAs to form ribonuclear particles (RNP) in cytoplasm and hence regulate
the translation of many essential proteins. It is also involved in chromatin remodelling, pre-
MRNA splicing (Wei et al., 2012) and stress related cellular response (Lyons et al., 2016,
Guarino et al., 2018). YB-1 acquired its name from its first identification as a protein binding
to the Y-box sequence (5’-CTGATTGG-3’) in the promoter region of class I MHC genes
(Lasham et al., 2013). Later it was reported that YB-1 can also bind with other promoters as
well along with the Y-box sequence. YB-1 is a small protein comprise of 324 amino acids
(Fig. 3). The predictable molecular mass based on the number of amino acids is 35.9 kDa.
However, YB-1 protein runs at an anomalous size of about 50 kDa in SDS PAGE gel.
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NLS - Nuclear Localization Sequence (Nuclear translocation of YB-1)

CRS - Cytoplasmic Retention Sequence (CRS): Cytoplasmic accumulation of YB-1

Fig. 2.3 Diagrammatic representation of YB-1 protein structure (own compilation).

Y-box binding proteins can be classified into three subfamilies; YB-1, YB-2 and YB-3. The
subfamily YB-1 is most studied and includes the human YB-1 protein, which is reported to
present in almost all somatic cells. The members of the second subfamily YB-2 are expressed
only in germ cells. While the members of the third subfamily YB-3 are expressed only during
embryonic development and disappear after birth. The basic structural peculiarities of all
members of the three subfamilies of vertebrate Y-box binding proteins are as follows: high
content of alanine and proline in the highly variable N-terminal domain (A/P domain);
presence of a highly conserved nucleic acid binding cold shock domain (CSD); presence of
an elongated highly disordered C-terminal domain (CTD) containing alternating clusters of
positively and negatively charged amino acid residues (Fig. 2.3) (Lasham et al., 2013) The
cold shock domain (CSD) is highly conserved and comprises of tertiary structure containing a
five-stranded B-barrel with consensus sequences (Maurya et al., 2017) . It is associated with
both specific and non-specific binding with nucleic acid and has binding sites for Akt kinase,
PDK-1, and RSK. The CTD also contains nuclear localization sequence (NLS), the
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cytoplasmic retention sequence (CRS), and the 20S proteasome cleavage site (Eliseeva et al.,
2011) . It binds with number of proteins and non-specifically with nucleic acids. The A/P
domain of YB-1 has a disordered structure which contains binding sites for actin (Ruzanov et
al., 1999) , cyclin D1 (Khandelwal et al., 2009) and transcription factor p53 (Okamoto et al.,
2000) . The CTD is involved in the protein homo-multimerization (Tafuri and Wolffe, 1992)
(Murray, 1994) and has binding sites for several important regulatory proteins. Due to highly
disordered structure there is no definite three-dimensional structure of YB-1 reported so far.
There is a hypothesis according to which the conformation of these domains is fixed only

upon binding to ligands and may vary in complexes with different ligands.

2.5 YB-1in cancer

YB-1 is a multifunctional protein, which is reported to regulate all the ten hallmarks of cancer
as described by Hanahan and Weinberg (Fig. 2.4) and Lasham et al (Fig 2.5) (Hanahan and
Weinberg, 2011, Lasham et al., 2013) YB-1 is reported to be over-expressed in almost all
kind of cancers such as breast, lung, colorectal, melanocytic, prostate, ovary and bone cancer
(Lasham et al., 2013, Lee et al., 2016, Jiang et al., 2017, Sinnberg et al., 2012, Kosnopfel et
al., 2018). In many kinds of human cancers, the enhanced expression of YB-1 is correlated
with multidrug resistance and poor therapy outcomes. In breast carcinomas, expression of
cytoplasmic YB-1 has been shown to be associated with tumor aggressiveness while nuclear
localization was shown as a predictive marker of recurrence after chemo- and radiotherapy
(Mylona et al., 2014), also associated with increased tumor grading and tumor stage in breast
cancer (Dahl et al., 2009). YB-1 is therefore regarded as a prognostic marker of disease
aggressiveness and tumor resistance to chemotherapy (Bargou et al., 1997). Thus, YB-1 is a
significant oncoprotein that stimulates cell proliferation, enhances multidrug resistance and
promotes metastasis. The reduction in the expression levels of YB-1 is reported to be
associated with growth repression and apoptosis in a large number of cancer cells such as

breast, colon, lung and prostate cancer.

28



EGFR Cyclin-dependent
inhibitors kinase inhibitors

- - Sustaining Evading m—
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 mAb

Proapoptotic Res‘sltling E"ﬁb"t'_‘g Telomerase
BH3 mimetics e sl Inhibitors
death immortality

Genome I
instability _ promoting
mutation inflammation
ranp Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

il X

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Fig. 2.4 Ten hallmarks of cancer; adapted from Cell Review 2011 (Hanahan and Weinberg,
2011)
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Fig. 2.5 Schematic diagram showing that YB-1 regulates all the ten cancer hallmarks; adapted

from Biochemical Journal (Lasham et al., 2013)
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YB-1 activates E2F pathways to promote uncontrolled cancer cell proliferation, which is a
prevalent event in almost all types of cancers (Lasham et al., 2012). YB-1 inhibits the
expression of tumor suppressor p53 gene in cancer cells and promotes uncontrolled
proliferation (Zhao and Xu, 1999) (Tong et al., 2019) . Hence, YB-1 overexpression results in
hyperplasia (Krohn et al., 2007). Furthermore, cancer cells lose their ability for anchorage-
independent growth on suppression of the YB-1 expression (Gopal et al., 2015). Studies
involving transgenic mice showed that YB-1 over-expression resulted in malignant
transformation of breast tissues (Davies et al., 2014) It is reported that overexpression of YB-
1 is associated with an increase in the expression of EGFR, MET signaling , and HER-2
levels (Stratford et al., 2007, Guo et al., 2017, Wang et al., 2015). YB-1 is reported to enhance
the cell resistance to different types of drugs used in treating cancer (Inoue et al., 2012). The
mechanism of YB-1 induced chemoresistance is not completely clear but the most prevalent
explanation is that YB-1 regulates the proteins ensuring multidrug resistance or it can be
directly involved in DNA repair. Therefore, YB-1 is proposed as a potential target in therapy
of various types of breast cancer.

2.6 Activation/Phosphorylation of YB-1
YB-1 is reported to be phosphorylated at various sites. The most studied phosphorylating site
is Serine 102 (S102). It is reported that YB-1 is activated to perform its function in

transcriptional regulation after phosphorylation at S102.

2.7 YB-1in DNA repair

The human genome is being constantly attacked by various DNA damaging agents.
According to the source of the toxic agents, DNA damage can be categorized into endogenous
(spontaneous) and exogenous (environmental) damages (Rodriguez-Rocha et al., 2011,
Chatterjee and Walker, 2017). Endogenous DNA damage occurs at a high frequency within
normal cells, mainly caused by by-products of metabolic and biochemical reactions, such as
reactive oxygen species (ROS) and reactive chemicals. In most cases, the endogenous toxic
agents result in the modification or hydrolysis of the base components of DNA, such as
through oxidation, alkylation, deamination, depurination and depyrimidination. Mismatch is
another kind of endogenous DNA damage occasionally introduced during DNA replication
(Tubbs and Nussenzweig, 2017, Li et al., 2016b). DNA damage caused by exogenous agents,
such as ionizing radiation (IR), ultraviolet (UV), and radiomimetic drugs is much more

catastrophic than that caused by endogenous agents. Gamma and x-rays as well as
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radiomimetic drugs are the most dangerous types of DNA damaging agents, which can cause
lethal lesions, such as DNA double-strand breaks (DSBs). Cell may incur tens of thousands of
DNA lesions daily. Fortunately, mammalian cells have developed evolutionarily conserved
mechanisms to cope with genotoxic threats, which have been termed as the DNA damage
response (DDR). Upon DNA damage, cells detect the damaged DNA and relay the signal
downstream to activate the cell cycle checkpoints to halt the cell cycle progression, allowing
time for repairing the damage, or they bear the damage and continue replication, which may
eventually cause mutations, or lead to apoptosis if the damage is too severe to be repaired
(Nowsheen and Yang, 2012, De Zio et al.,, 2013) . Several conserved repair pathways
responsible for eliminating specific types of lesions have been identified in mammalian cells.
The repair pathways, which are involved in single strand repair include direct repair, base
excision repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR) (Fig.
2.6). The repair pathways actively involved in DNA DSB include homologous recombination
(HR) repair and non-homologous end joining (NHEJ) repair. There is also considerable
redundancy among these different pathways (Fig. 2.6)

Nucleotide Excision Reapair

(NER)
Single strand break Base Excision Reapair
(ssDNA) (BER)

Mismatch Repair
DNA Repair (MMR)

Homologous Recombination
Double strand breaks (HR)

(DSB)
Non Homologous End Joining
(NHEJ)

SN

Classical NHEJ Alternate- NHEJ
(C-NHEJ) (A-NHEJ)

Fig. 2.6 Schematic diagram showing different DNA repair pathways. Single strand and double

strand DNA breaks are repaired by specific repair pathways (Own compilation)
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In 1991, Lenz and Hasegawa et al. proposed the involvement of YB-1 in DNA repair when
YB-1 was identified as a protein possessing high affinity to DNA containing abasic sites
(Hasegawa et al., 1991). This assumption was further strengthen by the studies showing that
YB-1 possess increased affinity towards damaged DNA or DNA containing mismatches
(Gaudreault et al., 2004, l1zumi et al., 2001, Kretov et al., 2015). YB-1 is not only capable of
separating the strands, but it can also cleave double-stranded DNA molecules. The hypothesis
on the involvement of YB-1 in repair is also compatible with its exhibiting weak 3'-5’'
exonuclease activity on single stranded DNA and weak endonuclease activity on double
stranded DNA. YB-1 is overexpressed in human cancer cell lines resistant to cisplatin, a
platinum-containing anticancer drug that has been shown to damage cell DNA (lIse et al.,
1999). Several DNA repair proteins like PCNA (Yoshimatsu et al.,, 2005), APEl
(Chattopadhyay et al., 2008), MYC (Bommert et al., 2013) and p53 (Okamoto et al., 2000)
can interact with YB-1, which further strengthens the concept that this multifunctional protein
is involved in the repair of DNA damage. YB-1 has been also shown to regulate the
expression of a number of other genes involved directly or indirectly in DNA repair. These
genes include thymidine kinase (Fukada and Tonks, 2003), DNA polymerase o (En-Nia et al.,
2005), Fas antigen (Lasham et al., 2000), collagen al(l) gene (Norman et al., 2001) ,
gelatinase A (Mertens et al., 1999) and the multidrug resistance (MDR1) gene (Vaiman et al.,
2006). In addition, YB-1 interacts with wide variety of proteins involved in various DNA
repair pathways such as NEIL2 (Das et al., 2007), WRN (Maurya et al., 2017), and MSH2
(Wu et al., 2007) suggesting that YB-1 might assist in DNA repair complex assembly, making
it a protein, which can play significant role in repair of all kinds of DNA damage.
Furthermore, embryonic stem cells from YB-1 heterozygous mice exhibit increased
sensitivity to DNA damaging agents including cisplatin and mitomycin C. Upon UV
irradiation, YB-1 translocates from the cytoplasm to the nucleus (Koike et al., 1997) and is
known to bind to damaged nucleic acid (Wu et al., 2007). All these reports suggest that YB-1
is indeed vital in DNA repair and drug resistance to tumor cells.

The nucleotide excision repair system (NER) is one of the main mechanisms protecting
cellular DNA from lesions caused by genotoxic agents. One of the key factors during the
damage recognition step of NER components is XPC-HR23B. YB-1 and XPC-HR23B
stimulate each other’s binding to the DNA having a bulky or clustered lesion, which points
towards the possible role of YB-1 in the regulation of DNA repair by the NER mechanism.

YB-1 as a component of the oxidative stress-induced NEIL2-initiated base excision repair
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(BER) complex physically interacts with NEIL2, Lig3a and PolB. On the other hand,
Pestryakov et. al reported that YB-1, like RPA, suppresses NEIL’s AP lyase activity on single
stranded DNA substrates with AP sites while moderately stimulating the same with duplex
DNA longer than 48 nts (Pestryakov et al., 2012). These could implicate role of YB-1 in
transcription/replication-associated repair, where it simultaneously prevents induction of
breaks at single stranded DNA and enhances repair of oxidized bases in double strand DNA.
Interestingly, it has been shown that DNA damage-induced proteasome mediated cleavage of
YB-1 results in loss of its cytoplasmic retention sequence and thus increases its nuclear
accumulation in primary cancer cells. This may contribute to multidrug resistance phenotype
of cancer cells (Maurya et al., 2017). Truncated YB-1 retains its interaction with DNA
damage response proteins yYH2AX, MRE11, Rad50, Ku80 and WRN and in multiprotein
repair complexes. Interaction of YB-1 with PCNA further suggests its role in NER and
replication-associated repair. These studies demonstrate that YB-1 plays significant role in the
repair of single strand breaks in DNA. However, the most fatal DNA damages are the DNA
double strands breaks (DSB). Previous study showed that YB-1 stimulates repair of ionizing
radiation-induced DSB (Toulany et al., 2011). DSB are among the most toxic lesions that is
sufficient to promote genomic instability and cell death if left unrepaired (Schipler and Iliakis,
2013). These DSB may arise during meiosis or can result from exogenous stress by cytotoxic
agents and ionizing radiation or endogenous insults such as reactive oxygen species (ROS)
and replication errors. To repair DSB, cell employs primarily two standard DSB repair
pathways: non-homologous end joining (NHEJ) and homologous recombination (HR)
(Rothkamm et al., 2003) (Pfeiffer et al., 2000).

HR is highly conserved and error-free mechanism of DNA DSB repair. HR uses a sister
chromatid as a template to repair the damaged sequence. Therefore, it is carried out during the
S and G, phases of the cell cycle (Vignard et al., 2013). The initiation of HR relies heavily
upon DNA end resection and formation of single-stranded 3' DNA overhangs (Symington,
2014) . The formation of single stranded overhangs requires the recruitment of CtIP to the
DSB break site, the stimulation of the endonuclease activity of MRE11 in complex with
RADS50 and NSB1 (MRN complex), and the action of the nucleases EXO1 and BLM/DNAZ2.
After end resection, replication protein A (RPA) loads onto the single strand DNA
(ssDNA)and protects it from breakage (Ruff et al., 2016). Subsequently, other HR proteins
like BRCA1, PALB2, and BRCAZ2, in complex with DSS1, promotes the replacement of RPA
and the loading of RAD51 onto the ssSDNA. RAD51 is the recombinase protein responsible
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for homology search on the sister chromatid (Sonoda et al., 1999). Once the identical DNA is
found on the sister chromatid, Rad51 is removed and the DNA is used as the template to
synthesise the damaged DNA by polymerases.
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Fig 2.7. Schematic representation of DNA DSB repair by homologous recombination (HR) and
non-homologous end joining (NHEJ) pathways (Brandsma and Gent, 2012, Mladenov et al.,
2013)

Non Homologous End Joining (NHEJ) repair pathway is divided into pathways depending on
the end resection and the regulatory proteins involved. 1) Classical NHEJ (C-NHEJ) is the
predominant mechanism of DNA DSB repair; which operates in all phases of the cell cycle. It
is a relatively simple and direct mechanism of DSB repair (Fig. 2.7). In C-NHEJ repair
pathway as soon as the DNA DSB are formed, Ku70/Ku80 heterodimer immediately bound to
both the ends of the DSB and protect the sSDNA from end resection. It is followed by
recruitment of the catalytic subunit of the DNA dependent protein kinase (DNA-PKcs) (Davis
and Chen, 2013, Hartlerode and Scully, 2009). DNA ends can either be directly ligated or
processed slightly by nucleases such as Artemis or filled in by DNA polymerases until a
ligatable configuration is attained. Processing of DNA ends results in nucleotide loss or
addition, which results into mutation. Thus, C-NHEJ is an error prone DSB repair mechanism
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(Fig. 2.7). 2) Alternate NHEJ (A-NHEJ) also knows as backup NHEJ (B-NHEJ) is not very
well defined pathway. This repair pathway has been shown recently to process DSBs when
other two major DSB repair (HR and C-NHEJ) pathways are compromised. A-NHEJ starts
with end resection by MRN complex similar to that of HR and PARP1/2 recruitment followed
by RPA to protect ssSDNA. The ssDNA ends are processed heavily and religated by ligase 1
and 2 (Fig. 2.7). This pathway is about 20-fold less efficient and slower than C-NHEJ.

There is no information in the literature regarding the specific DNA DSB repair pathways

regulated by YB-1 and the underlying mechanism.
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3 Results

3.1 Underlying signaling pathways involved in phosphorylation of YB-1

Phosphorylation of YB-1 is stimulated by ligands such as EGF, IGF-1 and exposure to IR
(Toulany et al., 2011). It is reported that YB-1 is constitutively activated in KRAS(G12V)-
mutated tumor cells and this phosphorylation cannot be stimulated further by treatment with
ligands or exposure to IR (Toulany et al., 2011). Therefore, in the present study the signaling
pathways responsible for the constitutive high level of P-YB-1 was evaluated in
KRAS(G13D)-mutated breast cancer cells (BCC). YB-1 needs to be phosphorylated at serine
102 (S102) to carry out majority of its cellular functions. It is known that KRAS mutated BCC
present high level of basal phosphorylation of YB-1 at S102 (Toulany et al., 2011). Mutation
in KRAS(G12V) is one of the underlying mechanism by which YB-1 is constitutively
phosphorylated in BCC (Toulany et al., 2011, Tiwari et al., 2018) . Thus, it is important to
uncover the signaling pathways involved in constitutive high level of YB-1 phosphorylation.

3.1.1 YB-1 is highly phosphorylated at S102 in BCC compared to normal breast
epithelial cells

YB-1 expression level and it phosphorylation at S102 under non-stimulated condition was
investigated in KRAS wild-type and KRAS(G13D)-mutated BCC as well as in normal breast
epithelial cells. To this aim KRAS(G13D)-mutated MDA-MB-231 and MDA-MB-453 as well
as KRAS wild-type SKBr3 and transformed breast epithelial cell line HBL-100 were
compared with the normal breast epithelial MCF-10A cells. As shown in Fig 3.1, YB-1 was
highly phosphorylated at S102 in all breast cancer cell lines compared to the normal breast
epithelial cells. Interestingly the level of phosphorylation of the components of the MAPK
pathway, i.e., ERK1/2 (T202/Y204) and RSK (T359/S363) was also elevated in all cancer cell
lines except of P-RSK in MDA-MB-453 cells. Likewise, the PI3K pathway was also found to
be highly activated in all breast cancer cell lines tested as indicated by enhanced Akt
phosphorylation at S473. MCF-10A cells presented low levels of phosphorylation of YB-1 in
association with the lack of phosphorylation at RSK1/2/3, Akt and ERK1/2. (Fig. 3.1). Data
obtained from this experiment confirms that BCC present high level of phosphorylation of
YB-1 and activation of the MAPK as well as PI3K pathway.

36



MDA-MB-231 MDA-MB-453  SKBr3 HBL-100 MCF-10A

V. . b
P-YB-1 .---—-..—--

(8102)

S — —

YB-1 ——— I---.-- 50KD

P-RSK -
(T350/S5363)
RSK --“—--BOKD
P-Akt DD e o
iS5 —— - —
Akt Ty peea—— 0]

P-ERK1/2 S Se —
(r202/v204) D S S o 49

—

— — S—
ERK T — -, s 42KD
-— .-

fl

Fig. 3.1 YB-1 is highly phosphorylated at S102 in BCC compared to normal breast epithelial cells. Protein
samples were isolated from indicated cell lines in a confluent status and subjected to SDS-PAGE.
Phosphorylation level of indicated proteins was analysed by Western blotting using phospho-specific antibodies.
Blots were stripped and incubated with antibodies detecting total protein. The protein samples were isolated
from two parallel cultures.

3.1.2 External stimuli lead to long-term phosphorylation of YB-1 in KRAS wild-type but
not in KRAS(G13D)-mutated cells.

Next, it was investigated if cellular stress differentially stimulates phosphorylation of YB-1 in
cancer cell lines tested. To this end, effect of stimulation with EGF and exposure to clinically
relevant dose of IR on YB-1 phosphorylation was tested within 24 h after treatment in cells,
which were serum deprived for 24 hours. Data shown in Fig. 3.2 indicates that neither EGF
treatment (Fig.3.2) nor exposure to IR (Fig.3.3) stimulated YB-1 phosphorylation in
KRAS(G13D)-mutated MDA-MB-231 and MDA-MB-453 cells. In contrast, YB-1
phosphorylation was stimulated by both stimuli in KRAS wild-type SKBr3 and HBL-100
cells, as early as 30 minutes after stimulation and remained phosphorylated until 24 hours
after EGF treatment in both cell lines and after irradiation in HBL-100 cells. In SKBr3 cells,
IR induced YB-1 phosphorylation at 30 minutes’ time-point and level of phosphorylation
returned to the control level at longer time-points, i.e. 16 h and 24 h post-irradiation.
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This data indicates that KRAS(G13D)-mutated MDA-MB-231 and MDA-MB-453 cells
present constitutive high level of YB-1 phosphorylation that is not further inducible by

external stimuli.
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Fig. 3.2 EGF treatment leads to long-term phosphorylation of YB-1 in KRAS wild-type but not in
KRAS(G13D)-mutated cells. Confluent cells were starved for 24 hours and treated with EGF (100ng/ml).
Protein samples were isolated at indicated time points after stimulation and subjected to SDS-PAGE. Levels of
P-YB-1 (S102) and YB-1 were analysed by Western blotting. Protein samples were isolated from three parallel
cultures. Densitometry values represents the mean of P-YB-1/YB-1+ standard deviation (SD) normalized to 1 in
the control (ctrl) condition. The experiments were repeated twice. Data shown above is representation of one
experiment.
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Fig. 3.3 IR stimulates YB-1 phosphorylation in KRAS wild-type but not in KRAS(G13D)-mutated cells.
Confluent cells were starved for 24 hours and irradiated with 4 Gy. Protein samples were isolated at indicated
time points after stimulation and subjected to SDS-PAGE. Levels of P-YB-1 (S102) and YB-1 were analysed by

38



Western blotting. Protein samples were isolated from three parallel cultures. Densitometry values represent the
mean of P-YB-1/YB-1+ standard deviation (SD) normalized to 1 in the control (ctrl) condition. The experiments
were repeated twice. Figure shown above is representation of one experiment

3.1.3 KRAS(G13D)-MAPK-RSK is the major pathway regulating constitutive YB-1
phosphorylation in KRAS-mutated cells

KRAS-siRNA was applied to verify the role of KRAS(G13D) expression in constitutive YB-1
phosphorylation. Knockdown of KRAS resulted in a strong reduction in the level of
downstream effector kinase P-ERK1/2, which subsequently leads to the strong reduction in
downstream target P-YB-1 (Fig. 3.4). As shown in the previous experiments (Fig. 3.2 & 3.3)
both IR exposure and EGF treatment could not stimulate further the high levels of basal
phosphorylation of YB-1 in KRAS mutated cells, therefore in the next experiments
knockdown of KRAS was performed to check the effect on P-YB-1 levels. Thereafter, the
KRAS knockdown cells were treated with EGF or exposed to IR. Knockdown of KRAS
resulted into strong reduction in the level of phosphorylation of YB-1 (Fig. 3.4) Interestingly,
now when the cells were treated with IR (Fig. 3.5 A) or EGF (Fig. 3.5 B), both stimuli could
enhance phosphorylation of YB-1 in KRAS knockdown group. The induction of
phosphorylation of YB-1 was seen within 15 minutes of IR exposure or EGF treatment. This
clearly demonstrates that mutation in KRAS(G13D) is indeed responsible for the high levels of
constitutive phosphorylation of YB-1 in KRAS(G13D)-mutated BCC.
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Fig. 3.4 Constitutive phosphorylation of YB-1 in MDA-MB-231 cells depends on expression of
KRAS(G13D). MDA-MB-231 cells were transfected with control-siRNA (ctrl-siRNA) and the KRAS-siRNA.
Protein samples were isolated 72 hours after transfection and subjected to SDS-PAGE. Levels of KRAS, P-
ERK1/2, P-YB-1 (S102) and YB-1 were analysed by Western blotting. Protein samples were isolated from four
parallel cultures. n=8 data from 3 independent experiments.
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Fig. 3.5 KRAS(G13D) mutation induces constitutive phosphorylation of YB-1. MDA-MB-231 cells were
transfected with control-siRNA (ctrl-siRNA) and the KRAS-siRNA and exposed to (A) 0 Gy and 4 Gy IR or (B)
treated with EGF (100ng/ml). Protein samples were isolated at indicated time points after stimulation and
subjected to SDS-PAGE. Levels of KRAS, P-YB-1 (S102) and YB-1 were analysed by Western blotting. Protein
samples were isolated from indicated parallel cultures.

3.1.4 Mutation in KRAS induces constitutive phosphorylation of YB-1 through
MEK/ERK and PI3K signaling pathways

The MAPK/ERK and PI3K/Akt pathways are the major signaling pathways downstream of
EGFR and KRAS. Next, it was investigated if mutation in KRAS is responsible for over-
activation of these two pathways. To evaluate the role of these two pathways in the
phosphorylation of YB-1, LY294002 (LY) as PI3K inhibitor and PD98059 (PD) as MEK
inhibitor were used in 10uM and 20uM concentrations for 2h. Both the concentrations of LY
inhibited PI3K strongly as seen by complete inhibition of phosphorylation of Akt, which is
the downstream substrate of PI3K. Phosphorylation of YB-1 was slightly inhibited by LY by
about 10%, which was not further inhibited by increasing the concentration of LY from 10
MM to 20 puM (Fig. 3.6). Interestingly, PD strongly inhibited phosphorylation of YB-1 by
about 35% at the concentration of 10 pM and significantly higher inhibition of 53% was
observed at the concentration of 20 uM. The efficiency of PD can be seen by strong inhibition
of P-ERK1/2 and P-RSK which are the downstream targets of MEK1/2 and ERK1/2,
respectively.
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Fig. 3.6 Mutation in KRAS induces constitutive phosphorylation of YB-1 through MEK/ERK and PI3K
signaling pathways. MDA-MB-231 cells were treated with DMSO (vehicle), the MEK inhibitor PD98059 (PD)
and the PI3K inhibitor LY294002 (LY). Two hours after treatment with the indicated inhibitors, protein samples
were isolated. The phosphorylation and expression of the indicated proteins were analysed by Western blotting.
The densitometry analysis shows the mean ratio of P-YB-1/YB-1 + SD normalized to 1 under DMSO treatment
conditions The asterisks indicate a significant difference compared with the related control (*p<0.05, and ***
p<0.001, Student’s t-test) LY, 5 data from 2 independent experiments; PD, 3 data from 2 independent
experiments.

To further assess the role of MEK/ERK pathway, SiRNA against KRAS, ERK2 and
combination of both KRAS and ERK2 were used. Knockdown of KRAS inhibited
phosphorylation of its downstream effectors ERK1/2 as well as RSK and consequently
inhibited phosphorylation of YB-1 about 40% which was similar to the inhibition of P-YB-1
about 33% by the knockdown of ERK2 as shown in the densitometry values in Fig. 3.7.
Combination of KRAS and ERK2 siRNA showed slight increase in the inhibition of P-YB-1
(about 50%). Therefore, it can be concluded that the major effect of KRAS mutation is

predominantly through MEK/ERK pathway.
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Fig. 3.7 Mutation in KRAS induces constitutive phosphorylation of YB-1 predominantly through
MEK/ERK signaling pathways. MDA-MB-231 cells were transfected with control-siRNA (ctrl-siRNA) and
the indicated specific siRNAs. Seventy-two hours after transfection, protein samples were isolated. The
phosphorylation and expression of the indicated proteins were analysed by Western blotting. The densitometry
analysis shows the mean ratio of P-YB-1/YB-1 + SD normalized to 1 under the ctrl-siRNA conditions. n=4 from

two independent experiments for the KRAS and ERK knockdown cells and n=2 for the ERK2+KRAS
conditions.

Furthermore, knockdown of KRAS resulted in the increase in the phosphorylation of Akt,
which is the major downstream substrate of PI3K pathway. This observation made it rational
to investigate whether the inhibition of MEK/ERK pathway is actually responsible for
activating PI3K/AKkt pathway or activation of Akt is through some other pathway. LY, which
is a PI3K inhibitor was added along with the knockdown of KRAS and ERK2. Addition of
LY completely inhibited the KRAS or ERK2 knockdown mediated phosphorylation of Akt

(Fig. 3.8). This confirms that’s knockdown of MAPK pathway induces activation of
PI3K/Akt pathway.
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Fig. 3.8 Inhibition of MAPK pathway activates PI3K pathway. MDA-MB-231 cells were transfected with
control-siRNA (ctrl-siRNA) and the indicated specific SiRNAs with and without LY. Seventy-two hours after
transfection, protein samples were isolated. The phosphorylation and expression of the indicated proteins were
analysed by Western blotting. The densitometry analysis shows the mean ratio of P-YB-1/YB-1 + SD
normalized to 1 under the ctrl-siRNA conditions without LY treatment. n=2 in one experiments.

3.1.5 Mutated KRAS induces constitutive phosphorylation of YB-1 predominantly
through MEK/ERK pathway in cytoplasmic and nuclear fractions.

YB-1 is found to be present in cytoplasm and nucleus of the BCC. It is reported that under
stress conditions like exposure to ionizing radiations or xenotoxins, cytoplasmic YB-1
translocates to the nucleus and regulates the transcription of several essential genes (Koike et
al., 1997). Thus, the next step was to explore the levels of P-YB-1 and underlying signaling
pathway in nucleus and cytoplasm of the KRAS(G13D)-mutated MDA-MB-231 BCC. For this
purpose, cells were treated with MEK1/2 inhibitor U0126 and PI3K inhibitor LY for 2 hours

and protein lysate was prepared from the nuclear and cytoplasmic fractions.

The data presented in Fig. 3.9 shows that MEK1/2 inhibitor U0126 strongly inhibited P-
ERK1/2 and phosphorylation of YB-1 in both cytoplasmic and nuclear fractions. The
inhibition of PI3K by LY was strong in both fractions as seen by the inhibition of Akt (Fig.
3.9) however the inhibition of P-YB-1 by PI3K inhibitor was very mild in both cytoplasmic
and nuclear fractions. Inhibition of MEK/ERK pathway activates the PI3K pathway as seen
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by increase in phosphorylation of Akt only in the cytoplasmic fraction and not in the nuclear
fraction of the cell. Therefore, MEK/ERK was confirmed as the predominating pathway
regulating the phosphorylation of YB-1 in both nuclear and cytoplasmic fractions in KRAS
mutated BCC.
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Cntl U0126 LY294002 Cntl U0126 LY294002

—
e
P-ERK12 = == -
(T202/Y204)
— .
-— - z ~—
ERK12 e e - & e ee s
CE T
P-Akt — - s B B R -
(S473) -
P-YB1 wee s g b R —

(5102)

VB! e - - - e e -

lamin al/c

Fig. 3.9 Mutated KRAS induces constitutive phosphorylation of YB-1 predominantly through MEK/ERK
pathway in cytoplasmic and nuclear fractions. MDA-MB-231 cells were treated with DMSO (vehicle), the
MEKZ1/2 inhibitor U0126 and the PI3K inhibitor LY294002 (LY). Two hours after treatment with the indicated
inhibitors, nuclear and cytoplasmic fractions were separated and the protein samples were subjected to SDS-
PAGE. The phosphorylation and expression of the indicated proteins were analysed by Western blotting.

3.1.6 PTEN mutation dominates over KRAS mutation to control the constitutive
phosphorylation of YB-1 through PI3K signaling pathway

PTEN is a tumor suppressor gene and one of the most frequently mutated genes in a variety of
human tumors, including those of the breast (Hopkins et al., 2014, Kechagioglou et al., 2014).
KRAS(G13D)-mutated MDA-MB-453 cells harbours an additional loss of function mutation
in PTEN. PTEN regulates cell proliferation by inhibiting Akt activity through deactivating
phosphatidylinositol (3,4,5)-trisphosphate. Therefore, the loss of function mutation in PTEN
results in enhanced phosphorylation of Akt. Activated Akt in PTEN wild-type MDA-MB-231
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and PTEN-mutated MDA-MB-453 was evaluated. Western blot data as well as the related
densitometry has been presented in Fig. 3.10. As expected high level of basal Akt
phosphorylation was observed in PTEN mutated MDA-MB-453 cells as compared to PTEN
wild-type MDA-MB-231 (Fig. 3.10).
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Fig. 3.10 PTEN mutation dominates mutated KRAS for a constitutive phosphorylation of YB-1 through
PI13K signaling pathway Protein samples were isolated from 2 independent cultures of the indicated cells and
the levels of P-Akt (S473) and Aktl were detected by Western blotting. The phosphorylation and expression of
the indicated proteins were analysed by Western blotting. The histogram shows the densitometry values of the
mean ratio of P-Akt/Akt + SD normalized to 1; n=2 from one experiment.

As show by previous experiments, KRAS mutation leads to hyperactivation of MEK/ERK
pathway. It was expected that KRAS(G13D)-mutated/PTEN mutated cells will also show the
dominating role of MEK/ERK pathway in phosphorylation of YB-1. In contrast, knocking
down of KRAS in KRAS(G13D)-mutated/PTEN mutated MDA-MB-453 cells showed no
inhibitory effect on ERK1/2 phosphorylation and its downstream target YB-1. KRAS
knockdown in MDA-MB-453 cells also did not induce the activation of the PI3K pathway in
contrast to MDA-MB-231 cell line. This indicates that MEK/ERK pathway is not involved in
the phosphorylation of YB-1 in KRAS mutated cells with additional PTEN mutation (Fig.
3.11).
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Fig. 3.11 KRAS knockdown does not affect YB-1 phosphorylation in KRAS mutated cells with additional
PTEN mutation. MDA-MB-453 cells were transfected with control-siRNA (ctrl-siRNA) and the KRAS-siRNA.
Seventy-two hours after transfection protein samples were isolated. The phosphorylation and expression of the
indicated proteins were analysed by Western blotting. The densitometry analysis shows the mean ratio of P-YB-
1/YB-1 £ SD normalized to 1 under the ctrl-siRNA conditions. n=2 from one experiment.

3.1.7 Dual targeting of MAPK and PI3K is an efficient approach to block YB-1
phosphorylation in KRAS(G13D)-mutated BCC expressing PTEN wild-type or PTEN-
mutation

From the previous experiments, it was established that MEK/ERK is the dominating pathway
involved in the phosphorylation of YB-1 in KRAS-mutated/PTEN wild-type cells whereas
PI3K is probably the major pathway in KRAS/PTEN double mutated cells. As shown in
MDA-MB-231 cells, inhibition of MER/ERK pathway resulted in the activation of PI3K/Akt
pathway. Next it was tested if a crosstalk exists between the MAPK and PI3K pathways. To
evaluate this crosstalk in KRAS-mutated/PTEN wild-type MDA-MB-231 cells, both the
MEK/ERK and PI3K pathways were inhibited simultaneously by combine treatment of LY
and PD for two hours. Interestingly, the dual targeting of both pathways inhibited
phosphorylation of YB-1 much stronger than single targeting of either of the pathway. Fig.
3.12 shows that LY completely inhibited phosphorylation of its downstream target Akt, which
was further confirmed by the inhibition of phosphorylation of PRAS40, which is one of the
downstream target of Akt. But LY inhibited phosphorylation of YB-1 only about 10%.
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Furthermore, PD strongly inhibited phosphorylation of ERK1/2, and RSK. The inhibition of
P-YB-1 by PD was about 35-40%. As shown earlier (Fig. 3.6), inhibition of P-ERK1/2
showed stimulation of PI3K pathway as seen by the activation of Akt. Interestingly, dual
targeting of both the pathways strongly inhibited YB-1 phosphorylation, which is about 75 -
80%. This effect is much stronger than the additive effect of the single targeting of PI3K or
MAPK pathway in MDA-MB-231 (Fig. 3.12)
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Fig. 3.12 Dual targeting of MAPK and PI3K is an efficient approach to block YB-1 phosphorylation in
KRAS(G13D)-mutated-PTEN wild-type BCC. KRAS(G13D)-mutated MDA-MB-231 cells were treated with
the PI3K inhibitor LY (10 uM), MEK inhibitor PD (20 uM) and a combination of LY and PD for 2 hours.
Protein samples were isolated, and the indicated proteins were detected by Western blotting. Protein samples
from the same treatment conditions were isolated from 3 parallel cultures. Histogram represents the mean P-YB-
1/YB-1 ratio normalized to 1 in DMSO treated condition (***p<0.001, Student’s t-test; n=5 from 2 independent
experiments.

Next, the function of MAPK and PI3K pathway and the potential crosstalk between two
pathways on YB-1 phosphorylation was investigated in KRAS/PTEN mutated MDA-MB-453
cells. As shown in Fig. 3.13, in contrast to MDA-MB-231 cells, inhibition of PI3K pathway
by LY strongly inhibited phosphorylation of YB-1 by about 43% in MDA-MB-453 cells.
Interestingly, inhibition of ERK1/2 by PD stimulates the phosphorylation of Akt but showed
no inhibitory effect on the phosphorylation of YB-1. This observation points towards the fact
that inhibition of one signaling pathway is actually activating the other signaling pathway as a

rescue mechanism.
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As a result, similar to MDA-MB-231 cells (Fig. 3.12), dual targeting of both the pathways
inhibited phosphorylation of YB-1 much stronger than single targeting in KRAS/PTEN double
mutated cells as well. These results indicates that irrespective of the dominating pathway
responsible for the phosphorylation of YB-1, dual targeting is an efficient approach to target

phosphorylation of YB-1 by eliminating the crosstalk operating between the two pathways.
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Fig. 3.13 Dual targeting of MAPK and PI3K is an efficient approach to block YB-1 S102 phosphorylation
in KRAS(G13D)/PTEN-mutated BCC. MDA-MB-453 were treated with the PI3K inhibitor LY (10 uM), MEK
inhibitor PD (20 uM) and a combination of LY and PD for 2 hours. Protein samples were isolated, and the
indicated proteins were detected by Western blotting. Protein samples from the same treatment conditions were
isolated from 2 parallel cultures. The densitometry values represent the mean P-YB-1/YB-1 ratio normalized to 1
in DMSO treated condition.

3.1.8 Constitutive YB-1 phosphorylation in KRAS(G13D)-mutated cells is independent
of Akt

So far, the obtained data indicates that PI3K pathway plays an important role in the
phosphorylation of YB-1 mainly due to the crosstalk with MEK/ERK pathway. Akt is the
major downstream substrate of PI3K. Data from dual targeting of PI3K and MEK showed
significantly stronger inhibition of YB-1 phosphorylation as compared to the single targeting.
Therefore, it was expected that Akt inhibitor MK2206 (MK) will have similar effect on
phosphorylation of YB-1 when combined with MEK inhibitor PD. The data presented in Fig.
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3.14 showed that single targeting of MK (10uM; 2h) had no inhibitory effect on the
phosphorylation of YB-1, although it strongly inhibits P-Akt and its downstream target P-
PRAS40. In line with the data shown before in Fig. 3.12, PD showed strong inhibition of P-
YB-1 and consequent stimulation of P-Akt. The inhibitory potential of PD was checked by the
strong inhibition of P-ERK1/2 and P-RSK, the downstream targets of MEK and ERK1/2,
respectively. In contrast to the data obtained by PI3K inhibition, the combination of MK and
PD showed no further inhibition of phosphorylation of YB-1 in comparison to the PD
treatment alone (Fig. 3.14 histogram). This data indicates that Akt might not be involved in
the PI3K mediated phosphorylation of YB-1. To further confirm this conclusion, role of each
Akt isoform on YB-1 phosphorylation was investigated by using genetic approaches in the

subsequent experiments.
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Fig. 3.14 Constitutive YB-1 phosphorylation in KRAS(G13D)-mutated cells is independent of Akt. MDA-
MB-231 cells were treated with the Akt inhibitor MK2206 (MK, 10 uM), PD98059 (PD, 20 uM) and
combination of MK and PD for 2 hours. Control cells (ctrl) received DMSO as the vehicle. Protein samples were
isolated, and the indicated proteins were detected by Western blotting. Protein samples exposed to the same
treatment conditions were isolated from 3 parallel cultures. Histogram shows the mean P-YB-1/YB-1 ratio + SD
normalized to 1 in DMSO treated control condition (*¥**p<0.001, Student’s t-test; n=6 in 2 independent
experiments). n.s.: not significant
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Akt isoforms (Aktl, Akt2 & Akt3) were knockdown by using siRNA against specific
isoforms. The efficiency of knockdown was checked by detecting the total protein of each Akt
isoform as shown in the Fig. 3.15. None of the Akt isoform knockdown showed any
inhibitory effect on YB-1 phosphorylation. In contrast, a significant increase in the level of P-
YB-1 was observed after knocking down of Akt 2 and Akt3 isoforms (Fig. 3.15 histogram).
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Fig. 3.15 Constitutive YB-1 phosphorylation in KRAS(G13D)-mutated cells is independent of Akt
isoforms. MDA-MB-231 cells were transfected with control-siRNA (ctrl-siRNA) and the siRNAs against
indicated Akt isoforms. Seventy-two hours after transfection protein samples were isolated. The phosphorylation
and expression of the indicated proteins were analysed by Western blotting. The densitometry analysis depicted
in the histogram shows the mean ratio of P-YB-1/YB-1 + SD normalized to 1 under the ctrl-siRNA conditions
(**p<0.01, ***p<0.001, Student’s t-test) n=5 from two independent experiments (n.s. = not significant).

To further check the role of Akt isoforms in YB-1 phosphorylation, stably knockdown Akt
isoforms using shRNA in MDA-MB-231 cells were used. Data shown in Fig. 3.16 indicates
that knockdown of none of the Akt isoforms inhibited basal phosphorylation of YB-1.
Furthermore, a rescue experiment was performed where the GFP tagged Akt isoforms were
transiently overexpressed in the corresponding Akt knockdown cells. The data presented in
Fig.3.17 shows that overexpression of none of the Akt isoforms had any effect on the
phosphorylation of YB-1. Together, it can be concluded that PI3K mediated YB-1
phosphorylation is independent of Akt activity.
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Fig. 3.16 Constitutive YB-1 phosphorylation in KRAS(G13D)-mutated cells is independent of Akt
isoforms. Protein samples were isolated from MDA-MB-231 cells stably transfected with scramble-shRNA (scr-
sh), Aktl-shRNA, Akt2-shRNA and Akt3-shRNA. Protein samples were isolated and subjected to SDS Page.
The indicated proteins were detected by Western blotting. Protein samples were isolated from 3 parallel cultures.
Densitometry values represents the mean P-YB-1/YB-1 ratio £ SD normalized to 1 in scramble-shRNA cells (
n= 6 data from 2 independent experiments).
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Fig. 3.17 Constitutive YB-1 phosphorylation in KRAS(G13D)-mutated cells is independent of Akt
isoforms. MDA-MB-231 cells stably knockdown of Aktl, Akt2 or Akt3 were transiently transfected with
plasmid expressing GFP-tagged-Aktl, -Akt2 or -Akt3 respectively. Forty-eight hours after transfection, protein
samples were isolated and the indicated proteins were detected by Western blotting. Protein samples exposed to
the same treatment conditions were isolated from 2 parallel cultures. Densitometry values represent the mean P-
YB-1/YB-1 ratio £ SD normalized to 1 in ctrl-plasmid transfected cells.
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3.1.9 A positive correlation exists between P-YB-1 and P-ERK as well as expression of
EGFR in the tissue samples from breast cancer patients

The in vitro data so far has confirmed that MEK/ERK pathway is the major pathway
regulating the phosphorylation of YB-1 in PTEN wild-type KRAS mutated BCC. To check the
activation of this pathway in breast cancer patients, tumor tissues were collected from six
breast cancer patients undergoing surgery, excluding samples from patients with neo-adjuvant
chemo-/radiotherapy. Access to normal tissue was limited to only one patient (PT1). The
immunofluorescence staining data obtained with the help of Ms Birgit Fehrenbacher (
Department of Dermatology, University of Tuebingen) presented in Fig. 3.18 A, showed high
levels of P-ERK and P-YB-1 as well as the over expression of EGFR in tumor tissue in
comparison to the corresponding normal tissue obtained from PT1. The staining pattern of the
other two tumor samples showing a high level of P-ERK and P-YB-1with the overexpression
of EGFR is shown in Fig. 3.18 B.
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Fig. 3.18 A positive correlation exists between P-YB-1 and P-ERK as well as expression of EGFR in the
tissue samples from breast cancer patients A) Paraffin-embedded sections were used for immunofluorescence
staining of P-ERK1/2, P-YB-1 and EGFR in tumor tissues and the normal tissue from patient number 1 (PT1)
and in tumor tissues from PT2 and PT3 (B). Nuclei were stained with YO-PRO. Ki67 was stained as an indicator
of cell proliferation. The sections were analysed with the confocal laser scanning microscope at 250x for P-YB-1
and 400x magnification for P-ERK1/2 as well as EGFR. This work was performed with the help of Ms Birgit

Fehrenbacher, Department of Dermatology, University of Tuebingen.
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According to the pathological data presented in the table 1, two out of six tumors were TNBC

and the remaining four were non-TNBC. The graphs below shows, mean staining levels of P-
YB-1 (Fig. 3.19 A), P-ERK (Fig. 3.19 B) and EGFR (Fig. 3.19 C). Pearson correlation

coefficient test performed between P-YB-1 and P-ERK showed moderate positive correlation

between P-YB-1 and EGFR. A strong positive correlation was observed between P-ERK and

EGFR.

Tab. 1

Pts.|Cancer |Grade | Stage |Metastasis [Lymphatic|Vascular|Estrogen|Progestron| Her2
ID | type invasion |invasion| receptor | receptor | receptor
PT1 |Duct.inv.| 2 pT2 Yes L1 no negative | negative | positive
PT2 |Duct.inv.] 3 pT2 Yes L1 V1 negative | negative | positive
PT3 [Duct. inv.| 3 pT4b Yes L1 no positive | positive | negative
PT4| - - - = - - - - -
PT5 [Duct. inv.| 3 pT3 Yes L1 no negative | negative | negative
PT6 |Duct.inv.| 2 pT2 Yes L1 no negative | negative | negative
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Fig. 3.19 A positive correlation exists between P-YB-1 and P-ERK as well as expression of EGFR in the
tissue samples from breast cancer patients. Table.1 shows the pathological data of all the six patients. The
mean intensity of fluorescence staining for (A) P-YB-1 (B), P-ERK1/2 and (C) EGFR was analysed in 3
randomly selected areas from staining sections under fluorescence microscope. Pearson correlation coefficient
tests revealed a positive moderate correlation between P-ERK1/2 and P-YB-1 (r=0.51), a positive moderate
correlation between P-YB-1 and EGFR (r=0.61) and a positive strong correlation between P-ERK1/2 and EGFR
(r=0.81).

3.2 Role of YB-1 in proliferation of KRAS(G13D)-mutated BCC

YB-1 plays an important role in cell proliferation by regulating cell cycle progression from
G1 to S phase in cancer (Basaki et al., 2010). Overexpression of YB-1 is reported in different
cancers including breast cancer (Maurya et al., 2017, Wang et al., 2015). Therefore, role of
YB-1 in cell proliferation was tested in KRAS(G13D)-mutated TNBC cells. As shown in the
previous section (Fig. 3.12), dual targeting of PI3K and MEK is an efficient approach to block
phosphorylation of YB-1. In the further experiments it was investigated if this approach
would effectively inhibit proliferation of KRAS(G13D)-mutated breast cancer cells. Along
with the breast cancer cell line used in the study, NM2C5 melanoma cell line was also
investigated. NM2C5 cells are known to have heterogenous mutation (V600E) in BRAF and
shows high level of P-YB-1. RAF is downstream of RAS therefore these cells could be
compared with the KRAS mutated BCC. YB-1 knockdown and knockout approaches were

used to check the role of YB-1 in proliferation.
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3.2.1 Dual targeting of PI3K and MEK is an efficient approach to block proliferation of
KRAS(G13D)-mutated BCC in a YB-1-dependent manner

MDA-MB-231 and MDA-MB-453 cells were treated with the PI3K inhibitor LY, MEK
inhibitor PD and combination of the two inhibitors. Cells were counted on day 1, 2, 3 and 5
after inhibitors treatment. As shown in the Fig. 3.20 A, combination of both inhibitors showed
a strong antiproliferative effect on MDA-MB-231 cells, which was significantly more than the
effect of either of the inhibitor alone. This was also evident in population doubling time
(PDT) calculated for every condition in each cell line. The cells were collected from all
groups on day 5 of counting and Western blotting was performed. The Western blot data
showed that the pattern of inhibition of cell proliferation by single or combination treatment
of the inhibitors was in correlation with the level of inhibition of phosphorylation of YB-1 by
the inhibitors (Fig. 3.20 B). Previous experiments showed that after short-term (2 hours)
treatment with the inhibitors, PD mediated inhibition of P-YB-1 was stronger (35-40%) than
LY (10%). Interestingly in long-term (5 days) treatment with inhibitors in the proliferation
assay, LY inhibited P-YB-1 much stronger than PD, which is also seen by inhibition of P-
RSK upstream to YB-1. Nevertheless, the combination of the two inhibitors had much
stronger inhibitory effect on P-YB-1. The long-term treatment with LY also showed inhibition
of expression levels of total YB-1 protein which was also correlated with the inhibition of

EGFR expression (densitometry Fig. 3.20 B).
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Fig. 3.20 Dual targeting of PI3K and MEK is an efficient approach to block proliferation of KRAS(G13D)-
mutated BCC in a YB-1-dependent manner. Proliferation assay was performed in MDA-MB-231 (A) and
MDA-MB-453 (C) cell lines. Cells were plated in 6-cm culture plates (30x10%) as described in Methods section.
24 hours after plating, cells were treated with the PI3K inhibitor LY (10 uM), MEK inhibitor PD (20 uM) and
combination of both inhibitors. The concentration of vehicle (DMSO) was similar under all conditions, including
the control (0.2%). (A & C) The cells were counted on the indicated days after treatment and the graph was
plotted. Asterisks indicates significant differences in PDT between the indicated treatment conditions (*p<0.05,
**p<0.01, and ***p<0.001, Student’s t-test; n=6 data, 2 experiments). (B & D) Protein samples were isolated on
day 5 after treatment and the levels of indicated proteins were detected by Western blotting. Densitometry values
represent the P-YB-1/GAPDH, YB-1/GAPDH and EGFR/GAPDH ratios normalized to 1 in the DMSO-treated
control. GAPDH was detected as the loading control. PDT: population doubling time

Similarly, in proliferation assay of MDA-MB-453 cells, LY treatment showed much stronger
antiproliferative effect than PD. The combination effect of LY and PD was significantly
stronger than the single treatment. PDT (Fig. 3.20C) showed a significant increase in the

combination treatment when compared to single treatments. The Western blotting was
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performed with the cells counted on day 5. Interestingly a detectible amount of P-RSK was
not seen in these cells (similar to Fig. 3.1 in the previous section). The LY mediated inhibition
of P-YB-1 was stronger than the effect of PD and dual targeting was much stronger than
single treatment. LY mediated suppression of YB-1 expression was much pronounced,
specifically in the combination treatment, where no detectible amount of YB-1 was seen.
Inhibition of YB-1 expression was also seen to be correlated with the expression of EGFR,

which is obvious by the densitometry values shown in Fig. 3.21D.

3.2.2 Reactivation of PI3K or MEK/ERK pathways after long-term treatment with LY
and PD

It is known that long-term (24 h) inhibition of PI3K leads to reactivation of Akt in KRAS-
mutated lung cancer cells through MAPK/ERK pathway (Toulany et al., 2014, Toulany et al.,
2016). Here, it could be shown that continues inhibition of PI3K or MEK up to 5 days leads to
Akt reactivation in KRAS-mutated BCC in association with enhanced phosphorylation of
ERK1/2. PI3K inhibition also stimulated ERK1/2 phosphorylation (Fig. 3.21). This pointed
again towards the presence of a dynamic crosstalk between these two pathways, which
regulates the cell proliferation and growth of KRAS mutated BCC.

DMSO LY PD LY+PD

P-Akt S S ———
(S473) TS q—

Akt D S T

P-Akt/Akt1 1 1.32 1.50 1.92

P-ERK12 A
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Fig. 3.21 Reactivation of PI3K or MEK/ERK pathway following long-term inhibition of the pathways.
MDA-MB-231 cells were plated in 6-cm culture plates (30x10° cells) as described in Materials and Methods. 24
hours after plating cells were treated with the PI3K inhibitor LY (10 pM), MEK inhibitor PD (20 uM) or the
combination of both inhibitors The concentration of vehicle (DMSO) was similar under all conditions, including
the control (0.2%). Protein samples were isolated on day 5 after treatment, and the levels of indicated proteins
were detected by Western blotting. Densitometry values represent the P-Akt/Akt and P-ERK/ERK ratios
normalized to 1 in the DMSO-treated control.
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3.2.3
proliferation of BRAF(V600E) mutated melanoma cells in a YB-1-dependent manner

Dual targeting of PI3BK and MEK is also an efficient approach to block

RAF is the downstream component of KRAS signaling and is frequently mutated in
melanoma. Next, it was examined whether mutation in BRAF in melanoma cells similar to
KRAS mutation in BCC also renders the hyper activation of RAS-RAF-MEK-ERK pathway.
RAF(V600E) mutated NM2C5 cells were plated for proliferation assay and treated on second
day with the LY and PD alone and in combination (as in previous experiments). Cells were
counted on day 1, 2, 3 and 5 after treatment. Similar to KRAS mutated BCC line, dual
targeting of both MEK and PI3K pathway inhibited the cell proliferation significantly
stronger than single targeting of either of the pathway (Fig. 3.22 A). Interestingly, the long-
term effect of single targeting was much different than the BCC lines shown above. PD
inhibited cell proliferation much strongly than LY. The Western blotting was performed from
the protein obtained from treated cells on day 5. The pattern of inhibition of P-YB-1 by single
or dual treatment was in line with the effect of the treatments on proliferation (Fig. 3.22 B).
As shown by Western bloting, P-RSK was strongly inhibited by PD and LY+PD, which
results in strong or complete inhibition of P-YB-1 and suppression of cell proliferation in
these groups. Inhibition of P-RSK was also seen in the LY condition when compared to the
DMSO treated control condition. Similar to the results obtained from BCC lines, long-term

treatment with inhibitors resulted in inhibition of total protein expression of YB-1 and EGFR.
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Fig. 3.22 Dual targeting of PI3K and MEK is an efficient approach to block proliferation of
BRAF(V600E)-mutated melanoma cells. NM2C5 cells were plated in 6-cm culture plates (30x10° cells) as
described in Materials and Methods. Twenty-four hours after plating, cells were treated with the PI3K inhibitor
LY (10 pM), MEK inhibitor PD (20 pM) or the combination of both inhibitors. The concentration of vehicle
(DMSO) was similar in all conditions, including the control (0.2%). Protein samples were isolated on day 5 after
treatment and the levels of indicated proteins were detected by Western blotting. Densitometry values represent
the P-YB-1/YB-1 and EGFR/GAPDH normalized to 1 in the DMSO-treated control. GAPDH was detected as
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loading control. Asterisks indicate significant differences in PDT between the indicated treatment conditions
(***p<0.001, Student’s t-test; n=6 data from 2 experiments). PDT: population doubling time.

3.2.4 YB-1 knockdown by siRNA strongly inhibits the cell proliferation in KRAS
mutated BCC

The data so far indicate that PI3K and MEK pathways are regulating the cell proliferation
through phosphorylation of YB-1. To confirm this observation, YB-1 was knockdown by
SIRNA in MDA-MB-231. Effect of LY, PD and the combination of LY and PD on cell
proliferation was tested in control-siRNA and YB-1 siRNA transfected cells (Fig.3.23 C). In
control siRNA group, dual treatment of LY and PD inhibited the proliferation much strongly
then single treatment while in YB-1 knockdown cells there was no further antiproliferative
effect of LY, PD or the combination of the inhibitors (Fig.3.23 B). This data indicatess that
the antiproliferative effect of inhibition of PI3K and MAPK pathway is YB-1 dependent.
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Fig. 3.23 YB-1 knockdown by siRNA strongly inhibits the cell proliferation in KRAS mutated BCC. MDA-
MB-231(G13D) cells were transfected with 50 nM control (ctrl) siRNA or YB-1-siRNA, and 24 h after
transfection, the cells were treated with the indicated inhibitors. (A) Representative image from control-siRNA
(ctrl-siRNA) and YB-1 siRNA transfected cells. (B) Thereafter, the cells were counted on day 6 and the results
were graphed. Asterisks indicate significant differences between the indicated treatment conditions (**p<0.01,
and ***p<0.001, Student’s t-test; n=6 data points, 2 experiments). (C) Protein was isolated on day 6 from Ctrl-
siRNA and YB-1 siRNA transfected/DMSO treated conditions and Western blotting was performed. GAPDH
was used as loading control.

3.2.5 YB-1 knockout in MDA-MB-231 and NM2C5 cells by CRISPR/Cas9

To further confirm the role of YB-1 in cell proliferation of KRAS(G13D)-mutated BCC and

RAF-mutated melanoma cells, YB-1 knockout (KO) cells were prepared by CRISPR/Cas9
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technology as described in Methods section. The expression of YB-1 was checked
immediately after viral transduction in the total cells. Cell were then kept in selection marker
and clonal selection was performed to isolate the clones showing the knockout of YB-1. As
shown in the Fig. 3.24, YB-1 was knocked out in clones 5, 6, 10 and 12. YB-1 KO clone 5
and 10 were used for further experiments. In NM2C5 cells clone 27, 29 and 33 showed
knockout of YB-1 out of 13 clones tested for YB-1 expression. Out of these clones, YB-1 KO
clone 27 and 33were used for further experiments.
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Fig. 3.24 CRISP/Cas9 mediated YB-1 knockout in MDA-MB-231 cells. YB-knockout was performed by
using CRISPR/Cas9 as described in method section. Knockout efficiency was tested by Western blotting in
indicated clones. Actin was used as the loading control.
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3.2.6 Dual targeting of MEK/ERK and PI3K pathways strongly inhibits proliferation
through YB-1

YB-1 knockout clones were used to confirm that YB-1 is essential for cell proliferation and
MAPK and PI3K signaling pathways converge on YB-1 to regulate proliferation of KRAS
mutated BCC. MDA-MB-231 parental and two YB-1 knockout clones 5 and 10 were treated
with LY and PD alone and in combination and cells were counted on day 5 of treatment. The
data in the Fig.3.25 A shows that in YB-1 knockout clones there is no further antiproliferative
effect of the inhibitors treatment either alone or in combination. The table Fig. 3.25 B shows
the p-value of the groups in vertical column with the indicated treatment on the horizontal
row. The p-values of combine treatment of LY and PD in the parental MDA-MB-231 cells
showed significantly strong inhibition of cell proliferation (p<0.05). Single treatment of the
respective inhibitors was also significant (p< 0.05). Whereas in YB-1 KO clone 5 and 10
there was no significant inhibition of cell proliferation by any of the inhibitors alone or in
combination. This data again indicates that MEK/ERK and PI3K pathways regulates cell
proliferation through YB-1.

A 500 1 mmmDMSO mmmLy =m PD —LY+PD B
MDA-MB-231 | LY PD LY+PD
CRISPR YB-1
A 400 - _— Parental/ DMSO [0.0004| 0.01 0.00003
w
H . . Parental/ LY - | 0.0008 | 0.001
2 300 1 Parental/ PD - - 0.000002
*: ‘1‘ actin «e S S <2 0: Clone 5/ DMSO | 0.01 | 0.41 0.02
€ 200 4 Clone 5/ LY - | 023 0.84
38 Clone 5/ PD - - 0.22
S 100 | Clone 10/ DMSO| 0.93 | 0.70 0.05
Clone 10/ LY - 0.83 0.26
0| Fﬁ Clone 10/ PD : - 0.33
Parental Clone 5 Clone 10

Fig. 3.25 Dual targeting of MEK/ERK and PI3K pathway strongly inhibits proliferation through YB-1.
(A) parental MDA-MB-231 and YB-1 knockout clone 5 and clone 10 were plated (3x10* cells) in 6-cm culture
dishes and treated with PI3K inhibitor LY (10 uM), MEK inhibitor PD (20 pM) or a combination of both
inhibitors after 24 hours. The concentration of vehicle (DMSO) was similar under all conditions, including the
control (0.2%). Cells were counted 5 days after treatment, and the results were graphed. The histogram shows
the mean number of cells + SD (6 data points, 2 independent experiments). Western blot data show knockout of
YB-1 in clone 5 and 10. (B) Statistical analyses table shows the degree of significance of the antiproliferative
effect of the indicated inhibitors in parental and YB-1 knockout clones.
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3.2.7 Dual targeting of MEK/ERK and PI3K pathways does not regulates proliferation
entirely through YB-1 in BRAF(V600E) melanoma cells

In contrast to KRAS(G13D)-mutated BCC, BRAF(V600E) mutated melanoma NM2C5 cells
showed a further inhibition of proliferation after treatment with LY and PD alone or the
combination of both inhibitors in YB-1 knockout clones. As shown in Fig. 3.26 A there is
strong reduction of cell proliferation in YB-1 KO clone 27 and 33 DMSO condition when
compared to the Parental DMSO condition. Treatment with LY and PD could further inhibit
the proliferation both in parental and YB-1 KO clone 27 and clone 33. The combination
treatment also showed further antiproliferative effect in both the parental and YB-1 KO

clones. This is also reflected in Fig. 3.26 B by comparing p-values between different groups.
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Fig. 3.26 Dual targeting of MEK/ERK and PI3K pathways does not regulates proliferation entirely
through YB-1 in BRAF(V600E) melanoma cells. Parental NM2C5 and YB-1 knockout clone 27 and 33 were
plated (3x10* cells) in 6-cm culture dishes and treated with PI3K inhibitor LY (10 pM), MEK inhibitor PD (20
M) or the combination of both inhibitors after 24 hours. The concentration of vehicle (DMSO) was similar
under all conditions, including the control (0.2%). (A) Cells were counted 5 days after treatment and the results
were graphed. The histogram shows the mean number of cells + SD (6 data points, 2 independent experiments).
Western blot data shows knockout of YB-1 in clone 27 and 33. (B) Statistical analyses show the degree of
significance of the antiproliferative effect of the indicated inhibitors in NM2C5 parental and YB-1 knockout
cells (Student's t-test).

3.2.8 Dual targeting of MEK/ERK and PI3K pathways has no effect on cell
proliferation in KRAS wild-type BCC

The data so far showed that PI3K and MAPK pathways regulates cell proliferation through
YB-1 in KRAS (G13V) mutated breast cancer cells. Next, the effect of dual targeting of
MEK/ERK and PI3K pathways on cell proliferation in KRAS wild-type breast cancer cell was
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tested. For this purpose, SKBR3 cells were treated with the single and the combination of LY
and PD and proliferation assay was performed. Cells were counted on day 1, 2, 3 and 5 after
treatment. Data obtained showed that in KRAS wild-type SKBR3 cells, both the single
treatment or dual treatment strongly inhibited proliferation of cells and there was no beneficial
effect of dual targeting. Due to the very strong antiproliferative effect of the inhibitors, protein

isolation was not possible to detect P-YB-1 status in these cells.
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Fig. 3.27 Dual targeting of PI3K and MEK has no effect on cell proliferation in KRAS wild-type BCC.
Proliferation assay was performed after treating the SKBr3 cells with the PI3K inhibitor LY294002 (10uM),
MEK inhibitor PD98059 (20uM) and the combination of the both inhibitors as described in Methods section.
Concentration of vehicle (DMSO) in all conditions including control was similar (0.2%). Each data-point
represents mean number of cells from 3 parallel culture in one experiment.

Furthermore, effect of dual targeting of MEK and PI3K on proliferation of HBL-100 cells was
tested. HBL-100 cells are de novo transformed breast epithelial cells derived from the milk of
the normal lactating woman. Because of their non-cancerous origin, these cells can be
compared with the normal cells. Surprisingly, both the single or dual treatment showed no
antiproliferative effect on HBL-100 cells. Western blot data from the protein isolated on day 5
also showed no inhibition of phosphorylation of YB-1 by LY and PD alone or in combination

(densitometry values in Fig.3.28 B).
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Fig. 3.28 Dual targeting of PI3K and MEK has no effect on cell proliferation in KRAS wild-type cells.
Proliferation assay was performed after treating the HBL-100 cells with the PI3K inhibitor LY294002 (10uM),
MEK inhibitor PD98059 (20uM) and the combination of the both the inhibitors as described in Methods section.
Concentration of vehicle (DMSO) in all conditions including control was similar (0.2%). (A) Cells were counted
at the indicated time points. Each data-point represents mean number of cells from 3 parallel culture in one
experiment. (B) Protein samples isolated on day 5 were subjected to SDS-PAGE and level of phospho-YB-1 and
YB-1 was analysed by Western blotting. Densitometry values represent the P-YB-1/YB-1 normalized to 1 in the
DMSO-treated control.

3.2.9 P-YB-1 strongly regulates cell proliferation of KRAS(G13D)-mutated BCCs

Rescue experiment was performed to show whether co-targeting of MEK and PI3K has
cytostatic or cytotoxic effect. For this purpose, MDA-MB-231 cells were treated with the
combination of LY and PD for7 days. Thereafter, medium was changed to fresh medium with
the inhibitors in group 1 and without the inhibitors in group 2 and cells were allowed to grow
till day 12. The cells were counted on day 12. The data obtained showed (Fig. 3.39;
histogram) that the group 1 with the inhibitors treatment for 12 days had strong inhibition of
cell proliferation but when the inhibitors were removed after 7 days the cell started growing
again in group 2. This confirms the cytostatic rather than cytotoxic effect of YB-1 in
KRAS(G13D)-mutated BCCs.
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Fig. 3.29 P-YB-1 regulates cell proliferation of KRAS(G13D)-mutated BCC. MDA-MB-231 cells were
plated in 6-cm culture plates (30x10° cells) as described in Methods. Twenty-four hours after plating, cells were
treated with the combination of PI3K inhibitor LY (10 uM) and MEK inhibitor PD (20 uM). Concentration of
vehicle (DMSO) in all conditions including control was similar (0.2%). On day 7, medium was changed with
fresh medium containing inhibitors in group 1 (LY+PD) and without the inhibitors in the group 2 until day 12.
(A) The cells were counted on day 12 and the results were graphed. (B) Representative images of cells under
different treatments with 200x magnification.

3.3 Role of YB-1 in DNA DSB repair and radioresistance:

Efficient DNA repair mediates radioresistance in cancer cells. YB-1 is reported to influence
DNA repair process (Kim et al., 2013). Many studies have shown that YB-1 regulates repair
of single strand DNA break by mismatch repair (Gaudreault et al., 2004) (Fomina et al., 2015)
and base excision repair (Das et al., 2007), (Alemasova et al., 2016). It has been shown that
YB-1is involved in DNA DSB repair (Toulany et al., 2011). However, the mechanism of YB-
1 mediated DSB repair has not been reported. It is also not known, which of the DSB repair
pathways is(are) regulated by YB-1. DSB are repaired through two major repair pathways:
NHEJ and HR. NHEJ is further divided into two subgroups; DNA-PKcs dependent classical-
NHEJ (C-NHEJ) and PARP dependent alternate-NHEJ (A-NHEJ). HR specifically needs a
sister chromatid as a template to repair the damaged sequence. Therefore, HR is carried out
predominantly during the S and G, phases of the cell cycle. HR is highly accurate and error

free repair pathway in contrast to NHEJ, which is prone to mutations. In this section of the
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thesis, the data regarding the role of YB-1 in DNA DSB repair and radioresistance is
presented in detail.

3.3.1 YB-1 stimulates repair of ionizing radiation induced DNA DSB

DNA DSB are immediately marked by phosphorylation of the histone subunit H2AX on
serine 139 (Ser-139) at the damaged site, followed by localization of Ku70/80 or MRN
complex. The phosphorylated histone subunit is known as yH2AX. It becomes
dephosphorylated again to H2AX on the repair of the damaged DSB. Therefore, the level of
yH2AX represents the amount of residual DNA damage after irradiation or other kind of
genotoxic stress. Monitoring frequency of yH2AX foci is used as a tool to calculate the

residual DNA DSB at different time points after irradiation.

The parental MDA-MB-231 and CRISPR/Cas9 mediated YB-1 knockout clone 5 and 10 were
exposed to single dose of 4 Gy during sub-confluent and confluent stages. yH2AX
immunostaining was performed 24 hours’ post-treatment. YB-1 knockout clone 5 and clone
10 showed a significant increase in the residual yYH2AX foci when irradiated at confluent or
sub-confluent stages in comparison with the parental cells. Interestingly in sub-confluent
group both the YB-1 knockout clones showed relatively enhanced residual yYH2AX foci as
compared to the confluent cells. This increase in the residual yYH2AX foci in sub-confluent
cells indicates DSB repair in G2 and S phase through HR.
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Fig. 3.30 YB-1 stimulates repair of ionizing radiation induced DNA DSB. Parental MDA-MB-231 cells
and YB-1 knockout clone 5 and 10 were irradiated with 4 Gy during confluent and sub-confluent status.
Twenty-four hours after radiation immunofluorescence staining was performed for YH2AX as described in
method section. Residual YH2AX foci were counted in total of 200 nuclei from 2 experiments. Asterisk
indicate significant differences between the indicated conditions (*p<0.05; Student’s t-test). KO: knockout.
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3.3.2 YB-1 induces radioresistance in KRAS(G13D)-mutated BCC

The effective DNA repair is associated with radioresistance in cancer cells. Thus, on the bases
of the role of YB-1 in DNA DSB repair, effect of YB-1 knockout on radiosensitivity was
investigated. Colony formation assay was performed in MDA-MB-231 parental and YB-1
knockout clone 5 and 10, as described in the method section. The data presented in Fig 3.31

indicates that YB-1 knockout leads to strong radiosensitization in both knockout clones.
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Fig. 3.31 YB-1 knockout induces radiosensitization in KRAS(G13D)-mutated BCC. Colony formation
assay was performed as described in Methods section in MDA-MB-231 parental and YB-1 knockout clone 5
and 10. Pre-plated cells were irradiated with single dose of 0, 1, 2, and 3 Gy. Twelve days later colonies were
stained and the colonies with more than 50 cells were counted. The clonogenic fraction of irradiated cells was
normalized to the plating efficiency of non-irradiated controls. The experiments were repeated 3 times with
n=6 in each experiment, total n= 18), Mean D37 values of 3 experiments: Parental-2.25+0.2, KO5-1.26+0.2
and KO10-1.26+0.3. KO: knockout.
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3.3.3 YB-1 stimulates DNA DSB repair through HR and A-NHEJ repair pathways

YB-1 strongly regulates DNA DSB repair as demonstrated in the previous experiments. DNA
DSB repair assay was performed in osteosarcoma cell line with stable expression of DSB
repair constructs for specific DSB repair pathway (Gunn and Stark, 2012) to uncover the
underlying DSB repair pathways regulated by YB-1. siRNA mediated knockdown of YB-1
was performed. Fourty-eight hours after transfecting cells with YB-1 siRNA, cells were
transfected with non-inducible plasmid expressing I-scel endonucleases to produce DSB in
DNA. Flowcytometry was carried out 24 hours after endonuclease expression. Cells were
synchronized in S/G2 phase in the experiments tested for HR. The data showed a significant
decrease in the HR mediated DNA repair in YB-1 knockdown condition (Fig. 3.32 A).
However, no effect on the C-NHEJ repair was observed after YB-1 knockdown (Fig.3.32 B).
Interestingly YB-1 knockdown showed a strong inhibition of A-NHEJ repair pathway
(Fig.3.32 C). This data indicate that YB-1 might regulate DSB repair specifically through HR
and A-NHEJ pathways.
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Fig. 3.32 YB-1 regulates DNA DSB repair through HR and A-NHEJ repair pathways. U20S osteosarcoma
cells with specific repair constructs for (A) HR repair pathway, (B) C-NHEJ pathway pathway and (C) A-NHEJ
pathway were transfected with control sSiRNA (ctrl sSiRNA) or YB-1-siRNA. Forty-eight hours after transfection,
cells were transfected with a non-inducible Iscel endonuclease plasmid. Flowcytometry was performed after 24
hours. Graphs were prepared from percentage of GFP positive cells. (HR: n=5, 3 experiments; C-NHEJ: n=6, 2
experiments; A-NHEJ: n=11, 4 experiments). Asterisk indicate the significant differences between ctrl-siRNA Is
and YB-1-siRNA transfected cells (*p<0.05, **p<0.01 Student’s t-test).
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3.3.4 YB-1regulates DNA DSB repair through HR

Based on the data obtained from osteosarcoma cells expressing different repair constructs, it
could be concluded that YB-1 stimulates repair of DNA DSB through HR and A-NHEJ
pathways. YH2AX assay was performed in the presence of B02 (5 uM, 2 hours) as Rad51
inhibitor to confirm the involvement of YB-1 in homologous recombination repair pathway..
Similar to the data shown in Fig. 3.30, YB-1 knockout clones showed significantly increased
residual DSBs as compared to the parental cells (Fig. 3.33). However, inhibition of HR by
BO02 in parental cells significantly enhanced the residual DNA damage after irradiation, which
was similar to the levels of residual DNA damage in YB-1 knockout cells. As shown in the
Fig. 3.34, no significant difference was observed between parental cells after BO2 treatment
and YB-1 knockout cells with or without the inhibitor treatment. YB-1 knockout cells showed
no effect of B02 treatment as no further increase in residual yYH2AX foci was observed. This
could indicate that the DSB repair through HR is regulated by YB-1.
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Fig. 3.33 YB-1 regulates DNA DSB repair through HR. MDA-MB-231 parental and YB-1 knockout clone 5
was treated with DMSO or B02 for 2 hours. The cells were then irradiated with 4 Gy and 24 hours after radiation
immunofluorescence staining was performed for YH2AX, as described in the Method section. Residual yYH2AX
foci were counted in total of 150 nuclei from 2 experiments. Asterisk indicate the significant differences between
the indicated conditions (***p<0.001; Student’s t-test). ns denotes no significant difference between
Parental+B02 as compared with KO5 with or without B02. KO: knockout.
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It was further investigated whether the differential effect of BO2 on DSB repair in MDA-MB-
231 parental and YB-1 knockout cells differentially affects post-irradiation cell survival. To
this end, clonogenic assay was performed in the parental and YB-1 knockout clones 5 and 10.
The data presented in Fig. 3.34 showed that B0O2 induces radiosensitization in parental cells to

the same levels as in YB-1 knockout clones 5 and 10.
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Fig. 3.34 YB-1 regulates repair of DNA DSB through HR. Colony formation assay was performed as
described in Methods section in MDA-MB-231 parental and YB-1 knockout clone 5 and 10. Twenty-four
hours after plating, cells were treated with DMSO or B02 for 2 h and irradiated with single dose of 0, 1, 2, and
3 Gy. After 12 days, colonies were stained and the colonies with more than 50 cells were counted. The
surviving fraction (SF) of irradiated cells was normalized to the plating efficiency of non-irradiated controls.
The experiments were repeated 2 times with n=6 in each experiment, total n= 12. The above figure is
representation of one of the two experiments. Mean D37 values from two experiments are as follow: Parental-
2.240.3, Parental+B02=1.8+0.1, KO5=1.5+0.1, KO5+B02=1.6+0.0, KO10=1.3+0.2, KO10+B02=1.3+0.3. KO:
knockout.
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3.3.5 YB-1 knockout cells shows enhanced dependency on C-NHEJ repair pathway

To further confirm the lack of role of YB-1 in regulating C-NHEJ repair pathway, YH2AX
assay was performed in the presence of Nu7441, which inhibits DNA-PKcs kinase activity,
which is crucial for C-NHEJ repair pathway. To this end, cells were treated with Nu7441
(5uM, 2 hours) followed by 4 Gy irradiation. yYH2AX foci assay was performed 24 hours after
radiation. The data presented in Fig.3.35 shows that the presence of Nu7441 in 4 Gy treatment
group, drastically increased the residual yH2AX foci in the parental as well as YB-1 knockout
cells. Interestingly the YB-1 knockout clones showed significant increase in frequency of

residual DSB as compared to the parental cells.
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Fig. 3.35: YB-1 knockout cells shows enhanced dependency on C-NHEJ repair pathway MDA-MB-231
parental and YB-1 knockout clone 5 were treated with DMSO or Nu7441 (5 uM) for 2 hours and irradiated
with 4 Gy. Twenty-four hours after radiation, YH2AX assay was performed. Residual yYH2AX foci were
counted in total of 150 nuclei from 2 independent experiments. Asterisks indicate significant differences
between the indicated radiation conditions (***p<0.001, Student’s t-test). KO: knockout.

3.3.6 YB-1 regulates DSB repair through A-NHEJ repair pathway

Data from the repair assays showed that YB-1 also regulate DNA DSB repair by A-NHEJ
repair pathway. PARP activity is essential for A-NHEJ repair pathway. Thus, role of YB-1 in
DSB repair through A-NHEJ was investigated in the presence and absence of PARP inhibitor
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talazoparib. The parental and YB-1 knockout clones 5 were treated with DMSO or talazoparib
(25 nM, 2 hours).

Similar to the data shown in Fig. 3.30, the data presented in Fig. 3.36 shows that residual DSB
were increased in YB-1 knockout cells in comparison to the parental cells after 4 Gy IR. In
parental cells, talazoparib treatment drastically enhanced the amount of residual DNA damage
which was similar to its level in YB-1 knockout cells. Interestingly, there was no further

increase in the residual DNA damage in YB-1 knockout cells after talazoparib treatment
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Fig. 3.36 YB-1 regulates DSB repair through A-NHEJ repair pathway. MDA-MB-231 parental and YB-1
knockout clone 5 were treated with DMSO or talazoparib for 2 hours and irradiated with 4 Gy. Twenty-four
hours after irradiation, immunofluorescence staining was performed for YH2AX. Residual YH2AX foci were
counted in total of 150 nuclei from two experiments. ‘ns’ denotes no significant difference between the indicated
conditions. KO: knockout

3.3.7 Phosphorylation of YB-1 at Ser-102 is essential for regulating DSB repair and

radioresistance

To confirm the role of YB-1 in DNA DSB repair, wild-type YB-1 was overexpressed in YB-1
knockout clone 5 and 10. Twelve clones were evaluated for the expression of exogenous Y B-
1 in YB-1 knockout clone 5. The Western blot in the Fig. 3.37 shows the overexpression of
wild-type YB-1 in clone 1, 3, 4, 7 and 10. Similarly, out of nine clones evaluated in YB-1
knockout clone 10 for YB-1 overexpression; clone 1, 4 and 8 showed expression of
exogenous wild-type YB-1
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Fig. 3.37 Overexpression of YB-1 in YB-1 knockout clones 5 and 10 in MDA-MB-231 cells. YB-1
overexpression was performed by using viral transduction with the help Dr Corinna Kosnofel, Department of
Dermatology, University of Tuebingen as described in Method section. Exogenous YB-1 expression was
evaluated by Western blotting in indicated clones. Actin and GAPDH were used as loading controls in clone 5
and 10, respectively.

To check if the phosphorylation of YB-1 is crucial for DSB repair, phospho-site mutant YB-1
(S102A) is expressed in YB-1 knockout clone 5. Twelve clones were evaluated for the
expression of exogenous YB-1(S102A) in YB-1 knockout clone 5. The western blot in the

Fig. 3.38 showed the expression of phospho-site mutant YB-1(S102A) in clone 1, 3, and 5.
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Fig. 3.38: Expression of phospho-site mutant YB-1(S102A) in YB-1 knockout clone 5 of MDA-MB-231
cells. YB-1(S102A) expression was performed by viral transduction with the help Dr Corinna Kosnofel,
Department of Dermatology, University of Tuebingen as described in method section. Exogenous P-YB-
1(S102A) expression was checked by Western blotting in indicated clones. Tubulin was used as the loading
control.

By performing rescue experiments using YB-1 wild-type and YB-1(S102A) expressing
clones, effect of YB-1 and its phosphorylation at Ser-102 on DSB repair as well as post-
irradiation cell survival was investigated. As shown before (Fig. 3.30), YB-1 knockout clone
5 and 10 showed significant increase in the residual DNA damage as compared to parental
cells (Fig.3.39). Expression of wild-type YB-1 in YB-1 knockout clone 5 enhanced DSB
repair capacity to the levels similar to the parental cells. This effect was not observed after
expression of YB-1(S102A) site mutant in YB-1 knockout clones.
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Fig. 3.39: Phosphorylation of YB-1 at Ser-102 is essential for regulating DNA DSB repair. MDA-MB-231
parental, YB-1 knockout clones 5 and 10, YB-1 knockout clone 5 overexpressing wild-type YB-1 (clones 3
and 7) and YB-1 knockout clone 5 and 10 overexpressing YB-1 (S102A) were irradiated with 4 Gy. Twenty-
four hours after radiation, YH2AX assay was performed. Residual YH2AX foci were counted in total of 100
nuclei from one experiment. KO: knockout.

76



Next, the significance of phosphorylation of YB-1 in radioresistance was investigated in
indicated YB-1 KO clones expressing YB-1 wild-type and YB-1(S102A) phospho-site
mutant. As shown before, the YB-1 knockout clone 5 showed strong radiosensitization. Re-
expression of wild-type YB-1 lead to radioresistance comparable to that of parental cells. This

effect was not observed after expressing phospho-site mutant YB-1(S102A) (Fig. 3.40).
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Fig. 3.40 Phosphorylation of YB-1 at Ser-102 is essential for stimulating DSB repair and radioresistance
Colony forming assay was performed as described in Methods section in MDA-MB-231 parental, YB-1
knockout clone 5, YB-1 knockout clone 5 overexpressing wild-type YB-1 (clone 3 and 7) and YB-1 knockout
clone 5 overexpressing YB-1 phopho-site mutant (S102A) (clone 5). Twenty-four hour after plating, cells were
irradiated with single dose of 0, 1, 2, 3 and 4 Gy. Twelve days’ later colonies were stained with cresyl-violet
stain and the colonies with more than 50 cells were counted. The experiments were repeated 2 times with
different overexpression clones n=6 each time, total n= 12. The above figure is the representation of one of the
two experiments. D37 values from this experiment are: Parental-2.25, KO5=1.2, KO5 WT overexpression
clone 3=2.7, KO5 WT overexpression clone 7=3.3, KO5 S102A phosphor-site mutant overexpression clone 5
=1.4. KO: knockout.
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3.3.8 Proteomic Study

SILAC based proteomic study was performed to investigate the role of YB-1 on protein

expression. MDA-MB-231 parental and YB-1 knockout clone 5 and 10 were cultured in light,

medium and heavy labelled culture media for 5 days followed by protein isolation for

proteomic analysis. The proteins summarized in the Tab. 2 showed significant up regulation

(red arrow) or down regulation (green arrow) in YB-1 knockout clones 5 and 10. These

proteins are directly or indirectly involve in DNA repair. Specifically, KAP-1, which is down

regulated, is involved in DNA end resection during HR and A-NHEJ.

S.No | Protein Gene Expression Role in DNA repair
1 | Acetyl-CoA ACAT2 | Down regulated in | DNA repair via HR
acetyltransferase, both YB-1 knockout | pathway
cytosolic clones 5 and 10
2 | Serine/threonine- PPP1CC | Down regulated in | Regulates DDR
protein phosphatase both YB-1 knockout
clones 5 and 10
3 | KAP1 TRIM28 | Down regulated in | Regulates DNA end
both YB-1 knockout | resection process during
clones 5 and 10 HR and A-NHEJ]
‘ mediated DNA DSB
repair
4 | Thymidylate TYMS Down regulated in | Essential for DNA
synthase both YB-1 knockout svnthesis and repair
clones 5 and 10 y P
5 | Protein-glutamine TGM2 Down regulated in | Involves in DNA
gamma- both YB-1 knockout | damage response and
glutamyltransferase clones 5 and 10 Drug resistance
i 3
6 | Ribonuclease RNH1 Up regulated in both | Overexpression

inhibitor

YB-1 knockout clones
5and 10 f

of Rnh1 Delays DSB

Repair.
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7 | Galectin-3;Galectin | LGALS3 | Up regulated in both | DDR response, regulates
YB-1 knockout clones | S/G2 checkpoints
5and 10 f
8 | Heat shock 70 kDa | HSPA1A | Up regulated in both | possible  function in
protein 1 YB-1 knockout clones | DNA repair
5and 10
9 | Nuclear mitotic | NUMAL | Up regulated in both | promotes HR
apparatus protein 1 YB-1 knockout clones
5and 10 1
10 | Prothymosin alpha PTMA Down regulated in | -positively regulated by
both YB-1 knockout | c-MYC (c-Myc
clones 5 and 10 supresses C-NHEJ)
-downstream target of c-
‘ Myc
11 | Integrin beta-1 ITGB1 Up regulated in both | interacts with Rad9 and
YB-1 knockout clones | have a role in HR and
5and 10 mismatch
12 | Spectrin beta chain, | SPTBN1 | Up regulated in both | Involves in DNA repair
non-erythrocytic 1 YB-1 knockout clones | via HR
5and 10
13 | Glutathione GSTM1; | Down regulated in | invoves in DNA damage
S-transferase Mu 1 GSTM4 | both YB-1 knockout | response
clones 5 and 10
14 | Dihydropyrimidinase | DPYSL2 | Up regulated in both | DNA damage response-
-related protein 2 YB-1 knockout clones | downstream target of
5and 10 t p53
15 | Transferrin receptor | TFRC Up regulated in both | facilitates the formation
protein 1 YB-1 knockout clones | of DNA double-strand
5and 10 1 breaks acc.
16 | Thymidylate TYMS Down regulated in | regulates DNA synthesis
synthase both YB-1 knockout | and repair
clones 5 and 10

Tab. 2 Panel of proteins that were up regulated (red arraow) or down regulated (green arrow) in YB-1

knockout clones in SILAC based proteomic study.
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Proteomic study revealed KAP-1 as one of the protein, which was significantly down
regulated in both YB-1 knockout clones 5 and 10. DNA end resection is an essential step
crucial for HR and A-NHEJ repair pathways. KAP-1 is a necessary protein in DNA end
resection. The data so far showed that YB-1 stimulates both HR and A-NHEJ repair
pathways. Therefore, the role of YB-1 in regulation of HR and A-NHEJ through KAP-1

mediated end resection was investigated in the subsequent experiment.

3.3.9 YB-1 knockout results in significant reduction in end resection

Quantitative assessment of DNA end resection is performed by RPA foci assay. Immediately
after end resection, the single stranded DNA is coated by RPA protein to protect further DNA
degradation. Frequency of RPA foci was analysed at 4 h and 12 h after irradiation. MDA-MB-
231 parental cells showed significantly high number of RPA foci at both 4 hours and 12 hours
after irradiation as compared to YB-1 knockout clones 5 and 10 (Fig 3.41)
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Fig. 3.41 YB-1 knockout results in significant reduction in end resection as verified through reduced
RPA foci. MDA-MB-231 parental and YB-1 knockout clone 5 and 10 were irradiated with 4 Gy. Four and
twelve hours’ post-radiation immunofluorescence staining was performed for RPA foci as described in Method
section. RPA foci were counted in total of 300 nuclei in 2 experiments. Asterisk indicate significant differences
between the frequency of RPA foci in parental cells compared to YB-1 KO clones 5 and 10 as the same time
points. (***p<0.001; Student’s t-test). KO: knockout.
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4 DISCUSSION

In the present study it has been discovered that YB-1 plays a crucial role in survival of
KRAS(G13D)-mutated BCC. In KRAS-mutated BCC, depending on additional PTEN
mutation, either the MAPK pathway or the PI3K pathway plays a major role in YB-1
phosphorylation at Ser-102. Interestingly, independent of either of the dominating pathways,
dual targeting of MEK and PI3K is an efficient approach to block YB-1 phosphorylation and
cell proliferation when compared to the single targeting strategies. Although Akt is one of the
major downstream target of PI3K, phosphorylation of YB-1 was found to be independent of
the Akt isoforms. Similar to the in vitro data in the tumor tissues from breast cancer patients,
phosphorylation of YB-1 and ERK1/2 was found to be markedly high, in association with the
overexpression of EGFR. In corresponding normal tissue, phosphorylation of YB-1 and
ERK1/2 as well as the expression of EGFR were found to be at very low levels. Present study
further showed that the regulation of cell proliferation by PI3K and MAPK pathways depends
on expression of YB-1 in KRAS mutated BCC. Furthermore, YB-1 is responsible for
radioresistance of BCC by stimulating DNA DSB repair through both homologous
recombination (HR) and alternate-non homologous end joining (A-NHEJ) pathways. The
mechanism of regulation of HR and A-NHEJ pathways by YB-1 is through KAP-1 mediated

end resection.

4.1 Signaling pathways regulating phosphorylation of YB-1 in KRAS mutated BCC

YB-1 is required for the normal development of multiple embryonic organ systems as well as
for perinatal survival. Therefore, embryonic tissues show high YB-1 expression (Lu et al.,
2005). The level of YB-1 diminishes in almost all organs in adults and found to be completely
absent in old age. Cancer cells however, show high level of YB-1 expression, which is
associated with poor prognosis and therapy response. Besides that, recent studies have shown
that YB-1 needs to be activated/phosphorylated at Ser-102 to perform majority of its
functions. Breast cancer cells present a high level of P-YB-1 when compared to normal breast
epithelial cells. Furthermore ionizing radiation (IR) and growth factors like epithelial growth
factor (EGF) can stimulates the phosphorylation of YB-1 (Toulany et al., 2011) , which as
shown in Fig. 3.2 & 3.3 remains elevated for as long as 24 hours post stimulation in KRAS
wild-type BCC. However, KRAS(G13D)-mutated BCC shows a constitutive high level of
phosphorylation, which cannot be stimulated further by EGF or IR treatment as evaluated

until 24 hours post treatment.
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KRAS mutation is one of the most common genetic alterations in human tumors (Malumbres
and Barbacid, 2003) . It plays a central role in tumor progression and chemoradiotherapy
resistance and reduced overall patient survival (Knickelbein and Zhang, 2015) (Jiang et al.,
2019, Wang et al., 2017). KRAS mutated BCC are highly aggressive (Rachagani et al., 2011)
and radioresistance (Minjgee et al., 2011). Several previous studies have proposed that the
RAS/MAPK/RSK pathway regulates YB-1 phosphorylation. Furthermore, RAS is involved in
YB-1 phosphorylation induced by ionizing radiation in BCC (Toulany et al., 2011). In
addition, it is also shown that the ERK is an upstream kinase that regulates YB-1
phosphorylation (Donaubauer and Hunzicker-Dunn, 2016). These findings are further
supported by the correlation between the MEK/ERK pathway target genes and YB-1
expression in colorectal cancer (Jurchott et al., 2010). Stratford and colleagues have shown
that RSK phosphorylates YB-1 at Ser-102 in breast cancer, which can be inhibited by the
RSK inhibitor SL0101 (Stratford et al., 2008). The present study showed that phosphorylation
of YB-1 is mainly regulated by RAS/ERK/RSK pathway and slightly regulated by PI3K
pathway in KRAS(G13D)-mutated and PTEN wild-type BCC as summarized in Fig. 4.1 A.
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Fig. 4.1 Schematic representation of signaling pathways involved in phosphorylation of YB-1 in
KRAS(G13D)-mutated/PTEN wildtype (A) and KRAS(G13D)-mutated/PTEN mutated (B) BCCs after
short-term (2 h) treatment (A & B) and long-term (5 days) treatment (C) with PI3K and MEK inhibitors
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However, KRAS(G13D)-mutated cells containing an additional loss of function mutation in
PTEN, shows hyper activation of the PI3K/Akt pathway and PI3K-dependent phosphorylation
of YB-1. Based on this observation, PTEN mutation appears to have a dominant role over
KRAS mutation to phosphorylate YB-1 through PI3K as summarized in Fig. 4.1 B. The major
role of the PI3K pathway in the phosphorylation of YB-1 in PTEN/KRAS(G13D)-mutated
cells is also supported by the established prosurvival role of the PI3K pathway as the most
altered signaling pathway in human cancers (Arcaro and Guerreiro, 2007, Courtney et al.,
2010). YB-1 regulates the transcription of the PIK3CA gene, which codes for the p110alpha
catalytic subunit of PI3K (Astanehe et al., 2009). Thus, a stimulatory loop exists between
PI3K and YB-1 in which PI3K stimulates YB-1 by phosphorylation at S102. Stimulation of
YB-1 enhances expression of PI3K according to Astaneh et al. (Astanehe et al., 2009). The
described loop seems to operate in those tumor cells that are preferentially reliant on the PI3K
pathway. Therefore, depending on the presence or absence of the additional mutation either
the MAPK pathway or the PI3K pathway becomes dominant and regulates phosphorylation of
YB-1 in KRAS(G13D)-mutated BCCs. This novel finding could be useful in deciphering

therapeutic paradigms while targeting KRAS mutated tumors.

The in vitro data from this study showing the signaling pathways regulating YB-1
phosphorylation was further supported by the data obtained from tumor samples collected
from breast cancer patients. All the tumor samples showed marked elevation of YB-1
phosphorylation along with enhanced phosphorylation of ERK1/2 and enhanced expression of
EGFR. Unlike the tumor tissues, the corresponding normal tissue showed negligible levels of
P-YB-1, P-ERK and EGFR expression (Fig. 3.19). Although the KRAS mutation status was
not known in the tumor tissues, the hyperphosphorylation of YB-1 and ERK1/2 in association
with EGFR expression in 5 out of 6 ductal carcinoma tissues is in line with the in vitro data.
Interestingly, the patient number 3 (PT3) showed relatively lower level of P-YB-1 which was
corresponded with the lower level of P-ERK1/2 and EGFR expression. This observation
further strengthens the stated association. According to the histopathology data the two TNBC
tumors (Tab. 1) also presented hyper activation of the ERK/YB-1 pathway in association with
enhanced EGFR expression. This is in line with the in vitro data obtained from the two
KRAS-mutated TNBC cell lines MDA-MB-231 and MDA-MB-453, the main cell lines
investigated in the present study. The correlation between phosphorylation of YB-1 and the
expression of EGFR in the TNBC patients and TNBC cell lines showed the clinical
significance of the MAPK pathway in phosphorylation of YB-1. High level of

84



phosphorylation of ERK1/2 and YB-1 in non-TNBC tumors could be due to other alterations
such as mutation in EGFR, RAS or RAF, which can also hyperactivate the MAPK pathway.
Independent of the mechanism(s) involved in the activation of the ERK/YB-1 pathway in
non-TNBC cells, this observation additionally highlights the importance of the present finding
in targeting YB-1 signaling not only in TNBC but also in non-TNBC. Additionally, the low
level of phosphorylated YB-1 in normal tissue obtained from patient number one (PT1) is in
line with the data obtained from normal breast epithelial cell line MCF-10A (Fig.3.1) and the
de novo transformed breast epithelial cell line HBL-100, showing negligible levels of YB-1
phosphorylation compared to KRAS-mutated cells. This observation and the lack of the
inhibitory effect of PI3K and MEK inhibitors on the proliferation of HBL-100 cells after
single- or dual-treatment suggest that the proposed targeting strategy seems to be very

efficient and specifically target tumor tissues and might spare the normal tissue.

4.2 Crosstalk between MAPK and PI3K pathways regulate YB-1 phosphorylation

Irrespective of the central pathway regulating the phosphorylation of YB-1 in KRAS mutated
BCC, dual targeting of MAPK and PI3K pathway strongly inhibits the phosphorylation of
YB-1. The RAS-ERK and PI3K signaling pathways are the major pathways that regulate
cellular growth, proliferation, differentiation, metabolism, and motility. Initially RAS-ERK
and PI3K were considered to act as linear signaling pathways activated by different stimuli,
but recent studies showed that these two pathways intersect to regulate each other and co-
regulate downstream functions. Such cross-inhibition has been well reported, in which
inhibition of one pathway leads to the activation of other pathway (Mendoza et al., 2011,
Zhou et al., 2015, Pitts et al., 2014). A cross-inhibition exist within the two pathways between
Akt and Raf (Manning and Toker, 2017). Thus, according to the possible crosstalk between
PI3K/Akt and MAPK/ERK pathway, it is expected that inhibition of one pathway leads to the
activation of YB-1 through the alternative pathway. Thus as summarized in Fig. 4.1 C, dual
targeting of both the pathways is an efficient approach to block YB-1 phosphorylation. There
are reports, which suggest the importance of dual targeting of MAPK and PI3K pathways
(Hoeflich et al., 2012, Grant, 2008), through a synthetic lethal interaction between the two
pathways (Guenther et al., 2013). So far, the role of the described interaction between the two

pathways on YB-1 activity in KRAS-mutated cells has not been reported.
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Clement el al, 2018 showed that long-term inhibition of PI3K pathway results in PI3K
independent reactivation of Akt through E3 ubiquitin ligase Skp2, IGF-1R, PDK-1 and
MTORC2 (Clement et al., 2018). In line with this report, the present study shows that short-
term inhibition of PI3K pathway leads to complete inhibition of Akt activity and slight
inhibition of YB-1 phosphorylation, but long-term inhibition of PI3K (as observed in
proliferation assay) leads to reactivation of Akt and resistance towards PI3K inhibitor.
Furthermore, knockdown of ERK2 or KRAS or short-term inhibition of MEK in
KRAS(G13D)-mutated cells resulted into subsequent stimulation of Akt through PI3K. Thus,
inhibition of MAPK pathway act similar to PTEN mutation by activation of PI3K activity in
PTEN wild-type BCC. Interestingly knocking down of KRAS in KRAS/PTEN double
mutated BCC showed no stimulatory effect on Akt whereas short-term inhibition of MEK
leads to activation of Akt in these cells. The possible reason could be that MAPK pathway
functions independent of KRAS in cells with additional PTEN mutations. Collectively, it is
proposed that the MEK inhibition results in the simultaneous stimulation of PI3K activity
which diminishes the efficacy of MEK inhibitor in targeting YB-1 phosphorylation. This
leads to acquired resistance to MEK inhibition. Consequently, simultaneous blockage of PI3K
and MEK leads to the stronger inhibition of YB-1 phosphorylation compared to single
targeting approaches. Interestingly long-term inhibition of PI3K strongly suppresses the
expression of YB-1, especially in PTEN-mutated cells. This observation is in line with the
study from Lyabin et al, who have shown that inhibition of the mTOR kinase results in
negative regulation of YB-1 synthesis (Lyabin and Ovchinnikov, 2016). PI3K is upstream of
MTOR therefore long-term inhibition of PI3K results in down regulation of mTOR and
subsequent suppression of YB-1 synthesis (Lyabin et al., 2012).

The Akt family includes three isoforms; Aktl, Akt2 and Akt3 with slight varying functions.
Akt is one of the major downstream target of PI3K. In the present study, short-term inhibition
of PI3K completely blocked Akt phosphorylation and slightly inhibited YB-1 phosphorylation
in KRAS(G13D)-mutated cells and strongly inhibited YB-1 phosphorylation in KRAS/PTEN
double mutated cells. The long-term inhibition of PI3K lead to the reactivation of Akt but the
levels of P-YB-1 remains inhibited (see Fig. 3.21 & Fig. 30). Furthermore, unlike PI3K,
inhibition of Akt showed no inhibitory effect on the phosphorylation of YB-1. These data and
the data obtained from genetic approaches (Fig. 3B-C) indicate that inhibition of YB-1
phosphorylation by PI3K targeting is independent of Akt in KRAS(G13D)-mutated cells. This

data is in line with the recent studies showing Akt-independent signaling of PI3K in cancer
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(Lien et al., 2017, Bruhn et al., 2013). Gagliardi et al showed that the overexpression of
activated Akt is not enough to restore malignant phenotypes following knockdown of PDK1,
an immediate downstream effector of PI3K (Fig. 2, Introduction section), suggesting a subset
of tumors that are PI3K/PDK1-dependent but Akt independent (Gagliardi et al., 2012). There
are reports suggesting Akt as the downstream target of PI3K in phosphorylation of YB-1.
Sutherland et al. (Sutherland et al., 2005) demonstrated that YB-1 forms a complex with
activated Aktl after stimulation of cells with IGF-1 in MDA-MB-231 cells. Since the status of
YB-1 phosphorylation has not been shown by Sutherland et al. (Sutherland et al., 2005),
conclusions cannot be made regarding whether IGF1-induced Aktl/YB-1 complex formation
depends on YB-1 phosphorylation. Although the authors showed that activated Akt induces
YB-1 phosphorylation at Ser-102 in a test-tube radioactive assay, from an in vitro assay, it
cannot be concluded that a similar event occurs under physiological conditions. Therefore,
present study proposes Akt independent mode of PISK mediated YB-1 phosphorylation in
KRAS(G13D)-mutated BCC.

4.3 YB-1 regulates proliferation of KRAS(G13D)-mutated BCC

Transgenic expression of YB-1 causes the development of breast carcinomas with various
histological types, indicating that YB-1 is an oncogene (Davies et al., 2014). YB-1
knockdown is reported to inhibit cell proliferation of human BCC, prostate cancer cells and
multiple myeloma cells in culture (Basaki et al., 2010, Liu et al., 2015, Chatterjee et al.,
2008). YB-1 knockdown also suppresses the expression of various cell cycle, DNA
replication as well as growth factor genes (Wu et al., 2007, Davies et al., 2011).
Overexpression of YB-1 induces EGF/TGFa-independent cell growth and constitutive EGFR
activation in human mammary cell lines (Berquin et al., 2005). YB-1 knockout mice exhibit a
marked decrease in cell proliferation rates and are embryonic lethal (Lu et al., 2005, Uchiumi
et al., 2006). In the present study YB-1 is shown to strongly regulate proliferation of KRAS
mutated BCC. YB-1 knockout clones showed about 75% reduction in cell proliferation when
compared to the parental cells. The further inhibition of the prosurvival pathways like MAPK
and PI3K showed no further inhibition. This specifies that the entire proliferative effect of
these pathways is operating through YB-1. Recent studies also pointed out that YB-1 is
involved in cell proliferation by regulating the expression of key proteins of cell cycle

progression like cyclin A and cyclin B1 (Jurchott et al., 2003) as well as replication (En-Nia
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et al., 2005, Gu et al., 2001). The cell cycle control is predominantly regulated at the G1/S
transition, the induction of positive factors or deregulation of negative factors that regulate
cell cycle progression may cause an imbalance in this transition, leading to malignant
transformation (Weinberg, 1989). Nuclear YB-1 expression is enhanced during the G1-S
transition of the cell cycle and this nuclear accumulation of YB-1 is shown to be associated
with enhanced cyclin A and cyclin B1 mRNA as well as protein expression (Jurchott et al.,
2003). Furthermore, alterations in the levels of nuclear YB-1 in G1/S transition have been
identified in different types of tumours, including osteosarcoma (Benassi et al, 1997),
suggesting that YB-1 is involved in the G1/S transition and proliferation of osteosarcoma
cells. Furthermore, previous studies on human prostate, breast and multiple myeloma cell
lines suggest a role of YB-1 in proliferation (Basaki et al., 2010, Liu et al., 2015, Chatterjee et
al., 2008). The present study shows a marked inhibition of cell proliferation in KRAS(G13D)-
mutated BCC tested by knockdown and knockout of YB-1. Thus, YB-1 is a potent mitogenic
biomarker of growth in cancer cells. Furthermore, cyclin D1 is specifically down-regulated by
YB-1 knockdown in human multiple myeloma cells, resulting in a marked decrease of viable
cells , suggesting that YB-1 knockdown-induced cell growth arrest is due to decreased
expression of cyclin D1 (Harada et al., 2014). In the current study, it is partially confirmed
that inhibition of YB-1 dependent cell proliferation after applying PI3K and MEK inhibitors
IS a cytostatic rather than a cytotoxic effect.

The present study highlighted the importance of phosphorylation of YB-1 in cell proliferation
depending on the status of KRAS. Inhibiting the MAPK or PI3K pathway slightly inhibits the
YB-1 phosphorylation and cell proliferation. Targeting MAPK and PI3K pathways
simultaneously results in a strong inhibition of YB-1 phosphorylation and consequently
significant inhibition of cell proliferation in KRAS(G13D)-mutated BCC. This highlights the
importance of YB-1 phosphorylation in cells proliferation. Re-growing of cells after
supplying inhibitors-free medium indicates a cytostatic effect rather than a cytotoxic effect of
P-YB-1. Although this conclusion needs further investigation. In KRAS wild-type SKBR3
cells, inhibition of MAPK or PI3K simultaneously or alone showed similar level of
antiproliferative activity. This data suggest that YB-1 might not be the major regulator of cell
proliferation in KRAS wild-type BCC. In HBL-100 cell lines there was no effect on inhibition
of cell proliferation after either targeting MAPK or PI3K pathway alone or in combination.

This data further correlates with the pattern of YB-1 phosphorylation after indicated
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treatments. Since HBL-100 are not the real BCC, it can be argued that the activity of YB-1 is

highly specific to cancer cells.

4.4 YB-1 regulates DNA DSB repair by HR and A-NHEJ pathways through Kap-1

mediated end resection

YB-1 regulates activity of several DNA repair proteins involved in single strand break repair
pathways including base excision repair, nucleotide excision repair, and mismatch repair
(MMR) pathways (de Souza-Pinto et al., 2009, Das et al., 2007, Alemasova et al., 2016,
Fomina et al., 2015). YB-1 is also known to stimulate repair of DNA DSB after exposure to
ionizing radiation (Toulany et al., 2011). However, specific DNA DSB repair pathways
regulated by YB-1 and the underlying mechanism is not known. In the present study it was
discovered that YB-1 regulates DSB through HR and A-NHEJ pathways through Kap-1

mediated end resection.

The role of YB-1 in DSB was verified by strong radiosensitization of YB-1 knockout
MDA-MB-231 cells. In the consequent rescue experiments where wild-type YB-1 was
expressed in the YB-1 knockout clones, the cells became radioresistance to the level
similar to the parental cells. Phosphorylation of YB-1 at Serine 102 (Ser-102) is essential for
YB-1 activity. Role of this YB-1 phosphorylation on DSB repair has not been described
before. In line with that, the data from present study shows that phosphorylation of YB-1 is
essential for stimulating DSB repair and radioresistance. This could be confirmed by the
rescue experiment in which wild-type YB-1 and YB-1(S102A) were overexpressed in YB-1

knockout clones.

The underlying pathways involved in stimulation of DSB by YB-1 is not known. In this
study, by applying several approaches it could be demonstrated that YB-1 has a significant
role in the repair of DNA DSBs through the HR and A-NHEJ. The effect of YB-1 in DSB
repair was more pronounced in sub-confluent cells (in active log phase), which indicates
that YB-1 probably regulate the DSB repair pathway mainly in S-G2 phase of cell cycle.
Thus, stimulation of DSB repair by YB-1 in growing cells may propose YB-1 as an
appropriate target in combination with radiotherapy in highly proliferating tumor cells.
Function of YB-1 in HR and A-NHEJ was approved by using Rad51 inhibitor BO2 and PARP

inhibitor Talazoparib, respectively.
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Since PARP inhibitors have entered in clinical trials (Kurnit et al., 2018, O'Sullivan Coyne et
al., 2015), findings from present study further emphasizes potential applicability of these

inhibitors in combination with radiotherapy in tumors overexpressing YB-1.

The data obtained from proteomic study reveals that YB-1 regulates the expression of many
proteins that directly or indirectly are involved in DNA repair. KRAB-associated protein 1
(KAP-1), which is involved in DSB repair (Tubbs et al., 2014) was significantly
downregulated in YB-1 knockout cells. KAP-1 also known as TRIM28, TIF1p, or KRIP-1 has
been reported to promote DNA end resection in murine Gi-phase lymphocytes when these
DNA ends are not protected by H2AX and 53BP1. A single-amino-acid change that reflects a
KAP-1 polymorphism between primates and other mammalian species disrupts its ability to
promote DNA end resection in murine cells (Tubbs et al., 2014).To be repaired by HR or A-
NHEJ pathways, DSB ends must first be degraded to generate long 3’- single strand DNA
(ssDNA) tails, a process known as 5'-3' end resection. As a result of this process, stretches of
ssSDNA are formed and rapidly coated by replication protein A (RPA), a heterotrimeric
ssDNA-binding protein. RPA protects the sSDNA from degradation by nucleases and serves
as a platform to activate cell cycle checkpoints. RPA is replaced later by Rad51 protein
molecules, which initiate the homology search during the S-G2 phase of the cell cycle in HR
repair pathway. In A-NHEJ repair pathway, RPA protein is sequentially replaced by XRCC1,
ligase 2 and ligase 3 to ligate the strands. Thus, in YB-1 knockout cells, it is expected that

downregulation of KAP-1 diminishes RPA foci after irradiation.

Ku70/Ku80 hetero-dimer initiates the repair of DSB by NHEJ. It rapidly and stably binds to
DSB, prevents end degradation by the HR and end resection machinery. It also serves as the
platform for the assembly of the other NHEJ factors, including end processing factors in a
multiprotein complex. A-NHEJ pathway is distinct from NHEJ as it is Ku-independent, it
requires component of HR end resection machinery and frequently involves longer tracts of
microhomology. The competition between Ku and the end resection machinery for a DSB end
determines whether the DNA damage will be repaired by NHEJ or channelled into the HR or
occasionally into the A-NHEJ pathway. Overexpression of YB-1 can enhance the KAP-1

mediated end resection, which results into predominating HR and A-NHEJ.
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Given the role of end resection in A-NHEJ, it was generally assumed that DSB repair by A-
NHEJ pathway occurs predominantly in S and G2 phase cells when the end resection
machineries are active. Despite the negative regulation of end resection in G1 cells, it is
evident that the repair of DSB by A-NHEJ also occurs in this phase of the cell cycle. Both
CtIP and MRN appear to be responsible for the end resection in G1 cells. Furthermore, since
inactivation of NHEJ results in increased repair of DSB by A-NHEJ in G1 cells, it seems that
NHEJ suppresses DSB repair by A-NHEJ in G1 cells. While phosphorylation of CtIP by
cyclin-dependent protein kinases is critical for its role in initiating resection for HR in G2
cells, CtIP is phosphorylated in a DNA damage-inducible manner by Polo-like kinase 3 to
activate CtIP/MRN-dependent resection in G1 cells. This leads to the conclusion that cancer
cells with high level of YB-1 predominantly regulates DSB by HR in G2 and M phase and by
A-NHEJ in all the phases of cell cycle.

The data from repair assay shows that there is no significant role of YB-1 in the repair of
DNA DSB through the classical NHEJ pathway (Fig.3.33). This observation is further
validated by the data from yH2AX assay, where Parental and YB-1 knockout cells showed
enhanced DNA damage when treated with Nu7441 (inhibitor of DNA-PKcs). Interestingly in
these experiments the YB-1 knockout cells showed significant increase in DNA DSB as
compared to the parental cells. The possible interpretation for this observation could be that in
the presence of YB-1, there is enhanced expression of KAP-1 protein, which influenced the
cells to predominantly perform the DNA DSB repair through HR or A-NHEJ pathway (Fig.
4.2). Whereas in the absence of YB-1 there is strong inhibition of HR and A-NHEJ pathways
which might result in the activation of C-NHEJ pathway, possibly through a cross-talk
between HR and C-NHEJ pathway as described before in litreture (Sunada et al., 2018, Her
and Bunting, 2018). This is depicted in detail in the Fig. 4.2. Hence, the presence of elevated
levels of P-YB-1 in KRAS(G13D)-mutated BCC, induces HR and A-NHEJ dependent DSB
repair and consequently provides radio-resistance. Therefore targeting YB-1 in combination

with radiotherapy can be an efficient approach to treat KRAS mutated cancers.
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Fig. 4.2 Schematic representation of role of YB-1 in DNA DSB repair choice (self-compilation).

CONCLUSION

The present study highlights three major novel findings, which could be imperative in
therapeutic targeting of KRAS mutated BCC:

1) The data revealed the underlying signaling pathways, i.e. the MAPK/ERK and PI3K/Akt
pathways involved in phosphorylation of YB-1 in KRAS mutated BCC. The presented
mechanistic study also provides a rationale for dual targeting of MEK and PI3K as an
efficient approach to target YB-1 phosphorylation at Ser-102. The data obtained from patient
tumor tissues supports the in vitro results. Thus, the provided knowledge is of particular
importance in designing the therapeutic paradigms for targeting KRAS mutated breast cancer
and other tumor entities with higher rates of KRAS mutation, e.g., pancreatic cancer and

colorectal cancer.
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2) The data from YB-1 knockout cells divulge the strong role of YB-1 in proliferation of
KRAS mutated BCC. The major cell lines investigated in the present study were TNBC cells,
which is the highly aggressive and therapy resistant sub-type of breast cancer. Thus, YB-1
might be an appropriate target for therapy of KRAS(G13D)-mutated breast cancer including
TNBC. The tumor samples from breast cancer patients investigated in the present study also
revealed the activation of YB-1 and the components of its upstream signaling cascade, which
emphasize the clinical significance of the present study.

3) This study uncovered the novel mechanism by which YB-1 regulates DNA DSB repair
through HR and A-NHEJ pathway and mediates radioresistance. This mechanistic study
implies KAP-1 as the crucial factor between DNA end resection dependent or independent
mode of DSB repair through YB-1. Thus, YB-1 targeting approach may be an efficient
strategy to overcome radiotherapy resistance of solid tumors. Along with the clinical

significance, this finding is also very important for the field of DNA repair.
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