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Abstract

Abstract:

Lung cancer is the most common cause of cancer-related death in the world. There
are 2 main subtypes of lung cancer. The most common type is Non-small-cell Lung
Cancer (NSCLC), which accounts for 85% of all lung cancer cases and includes
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. The second major
subtype is Small-cell Lung Cancer (SCLC), accounting for the remaining 15%. For
early-stage or localized lung cancer, curative surgery and many effective drugs are
available to push the 5-year survival rate to the impressive level of 52.6%. For advanced
or metastatic stage, therapeutic options are rather limited with the 5-year survival rate

dropping to the dismal level of 3.5%. Novel therapeutic strategies are urgently needed.

Epidermal Growth Factor Receptor (EGFR) is a major drug target for non-small-
cell lung carcinoma (NSCLC). Tyrosine Kinase Inhibitors (TKIs) like erlotinib are
potent inhibitors of EGFR and have achieved impressive clinical success against
NSCLC. However, NSCLC cells readily develop resistance to TKIs by acquiring
mutations in EGFR or other oncogenes. Novel strategies to inhibit EGFR are needed to

overcome this urgent problem of TKI resistance.

SCLC is characterized by highly proliferative and metastatic lung cancer, making

it ineligible for surgery in most cases. Current outcome of clinical treatment for SCLC



is poor since lack of known predictive or diagnostic biomarkers and poor response to
standard therapies. SCLC is usually sensitive to initial chemotherapy but prone to
recurrence and acquired drug resistance. Upon receiving treatment, the median survival
time (MST) of SCLC patients is only 8-20 months(Puglisi, Dolly et al. 2010). Therefore,

it is challenging but necessary to develop effective therapeutics for SCLC.

Autophagy is an evolutionarily conserved catabolic process for recycling or
degrading organelles and cellular macromolecules and plays important roles in
regulating cell survival and death. Autophagy acts like a double-edged sword in cancer
and exerts both positive and negative effects in a context-dependent manner. It was
reported that inhibiting autophagy could suppress lung cancer progression, especially
at the early stage, making autophagy is an interesting and potential target for cancer

therapy.

Our lab designed a series of all-hydrocarbon stapled peptides (Tat-SPs) targeting
at interfere with Beclin 1 self-association to promote the interaction between Beclin 1
and Atgl4L/UVRAG. Here I present data to show that one lead peptide Tat-SP4
upregulated autophagy activity, and promotes two overexpressed membrane proteins,
EGFR and c-Met, endolysosomal trafficking as well as inhibits the downstream
signaling pathway. Tat-SP4 shows potent anti-proliferative efficacy in different lung

cancer cell lines and exhibit synergistic effect with EGFR-TKIs in NSCLC cell lines.



The cell death induced by Tat-SP4 could be rescued by digoxin, a cardioglycoside that
blocks the Na/K* ATPase and is accompanied by the morphological features similar to
that of autosis. We also found that Tat-SP4 partially depolarized mitochondria
membrane potential, increased intracellular reactive oxygen species, inhibited the
mitochondrial OXPHOS activity and induced mitochondrial permeability transition
pore (mPTP) opening. Meanwhile, intracellular calcium homeostasis was disrupted
when lung cancer cells were challenged by Tat-SP4, which is characterized by a release
of Ca?* from ER followed by increase in Ca** level in mitochondria and cytoplasm. In
SCLC cell-based xenograft model, Tat-SP4 significantly inhibited tumor growth

without obvious toxicity.

In conclusion, our novel designed Beclin-1 targeting stapled peptides have shown
potent anti-proliferative efficacy in lung cancer model both in vitro and in vivo,
suggesting that our study provides a new strategy to target autophagy for lung cancer
treatment. Our stapled peptides may offer an approach orthogonal to the existing
regimen of tyrosine kinase inhibitors (TKIs) that directly inhibit the kinase activity of
EGFR. Thus, our stapled peptides may potentially serve as the prototype for a new class
of therapeutic agents that can be used in conjunction with existing therapies toward

better treatment for lung cancer.



Publications arising from the thesis

Chen, J., X. Zhang, S. Gao, N. Li, V. Keng and Y. Zhao (2022). "A Beclin 1-targeting
stapled peptide synergizes with erlotinib to potently inhibit proliferation of non-small-

cell lung cancer cells." Biochemical and Biophysical Research Communications 636:
125-131.

Gao, S., N. Li, X. Zhang, J. Chen, B. C. B. Ko and Y. Zhao (2023). "An autophagy-
inducing stapled peptide promotes c-MET degradation and overrides adaptive
resistance to sorafenib in c-MET+ hepatocellular carcinoma." Biochemistry and
Biophysics Reports 33: 101412.

Li, N, X. Zhang, J. Chen, S. Gao, L. Wang and Y. Zhao (2023). "Perturbation of
Autophagy by a Beclin 1-Targeting Stapled Peptide Induces Mitochondria Stress and
Inhibits Proliferation of Pancreatic Cancer Cells." Cancers 15(3): 953.



Acknowledgements

It's a sunny and slightly breezy Saturday afternoon. I am sitting in my study room,
recalling the four years of my PhD study, and writing this acknowledgment to

appreciate the people who supported, helped, encouraged, and accompanied me.

At first, I would like to express the appreciation from the bottom of my heart to
my supervisor, Professor Zhao Yanxiang. My first impression of Prof. Zhao is that she
loves to laugh and is approachable. Your personality makes everyone respect you and
feel close to you at the same time, which makes us get along very well at work. When
we discussed about my project, you always gave me guidance and advice with rigorous
and profound research logic and rich professional knowledge. I also thank you for being
strict with me in my research, which has helped me to gradually approach the standard
of a qualified researcher. You also gave me proper care and understanding in my life,
so that I rarely experienced any conflict between life and study in these four years.
Because of your olive branch and platform, I had the chance to feel the charm of

research.

I'd like to thank all the lab members who were coloring the four years of my PhD
study. Many thanks to Dr. Wu Shuai, as a senior member of our lab, you gave me
encouragement when I joined our lab. I am very grateful to Dr. Qiu Xia who patiently

taught me experiment skills at the beginning of my research. Dr. Qiu is also like a sister,

VI



caring and enlightening me when I encountered frustrations in my life. I would like to
thank Dr. Li Na and Miss. Wang Lei for their support and assistance in my animal
experiments. Thank you, Dr. Zhang Xiaozhe, for your willingness to discuss project
with me and share experimental methods without reservation. Your cheerful personality
has brought a lot of laughter to my life. Thanks to Miss. Gao Shan for accompanying
me to write the thesis together and sharing stress with each other. Thanks to Miss. Feng
Yu, who is very well organized and have organized many wonderful activities to enrich
our after-lab life. Very grateful to Dr. Yang xian, Miss. Zhang Shuqi, Miss. Yu Yingting,
Mr. Allen Leung, and Mr. Zheng Siqiong, you provided support and help with the

routine lab work. Because of you, my PhD study were different and colorful.

I would like to thank Dr. Zhang Huan and Dr. Li Chang for leading me to open the

door of scientific research to explore the richness of science.

I really appreciate my parents who love me dearly. I would like to thank them for
nurturing me to be independent, cheerful, and kind person, and these characters are the
most valuable assets in my life. Whenever I was faced with a choice, my parents always
encouraged me to pursue my dreams courageously and always fully trust and respect
my decisions. They give me strength when I am in trouble and can cheer for me when

I am making progress. At all times, I could feel their selfless love and support for me.

VIl



My deep love and thanks will be given to my husband, Dr. Huang Wei, who
accompanied me from my undergraduate to today and will be with me for a long time
to come. Fortunately, over the years, we have been there for each other at every
important moment. I'm happy that we have grown together and seen each other get
better. Your unconditional acceptance and love are a warm haven for me. Looking

forwards to our wonderful coming life.

Thank everyone that is reading my acknowledgement for your patience and

interest.

VIl



Table of contents

CERTIFICATE OF ORIGINALITY ..oooiiiiiiiiiiiiiisi s I
FaN ) 1 2T PP UR PSR II
Publications arising from the thesiS.........cccoiiiiiiiiiiiieii s \Y
ACKNOWIEAZEMENTS.....eiiiiiiiiiiiieiiie e VI
List of figures and tables...........coiviiiiieiiiiiie e XII
ADDTEVIATIONS ...ttt XVI
Lo INErOAUCHION ... 1
1.1 LUINE CANCET ...ttt nnne s 1
1.1.1 Types Of TUNG CANCET .....ccveeiiiiiiieiiiceieeie e 1
1.1.2 The cause of TuNZ CANCET.........ccuveiiiiiieiie e 5
1.1.3 Oncogenic driver mutations in NSCLC and SCLC development .............. 7
1.1.4 Molecular pathways involved in SCLC development ............cccccceeueeinnnn 14
1.1.5 Treatment strategy for lung CanCer ..........ccocoervriiieiiciieneec e 16
1.2 Autophagy and its role in lung cancCer ...........cccovervviiieniniicn e 24
1.2.1 Autophagy is an essential cellular catabolic process ..........ccccovvevriiveennnnn. 24
1.2.2 Role of autophagy 1N CANCET ..........ccvvviereiiiieiiinee e 27
1.2.3 Autophagy in [ung CancCer ...........coovvviiiiiiniiiiici e, 30
1.2.4 Autophagy modulation for cancer therapy..........ccccoveviiiiiiicniiniinicinen, 32

1.3 Beclinl-targeting stapled peptides developed by our lab ...........cccccoveriininnne. 34
1.3.1 The structure and function of Beclinl in autophagy...........c.ccvvviivinnennne 34
1.3.2 Structure-based rational design of Beclinl-targeting stapled peptides.....38

1.3.3 Strategies to generate cell-penetrating stapled peptides for drug discovery

............................................................................................................................ 44

2. ODJECLIVES. ...t 51
3. Methodology and materials.................ccccooiiiiiiiii i 55
3.1 Reagents and antibodies ............cevviiiiiiiiiiiiciiic e 55



3.2 Cell based EXPEIrIMENLS ........covveiriiiiiieiiieie e 56
3.3 In vivo Xenograft StUAICS ........ceeiviiiiiiiiiiieiece s 67
AoRESULLS ... 68
4.1 Comprehensive profiling of autophagy and endolysosomal trafficking activities
in diverse lung cancer cell lines upon treatment of Tat-SP4..........cccccocoiviiiiiinnns 68
4.1.1 Tat-SP4 induces autophagy in lung cancer cell lines............ccccoeveviinennne. 68
4.1.2 Tat-SP4 significantly enhances endocytic degradation of EGFR and
attenuates the oncogenic EGFR signal transduction...............ccooevviiiniiinennnn 72
4.1.3 Tat-SP4 significantly enhances endocytic degradation of c-Met and
attenuates the oncogenic c-Met signal transduction .............ccccecverveririieieennenn, 75
4.2 Characterization of Tat-SP4 as single anti-proliferative agents and potential
synergistic effect between EGFR-TKIs and Tat-SP4 in lung cancer cell lines ...... 78
4.2.1 Determination of IC50 of Tat-SP4 in lung cancer cell lines...................... 78

4.2.2 Long-term anti-proliferative efficacy of Tat-SP4 in lung cancer cell lines

............................................................................................................................ 80

4.2.3 Combination of Tat-SP4 and Erlotinib exhibits synergetic effect on

inhibition of NSCLC cell proliferation ..........c.cccooveiiiiiiiiciiienecc e 83
4.3 Tat-SP4 triggers necrotic cell death that is only rescued by an inhibitor of
AUEOSTS vttt etee ettt e bt e et ettt et ekt ekt e h et ekt e e R e e e R e e e AR e e R e e e AR e e R e e e R bt e Re e et e Rn e e ne e nnr e nnes 87

4.3.1 Tat-SP4 induces lung cancer cell death not through apoptosis, pyroptosis,
ferTOPLOSIS OF NECTOPLOSIS. .vvviuviiiiiiiieitieii it 87
4.3.2 Tat-SP4 exerts anti-proliferative effect that can only be rescued by
INIDITOTS OF AULOSIS ..cuvviiiiiie i 96
4.3.3 Cells treated with Tat-SP4 shows morphological features of autosis....... 98
4.4 Tat-SP4 causes mitochondria dysfunction and impairs oxidative
PhOSPhOTYIation ACIVILY ....ccvviiiiiiiciiceee e 100
4.4.1 Tat-SP4 depolarizes mitochondrial membrane potential in a dosage- and

time-dependent manner in lung cancer cells..........ccoovviiiiiiiiiiii, 100



4.4.2 Tat-SP4 impairs mitochondrial oxidative phosphorylation .................... 103
4.4.3 Tat-SP4 leads to an increase in cellular ROS level in lung cancer cells. 105
4.4.4 Tat-SP4 induces mitochondrial permeability transition pore (mPTP)
0] 0531101V TPV P R SUPRPPR 106
4.5 Tat-SP4 disrupts intracellular calcium homeostasis .........ccoccvveviviiiiieeiiiinnne 109
4.5.1 Tat-SP4 triggers a release of Ca®>" from ER, and causes an increase in Ca*"
level in mitochondria and cytoplasm ..........cccoovviiiiiiiiiiii e 109
4.5.2 Digoxin moderates intracellular Ca*" fluctuations induced by Tat-SP4.116
4.6 Tat-SP4 induced cell death is sensitive to extracellular Ca*" concentration...124
4.6.1 Extracellular Ca** concentration affects cytotoxicity of Tat-SP4 on lung
CANCET CELIS ...ttt 125

4.6.2 Extracellular Ca** attenuates Tat-SP4-induced depolarization of MMP and

impairment of OXPHOS. .......oooiiii e 129
4.7 The cellular uptake mechanism of Tat-SP4 ...........cccooviiiiiiiii s 131
4.7.1 The delivery efficacy of Rhod-SP4 is energy- and time-dependent ....... 131

4.7.2 The cellular uptake of Rhod-SP4 is mediated by macropinocytosis

4.8 Assessment of the anti-proliferative efficacy of Beclinl-targeting peptides in
animal-based lung cancer model ............ccooeiiiiiiiiii 136

4.8.1 Tat-SP4 shows potent anti-proliferative efficacy in SHP-77 xenograft

1000016 (<] R 136
5. Discussion and future study ..............ccooiiiiiiiii s 138
) S {2 () 1 Lo 147

Xl



List of figures and tables

Figures

Figure 1.1 The subtypes and 5-year survival rate of lung cancer.

Figure 1.2 Genetic driver mutations for NSCLC

Figure 1.3 Autophagy flux under normal condition.

Figure 1.4 The domain structure of Belinl(L1i, He et al. 2012)

Figure 1.5 Function of Beclinl in autophagy

Figure 1.6 The design principle of Beclinl coiled-coil domain-derived stapled
peptides

Figure 1.7 Structural model of SP1-Beclinl coiled-coil domain interaction and a
library of computationally designed stapled peptide

Figure 1.8 Determination of the interaction between Beclinl and designed peptides
with ITC

Figure 1.9 The designed Beclinl-targeting stapled peptide enhances autophagy and
endolysosomal trafficking.

Figure 1.10 The schematic of cellular uptake mechanisms of CPPs or CPP-cargoes.
Figure 3.1 Overview of seahorse experiment and Seahorse XF Cell Mitochondrial
Stress Test profile

Figure 4.1 Tat-SP4 promotes autophagy in lung cancer cells.

Figure 4.2 Tat-SP4 promotes EGFR degradation and attenuated the oncogenic EGFR
signaling transduction.

Xl



Figure 4.3 Tat-SP4 promotes c-Met degradation and attenuated the oncogenic c-Met
signaling transduction.

Figure 4.4 Anti-proliferative efficacy of Tat-SP4 in lung cancer cell lines.

Figure 4.5 Tat-SP4 inhibited A549, H1975 and SHP-77 cell proliferation.

Figure 4.6 Tat-SP4 inhibited colony formation in A549 cells.

Figure 4.7 Summary of IC50 of EGFR-TKIs in A549, H1975 and SHP-77 cell lines.
Figure 4.8 Combining Erlotinib and Tat-SP4 exhibited synergetic effect on inhibition
of NSCLC cell proliferation.

Figure 4.9 Tat-SP4 induce cell death with necrotic features.

Figure 4.10 Tat-SP4 doesn’t induce pyroptosis in A549 cell line.

Figure 4.11. Tat-SP4 doesn’t induce ferroptosis in A549 and SHP-77 cell lines.
Figure 4.12 Tat-SP4 doesn’t induce necroptosis in A549 and SHP-77 cell lines.
Figure 4.13 Tat-SP4-induced cell death can be rescued by digoxin.

Figure 4.14 Morphological changes of A549 cells treated with Tat-SP4.

Figure 4.15 Tat-SP4 induces loss of mitochondrial membrane potential in lung cancer
cells.

Figure 4.16 Tat-SP4 inhibits the mitochondrial OXPHOS.

Figure 4.17 Tat-SP4 induces an increase in cellular ROS level.

Figure 4.18 Tat-SP4 induces mitochondrial permeability transition pore
(mPTP)opening.

Figure 4.19 Tat-SP4 disrupts intracellular calcium homeostasis.

X1



Figure 4.20 Tat-SP4 disrupts intracellular calcium homeostasis in SHP-77 cells.
Figure 4.21 The effect of digoxin against the disruption of intracellular Ca*"
homeostasis caused by Tat-SP4 in A549 cells in Ca*’-free HBSS buffer.

Figure 4.22 The effect of digoxin against the disruption of intracellular Ca>*
homeostasis caused by Tat-SP4 in SHP-77 cells in Ca*’-free HBSS buffer.

Figure 4.23 The effect of digoxin against the disruption of intracellular Ca*"
homeostasis caused by Tat-SP4 in A549 in HBSS buffer containing 1.2mM Ca*".
Figure 4.24 The effect of digoxin against the disruption of intracellular Ca*"
homeostasis caused by Tat-SP4 in SHP-77 cells in HBSS buffer containing 1.2mM
Ca?".

Figure 4.25 IC50 of Tat-SP4 is different in DMEM media and RPMI-1640 media.
Figure 4.26 Extracellular CaCl, rescued lung cancer cell death induced by Tat-SP4.
Figure 4.27 Extracellular calcium attenuates Tat-SP4-induced mitochondrial
depolarization and OXPHOS inhibition.

Figure 4.28. The delivery efficacy of Rhod-SP4 is energy- and time-dependent.
Figure 4.29. The cellular uptake of Rhod-SP4 is mediated by a micropinocytosis
pathway.

Figure 4.30 The anti-proliferative efficacy of Tat-SP4 in SHP-77 xenograft model.

XV



Tables

Table 1.1 FDA-approved therapeutic drugs targeting at different gene mutations for
lung cancer.

Table 1.2 The classification, sequence, and origins of some CPPs.

Table 1.3 Examples of CPP-conjugated therapeutics under clinical development

Table 3 Comparison the formulations of DMEM and RPMI 1640 medium.

XV



Abbreviations

AD Alzheimer’s disease

ALK Anaplastic lymphoma kinase
AM Amiloride

AZD Osimertinib

BCL-2 B cell lymphoma 2

BRAF B-Raf proto-oncogene
BTC Beta-cytokine

CCD Coiled-coil domain
CPPs Cell-penetrating peptides
CQ Chloroquine

CSCs Cancer stem cells

DLL3 Delta-like protein 3

DMEM Dulbecco’s Modified Eagle’s Medium

ECAR Extracellular acidification rate
ECD Evolutionarily conserved domain
EGF Epidermal growth factor

EGFR Epidermal growth factor receptor
EPR Epiregulin

ER Endoplasmic reticulum

ETC Electron transport chain

Fer-1 Ferrostatin-1

GSDMD Gasdermin D

GSDME Gasdermin E

GTP Guanosine triphosphatease
HCQ Hydroxychloroquine

HEK293T Human embryonic kidney cells

XVI



HER?2
IC50
KRAS
LPS
MET
MHV
MLKL
mPTP
MTT
MBCD
Nec-1
NLS
OCR
OXPHOS
PBS

Pl

PS
RB1
RIP1
ROS
ROVA-T

RPMI1640

Human epidermal growth factor 2
Half-maximal inhibitory concentration
Kirsten rat sarcoma
Lipopolysaccharide

MET proto-oncogene

Mouse hepatitis virus

Mixed lineage kinase domain-like
Mitochondrial permeability transition pore
(3-(4,5-Dimethylthiazol-2-yI)-2,5-Diphenyltetrazolium Bromide
Methyl-beta cyclodextrin

Necrostatin 1

Nuclear localisation signal peptide
Oxygen consumption rate

Oxidative phosphorylation

Phosphate buffered saline

Propidium iodide

Phospholipid phosphatidylserine
Retinoblastoma 1

Receptor-interacting protein 1
Reactive oxygen species
Rovalpituzumab tesirine

Roswell Park Memorial Institute 1640 Medium

XVII



1. Introduction

1.1 Lung cancer

Lung cancer is one of the most popular malignant tumors in the world and is a
major cause of cancer-related death in many countries. According to the cancer statistics
for Asia countries, lung cancer is the most commonly diagnosed cancer and has the
highest mortality rate, and it causes more deaths than prostate, breast and colorectal

cancers combined(Huang, Ngai et al. 2022).

1.1.1 Types of lung cancer

Lung cancer can be classified into two major categories: small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC) (Figure 1.1). Non-small cell lung
cancer is more common and currently accounts for approximately 85% of all lung
cancer cases (Novello, Barlesi et al. 2016). Non-small cell lung cancer can be further
divided into squamous cell carcinoma (squamous cell carcinoma), adenocarcinoma,
and large cell carcinoma based on histology. Compared with small cell carcinoma,

NSCLC cells grow slowly and diffuse and metastasis slowly.
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Figure 1.1 The subtypes and 5-year survival rate of lung cancer.

SCLC is the most malignant type of lung cancer and account for about 15% of all
lung cancer cases(Jdnne, Freidlin et al. 2002). Occurrence of SCLC is closely related
to long-term smoking The male-to-female incidence of small cell lung cancer is now
close to 1:1 in the United States (Govindan, Page et al. 2006). SCLC cells are very
small and shaped like oat grains, therefore they are also known as oat cell carcinoma.
SCLC cells are malignant epithelial cells with scant cytoplasm and unclear cell
boundaries. SCLC is derived from the hormonal cells of the lung with dedifferentiation
properties. The doubling time and growth rate of SCLC are much faster than those of
NSCLC. SCLC has the characteristics of rapid progression, early metastasis, and easy
recurrence. SLCL is extremely aggressive and with earlier widespread to submucosal
lymphatic vessels and regional lymph nodes. Most SCLC patients are diagnosed at
advanced stage or hematogenous metastases (Saltos, Shafique et al. 2020).The 5-year

survival rate is only 7% and 2-year survival rate is 10-20%(Simon and Wagner 2003).



SCLC is more sensitive to chemotherapy and radiotherapy than other types of lung
cancer, treating it is challenging due to its high relapse rate and drug resistance rate.
After treatment, the median survival time of patients at limited stage is about 15 months
to 20 months, and the median survival time of patients at extensive stage is 8 months to

13 months(Davies, Lara et al. 2004).

Lung adenocarcinoma is the most common type of non-small cell lung cancer
and is a glandular epithelial malignancy. Lung adenocarcinoma is more likely to occur
in women and non-smokers and adenocarcinoma accounts for 40% of all NSCLC cases
(Couraud, Zalcman et al. 2012). Adenocarcinoma cells and their nucleus are large, and
the ratio of nucleoplasm is higher. Also, the boundaries of adenocarcinoma cells are
unclear. Most lung adenocarcinoma starts from the bronchial mucosa epithelium and a
small part of lung adenocarcinoma starts from the mucinous glands of the large bronchi.
Lung adenocarcinoma has no special symptoms in the early stage. Chest pain, shortness
of breath and pleural effusion are symptoms often seen in patients with advanced lung

cancer or in patients who have had intrathoracic regional dissemination.

Lung squamous cell carcinoma is the second most common type of lung cancer,
accounting for 25% to 30% of primary lung cancer cases (Perez-Moreno, Brambilla et
al. 2012). Unlike lung adenocarcinoma, squamous cell carcinoma of the lung is more

common in older men and is closely related to smoking. Lung squamous cell carcinoma



originates from the bronchi and is always located in central lung, with a tendency to
spread to the thoracic cavity. The pathology is mainly due to chronic stimulation and
injury of bronchial columnar epithelial cells, loss of cilia, squamous metaplasia of basal
cells, dysplasia and hypoplasia, which eventually results in mutation that lead to cancer
(2012). Since lung squamous cell carcinoma develops and metastasizes slowly, there
are more chances for lung cancer patients to be treated with surgical resection, and its
S-year survival rate is higher. However, lung squamous cell carcinoma is less sensitive
to radiotherapy and chemotherapy than small cell undifferentiated carcinoma(Gridelli,

Ardizzoni et al. 2010).

The incidence of large cell carcinoma (LLC) is not high, accounting for about
10%-15% of non-small cell lung cancer cases. According to the new version of the
classification of large cell lung carcinoma by the World Health Organization (WHO)), it
contains several subtypes, such as clear cell large cell carcinoma, basaloid large cell
lung carcinoma, pulmonary lymphoepithelial neoplasia, giant-cell lung carcinoma,
rhabdoid phenotype large cell lung carcinoma, and large cell neuroendocrine lung
carcinoma. It appears as a highly undifferentiated or immature large cell under the
microscope(Pardo, Martinez-Pefiuela et al. 2009). Large cell lung cancer is often
located in the upper lobe of the lungs, mostly in the surrounding type, with a large
volume, clear boundaries and rare cavities, and without the tendency to be surrounded

or centered(Popper 2011).



The clinical symptoms of large cell lung cancer are similar to those of other types
of lung cancer and include cough, hemoptysis, chest pain, but large cell lung cancer has
additional clinical features. Firstly, compared with squamous cell carcinoma and
adenocarcinoma, large cell lung carcinoma has poor differentiation, rapid proliferation
and short course of disease, and it has invasive growth and rapid development. It is a
highly malignant neuroendocrine tumor, and lymphatic and hematogenous metastasis
may occur at an early stage, invading adjacent lobes. Secondly, most of the large cell
lung cancers patients are male, many of whom have a long history of smoking (Muscat,
Stellman et al. 1997). Besides, peripheral tumor lesions are more common in large cell
lung cancer, accounting for more than 80% of all large cell lung cancer cases. The tumor

has no cavities, and its diameter of the tumor is usually above 8cm.

1.1.2 The cause of lung cancer

Lung cancer is also known as bronchial lung cancer since most lung cancer
originates from the bronchial mucosa. Over the past 5 decades years, lung cancer
incidence and mortality rates are rising rapidly in many countries, particularly in

industrialized countries.

Cell carcinogenesis is closely linked to the mutations in genetic information

including epigenetics and DNA that disrupt the normal functions of cells, including cell
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survival, programmed cell death (such as apoptosis), and DNA repairment. The greater
the accumulation of genetic damage, the higher the risk of cancer(Kastan 2008).
Although the etiology and pathogenesis of lung cancer is still not well understood, the

following factors are considered closely related to the cause of lung cancer.

Smoking (cigarettes, pipes or cigars) is the main risk factor in inducing lung cancer,
especially squamous cell carcinoma and undifferentiated small cell carcinoma(Mason,
Murray et al. 2015). It has been proven that more than 70 carcinogens are present in
cigarette smoke, including benzopyrazole, NNK, 1,3-butadiene, and some radioactive
materials(Hecht 2012). Compared with non-smokers, smokers are 4-10 times more
likely to develop lung cancer and it is 10-25 times more likely for severe smokers. It
has been reported that 85% of lung cancer patients have a history of smoking(Peto,
Boreham et al. 1996). Besides, secondhand smoke increases the risk of lung cancer in

non-smokers by 20-30% (Taylor, Najafi et al. 2007).

Asbestos is a recognized carcinogen and dust-like asbestos have a serious adverse
effect on health. Asbestos fibers flying in the air can be inhaled into the lungs of the
human body and after 20 to 40 years of incubation period. Asbestos fibers will induce
some lung diseases, such as pneumoconiosis, lung cancer and pleural cancer(O'Reilly,

Mclaughlin et al. 2007).

It is reported that less than 10% of lung cancer is associated with genetic factors.



In other words, if one’s immediate family members have lung cancer, the prevalence
will be higher than those without a family history of lung cancer(Yang, Holloway et al.

2013). The disease may be regulated by multiple genes (Larsen and Minna 2011).

1.1.3 Oncogenic driver mutations in NSCLC and SCLC development

It has been found that most NSCLC patients present genetic alterations in certain
oncogenic drivers. Figure 1.2 shows the incidence of common oncogenic driver
mutations in NSCLC. Common oncogenic divers in NSCLC include kirsten rat sarcoma
(KRAS), epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase
(ALK), human epidermal growth factor 2 (HER2), ROS proto-oncogene 1 (ROS1), B-
Raf proto-oncogene (BRAF) and MET proto-oncogene (MET). Molecular testing is to
screen the common oncogene mutations and is one of the most important and necessary
guidelines to develop a treatment plan for patients with advanced Ilung
adenocarcinoma(Chevallier, Borgeaud et al. 2021). Therefore, it is important to
establish a well understanding of the biology of these oncogenic drivers. In this part, I
will only introduce the most frequent oncogenic mutations in clinical practice and the

oncogenic diver mutations involved in my project.
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Figure 1.2 Genetic driver mutations for NSCLC

1.1.3.1 KRAS

The kirsten rat sarcoma (KRAS) represent the most frequent human oncogenes.
KRAS mutation exists in 29% of NSCLC patients. The most common mutations are
located at codons 12 and 13. The KRAS G12C subtype is detected in 13% smoker,
while the KRAS G12D subtype is more common in non-smokers(Hong, DuBois et al.
2020). KRAS is a member of the RAS gene family and is a kind of small guanosine
triphosphate (GTP)ase. KRAS protein functions as a central regulator at downstream
of growth factor receptor signaling to regulate cell proliferation and differentiation.
KRAS is an important protein at downstream of the EGFR signaling pathway.
Mutations of the KRAS gene can directly initiate the downstream of the EGFR pathway
and indirectly initiate the PI3K pathway, leading to more rapid development of NSCLC

and drug failure targeting the upstream of EGFR Pathway(Lee, Lee et al. 2014). It has



been found that KRAS gene mutations are related to EGFR mutation status, which
means that KRAS mutations can occur in the case of EGFR gene mutations, but the
incidence is significantly lower than in patients with the wild-type EGFR gene(Cheng,
Alexander et al. 2012). Clinical statistics shows that KRAS mutations are associated
with resistance to first-generation TKIs and conventional chemotherapy(Eberhard,

Johnson et al. 2005).

1.1.3.2 EGFR

The incidence of mutation in the epidermal growth factor receptor (EGFR) is about
19% among NSCLC patients. EGFR mutations are commonly found in women, non-
smoking, lung adenocarcinoma and Asian patients. The mutation site of EGFR is
located at exons 18-21. EGFR 19 exon deletion and 21 exons L858R point mutations
are most common, they can induce activation of tyrosine kinase domain and are
sensitive to tyrosine kinase inhibitors(TKIs)(Sequist, Martins et al. 2008). However,
T790M mutation in exon 20 can result in acquired resistance to EGFR-TKIs(Onitsuka,
Uramoto et al. 2010). There are also other mutations for EGFR, such as ALRE and

G719R.

EGFR is a glycoprotein widely expressed on the cell surface of human tissue. It
function as a tyrosine kinase receptor that mediates multiple signal transduction

pathways and transmits extracellular signals into cells, thereby regulating cell growth



and differentiation. EGFR is a member of the HER/ErbB family of receptors and EGFR
(ErbB-1/HER-1), Her-2/neu (ErbB-2), Her3 and Her-4 belong to the HER/ErbB family.
It has been reported that increased gene copy number or overexpression of EGFR can

promote normal cell transformation and metastasis of malignant tumors.

Human EGFR gene is located on chromosome?7, and EGFR consists of three parts.
An extracellular domain, located at the N-terminus, contains a ligand binding site, a
transmembrane region consists of 23 amino acid residues, and the intracellular region
at the C-terminus contains a tyrosine kinase domain(Bishayee 2000). The activation of
EGFR involves two important steps. Firstly, EGFR will be activated by binding of
specific ligands. Ligands that specifically bind to EGFR include epidermal growth
factor (EGF), transforming growth factor alpha (TGFa), bidirectional regulatory
protein, beta-cytokine, heparin-binding EGF-like growth factor and epiregulin. Upon
binding of the ligand to EGFR, monomer EGFR will undergo dimerization to form a
homo- or heterodimer. The dimerized EGFR undergoes cross-linking phosphorylation
of several tyrosine residues in the C-terminal domain of EGFR and stimulates

downstream signal transduction(Yarden and Schlessinger 1987).

1.1.3.3ALK
The incidence of anaplastic lymphoma kinase (ALK) gene rearrangements in

NSCLC is about 3%-5%(Soda, Choi et al. 2007). ALK posotivity is commonly found
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in young adenocarcinoma, non-smoking or light smoking NSCLC patients. ALK gene
rearrangements are often repulsive to EGFR or KRAS mutations(Gainor, Varghese et
al. 2013). ALK is a transmembrane receptor tyrosine kinase which involve in various
cancer signaling pathways such as RassMAPK . PI3K/AKT and JAK/STAT signaling
pathway. Activation of the NSCLC ALK gene results from ALK chromosomal
rearrangements, whereby the ALK tyrosine kinase region forms a fusion gene with the
5' terminal echinoderm microtubule-associated protein-like 4. The 5' terminal fusion
gene undergoes an oligomerization reaction, resulting in ALK tyrosine kinase
activation independent of ligand, leading to downstream pathway activation(Solomon,

Wilner et al. 2014).

1.1.3.4 Met

c-MET has been confirmed as one of the important driving genes for NSCLC. Met
alteration are found in approximate 4% of NSCCL. There are three main MET
mutations, MET amplification, MET exon 14 mutation, and MET overexpression.
Among them, MET amplification is one of the important reasons for resistance to three
generations of EGFR-TKIs for NSCLC and about 15%-20% of patients who have
acquired-resistance to TKIs can be detected with MET amplification(Drilon, Cappuzzo
et al. 2017). MET exon 14 mutation may happen in the absence of EGFR, KRAS or
ALK mutations and it is reported that, in China, MET exon 14 mutation accounts for

only about 0.9% of lung adenocarcinoma cases(Liu, Gou et al. 2016).
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c-MET is a transmembrane receptor with autophosphorylation activity encoded
by MET gene and its ligand is HGF. Dimerization and tyrosine phosphorylation of c-
MET will happen after binding of HGF to c-MET, which will activate its downstream
signaling pathway, such as Rass/MAPK, PI3K/Akt and MET/ERK. The activation of c-
MET plays an important role in cell proliferation, cell migration, invasion of blood
vessels and angiogenesis. When c-MAT pathway is under normal status, it can control
tissue differentiation and repair. However, abnormal activation of c-MET pathway will

result in tumor cell proliferation and metastasis(Paumelle, Tulashe et al. 2002).

1.1.3.5 ASCLI1

Acoete-scute homologue 1(ASCL1) is a major regulator of the differentiation of
neuronal and neuroendocrine cell. It was found that ASCL1 is expressed in 75% of
SCLC(Borromeo, Savage et al. 2016), therefore ASCL1 is a potential therapeutic target
for high-grade neuroendocrine lung cancer. ASCL1-positive SCLC usually expresses a
full set of neuroendocrine markers. ASCL1 expression is closely linked to not only
delta-like ligand 3 (DLL3, an inhibitory ligand of Notch pathway) expression, but also
RE1 silencing transcription factor (REST, a protein inhibiting the differentiation of
neuronal cells and neuroendocrine cells). Deletion of ASCL1 expression is more

common in recurrent tumors.
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1.1.3.6 TP53/RB1

It has been found that inactivating mutations of TP53 and RB1 is an important
initiating molecular event in the pathogenesis of SCLC. The frequency of biallelic loss
of TP53 and RBI is up to 100% and 93% of SCLC, respectively(George, Lim et al.
2015). Other inactivating mutations of TP53 and RBI, including mutations,
translocations, homozygous deletions, loss of heterozygosity, occur frequently(George,
Lim et al. 2015). p53 is a carcinoma suppressor protein encoded by the TP53 (human)
gene. p53 not only can bind specifically to DNA sequences and participate in
transcriptional regulation, but also plays a role in a wide range of cellular activities,
including DNA repair, cell cycle arrest and apoptosis. RB1 mainly take part in
regulating cell cycle and cell differentiation, and the high frequency mutations of RB1

are only found in SCLC.

1.1.3.7 TP73

TP73 is a homolog of TP53. 13% of SCLC patients have TP73 gene mutation or
rearrangement(George, Lim et al. 2015). The rearranged N-terminal truncated p73
transcript variant exerts a dominant repressive effect on wild-type p73 and p53(George,
Lim et al. 2015), indicating that TP73 may be a new potential therapeutic target for

SCLC.

1.1.3.8 MYC
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The MYC family includes three members, MYC, MYCL and MYCN.
Amplification of oncogene MYC occurs in approximately 20% of SCLC
patients(George, Lim et al. 2015). MYC acts as a transcription activator driving the
expression of genes that regulate cell cycle and development. MYC amplification is
also linked to low survival rate in SCLC(de Céssia S. Alves, Meurer et al. 2014). The
three MYC genes are mutually exclusive and can drive the development and
progression of SCLC with different expression patterns(Kim, Dunn et al. 2019). Aurora
kinase has been identified as a key kinase leading to the amplification of MYC in SCLC
cell lines. Suppression of AURKA and AURKB selectively inhibits the proliferation of

SCLC cells overexpressing MYC (Kim, Wu et al. 2016).

1.1.4 Molecular pathways involved in SCLC development

Respiratory epithelial cells contain multiple nests of stem cells, and most SCLC
arise from the differentiation of stem cells into neuroendocrine cells. Cancer stem cells
(CSCs) are tumorigenic and have various of the features of embryonic stem cells and.
In CSCs, some conserved cellular signaling pathway involved in cell proliferation and
survival are continuous activated. The known molecular pathways involved in SCLC
development and progression include cell cycle regulation, receptor kinase/PI3K
signaling, transcriptional regulation and Notch signaling/Neuroendocrine
differentiation(George, Lim et al. 2015). Various gene alterations were found in each

signaling pathways in SCLC patients. SCLC was initially considered to be molecularly
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homologous because absence of tumor protein p53 (7P53) and retinoblastoma 1 (RB1)
and neuroendocrine epithelial differentiation of cells was prevalent in almost all SCLC
cases(George, Lim et al. 2015). Later, by categorizing and analyzing RNA-seq data
from SCLC tumors, Rudin et al. found that molecular subtypes of SCLC could be
defined by differential expression of transcription factors ASCL1, NEURODI,
POU2F3 and YAPI. The classification includes SCLC-A. SCLC-N. SCLC-P and

SCLC-Y(Rudin, Poirier et al. 2019).

1.1.4.1 Receptor Kinase/PI3K Signaling

Mutations in the PI3K-AKT-mTOR signaling pathway are reported in
approximately 40% of SCLC patients. The PI3K-AKT-mTOR pathway plays an
important role in cell proliferation, survival, migration and chemoresistance in
SCLCL(Umemura, Mimaki et al. 2014). The incidence of kinase gene mutations is
lower in SCLC than that in NSCLC. One study including 51 SCLC samples showed
that genetic alteration in PI3K/AKT/mTOR pathway were found in 36% of the SCLC
tumors, and mutations in PI3CA (encoding the catalytic subunit of PI3K), PTEN, AKT,
RICTOR and mTOR were detected in the SCLC samples(Umemura, Mimaki et al.
2014). The inhibitor of PI3K/AKT/mTOR signaling pathway significantly suppress
proliferation of SCLC with genetic alterations in PI3K signaling pathway(Umemura,

Mimaki et al. 2014).
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1.1.4.2 Notch Signaling/Neuroendocrine Differentiation

Notch function as a tumor suppressor gene in SCLC that negatively regulates the
neuroendocrine differentiation. However, Notch genes act as oncogenes in
NSCLC(Saunders, Bankovich et al. 2015). Inactivating mutations of Notch signaling
occur in approximately 25% of SCLC patients(George, Lim et al. 2015). Notch
signaling plays a vital role in inducing cell cycle arrest, inhibiting NE cell phenotypic
transformation, and is a master regulator of tumor suppressors and neuroendocrine
differentiation in SCLC. Therefore, inactivation of Notch signaling leads to cell
hyperproliferation and promote neuroendocrine differentiation of SCLC cells. Delta-
like protein 3 (DLL3) regulated by ASCL1 acts as an suppressor ligand of Notch
signaling pathway and is commonly upregulated and aberrantly expressed on the
plasma membrane in SCLC but is not expressed in normal cells(Saunders, Bankovich
et al. 2015) Rovalpituzumab tesirine (ROVA-T) is an antibody-drug targeting to
DLL3 that shows significant anti-cancer efficacy in relapsed refractory SCLC(Rudin,

Pietanza et al. 2017).

1.1.5 Treatment strategy for lung cancer

Lung cancer is a serious threat to human health. Lung cancer is the malignancy
with the highest incidence and mortality rate in China. (Zhang, Zheng et al. 2018).
Clinically, SCLC and NSCLC are classified according to treatment methods and

prognostic effects. Due to the differences in pathology and biology, treatment strategies
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for of SCLC and NSCLC are also different. SCLC is more sensitive to chemotherapy
and radiation than NSCLC. Treatment strategies for large cell lung cancer,
adenocarcinoma, and squamous cell carcinoma are similar. Traditional treatment
methods for lung cancer are surgery, radiation, and chemotherapy. Recently,
immunotherapy, targeted therapy and other methods have made new progress. Among
the various treatment methods, the effect of surgery is the best, but only 20%-30% lung
cancer patients are suitable for surgery. Chemotherapy is the earliest and most widely
used method for treating cancer, and it is the most mature treatment at present, but its
side effects are obvious. Clinical studies have found that most lung cancer patients are
diagnosed at mid- to advanced stages, so most have missed the period of surgery. At
present, molecular targeting inhibitors of different driving genes and immunotherapy

are now making important advances in the treatment of lung cancer.

Surgery is still the most ideal method at present, although it is only suitable for
lung cancer patients without metastasis and in good health. For patients in stages I &II
of lung cancer, it has been confirmed that surgical eradication therapy is the most
effective strategy. With the rapid development of lung surgery techniques, for patients
at a higher stage of lung cancer, comprehensive treatment based on surgical treatment
is advocated(Van Raemdonck, Schneider et al. 1992). According to some reports, the
S-year survival rate after surgery is 30%-40% for NSCLC and comprehensive treatment

after surgery can significantly improve the treatment effect for higher stage
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NSCLC(Smythe 2003).

Chemotherapy has become a vital treatment strategy for advanced lung cancer.
Because of the lack of specific clinical manifestations in the early stage of lung cancer,
most lung cancer patients are diagnosed in the advanced stage, therefore many patients
missed the best time for surgery. SCLC cells divide rapidly, so they are more sensitive
to chemotherapy drugs. Combination chemotherapy with etoposide and cisplatin (EP)
has been the first-line chemotherapy regimen for limited-stage SCLC(Lara Jr, Natale et
al. 2009). Combination chemotherapy regimen with platinum and irinotecan and EP is
mainly for extensive stage SCLC(Noda, Nishiwaki et al. 2002). Although SCLC is
sensitive to chemotherapy, patients are prone to develop drug resistance and relapse
after chemotherapy. For some patients with relapse, combination with topotecan can be
considered as second-line therapy. For NSCLC, the third-generation cytotoxic drugs,
including paclitaxel, gemcitabine, and docetaxel, combined with platinum-based
chemotherapy are still the standard first-line chemotherapy. With third-generation
cytotoxic drugs combined with platinum-based chemotherapy, the median survival is
improved to 7.4-8.2 months and one-year survival rate is improved to 31%-36% for
NSCLC(Schiller, Harrington et al. 2002). Compared with single-agent sequential
therapy, combination chemotherapy using platinum-based drugs can significantly
control the clinical progression of lung cancer, prolong the median survival period, and

improve the patients’ life quality(Ohe, Ohashi et al. 2007). However, the side effects of
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combined chemotherapy are relatively large, such as nausea and vomiting, hair loss,
and decreased immunity and long-term use of platinum drugs can lead to acquired-drug

resistance.

Radiotherapy is valued in clinics because it can increase the local control rate,
reduce local recurrence, and improve overall survival (OS). Currently, radiotherapy is
considered to improve survival in limited-stage SCLC. Compared with chemotherapy
alone, chemotherapy combined with radiotherapy significantly improve the survival
rate of SCLC patients(Pignon, Arriagada et al. 1992). SCLC patients are prone to
intracranial metastases. Prophylactic cranial radiotherapy can reduce the incidence of
brain metastases in SCLC patients and prolong OS. For extensive-stage SCLC, a
randomized controlled study showed that prophylactic cranial radiotherapy can reduce
the incidence of brain metastases and improve the one-year survival rate (Slotman,
Faivre-Finn et al. 2007). Surgery is the first option for early-stage NSCLC, but
radiotherapy is one of the most efficient treatments for patients with stages III or IV
disease. Radiotherapy alone can improve the median survival time of 10 months in
patients with stages III or IV non-small cell lung cancer(Rowell and Williams 2001).
Radiotherapy can be performed alone, but due to its limited efficacy, it is often used in

combination with other treatments.

Tumor molecular targeted therapy refers to the design of therapeutic agents that
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target the main cancer-causing molecules of interest. After drug enters the body, it
specifically targets to oncogenic molecules, downregulates the expression of receptors
or inactivation of downstream genes. Molecular targeted therapy can reverse the ability
of cancer cell to differentiate, inhibit tumor angiogenesis, and cause cancer cell
ischemia to induce apoptosis and necrosis. Tumor molecular targeted therapy has
become a research hotspot in the treatment of lung cancer with in-depth research on the

molecular biology and gene level of tumors.

Several studies have examined the role of molecularly targeted therapy in SCLC.
Bevacizumab is an angiogenesis inhibitor. The results of a study showed that the first-
line treatment of metastatic-stage of SCLC with EP regimen combined with
bevacizumab can prolong the median progression-free survival (PFS)(Tiseo, Boni et al.
2015). Anlotinib is a multi-target tyrosine kinase inhibitor. Compared with placebo(0.7
months), anlotinib significantly extended PFS (4.1 months) and reduced the risk of
cancer development by 81% in third-line and beyond treatment of SCLC(chengy 2018).
Apatinib is a specific TKI binding to vascular endothelial growth factor receptor 2
(VEGFR2). A clinical study showed that the PFS and OS of patients with metastatic-
stage SCLC who were treated with apatinib were 3 months and 5.8 months, respectively,

(Xu, Huang et al. 2019).

Molecular targeted therapy has made the most important breakthrough in NSCLC

in the past decade. Targeted therapy for NSCLC is mainly focused on tyrosine kinase
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receptors since EGFR mutations are the most popular oncogenic drivers among NSCLC
patients. FDA-approved EGFR TKIs are listed in Table 1.1. Up to date, three
generations of TKIs targeting EGFR have been developed. The first generation of
EGFR-TKIs include gefitinib and erlotinib. For NSCLC patients with EGFR mutation,
the effectiveness of gefitinib or erlotinib is 70%-80%, while for EGFR wide type
NSCLS patients, it is only 10%~20%(Kosaka, Yatabe et al. 2004). The second
generation of EGFR-TKIs include Afatinib and Dacomitinib. Afatinib is an irreversible
inhibitor of both EGFR and HER2 and it can disrupt downstream information
transmission, thereby preventing cancer cell proliferation and inducing apoptosis.
Compared with gefitinib, dacomitinib significantly improves progression-free survival
over gefitinib in NSCLC patients with EGFR mutation. The third generation of EGFR-
TKIs is Osimertinib (AZD9291). It has been clinically used to treat advanced NSCLC
patients with T790M EGFR mutation and metastasis and can further prolong the
median PFS of patients(Soria, Ohe et al. 2017). Although the third generation of EGFR-
TKIs brings huge survival benefits to patients of advanced lung cancer, drug resistance
may occur among NSCLC patients after a period of third-generation EGFR-TKIs
application and the most commonly induced mutation is EGFR-C797S(Niederst, Hu et
al. 2015). The molecular targets of targeted therapy approved by FDA for NSCLC
treatment also include ALK, MET, RET, KRAS, NTRK and ROS1. The corresponding

targeted agents for different molecular targets are shown in Table 1.1.
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Table 1.1 FDA-approved therapeutic drugs targeting at different gene
mutations for lung cancer.

“mutation | therapy | Comparator  ORRey (T (T
KRAS Sotorasib No 32% 6.3 125
EGFR Erlotinib chemotherapy 64% 9.7 22.9

Gefitinib Carboplatin/Paclitaxel 74% 10.8 27.2
Afatinib Cis/Pemetrexed 56% 11.1 28.2
Dacomitinib Gefitinib 75% 14.7 34.1
Osimertinib Erlotinib/Gefitinib 80% 18.9 38.6
ALK Crizotinib Platinum/Pemetrexed 74% 10.9 NR
Certinib Platinum/Pemetrexed 73% 16.6 51.3
Alectinib Crizotinib 83% 25.7 Immature
Brigatinib Crizotinib 74% 24 47.6
Erntrectinib No 7% 19 NR
NTRK Larotrectinib No 70% NA NA
Entrectinib No 70% NA NA

Immunotherapy for lung cancer includes immune checkpoint inhibitors, cancer
vaccines and adoptive T cell therapy. Immune checkpoint inhibitors have made the most
progress in immunotherapy for lung cancer. Nivolumab (Opdivo), pembrolizumab
(Keytruda), and cemiplimab (Libtayo) are PD-1 inhibitors, while Atezolizumab
(Tecentriq) and durvalumab (Imfinzi) are PD-L1 inhibitors, which are approved by the
FDA to be used in patients in different stages of NSCLC. Atezolizumab (Tecentriq) and
durvalumab (Imfinzi) that target PD-L1 can be used as a part of the first-line treatment
for advanced SCLC, along with chemotherapy with etoposide and cisplatin. CTLA-4 is
another immunotherapy target. Ipilimumab is a CTLA-4 inhibitor that is not used alone.
In clinical treatment, ipilimumab is usually combined with nivolumab to treat advanced
NSCLC. Atezolizumab (Tecentriq) and durvalumab (Imfinzi) along with etoposide and

a platinum chemotherapy drug, such as carboplatin or cisplatin, can be used as the first-
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line treatment for advanced SCLC. Immune checkpoint inhibitors are usually used as
consolidation therapy or adjuvant therapy in clinical trials, which can provide better

treatment effect.

At present, chemotherapy is still the basis of lung cancer treatment. Chemotherapy
can reduce tumor size and relieve clinical symptoms of lung cancer patients, but after
chemotherapy, patients are prone to fatigue, anorexia, nausea and vomiting, poor mood,
and reduced quality of life. The first-line standard chemotherapy regimen can prolong
the survival of lung cancer patients, but the efficacy has reached a plateau.
Chemotherapy regimens are not suitable for advanced lung cancer patients with poor
physical condition because of the obvious side effects of chemotherapy. Molecular
targeted therapy has the characteristics of high efficiency and low adverse effect and
has become a new hot spot in the treatment of advanced NSCLC. However, there are
currently no molecular targeted therapies approved by the FDA as clinical treatment
strategies for SCLC. Screening for driver genes is essential before deciding on
molecularly targeted therapy. The corresponding molecular targeted drugs are selected
according to the driver genes of cancer. However, genetic mutations occur at very high
frequency in cancer cells, patients with NSCLC who have received a period of targeted
therapy may experience acquired drug-resistance. Immunotherapy has made great
progress in the treatment of lung cancer in recent years. Compared to chemotherapy,

immunotherapy has a lower incidence of adverse reactions, but immune-related adverse

23



reactions can occur in almost all systems and organs in the body. Immunotherapy is
usually combined with chemotherapy to achieve better treatment effect. However, due
to the complexity of the immune system and tumor microenvironment, the pathogenesis
of immune-related adverse reactions caused by immunotherapy have not been

thoroughly studied.

1.2 Autophagy and its role in lung cancer

1.2.1 Autophagy is an essential cellular catabolic process

Autophagy is an evolutionarily conserved catabolic process that packs cytosolic
content into double-membraned vesicles termed autophagosomes and traffics these
vesicles to lysosomes for degradation and recycling. According to the process of
occurrence, autophagy is classified into three subtypes: macroautophagy,
microautophagy and chaperone-mediated autophagy. Autophagy is commonly referred

to as macroautophagy(Glick, Barth et al. 2010).

Autophagy is an intracellular “self-eating” process and is composed of five steps:
induction, elongation, autophagosome formation, fusion of autophagosome and
lysosome as well as degradation (Figurel.3). Autophagy can be triggered by various
stimulus, such as nutrient starvation and stress signals. With the initiation of autophagy,

a bilayer lipid vesicle called phagophore is formed. Phagophore is not enclosed but
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shaped like a bowl and is likely to originate from membrane-based organelles, such as
endoplasmic reticulum (ER) and/or the trans-Golgi and endosomes(Axe, Walker et al.
2008, Simonsen and Tooze 2009). Then phagophore extends continuously and engulfs
cytosolic cargo, such as damaged organelles, invaded pathogens, and protein aggregates,
forming an intact double-membraned vesicle named as autophagosome. Subsequently
autophagosome fuses with the lysosome to form an autolysosome, during which the
inner membrane of the autophagosome is degraded by lysosomal enzymes. The cargo
in the autophagosome is also degraded, and degradation products such as amino acids

and fatty acids are transported to the cytosol for recycle(Mizushima 2007).
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Figure 1.3 Autophagy flux under normal condition

The autophagy process takes part in maintaining cellular homeostasis. Based on
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the steps of autophagy flux, the functions of autophagy mainly include sequestrating
intracellular harmful cargos, depredating these harmful cargos and recycling
degradation products. At the early stagy of autophagy flux, some abnormal intracellular
components or invaded pathogenic organisms are sequestrated via autophagosome. For
instance, ER stress can trigger autophagy and in return, autophagosome packs abnormal
ER, which helps to relieve ER stress and protect cell from ER stress-induced cell
death(Bernales, McDonald et al. 2006). Autophagy plays a crucial role in depredating
misfolded proteins and damaged organelles, which is mediated by the ubiquitin—
proteasome system. Mitophagy is a selective autophagy, in which damaged
mitochondria are selectively eliminated via autophagy(Kim, Rodriguez-Enriquez et al.
2007). Autophagy plays a role in innate immune response to invaded pathogens as well.
Some pathogenic organisms, such as Legionella pneumophila, Coxiella burnetti,
Brucella abortus, and Porphyromonas gingivalis, take advantage of autophagy for their
replication(Pizarro-Cerda, Moreno et al. 1998, Finlay, Dorn et al. 2001, Berdn,
Gutierrez et al. 2002). Phagosomes engulf these pathogenic organisms first, followed
by fusion with autophagosomes, and this process provides a protective vacuole for
pathogenic organisms to replicate(Swanson and Fernandez-Moreia 2002). It has been
reported that mouse hepatitis virus (MHV) infection could induce autophagosome
formation and inhibiting autophagy leads to decreased MHV replication(Jackson,
Giddings Jr et al. 2005). In some cases, autophagy exerts a defensive function against

some viruses(Talloczy, Jiang et al. 2002). Autophagy contributes a lot to the clearance
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of intracellular harmful cargos. One pathology of Alzheimer’s disease (AD) is
accumulation of intracellular tau aggregates and extracellular B-amyloid. Many studies
have evidenced impaired autophagy in AD and a latest study has reported that faulty
autolysosome acidification is the culprit(Lee, Yang et al. 2022). In response to
starvation, acute autophagy will be triggered and it plays an important role in cell
survival through recycling necessary amino acids(Onodera and Ohsumi 2005). The

functions of autophagy in physiological activities are not limited to the above.

1.2.2 Role of autophagy in cancer

In normal cells and tissue, the role of autophagy is tissue dependent. Similarly,
autophagy functions as either a suppressor or a promoter of cancer, which is context

dependent.

Autophagy is considered as a tumor inhibitor since autophagy is very important
for eliminating intracellular damaged DNA and misfolded proteins as well as clearance
of excessive oxidative stress, which are the major causes of tumor initiation and
progression. There are some studies supporting autophagy as a tumor inhibitor. Beclinl
is a key protein for initiating autophagy. Knocking down Beclinl in mice made the mice
prone to tumor(Qu, Yu et al. 2003). Genomics screening showed that the monoallelic
loss of autophagy gene ATG6/BECNI is very common in various cancer types, such as
prostate, breast, and ovarian cancers(Aita, Liang et al. 1999, Liang, Jackson et al. 1999).

Besides, heterozygous mutation of Becnl/ led to increased susceptibility to liver and
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lung cancer and long latency lymphomas in mice(Qu, Yu et al. 2003). In the liver,
autophagy dysfunction results in chronic death of hepatocytes and inflammatory
response, which are fuse of liver cancer(Sun and Karin 2013). In addition to Belcinl,
p62/ SQSTMI is another protein related to the suppressive role of autophagy in cancer.
In autophagy-defective cells, p62/SQSTMI1 is abnormally accumulated, while
genetically silencing p62/SQSTM1 decreased ROS toxicity and DNA damage caused
by autophagy inactivation. p62 deficiency inhibited tumorigenesis in Ras driven lung
carcinomas(Duran, Linares et al. 2008), indicating that suppressing p62/SQSTMI1
accumulation due to autophagy dysfunction was a potential target for inhibiting lung
cancer tumorigenesis. However, the molecular mechanism of p62 on tumorigenesis is
still ambiguous, it is proved that p62 is also involved in other oncogenic pathways, such
as NRF2, mTOR, and NF-kB(Duran, Linares et al. 2008). Autophagy inhibits necrosis
and chronic inflammation mediated by endogenous HMGB/1, protecting against tumor
initiation(Tang, Kang et al. 2010). Taken these current studies together (not limited to

what has been discussed above), autophagy suppresses tumorigenesis.

Autophagy acts as a tumor promoter through conferring both intracellular and
microenvironmental stress tolerance(Degenhardt, Mathew et al. 2006). Metabolic
alteration in cancer cells is well known and cancer cells need increased metabolism and
biosynthesis to meet their excessive cell proliferation and to overcome the hypoxic

tumor microenvironment. Under hypoxic and nutrient-deprived state, autophagy is
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upregulated to recycle energy and biosynthesis components for cancer cell survival and
proliferation. In human pancreatic tumors, the basal level of autophagy is upregulated
to promote energy production. In contrast, downregulating autophagy inhibit the
growth of pancreatic cancer cells and lead to tumor elimination as well as prolong
survival in pancreatic cancer xenograft models(Yang, Wang et al. 2011). Autophagy is
usually enhanced in RAS-driven cancers and takes part in different stages of tumor
development, including initiation, invasion and metastasis(Guo, Chen et al. 2011). In
chemotherapy and radiation therapy, rare ovarian cancer cells enter dormancy state with
the protection from autophagy, which may result in tumor recurrence(Lu, Luo et al.
2008). Combining anti-cancer drugs, such as TKIs inhibitors and chemotherapy drugs,
with autophagy inhibitors can achieve better anti-tumor efficacy than anti-cancer drugs

alone treatment.

Taken together, the function of autophagy in cancer is variable and depends on the
context. Cancer cells not only can upregulate autophagy to meet their energy and
biosynthesis demands but also can take advantage of autophagy to survive from
therapeutic stress. At the same time, it is undeniable that the contribution of autophagy
to the quality control of protein and organelle, which is important to protect normal

cells from carcinogenesis, cannot go unnoticed.
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1.2.3 Autophagy in lung cancer

In KRas®'?P—driven lung cancer, autophagy promotes tumor progression, while
at the early stage of lung cancer, autophagy suppresses oncogenesis(Rao, Tortola et al.
2014). A study found that genetically inactivated autophagy in mice led to increased
tumor foci and transition from lung hyperplasia to lung adenomas, which was due to
the accumulated potentially oncogenic event caused by autophagy dysfunction(Rao,
Tortola et al. 2014). In the process of tumor progression, autophagy accelerates the
transition from adenoma to adenocarcinoma through helping tumor cancer overcome
survival stress and meeting their increased energy and biosynthesis demands. In
xenograft mice model, tissue-specific silencing A#g5 in lung could significantly inhibit
the progression of KRasY%'?P-driven lung cancer, and mitochondrial dysfunction,
oxidative stress and accumulation of damaged DNA were observed in autophagy-
defective lung cancers(Rao, Tortola et al. 2014). NSCLC development is related to
mutation in genes that regulate mTOR signaling. The negative regulator LKB1 in
mTOR pathway has been found to be lost in NSCLC, leading to decrease in tumor
suppressing effect and tumor development(Dong, Sun et al. 2013). Mutations in
oncogenes is some of the key factors for adenocarcinoma cases. p53, a tumor suppressor
gene, generally exists in cytosol and will transport to nuclei under stress. Nucleus p53
but not cytosolic p53 triggers autophagy through mTOR/AMPK signaling(Budanov
and Karin 2008). p53 mutation was found in NSCLC. In NSCLC patients, better

prognosis is accompanied with higher autophagy level indicted via higher LC3
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level(Schlifli, Adams et al. 2016).

Chemotherapy is the first-line treatment strategy for lung cancer. Recently, it has
been evident that combination therapies provide better effect for lung cancer
patients(Herbst, Morgensztern et al. 2018). Some chemotherapeutic drugs, such as
gemcitabine, can enhance autophagy. Gemcitabine was used together with cisplatin for
the treatment of lung cancer patients, while a study reported that autophagy induced by
gemcitabine could protect lung cancer from apoptosis induced by cisplatin(Wu, Shao
et al. 2016). In contrast, blocking autophagy by CQ can increase lung cancer cell
susceptibility to chemotherapy. Rapamycin is an autophagy inducer, and it was used in
combination with ABT-737 and the results suggested that the combination treatment
enhanced apoptosis and autophagy in lung cancer cells(Kim, Moretti et al. 2009).
Besides, EGFR-TKIs, the molecular targeting therapy drugs for NSCLC, can induce

autophagy.

Autophagy is a double-edged sword in cancer. Anti-cancer effect of autophagy has
been found, especially at the early stage of lung cancer. However, it is also supported
by many studies that blocking autophagy can enhance cancer cell susceptibility to
conventional chemotherapeutic drugs. Although the role of autophagy in cancer is
controversial, it 1s undisputed that autophagy is an interesting and potential target for

lung cancer therapy.
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1.2.4 Autophagy modulation for cancer therapy

Since autophagy plays the dual roles of tumor suppressor and tumor promoter that
provide energy and ingredients for biosynthesis in tumor cells, autophagy modulation
is bidirectional for cancer therapy. Rapamycin is a classical autophagy inducer that
targets at mTOR pathway. Rapamycin and its analogs including temsirolimus (CCI-
779), everolimus (RAD-001), and deforolimus (AP-23573) targeting at mTORC1 have
been evaluated in various cancer types. Rapalogs exerted significant anti-cancer effect
on lymphoma, renal angiolypomas and neuroendocrine carcinomas. In other cancer
types, some clinical trials showed that single agent rapalogs had limited success(Meric-
Bernstam and Gonzalez-Angulo 2009). Other autophagy inducers which include ATP-
competitive inhibitors of both mMTORC1 and mTORC?2 and dual PI3K-mTOR inhibitor
are more potent autophagy inducer than rapalogs and showed more effective anti-cancer
effect(Janes, Limon et al. 2010, Yu, Shi et al. 2010).Metformin is a drug for treating
type 2 diabetes. Metformin activates AMPK which in turn phosphorylates mTOR and
ULKI to induce autophagy(Kim, Kundu et al. 2011). Recent works showed that
metformin showed anti-cancer effect through suppressing cancer cell proliferation and
inducing cancer cell death in various cancer cells, including NSCLC, breast cancer,
colorectal cancer endometrial cancer and pancreatic cancer(Kim, Kundu et al. 2011).
Some conventional anti-cancer drugs, such as TKIs and chemotherapy drugs can induce

autophagy(Abedin, Wang et al. 2007, Li and Fan 2010).
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However, up to date, clinical autophagy modulating drugs are inhibitors of
autophagy that aim at inhibiting autophagy to sensitize tumor to canonical therapies.
Chloroquine and its derivatives are FDA-approved drugs that inhibit late-stage
autophagy by disrupting acidification of lysosomes and further degradation. Autophagy
inhibitors are always combined with conventional chemotherapeutic drugs in clinical
cancer treatment. It has been proved that inhibiting autophagy via Hydroxychloroquine
(HCQ) increases chemotherapy cytotoxicity and tumor regression(Chude and
Amaravadi 2017). In a colon cancer animal model, CQ in combination with vorinostat
inhibited tumor growth(Carew, Medina et al. 2010). Similarly, in a prostate cancer
xenograft model, CQ in combination with saracatinib was shown to have greater anti-
tumor effect compared with saracatinib-monotherapy treatment in mice(Wu, Chang et
al. 2010). Currently, about 30 phase I/II clinical trials are being conducted to evaluate
the potential of combination of CQ/HCQ with conventional anti-cancer drugs in a
variety of tumor types, and it is not surprising that the therapeutic responses of various
cancer are different. The effect of CQ/HCQ in multiple myeloma and glioblastoma was
not satisfactory (Verbaanderd, Maes et al. 2017). Although preclinical studies support
that CQ and HCQ function as anti-cancer compounds and can sensitize tumor cells to
conventional anti-cancer drugs, the anti-cancer efficacy of CQ and HCQ in human

patients still needs to be confirmed.
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1.3 Beclinl-targeting stapled peptides developed by our lab

1.3.1 The structure and function of Beclin1 in autophagy

Beclinl is a well-studied positive modulator of autophagy and is the first identified
mammalian autophagic gene that regulates the formation of autophagosomes. Belcinl
was discovered in 1998 by Beth Levine’s lab when they screened the proteins
interacting with anti-apoptotic protein B cell lymphoma 2 (BCL-2)(Liang, Kleeman et
al. 1998). Before the discovery of Beclinl, ATG6/VPS30, the ortholog of Belcinl, was
first found in yeast with the function of regulating vacuolar protein sorting(Tsukada and
Ohsumi 1993). The mammalian Beclinl is composed of 450 amino acids and three key
functional domains(Figurel.4)(Li, He et al. 2012) including an N-terminal BH3 domain
(residues 105-125), a coiled-coil domain (CCD, residual 174-266), and a C-terminal
evolutionarily conserved domain (ECD) (residues 267-337)(Lee, Perugini et al. 2016,
Yao, Lee et al. 2016). The BH3 domain contains phosphorylation sites and is required
to interact with Bcl-family proteins to suppress autophagy(Oberstein, Jeffrey et al.
2007). The CCD of Beclinl can interact with itself, forming homodimer and also serves
as a platform to recruit other autophagy regulators such as Atgl4L and UVRAG to
modulate vacuolar protein sorting-associated protein 34 (VPS34) activity(Li, He et al.
2012). The ECD of Beclinl is responsible for engaging ER and mitochondrial

membrane and is required for the binding with VPS34 complex(Furuya, Yu et al. 2005).
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Figure 1.4 The domain structure of Beclinl (Li, He et al. 2012)

Beclinl acts as an autophagy initiator through recruiting key autophagic proteins
to form pre-autophagosome core complex containing Beclinl, Vps34, and Vps15(He
and Levine 2010). Belcinl can form homodimer by itself and heterodimer with Atgl4L
or UVRAG through homotypic interactions involving its CCD, because the interface
of Beclinl CCD contains antiparallel helices and a series of 'imperfect' a-d' residues
pairings at its dimer interface which allows its metastability in form(Li, He et al. 2012).
Since the association strength of Beclinl homodimer is much weaker than that of Beclin
1-Atgl4L/UVRAG complex, in the presence of either Atgl4L or UVRAG, Beclinl
prefers to form heterodimer with Atgl4L(Beclinl-Atgl4L complexI) and UVRAG
(Beclinl-UVRAG complex II), which enhance autophagy signaling through regulating
autophagosome mutation and autolysosome formation, respectively(Figure 1.5) (Wu,
He et al. 2018). ECD consists of four a-helices (al-04), three pairs of anti-parallel -
sheets (B1-p6), and six intervening loops, and it is shaped like a compact
ellipsoid(Huang, Choi et al. 2012). Beclinl ECD directly associates with lipid
membrane and the aromatic finger in ECD surface is responsible for membrane
association. Mutations on the aromatic finger, including F359, F360, and W361 of EDC,
could inhibit the association with liposomes.(Huang, Choi et al. 2012). Besides, Beclinl

ECD is essential for Vps34 binding, autophagy initiation and tumor suppression.
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Mutant Beclinl losing ECD, failed to immunoprecipitate Vps34 and initiate autophagy.
In MCF7 driven xenograft mice model, mutant Beclinl losing ECD didn’t exert any
tumor suppressive activity (Furuya, Yu et al. 2005). Beclinl BH3 domain is responsible
for the interaction between Beclinl and anti-apoptotic Bcl-2 family proteins.
Beclinl:Bcl2 interaction prevents Beclinl from forming pre-autophagosome core

complex with Vps34, and Vps15, thus inhibiting autophagy(He and Levine 2010).

Lysosome

Isolated membrane Elongation and

Autophagosome formation_ Autolysosome
phagophore engulfment
) i Beclinl
Beclinl Beclinl Atg14L UVRAG
l Vps34 l Vps34 l Vps34
Vps15 \ Vps15 \ Vps15
Core subunits Beclin1-Atg14L complex I Beclin1-UVRAG complex I

Figure 1.5 Function of Beclinl in autophagy

Epidermal growth factor receptor (EGFR) is widely expressed in different cells
and plays a crucial role in cell proliferation, survival, and differentiation. It has been
reported EGFR signaling takes part in regulating autophagy through a non-mTOR
dependent pathway(Wei, Zou et al. 2013). Prof. Beth Levine’s lab has revealed the

relation between the activation of EGFR signaling and autophagy regulation. Some
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cell-based assays have shown that EGFR activated by EGF binds to Beclinl at its ECD
and BH3 domain and phosphorylates Beclinl tyrosine on residues Y229, Y233 and
Y352, and the phosphorylation of Beclinl promotes Belciinl homodimerization, which
diminishes the interaction between Beclinl and Vps34 and inhibits Beclin1’s function
in autophagy. The tyrosine phosphorylated Beclinl by active EGFR tents to recruit
Rubicon, which in turn inhibits endolysosomal degradation of EGFR(Matsunaga,

Saitoh et al. 2009).

Beclinl tyrosine phosphorylation induced by active EGFR promotes NSCLC
progression(Wei, Zou et al. 2013). Inactivating Beclinl with three phosphomimetic
mutations Y229E/Y233E/Y352E (EEE) inhibits autophagy activity both in vitro and in
vivo and accelerates NSCLC tumor growth(Wei, Zou et al. 2013). In some EGFR-
mutant NSCLC cell lines, EGFR-TKI inhibiting phosphorylation of EGFR can disrupt
the binding of EGFR with Beclinl and enhance the interaction of Beclinl with Vps34,
thereby inducing autophagy to inhibit tumor cell growth and tumor progression(Wei,
Zou et al. 2013). In other words, active EGFR suppresses autophagy and endolysosomal
trafficking through Beclinl tyrosine phosphorylation, which may promote tumor

progression and chemoresistance.
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1.3.2 Structure-based rational design of Beclinl-targeting stapled

peptides

Beclinl is an essential component of the autophagic core complex and is essential
for the activation of autophagy. /n vitro experiments have shown that Beclin-1 has
inhibitory effect on tumorigenesis by activating autophagy(Fu, Cheng et al. 2013). A
single allele deletion of Beclin-1can result in tumorigenesis and interfering with Beclin-
1 by hybrid mutagenesis can suppress autophagy in cells, inducing a range of
spontaneous tumors such as lymphoma, lung cancer, hepatocellular carcinoma and
precancerous lesions in breast cancer(Liang, Jackson et al. 1999). It is directly indicated
that the deletion of Beclin-1 leads to a massive increase in the expression of the anti-
apoptotic protein Bcl-2, which promotes tumorigenesis in turn (Degenhardt, Mathew et
al. 2006). In breast cancer, high expression of phosphorylated keratin suppresses the
expression of Beclin-1, inhibiting autophagy, which in turn increases reactive oxygen
species (ROS) and DNA damage, and promote tumor development(Kongara, Kravchuk
et al. 2010). These findings suggest that targeting Beclinl to improve autophagic

activity for tumor suppression may be an effective strategy in tumor therapy.

Previous structure-based studies in our lab and other labs demonstrated the
mechanism that Beclinl regulates the autophagy through PI3KC3 complex. Our lab
previously solved the structure of Beclinl coiled coil domain by X-ray crystallography

and the structure shows the “imperfect” dimer interface of Beclinl coiled coil domain.
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Beclinl recruits Atgl4L and UVRAG in mutually exclusive manner to its coiled coil
domain to form Beclinl-Atgl4/UVRAG PI3KC3 complexes, which can promote
PI3KC3-dependent processes(Liang, Feng et al. 2006, Zhong, Wang et al. 2009). The
hydrophobic dimer interface of Beclinl coiled coil domain determined the metastable
homodimeric Beclinl, so the self-association of Beclinl readily dissociates when
Atgl4L/UVRAG bind to Beclinl with more competitive binding ability. The stability
of heterodimeric Beclin 1-Atgl4L/UVRAG complex is better than that of Beclinl
homodimer (Wu, He et al. 2018).

Based on the structural feature of Beclinl coiled coil domain, a group of
hydrocarbon-stapled peptide segments interacting with Beclinl coiled-coil domain was
designed, aiming at suppressing Beclinl homodimerization and enhancing Beclinl-
UVRAG/Atgl4L interaction in vivo. The residues 191-205 in the Beclinl coiled coil
domain was applied as a model to design stapled peptides containing an 11-residue
segment (Figure 1.6A), which is proposed to bind to the C-terminal residues 231-245
of the Beclinl coiled-coil domain and can disrupt the self-association of Beclinl. Since
the binding site of this template on Beclinl doesn’t compete with the binding site for
UVRAG, this segment will not compete with UVRAG for Beclinl interaction. To
improve its cell permeability, stability, and binding affinity to Beclinl, a hydrocarbon
stapling was introduced to stabilize the a-helix of the Beclin1-derived peptide. Tat is a
well-studied cell penetrating peptide, so we add Tat (YGRKKRRQRRR) to the N-

terminal of the peptide to improve cell penetration (Figure 1.6B).

39



A B Re &

Ac-YGRKKRRQRRR-RLISEL-< . X __prekar —. A
—_— N7R SN
Tat Seq H H

0 0

Beclinl-targeting segment

Figure 1.6 The design principle of Beclin1 coiled-coil domain-derived stapled
peptides. (A) The small spiral band binding to the C-terminal of the Beclinl coiled-
coil domain refers to the designed a-helical stapled peptide. The hydrocarbon staples
stabilizing the a-helical structure are shown as spheres. (B) The sequence and chemical
structure of Beclinl-targeting stapled peptides interacting with Beclinl coiled coil
domain. The Tat sequence (in blue) is applied to improve cell penetration.

We computationally generated a group of stapled peptides. The first stapled
peptide (SP1) was designed as a prototype for further structural modification. We
introduced a hydrocarbon stapling with two helical loops at residues 197 and 204
through (i, i+7) to stabilize the a-helix of the Beclinl-derived peptide. Both residues
associated with hydrocarbon stapling are located on the outer side of the helix, rather
than at the coiled-coil interface, so that hydrocarbon stapling does not interfere with
Beclinl binding. SP1 was introduced onto a Beclinl-coiled homodimer structure to
produce a structure-based model of the interaction between SP1 and Belcin (Figure
1.7A). Based on this structure-based interaction model, the binding affinity of SP1 was
optimized computationally, while The key residues binding to residues 191-205 of the
Beclinl coiled-coil structural domain remained unchanged. Figure 1.7B is a library of
stapled peptide, from SP2 to SP12, with different amino acid residues mutation. As
listed in Figure 1.7B, the binding affinity was improved in SP4, SP9 and SP12 by using
Ser to replace GIn94 and Ala to replace Val205. Thus, SP4, SP9, and SP12 was selected

for further optimization.
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SP1 Ac-RLIQEL(R8)DREAQR(S5)V-NH2 -29.75+6.62
SP2 Ac-RLIQEL(R8)DREAQR(S5)S-NH2 -43.69+5.21
SP3  Ac-RLISEL(R8)DREKQR(SS)V-NH2 -47.51+3.96
SP4 Ac-RLISEL(R8)DREKQR(S5)A-NH2 -56.05+6.87
SP5 Ac-RLIQEL(R8)DREKQR(S5)S-NH2 -40.75+5.59
SP6 Ac-RLISEL(R8)DREKQR(S5)S-NH2 -47.40+6.90
SP7 Ac-RLIQEL(R8)DREKQR(S5)R-NH2 -45.77+5.13
SP8  Ac-RLIQEL(R8)DREKER(S5)A-NH2 -49.78+6.34
SP9  Ac-LLISEL(R8)DREKQR(S5)A-NH2 -74.52 +4.31
SP10  Ac-RLLSEL(R8)DREKQR(S5)A-NH2 -55.69 +5.15
SP11  Ac-LLLSRL(R8)DREKQR(S5)A-NH2 -50.47 +5.23
SP12  Ac-LLISQL(R8)DREKQR(S5)A-NH2 -56.05+4.35
Figure 4.2 Structural model of SP1-Beclinl coiled-coil domain interaction
and a library of computationally designed stapled peptide. (A) The hydrogen bonds
were labelled with dashed lines. The residues are numbered based on the sequence of
Beclinl. (B) A library of modified stapled peptides. Mutated residues are in blue color
and unchanged residues are in red or black color. Hydrocarbon stapling are introduced
at R8 and S5 residues. SP4, SP9, and SP12 with improved binding energy are
highlighted in pink background.

Our lab had performed some structural studies and structure-guided functional
studies of the Beclinl-targeting staple peptides. The ITC results showed that Tat-SP4
interacts with Beclinl coiled-coil domain with strongest binding affinity (~6.8uM),

among these three modified stappled peptides (Figure 1.8A). Although Tat-SP9 and Tat-
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SP12 also interact with Beclinl, their binding affinities with Beclinl is much weaker
(Figure 1.8B&C). Tat segment alone didn’t interact with Beclinl coiled-coil domain
(Figure 1.8D), indicating that Tat segment had little effect on the interaction of SPs and

Beclinl(Wu, He et al. 2018). Therefore, Tat-SP4 was selected for further functional

study.
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Figure 1.8 Determination of the interaction between Beclinl and designed
peptides with ITC. A. ITC profile of Beclinl titrated to Tat-SP4. B. ITC profile of
Beclinl titrated to Tat-SP9. C. ITC profile of Beclinl titrated to Tat-SP12. D. ITC
profile of Beclinl titrated to Tat.

Cell-based functional studies showed that Tat-SP4 could disrupt the self-
association of Beclinl through binding to the Beclinl coiled-coil domain and promote
the redistribution of Beclinl to form Atgl4L/UVRAG-containing Beclinl-Vps34
complexes, which enhanced Vps34-dependent autophagy activity and endocytic
trafficking (Figure 1.9). Therefore, our designed stapled peptides significantly suppress
Beclinl self-association and can be used as modulator to regulate Beclinl-dependent

autophagy and endolysosomal trafficking.
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Figure 1.9 The designed Beclinl-targeting stapled peptide enhances
autophagy and endolysosomal trafficking. The imperfect interface for the Beclinl
coiled-coil self-association is indicated by the dashed lines. The designed peptides (red
stars) disrupt the Beclinl coiled-coil homodimer and promote the Beclin1-Atgl4L or -
UVRAG interaction (represent by solids lines), which leading to enhancement of
autophagosome and endosome formation.

Since Beclinl plays a crucial role in tumorigenesis, it is reasonable that our
rationally designed Beclinl-targeting stapled peptides have the potential to inhibit the
proliferation of cancer cells, especially the cancer cells overexpressing cell surface
oncogenic receptors such as EGFR and HER2. We optimized the first-generation
stapled peptides, Tat-SP4, to develop the second-generation stapled peptides. To
improve the binding affinity to Beclinl, the hydrocarbon stapling was implemented
closer to the Beclinl coiled coil interface and some amino acid that not critical for
binding were modified for better conformation. Our previous studies revealed that the
optimized Belcinl-targeting stapled peptides not only enhanced autophagy activity and
endolysosomal degradation of EGFR and HER2, but also showed potent anti-

proliferative efficiency in HER2+ cancer cells(Yang, Qiu et al. 2021). Our previous
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findings on the structure of Beclinl and Beclinl targeting stapled peptides promote us
to investigate the molecular mechanism of anti-proliferative efficacy of our novel

designed stapled peptides.

1.3.3 Strategies to generate cell-penetrating stapled peptides for drug

discovery

With the development of biotechnology, biomacromolecules such as antibodies,
oligonucleotides, peptides, play an important role in the treatment of major diseases
such as malignant tumors and autoimmune diseases due to their target specificity and
efficiency. However, the practical application of these biomacromolecules is limited by
the natural cell membrane barrier. Biomacromolecules can’t cross cell membranes into
cells to work and can only be used to identify the targets on cell surface and secreted
protein targets. Cell-penetrating peptides (CPPs) are usually polypeptide molecules of
no more than 30 amino acids that can cross cell membranes independently of specific
membrane receptors, and even some CPPs are not energy dependent for entry(Raucher
and Ryu 2015). Currently, CPPs have become a powerful vehicle that not only
translocate biomacromolecules across cell membrane, but permit CPP cargos to cross
plasma membrane through various uptake mechanisms(Xie, Bi et al. 2020). Since last
30 years, CPPs have been evaluated in the research for the drug targeting and
introduction. The study found that CPPs have potential applications for disease

diagnosis and disease treatment, including cancer, central nervous system disorders,
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inflammation and diabetes (Xie, Bi et al. 2020).

CPPs can be classified based on its sequence, origin, function and physical and

chemical properties (Table 1.2). The relatively common classification method of CPPs

is based on their physicochemical properties: cationic, amphiphilic, and hydrophobic.

amphiphilic and hydrophobic.

Table 1.2 The classification, sequence, and origins of some CPPs.

Peptide Sequence Origin
Cationic CPPs

TAT(49-57) RKKRRQRRR Protein
penetratin RQIKIWFQNRRMKWKK Protein
Rev TRQARRNRRRRWRERQR Protein
Amphiphilic CPPs

MPG GLAFLGFLGAAGSTMGAWSQPKKKRKY  Chineric
Pepl KETWWETWWTEWSQPKKRKV Chimeric
hydrophobic CPPs

C105Y VPTLK (PMLKE, VPALR, VSALK, IPALK) Protein
Bip PPR)3, (PPR)4, (PPR)5, (PPR)6 Protein
K-FGF SDLWEMMMVSLACQY Protein

Cationic CPPs usually have a high net positive charge because their sequences are
usually rich in arginine, lysine, and histidine. Cationic CPPs can bind to negatively
charged glycoprotein on cell membrane and enter cell through a receptor-independent
pathway. Transactivator of transcription (TAT, RKKKRRQRRR) from the HIV-1
protein was the first identified cationic CPPs in 1994 (Fawell, Seery et al. 1994). Other

common CPPs include acetyl heparin-binding protein derived DPVs, RNA binding
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protein derived HIV-1 Rev and BMV Gag, and DNA binding protein derived
protaminel and penetratin(Raucher and Ryu 2015). It was found that the cationic amino
acid residues in TAT(49-57) plays critical role in its membrane penetrating capacity,
particular its six arginines(Wender, Mitchell et al. 2000). Some studies showed that

CPPS containing poly-arginine sequence have the best cell penetrating ability(Wender,

Mitchell et al. 2000).

Amphiphilic CPPs usually contain both polar groups and non-polar groups,
resulting in both hydrophilic and hydrophobic properties. Most of the amphiphilic CPPs
have a high positive charge due to the presence of lysine and arginine residues.
Although amphiphilic CPPs are rich in positively charged groups, the cell penetrating
capacity is determined by their amphiphilic nature(Milletti 2012). Amphiphilic CPPs
accounting for 40% of CPPs and are the most common type. Amphipathic CPPs can be
further subdivided into primary-structural amphiphiles, secondary-structural
amphiphiles and proline-rich amphiphiles(Milletti 2012). Many primary-structural
amphiphilic CPPs are composed of hydrophobic structural domains of some proteins
and nuclear localisation signal peptide (NLS). For example, MPG is composed of the
SV40 NLS (PKKRKYV) and a hydrophobic sequence derived from HIV glycoprotein
41 (GALFLGFLGAAGSTMGA), and Pep-1 is composed of a tryptophan-rich
sequence (KETWWETWWTEW) and the SV40 NLS (PKKRKYV). The secondary-

structural amphiphilic CPPs wusually contain includea-helical and [-folded
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structures(Xie, Bi et al. 2020).

Compared with cationic CPPs and amphiphilic CPPs, a relatively small number of
hydrophobic CPPs have been reported so far. Hydrophobic CPPs usually contain only
non-polar groups, and their hydrophobic groups play an important role in the membrane
penetration process. Common amphiphilic CPPs are C105Y, Bip4 and K-FGF (Rhee

and Davis 2006, Gomez, Chen et al. 2010).

The cell uptake mechanisms of CPPs and CPP-cargoes are dependent on not only
the properties of CPPs and carried cargoes, but also the concentration of CPPs or CPP-
cargoes, temperature, pH and cell type. Although there are still many controversies
about the cell uptake mechanisms of CPPs, it is generally accepted that CPPs and CPP-
cargoes enter cells through endocytosis and direct translocation pathway (Figurel.10).
Endocytosis is energy-dependent and is the preferred uptake mechanism for

biomacromolecule CPPs or CPP/cargoes(Gao, Mei et al. 2018).
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Figure 1.10 The cellular uptake mechanisms of CPPs or CPP-cargoes. CPPs
and CPP-cargoes enter cells through endocytosis and direct translocation pathway

Endocytosis include macropinocytosis, caveolin-mediated endocytosis, clathrin-
mediated endocytosis, and clathrin- and caveolin-independent endocytosis (LeCher,
Nowak et al. 2017), which is shown in Figure 1.10. A study showed that
macropinocytosis is the predominant cellular uptake pathway for R8 and TAT and is a
typical cellular uptake mechanism of arginine enriched CPPs(Al Soraj, He et al. 2012).
There are many molecular mechanisms by which CPPs enter cells through endocytosis.
It is widely accepted that receptors on cell surface play critical roles in the process of
endocytosis of CPPs/ CPP-cargoes. After CPPs/ CPP-cargoes enter cells mainly

through energy-dependence endocytosis, CPPs/ CPP-cargoes have to escape from
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endosomes to avoid degrading by lysosomes, otherwise CPPs/ CPP-cargoes trapped in

endosomes would not be able to fulfil their biological function.

Direct translocation pathway is energy independent. When CPPs/CPP-cargoes
enter the cell via the direct translocation pathway, the positively charged CPPs/CPP-
cargoes bind to the negatively charged phospholipid bilayer via electrostatic interaction
or hydrogen bonding. Currently, there are different theoretical models for the direct
translocation: “Barrel-Stave” mode, “Carpet-like” model and Inverted-micelle
model(Islam, Sharmin et al. 2018). The mechanism of direct translocation pathway is
usually due to the perturbation and instability of the cell membrane caused by
CPPs/CPP-cargoes, resulting in changes in the permeability of the cell membrane. The
phospholipid bilayer of the cell membrane and the hydrophobic core of other
components on cell membrane are the main barrier for charged CPPs/CPP-cargoes to
cross the cell membrane(Pescina, Ostacolo et al. 2018). These features make direct

translocation most eligible for CPPs or CPPs with small cargoes into cells.

CPPs have become an important tool in drug delivery as well as disease diagnosis
and treatment. Although the FDA has not approve any CPPs-based drugs to date, some
preclinical studies have suggested that CPPs has potent potential to serve as a drug
delivery platform to improve the therapeutic effect due to the improved drug delivery

efficiency, membrane penetration, half-life duration (Table 1.3). Our newly designed
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stapled peptides contain a TAT sequence at the N-terminal to improve cell penetration
of the peptides. TAT is one of the most well-studied CPPs and some studies have proved
that TAT can combine with drugs for application in cancer treatment, antibacterial and
antiviral cases. Besides, one study illustrated that TAT conjugated drug can cross the
blood-brain barrier(Stalmans, Bracke et al. 2015). Taken together, CPPs have shown
great potential for clinical application. Our previous findings also show that our Beclinl
targeting stapled peptides has efficient membrane penetration efficiency and
demonstrate potent anti-proliferative efficacy in several cancer cell models, which may
stem from the TAT sequence introduced in the N-terminal of the peptides. In my project,
I focused on the investigation of the anti-proliferative efficacy and molecules
mechanism of our stapled peptides in lung cancer model in vitro and in vivo.

Table 1.3 Samples of CPP-based therapeutics under clinical development

AM-111 D-JNKI-1 Acute inner er heating loss Phase 3
XG-102 TAT Dextrogyre peptide Postoperative ocular Phase 3
inflammation
ACPP AVB-620 Cys5 and Cys7 Tumor imaging Phase 1
P28 P28 Non-HDM2-mediated Central nervous system tumors Phase 1
peptide/inhibitor of p53
P28 P28 P28 Solid tumor that resistant Phasel

standard therapeutic methods
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2. Objectives

Previous studies in our lab have generated a library of Beclinl-targeting stapled
peptides that effectively induce autophagy and enhance endolysosomal degradation.
These results led me to hypothesize that these Beclinl-targeting autophagy modulators
may have anti-proliferative effect on lung cancer cells through a two-pronged approach.
On one hand, these peptides can enhance cellular autophagic response and partially
restore physiological homeostasis to inhibit uncontrolled proliferation. On the other
hand, these peptides can also enhance the endolysosomal degradation of membrane
receptors like EGFR, thus attenuating their oncogenic signaling. With anti-proliferative
mechanisms distinct from those targeted by TKIs or mAbs, our Beclinl-targeting
stapled peptides may serve as novel complementary agents to potentiate and synergize

with existing lung cancer therapies.

To test my hypothesis, I carried out a series of studies ranging from in vitro
biochemistry and chemical biology to cell- and animal-based in vivo validation. There

are five objectives in my project.

Objective 1: Comprehensive profiling of autophagy and endolysosomal
trafficking activities in diverse lung cancer cell lines upon treatment of Beclinl-

targeting stapled peptides
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In previous studies, it has been published that our novel designed Beclinl-
targeting stapled peptide, Tat-SP4 could enhance autophagy activity in HEK293 cell
line and promote endolysosomal trafficking in A549 and H1975 cell lines. In my project,
I would like to assess whether Tat-SP4 can effectively upregulate autophagy and
enhance endolysosomal trafficking including EGFR degradation and c-Met degradation

in different lung cell lines with diverse EGFR genetic background.

Autophagy activity and endolysosomal trafficking including EGFR degradation
and c-Met degradation induced by Tat-SP4 treatment will be assessed by in vitro
biochemical methods including Western Blotting assay and confocal imaging assay.
The effect of Tat-SP4 on the downstream signaling of EGFR and c-Met will be checked

by Western Blotting assay.

Objective 2: Characterization of Beclinl-targeting stapled peptides as single anti-
proliferative agents and the potential synergistic effect between EGFR-TKIs and

Beclinl-targeting peptides in lung cancer cell lines

Since our Beclinl-targeting stapled peptides can induce autophagy and promote
EGFR degradation in lung cancer cell lines, I hypothesize that Beclin1-targeting stapled

peptides could inhibit lung cancer cell proliferation or induce cell death. I plan to
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measure the half-maximal inhibitory concentration (IC50) value of Tat-SP4 to assess
its cytotoxicity first. Then, 5-day cell proliferation assay and cell colony formation
assay will be carried out to evaluate the anti-proliferation effect of Tat-SP4 in lung

cancer cell lines.

EGFR-TKIs are approved as first-line treatment for patients with advanced
NSCLC, but the acquired drug resistance limits their clinical efficacy. It has been
reported that EGFR-TKIs not only can block EGFR signaling transduction through
competitively binding to the ATP-binding sites, but also induce autophagy(Han, Pan et
al. 2011). And inhibiting TKI-induced autophagy may contribute to resistance to TKI
therapy(Wei, Zou et al. 2013). Therefore, I wondered whether Tat-SP4, the autophagy
enhancer, can combine with TKIs to receive a synergistic effect on NSCLC treatment.
The synergistic effect of EGFR-TKIs and Tat-SP4 will be assessed in vivo and in vitro.
For cell-based study, 5-day proliferation assay will be performed in lung cancer cell
lines with the combination treatment of EGFR-TKIs and Tat-SP4. For in vivo animal-
based study, the synergistic effect of EGFR-TKIs and Tat-SP4 will be assessed in

NSCLC cell line-driven xenograft model.

Objective 3: Mechanistic studies to delineate the cell death process induced by

Beclinl-targeting peptides
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To understand how Beclinl-targeting peptides inhibit proliferation of different
lung cancer cell lines, I will characterize the impact of these peptides on different cell
death pathways such as apoptosis, necroptosis, ferroptosis and pyroptosis. It is
relatively straight forward that using inhibitors for different cell death pathways to
elucidate irrelevant cell death pathway. Other experimental methods including Western
Blotting assay and flow cytometry analysis will be carried out to investigate the

molecular mechanisms of cytotoxicity of Tat-SP4.

Besides, the N-terminal TAT flag of Tat-SP4 is a catonic CPP that may lead to
depolarization of plasma membrane potential. To stabilize the plasma membrane
potential, some ions such as K*, Na*, Ca?" could be transport in or out cells through
various ion channels, which may cause intracellular Ca** homeostasis disruption. The
positively charger Tat-SP4 may associate with membrane-bound organelles, such as ER
and mitochondria, due to non-specific binding to lipids. Therefore, I will investigate the
effect of Tat-SP4 on mitochondria and ER. Intracellular calcium dynamic will be real-

time monitored using organelle specific calcium indicators under Tat-SP4 stimulation.

Objective 4: Assessment of the in vivo anti-proliferative efficacy of Beclinl-

targeting peptides in animal-based lung cancer model

After I delineate the molecular mechanism of cell death induced by Beclinl-
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targeting peptide in vitro, it is time to evaluate the anti-proliferative efficacy of Tat-SP4
in animal-based lung cancer model. I will select one tumorigenic lung cancer cell line
which is relatively sensitive to Tat-SP4 for nude mice xenograft experiment. And both
tumor growth rate and final tumor weight will be measured for assessing the anti-tumor
efficacy of our novel designed stapled peptide. Histopathologic analyses are also

necessary for checking autophagy marker and tumor morphologic differences.

3. Methodology and materials

3.1 Reagents and antibodies

DMEM and RPMI 1640 (Gibco), FBS (Gibco), hepatocyte growth factor (HGF;
Invitrogen). AZD9291, Erlotinib and Olmutinib (Santa Cruz) were dissolved in DMSO
with indicated stock concentrations. Epidermal Growth Factor (EGF; Invitrogen), MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (Invitrogen),
MitoProbe transition pore assay kit (ThermoFisher), dead cell apoptosis kits with
Annexin V (Thermo Fisher), Fura-2, AM (Invitrogen), protease inhibitor cocktail

(Roche Diagnostics), trypsin (Invitrogen), Chloroquine (CQ; Sigma-Aldrich),.

Anti-B-actin antibody (Santa Cruz Biotechnology), Anti-LC3 antibody (Abnova),
Anti-p62 antibody (Abnova), Anti-Caspase3 antibody (CST), Anti-AKT antibody
(CST), Anti-p-AKT antibody (CST), Anti-EGFR antibody (CST), Anti-p-EGFR
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antibody (Invirogen), Anti-c-MET antibody (CST), Anti- Gasdermin E
antibody(abcam), Anti- cleaved-Gasdermin E antibody (abcam). Anti-Mouse IgG-HRP

(Sigma-Aldrich), Anti-Rabbit IgG-HRP (Sigma-Aldrich).

3.2 Cell based experiments

Cell lines and cell culture

Ten lung cancer cell lines are used in this project. A549, H1975, H1993 and H596
cells were purchased from American Type Culture Collection (ATCC). H358, HCC827,
SHP-77, H1703 and H146 cells were kindly provided by Stem Cell Bank, Chinese
Academy of Sciences. H460 cell was gifted from Prof. Leung Yun-chung, Thomas. All
these lung cancer cell lines were cultured in Roswell Park Memorial Institute (RPMI)
1640 Medium (ThermoFisher, A1049101) with the supplementation of 10% Fetal
Bovine Serum (FBS) (GibcoTM). Hela cell was cultured with Dulbecco’s Modified
Eagle’s Medium (DMEM) (ThermoFisher, 11965118). All the cells were cultured in 5%
COz, 37°C incubators. All these cell lines were regularly tested by staining with Hoechst
33258(Sigma, 861405) to check mycoplasma contamination. Only mycoplasma-

negative cells were used in experiments.

IC50 measurements

Lung cancer cell lines were plated in 96-well plates. The number of cells seeded
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varies from different cell lines and is dependent on the optimum cell proliferation rate
and cell size. After overnight incubation, the cell confluent reached about 70% before
adding indicated compounds or peptides. Cells were treated with graded concentrations

of compounds or peptides for indicated time periods.

For peptides including Tat-SP4, Tat-SS4 and Tat-SC4 treatment, cell viability was
examined by Trypan Blue (ThermoFisher, 15250061) exclusion test after 24 hours post
treatment. Trypan Blue exclusion is a common method to distinct the number of live
cells from dead cell in cell suspension. The principle is that only live cells with intact
cell membranes can exclude trypan blue dye and live cells will have a clear cytoplasm

whereas dead cells will have a blue cytoplasm.

For TKIs treatment, cell viability was examined by MTT assay. After treatment
with different TKIs for 48 or 72 hours, the medium was replaced by 100ml/well MTT
solution at a concentration of 0.5% mg/ml and incubated for 4 hours at 37°C in a 5%
CO; incubator. Then, MTT solution was removed and 100ml DMSO was added into
each well to dissolve the purple crystal. Cell viability was reflected by absorbance value
measured by Bio-Rad Microplate Reader (Model 680, Bio-Rad Laboratories, Hercules,

CA, USA) at the wavelength of 570nm.

Each concentration was tested in three independent tests. Data from above assays
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was analyzed with control group as 100% and IC50 values were calculated from the
curve fitted to duplicate the three concentration-response data sets with Prism 5

software.

Cell proliferation assay

The long-term anti-proliferative efficacy of the peptides were assessed with 5-day
cell proliferation assay. Cells were plated into 24-well plates The number of cells seeded
varies from different cell lines and is dependent on the optimum cell proliferation rate
and cell size. Cells were incubated overnight before adding peptides or different TKIs
at indicated concentrations. Cell growth will be monitored daily by Trypan Blue
exclusion assay over the course of 5 days after peptide treatment. Based on the viable
cell number obtained for each day, a 5-day cell growth curve was drawn with Prism 5

software.

Colony formation assay

A549 cells were seeded at a density of 1000 per well in a 6-well plate cultured and
were cultured with medium containing Tat-SP4(20 or 40 uM) or Erlotinib (5 or 10 uM).
After 10 days, the medium was removed, and the cells were washed twice with PBS
and fixed with 4%PFA at room temperature for 15 min. Then the fixed cells were
stained with 0.25% crystal violet at room temperature for 30 min. After that, the cells

were washed twice with PBS and air-dried. Subsequently, the plates were scanned for
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colony number counting using Image J. All experiments were performed in triplicate.

Transfection

AS549 cell was used as transfection host for some image assays to study subcellular
distribution of peptides and monitor cellular calcium dynamic in this project. Cells were
seeded into confocal dishes or 24-well plate (SPL life science), after overnight adherent
the confluency of the cells reached 60%-70%. The designed plasmids were transiently
transfected into A549 cells according to the manufacture’s instruction of lipofectamine
3000 (ThermoFisher, L3000075). The image study was conducted 24-hour post

transfection.

Confocal microscopy for live cell imaging

For peptides subcellular distribution experiments, A549 or H1975 cells were
stained with 0.5uM Mito Tracker Green (ThermoFisher, M7514) and treated with
20uM rhodamine labelled peptides in complete culture medium at room temperature
for 30 minutes. When study the mitochondrial micro-location of peptides, A549 cell
were transfected with GFP-TOM20 or GFP-Hsp60, along with GFP vector (as a
negative control). After 24 hours transfection, the cells were treated with 20 uM
rhodamine labelled peptides at room temperature for 30 minutes. Cells were washed
with PBS twice and then put in in complete culture medium. The Hoechst was used to

label the nucleus of live cells. The cells were observed using Leica invert confocal
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microscope (Leica, TCS-SP8-MP system) with oil immersion objective lens at room

temperature under the control of LAS X software (Leica)

Determination of mitochondria membrane potential (Aym)

Mitochondrial membrane potential (Aym) is usually monitored and measured by
confocal microscopy or flow cytometry assay. Tetramethylrhodamine Methyl Ester
(TMRM) (ThermoFisher, M20036) is a cell-permeant and potentiometric fluorescent
dye that is readily accumulated in active mitochondria with negative charge, so the
change of A¥Ym can be presented by the change of TMRM fluorescence intensity. When
AW¥m is decreased, TMRM will leak from mitochondria leading to decrease in TMRM
fluorescence signal. The optimized working concentration of TMRM range from 10-
50nM to avoid auto-quenching. 50nM TMRM was used in this experiment. To measure
the change of AWYm with peptides treatment, cells were treated with peptides for 2 hours
and 50nM TMRM was loaded to cells during the final 30 minutes of treatment. Then
cells were wash with PBS twice to remove excess TMRM, followed by trypsinization
to collect samples. After centrifugation, the cells were responded with 500uL PBS and
sample concentrations were around 5x10* cells/mL. 100uM CCCP was used as a
positive control drug to induce mitochondrial. The samples were analyzed by BD
Accuri C6 Flow Cytometer (BD Biosciences). TMRM is by the 532nm laser and PE

equivalent bandpass filter should be used to detect TMRM.
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Mitochondrial membrane potential (Aym) can also be monitored by confocal
microscopy. Cells seeded in confocal dish were loaded with 100nM TMRM for 30
minutes followed by washing with PBS twice to remove excess TMRM. Tat-SP4 was
added into culture medium with final concentration of 20uM and then the cells were
immediately imaged by Leica invert confocal microscope (Leica, TCS-SP8-MP system)

with oil immersion objective lens and imaged at 37 °C/5% CO; mini-incubator.

Determination of cellular ROS level

Cellular ROS level was measured by using CellROXTM green Flow Cytometry
Assay Kit (ThermoFisher, C10492). CellROX® Green exhibits a strong fluorescence
signal after oxidation, but is non-fluorescent in a reduced state, which provides a
reliable ROS measurement in live cells. SYTOX® Red Dead Cell stain is cell-
impermeant and can be used to distinct live stressed cells from dead cells. 1.5x104 A549
cells were plated in 12-well plate and incubated overnight for adherent. Next day, cell
samples would be harvested and then resuspended in complete growth medium with
the cell concentration of ~5 x 105 cells/mL. The cell samples were treated with different
concentration of Tat-SP4 for indicated incubation time. Then the cell samples were
stained with of 500nM CellROX® Green and 5nM SYTOX® Red Dead Cell stain
following the protocol in this kit. The cell samples were immediately analyzed by BD
Accuri C6 Flow Cytometer (BD Biosciences), and the results were presented by BD

Accuri C6 Software.
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Oxygen consumption rate (OCR) analysis

The oxygen consumption rate (OCR) is a crucial indicator of normal cellular
function. Usually, decreased OCR is associated with disruption of mitochondrial
function. We utilized the Seahorse XF24 Extracellular Flux Analyzer to measure
cellular OCR in real time, which can directly and continuously quantify the
mitochondrial respiration in living cells. This analyzer is instructed with a kind of
specific 24-well plate with sensor cartridge. There are four ports in each sensor cartridge,
which allows sequential addition of four compounds with unique effect on
mitochondrial ETC chain for each well. To study the impact of Tat-SP4 on
mitochondrial function, living cells should be sequentially exposed to Tat-SP4 and
mitochondrial perturbing reagents, and some key parameters of mitochondrial

respiration capacity will be assessed.

Cartridge lid
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Figure 3.1. Overview of seahorse experiment and Seahorse XF Cell Mitochondrial Stress Test

profile

Western blot assay

The desired number of cells were plated in 6-well plate. After overnight adherence,
cells were treated with different concentration of peptides or other compounds that used
as positive control for indicated incubation period. After incubation, remove the culture
medium and cells were washed with ice-cold PBS twice, followed by cell lysis with
lysis buffer. The lysis buffer consists of 2% SDS,25% glycerol and 5% B-Me and should
be freshly supplement with 1% protease inhibitor cocktail (Bimake, B14001) and 1%
phosphatase inhibitor cocktail (Bimake, B15001). The cells were scraped using cell
scraper. The cell lysate was transferred into 1.5mL Eppendorf tubes and boiled at 100°C
for 10 minutes. The protein concentration was determined with NanoDrop (Thermo
Scientific) at protein mode. 60 pg of the above prepared cell lysate was mixed with 5%
SDS sample buffer. The SDS samples were boiled at 100°C for 5 min before loading.

Pre-stained protein standard ladder was used to indicate molecular weight. 10-15uL
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SDS sample was loaded into SDS-gel. The voltage for stacking gel is 80V. Once the
samples entered separating gel, the samples were run at 100V until the dye reaches the
bottom the gel. Next, transferred the samples to 0.45um PVDF membrane (Bio-Rad)
using Mini-Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) at 250mA for 90
minutes. After that, the PVDF membrane was blocked with 5% milk in TBST buftfer
(137mM NacCl, 20mM Tris, 0.1% Tween 20) at room temperature for an hour to block
non-specific binding on the membrane. The blocked membrane was incubated with
specific primary antibodies diluted in BSA in TBST buffer at 4°C overnight. Wash the
membrane four times again for 10 minutes each with TBST buffer. The membrane then
was incubated with HRP-conjugated secondary antibody at 1:2000 diluted in BSA in
TBST buffer for 1 hour at room temperature. Wash the membrane four times again for
10 minutes each with TBST buffer to remove the excess secondary antibody, followed
by signal detection with Western HRP Substrate (Millipore) and ChemiDoc Imaging

Systems (Bio-Rad).

Apoptosis detection by Annexin V/PI staining

Annexin V/PI staining assay is a common technique for identifying apoptotic
cells. Annexin V can bind to anionic phospholipid phosphatidylserine (PS). In healthy
cells, PS is only in the cytoplasmic side of the lipid bilayers of plasma membrane.
When apoptosis happens, PS will translocate from the inner to the outer side of the

lipid bilayers of plasma membrane due to the structural changes of plasma membrane.
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PS exposed on the outer side of the lipid bilayers of plasma membrane will bind to
fluorescent conjugates of annexin V and apoptotic cell can be identified. Propidium
Iodide (PI) is an impermeable nuclear staining dye, which can be used to distinct dead

cells from live cells.

The desired number of cells were plated in 6-well plate. After overnight
adherence, cells were treated with different concentration of peptides or doxorubicin
for indicated incubation period. After treatment, cells were collected by centrifugation
and then resuspended with 1X annexin-binding buffer. Stain the cell samples with
FITC Annexin V and PI (Thermo Fisher, V13241). The apoptotic cells are Annexin V
positive but PI negative, showing green fluorescence only; dead cells are both
Annexin V and PI positive; and live cells are both Annexin V and PI negative,
showing little fluorescence, which is detected and separated by BD Accuri C6 Flow

Cytometer (BD Biosciences). The results were analyzed with BD Accuri C6 Software.

Mitochondrial permeability transition pore (MPTP) detection

The opening of mitochondrial permeability transition pore (mPTP) is closely
related to mitochondrial matrix Ca®* accumulation. The MitoProbe Transition Pore
Assay Kit (ThermoFisher, M34153) was developed to directly measure mitochondrial
permeability transition pore opening independent in mitochondrial membrane potential.

The kits provide some reagents. Calcein AM can passively cross cell membrane and
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accumulate in cytosol and mitochondria. Once Calcein AM enter cells, its
acetoxymethyl esters will be cleaved by intracellular esterase, forming fluorescent dye
calcein, which can’t cross the mitochondrial or plasma membranes. CoCl» is used to
quench the fluorescence of cytosolic calcein, while fluorescence of the mitochondrial
calcein is kept from quenching. When mPTP is opened, mitochondrial contents
including calcein will be release into cytosol, then the fluorescence of calcein will be
quenched by CoCl», which can be detected by flow cytometer. Briefly, A549 cells were
treated with different concentrations of Tat-SP4 for an hour, followed by cell labeling
according to the instruction of this kit. lonomycin was used as a positive compound to
induce mitochondrial calcium overload and subsequent pore formation. The labeled

cells were analyzed by BD Accuri C6 Flow Cytometer (BD Biosciences) with 488nm.

Specific organelle calcium dynamic monitoring with genetically encoded Ca?*
indicators

Genetically encoded Ca®" indicators used in this experiment include mito-
GCaMP5G, cyto-RCaMP1h and G-CEPIAler. A549 cells were seeded at 6x 10* cells
per well in a 24-well plate. After overnight incubation, cells were transfected with mito-
GCaMP5G, cyto-RCaMP1h or G-CEPIA ¢cDNA using Lipofectamine 2000 for 24 hours.
SHP-77 cells are suspension cells, so SHP-77cells were plated in 6-well plate to do
transfection first. Before imaging, the loading solution was replaced with HBSS buffer

with or without CaCl,. SHP-77 cells should be transfected with mito-GCaMP5G, cyto-
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RCaMP1h or G-CEPIA c¢DNA using Lipofectamine 2000 for 36 hours. After 36-hours
transfection, SHP-77 cells were collected and evenly plated into 24-well plate in HBSS
buffer. Images were collected using an Olympus inverted epifluorescence microscope

with a x20 objective every 3s with specific excitation/emission filter settings.

To monitor subcellular Ca** dynamics during Tat-SP4 or other agonist induction,
A549 cells expressing mito-GCaMP5G, cyto-RCaMP1h or G-CEPIAler were time-
lapse imaged to detect Ca®" flux in mitochondria, cytosol, and ER separately. Tat-SP4
or other agonists was loaded at the 60th second. Data are presented as AF / Fo values

(AF are fluorescence changes at any time and FO the baseline value).

3.3 In vivo xenograft studies

Animal experiments were carried out according to the guidelines of the Centralised
Animal Facilities of the Hong Kong Polytechnic University. Male nude mice, 5-6
weeks in age, were purchased from the Centralised Animal Facilities of the Hong Kong
Polytechnic University. Exponentially growing SHP-77 cells were harvest and
resuspended in PBS with a concentration of 1x 108 cells per ml. Mixed cell suspensions
with Matrigel (Corning, 356237) in a volume ratio of 1:1. 0.5x 10° SHP-77 cells were
injected subcutaneously into the right-lower back of the mice. The tumor volume was

calculated by the equation of LengthxWidthxWidth/2. Mice were divided randomly
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into two groups (8 animals/group) when the tumor volume reached 50-60 mm?.Tat-
SP4 was administrated intraperitoneally at 40mg/kg every day. The mice in control
group were injected with PBS since Tat-SP4 was diluted in PBS. Their tumor volumes
were measured every other day. Treatments were continued until tumors volume in mice
in control group reached the maximum volume allowable according to the Centralised
Animal Facilities of the Hong Kong Polytechnic University. At the end of the
experiment, mice were killed, and both tumors and vital organs were harvested for

analysis. Tumor weights were measured after resection.

4. Results

4.1 Comprehensive profiling of autophagy and endolysosomal
trafficking activities in diverse lung cancer cell lines upon

treatment of Tat-SP4

4.1.1 Tat-SP4 induces autophagy in lung cancer cell lines

In our lab’s published paper, it has been proved that Tat-SP4 could induce
autophagy in HEK293 cells(Wu, He et al. 2018). According to previous studies about
the impact of Tat-SP4 on autophagy activity, I wondered whether Tat-SP4 also functions
as autophagy enhancer in lung cancer cell lines. LC3 is essential for the maturation of

the membrane of autophagosomes and exist in two forms LC3-I and LC3-II. LC3-1 is
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found in cytoplasm and will be converted into lipidated LC3-II to initiate formation and
elongation of the autophagosome. Therefore, elevated LC3-II level is the standard of
the enhanced autophagic flux. Similarly, monitoring p62 level is also a common
practice for assess autophagy activity since p62 is not only a selective autophagy
receptor but also an autophagy substrate, which can be degraded by autophagolysosome.
Thus, a decrease in p62 level is considered as an indicator of upregulated autophagic

activity. However, p62 is not as sensitive as LC3-II in some cell model.

Our results show that treatment of A549, H1975 and SHP-77 cells with Tat-SP4
for 12 hours induced significant autophagic response. In A549 cells and H1975 cells,
the NSCLC cell lines, the addition of Tat-SP4(15 and 30 uM) to cell medium lead to a
significant increase LC3-II level in a dosage dependent manner (Figure 4.1A&B, D&E).
CQ i1s an inhibitor for lysosomal degradation and is used to block LC3-II degradation
in autolysosome. In the presence of CQ, the increase in LC3-II level became much
stronger under Tat-SP4 treatment (Figure 4.1A&B, D&E). However, Tat-SP4 treatment
didn’t induce noticeable change in p62 level, either in the presence or absence of CQ
(Figure 4.1A&C, D&F). Similar results were obtained in SHP-77, the SCLC cells,
treated with Tat-SP4 at 5 and 10 uM for 12 hours. Tat-SP4 treatment led to significant
increase of LC3-II level in dosage-dependent manner (Figure 4.1G&H). Similar
increase was observed when chloroquine (CQ), a lysosomal inhibitor, was added

together with Tat-SP4 (Figure 4.1G&H). On the other hand, Tat-SP4 treatment didn’t
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induce noticeable change in p62 level (Figure 4.1G & I). Such disparity between LC3-
IT and p62 has been reported in previous studies by us and others (Li, He et al. 2012,
Wu, He et al. 2018, Yang, Qiu et al. 2021). It is commonly accepted that changes in
LC3-II is more sensitive to autophagy induction while p62 can be influenced by many
other factors such as the Keap-NRF2 anti-oxidative stress pathway (Komatsu, Waguri
et al. 2007, Lim, Lachenmayer et al. 2015, Deng, Lim et al. 2020). In a summary, Tat-

SP4 induced significant autophagic response in both NSCLC and SCLC cells.
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Figure 4.1 Tat-SP4 promotes autophagy in lung cancer cells. (A, D and G)
Western blot to evaluate the LC3 level and p62 level in A549(A), H1975(D) and SHP-
77(G) cells after treatment with 15 pM and 30 uM (in A549 and H1975 cells) or 5 uM
and 10 uM (in SHP-77 cells) Tat-SP4 for 12 hours, in the presence or absence of 5 uM
or 25uM CQ. (B, E and H) Quantification of LC3 lipidation profiles from the western
blot data. (C, F and I) Quantification of p62 levels from the western blot data. The
levels of LC3-II or p62 were normalized to the actin level. Data are presented as mean
+ SEM (n = 3). Data are presented as mean = SEM (n = 3). *P<0.05, **P<0.01,
*#xP<0.001, ****P<0.0001; unpaired t-test.
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4.1.2 Tat-SP4 significantly enhances endocytic degradation of EGFR

and attenuates the oncogenic EGFR signal transduction

Previous studes have confirmed that Tat-SP4 promots degradative endolysosomal
trafficking (Wu, He et al. 2018). The impact of Tat-SP4 on endolysosomal EGFR
degradation in A549 cells was characterized by confocal imaging assay and Western
Blotting assay. To visualize the EGFR level, A549 cells were immunostained with
fluorescent EGFR antibody followed by Tat-SP4 and Tat-SC4 treatment for 6 hours and
then the samples were imaged by confocal microscope. The confocal imaging results
showed that after 12-hour serum-starvation, most endogenous EGFR is translocated in
plasma membrane and the EGFR fluorescence intensity was significantly decreased
after Tat-SP4 but not Tat-SC4 treatment, indicating that Tat-SP4 induced EGFR

endocytic degradation (Figure 4.2 A).

EGFR activation is essential for its downstream signaling transduction, so we
measured the total amount and phosphorylation level of both EGFR and its downstream
target Akt (Tomas, Futter et al. 2014) to assess whether EGFR degradation induced by
Tat-SP4 would attenuate the EGFR signaling pathway. As shown in Figure 4.5B, in
A549 cells, addition of EGF induced EGFR phosphorylation and activated EGFR
downstream protein, Akt, which was proved by the elevated p-Akt level under Tat-SP4
treatment (Figure 4.2B). In contrast, Tat-SP4 treatment alone at 20 pM significantly

reduced the overall level of EGFR although the level of Akt remained steady (Figure
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4.2B). Furthermore, Tat-SP4 completely abolished the phosphorylation signals of
EGFR and Akt as soon as 1 hour after treatment and this effect remained for more than
6 hours. Adding both EGF and Tat-SP4 to A549 cells led to even faster EGFR
degradation without affecting the Akt level (Figure 4.2B). In presence of Tat-SP4, the
phosphorylation of EGFR and Akt induced by EGF at 0 hour was quickly abolished

after 1 hour and remained absent after 6 hours (Figure 4.2B).

Similar results were obtained in H1975 cells as Tat-SP4 treatment alone led to
faster degradation of EGFR and complete abolishment of its phosphorylation (Figure
4.2C). However, Tat-SP4 only moderately reduced the phosphorylation signal for Akt
in H1975 cells, in distinct contrast to the complete abolishment observed in A549 cells
(Figure 4.2C). Co-treatment of H1975 cells with EGF and Tat-SP4 further promoted
EGFR degradation but the EGFR phosphorylation induced at 0 hour was only
moderately reduced by Tat-SP4 (Figure 4.2C). Furthermore, the phosphorylation level
of Akt remained largely steady and was not affected by the co-treatment of EGF and
Tat-SP4 (Figure 4.2C). This notable difference between A549 and H1975 may be
related to their distinct TKI sensitivity, with robust downstream Akt activity in H1975

to overcome EGFR-targeted TKIs.
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Figure 4.2 Tat-SP4 promotes EGFR degradation and attenuated the
oncogenic EGFR signal transduction. (A). Immunofluorescence imaging of EGFR in
A549 cells. A549 cells were serum-starved for 12 hours and then treated with 200ng/ml
EGF alone and 20 uM Tat-SP4 for 6 hours, in the presence or absence of 200 ng/ml
EGF. A549 cells were fixed with 4% PFA, permeabilized with 0.1% TritonTM X-100
and blocked with 1% BSA. After that, cells were incubated with EGFR primary
antibody, followed by Alexa Fluor 488 secondary antibody, and examined under the
Leica SP8 MP microscope. (Scale bar: 10 pm) (B and C). The impact of Tat-SP4 on
EGFR degradation and attenuated the oncogenic EGFR signaling transduction in
A549(B) and H1975(C) cells. A549 and H1975 cells were serum-starved for 12 hours
and then treated with 200 ng/ml EGF alone and 20 uM Tat-SP4, in the presence or
absence of 200 ng/ml EGF. The proteins level in the cell lysate was analyzed by Western
blot at indicated time points.
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4.1.3 Tat-SP4 significantly enhances endocytic degradation of c-Met

and attenuates the oncogenic c-Met signal transduction

The c-Met receptor is found to be overexpressed and activated in cancers such as
lung cancer, liver cancer and breast cancer. It has been studied that crosstalk between
c-Met and EGFR is usually associated with acquired-drug resistance to EGFR-TKIs in
patients with NSCLC. I assessed the impact of Tat-SP4 on c-Met degradation in lung
can cancer cell lines, which was characterized by confocal imaging assay and Western
Blotting assay. To visualize the c-Met, EBC-1 cells were immunostained with
fluorescent c-Met antibody and Golgi 97 antibody followed by Tat-SP4 treatment for 2
or 4 hours and then the samples were subjected to confocal microscope. The confocal
imaging results showed that after 12-hour serum-starvation, most endogenous c-Met
translocated in plasma membrane and with increased duration of Tat-SP4 treatment,
perinuclear c-Met pool was stable and accumulated in the Golgi, while membrane
spanning c-Met were diminished, most remarkably at 4 hours, indicating that Tat-SP4
treatment promoted the degradation of c-Met on plasma membrane but has little effect

on perinuclear c-Met pool(Figure 4.3 A).

To assess to efficacy of Tat-SP4 on c-Met degradation, total c-Met level was
western blotted after Tat-SP4 treatment and the results showed that when serum starved
A549 cells were exposed to 100 ng/ml HGF, a 50% reduction in c-Met level was

detected at the latest time point. Besides, the downstream protein Akt was
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phosphorylated with HGF treatment. When cells were treated with Tat-SP4, c-Met was
degraded in a time-dependent manner and its downstream Akt was not activated, which
is independent on HGF stimulation (Figure 4.3 B). Therefore, Tat-SP4 prompted the
degradation of c-Met on plasma membrane and inhibited its downstream protein, Akt,
activation. The effect of Tat-SP4 on enhancement of endocytic degradation is general

for membrane spanning proteins.
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Figure 4.3 Tat-SP4 promotes c-Met degradation and attenuated the oncogenic
c-Met signal transduction. (A) Immunofluorescence imaging of c-Met in EBC-1 cells.
EBC-1 cells were serum-starved for 12 hours and then treated with 100 ng/ml HGF
alone and Tat-SP4(20 uM or 40 uM), in the presence or absence of 100 ng/ml HGF.
EBC-1 cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 and
blocked with 1% BSA. After that, cells were incubated with c-Met and Golgin97
primary antibody, followed by Alexa Fluor 488 and Alexa Fluor 555 secondary
antibody, and examined under the Leica SP8 MP microscope. (Scale bar: 10um) (B)
The impact of Tat-SP4 on c-Met degradation and attenuated the oncogenic c-Met
signaling transduction. A549 cells were serum-starved for 12 hours and then treated
with 100 ng/ml HGF alone and 20 uM Tat-SP4, in the presence or absence of 100 ng/ml
HGF. The proteins level in the cell lysate was analyzed by Western blot at indicated
time points.
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4.2 Characterization of Tat-SP4 as single anti-proliferative agents
and potential synergistic effect between EGFR-TKIs and Tat-SP4

in lung cancer cell lines

4.2.1 Determination of IC50 of Tat-SP4 in lung cancer cell lines

The anti-proliferative efficacy of Tat-SP4 was assessed in different lung cancer
cell lines, which was reflected by IC50 values. The IC50 was determined by measuring
cell viability using trypan blue exclusion method after 24-hour treatment with the
designed peptides at indicated concentrations. The results showed that Tat-SP4 showed
significant anti-proliferative efficacy on lung cancer cells with IC50 values of Tat-SP4
range from 7 uM to 50 uM (Figure 4.4A-D). And small cell lung cancer cell lines, SHP-
77 cells (7.66 uM) and H146 (17.62 uM) cells are much more sensitive to Tat-SP4
among these four subtypes of lung cancer cell lines. In Beas-2B cells, a normal
bronchial epithelial cell, the IC50 value of Tat-SP4 is high to ~95 uM, which is much
higher than the IC50 value of Tat-SP4 in lung cancer cell lines (Figure 4.4E). I also
measured the IC50 values of the control peptides including Tat-SC4 and Tat-SS4 in
A549 cell lines. Tat-SC4 that is an unmodified peptide with scrambled sequence and
Tat-SS4 that has the same sequence as Tat-SC4 but contains a hydrocarbon staple like
Tat-SP4. As shown in Figure 4.4 E and F, the IC50 values of either Tat-SC4 or Tat-SS4
failed to be estimated since they were out of the range of the concentration setting, so

the cytotoxicity of Tat-SC4 and Tat-SS4 can be ignored.
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Figure 4.4 Anti-proliferative efficacy of Tat-SP4 in lung cancer cell lines. (A)
IC50 of Tat-SP4 in lung adenocarcinoma cell lines. (B) IC50 of Tat-SP4 in large cell
lung cancer cell line. (C) IC50 of Tat-SP4 in squamous cell line. (D) IC50 of Tat-SP4
in small cell carcinoma cell lines. (E) IC50 of Tat-SP4 in normal bronchial epithelial
cell. (F) IC50 of Tat-SC4 in A549 cell lines. (G) IC50 of Tat-SS4 in A549 cell lines.
Data represents mean = SEM of three replicates.
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4.2.2 Long-term anti-proliferative efficacy of Tat-SP4 in lung cancer

cell lines

To further determine the long-term anti-proliferative efficacy of Tat-SP4 in lung
cancer cell lines, I performed five-day proliferation assay with Tat-SP4 treatment in
A549, H1975 and SHP-77 cells. A549 H1975, and SHP-77 cells seeded into 24-well
plate were treated with indicated concentrations of Tat-SP4 or Tat-SC4 on Day0. The
number of survived cells were counted with trypan blue exclusion method from Dayl
to Day 5 to draw 5-day cell proliferation curves. The results showed that Tat-SP4
treatment at 40 pM reduced the proliferation of H1975 cells by ~30% but such effect
was statistically insignificant in A549 cells (Figure 4.5 A& B). This trend corroborates
the different IC50 values we obtained for A549 and H1975 cells, with H1975 cells being
slightly more sensitive to Tat-SP4. As shown in Figure 4.5C, Tat-SP4 treatment at 10
uM reduced the proliferation of SHP-77 cells by ~50%, since SHP-77 is much more

sensitive to Tat-SP4 than other lung cancer cell line tested in my project.
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Figure 4.5 Tat-SP4 inhibited A549, H1975 and SHP-77 cell proliferation. (A)
5-day cell proliferation curve of A549 cells with 40 uM Tat-SP4/Tat-SC4 treatment. (B)
5-day cell proliferation curve of H1975 cells with 40 puM Tat-SP4/Tat-SC4 treatment.
(C) 5-day cell proliferation curve of SHP-77 cells with 10 puM Tat-SP4/Tat-SC4
treatment. Cell viability was measured with trypan blue hemocytometry every 24
hours. Data represent mean + SEM of three replicates. *P<0.05, **P<0.01, ***P<0.001,
*Ax%P<0.0001; unpaired t-test.
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Besides, I performed classical colony formation assay in A549 cell lines. A549
cells were plated in 6-well plate at very low density to ensure the colony would be
formed from a single cell. Then A549 cells were treated with indicated concentrations
of Tat-SP4 and Erlotinib for 10 days and the culture media was replaced by fresh
treatment media every 72 hours. After 10 days, cells were fixed by 4%PFA and stained
by crystal violet. The crystal violet staining results showed that both Erlotinib and Tat-
SP4 inhibited colony formation of A549 cells in a dosage-dependent manner (Figure
4.6). Taken together, the results of 5-day proliferation assay and colony formation assay

showed significant long-term inhibition of Tat-SP4 in lung cancer cell lines.

Control 20uM Tat-SP4 40pM Tat-SP4

P

DMSO 5uM Erlotinib 10pM Erlotinib

Figure 4.6 Tat-SP4 inhibited colony formation in A549 cells. A549 cells were
seeded at a density of 500 per well in a 6-well plate and were cultured with media
containing 20 pM/40 uM Tat-SP4 and 5 uM/10 uM Erlotinib for 10 days. After 10 days,
cells were fixed by 4%PFA and stained by crystal violet.
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4.2.3 Combination of Tat-SP4 and Erlotinib exhibits synergetic effect

on inhibition of NSCLC cell proliferation

EGFR-TKIs were approved as first-line clinical treatment for patients with
advanced NSCLC, however patients usually got acquired-drug resistance after
receiving a period of monotherapy. I wonder whether our stapled peptides could
combine with EGFR-TKIs to improve its anti-tumor efficacy or overcome its drug
resistance. Firstly, the response of different lung cancer cell lines, including A549,
H1975 and SHP-77, towards EGFR-TKIs was assessed, employing a cell viability
assay with MTT method. The results showed that the cytotoxicity of AZD9291 and
Olmutinib is more potent than the cytotoxicity of Erlotinib in both A549 and H1975
cell lines (Figure 4.7 A&B). Interestingly, SHP-77 cells, a SCLC cell line can’t be killed
by Erlotinib even at very high concentration, which indicated that SHP-77 cells were
totally resistant to the first-generation EGFR-TKI, Erlotinib (Figure 4.7 C). Besides,
SHP-77 cells were not sensitive to either AZD 9291 or Olmutinib (Figure 4.7 C). In a
word, these three EGFR-TKI compounds failed to significantly inhibit SHP-77 cell
proliferation, which may be due to the very low expression level of EGFR in SCLC cell

lines.
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A

A549
Erlotinib 23.88uM 8.338uM
AZD 9291 3.82uM 1.79uM
Olmutinib 8.82uM 4.53uM
H1975
Erlotinib 43.63uM 30.33uM
AZD 9291 0.55uM 0.34uM
Olmutinib 0.87uM 0.57uM
C
SHP-77
Erlotinib N/A N/A
AZD 9291 15.07uM 18.61uM
Olmutinib 18.91uM 24.4uM

Figure 4.7 Summary of IC50 of EGFR-TKISs in A549, H1975 and SHP-77 cell
lines. Cells were seeded at 96-well plate and cultured in media containing different
EGFR-TKIs. After 48 hours and 72 hours, cell viability of A549 cells and H1975 cells
were assessed by MTT assay and MTS assay was used to assess the cell viability of
SHP-77 cells (suspension cells). Data represents mean = SEM of three replicates.
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Erlotinib is one of the first-generation TKIs approved for EGFR" NSCLC (Tsao,
Sakurada et al. 2005, Thai, Solomon et al. 2021). Among different NSCLC cell lines
and clinical tumor samples, sensitivity to Erlotinib is critically dependent on EGFR
genotype, with certain activating mutations such as L858R and exon 19 deletions
conferring particular sensitivity while exon 20 insertions and T790M causing
insensitivity (Lynch, Bell et al. 2004, Pao, Miller et al. 2004, Kobayashi, Boggon et al.
2005). A549 and H1975 cells are not expected to be highly sensitive to erlotinib due to
the wild-type or L§58R/T790M mutant EGFR they harbor respectively. Our trypan blue
exclusion assay showed that the IC50values of Erlotinib in A549 and H1975 cells were
~13.2 uM and ~9.9 uM respectively, thus validating their insensitivity (Figure 4.8A&B).
Tat-SP4 enhanced the anti-proliferative efficacy of erlotinib in dosage dependent
manner, reducing the IC50 value to ~8.2 uM in A549 and ~4.8 uM in H1975 cells after
30 uM Tat-SP4 was added (Figure 4.8A&B). five-day proliferation assay was also
conducted in A549 and H1975 with combinative treatment of Tat-SP4 and Erlotinib and
the results further validated such synergy. For A549 cells, treatment by 10 uM Erlotinib
alone only reduced cell proliferation by ~30% but combination treatment of 10uM
Erlotinib plus 25 uM Tat-SP4 completely abolished cell proliferation (Figure 4.8C).
Similar results were obtained for H1975 cells, with the combination treatment of
Erlotinib at a lower dosage of 5 uM plus 25 uM Tat-SP4 already sufficient to complete
abolish cell proliferation (Figure 4.8D). This heightened sensitivity is likely due to

H1975 being more vulnerable to both Erlotinib and Tat-SP4. Taken together, combining
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Erlotinib and Tat-SP4 exhibited synergetic effect on inhibition of NSCLC cell

proliferation regardless of their EGFR phenotype.

@]

Cell number(cells/well)

us]

Cell viability (% of control )

Ab49 - 72h
~ 1204 -e- 1C50=13.21uM (0puM Tat-SP4)
o
5 by -=- |C50=9.824uM (20uM Tat-SP4)
S 90 -+ |C50=8.195uM (30uM Tat-SP4)
G
(=}
S 60
=
E
@ 304
>
3
O I 1 1 1 1
0 5 10 15 20 25
Concentration of Erlotinib (uM)
A549 D
4105 X105
°
3x105- 3 3x10°-
* 8
21054 T -
Jns o 8 2x10°
: " g
1><|.0 = E l><|.05'
{ 8
01 0
0o 1 2 3 4 5 &6
Time/Day

H1975 - 72h

-~ |C50=9.913uM (OuM Tat-SP4)
= |C50=6.928M (20uM Tat-SP4)
- 1C50=4.802uM (30uM Tat-SP4)

2

15
Concentration of Erlotinib (uM)

Control

Erlotinib 10uM

Tat-SP4 25uM

Erlotinib 5uM+Tat-SP4 25uM
Erlotinib10uM+Tat-SP4 25uM

H1975

-
——
-
-
—

Time/Day

Figure 4.8 Combining Erlotinib and Tat-SP4 exhibited synergetic effect on
inhibition of NSCLC cell proliferation. (A-B) The cell viability after different
concentrations of Erlotinib with 20 pM or 40 uM Tat-SP4 for 72h in A549 cells(A) and
H1975 cells (B). Cell numbers were counted by the Trypan Blue exclusion method. (C-
D) Cell proliferation assay was carried out for five days in A549 cells(C) and H1975
cells (D) after treatment with Erlotinib (10uM), Tat-SP4(25 uM) or the combination (5
uM/10 uM Erlotinib and 25 puM Tat-SP4). Cells were treated with the indicated
treatments at day 0 and the viable cells were counted by the Trypan Blue exclusion
method every 24 hours. Data represent mean = SEM of three replicates. *P<0.05,
*¥p<0.01, ***P<0.001, ****P<(0.0001; unpaired t-test.
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4.3 Tat-SP4 triggers necrotic cell death that is only rescued by an

inhibitor of autosis

It has been demonstrated that Tat-SP4 significantly inhibited the proliferation of
lung cancer cells, and I next designed some cell-based experiments to investigate the

molecular mechanisms of this process.

4.3.1 Tat-SP4 induces lung cancer cell death not through apoptosis,

pyroptosis, ferroptosis or necroptosis.

The anti-proliferative effect of Tat-SP4 on lung cancer cells is to induce cell death
instead of to arrest cell cycle. I investigated which type of cell death pathway including
apoptosis, pyroptosis and ferroptosis were involved in the Tat-SP4 induced cell death.
Firstly, flow cytometry with annexin V/propidium iodide (PI) staining was applied to
investigate whether cell death induced by Tat-SP4 was associated with apoptosis.
Annexin V specifically binds to anionic phospholipid phosphatidylserine (PS), a marker
of apoptotic cells. PS is only in the inner leaflet of the plasma membrane in healthy
cells, but PS will translocate to the outer leaflet of the plasma membrane during
apoptosis. PS exposed on the outer leaflet of the plasma membrane will bind to
fluorescent Annexin V and apoptotic cell can be identified. PI is an impermeable
nuclear staining dye, so PI stains nucleus only when the plasma membrane integrity is
lost, which is usually because of necrotic cell death. Flow cytometry experiments with

annexin V and PI staining reveled that over 40% of A549 cells underwent non-apoptotic
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cell death after Tat-SP4 treatment at 40uM for 3 hours while only less than 3% showed
apoptosis. When A549 cell were treated with Tat-SP4 40 uM for 6 hours, over 80% of
A549 cells underwent non-apoptotic cell death while 6% showed apoptosis (Figure
4.9A). Similar results were obtained in H1975 and SHP-77 cells. In H1975 cells, about
15% of H1975 cells underwent non-apoptotic cell death after Tat-SP4 treatment at 40
uM for 3 hours while only less than 1% showed apoptosis. When H1975 cell were
treated with Tat-SP4 40 uM for 6 hours, over 20% of H1975 cells underwent non-
apoptotic cell death while 1% showed apoptosis (Figure 4.9A). When SHP-77 cell were
treated with Tat-SP4 at 10 uM for 3 hours, over 30% of SHP-77 cells underwent non-
apoptotic cell death while 5% showed apoptosis. Over 40% of SHP-77 cells underwent
non-apoptotic cell death after Tat-SP4 treatment at 10 uM for 6 hours while only less

than 1% showed apoptosis.

To further assess whether Tat-SP4 induced apoptosis in NSCLC cells, 1 used
western blots to track the cleavage of PARP and caspase 3, two hallmark events in
apoptosis (Galluzzi, Vitale et al. 2018). The result showed that doxorubicin, a known
inducer of apoptosis, triggered cleavage of PARP and caspase 3 in A549 cells (Figure
4.9B). In contrast, no such cleavage was observed after Tat-SP4 treatment at 40 uM, a
dosage sufficient to induce significant cell death (Figure 4.9B). I also assessed the effect
of Z-VAD-FMK, a pan-caspase inhibitor, on Tat-SP4- induced cell death, and it was

shown that Z-VAD-FMK eftectively rescued apoptotic cell death induced by cisplatin
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in A549 and SHP-77 cells but showed no such effect against the Tat-SP4-caused cell
death (Figure 4.9C&D). In summary, Tat-SP4 induced necrotic cell death in lung cancer

cells.
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Figure 4.9 Tat-SP4 induce cell death with necrotic features. (A) Flow
cytometry analysis with Annexin V/PI staining in A549, H1975 and SHP-77 cells

treated with Tat-SP4 for indicated time periods. After 3 hours and 6 hours Tat-SP4
treatment, the Pl-positive staining cell population was significantly increased, but
apoptotic cell population was not changed compared with that of vehicle group. (B)
Western blotting of cleaved-PARP and cleaved-Caspase3 in A549 cells treated with 40
uM Tat-SP4 for different incubation lengths, or 0.5 uM doxorubicin for 48 hours. The
level of cleaved-PARP and cleaved-caspase3 was elevated by treatment of 0.5 uM
doxorubicin instead of 40 uM Tat-SP4. (C&D) Trypan blue exclusion method to assess
the viability of A549 (C) and SHP-77 cells (D) treated with Tat-SP4 or cisplatin for 24
hours, in the absence or presence of Z-VAD-FMK. Data are presented as mean + SEM
(n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; unpaired t-test.
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Additionally, I also investigated whether our Beclinl-targeting stapled peptide
induced cell death was associated with other programmed cell death pathways, such as

pyroptosis, ferroptosis and necroptosis.

Pyroptosis is a form of programmed cell death mediated by Gasdermin proteins,
accompanied by the release of a large number of pro-inflammatory factors. There are
two identified pyroptosis signal pathway. The canonical pathway dependents on
caspase 1-caspase 3- Gasdermin E (GSDME) signaling pathway(Jiang, Qi et al. 2020).
Caspase 1 activation is mediated by inflammasomes and activated caspase 1 will cleave
caspase 3. Activated caspase 3 cleave GSDME into GSDME-N domain and GSDME-
C domain, and GSDME-N domain plays a crucial role in activating pyroptosis by
forming pores in the plasma membrane(Rogers, Erkes et al. 2019). The non-canonical
pathway is mediated by caspase4/5/11- Gasdermin D(GSDMD) signaling pathway(N,
IB et al. 2015). Caspase4/5/11 are activated by cytoplasmic lipopolysaccharide (LPS)
and then Gasdermin D can be cleaved by these activated proteins, forming GSDMD-N
domain which is necessary for cell membrane perforation and cell rupture (J, Y et al.
2015).

Gasdermin proteins have been suggested to function as tumour suppressors. A549
cells express GSDME protein at a relatively high level, which make it possible to
investigate whether Tat-SP4 induced cell death through pyroptosis in A549 cells. I

checked the level of GSDME-FL and GSDME-N, as well as its upstream protein
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caspase 3 with Western Blot assay. It was reported some TKIs could induce pyroptosis
at high dosage(Lu, Zhang et al. 2018). In A549 cells, 60 pM Olmutinib led to the
cleavage of GADME and caspase 3 in a time-dependent manner (Figure 4.10A).
Interestingly, higher level of GSDEM-N and lower level of GSDEM-FL was detected
in the cell lysate of dead cell floating in supernatant (Figure 4.10A). Z-VAD-FMK is a
pan-caspase inhibitor and it prevented caspase3 from cleavage when A549 cells were
stimulated with Olmutinib, and the level of GSDME-N was significantly decreased,
which suggested that Z-VAD-FMK directly inhibit the cleavage of caspase 3 and further
prevented GADME from cleavage by cleaved-caspase 3(Figure 4.10B), confirming that
60 puM Olmutinib induced A549 cell death through canonical pyroptosis pathway.
Etoposide is a chemotherapeutic drug, which was used as another positive agent to
induce pyroptosis. The change of the level of GSDME-N and cleaved- caspase3 under
40 uM etoposide treatment was too slight to discuss its effect on pyroptosis, which may
be because the concentration of etoposide used was not high enough to induce
pyroptosis (Figure 4.10B). In contrast, 90 pM Tat-SP4 didn’t lead to an increase in
GSDME-N and cleaved-caspase3 level (Figure 4.10B), indicating that Tat-SP4 induced

cell death though non-pyroptosis pathway.

92



N N N )
S eSS S
S & SS S
‘§ ‘§ \& \& \&‘Q
> ¥ & O O Q §
FTHITTE &
¢ QQQ S S
GSDME-FL " s s s -5
GSDME-N — © N 34
Pro.Caspase3 M -35
-
Cleaved-Caspase3 -19
e -17

ﬁ-ACtin —— I I — —_[3

&
B & &
ol & &4
Q (\)' I
» ¥ & bz‘(\)
F VN & & &
N Q O S & &
FFgFgds &s
¢S S N » §Q » S

GO DM E-F L o S —— 55

GSDME-N S— -34
Pro-Caspase3 N.‘.'-' - -30
Cleaved-Caspase3 —— -13

BrACHN —————— 3

Figure 4.10 Tat-SP4 doesn’t induce pyroptosis in A549 cell line. (A) A549 cells
were treated with Tat-SP4 and Olmutinib at 90 uM and 60 pM respectively for 1 or 2
hours. Western blotting of GSDME-FL, GSDME-N, Pro-caspase3 and cleaved-
caspase3. Action was detected as a loading control. (B) Z-VAD-FMK was used to
inhibit pyroptosis. A549 cells were treated with 60 pM Olmutinib, 40 uM Etoposide
and 90 uM Tat-SP4 for 2 hours in presence or absence of 40 uM Z-VAD-FMK.p-Action

was detected as a loading control.
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Ferroptosis is an iron-dependent, non-apoptotic form of cell death. It is
characterized by excessive intracellular accumulation of lipid hydroperoxides and
reactive oxygen species (ROS), as well as shrunken mitochondria with decreased crista
and outer mitochondrial membrane rupture. Erastin is an identified small-molecule
blocker of System X, - channel, an upstream molecule of ferroptosis. Erastin induces
ferroptosis through inhibiting cystine transport mediated by System X. - channel and
increasing lipis ROS. Ferrostatin-1(Fer-1) can efficiently prevent erastin-induced lipid
ROS accumulation and ferroptosis (Dixon, Lemberg et al. 2012). A549 cells and SHP-
77 cells were pretreated with 1 uM Fer-1 for 2 hours followed by Tat-SP4 treatment or
Erastin for 24 hours. The cell viability was measured by Trypan Blue exclusion method.
As shown in Figure 4.11A and B, Fer-1 prevented both A549 cells and SHP-77 cells
from killing by 5 uM Erastin. However, Fer-1 had little protective effect against the cell

death induced by Tat-SP4 Figure 4.11A and B.
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Figure 4.11 Tat-SP4 doesn’t induce ferroptosis in A549 and SHP-77 cell lines.
(A) A549 cells were pretreated with ferroptosis inhibitor, 1 uM Ferrostatin-1(Fer-1),
followed by 40 uM Tat-SP4 or 5 uM Erastin treatment for 24 hours. Fer-1 didn’t rescue
A549 cell death induced by Tat-SP4. (B) SHP-77 cells were pretreated with ferroptosis
inhibitor, 1 uM Fer-1, followed by 10 uM Tat-SP4 or 5 uM Erastin treatment for 24
hours. Fer-1 didn’t rescue SHP-77 cell death caused by Tat-SP4. Data represents mean
+ SEM of three replicates. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; unpaired
t-test.

Necroptosis is a programmed cell death pathway with the features of apoptosis
and necrosis. Necroptosis is regulated by the necrosome complex composed of
receptor-interacting protein 1 (RIP1) and RIP3 as well as pseudokinase mixed lineage
kinase domain-like (MLKL)(Christofferson, Li et al. 2014).The most studies and
characterized necroptosis pathway is mediated via TNFR. TNFR recruits RIPK1 and
RIPK3 to form necrosome complex, which promotes the interaction of RIP1 and RIP3
to form necrosome, the key regulator of necroptosis signaling(Xie, Peng et al. 2013).
Necrostatin 1 (Nec-1) acts as a specific necroptosis inhibitor through blocking RIPK1.
I assessed the cell viability of A549 cells and SHP-77 cells treated with Tat-SP4 in the
presence or absence of different concentration of Nec-1. As shown in Figure 4.12A and

B, 40 uM and 10 uM Tat-SP4 significantly induced cell death in A549 cells and SHP-
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77 cells respectively. Nec-1 had little protective effect against the Tat-SP4-caused cell
death (Figure 4.12A&B). Taken together, lung cancer cell death caused by Tat-SP4

doesn’t involve necroptosis.
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Figure 4.12 Tat-SP4 doesn’t induce necroptosis in A549 and SHP-77 cell lines.
(A-B) In the presence or absence of Nec-1, A549 (A) and SHP-77 (B) cells were treated
with Tat-SP4 at 40 uM or 10 uM for 24 hours, respectively. Nec-1 didn’t rescue A549
or SHP-77 cell death caused by Tat-SP4. Data represents mean = SEM of three
replicates. *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001; unpaired t-test.

4.3.2 Tat-SP4 exerts anti-proliferative effect that can only be rescued

by inhibitors of autosis

Autosis is a type of autophagic cell death and is caused by overactivation of
autophagy(Liu and Levine 2015). Autosis can be triggered by prolonged starvation,
hypoxia-ischemia, and viral infection with unique morphological changes, such as
excessive vacuolization, expansion of perinuclear space, nucleus concavity and
eventual rupture of plasma membrane (Liu, Shoji-Kawata et al. 2013, Kheloufi,
Boulanger et al. 2015, Zhang, Luk et al. 2019, Yin, Wang et al. 2022, Zheng, Fang et

al. 2022). Autosis was first introduced by Beth’s lab in 2013. They used an autophagy-
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inducing peptide named Tat-Beclinl to induce autosis in vivo and in vitro(Liu, Shoji-
Kawata et al. 2013). Autosis is dependent on Na",K*-ATPase pump, an ion channel in
plasma membrane that essential for generating Na" and K* gradients across the plasma
membrane and functions as a multifunctional signal transducer(Liu, Shoji-Kawata et al.
2013).Conversely, autosis can be inhibited by pharmacological inhibitors of Na* K"-
ATPase, such as cardiac glycosides digoxin(Liu, Shoji-Kawata et al. 2013). Therefore,
I examined whether digoxin could rescue the necrotic cell death induced by Tat-SP4 in
lung cancer cells. A549 and SHP-77 cells in 96-well plate were pretreated with 10 uM
or 20 uM digoxin for two hours, followed by the treatment of Tat-SP4 at indicated
concentrations for twelve hours. The results showed that digoxin significantly rescued
cell death induced by Tat-SP4 in A549 (Figure 4.13 A) and SHP-77 cells (Figure 4.13

B). Thus Tat-SP4 may induce autosis in lung cancer cells.
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Figure 4.13 Tat-SP4-induced cell death can be rescued by digoxin. A549 (A)
and SHP-77 (B) cells were pretreated with digoxin at indicated concentrations for 2
hours, followed by the treatment of Tat-SP4 at indicated concentrations for 12 hours.
Cell viability was measured by Trypan Blue exclusion assay. Data represents mean +
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SEM of three replicates. *P<0.05, **P<0.01, ***P< (0.001, ****P<0.0001; unpaired t-
test.

4.3.3 Cells treated with Tat-SP4 shows morphological features of

autosis

Cells undergoing autosis showed unique morphological features. Autotic cells in
vitro will go through the process of excessive vacuolization, expansion of perinuclear
space due to the rapid shrinkage of the nucleus, and eventual rupture of plasma
membrane, and cells undergoing autosis remain attached to the culture dish until death
(Liu, Shoji-Kawata et al. 2013). To investigate whether necrotic cell death caused by
Tat-SP4 showed any morphological features of autotic cells, I performed live cell
imaging of A549 cells with the treatment of Tat-SP4(Figure 4.14). During the initial 15
minutes, an increase in vacuolar dynamics and perinuclear accumulation of numerous
vacuoles were observed in A549 cells treated with Tat-SP4. Subsequently, the shrinkage
of nucleus and a local separation of the inner and outer nuclear membranes were
observed, followed by the localized rupture of plasma membrane and extracellular
extrusion of cytoplasmic contents. Different from apoptotic or necrotic cells which are
ultimately float, cells treated with Tat-SP4 remain attached to the culture dish until

death (Figure 4.14).
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Figure 4.14 Morphological changes of A549 cells treated with Tat-SP4. Live-
cell imaging of A549 cells treated with Tat-SP4 at 60 uM (times shown as hh:mm, scale
bar: 25 pm). The black arrows show the local separation of the inner and outer nuclear
membranes. The red arrows show the localized rupture of cell membrane and released
intracellular components.

The flow cytometry data suggests that Tat-SP4 induce necrotic cell death in lung
cancer cells. However, the molecular mechanism involved in necrotic cell death i1s still
controversial. Cell death induced by Tat-SP4 can be rescued only by digoxin, a
cardioglycoside that blocks Na"/K* ATPase, and some notable autotic morphology
changes were observed in A549 cells upon Tat-SP4 induction, suggesting Tat-SP4 may
induce cell death through autosis pathway. Although some studies have demonstrated
that autosis can be triggered via excessive autophagy and other extreme stress such as
hypoxia, mitochondrial damage, and pathogen infection, the molecular mechanism of
autosis is not well defined. Thus, I want to explore other possibilities that contribute to
the induction of autosis. Since TAT is a cationic CPP that combine with negatively

charged phospholipid membranes through electrostatic interaction(Xie, Bi et al. 2020),
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it is reasonable to assume that Tat-SP4 may associate with membrane-bound organelles
due to non-specific binding to phospholipids. Mitochondria are classical organelles
with a phospholipid bilayer membrane structure and mitochondrial dysfunction is a key
player in cell death, which attract me to investigate the effect of Tat-SP4 on

mitochondria.

4.4 Tat-SP4 causes mitochondria dysfunction and impairs

oxidative phosphorylation activity

4.4.1 Tat-SP4 depolarizes mitochondrial membrane potential in a

dosage- and time-dependent manner in lung cancer cells

Mitochondria dysfunction wusually results from mitochondrial membrane
depolarization, increase cellular ROS, inhibition of oxidative phosphorylation
(OXPHOS) respiratory chain, decreased mitochondrial enzyme activity, and mtDNA
damage. Firstly, the impact of Tat-SP4 on mitochondrial function was assessed through
measuring MMP. The dissipation of MMP was monitored via staining with TMRM
fluorescent probe whose intracellular distribution is directly related to the membrane
potential. A549 cells were transfected with GFP-TOM?20 for 24 hours and then stained
with 100 nM TMRM for 30 minutes, followed by 40 uM Tat-SP4 treatment. The images
of the treated cells were captured immediately after treatment of Tat-SP4 by confocal
microscope. The red fluorescence of TMRM were observed in A549 cells, reflecting
the impact of Tat-SP4 on the MMP. As shown in Figure 4.15A, the fluorescence of
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TMRM in A549 cells was decreased significantly along the time lapse, which indicated

that Tat-SP4 depolarized MMP in a time-dependent manner.

Flow cytometry assay was also performed to assess the effect of Tat-SP4 on MMP.
Cells were treated with different concentrations of Tat-SP4 for an hour. At the last 30
minutes of incubation, TMRM with final concentration of 100nM was added into cell
culture medium. After incubation, the cells were collected according to the protocol
described in methodology part and then analyzed by flow cytometer. As shown in
Figure 4.15B, CCCP was used as a positive compound to induce MMP depolarization
and with Tat-SP4 induction, TMRM fluorescence intensity decreased in A549, H1975
and SHP-77 cells, suggesting Tat-SP4 depolarized MMP in a dosage-dependent manner

in lung cancer cells.
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Figure 4.15 Tat-SP4 induces loss of mitochondrial membrane potential in
lung cancer cells. (A) A549 cells transiently expressing GFP-TOM20 were stained
with TMRM for 30 minutes followed by 30 uM Tat-SP4 treatment. Images were
captured by confocal microscope. (Scale bar: 10 pum) (B) Representative flow
cytometry plot of A549, H1975 and SHP-77 cells treated with indicated concentrations

of Tat-SP4 for an hour.
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4.4.2 Tat-SP4 impairs mitochondrial oxidative phosphorylation

The homeostasis of MMP plays an important role in maintaining cellular oxidative
phosphorylation, so decreased MMP induced by Tat-SP4 may disturb OXPHOS
process. To study the effect of Tat-SP4 on mitochondrial function, oxygen consumption
rate (OCR), an important indicator for mitochondrial respiration, and extracellular
acidification rate (ECAR), largely the result of glycolysis, were measured in response
to Tat-SP4 by Seahorse XF24 analyzer in A549, H1975 and SHP-77 cells. The OCR
and ECAR was monitored under Tat-SP4 or vehicle, oligomycin (ATP synthase
inhibitor), FCCP (uncoupling agent) and rotenone together with antimycin (irreversible
inhibitor of complex | and complex 111 respectively) treatment in order. In A549 cells,
both basal OCR and basal ECAR were decreased in a dosage dependent manner when
cells were treated with Tat-SP4(Figure 4.16A, B&C). Under energetically stressed
conditions caused by FCCP, both maximum mitochondrial respiration and ECAR were
also decreased in a dosage dependent manner when cells were treated with Tat-SP4
(Figure 4.16A, B&C). Similar results were obtained in H1975 cells (Figure 4.16D, E&F)
and SHP-77 cells (Figure 4.16G, H&I). Taken these data together, it was concluded that

Tat-SP4 inhibited mitochondrial OXHQOS process as well as impaired on the glycolysis.
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Figure 4.16 Tat-SP4 inhibits the mitochondrial OXPHOS. (A, D and G) OCR
was measured using Mito Stress Test with Agilent Seahorse Analyzer. A549(A),
H1975(D) and SHP-77(G) cells were treated with either Tat-SP4 or vehicle (control),
1 uM oligomycin, 1 pM FCCP, and 0.5 uM rotenone and antimycin A sequentially.
Each data point represented a real-time OCR measurement. (B, E and H) OCR is
presented before (baseline) oligomycin addition in A549(B), H1975(E) and SHP-77(H)
cells. (C, F and I) ECAR is represented after (stressed) FCCP addition in A549(C),
H1975(F) and SHP-77(1) cells. Data represents mean = SEM of three replicates.
*P<0.05, **P<0.01, ***P< 0.001, ****P<0.0001; unpaired t-test.
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4.4.3 Tat-SP4 leads to an increase in cellular ROS level in lung cancer

cells

Mitochondria are not only the main site of cellular ROS production, but also the
main target organ of ROS attack. The increase of ROS production beyond the cellular
scavenging ability will lead to the imbalance of oxidation and anti-oxidation, resulting
in oxidative stress. The electron transport chain (ETC) is the main source of cellular
ROS production, therefore suppression of OXPHOS generally lead to an increase in
cellular ROS level. The ROS level was assessed by CellROX™ green probe with flow
cytometer. SHP-77, A549 and H1975 cells were treated with Tat-SP4 at indicated
concentrations for an hour, followed by staining process according to the kit protocol.
As shown in Figure 4.17, the fluorescence of CellROX™ green was increased when
cells were treated with Tat-SP4 at indicated concentrations, indicating that Tat-SP4

increased cellular ROS in a dosage- dependent manner in lung cancer cells.
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Figure 4.17 Tat-SP4 induces an increase in cellular ROS level. Representative
flow cytometry plot of SHP-77 cells, A549 cells and H1975 cells treated with indicated
concentrations of Tat-SP4 for an hour, followed by CellROX™ green probe staining.
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4.4.4 Tat-SP4 induces mitochondrial permeability transition pore

(mPTP) opening

mPTP is a non-specific channel composed of the OMM and IMM, which is
involved in the release of mitochondrial substances to induce apoptosis or even necrotic
cell death. mPTP opening usually results from mitochondrial Ca®>" overloading and
oxidative stress and will lead to mitochondria depolarization, mitochondria swelling
and outer membrane rupture, and the release of intermembrane pro-apoptotic

proteins(Kroemer, Galluzzi et al. 2007, Lim, Davidson et al. 2007).

I used the membrane permeability fluorescent probe Calcein AM to detect the
opening of mPTP and Mito Tracker Deep Red to label mitochondria in A549 cells. A549
cells were pretreated with indicated concentrations of Tat-SP4 for an hour, then were
stained with Calcein AM followed by calcein quencher CoClx. Calcein AM is a non-
fluorescent esterase substrate and will be cleaved by esterases to release the fluorescent
calcein when it enters cells. Calcein distributes all over the cell. Calcein quencher CoCl:
can pass through plasma member but is stopped by mitochondrial membrane. Therefore,
in normal condition, addition of CoCl> quench the fluorescence of cytosolic calcein,
and fluorescence of mitochondrial calcein is reserved (Figure 4.18A.). [onomycin was
used as a positive agent to induce mPTP opening. When mPTP is opened by ionomycin,
calcein in mitochondria was quenched by CoCl, leading to decreased green

fluorescence (Figure 4.18A). Similar results were obtained when cells were treated with
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Tat-SP4 (Figure 4.18A). The green fluorescence of calcein in mitochondria was reduced
after cells were treated with Tat-SP4 for 2 hours, suggesting that Tat-SP4 could trigger
mPTP opening. The state of mPTP was also analyzed by flow cytometry assay.
Similarly, the fluorescence intensity of Calcein was decreased with ionomycin
treatment and Tat-SP4 treatment respectively, indicating that Tat-SP4 could trigger

mPTP opening (Figure 4.18B).
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Figure 4.18 Tat-SP4 induces mitochondrial permeability transition pore
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SC4 and ionomycin treatment in A549 cells. (Scale bar: 10 um) (B) Flow cytometry
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Here the results showed that Tat-SP4 interferes with mitochondrial function in
terms of membrane potential, ROS and OXPHOS and mPTP, and such mitochondrial
dysfunction may lead to cell death. mPTP opening is rough and usually lead to
irreversible necrotic cell death due to the destructive damage to mitochondria, such as
mitochondrial osmotic swelling, an increase in permeability of mitochondrial
membrane, the release of mitochondrial contents. Although the molecular mechanisms
of mPTP are not well characterized, it is widely accepted that mPTP opening is
stimulated by mitochondrial Ca** overloading, which is also proved in Figure 4.18.
Since Tat-SP4 also induced mitochondrial Ca®" overloading, we decided to investigate

the impact of Tat-SP4 on Ca** dynamic in lung cancer model.

4.5 Tat-SP4 disrupts intracellular calcium homeostasis

4.5.1 Tat-SP4 triggers a release of Ca?* from ER, and causes an

increase in Ca?* level in mitochondria and cytoplasm

Calcium is a survival and death signal and almost all cellular physiological
activities are regulated by Ca®'. The basis for Ca®" as a cellular messenger is the
concentration gradient between cytoplasmic Ca" and the intracellular calcium pool or
extracellular Ca®*. In normal cells, the intra-membrane Ca’?" concentration is about
10,000 times lower than the extra-membrane Ca’" concentration. Mitochondria, ER and
synaptic vesicles can take up and store Ca?". When cells are subjected to certain stimuli,
Ca”" from both extracellular and organelles may passively enter the cytoplasm, causing
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the free Ca®* concentration to rise to 1~10 umol/L, thus causing certain physiological

responses.

To determine the dynamic of intraorganellar Ca®* level, there are two kinds of
commercially available tools including chemical fluorescent probes and bioluminescent
calcium indicators. Chemical fluorescent probes include Indo1, Fura2, Fluo3 and Rhod
2. Chemical fluorescent probes are the most widely used Ca?" tracer, and for the same
change in calcium ion concentration, they have the strongest change in signal intensity,
but small molecular Ca*" indicators can’t be precisely targeted to the organelles. The
main body of bioluminescent calcium indicators are Ca?*-sensitive photoproteins, such
as aequorin, obelin, clytin and mitrocomin. To make it is organelle-specific, the
retention signal sequence of an organelle will be inserted into the contract of the
indicators. In my project, I applied mito-GCaMP5G, G-CEPIA ler and cyto-RCaMP to
real-time monitor the dynamic of Ca*' level in mitochondria, ER and cytoplasm

respectively.

A549 and SHP-77 cells were chosen for their high transfection ability and
represent NSCLC and SCLC cells, respectively. Cells were transfected separately with
mito-GCaMP5G, G-CEPIAler and cyto-RCaMP with lipofectamine 3000 for 24 or 36
hours. Mito-GCaMP5G, G-CEPIAler and cyto-RCaMP was highly enriched in

mitochondria, ER or cytoplasm respectively in A549 and SHP-77 cells after post-
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transfection. Then the culture medium was changed to Ca?*-free HBSS or 1.2mM Ca**-
containing HBSS buffer. Next, cells were subjected to Olympus inverted
epifluorescence microscope and fluorescence images were captured every 3s. At the

60" second, cells were challenged with Tat-SP4 at indicted concentrations.

As shown in Figure 4.19A, when A549 cells were challenged by Tat-SP4 at 40 uM,
the fluorescence intensity of G-CEPIAler was decreased in the presence or absence of
extracellular Ca**, suggesting that Tat-SP4 could trigger a release of Ca?" from the ER
in A549 cells. As shown in Figure 4.19B and C, increased fluorescence intensity of
mito-GCaMP5G and cyto-RCaMP were observed in the presence or absence of
extracellular Ca®*, when A549 cells were stimulated by Tat-SP4 at 40 uM, indicating

that Tat-SP4 triggered an increase of both mitochondrial and cytosolic Ca** level.
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Figure 4.19 Tat-SP4 disrupts intracellular calcium homeostasis. (A) A549 cells
seeded in 24-well plate were transfected with mito-GCaAMPS5G for 24 hours. 40uM
Tat-SP4 was added to evoke an increase of mitochondrial Ca®* in A549 cells in HBSS
buffer with or without CaCl,. (B) A549 cells seeded in 24-well plate were transfected
with G-CEPIA ler for 24 hours. 20 uM Tat-SP4 was added to evoke Ca®’ release from
ER in A549 cells in HBSS buffer with or without CaCl,. (C)A549 cells seeded in 24-
well plate were transfected with cyto-RCaMP1h for 24 hours. 40 uM Tat-SP4 was
added to evoke an increase of cytosolic Ca®" in A549 cells in HBSS buffer with or
without CaCl,. FO refers to the fluorescence intensity at the start of measurement and
AF = Ft-F0, where Ft refers to the fluorescence intensity at time t. The data represent
n=25 for each individual measurement. The error bars show mean = SEM of three
individual measurement.
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Similar results were obtained in SHP-77 cells. When SHP-77 cells were
challenged by Tat-SP4 at 10 uM, Ca?* level in ER was reduced, and mitochondrial Ca**
level as well as cytosolic Ca** level was elevated respectively, in the presence or
absence of extracellular Ca** (Figure 4.20). In both A549 and SHP-77 cells, such
changes in Ca®* level in different Ca®" store was more remarkable in the presence of
1.8 mM extracellular Ca®" than that in absence of extracellular Ca®*. However, the
control peptide, Tat-SC4 didn’t induce notable changes in the Ca’' level in ER,
mitochondria, or cytoplasm. In summary, Tat-SP4 disrupts intracellular calcium
homeostasis and extracellular Ca?* reduces the interference of Tat-SP4 with

intracellular calcium homeostasis in both NSCLC and SCLC cells.
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Figure 4.20 Tat-SP4 disrupts intracellular calcium homeostasis in SHP-77
cells. (A) SHP-77 cells were transfected with mito-GCaAMPS5G for 36 hours. 10uM
Tat-SP4 led to an increase of mitochondrial Ca®* in SHP-77 cells in HBSS buffer with
or without CaCl,. (B) SHP-77 cells were transfected with G-CEPIAler for 36 hours.
10 uM Tat-SP4 led to Ca** release from ER in SHP-77 cells in HBSS buffer with or
without CaCl,. (C) SHP-77 cells were transfected with cyto-RCaMP1h for 36 hours.
10 pM Tat-SP4 led to an increase of cytosolic Ca** in SHP-77 cells in HBSS buffer
with or without CaCl,. The data represent n=30 for each individual measurement. FO
refers to the fluorescence intensity at the start of measurement and AF = Ft-F0, where
Ft refers to the fluorescence intensity at time t.
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However, the control peptide, Tat-SC4 didn’t induce notable changes in the Ca?*
level in ER, mitochondria, or cytoplasm (Figure 4.21). In summary, Tat-SP4 disrupts
intracellular calcium homeostasis and extracellular Ca** reduces the interference of Tat-

SP4 with intracellular calcium homeostasis in both NSCLC and SCLC cells.
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Figure 4.21 Tat-SC4 showed little effect on calcium homeostasis in SHP-77
cells. (A-C) Ca®" level in mitochondria (A), ER (B) and cytoplasm (C) was real-time
monitored when SHP-77 cells were challenged by Tat-SC4 at 10 uM, in the presence
or absence of CaCl,. The data represent n=30 for each individual measurement. FO
refers to the fluorescence intensity at the start of measurement and AF = Ft-F0, where
Ft refers to the fluorescence intensity at time t.
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4.5.2 Digoxin moderates intracellular Ca** fluctuations induced by

Tat-SP4

Digoxin is a cardiac glycoside and is Na",K"-ATPase antagonists used in clinical
medicine. Na‘,K"-ATPase is responsible for the transport of potassium ions into cells
and sodium ions out of cells using energy from ATP hydrolysis. Inhibiting Na* K"-
ATPase leads to an increase in intracellular Na* and Ca**. Digoxin was used to inhibit
the activity of Na",K'-ATPase to investigate the effect of digoxin on lung cancer cell
death caused by Tat-SP4 treatment. In absence of extracellular Ca*", 40 uM Tat-SP4
stimulation reduced the Ca®" level in ER (Figure 4.21A). Meanwhile, both
mitochondrial Ca** levels (Figure 4.21B) and cytosolic Ca** levels (Figure 4.21C) were
significantly increased by stimulation with 40 pM Tat-SP4, and then both declined to
almost their basal level. Mitochondrial Ca*" levels (Figure 4.21B) and cytosolic Ca*"
levels (Figure 4.21C) were further increased to a higher level due to the subsequent
addition of 2 mM CaCl,. When A549 cells were pretreated with digoxin for 3.5 hours,
The Ca*" level of ER (Figure 4.21A), mitochondria (Figure 4.21B), cytosol (Figure
4.21C) were not changed when cells were challenged by 40 uM Tat-SP4. Mitochondrial
Ca?" levels (Figure 4.21B) and cytosolic Ca®" levels (Figure 4.21C) were increased
significantly due to the subsequent addition of 2 mM CaCl,, which is lower than that
without pretreatment of digoxin. These data suggested that, in A549 cells, Tat-SP4
could trigger Ca®" release form ER, which leads to an increase of mitochondrial Ca®*

levels and cytosolic Ca?" levels. Digoxin could inhibit Tat-SP4-induced intracellular
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Ca?" dynamic. And high concentration of extracellular Ca®" induces significant Ca*"

uptake into cytosol and mitochondria.
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Figure 4.21 The effect of digoxin against the disruption of intracellular Ca**
homeostasis caused by Tat-SP4 in A549 cells in Ca?*-free HBSS buffer. (A-C) Ca**
dynamics in the ER (A), mitochondria(B), and cytosol (C)in response to the sequential
stimulation with 40 uM Tat-SP4 and 2 mM CaCl, with or without pretreatment with 20
uM digoxin for 3.5 hours. 20 pM digoxin keep present throughout the reaction. n=15
cells. Each curve presents the real-time Ca*" dynamic under indicated stimulations of
single cell. FO refers to the fluorescence intensity at the start of measurement and AF =
Ft—FO0, where Ft refers to the fluorescence intensity at time t.

117



Similar results were obtained in SHP-77 cells. In absence of extracellular Ca®*,
when SHP-77 cells were challenged by Tat-SP4 at 10 uM, the Ca** level in ER was
slightly reduced (Figure 4.22A). Meanwhile, Tat-SP4 also led to increase in
mitochondrial Ca*" levels (Figure 4.22B) and cytosolic Ca** levels (Figure 4.22C), and
then decline back to baseline level. Subsequent addition of 2 mM CaCl, caused a further
sharp and notable increase in both mitochondrial Ca** level (Figure 4.22B) and
cytosolic Ca** levels (Figure 4.22C) but decreased the Ca*" level in ER (Figure 4.22A).
Pretreatment with digoxin for 3.5 hours totally prevent the reduction of Ca*" level in
ER (Figure 4.22A) as well as increase in mitochondrial Ca*" level (Figure 4.22B) and
cytosolic Ca*" level (Figure 4.22C) when SHP-77 cells were challenged by Tat-SP4 or

Ca®" at 2 mM.
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Figure 4.22 The effect of digoxin against the disruption of intracellular Ca**
homeostasis caused by Tat-SP4 in SHP-77 cells in Ca?**-free HBSS buffer. (A-C)
Ca®" dynamics in the ER (A), mitochondria(B), and cytosol (C)in response to the
sequential stimulation with 10 pM Tat-SP4 and 2 mM CaCl, with or without
pretreatment with 20 pM digoxin for 3.5 hours. 20 uM digoxin keep present throughout
the reaction. n=15 cells. Each curve presents the real-time Ca®" dynamic under
indicated stimulations of single cell. FO refers to the fluorescence intensity at the start
of measurement and AF = Ft—F0, where Ft refers to the fluorescence intensity at time t.
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In presence of 1.2 mM extracellular CaCla, 40 pM Tat-SP4 stimulation reduced
the Ca®" level in ER in A549 cells (Figure 4.23A). Meanwhile, when A549 cells were
stimulated by 40 uM Tat-SP4, mitochondrial Ca** level and cytosolic Ca** level was
increased and are maintained at high level (Figure 4.23B&C). Subsequent addition of
2 mM CaCl, didn’t trigger further increase in mitochondrial Ca?" level and cytosolic
Ca*" level (Figure 4.23B&C) but further decreased Ca®" level in ER (Figure 4.23A).
When A549 cells were pretreated with digoxin for 3.5 hours, the Ca** level in ER was
not changed significantly by Tat-SP4 stimulation (Figure 4.23A). Unlike in the absence
of extracellular Ca*", pretreatment with digoxin for 3.5 hours couldn’t totally suppress
the Ca** level increase in mitochondria and cytosol when A549 cells were challenged

by Tat-SP4 (Figure 4.23B&C).
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Figure 4.23 The effect of digoxin against the disruption of intracellular Ca?*
homeostasis caused by Tat-SP4 in A549 in HBSS buffer containing 1.2 mM Ca?*.
(A-C) Ca*" dynamics in the ER (A), mitochondria(B), and cytosol (C)in response to
the sequential stimulation with 40 pM Tat-SP4 and 2 mM CaCl, with or without
pretreatment with 20 pM digoxin for 3.5 hours. 20 uM digoxin keep present throughout
the reaction. n=15 cells. Each curve presents the real-time Ca’*" dynamic under
indicated stimulations of single cell. FO refers to the fluorescence intensity at the start
of measurement and AF = Ft-F0, where Ft refers to the fluorescence intensity at time t.
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Similar results were obtained in SHP-77 cells. In presence of 1.2 mM extracellular
CaCl,, when SHP-77 cells were challenged by Tat-SP4 at 10 uM, the Ca®* level in ER
decreased significantly (Figure 4.24A). The results also showed that Tat-SP4 led to
increase in mitochondrial Ca?* levels (Figure 4.24B) and cytosolic (Figure 4.24C) Ca?*
levels until saturation of Ca?* level, so subsequent addition of 2 mM CaCl, didn’t trigger
a further increase in either mitochondrial Ca*" levels (Figure 4.24B) or cytosolic (Figure
4.24C) Ca" levels. When SHP-77 cells were pretreated with digoxin for 3.5 hours, Ca**
level in ER was not changed upon sequential treatment of Tat-SP4 and CaCl(Figure
4.23B). When SHP-77 cells were pretreated with digoxin for 3.5 hours, Tat-SP4 didn’t
induce any obvious dynamic on Ca?* levels in ER (Figure 4.24A), mitochondria (Figure

4.24B), or cytosol (Figure 4.24C).
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Figure 4.24 The effect of digoxin against the disruption of intracellular Ca?*
homeostasis caused by Tat-SP4 in SHP-77 cells in HBSS buffer containing 1.2 mM
Ca’*. (A-C) Ca*' dynamics in the ER (A), mitochondria(B), and cytosol (C)in
response to the sequential stimulation with 10 uM Tat-SP4 and 2 mM CaCl, with or
without pretreatment with 20 uM digoxin for 3.5 hours. 20 uM digoxin keep present
throughout the reaction. n=30 cells. Each curve presents the real-time Ca®" dynamic
under indicated stimulations of single cell. FO refers to the fluorescence intensity at the
start of measurement and AF = Ft—F0, where Ft refers to the fluorescence intensity at

time t.
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In summary, Tat-SP4 could triggered a release of Ca*>" from ER. IP3R is one of the
key proteins that regulate Ca®" released from ER, and it is to be investigate whether
IP3R is a potential target of Tat-SP4. Ca** released from ER leads to an increase in both
mitochondrial and cytosolic Ca>" level. After Tat-SP4 treatment, extracellular Ca**
induces significant Ca** uptake into mitochondria and cytosol, which may be a
cytoprotective mechanism against depolarization of plasma membrane potential caused
by the entry of Tat-SP4. Tat-SP4 contains a cationic CPP, and it may affect plasma
membrane potential. To restore the plasma membrane potential to a normal range, cells
will uptake Ca®" from extracellular through some voltage dependent ion channels.
Furthermore, digoxin can suppress the disruption of intracellular Ca?" storage induced
by Tat-SP4. Digoxin is a Na",K"-ATPase antagonists and may help to stabilize plasma
membrane potential through inhibiting transporting Na® and K" when cells are
challenged by Tat-SP4. At current stage of my project, the exact molecular targets
involved in Tat-SP4 induced intracellular Ca** disruption is not clear and will be

investigated in future studies.

4.6 Tat-SP4 induced cell death is sensitive to extracellular Ca2*

concentration

Our results suggested that Tat-SP4 could disrupt intracellular Ca®" homeostasis in

lung cancer cells, and digoxin and extracellular Ca?" could reverse Ca*" influx. It is well
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known that Ca®" signaling is involved in various cell death pathway, such as apoptosis,
necrosis and autophagic cell death((Zhivotovsky and Orrenius 2011)). We would

investigate whether extracellular Ca>" plays a role in cell death caused by Tat-SP4.

4.6.1 Extracellular Ca?* concentration affects cytotoxicity of Tat-SP4

on lung cancer cells

I accidentally found that NSCLC cell lines become more sensitive to Tat-SP4 in
RMPI-1640 than in DMEM medium. In literatures, both A549 cells and H1975 cells
are cultured in DMEM or RPMI-1640 medium. These two kinds of cell culture medium
work for most types of mammalian cells and are the most used mediums. At first, A549
cells and H1975 cells were cultured in DMEM medium supplanted with 10% FBS.
IC50 of Tat-SP4 tested with DMEM medium is 50.5 pM, 44.37 uM and 47.54 uM for
A549, H1975 and H1993 cells respectively (Figure 4.25A, B and C). Another batch of
A549, H1975 and H1993 cells were cultured in RPMI-1640 medium supplanted with
10% FBS. IC50 of Tat-SP4 tested with RPMI-1640 medium is 23.53 uM, 20.36 uM
and 29.35 uM for A549, H1975 and H1993 cells respectively (Figure 4.25A, B and C),
which is about twice lower than the IC50 test in DMEM medium. NSCLC cell lines
become more sensitive to Tat-SP4 in RMPI-1640 than in DMEM medium (Figure

4.25D).
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Figure 4.25 IC50 of Tat-SP4 is different in DMEM media and RPMI-1640
media. (A-C) lung cancer cells A549(A), H1975(B) and H1993(C) were cultured in
DMEM or RPMI-1640 media and treated with Tat-SP4 for 24 hours. Cell viability was
assessed by Trypan Blue exclusion assay. When cells were cultured in RPMI-1640
media, they became more sensitive to Tat-SP4 compared to those cultured in DMEM.
(D)Difference on IC50 of Tat-SP4 for a cell line cultured in DMEM media and RPMI-
1640 media. Data represents mean = SEM of three replicates. *P<0.05, **P<0.01,
*ExP<0.001, ****P<0.0001; unpaired t-test.

The Ca*" concentration in DMEM medium (1.8 mM CaCl,) is 5 times higher than
that in RPMI 1640 medium (0.4 mM Ca (NO3)»). If extracellular CaCl: is the key factor
affecting the sensitivity of lung cancer cells to Tat-SP4, the protective effect of CaCl,
on cell death induced by Tat-SP4 should be related to its working concentration. As
shown in Figure 4.26A, in RPMI 1640 medium, the cell viability of A549 cells that
were treated with Tat-SP4 at 30 uM was about 50% of the cell viability in the control

group. When A549 cells were treated with Tat-SP4 at 30 uM and indicated concertation
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of CaCl; together, the cell viability was increased compared with the cell viability in 30
uM Tat-SP4 only group (Figure 4.26A). CaCl; at 1.8 mM showed most protective effect
against cell death caused by Tat-SP4. However, higher concentrations of CaCl, exerted
some stress on cells. Therefore, within concentration of 1.8mM, CaCl, could rescue cell
death caused by Tat-SP4 in a dosage-dependent manner. Next, I measured the IC50
value of Tat-SP4 with or without 1.8mM CaCl: in different lung cancer cell lines in
RPMI-1640 medium. As shown in Figure 4.26B-E, in the presence of extracellular
CaCl,, IC50 of Tat-SP4 was higher than that measured in non-optimized RPMI1640
medium, indicating that CaCl, may have a cell-rescuing effect on Tat-SP4 induced cell

death.
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Figure 4.26 Extracellular CaCl: rescued lung cancer cell death caused by Tat-
SP4. (A) A549 cells were treated with 30 uM Tat-SP4 for 24 hours in the presence or
absence of different concentrations of CaCl,. Cell viability was assessed by Trypan
Blue exclusion assay. (B-E) IC50 value of Tat-SP4 with or without 1.8 mM CacCl; in
different lung cancer cell lines in RPMI-1640 medium. Cells were treated with
increasing concentrations of Tat-SP4 with or without 1.8 mM CacCl; for 24 hours. Cell
viability was measured by trypan blue exclusion assay. Data represents mean = SEM of
three replicates. *P<0.05, **P<(0.01, ***P<(.001, ****P<0.0001; unpaired t-test.
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4.6.2 Extracellular Ca?" attenuates Tat-SP4-induced depolarization of

MMP and impairment of OXPHOS.

Our results have proved that extracellular CaCl2 rescued lung cancer cell death
induced by Tat-SP4 and Tat-SP4-induced cell death was associated with depolarization
of MMP and impairment of mitochondrial OXPHQOS. First, the effect of CaClz on
impairment of mitochondrial respiration caused by Tat-SP4 was assessed by the Agilent
Seahorse XF Analyzer in A549 and SHP-77 cells, in the presence or absence of 1.8Mm
CaCla. In A549 cells, addition of 40 uM Tat-SP4 led to slightly decreased basal OCR
and significantly decreased maximum OCR (Figure 4.27 A&B). And both basal and
stressed ECAR level were significantly reduced by Tat-SP4 treatment (Figure 4.27 C).
In the presence of 1.8 mM CaClz, when A549 cells were challenged by Tat-SP4, the
basal OCR level under Tat-SP4 stimulation was comparable to that of in absence of 1.8
mM CaClz2 (Figure 4.27 A&B), however the maximum OCR was rescued (Figure 4.27
A&B). The Figure 27 C showed that ECAR was suppressed with or without calcium.
Similar results were obtained in SHP-77 cells. When SHP-77 cells were stimulated by
Tat-SP4 at 10 uM, basal OCR and maximum OCR as well as stressed ECAR were
significantly suppressed (Figure 4.27 D, E&F). CaCl2 rescued the reduction of
maximum OCR but not basal OCR or stressed ECAR (Figure 4.27 D, E&F). These data
suggested that CaCl2showed a protective effect against Tat-SP4- induced mitochondrial
respiratory damage but not against Tat-SP4-induced glycolysis damage.

Second, | assessed whether CaCl; has any protective effect on MMP against Tat-
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SP4 treatment. The MMP was measured using flow cytometer with Tat-SP4 treatment
in A549 cells, in the presence or absence of 1.8 mM CaClz. As shown in Figure 4.27G,
in the presence of 1.8 mM CaClz, MMP was reduced less by Tat-SP4 treatment,

suggesting that CaClz attenuated Tat-SP4- induced mitochondrial depolarization.
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Figure 4.27 Extracellular calcium attenuates Tat-SP4-induced mitochondrial
depolarization and OXPHOS inhibition. (A&D) OCR with Tat-SP4 treatment was
assessed in A549(A) and SHP-77(D) cells, in the presence or absence of 1.8 mM CaClz.
(B&D) OCR is presented before (baseline) oligomycin addition in A549(B) and SHP-
77(D) cells. (E&F) ECAR is represented after (stressed) FCCP addition in A549(E),
and SHP-77(F) cells. (G) Flow cytometry plot of MMP with Tat-SP4 treatment in A549
cells, in the presence or absence of 1.8 mM CaClz. Data represents mean & SEM of
three replicates. *P<0.05, **P<0.01, ***P< 0.001, ****P<0.0001; unpaired t-test.

In summary, cell death caused by Tat-SP4 could be rescued when extracellular
Ca®" concentration was raised. Meanwhile, extracellular Ca** showed protective effect

against Tat-SP4 induced depolarization of MMP and impairment of OXPHOS.

4.7 The cellular uptake mechanism of Tat-SP4

4.7.1 The delivery efficacy of Rhod-SP4 is energy- and time-dependent

Rhod-SP4 was developed to investigate the intracellular delivery of Tat-SP4.
Rhodamine fluorophore was applied to label Tat-SP4, which makes it is possible to
investigate intracellular delivery of Tat-SP4 by flow cytometry assay and confocal
imaging assay. The cellular uptake mechanism of CPP cargos can be classified into
direct translocation and endocytic pathways. Direct translocation is energy independent,

while endocytic pathways are energy dependent.

At first, I assessed the delivery efficacy of Rhod-SP4 at 4°C, room temperature
and 37°C by flow cytometer to check whether the delivery efficacy of Tat-SP4 is energy

independent or not (Figure 4.28 A-D). The signal of Rhod-SP4 in cells is strongest at
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37°C and the signal of Rhod-SP4 decreased as temperature decreased, indicating that
the delivery efficacy of Rhod-SP4 is energy dependent. Next, I examined the delivery
efficacy of Rhod-SP4 at indicated time points to investigate whether the delivery
efficacy of Rhod-SP4 is time-dependent. At both 4°C and 37°C, the signal of Rhod-SP4
was increased in a time-dependent manner, suggesting that delivery efficacy of Rhod-

SP4 is time-dependent (Figure 4.28E).
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Figure 4.28. The delivery efficacy of Rhod-SP4 is energy- and time-dependent.
(A and C) Representative flow cytometry plot of A549 and SHP-77 cells stained with
Rhod-SP4 at 10 uM at 4°C, room temperature and 37°C for an hour, respectively.
Investigate whether the delivery efficacy of Rhod-SP4 is energy- dependent. (B and
D) Mean fluorescence intensity of Rhod-SP4 from (A) and (B), respectively. (E)
Representative flow cytometry plot of SHP-77 cells stained with Rhod-SP4 for various
incubation length (1 mins, 5 mins, 30 mins and 60 mins). Investigate whether the
delivery efficacy of Rhod-SP4 is time-dependent.
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472 The cellular uptake of Rhod-SP4 is mediated by

macropinocytosis pathway

It was reported that cationic CPPs interact with membrane constituents, such as
the glycosaminoglycans, to favor their translocation across the cell membrane(Ziegler
2008). Therefore, I investigate whether cellular uptake mechanism of Rhod-SP4 is
mediated by glycosaminoglycans. In the presence of heparin, a competitive inhibitor of
heparan sulphate, the signal of Rhod-SP4 didn’t decrease (Figure 4.29A-D), suggesting
that the cellular uptake mechanism of Rhod-SP4 is independent with
glycosaminoglycans. Next, I assessed the effect of various endocytosis inhibitors on the
delivery efficacy of Rhod-SP4. Methyl-beta cyclodextrin (MBCD) is an inhibitor of
lipid raft-mediated endocytosis. The signal of Rhod-SP4 was not changed by
pretreatment of cells with MBCD (Figure 4.29A-D), suggesting that the cellular uptake
of Rhod-SP4 is independent of lipid raft-mediated endocytosis. Amiloride is an
inhibitor of macropinocytosis. The signal of Rhod-SP4 was significantly reduced by
pretreatment of cells with amiloride (Figure 4.29A-D), suggesting that the cellular
uptake mechanism of Rhod-SP4 is mediated by a macropinocytosis pathway. Taken
these data together, the cell uptake mechanism of Rhod-SP4 is energy dependent and is

mediated by macropinocytosis pathway.
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Figure 4.29. The cellular uptake of Rhod-SP4 is mediated by micropinocytosis
pathway. (A and C) Representative flow cytometry plot of A549 and SHP-77 cells
stained with Rhod-SP4 at 3 uM or 10 uM at 37°C for an hour, in the presence or absence
of various inhibitors. AM, Amiloride; MBCD, Methyl-beta cyclodextrin. Cells were
first pretreated with different inhibitors for 30 mins, followed by staining with Rhod-

SP4 at 3 uM or 10 uM. (B and D) Mean fluorescence intensity of Rhod-SP4 from (A)
and (B), respectively.

135



4.8 Assessment of the anti-proliferative efficacy of Beclinl-

targeting peptides in animal-based lung cancer model

4.8.1 Tat-SP4 shows potent anti-proliferative efficacy in SHP-77

xenograft model

The in vivo anti-proliferative efficacy of Tat-SP4 was investigate on SHP-77
xenograft model. SHP-77 cell line was most sensitive to Tat-SP4 among the lung cancer
cell lines I tested, so SHP-77 cell line was used for xenograft model to study the anti-
proliferative efficacy of Tat-SP4 in vivo. SHP-77 cells were implanted subcutaneously
on 5-week-old male nude mice in a number of 5x 10°. The administration of Tat-SP4
was started when tumor volume reached 60 mm? with a dosage of 40 mg/kg via daily
intraperitoneal (i.p.) injection. PBS was injected to mice in control group as placebo.
The anti-proliferative efficacy of Tat-SP4 in vivo was evaluated by measuring tumor
volume. After 34 days post-treatment, the tumors were harvested. As shown in Figure
4.30A, Tat-SP4 inhibited tumor growth remarkably as compared with PBS. The tumor
weight in Tat-SP4 treatment group was significantly reduced (Figure 4.30B). Figure
4.30C illustrated that the gradual increase in body weight of mice in treatment group
was consistent with that in control group. Besides, there were no obvious color or

morphological abnormalities in the organs.

In summary, the animal experiment in vivo showed that Tat-SP4 significant anti-

proliferative efficacy in SHP-77 cell-driven xenograft model with little toxic side effect.
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Figure 4.30 The anti-proliferative efficacy of Tat-SP4 in SHP-77 xenograft
model. (A) SHP-77 cells were subcutaneously injected into nude mice in a number of
5x10%.The administration of 40 mg/kg Tat-SP4 (treatment) or PBS (control) was started
when the tumor volume reached about 60 mm?. The tumor volume was recorded every
other day. The tumor volume was defined as width? x length/2.Data represents mean +
SEM, n=8; *P<0.05, **P<0.01, ***P< 0.001, ****P<(0.0001; Two-way ANOVA. (B)
Image of tumors at the end of time point from control and Tat-SP4 treatment groups.
(C)Tumor weight on Day 25. Data represents mean £ SEM, n=8; *P<0.05, **P<0.01,
*ExP< 0.001, ****P<(0.0001; unpaired t-test. (D) The changes of mice body weight

25

during treatment for each group. Two-way ANOVA. (E) The samples of vital organs.
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5. Discussion and future study

Autophagy is regarded as a double-edged sword for cancer treatment and the role
of autophagy in cancer depends on the cancer type and stage of cancer. Autophagy plays
a different role in cancer treatment, and the correct use of autophagy can effectively
improve anti-tumor efficacy and suppress tumor recurrence. The treatment by
modulating autophagy of tumor cells is a hot topic in tumor therapy research today.
Beclinl has an important role in the regulation of autophagy. Beclin1 acts together with
other factors, such as Atgl4L, UVRAG, Rubicon, and Ambral, to regulate lipid kinase
Vps34 protein, promoting the formation of Beclinl-Vps34/Vps15 core complex, thus
regulating autophagic activity. (Kang, Zeh et al. 2011). Atgl4L and UVRAG bind to
Beclinl coiled-coil domains in a mutually exclusive manner(Li, He et al. 2012). A
previous study of our lab showed that Beclinl coiled-coil domain could form readily
dissociable homodimer, which facilitated ATG14 and UVRAG binding to the Beclinl
coiled-coil domain (Li, He et al. 2012). Although Beclinl has long been identified as a
tumor suppressor, it is rare and challenging to modulate Beclinl or the Beclinl-
mediated autophagy activity for cancer therapy. Our study is the first to design stapled
peptide that disrupts the self-association of Beclinl and promotes the formation of

Beclinl-Atgl4L or -UVRAG complex to regulate the autophagy process.

We designed a group of Beclinl-derived stapled peptides targeting at the coiled-
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coil domain of Beclinl based on the previous structural study of Beclinl-UVRAG
coiled-coil complex in our lab. Our in vitro study showed that the Beclinl-derived
stapled peptides not only bound to Beclinl with strong binding affinity but also
significantly suppressed the self-association of Beclinl coiled-coil domain and
promoted the formation of Beclinl-Atgl4L/UVRAG complex. Our data shows that
Tat-SP4 upregulated autophagy activity at moderate concentration in lung cancer cell
lines. Endosomal trafficking, another membrane-mediated transport process, was also
tightly regulated by Beclinl-UVRAG-Vps34 complex II. Therefore, it was expected
that Tat-SP4 remarkably promoted the endolysosomal degradation oncogenic receptors

including EGFR and c-Met, while inhibiting their downstream signaling transduction.

Furthermore, Tat-SP4 shows the potential to synergize with TKIs like Erlotinib to
overcome drug resistance in NSCLC. Targeted therapy focusing on tyrosine kinase
receptors has achieved breakthrough in treatment of NSCLC in the past decade.
Although they exhibit good initial therapeutic effect and fewer side effects, acquired
drug resistance always happen because of mutation in multiple driven oncogenes, such
as EGFR, c-Met, and HER2, which is a big challenge for the development of targeted
therapy(Kobayashi, Boggon et al. 2005). Our novel designed Tat-SP4 significantly
promoted endolysosomal degradation of oncogenic receptors on plasma membrane,
indicating that Tat-SP4 had the potential to synergize with TKIs like Erlotinib to

overcome drug resistance in NSCLC. Erlotinib is the first generation of EGFR-TKIs
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and is reported to be effective in patients with EGFR-sensitive mutations(Kobayashi,
Boggon et al. 2005). A549 is EGFR-WT NSCLC cell line and H1975 harbors the
sensitive L858R and resistant T790M mutations of EGFR. Indeed, the cell-based results
showed that Tat-SP4 alone demonstrated moderate anti-proliferative efficacy on
different subtypes of lung cancer. Erlotinib was chosen as a candidate to combine with
Tat-SP4, and the interesting results showed that the combined administration of Tat-
SP4 and Erlotinib at moderate concentration exhibited synergistic effect in inhibiting
the proliferation of A549 and H1975 cells. This data is highly encouraging and suggests
that our Beclinl-targeting stapled peptides, through its distinct mechanism, may
synergize with TKIs like Erlotinib to enhance their efficacy, particularly for NSCLC
subtypes refractory to current regiments. The exact molecular mechanism of the
synergistic effect of combined administration of Tat-SP4 and Erlotinib will be

investigated in future studies.

For mechanistic studies of Tat-SP4-caused cell death, our findings showed that
Tat-SP4-induced necrotic cell death could be rescued by a cardiac glycoside, digoxin,
but not other inhibitors of other programmed cell death. Besides, necrotic cell death
induced by Tat-SP4 in lung cancer cells (A549 cells) presented some morphological
features similar to that of autosis, including perinuclear accumulation of numerous
vacuoles, shrinkage of nucleus, rupture of plasma membrane and extracellular extrusion

of cytoplasmic contents, continuous adhesion to the culture dish, suggesting that Tat-
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SP4 induces necrotic cell death through an autosis-related pathway.

Meanwhile, Tat-SP4 induced necrotic cell death was accompanied by
mitochondrial dysfunction including depolarization of mitochondria membrane
potential, increased ROS level and reduction in OXPHOS activity and mPTP opening.
TAT, a cationic CPP was added at the N-terminal to improve cell penetration, so it is
possible that Tat-SP4 may associate with membrane-bound organelles due to non-
specific binding to negatively charged phospholipids through electrostatic interaction
(Xie, Bi et al. 2020). Although TAT sequence didn’t show significant cytotoxicity, its
positive charge residues was a potential threat to normal cellular physiological activity.
First, direct translocation of CPPs can decrease the plasma membrane
potential(Vm)(Trofimenko, Grasso et al. 2021). Vm affects many voltage-dependent
ion channels, so depolarization of Vm may lead to disturbance of intracellular ion
homoeostasis and even cell death. Second, positively charged Tat-SP4 is likely to be
driven to mitochondria and lead to mitochondrial depolarization, which causes

mitochondrial dysfunction.

Tat-SP4 also triggers a release of Ca?* from ER, and an increase in mitochondrial
and cytosolic Ca" level. After Tat-SP4 treatment, extracellular Ca®* induces significant
Ca?" uptake into mitochondria and cytosol, which may be a cytoprotective mechanism

against depolarization of plasma membrane potential caused by the entry of Tat-SP4.
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Tat-SP4 contains a cationic CPP and it may affect plasma membrane potential. To
restore the plasma membrane potential to a normal range, cells will uptake Ca*" from
extracellular through some voltage dependent ion channels. Furthermore, digoxin can
suppress the disruption of intracellular Ca** storage induced by Tat-SP4. Digoxin is a
Na®,K'-ATPase antagonists and may help to stabilize plasma membrane potential
through inhibiting transporting Na" and K" when cells are challenged by Tat-SP4. At
current stage of my project, the exact molecular targets involved in Tat-SP4 induced

intracellular Ca®" disruption is not clear and will be investigated in future studies.

Since Ca*" plays multiple roles in regulating ion channels, such as Ca*" ATPase,
Na'/Ca®" exchanger and K/Na* -ATPase etc(Hagiwara and Byerly 1981), we wonder
whether extracellular Ca®" have any effect on the cell death induced by Tat-SP4. Our
results show that elevating the concentration of extracellular Ca** not only can reduce
lung cancer cell sensitivity to Tat-SP4, also can attenuate Tat-SP4-induced
mitochondrial depolarization and impairment of OXPHOS, which may be due to
extracellular Ca®" help cells to stabilize plasma membrane potential when cells are
stimulated by Tat-SP4. The exact molecular mechanism of both protective effect of
digoxin and extracellular Ca?" against Tat-SP4 in lung cancer cells will be identified in

future studies.

The effect of Tat-SP4 founded in lung cancer cell models has been validated in
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other cancer cell models, such as triple negative breast cancer cells, hepatocellular
carcinoma cells, ovarian cancer cells and pancreatic cancer cell. Tat-SP4 also induces
autophagy and endolysosomal trafficking of membrane oncogenic proteins, impairs
mitochondrial function and shows potent anti-proliferative effect on triple negative
breast cancer cells, hepatocellular carcinoma cells(Gao, Li et al. 2023), ovarian cancer
cells(Brown, Chung et al. 2022) and pancreatic cancer cells(Li, Zhang et al. 2023). Tat-
SP4-induced disruption of intracellular Ca?* homeostasis is also observed in
hepatocellular carcinoma cells and ovarian cancer cells. Tat-SP4 also induces triple
negative breast cancer cell death through autosis and Tat-SP4 treated triple negative
breast cancer cell shows morphological features of autotic cells, which has been
reported in a paper that is under review. These data demonstrate that the effect of Tat-

SP4 is consistent across cancer cells.

The animal assay result confirmed that Tat-SP4 had potent anti-tumor effect in
lung cancer cell line driven xenograft nude mice model without obvious toxicity. This
in vivo result suggested that high proliferative cancer cells or tumor tissues were
sensitive to our stapled peptides, however, normal cells such as cardiomyocytes and
neurons might be resistant to our stapled peptides since no obvious cardiotoxicity or
neurotoxicity was observed in the animal assay. The sensitivity of different cell types
to our stapled peptides might be related to their ability to regulate calcium signaling. It

is well known that excitable cells such as cardiomyocytes and neurons are capable of
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regulating high-magnitude Ca*" release and uptake as part of the stimulatory signals for
muscle contraction or synaptic transmission, so they may be resistant to our stapled

peptides.

For future studies on our stapled peptides, the following aspects will be explored.
First, I will investigate other molecular targets of Tat-SP4.Based on the mechanistic
study of cell death induced by Tat-SP4, it seems that Tat-SP4 may have other targets
because Tat-SP4 not only promotes autophagy and endolysosmal trafficking through
interacting with Beclinl with strong binding affinity and enhancing the formation of
Beclinl-Atg14L/ UVRAG complex, but also significantly disrupts intracellular Ca*"
homeostasis and induces mitochondrial dysfunction. Tat-SP4 may affect plasma
membrane potential because of the cationic CPP, TAT, which leads to Ca?" influx. When
Tat-SP4 enter cells through direct translocation or endocytosis(Xie, Bi et al. 2020), it
may associate with membrane-bound organelles like ER and mitochondria due to non-
specific binding to lipids since Tat-SP4 is positive charged. The potential targets may
be Ca*" channel regulatory protein, such as IP3R, TOM20 and Na'/K* ATPase. A
method is to use the inhibitor of specific Ca** channels. If blocking a specific Ca*"
channel could prevent cell death from Tat-SP4 treatment, it means that channel is the

target of Tat-SP4. However, the exact molecular processes need more effort to identify.

Second, I would like to investigate the major factors that determine the sensitivity
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of different cancer model to Tat-SP4. Different cancer cells have different resting
membrane potential. It was reported that cancer cells usually have a higher resting
membrane potential than non-cancer cells(Kadir, Stacey et al. 2018). Our results shows
that the IC50 of Tat-SP4 in normal bronchial epithelial cell (Beas-2b) is about four
times higher than that in lung cancer cells. We will investigate whether resting
membrane potential has some association with the sensitivity of Tat-SP4 in different

cell types.

Next, I will investigate the combinative effect of Tat-SP4 and Erlotinib in NSCLC
xenograft model. The synergetic effect of Tat-SP4 plus Erlotinib has been confirmed in
vitro in my project. If Tat-SP4 could synergizes with Erlotinib to potently inhibit
proliferation in NSCLC xenograft model, Tat-SP4 presents a new approach to inhibit
EGFR orthogonal to that utilized by TKI and thus may offer possible synergy.
Chemotherapy is the most traditional and widely used treatment for various types of
cancer. I am also interested in investigating combinative effect of Tat-SP4 and

chemotherapeutic drugs in NSCLC models.

Finally, the safety profile of our stapled peptides will be assessed in both cell- and
animal-based models. The cytotoxicity of Tat-SP4 should be tested not only in multiple
cell lines, including normal somatic cells and primary lung cells, but also in BALB/c

mice for acute toxicity. Additionally, hematological tests and histological structural
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analysis of vital organs will be carried out at the end of animal experiment to evaluate

the cytotoxicity of Tat-SP4.

In summary, the work of my PhD study has provided a design strategy of stapled
peptides targeting to Beclinl coiled coil domain to enhance autophagy activity and
endolysosomal trafficking. Our Beclinl-targeting stapled peptide shows potent anti-
proliferative efficacy in lung cancer models, as well as the potential to synergize with
TKIs like Erlotinib to overcome drug resistance in NSCLC. The mechanistic studies
demonstrates that Tat-SP4 induces necrotic cell death that is accompanied by
mitochondrial dysfunction and disruption of intracellular Ca®>* homeostasis. The finding
of my project not only provides a new strategy to target Beclinl to regulate autophagy,
but also suggests that our Beclinl-targeting stapled peptides, through its distinct
mechanism, may synergize with TKIs like Erlotinib to enhance their efficacy,
particularly for NSCLC subtypes refractory to current regiments. Since SCLC cancer
cells is very sensitive to Tat-SP4, our designed peptides may also serve as potential

therapeutic candidates against SCLC by targeting this vulnerability.
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