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Growth factors and hormones often mediate their biological effects through series of protein-
protein interaction between cytoplasmic signaling molecules or transcription factors. Interfering of these
protein-protein interactions has been shown to reduce or inhibit biological and growth responses to various
growth factors and hormones. We previously demonstrated that progesterone receptor (PR) contains a
polyproline domain (PPD) which directly interact to Src homology 3 (SH3) domain-containing molecules and
expression of PR-PPD inhibits EGFR-mediated NSCLC cell proliferation. In this study, we investigated that the
introduction of PR-PPD by cell-penetrating peptide could inhibit EGF-induced NSCLC cell proliferation. PR-PPD
was attached to a cancer-specific CPP, Buforin2 (BR2), to help deliver the PR-PPD into NSCLC cells. Addition of
BR2-2xPPD peptide containing two PR-PPD repeats was more effective in inhibiting NSCLC proliferation and
significantly reduced EGF-induced phosphorylation of Erk1/2. BR2-2xPPD treatment could induce cell cycle
arrest by inhibiting the expression of cyclin D1 and CDK2 gene in EGFR-wild type A549 cells. The combination
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while the scramble peptide abolished this inhibition. BR2-LXXLL and BR2-2xPPD treatments dose-dependently
decreased Estrogen-induced cell proliferation in ER-positive MCF-7 breast cancer cell lines. Moreover, BR2-
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of targeted therapy. Altogether, our data suggested that the cancer cell specific peptide of PR-PPD and LXXLL
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CHAPTER |
INTRODUCTION

Growth hormones and steroid hormones are known to influence the
development and growth of many human cancers. Epidermal growth factor receptor
(EGFR) is a tyrosine kinase receptor protein in ERBB family. EGFR expression has been
shown to play a role in the development and progression of several cancer types (1).
EGFR overexpression is frequently found in lung cancer, especially in NSCLC (2).
Previous study demonstrated that high EGFR expression was correlated with poor
prognosis of NSCLC patient (2, 3). Therefore, targeting EGFR signaling could help
inhibit lung cancer growth. The ligand-induced EGFR sequentially lead to EGFR
dimerization, autophosphorylation, and stimulating of downstream signaling
pathways (4, 5). The tyrosine-residue phosphorylation results in the recruitment of
growth factor receptor-bound protein 2 (Grb2) and human son of sevenless (hSOS)
protein (6, 7). Grb2 contains Src homology 3 (SH3) domain which preferentially
interacts with PXXPXR motif or polyproline domain ( PPD) of other signaling
molecules including hSOS (8, 9). The binding of Grb2-SH3 and hSOS-PPD mediate
activation of several downstream signaling pathways such as ERK/MAPK, PI3K/ AKT,
and JAK/ STAT pathways, leading to an increase in tumor cell proliferation and
decrease apoptosis (10). We previously showed that progesterone receptor (PR)
contains a PPD at the N-terminal region that directly interacts with the SH3 domain-
containing molecules, including c-Src tyrosine kinases. PR-SH3 domains interaction
mediated rapid progestin-dependent activation of c-Src and its downstream signaling
in mammalian cells (8, 11).

We recently showed in an in vitro NSCLC model that PR expression inhibited
EGF-mediated signaling and cell proliferation. Mutation in the PR-PPD, which blocked
PPD-SH3 interaction, abolished PR-mediated inhibition of EGFR signaling (12). In this
study, we extended our analysis to determine whether the PR-PPD alone is sufficient
in mediating the PR growth inhibitory properties by adding cell-penetrating peptides
or CPP sequence to the PR-PPD. CPPs are short peptides that can cross the plasma



membrane without a specific receptor. It was widely used in drug delivery (13).
However, it has been shown that several CPPs also affect normal cell viability. A CPP
called Buforin 2 (BR2) has been shown to have a strong penetrating ability and able
to discriminate between normal cells and cancer cell lines (14). BR2 can internalize
into the target cell by electrostatic interaction. Herein, we designed the cancer-
specific peptides BR2-PRPPD targeting EGFR-dependent growth signaling.

Moreover, we also designed the cancer cell specific peptide to target the
nuclear signaling. The activation of steroid hormones and steroid hormone receptors
are known to promote cancer cells growth and cell survival. Previous studies
established that the transcriptional activation of nuclear receptors (NRs) are required
an essential factor known as steroid receptor coactivators (SRCs), which are the
member of pl60 steroid receptor coactivators family. SRCs contain three LXXLL
motifs at the central region domain. This LXXLL motifs are served as the interaction
domain for the ligand-binding domain (LBD) of NRs and recruitment of basal
transcriptional protein complexes result in transcription machinery of hormone
responsive element (15). In this study, BR2-LXXLL peptide was designed from GRIP-1
and F6 peptide sequence and the nuclear localization of SV40 was also added into
peptide disrupt the NR/coactivator interaction in nucleus result in cancer cell growth
inhibition. Peptides were expressed in yeast Pichia pastoris expression system. Our
results demonstrate the specificity and ability of BR2-PRPPD and BR2-LXXLL peptides
to inhibit the extra-nuclear and nuclear signaling pathways in NSCLC and breast
cancer cell lines which provide a promising anticancer peptide for cancer therapy

development.



1.1 Research questions
- Can the introduction of PR-PPD and LXXLL motifs peptides inhibit cancer

cell proliferation via EGFR-dependent and coactivator-dependent signaling pathways?

1.2 Objectives

- To produce and characterize the cancer cell specific-CPPs in yeast (Pichia
pastoris)

- To investigate whether the cancer cell specific-CPPs coupled with PR-PPD
can inhibit EGFR-dependent signaling in cancer cell lines

- To investigate whether the cancer cell specific-CPPs coupled with LXXLL

motifs can inhibit coactivator-dependent signaling in cancer cell lines

1.3 Hypothesis
The presence of PR-PPD or LXXLL by BR2 can disrupt protein-protein
interactions in EGFR-dependent and coactivator-dependent signaling pathways

leading to the inhibition of cancer cell proliferation.

1.4 Expected usefulness of study
Our data established a proof of concept that a cancer cell-specific CPP
containing PR-PPD or LXXLL could serve as a novel therapeutic treatment to inhibit

cancer cell proliferation.



CHAPTER Il
LITERATURE REVIEW

2.1 Steroid hormone receptors (SHRs) and signaling pathways

Steroid hormone receptors (SHRs) are the member of nuclear receptor class |
(NRs) which serve as the receptor for glucocorticoid (GR), estrogen (ER), progesterone
(PR), androgen (AR) and mineralocorticoid (MR) (16). The structure of NRs consists of
functionally distinct domains (Figure 1). The N-terminal domain (A/B) is unique to
each SHR and has different in sequence and length. It contains an autonomous
transcriptional activation known as AF-1. The DNA binding domain (C) is highly
conserve region which provide a specific site for receptor dimerization and bind to
hormone response elements (HREs) on DNA target. The hinge (D) domain allows NR
to dimerize with others nuclear receptors and link between DBD and LBD. The C-
terminal domain comprise of ligand binding domain (LBD) responsible for ligand or
hormone binding. NRs contain two activation function domains, which can activate
the transcription, called as AF-1 and AF-2. AF-1 is a domain for phosphorylation even
in ligand-independent manner. AF-2 allows ligand-dependent transcriptional
activation and work synergistically with AF-1. In addition, AF-2 also interact with
various coactivators and corepressors result in activation or inhibition of chromatin

remodeling and the transcriptional activation machinery (17).

AF-1 Hinge region AF-2
- I -
N-terminal A/B C D E C-terminal

L )
[ [
DNA binding domain Ligand binding domain
(DBD) (LBD)
Figure 1 A schematic of Nuclear Receptors (NRs)
Structure of nuclear receptor consist of DNA-binding domain (c), Hinge region

(D) and Ligand-binding domain (E). At the N- and C- terminal contain the activation
function domain including AF-1 and AF-2. This figure was adapted from (18).



2.1.1 Genomic signaling pathways of NRs

Steroid hormones exert various effects on cell growth, development,
differentiation, and cell survival and act via the regulation of transcriptional
processes. In the absent of hormone, NRs bind the chaperone protein such as heat
shock protein (Hsp) in the cytoplasm lead to inactive form of NRs. In contrast, when
lisand bind to LBD of NR in the cytoplasm, the high affinity of ligand-receptor binding
result in dissociation of NR from Hsp, dimerization, translocate into the nucleus by
nuclear localization sequences (NLS) and bind to HRE on target gene (19, 20). Binding
of hormone to its NRs can activate transcription in nucleus (Figure 2). However, it
has been reported that NR could not activate transcription by itself but it needs the
essential factors known as coactivators (21).

Coactivators are non-DNA binding protein, which unable to bind directly to
DNA, and function as the bridge which connect NRs to the basal transcriptional
proteins lead to transcriptional activation. The first coactivator was identified in 1995
known as p160 steroid receptor coactivators (SRCs) family (22). This family compost
of three members including SRC-1, -2 and -3. The SRC proteins are 160 kDa and share
overall 50-55% sequences similarity. All of SRCs contain different functional domains
which can distinctly interact to other proteins (Figure 5). The N-terminal domain is
the most conserved region and contains a basic helix-loop-helix-Per/ Ah receptor
nuclear translocation/ Sim (bHLH/ PAS) motif. The (bHLH/ PAS) motif involve in
protein-protein interaction and recruit coactivator complexes such as SWI/SNF
chromatin remodeling complex which bind to SRCs within activation domain 3 (AD3)
(23, 24). The C-terminal domain contains two transactivation domains. AD1 is
required for the interaction domain of other coactivators such as cAMP response
element binding protein (CREB)-binding protein (CBP), the histone acetyltransferase
enzyme p300 and p/CAF. Moreover, AD1 can recruit RNA helicase A (RHA) to bind the
SRC-CBP/p300 protein complex and interact with RNA polymerase Il (25). AD2 domain
can recruit the histone methyl transferases (HMTs) such as coactivator-associated
arginine methyltransferase | (CARM1) and protein arginine N-methyltransferase 1
(PRMT1) which is a histone H3 and H4 specific arginine, respectively. CARM1 can
activate transcription only in the presence of SRC. CARM1 and PRMT1 can also



enhance transcription (26). The central region contains the three O-helical LXXLL
motifs which responsible for the nuclear receptor interaction (L, leucine; X, any
amino acid) (27, 28). The variation of flanking sequences of LXXLL motifs display
distinctive binding affinity for each NR (29). Secondary structure studies shown that
an amphipathic O-helix of LXXLL motifs bind to a hydrophobic cleft in the LBD of
NRs after ligand-binding result in stabilization of SRC and NR protein complex (30). It
has been found that single mutation of LXXLL motifs by alanine substitutions
decreased the ability to bind to the LBD of the mouse ER fused to g¢lutathione S-
transferase (GST-AF2). Moreover, the nine LXXLL motifs present in RIP-140 also
shown a strong ligand-dependent interaction with LBD of estrogen receptor (27, 28).
These results suggested that LXXLL motifs is unique sequences which essential for
SRCs and NRs interaction and facilitate the downstream transcriptional activation of
the receptor by change chromatin remodeling and recruit RNA polymerase Il (Pol II).
In addition to direct interaction with hormone response element (HRE), NRs can
regulate transcription by without directly bind to DNA. For example, in ER positive
breast cancer ER associate with specific transcription factors, such as AP-1, Sp-1 and
NF-KB, are formed transcriptional complex and bind to DNA target. The transcription
via AP-1, Sp-1 and NF-KB result in expression of gene targets which involve in cell
cycle, including insulin-like growth factor 1, MYC and cyclin D1, respectively. The
expression of MYC and cyclin D1 promote cell cycle progression in MCF-7 breast

cancer cells (31).

2.1.2 Extranuclear signaling pathways of NRs
More recently, the rapid signaling which mediated by the activation of various
protein kinase cascade has been found. Estradiol-EROL complex and many growth
factor receptors on the cell membrane, such as epidermal growth factor receptor
(EGRR), nerve growth factor receptor (NGFR), platelet-derived growth factor receptor
(PDGFR), and insulin-like growth factor receptor (IGFR), rapidly activate MAPK through
Shc-Grb2-SOS  pathway (32-35) (Figure 2). In this pathway, Shc acts as adapter

protein. Shc consist of two domains are the phosphotyrosine binding (PTB) domain at



the N-terminal region and the Src homology 2 (SH2) domain at the C-terminal region.
Shc can directly bind to the tyrosine kinase residues of receptors and activates the
autophosphorylation on tyrosine residues. The phosphorylated tyrosine residues
recruit the docking sites for the binding of the SH2 domain of Grb2 (Growth factor
receptor-bound protein-2). Grb2 has a modular structure with one SH2 domain
flanked by two Src homology 3 (SH3) domains. The Grb2-SH3 domains are necessary
for the protein-protein interaction between Grb2 and other signaling molecules. It
has been shown that SH3 domain has high affinity binding to PXXPXR motif, which
also present within the guanine nucleotide exchange protein hSOS (36-39). The
binding of Grb2-SH3 domain and SOS-PXXPXR motifs is the critical step for activation
of MAPK leading to phosphorylation of nuclear proteins involved in transcriptional

control which affect to cancer cell proliferation and survival (36-39).

Hormone Receptor Signaling Pathways

“Classical Nuclear” “Extra-Nuclear”
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Figure 2 Classical Nuclear and Extra-Nuclear signaling pathways
of Steroid Hormone Receptors.
Binding of hormone receptor with its ligand induce the conformational

change and dissociates from chaperone protein in cytoplasm. The receptor then



dimerizes, translocate into the nucleus and binds to specifics HREs on DNA target.
The DNA- bound PR recruits coactivators lead to transcriptional effects. Hormone
receptor can also activate the cytoplasmic signaling pathways, such as c-

Src/Ras/MAPK and PI3K/Akt and STAT3 pathways. This figure was modified from (40).

2.2 Lung cancer

Cancer is a major problem which cause high rate of global mortality. The
estimated new cases of lung cancer are 228,150 and 142,670 patients died from lung
cancer in both of male and female in 2019 (41). Lung cancer is a heterogenous
diseases which different in various subtypes in pathology and clinical manifestations.
By immunohistochemistry, lung cancer is classified into two major types including
small-cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (42). SCLC is
often found in patient who continued smoking and contribute in approximately 10-
15 percent of lung cancer cases. NSCLC is the predominant type of lung cancer
which 85-90 percent of patients were diagnosed as NSCLC. For NSCLC, it can be
divided into 3 groups: Adenocarcinoma (38%), Squamous cell carcinoma (20%), and
Large-cell lung carcinoma (3%). Treatment of lung cancer includes surgery, radiation,
and chemotherapy. The alteration in molecular targets, such as BRAF, ALK, PIK3CA,
HER2 and EGFR, are also relate to disease progression. Abnormality of these genes
emerged the development of novel targeted therapy which can prolong patient

survival rate more than using the conventional treatments alone.

2.3 Epidermal Growth Factor Receptor (EGFR)

The epidermal growth factor receptor or EGFR is a transmembrane protein
which belongs to ERBB family of receptor tyrosine kinase. EGFR consist of 3 domains:
the extracellular ligand-binding domain, transmembrane domain, and intracellular
tyrosine kinase domain (43). EGFR plays a crucial role in several biological activity
including cell proliferation, cell survival and cell apoptosis (44). EGFR activation can

be induced by its cognate ligands such as epidermal growth factor (EGF), transforming

growth factor OL (TNF-QU) and amphiregulin (AR) (43). These ligands specifically bind

to the extracellular domain and consequently induce the dimerization among the



ERBB members as heterodimer or homodimer. The ligand binding of EGFR activates
phosphorylation at Thy 992, 1045, 1068, 1148 and 1173 of intracellular kinase
domain. The autophosphorylation lead to the recruitment of the binding site for
adaptor protein containing the specific Src homology 2 or SH2 domain and induce

signal transduction of MAPK, PI3/AKT and STAT pathways (45) (Figure 3).

2.4 Role of EGFR in NSCLC

Dysregulation of EGFR occurs in various type of malignant cells including
NSCLC. The EGFR gene is frequently found to be upregulated or amplified in 40-80%
of NSCLC cases (46). The overexpression of EGFR is associated with poor prognosis
and reduce survival in NSCLC patients (47). Hyperactivation of EGFR kinase domain by
its overexpression increase cancer cell proliferation, invasion, angiogenesis and
decrease cancer cell apoptosis (47). Therefore, EGFR is often targeted for treatment
of NSCLC. The first generation of tyrosine kinase inhibitors (EGFR-TKIs) have been
developed to inhibit ligand-induced phosphorylation of kinase domain (48). Gefitinib
and Erlotinib competitively bind to ATP-binding pocket with ATP by reversible
binding lead to decreasing of signal transductions (49). However, the most patients
who achieved to EGFR-TKIs treatment were found as NSCLC bearing the mutation of
EGFR (50). Thus, EGFR mutation status is commonly estimated in NSCLC patients for
the proper treatment.

Ligand-independent activation of EGFR is mainly caused by mutation in
tyrosine kinase domain of EGFR. The two most common mutations of the EGFR
genes have been identified. The in-frame deletion in exon 19 was eliminated the
amino acids sequence from leucine-747 to glutamic-749 residue and a single
nucleotide substitution from arginine to leucine in exon 21 (L858R) (51-53). These
two types represent 85-90% of EGFR mutations and are defined as the classical
activating EGFR mutations (54). In NSCLC patients with exon 19 deletion exhibit high
sensitivity to Gefitinib (55). The evidence showed that mutation in kinase domain of
EGFR disrupt the binding of ATP to its binding pocket and allow Gefitinib to block
phosphorylation of the receptors. However, there are some types of EGFR mutation

fail to EGFR-TKIs treatment such as the insertion in exon 20 which become an
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acquired resistance to TKls (56). Acquired resistance to EGFR-TKI is mediated through
3 pathways. In approximately 50% of patients with advance stage NSCLC have been
diagnosed to develop the secondary mutation after EGFR-TKIs treatment for a long-
time. The substitution of methionine for threonine at position 790 (T790M) occurs in
the ATP binding site result in higher affinity to ATP than the TKI molecules (57).
Afatinib, Aacomtinib, Rociletinib and Osimertinib are the second and third generation
of EGFR-TKIs which display irreversible and covalent binding to the pocket. These
EGFR inhibitors are suitable for both wild-type and mutant EGFR, particularly
Osimertinib is a selective inhibitor for TT90M-EGFR (58). In recent years, the tertiary
mutation in kinase domain of EGFR has been reported. A substitution of C797S
mutation confers the resistance to Osimertinib (59). Thus, it is an urgent need to
develop a novel drug to target these EGFR mutations.

In addition to the secondary mutation, a variety of others receptor kinase
tyrosine are also activated in acquired resistant cells. MET is receptor for the
hepatocyte growth factor (HGF) which is the most common bypass pathway and
important to cell proliferation, apoptosis and migration. MET amplification and
mutation have been found to relate with EGFR-mutant NSCLC (60). Using of MET
inhibitors could improve survival and response in patients with EGFR-TKIs resistance.
The upregulation of HER2, IGFR1 and BRAF were also identified in EGFR-mutant
NSCLC (61, 62). These proteins are a part of RAS/MAPK, PI3K and STAT3 signaling
pathways. The altered expression of survival or apoptosis-related genes such as Bcl2,

BIM, p53 and NF-KB also confer to TKI resistance (63, 64).
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EGFR signaling pathways
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Figure 3 EGFR signaling pathways.
The biding of EGF to EGFR can induce the dimerization and

autophosphorylation of the receptor lead to the recruitment of binding site for
various adaptor protein. Grb2 protein structure consists of one Src homology 2 (SH2)
domain flanked by two Src homology 2 (SH3) domains. These SH3 domain has high
affinity binding to polyproline domain (PPD) of others signaling molecules including
Sos protein. The interaction between Sh3 and PPD can mediate several downstream
cascades including (MAPK), PI3K/AKT, and STAT pathways which are involved in cell

proliferation, survival, and inhibition of apoptosis. This figure was adapted from (65).

2.5 Role of progesterone receptor in NSCLC

It is well known that sex steroid hormones play a crucial role in various
human tissues and in hormone-related cancers. Previous studies have been revealed
the role of ER which its expression contributed the increasing of NSCLC cell growth
and progression (66). While PR is uses as a prognostic marker in hormone therapy,
but its responsibility in NSCLC is remain unclear (67). Expression of PR has been

reported in adenocarcinoma tissues. PR localize in both the nuclear and extranuclear
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compartments observing by immunohistochemistry (10, 68). High level of PR
expression was mainly detected in female and associated with better clinical
outcome in NSCLC patients (69). Both of PR-A and PR-B isoforms also expressed in
NSCLC cell lines such as H23, H1975, HCC827, H3255 and A549 (70). Administration of
progesterone significantly inhibited PR-positive NSCLC cell proliferation compared to
PR-negative cells. While this inhibition effect was reversed by PR antagonist. In vivo
studies have been shown the reduction of tumor volume after mice were treated
with progesterone. We previously demonstrated the decreasing of cancer cell growth
in NSCLC expressing PR-B isoform (71). The results shown the significant of
polyproline SH3 recognition motif or PXXPXR motif of PR which effectively inhibit
NSCLC cell proliferation. PR-PXXPXR motif can directly bind to c-Src and various SH3-
containing molecules which has been described as an extranuclear actions of PR

(Figure 4) (8, 71).

PR domains

1 165 552 933
V, 7 e PP e L L
N{ B A (N-domain) [/B80/h| i1BD  IC
AF-1 AF-2
(421)PPPPLPPR (428)

Figure 4 A schematic of human progesterone receptor (PR) domains.
Human PR protein consists of four distinct domains: the DNA binding domain
(DBD), a small hinge region, and the C-terminal ligand-binding domain (LBD) and the
N-terminal transactivation domain (NTD) which contain polyproline domain (PPD) at

position 421-428 (8).

2.6 Role of Steroid receptor coactivator-1 (SRC-1) in breast cancer
Among all members of SRC, many studies interested in SRC-1 because it
largely expressed in various tissues such as testis, brain, lung, kidney, prostate, uterus,

bone, adipose and tissue. SRC-1 can coactivate NRs including glucocorticoid receptor
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(GR), estrogen receptor O (ERQL), thyroid receptor (TR), retinoid X receptor (RXR),
hepatocyte nuclear factor 4 (HNFAQ) and peroxisome proliferator-activated receptor
Y (PPARY) (22, 72). SRC-1 is required for the development of normal mammary gland
which normally has low expression of SRC-1. In the absent of SRC-1, ductal density,
alveoli number and size were reduced result in lower of milk production in the null
mice. SRC-1 also interact with androgen receptor (AR) and thyroid hormone receptor
(TR). SRC-1 knockout mice exhibited reduce weight of prostate, urethra and body
growth compared with wild-type mice (73, 74). In addition to normal tissues, SRC-1
also express in several cancers such as endometrial cancer, thyroid cancer,
cutaneous melanoma and breast cancer. In case of breast cancer, SRC-1 was
expressed in 19-34% of human breast cancers. High expression of SRC-1 correlated
with large tumors size, high tumors grade and decrease disease-free survival. In the
present of E2, overexpression of SRC-1 in transfected-MCF-7 cells significantly
increased cell growth and pS2 levels which is the E2-reponsive gene. Furthermore,
SRC-1 can increase breast cancer cell survival via suppression of tumor necrosis
factor alpha (TNF-QU) (75-77). The role of SRC-1 in metastasis has been investigated.
Mouse mammary tumor virus-polyoma middle T (MMTV-PyMT) transgenic mice were
knocked out of SRC-1. The mammary tumor cells in the blood circulation of MMTV-
PyMT mice were higher than SRC-1 -/-; MMTV-PyMT mice and the intravasation of
tumor cells also reduced lung metastasis (78). Tamoxifen is a selective estrogen
receptor modulator (SERM) which is the most wildly use as antiestrogen therapy in
ER positive breast cancers. Unfortunately, many patients occur recurrence in a few
years after treatment. It has been demonstrated that the upregulation of SRC-1 and
ERQL was increased after tamoxifen treatment (79). These data shown the correlation
between SRC-1 and breast cancer cells development and survival. Therefore, SRC-1

may represent as a therapeutic target for breast cancer.
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Figure 5 The basic SRC structural domains

SRCs contain three major domains. The amino-terminal basic helix-loop-
helix-Per/ARNT/Sim (bHLH-PAS) domain can interact with several transcription
factors. The central region contains the three O-helical LXXLL motifs which
responsible for the nuclear receptor interaction (L, leucine; X, any amino acid). At C-
terminal, AD1 is required for the interaction domain of other coactivators such as
cAMP response element binding protein (CREB)-binding protein (CBP), the histone
acetyltransferase enzyme p300 and p/CAF. Moreover, AD1 can recruit RNA helicase A
(RHA) to bind the SRC-CBP/p300 protein complex and interact with RNA polymerase |I
(25). AD2 domain can recruit the histone methyl transferases (HMTs) such as
coactivator-associated arginine methyltransferase | (CARM1) and protein arginine N-
methyltransferase 1 (PRMT1) which is a histone H3 and H4 specific arginine,
respectively (80).

2.7 Cell-penetrating peptides (CPPs)

Cell membrane, consist of lipid bilayer with embedded protein, is selectively
permeable to molecules which essential to the cell survival and prevent cell from
the disguised molecules. Many therapeutic drug targets are mainly localized
intracellular compartment. So, many studies were performed to improve the ability
of molecules to transport across the cell membrane lead to effectively treatment
such as carbon nanotubes, liposomal drugs or nanoparticles. Among the new
approaches, cell-penetrating peptides (CPPs) is one the most frequently developed
for intracellular delivery of various molecules (81, 82).

Cell-penetrating peptides or CPPs are short peptide normally contain 5-30
amino acids which can cross the plasma membrane without specific receptor (83).

CPPs can transport various types of molecules including small molecules, peptides,
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proteins, enzyme, nanoparticles, small interfering RNA (siRNA) and liposomes. The
trans-activator of transcription (TAT) protein of the human Immunodeficiency Virus
(HIV) was identified as the first CPP. The researcher found that the TAT purified
protein can be uptake and localize in nucleus of cells (84). The following studies
found the third helix of the DNA binding domain of Drosophila antennapedia (pAntp)
are necessary for translocation into the cells (85). After discovering of these two
CPPs, the several CPPs were discovered successively. CPPs were divided into 3 major
groups. First, CPPs derive from natural protein including viral proteins, RNA-binding
proteins, homeoproteins and antimicrobial peptides. Second, the fusion of two
natural peptides or chimeric peptides such as Pepl and MPG which is the fusion of
tryptophan-rich domain or HIV glycoprotein 41 with the nuclear localization signal
(NLS) of Sv40, respectively. The last is synthetic CPPs which are designed based on
structure-activity studies such as polyarginine (83). Rely on the physical and chemical
properties, CPPs can separated into three groups (Figure 6). Since the cell
membrane contain the negative charge from polysaccharides and phospholipids on
the cell surface. The electrostatic can be induced by the interaction between the
cationic CPPs, which contain highly positive net charges, and the negative charge of
cell membrane lead to CPPs internalizations. The second one is hydrophobic CPPs.
These CPPs contain nonpolar residues and hydrophobic amino acid which important
for cell uptake. The last is amphipathic CPPs contain polar and nonpolar residues

(86).
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Figure 6 The route of Cell-penetrating peptide (CPPs) entry

Buforin Ilb (BRIIb), a histone H2A-derived peptide, has been shown a strong
permeability and anticancer activity in various cancers. BRIlb displayed selective
cytotoxicity in 62 cancer cells by specific to cancer cells surface ganglioside (87).
However, it still has been affected the viability of normal cells at high concentration.
Buforin2 or BR2 has been found as a novel cancer-specific and nontoxic to the
normal cells (88). BR2 is antimicrobial peptide or AMP which has ability to kill
bacterium cells. It contains a proline hinge within C-terminal domain. It has been
reported that BR2 effectively internalization into various cancers such as human
cervical cancer cell line Hela, mouse melanoma cell lines B16/F10 and human colon
cancer cell lines HCT116 but not affected to normal cell lines such as HaCaT and

NIH3T3 (89).

2.8 Pichia pastoris expression system

In the past, prokaryote cells were acted as protein expression system.
Escherichia coli or E. coli is one of microorganism which was widely used to generate
the recombinant proteins. This expression system is simple to manipulate and cost-

effective. Although, these recombinant proteins were successful and can be used in
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many researches, it also has some limitations. Proteins which derives from prokaryote
genome lack of the posttranslational modification steps lead to miss-fold inclusion
bodies and insoluble proteins. Thus, many studies need to increase refolding and
solubilization steps to obtain the functional proteins. Moreover, E. coli expressed
proteins are non-stable and can cause immune response. Therefore, the production
of recombinant protein was developed from E.coli to yeast system (90).

Pichia pastoris is methylotrophic yeast which can metabolize the carbon
source from methanol. The first step in methanol metabolism is alcohol oxidase
(AOD) which oxidize methanol to generate formaldehyde and hydrogen peroxide.
The toxic of hydrogen peroxide is broken down to oxygen and water by enzyme
catalase (CAT). Next, formaldehyde is oxidized by two pathways, assimilation and
dissimilation. Formaldehyde is fixed by dihydroxyacetone synthase (DAS) to form
dihydroxyacetone (DHA) and glyceraldehyde 3-phosphat (GAP) which assimilate into
the cytosol. These reactions are occurred in special organelle, called peroxisome.
The alcohol oxidase promoter is used to drive the recombinant protein expression
from P. pastoris. AOX1 and AOX2 are two genes which serve for alcohol oxidase.
AOX1 gene regulates the high levels of the methanol utilization and can growth in
medium containing methanol. Mut™ is defined for the wild-type methanol utilization
phenotype strains such as SMD1168 and GS115. The KM71H strain is Mut® phenotype
containing the AOX2 gene which exhibit lower expression and can growth on
methanol slower than AOX1 strain (90). P. pastoris has been used extensively and
successfully to produce the recombinant protein because it able to express the
heterologous eukaryotic proteins. This expression system can effectively produce the
soluble proteins and can modify the target protein by posttranslational processes,
such as glycosylation, phosphorylation and lipidation, which are the limitations of E.
coli system. The target protein can be secreted into culture medium by the secretion
signal which contain in the expression vector. Therefore, the supernatant can be

directly purified without harvesting yeast cells (91-93).
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CHAPTER IlI
MATERIALS AND METHODS

3.1 Reagents

3.1.1 Reagents for bacteria and yeasts cloning

Tryptone Bio-Basic, Canada
Peptone Oxiod, U.K
Yeast extract Oxiod, UK

Glycerol

Yeast Nirogen Base w/o0 amino acids

and Ammonium Sulphate

PPICZOLA expression vector
Zeocin
Ampicilin

NaCl

Methanol

Agar A

HEPES, free acid
DTT

EDTA

Sorbitol
Dextrose

Biotin
Isopropanol

SYBR™ Safe DNA Gel Stain

DNA ladder 100 bps and 1 kb

Agarose
EcoRl
Pstl
Sacl

Alkaline Phosphatase

Vivantis, Malaysia

Himedia, India

Invitrogen, U.S.A
Invitrogen, U.S.A
Applichem, Germany
Merck Millipore, Germany
Merck Millipore, Germany
Bio-Basic, Canada
Bio-Basic, Canada

Sigma Aldrich, U.S.A
Bio-Basic, Canada D-
Bio-Basic, Canada

Sigma Aldrich, U.S.A
Fluka, Germany

Merck Millipore, Germany
Invitrogen, U.S.A

Gene direx, U.S.A
Apsalagen, U.S.A

Thermo scientific, U.S.A
Thermo scientific, U.S.A
Thermo scientific, U.S.A
Thermo scientific, U.S.A



3.1.2 Kits
QlAprep Spin miniprep kit
QlAquick Gel extraction kit
QIAGEN Plasmid Maxi kit
YeaStar Genomic DNA kit
FITC Annexin V Apoptosis Detection Kit with Pl
Muse® Cell Cycle Assay Kit

3.1.3 Reagents for peptide purification
Imidazole
Ethanol
di-Potassium hydrogen phosphate
di-Sodium hydrogen phosphate
Sodium phosphate, monobasic
Sodium phosphate, dibasic
EDTA
NiSOq4

3.1.4 Reagents for cell cultures
DMEM phenol red free, powder
Fetal bovine serum (FBS)
Charcoal Stripped Fetal Bovine Serum
Penicillin Streptomycin
EDTA-Trypsin 0.25 (1x)
AntiBiotic-Antimycotic (100x)
Phosphate Buffered Saline (PBS)
MTT
SDS
Muse Cell Cycle Kit
Epidermal Growth Factor (EGF)
Gefitinib
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Qiagen, Germany

Qiagen, Germany

Qiagen, Germany

Zymo Research, U.S.A
BioLegend, U.S.A

Merck Millipore, Germany

Sigma Aldrich, U.S.A
Merck Millipore, Germany
Sigma Aldrich, U.S.A
Sigma Aldrich, U.S.A
Bio-Basic, Canada
Bio-Basic, Canada

Sigma Aldrich, U.S.A
Sigma Aldrich, U.S.A

Sigma Aldrich, U.S.A
Merck Millipore, Germany
Sigma Aldrich, U.S.A
HyclonelLaboratorie, U.S.A
HyclonelLaboratorie, U.S.A
Life Technologies, U.S.A
Hyclonelaboratorie, U.S.A
Invitrogen, U.S.A

Merck Millipore, Germany
Merck Millipore, Germany
Merck Millipore, Germany
Sigma Aldrich, U.S.A



Erlotinib
DMSO
Trypan blue stain

Sigma Aldrich, U.S.A
Sigma Aldrich, U.S.A
Thermo scientific, U.S.A

3.1.5 Reagents for protein SDS-PAGE and western blotting

RIPA lysis buffer

Proteinase inhibitor cocktail

Bovine serum albumin

Bradford dye reagent

Precision Plus Protein All Blue Standard
PageRuler Unstained Low Range Protein Ladder
Blotting-Grade Blocker

TEMED

Ammonium Persulfate

Tricine

Tris

Glycine

SimplyBlue SafeStain

Phospho-pd4/42 MAPK (Erk1/2) antibody

pdd/42 MAPK (Erk1/2) antibody
Anti-rabbit 1gG HRP-linked antibody
Pierce ECL Western Blotting Substrate
3.1.6 Reagents for immunofluorescence staining
Hoechst 33342 solution
Anti-6X His tag antibody [HIS.H8]

Goat Anti-mouse IgG&L (Alexa Fluor 568)
Prolong Gold Antifade Mountant

Merck Millipore, U.S.A
Roche, Germany

Merck Millipore, U.S.A
Bio-Rad, U.S.A

Bio-Rad, U.S.A
Invitrogen, U.S.A
Bio-Rad, U.S.A

Bio-Rad, U.S.A

Bio-Rad, U.S.A

Sigma Aldrich, U.S.A
Vivantis, Malaysia
Vivantis, Malaysia
Thermo scientific, U.S.A
Cell Signal Technology,
U.S.A

Cell Signal Technology,
USA

Cell Signal Technology,
US.A

Thermo scientific, U.S.A

Thermo scientific, U.S.A
Abcam, Cambridge, U.K.
Abcam, Cambridge, U.K.
Thermo scientific, U.S.A



3.2 Materials and Equipment
HisTrap FF column 5 ml

Glass microfiber filter Grade GF/C diameter 47 mm

Gene Pulser/Micro Pulser Electroporation Cuvettes

Electroporator

SnakeSkin™ Dialysis Tubing 3.5 MWCO
SnakeSkin™ Dialysis Clips

Syringe Filter 0.22 and 0.45 UM
Baffled Flasks 500 ml and 1000 ml
Erlenmeyer Flasks

Akta start

Refrigerated Centrifuge

Wet Tank Blotting system

Gel Electrophoresis chamber

96-well TC-treated Microplate

6-well Clear TC-treated Multiple well plates

Easy Flask 25 cm? Filter

Autopipette 0.5-1000 LUl

Pipette Filler

Pipette tips

Nalgene PPCO Centrifuge Bottle 250 ml
Nalgene Hi-speed Centrifuge Tube
Centrifuge Tube

Microcentrifuge tube 1.5 ml

Cryotube cryogenic vial

Freezer -20

Refrigerator 4

Biosafety cabinet
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GE healthcare, UK

GE healthcare, UK
Bio-Rad, U.S.A

Thermo scientific, U.S.A
Thermo scientific, U.S.A
Thermo scientific, U.S.A
Sigma Aldrich, U.S.A
DURAN, U.K.

Pyrex, U.S.A

GE healthcare, U.K.
Thermo scientific, U.S.A
Bio-Rad, U.S.A

ATTO, JAPAN

Corning Life Sciences,
US.A

Corning Life Sciences,
U.S.A

NUNC, DENMARK

Gilson, France

Thermo scientific, U.S.A
Gilson, France

Thermo scientific, U.S.A
Thermo scientific, U.S.A
NEST, U.S.A

NEST, U.S.A

NUNC, DENMARK
SANYO electric, Japan
SHARP, Japan

Haier, China
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Autoclave HIRAYAMA, Japan
Millipore Milli Q Merck Millipore, U.S.A
Exicycler 96 Real-Time PCR Bioneer, Korea
EnSpier Multimode Plate Reader PerKinElmer, U.S.A

3.3 Microorganisms

Competent E. coli Dh5QL strain New England Biolabs, UK
Competent P.pastoris KM17H strain Invitrogen, U.S.A

3.4 Cell lines and Growth Conditions
3.4.1 A549 (Human Lung Adenocarcinoma Cells)

Figure 7 A549 cell morphology

The NSCLC A549, is a human non- small cell lung carcinoma cell line,
has wild-type EGFR expression. A549 was gifted from Diana C.Marquez-Garban,
Department of Medicine in Hematology/Oncology, David Geffen School of Medicine,
US.A. A549 was cultured in Roswell Park Memorial Institute medium (RPMI)
supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin
(PenStrep). Cells were cultivated in a humidified tissue culture incubator at 37°C with

5% CO,
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3.4.2 PC9 (Human Lung Adenocarcinoma Cell Line)

EGFR- mutant PC9 cells were gifted from Prof.Hironobu Sasano (Department
of Pathology, Tohoku University Graduate School of Medicine, Sendai, Japan). PC9
cells were cultured with increasing concentrations of gefitinib or erlotinib; 10 nM (2
months), 1 uM (2 months) and 5 uM (2 months) to obtain gefitinib- or erlotinib-
resistant cell lines (PC9-GR and PC9-ER, respectively). The parent PC9-6M cells were
also cultured in culture medium without EGFR-TKIs for 6 months to keep the same
cultural conditions as previously described. PC9-6M, PC9-GR and PC9-ER were also
examined for EGFR mutation status as followed: PC96M and PC9-GR; exon 19
deletion, PC9-ER; exon 19 deletion, L858R and T790M mutations (94). Cells were
maintained in 10%FBS-RPMI plus 1% PenStrep.

3.4.3 HaCaT (Human Normal Keratinocyte Cell Line)

Y E RN

Figure 8 HaCaT cell morphology
Spontaneously Transformed Human Keratinocyte Cell Culture (HaCaT)
were obtained from the American Type Culture Collection (ATCC). HaCaT cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM) plus with 10% FBS and 1%
PenStrep.
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3.4.4 MCF7 (Human Breast Cancer cell line, ER+/PR+/HER2+)

Figure 9 MCF-7 cell morphology
MCF-7 is a human epithelial breast cancer cell line with positive for
estrogen receptor, progesterone receptor and HER2. Cells were cultured in DMEM
with high glucose medium plus 10% FBS and 1% PenStrep. For cell proliferation
assay, cells were plated in phenol-red free DMEM supplemented with 5%DCC

(Charcoal-stripped serum) for 3 days before initial the treatment.

3.4.5 T47DC42 (Human Breast Cancer cell lines, ER-/PR-/HER2+)

}

NEV

Figure 10 T47DC42 cell morphology
T47DC42 is PR negative breast cancer cells which were gifted from V.
Craig Jordan. T47DC42 was originated from T47D (the ER- and PR-positive cell) breast
cancer cell which cultured for long term in estrogen-deprived medium. Cells were

maintained in DMEM with high glucose supplemented with 5% FBS and 1% PenStrep.
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3.4.6 MDA-MB-231 (Human Triple-Negative Breast Cancer Cell line,
ER-/PR-/HER2-)

Figure 11 MDA-MB-231 cell morphology
MDA-MB-231 is a human triple-negative breast cancer (TNBC) cell line
which lack of estrogen receptor, progesterone receptor and HER2 expression. Cells
were grown in DMEM with high glucose medium supplemented with 10% FBS and
1% PenStrep. The cells were maintained at 37°C with 5% CO,.
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3.5 Peptide designs and plasmid constructions

The consensus PPPPLPPR is defined as a class Il SH3 ligand (PXXPXR) which
locates at the N-terminal domain of human PR, including both the PR-A and PR-B
isoforms. We previously established that this proline-rich motif interacts with SH3-
domain-containing proteins and sequentially exert progestin activation of
nongenomic signaling pathways in mammalian cells (8). Binding of SH3-PPD domains
is essential for several growth factor signal transduction pathways, such as EGFR (95).
Expression of PR-B containing the PPD inhibited NSCLC cell proliferation in both
progestin dependent and independent manners, suggesting that the PR-PPD
expression suppressed cytoplasmic/ membrane signaling through inhibiting the
activation of the EGFR pathway (12). To determine if the PR-PPD is the minimal
domain required to mediate the growth inhibitory effect, a cancer-specific cell-
penetrating peptide PR-PDD peptides were expressed and constructed. A cancer-
specific CPP, buforin-2 (BR2), was added to the N-terminus of PR-PPD (BR2-PPD) to aid
the delivery of PR-PPD inside the cells. In addition, BR2-2xPPD was constructed to
carry two repeats of PR-PPD separated by an intervening sequence similar to a

sequence that separates two PPD sequences in hSOS (NP 001369324.1) to mimic

endogenous Grb2-SOS interaction. A mutant BR2-2xAPPD peptide was also
constructed to determine the specificity of the PR-PPD interaction by replacing key
prolines with alanines.

For the cancer cell-specific peptide targeting nuclear signaling pathways,
steroid receptor coactivators or SRCs have been shown to their ability to interact and
coactivate several nuclear receptors, especially SRC-1 (96). SRC-1 contains three
alpha-helical LXXLL motifs at the C-terminus which serve as nuclear receptor binding
domain. LXXLL-peptide was designed for interfering nuclear receptor/coactivator
interaction. Expression of glucocorticoid receptor interacting protein 1 or GRIP-1 was
able to decrease the ER transcription activity. The recombinant protein containing
two repeats of the F6 peptide separating by GRIP-1 was more effective to inhibit ER
function (97). Therefore, NRx2 peptide was constructed from two LXXLL motifs of
peptide F6 linked by GRIP-1 amino acid sequence (BR2-LXXLL). Moreover, NRx2 was
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further combine to the SV40 nuclear localization sequence to access the nucleus. A
scramble or control peptide was generated by the permutation in NRx2 amino acids
of the original peptide (BR2-LXXLLscramble).

All peptides were added a polyhistidine tag which consist of six histidine (His)
residues at the C-terminal to be used for peptide purification. The enzyme restriction
sites for DNA cloning including EcoRI (G’AATTC) and Pstl (CTGCA’G) were added to
the N-terminal and C-terminal, respectively. Pichia codon optimization was used to
design each nucleotide sequences. The nucleotide sequences were synthesized as
double-stranded DNA into pUC19 plasmid by GeneArt/Thermo scientific, U.S.A.

Peptides sequences were shown in Figure 12.

A BR2 sequence: RAGLOFPVGRLLRRLLR
B. PR-PPD sequence: FPLGPPPPLPPRATPSRPG
C. 1xPPD sequence: FPLGPPPPLPPRATPSRPG
D.  2xPPD sequence: FPLGPPPPLPPRATPSRPGAESSPSKIMSFLPGPPPPLPPRATPSRPG
E. Sossequence: DEVPYPPPVPPRRRPESAPAESSPSKIMSKHLDSPRAIPPROPT SEAY
F. APFD sequence: FPLGPPAALAARATPSRPGAESSPSKIMSFLPGPPAAL AARATPSRPG
G. GRIP-1 sequence: LKEKHKILHRLLODSS SPYDLAKLTAEATGKELSQESSS TAPGSEVTVK QEPASPREKENALLRYLLDKDOTKD
H. F6 peptide: GHEPLTLLERLLMDDECAY
. MRxZ sequence: GHEPLTLLERLLMDDKCQAVDLAKLTAEAT GKELSQESSSTAPGSEVTVKQEPASPGHEPLTLLERLLMDDKQAY
J.  SVAONLS sequence:  PPKKKRKY
BR2 EcoRt BR2 Pst!
BR2-PPD eon—{  BR2 | PXXPXR f— e
BR2-2xPPD EcoRl | BR2 I PXXPXR I AESSPSKIMS I PXXPXR I_ Pett
Brz-2xAppp  Eon—  BR2 | AXXAXR [ messeskms | AXXAXR f— poo
BR2LXXLL  mom—]  BR2 | SV40NLS | NRx2 LXXLL | e
BRZ-LXXLL Ecoﬂf—' BR2 | SV40NLS | NRx2 LXXLL (Scramble) |— Pstt

(Seramble)

Figure 12 A schematic of BR2 containing PR-PPD peptides.
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3.6 DNA cloning and transformation

PPICZOA expression vector was previously modified by inserting the Pstl
restriction site, polyhistidine sequence and stop codon, respectively (constructed by
Asst. Prof. Sarintip Sooksai, Ph.D.) (Figure 13). pUC19 plasmid containing the
recombinant peptide sequences and pPICZOA vector were digested with EcoRI and
Pstl and analyzed by gel electrophoresis to obtain the individual recombinant
peptide DNA fragments. The expected bands were cut and purified by gel extraction
kit. pPICZOLA vector was dephosphorylated by alkaline phosphatase at 37°C for 1 h
followed by product purification. Then, the sticky ends of recombinant peptide and
pPICZOA were ligated. The reaction included 40 ng of pPICZOA, 10 ng of
recombinant peptide DNA, 1 pl of T4 DNA ligase and 1 ul of 5xT4 lication buffer.
Adjusted total volume to 10 pl and incubated at 25°C. The following day, the ligation

mixture was transformed into E. coli by heat shock. The competent E. coli DH5QL
cells were thawed on ice. Then, gently mixed 5 pl of licated-plasmid DNA with 50 pl
of competent cells, placed on ice for 30 mins and immediately heat shock at 42°C
for 30 sec and then placed on ice for 5 mins. Growth the competent cells by shaking
with 300 pl of SOC medium at 37°C, 225 rpm for 60 mins. Spread 50-100 pl on low
salt Luria-Bertani (LSLB) agar containing 25 pg/ml zeocin and incubated at 37°C
overnight. Plasmid DNA was extracted from transformant E. coli and then confirmed

by sequencing analysis.
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Figure 13 Plasmid map of modified pPICZAA containing CPP.
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3.7 Isolation of plasmid DNA

3.7.1 Alkaline lysis

The transformant E. coli were subcultured. Fresh single colony was
growth in LSLB broth with 25 pg/ml zeocin by shaking at 37°C, 225 rpm overnight.
Pellet 3 ml of bacterial culture by centrifugation at 13,000 rpm for 1 min at room
temperature. The supernatant was removed, and cells were resuspended in 330 pl
buffer P1 (50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 100 mg/mL RNase A). Added 380 ul
buffer P2 (0.2 M NaOH; 10% w/v SDS), gently mixed by inverting and incubated at
room temperature for 5 mins. Added 380 pl buffer P3 (3M Potassium acetate, pH
5.5), gently mixed by inverting and incubated at -20°C for 15 mins. Collected the
supernatant after centrifugation at 13,000 rpm for 10 mins. To precipitate DNA 1
volume of cold-isopropanol was added, mixed and incubated at -20°C for 30 mins.
Centrifuged all samples at 13,000 rpm for 10 mins and then carefully removed the
supernatant from DNA pellet. Washed pellet with 70% ethanol and dried by
SpeedVac. Resuspended pellet with 30 pl of DEPC treated water and incubated at C
for 15 mins to dissolve DNA. Total DNA was quantified by spectrophotometer (OD
260/280 ratio).

3.7.2 QIAGEN® Plasmid Mini kit

After growth the transformant cells in LSLB medium overnight, pellet
cells 3 ml by centrifugation at 10,000 rpm for 1 min. Resuspended pellet with 250 pl
buffer P1 and gently mixed with 250 pl buffer P2 by inverting until the mixture
become blue. Added 350 250 pl buffer N3 and mixed until the mixture turned into
colorless. Centrifuged sample at 13,000 rpm for 10 mins and transfer 800 pl of the
supernatant to the QlAprep spin column. Centrifuged column and discarded the
flow-through. Washed column by 500 pl buffer PB, centrifuged 13,000 rpm for 1 min
and discarded the flow-through. Washed column again by adding 750 ul buffer PE,
then centrifuged and discarded the flow-through. Centrifuged again to remove the
excess buffer and placed column in a new microcentrifuge tube. Added prewarmed
DEPC (65°C) to the middle of column, incubated at 65°C for 15 mins and collected
the elution by centrifugation at 13,000 rpm for 1 min.
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3.7.3 QIAGEN® Plasmid Maxi kit

Grew the starter culture of bacteria in 3 ml LSLB broth with shaking at
37°C, 225 rpm overnight. Following day, poured the starter culture into 250 ml LSLB
and grew it overnight. Cells were harvested by centrifugation at 6,000xg for 15 mins
at 4°C. The supernatant was discarded, resuspended pellet in 10 ml buffer P1 and
transferred into hi speed centrifuge tube. Buffer P2 10 ml was added and gently
mixed by inverting and incubated at room temperature for 5 mins. Next, added 10
ml buffer P3 and incubated on ice for 20 mins. Centrifugation at 18,000xg for 10 mins
at 4°C and re-centrifuged again. After equilibrated a QIAGEN tip with 10 ml buffer
QBT, the supernatant was transferred to the QIAGEN tip and allowed it flow by
gravity. Then, washed the QIAGEN tip with 30 ml buffer QC 2 times. DNA was eluted
by 15 ml buffer QF into a new hi speed centrifuge tube and 10.5 ml Isopropanol was
added to precipitate DNA. Then, centrifuged at 15,000xg for 30 min at 4°C. the
supernatant was carefully removed, then washed the pellet by 5 ml of 70% ethanol
and centrifuged 15,000xg for 10 min. Air-dried the pellet and dissolved DNA by
prewarmed DEPC 350 pl.

3.7.4 QIAquick® Gel extraction kit
After enzyme digestion and gel electrophoresis, the expected bands
were cut by scalpel. Gel was mixed with 3 volumes buffer QG to 1 volume gel and
melted on heat block at 50°C for 10 mins. Precipitated DNA by adding 1 gel volume
isopropanol to the solution, mixed, transferred to QIAquick column and centrifuged
at 13,000 rpm for 1 min. Removed the flow-through and washed column by 750 pl
buffer PE and centrifuged for 1 min. Placed the column in a new microcentrifuge

tube and eluted DNA in 30 pl DEPC.
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3.8 Yeast transformation and Genomic extraction

3.8.1 Preparation of competent yeast

Fresh Pichia pastoris strain KM71H single colony was inoculated in 10

ml YPD broth and cultured with shaking at 30°C, 250 rpm overnight. After 24 h,
pipetted 4 ml from yeast cultured to 200 ml YPD (ODgyo ~0.1) and growth with
shaking for 3 h until reach an ODg4y to ~1. Yeast cells were transferred to 50 ml
conical tubes and harvested by centrifugation at 2000xg for 5 mins at 4°C.
Resuspended yeast pellet in 10 ml YPD broth and 2 ml 1M HEPES buffer pH.8. Gently
mixed the cells with 250 pl fresh 1M DTT and incubated at 30°C for 15 mins and
then placed the cells in ice-cold water for 5 mins. Harvested cells by centrifugation
at 2000xg for 5 mins at 4°C, washed 2 times with 25 ml cold sterile water and
centrifuged. Washed cells in 10 ml of cold 1M D-sorbitol 2 times and resuspended
yeast pellet in 50 pl of cold 1M D-sorbitol (total volume 100 pl). Cells were used
immediately or stored at -80°C.

3.8.2 Yeast transformation

Total plasmid DNA 15 pg were digested with Sacl and a complete
linearization was analyzed by gel electrophoresis compared to undigested plasmid.
The digested DNA was purified using QIAquick® Gel/PCR extraction kit and eluted in
15 ul DEPC. Total DNA was measured by Nanodrop. Purified 5-10 pg plasmid DNA in
10 pl was mixed to 40 pl of competent yeast and transferred into prechilled 2-mm
gap cuvette on ice. Pulsed cells with high voltage (2.8 kV) and immediately added
500 pl of cold 1M D-sorbitol. Transferred the solution to a microcentrifuge tube and
incubated at 30°C for 1 h. Added 500 pl YPD broth and incubated with shaking at
30°C, 200 rpm for 1 h. Spread 300 pl on YPD plate containing 100 mg/ml zeocin and
incubated at 30°C at least 2 days.

3.8.3 Yeast Genomic extraction and PCR analysis

To determine the recombinant gene has integrated into P. pastoris
KM71H, genomic DNA was isolated from Pichia clone using YeaStar Genomic DNA kit.
After colonies formed on YPD plate, 3-5 colonies were streaked for single colony at

30°C for 3 days. Cells were growth in YPD medium with shaking at 30°C, 250 rpm
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overnight. Yeast culture 1-1.5 ml were harvested by centrifugation at 500xg for 2
mins and pellet were resuspended in 120 pl of YD digestion buffer and 5 pl of R-
Zymolase (Rnase A+Zymolase) by vortexing and incubated at 37°C for 1 h. Added
120 pl of YD lysis buffer and mixed by vortexing for 10 sec. Then, chloroform 250 pl
was added and mixed for 1 min. The supernatant was separated by centrifugation at
13,000 rpm for 2 mins, then transferred to Zymo-spin Il column and centrifuged for 1
min. Added 300 pl of DNA wash buffer and centrifuged for 1 min 2 times. Placed
Zymo-spin Il column to a new microcentrifuge tube and eluted DNA in 30 pl of
DEPC. Total DNA was measured by Nanodrop. Genomic DNA 50 ng/ul, Forward primer
5’A0X1 (5’-GACTGGTTCCAATTGACAAGC-3’), 0.4 pmole and Reverse primer 3’AOX1
(5’-GCAAATGGCATTCTGACATCC-3’) 0.4 pmole were added into Green mastermix (2x)
and run the following steps. The plasmid without insert was used as a negative

control. PCR products were analyzed by gel electrophoresis.

3.9 Peptide expression and purification

3.9.1 Peptide expression

Fresh single colony of transformant P. pastoris was picked and growth
in 10 ml Buffer Glycerol-complex Medium (BMGY) with shaking at 30°C, 280 rpm
overnight. Inoculated 1 ml of starter culture in 100 ml BMGY medium and incubated
with shaking at 30°C, 280 rpm overnight. After the ODgy of an overnight cultured
reached to 2-6, cells were harvested by centrifugation at 5,000xg for 5 min at room
temperature. The supernatant was discarded. The pellet was resuspended in 10 ml
of Buffer Methanol-complex Medium (BMMY) containing 0.5% final concentration of
methanol to induce protein expression. Cells were continuously incubated with
shaking at 30°C, 280 rpm for 24 h. The cultured medium was collected by
centrifugation at 8,000xg, 4°C for 20 mins and stored at -80°C.

3.9.2 Peptide purification and dialysis

The cancer-specific peptides were expressed as histidine-tagged
peptide which could be purified by nickel affinity chromatography. The supernatant
was thawed on ice overnight and sterilized by filtration with 0.45 uM membrane. To

prepare purification system, the HisTrap column was cleaned with sterile deionized
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water and equilibrated with binding buffer (20 mM Sodium Phosphate buffer pH 7.4,
0.5 M NaCl and 5 mM imidazole). Filtered supernatant was mixed with biding buffer
in 1:2 ratio and loaded into column by pump injection. After sample loading, the
HisTrap column was loaded with binding buffer for 5 column volumes to wash the
unbound proteins. Histidine-tagged peptide was eluted by elution buffer (20 mM
Sodium Phosphate buffer pH 7.4, 0.5 M NaCl and 500 mM imidazole). Peptide was
collected by fraction collector. The expected fractions were pooled and then
dialyzed to remove the excess salt. Peptide solution was transferred to 3.5 MWCO
dialysis tubing, two ends of tubing were closed by dialysis clips. Dialysis tubing was

placed in 0.01M PBS pH 7.4 buffer with stirring on magnetic stirrer plate at 4°C.
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Figure 14 AKTA start process.
The flow path of AKTA start consists of valves, buffer mixer, pump, pressure

detector, column, UV monitor, and conductivity monitor and fraction collection.

3.10 Detection of Small Peptide by SDS-PAGE

The purified peptide was measured concentration by Bradford Protein
Assay. Diluted bovine serum albumin (BSA) at concentration 0, 0.03, 0.06 0.125, 0.25,
0.5 and 1 mg/ml were used as standard protein. Ten microliters of each standard and
peptide was pipetted into 96-well plate. Bradford reagent was diluted to 1x final
concentration and then 200 pl of dye was thoroughly mixed in each well and

incubated at room temperature for 5 mins. Absorbance was measured by
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spectrophotometer at 595 nm. Peptide concentration was determined by reference
to standard curve.

To detect size and purification, peptide was further analyzed by SDS-
PAGE and immunoblotting. For SDS-PAGE, one hundred nanograms of supernatant,
flow-through, wash fraction and the eluted peptide were mixed with loading buffer
and denatured at 95°C for 10 mins. The solution was loaded into 16% Tris-Tricine gel
and separated with constant voltage 125 volts for 90 mins. Gel was fixed with fixing
solution (50% Methanol and 10% Acetic acid) for 1 h, washed 3 times with deionized
water and then stained with Coomassie Blue. Molecular weight of peptide was
compared to low-range molecular weight protein marker. For immunoblotting, one
microgram of the eluted peptide was separated by 4-20% precast polyacrylamide gel
with constant 120 volts for 60 mins and then transferred to PVDF membrane with
constant 150 mA for 45 mins. Membrane was blocked in 5% non-fat dry milk in
IXTBST for 1 h. Histidine tageed peptides were recognized by His-monoclonal
antibody (1:1000 v/v in 5%BSA-TBST) overnight, at 4°C. Next, blots were incubated
with anti-mouse secondary antibody (1:5000 v/v in 5%BSA-TBST) for 1 h at room
temperature and virtualized on X-ray film by chemiluminescence using Pierce® ECL

Immunoblotting Substrate.

3.11 Detection of peptide localization

A549 and HaCaT 2x10° cells were cultured on sterile cover glass in 6 wells
plate in 2% DCC-RPMI medium. After 24 h, cells were treated with 2.5 uM BR2-2xPPD
in serum-free-RPMI' medium for 1 h. Cells were washed and fixed with 4%
Paraformaldehyde (PFA) for 20 min. Wash the cells by 1xPBS 3 times and incubated
with 0.5% Triton x-100 for 10 min. After washing, cells were blocked with 1%FBS-PBS
for 1 h. Then, cells were incubated with mouse monoclonal 6xHis tag antibody
[HIS.H8] (1:200 v/v) at 4°C, overnight. The following day, cells were incubated with
Goat anti-Mouse 1gG (H+L) Secondary Antibody, Alexa Fluor 568 (1:2500 v/v in 1%
BSA-PBS) for 1 h at room temperature in the dark. Wash the cells by 1xPBS 3 times.
Incubated cells with Hoechst (DNA stain) for 10 min and washed with PBS. Mounted
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the coverslip with a drop of Prolong Antifade mounting medium, sealed with nail

polish and visualized under confocal microscopy.

3.12 Cell viability assay (MTT)

A549 cells were plated in RPMI supplemented with 1% DCC-FBS and 1%
PenStrep at 6,000 cells per well in a 96-well culture plate and incubated for 24 h to
achieve 80% confluence. For HaCaT, cells were plated at 8,000 cells per well in
10%FBS-DMEM. The following day, the cultured medium was removed. To activate
EGF-induced cell growth, cells were treated with EGF 50 ng/ml compare to the
combination of EGF and increasing dose of peptides (0, 0.625, 1.25 and 2.5 uM). Cells
were incubated at 37°C with 5% CO, for 24 h. MTT solution (5 mg/ml) was added to
the cells and incubated for 4 h. The insoluble formazan was dissolved by 10% SDS.
Then, absorbance was measured at 570 nm by a microplate spectrophotometer.

To determine the effect of EGFR-TKIs and peptides on EGFR-mutant NSCLC
cell proliferations, PC9-6M, PC9-GR and PC9-ER were plated at 8,000 cells per well in
10% FBS-RPMI for 24 h. Then, cells were treated with gefitinib or erlotinib alone
compared to the combination with peptides (0-2.5 uM) for 72 h and analyzed cell
viability by MTT.

3.13 Western blot Analysis
3.13.1 Preparation of cell lysate from cell culture

A549 2x10° cells were cultured in 2% DCC-RPMI medium for 24 h.

Cells were washed with 1xPBS and then pretreated with BR2-2xPPD or BR2-2xAPPD
2.5 pM in serum-free medium for 4 h. To induce MAPK signaling, cells were treated
with EGF 20 ng/ml for 5, 10 and 30 mins. Culture medium was discarded, and cells
were washed with cold 1xPBS 2 times. Adherent cells were lysed with 70 pl ice-cold
IXRIPA lysis buffer (5 mM NaF, 2 mM Nas;VO,, 1xproteinase inhibitor). Cells were
incubated with lysis buffer for 5 mins on ice and then scraped cells and transferred
the lysate to a new microcentrifuge tube. Placed the sample tubes on ice and mixed

by vortex every 5 mins for 15 mins for completely lysed cells. Centrifuged the lysate
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at 12,000 rpm, 4°C for 10 mins. Carefully transferred the supernatant to a new 1.5 ml
tube. Cell lysate was diluted in lysis buffer with a 1:15 ratio and protein
concentration was determined by Bradford assay as previously described.

3.13.2 SDS-PAGE and Western blotting

The SDS-PAGE was divided into 4% stacking gel and 8% separating gel
to separate the target proteins (42 and 44 KD). Two glass plates were clamped on gel
casting apparatus. Mixed solution of separating gel was firstly loaded into the gap
between glass plates and poured some water on acrylamide gel. Allowed the gel to
polymerized for 20 mins and discarded the overlayed water. Loaded the solution of
stacking gel, immediately put the comb and allowed the gel to set for 30 mins.
Placed the gel in running tank and filled the tank with 1xrunnung buffer. Ten
micrograms of cell lysate were mixed with dxLaemli loading buffer and denatured at
95°C for 10 mins. Loaded the solution to each lane of acrylamide gel. Run the
stacking gel with constant 70 volts for 30 mins followed by running of separating gel
with constant 120 volts for 60 mins. Proteins were transferred onto PVDF membrane
with constant 150 mA for 1 h and was then incubated with 5% non-fat dry milk
blocking solution for 1 h. Membranes were washed with 1XTBST and probed with
primary antibody recognizing phospho-p44/42 MAPK (1:1000 v/v, Cell Signaling
Technology, USA) and total MAPK antibody (1:1000 v/v, Cell Signaling Technology,
USA) overnight at 4°C.  Next, blots were incubated with anti-rabbit secondary
antibody (1:5000 v/v in 5%BSA-TBST) for 1 h at room temperature and virtualized on
X-ray film by chemiluminescence using Pierce® ECL Immunoblotting Substrate.

Images were analyzed by ImageJ software.

3.14 RNA isolation and Real-Time PCR

A549 2x10° cells were plated in 109%FBS-RPMI medium for 24 h in 6 well
culture plate. Then, cells were treated with BR2-2xPPD or BR2-2x/APPD 2.5 uM for 0,
8, 12 and 24 h. Cells were wash with cold-PBS. Total RNA was extracted using 1 ml
of GENEzol reagent and incubated at room temperature for 5 mins. Pipetted the

solution up and down and transferred to a new microcentrifuge tube. Added 200 pl
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chloroform, mixed the sample vigorously for 10 sec and centrifuged at 14,000xg, 4°C
for 15 mins. RNA was separated in the colorless upper aqueous phase. Carefully
transferred the aqueous to a new tube. One volume of isopropanol was added to
the sample, mixed by inverting several times and incubated at room temperature for
10 mins. Centrifuged at 14,000xg, 4°C for 10 mins. Washed the RNA pellet with 70%
Ethanol and centrifuged 14,000xg, 4°C for 5 mins. Discarded the supernatant and
washed the pellet 2 times. Discarded the supernatant and dried the pellet at room
temperature for 2 to 3 h. Dissolved the pellet with prewarmed DEPC and incubated
at 65°C for 15 mins. Total RNA was determined by Nanodrop at the OD 260/280.
cDNA was synthesized by adding 1 pg RNA and DEPC water up to 20 pl in Maxime ™
RT Premix tube. Performed cDNA synthesis reaction at 45°C for 60 mins followed by
RTase inactivation at 95°C for 5 mins. To perform real-time PCR, the master mix
containing 1xRealMOD™ Green 2xgPCR mix, 10 uM forward primer and 10 uM reverse
primer were prepared. cDNA 1 pl was pipetted to each sample tube and DEPC water
was added to adjust the final volume of each reaction to 20 pl. Real-time PCR with
specific primers for cyclin D1 and CDK2 were performed. GAPDH was used as an

internal control.

3.15 Cell cycle analysis
A549 were seeded in 6 cm dish at 2x10° cells in 10%FBS-RPMI medium.

After 24 h, cells were treated with BR2-2xPPD or BR2-2xAPPD 2.5 UM for 8, 12 and 24
h. A549 cells were collected by trypsinization and washed with cold 1xPBS. Slowly
added 200 pl of ice-cold 70% ethanol to fix the cells and kept at -20°C at least 3 h
before performing cell cycle analysis. The fixed cells were washed by 1xPBS.
Centrifuged the cell at 300xg for 5 mins and resuspended the pellet in 200 pl of
Muse™ Cell Cycle Reagent (Merck Millipore, Germany) in the dark and incubated for
30 mins at room temperature. One-thousand cells of each samples were analyzed

by flow cytometry (BD Biosciences, U.S.A).
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3.16 Detection of Cell Apoptosis
A549 were seeded in 6 cm dish at 2x10° cells in 10%FBS-RPMI medium. The

following day, cells were treated with increasing dose of BR2-2xPPD or BR2-2xAPPD
(0-2.5 pM) for 24 h. Cells were harvested by trypsinization and washed with cold
1xPBS. Discarded the washing buffer and resuspended the pellet in 100 pl of Annexin
V Binding Buffer at a concentration of 0.25-1.0 x 10" cells/ml. Cell were mixed until
separated as single cell. Transferred the cell suspension to 5 ml flow cytometry
tube. Added 5 pl of FITC Annexin V and mixed by vortex, incubated in the dark at
room temperature for 15 mins. Added 3 ul of propidium iodide (PI), gently vortexed
and incubated for 15 mins at room temperature in the dark. Added the Annexin V
Binding Buffer 300 ul and gently mixed by vortex. Then, analyzed by flow cytometry
(BD Biosciences, U.S.A).

3.17 Wound Healing Scratched Assay

A549 3x10° cells were seeded in 12-well plate in 10%FBS-RPMI medium. After
24 h, the confluence of cell culture was 90-100% and then cells were starved with
2%DCC-RPMI. Before peptide treatment, the monolayer of cells was subjected to a
mechanical scratch wound using 10 pl pipette tips and gently washed with 1xPBS for
2-3 times to remove the floating cells. Cells were treated with BR2-2xPPD or BR2-
2x/APPD peptides at concentration 2.5 uM in 2%DCC-RPMI medium and incubated for
additional 24 and 48 h. The wounded cells were visualized under microscopic at 0,
24 and 48 h after scratching. The percentage of wound area was measured by ImageJ

software.

3.18 Estradiol-induced breast cancer cell proliferation

MCF-7 3,000 cells were cultured in 96 well plate in 5%DCC-DMEM. After 72 h,
cells were treated with increasing concentration of 17[3-Estradiol (0-100 nM) in
5%DCC-DMEM. Cell viability assays were performed at 0 to 96 h after treatment

compared to vehicle (ethanol).
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3.19 Luciferase Assay

To examine whether BR2 containing LXXLL motif can inhibit the
transcriptional activity of steroid hormone receptor, T47DC42 expressing PRB
(Td&DC42-PRB) cells were plated in 96 well plate at 5,000 cells/well in DMEM
supplemented with 5% DCC-FBS (Charcoal stripped fetal bovine serum) for 24 h.
Cells were transfected with 20 ng pRL-CMV Luciferase control (Renilla) and 180 ng of
PRE,-TK-Luciferase reporter plasmid and Lipofectamine3000 reagent was used to
perform the transient transfection. The following day, the cultured medium was
discarded and changed to the medium containing Doxycycline at concentration 1,000
ng/ul for 6-8 h to induce PRB expression. Then, cells were treated with 10 nM R5020
(a Synthetic Progestin) or ethanol (vehicle) in the absence or presence of BR2-LXXLL
or BR2-LXXLL (scramble) peptide from 0 to 7.5 yM and incubated for 24 h.

For Luciferase assay, the Dual-Glo® Luciferase Assay Reagent was thawed at
room temperature and mixed well. Changed the cultured medium in 96 wells plate
to the total 75 pl of fresh medium. Added 75 pl of Dual-Glo® reagent to each well,
mixed by pipette and incubated for 10 mins at room temperature for completely
cell lysis. Then, the firefly luminescence was measured by the luminometer. Added
the Dual-Glo® Stop & Glo® Reagent 75 pl to each well and incubated for 10 mins
followed by Renilla luminescence measurement. The ratio of luminescence from the

firefly reporter to luminescence from the Renilla control reporter was calculated.

3.20 Statistical Analysis

The statistical analysis was determined by employing a paired t-test and a
two-way ANOVA with Bonferroni correction using GraphPad Prism 8.0 (GraphPad
Software, CA, USA). All data were represented as meanXt SEM and P values of < 0.05
were considered significant in all studies. *p < 0.05; **p < 0.01; **p < 0.001; ****p <

0.0001.
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CHAPTER IV
RESULTS

4.1 Peptide Construction and Characterization

4.1.1 Plasmid design and gene synthesis

After the nucleotide sequences were synthesized by the company, the
lyophilized plasmids were dissolved in 50 pl of sterile TE buffer to make the final
concentration at 100 ng/pl. All recombinant genes were previously added the
enzyme restriction site at the N- and C-terminus. To determine whether pUC19
contain the sequence of target recombinant gene, the plasmid DNA was digested
with EcoRI and Pstl. Gel electrophoresis was performed with 1.5% agarose gel, 100
volts for 40 mins. Size of target gene was compared to undigested plasmid. As shown
in Figure 15A and 15B, the expected size of BR2-PPD, BR2-PPDscramble, BR2-2xPPD,
BR2-LXXLL, BR2-LXXLLscramble and BR2-2xAPPD was 120, 120, 207, 309, 309 and
207 base pairs, respectively. For BR2 plasmid construction, BR2 sequence was
amplified by PCR from BR2-PPDscramble plasmid. PCR reaction was performed using
forward 5’AOX primer and reverse primer. PCR product in size 636 base pairs was

shown in Figure 15C.
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Figure 15 Restriction enzyme digestion of pUC19-CPPs.
(A) and (B) pUC19-CPP plasmids were digested by EcoRI and Pstl restriction
enzymes and 1.5% gel electrophoresis were performed. Digested plasmid was
compared to undigested plasmid. (C) BR2 was amplified from pUC19-PPD plasmid

and PCR product was analyzed by electrophoresis.
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4.1.2 DNA cloning and transformation

Marker pPICZOA

1 Kb Uncut Cut Uncut Cut

<+ ~3,600

Figure 16 Restriction enzyme digestion of pPICZ0IA expression vector.
pPICZAA plasmid was digested by EcoRI and Pstl restriction enzymes and 1%

gel electrophoresis were performed. The size of pPICZOLA is approximately 3,600 bp.

To generate the pPICZOLA expression vector containing the recombinant
gene, the expected band from enzyme digestion was excised from agarose gel and
purified using gel extraction kit (Figure 16). After dephosphorylation of pPICZOLA
vector, each recombinant gene was ligated into pPICZOLA and transformed to
competent E. coli by heat shock. The transformant E. coli was selected on low salt
LB agar containing 25 pug/ml Zeocin antibiotic. The positive clones were growth in
LSLB medium with shaking at 30°C, 280 rpm overnight. Plasmid DNA was extracted by
traditional alkaline lysis to screen the positive clone. After restriction enzyme
digestion, gel electrophoresis was performed. The purified recombinant plasmids

were further confirmed by sequencing analysis.
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Figure 17 Cloning of the recombinant pPICZOIA-CPP expression vectors.
(A) and (B) All CPPs and pPICZOA were previously digested by EcoRl and Pstl.
After gel extractions, the digested CPPs were ligated into pPICZOLA expression vector
and transformed into E. coli. The recombinant plasmids were extracted by Qiagen

mini kits and electrophoresis were performed.
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4.1.3 Pichia pastoris transformation

Before yeast transformation, the purified plasmid DNA 5-10 pg were digested

by Sacl to cut at the 5’AOX region and linearized the pPICZOLA. A small aliquot of
each reaction was examined by gel electrophoresis for completely linearization as
shown in Figure 18. All products were next purified using PCR cleanup kit to remove
the residual enzyme and buffer. Total plasmid DNA were eluted in DEPC water and
determined the concentration by Nanodrop. Competent Pichia pastoris strain KM71H
were prepared followed by electroporation at 2.8 kV. The transformant Pichia were
selected on YPD plate containing 100 pg/ml Zeocin for 2-4 days. The transformant
yeasts which express the zeocin resistance gene were formed. To determine whether
gene of interest has integrated into the Pichia genome, the transformant yeasts were
next examined by PCR. Firstly, the positive clones were picked and growth in YPD
broth with shaking at 30°C, 280 rpm overnight. Yeast genomic DNA were extracted
using YeaStar Genomic DNA extraction kit. Then, the total DNA 50 ng were performed
PCR reaction with specific primers including 5’A0X and 3’AOX primer compared to

the parent plasmid which lack of gene insertion (Figure 19).
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Figure 18 Linearization of the recombinant pPICZOLA-CPPs.
(A) and (B) Purified pPICZOA-CPP plasmids were digested by Sacl. The
aliquots were analyzed by electrophoresis. Size of linearized plasmid was in

approximately 3,600 bp compared to undigested plasmid.
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pPICZOA
BR2-PPD BR2-LXXLL
Marker BR2-PPD (Scramble) BR2-2xPPD BR2-LXXLL (Scramble)

1kb pPICZOA Clone 1 Clone 2 Clone1 Clone 2 Clone1l Clone2 Clone 1 Clone 2 Clone 1 Clone 2

Figure 19 PCR amplifying of yeast genomic DNA.
The PCR products amplified with a pair of primers 5’AOX and 3’AOX were
analyzed by 1% gel electrophoresis. Size of pPICZOA without gene insertion is 599
base pairs. Size of pPICZOA-BR2-PPD, pPICZOLA-BR2-2xPPD, pPICZOLA-BR2-2xAPPD,

PPICZAA-BR2-LXXLL and pPICZAA-BR2-LXXLLscramble were 719, 806, 806, 908 and
908 base pairs, respectively.

4.1.4 Peptide expression and purification

The positive clones from starter culture were growth in BMGY medium with
shaking at 30°C, 280 rpm overnight. After the ODgqy was reached to 2-6, cells were
harvested by centrifugation and resuspended in BMMY medium containing 0.5%
Methanol to induce AOX1 promoter. The supernatant from culture medium was
collected after 24 h and purified by nickel fast flow column using AKTA start. As
shown in Figure 20 and 21, each peptide was eluted as a single peak shown in
chromatogram. Peptide purity was analyzed using SDS-PAGE followed by Coomassie
blue staining compared with supernatant, flow-through and wash fractions. We
successfully produced the highly purified peptides as shown in a single band on SDS-
PAGE. Molecular weight of BR2-PPD, BR2-2xPPD, BR2-2xAPPD, BR2-LXXLL and BR2-
LXXLLscramble were 5.3, 8.3, 7.3 12.3 and 12.3 KD, respectively. In addition, peptides
were also analyzed by His-monoclonal antibody to confirm that these peptides were

Histidine-tagged peptides (Figure 22A and 22B).
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Figure 20 Chromatogram and SDS-PAGE analysis of BR2 containing PR-
PPD peptides.

The supernatant from culture medium was collected after 24 h and purified
by nickel fast flow column using AKTA start. Each peptide was eluted as a single peak
shown in chromatogram. Peptide purity was analyzed using SDS-PAGE followed by
Coomassie blue staining compared with supernatant, flow-through and wash

fractions.
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Figure 21 Chromatogram and SDS-PAGE analysis of BR2 containing LXXLL

motifs peptides.
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The supernatant from culture medium was collected after 24 h and purified

by nickel fast flow column using AKTA start. Each peptide was eluted as a single peak

shown in chromatogram. Peptide purity was analyzed using SDS-PAGE followed by

Coomassie blue staining compared with supernatant, flow-through and wash

fractions.
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Figure 22 Western Blot Analysis of Histidine-tagged peptides.
After purification, one microgram of purified peptide was loaded into 4-20%
SDS-PAGE. 6xHis-tag antibody was used to recognize his-tagged peptide by

immunoblotting.

4.1.5 Peptide specificity and localization

To determine the intracellular localization of peptides. A549 NSCLC cell lines
was incubated with 2.5 uM of peptides for 1 h. Cells were fixed and stained by
immunofluorescence recognize 6-His synthetic peptide. As shown in Figure 23, BR2-
PPD, BR2-2xPPD and BR2-2xAPPD peptides could penetrate and accumulate in both
cytoplasm and nucleus (red color) in A549 compared to untreated cells. However,
these peptides could not pass into normal keratinocyte HaCaT cells at equal
concentration and time. For MCF7 breast cancer cell lines, cells were treated with
BR2-LXXLL, BR2-LXXLL(Scramble), BR2-2xPPD and BR2-2xAPPD peptides at 2.5 uM for
1 h. BR2-LXXLL and BR2-LXXLL(Scramble) peptides were mainly localized in nucleus

resulting from nuclear localization sequence of SV40 while BR2-2xPPD and BR2-
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2xAPPD peptides were located in both cytoplasm and nucleus as shown in Figure
24. These data confirmed the cancer-specific penetration activity of BR2 peptide that
correlated with previous study (89, 98).

HaCaT A549

(Non-cancerous human keratinocyte cell) (Non-small cell lung cancer cell)

Hoechst 6xHis-ta Merge Hoechst 6xHis-ta Merge

Control

o ... ...
o ... ...
o PPD... ...

Figure 23 Intracellular localization of cell-penetrating peptides in HaCaT
and A549.

A549 NSCLC cells and normal HaCaT keratinocyte cells were incubated with
His-tagged peptides (2.5 M) for 1 h at 37 °C and stained with 6-His specific antibody
(red). Hoechst was used to stain nucleus (blue). Intracellular distribution of His-

tagged peptides was visualized by confocal microscopy.
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BR2-LXXLL
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BR2-2xPPD

BR2-2xA PPD

Figure 24 Intracellular localization of cell-penetrating peptides in MCF-7.
MCF-7 breast cancer cell lines were incubated with His-tagged peptides (2.5
M) for 1 h at 37 °C and stained with 6-His specific antibody (red). Hoechst was used
to stain nucleus (blue). Intracellular distribution of His-tagged peptides was visualized

by confocal microscopy.
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4.2 Effect of the cancer-specific BR2 containing PR-PPD peptides on EGF-
mediated NSCLC cell growth

4.2.1 Optimization of Epidermal Growth Factor (EGF) concentrations.

Transactivation of EGFR by cognate ligands such as epidermal growth factor
(EGF) can promote NSCLC cell proliferation through PPD and SH3 domain interaction
and eventually induce downstreams cascade such as MAPK signaling. A549 cells were
treated with increasing dose of EGF (0-500 ng/ml) in 1%DCC-RPMI medium for 24 h.
Then, cell viability test was performed by MTT assays. EGF-treated A549 cells were
significantly increased cell viability at all EGF concentrations tested compared to
untreated cells (Figure 25). Previous study has been shown that PR-PPD expression
was more significant to the growth inhibition of EGF-induced A549 cell proliferation at
the maximum dose of EGF at 50 ng/ml (12). Therefore, dose of EGF at 50 ng/ml was

used in the following experiment.
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Figure 25 The effect of EGF on A549 cell proliferation.

A549 cells were plated in 19%DCC-RPMI for 24 h. Cells were treated with
increasing dose of EGF from 0 to 500 ng/ml in 1%DCC-RPMI medium. After 24 h, cell
viability assays were performed by MTT. Percent cell viability in EGF-treated A549
cells was significantly different from untreated cells. Error bars represent the

standard errors of the mean (n=3) (**p < 0.01).
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4.2.1 BR2 containing PR-PPD peptides mediate the inhibitory effect of
EGF-induced cell proliferation

Transactivation of EGFR by cognate ligands such as epidermal growth factor
(EGF) promotes NSCLC cell proliferation through PPD and SH3 domain interaction and
eventually induce a downstream cascade such as MAPK signaling (8). To determine
whether the presence of PR-PPD could inhibit EGF-mediated NSCLC cell growth. A549
NSCLC cells were treated with 50 ng/ml EGF alone or in combination with 0-2.5 uM
of BR2-PPD, BR2-2xPPD, or BR2-2xAPPD peptides. As shown in Figure 26, BR2-PPD
dose-dependently inhibited EGF-induced A549 cell proliferation with maximum

growth inhibition of 3618% when cells were treated with 2.5 UM of BR2-PPD
compared with EGF alone. Interestingly, the addition of BR2-PRPPD peptide
containing two PR-PPD repeats (BR2-2xPPD) was more effective in inhibiting NSCLC
proliferation and showed a maximum growth inhibition by 4825% inhibition.
Mutations in the PPD the mutant BR2-APPD peptide abolished this inhibition.
Interestingly, the BR2 containing PR-PPD peptides did not affect the growth of normal
keratinocyte HaCaT cells at all concentrations tested ( Figure 27). These data
suggested that PR-PPD is the minimum PR domain required to inhibit NSCLC cell
proliferation, and BR2 containing PR-PPD peptides effectively suppressed EGF-

induced NSCLC cell, with little to no effect on noncancerous cells.
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Figure 26 Effect of BR2-PR-PPD peptides on EGF-induced cell proliferation in A549.

A549 cells were plated in RPMI supplemented with 1% DCC-FBS and 1%
PenStrep at 6,000 cells per well in a 96-well culture plate and incubated for 24 h.
The following day, the culture medium was removed. A549 were treated with EGF 50

ng/ ml compared to the combination of EGF 50 ng/ ml with increasing peptides (0,

0.625, 1.25 and 2.5 UM) for 24 h. Cell viability was analyzed by MTT assays. Cell
viability of A549 treated with BR2-PPD, BR2-2xPPD peptides was significantly

decreased than BR2-2xAPPD (control) (**p < 0.01) (***p < 0.001) (****p < 0.0001).

Error bars represent the standard errors of the mean (n=3).
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Figure 27 Effect of BR2-PR-PPD peptides on EGF-induced cell proliferation
in HaCat.
HaCaT cells were cultured in 1% DCC-RPMI plus 1% PenStrep at 8,000 cells

per well and incubated for 24 h. Cells were treated with EGF 50 ng/ml or combined

with increasing concentration of peptides (0, 0.625, 1.25 and 2.5 UM) for 24 h. Cell
viability was analyzed by MTT assays. Error bars represent the standard errors of the

mean (n=3).

4.3 Effect of BR2-2xPPD treatment on EGF-induced activation of Erk1/2 in NSCLC

MAPK or Erkl/ 2 signaling pathway is involved in cell proliferation,
differentiation, cell survival, apoptosis, and metastasis (99). Dysregulation of MAPK is
often found in advanced cancer, including NSCLC (100). Previous results
demonstrated that BR2-2xPPD peptide effectively inhibited EGF-induced A549 cell
proliferation. We next investicated whether BR2-2xPPD peptide treatment could
block EGF-mediated Erkl/2 activation. A549 were pretreated with 2.5 uM of BR2-
2xPPD peptide for 4 h and followed by EGF treatment at 20 ng/ml for 5, 10, and 30
mins. Phosphorylation of Erkl/ 2 and total MAPK were determined by
immunoblotting compared to EGF treatment alone. As shown in Figure 28, the
activation of Erk1/2 was significantly increased when cells were treated with EGF 20

ng/ ml after 5, 10, and 30 mins compared to untreated cells. In contrast, the
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activation of Erkl/2 showed reduced considerably in every time point tested when

cells were pretreated with BR2-2xPPD.  However, pretreatment with BR2-2xAPPD
peptide had little to no effect on EGF-induced MAPK at all time tested (Figure 29).
These data suggested that the introduction of PR-PPD CPP could inhibit EGF-induced
NSCLC cell proliferation by specifically blocking EGF activation of the MAPK signaling
pathway, as previously reported (12).
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Figure 28 Effect of BR2-PR-PPD peptides on EGF-induced Erk1/2 activation.
A549 2x10° cells were cultured in 2% DCC-RPMI medium for 24 h. Cells were pretreated
with BR2-2xPPD 2.5 uM for 4 h. Then, cells were induced with EGF 20 ng/ml for 5, 10 and 30 min
to activate MAPK signaling. Phospho-Erk1/2 and total MAPK were recognized by western blotting
compared to untreated cells. Ten micrograms of protein were loaded in each lane. Bar graphs

show relative pMAPK activities (pMAPK/totalMAPK) (****p < 0.0001) and data are shown as means
t SEM (n=3).
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Figure 29 Effect of BR2-2xAPPD peptides on EGF-induced Erk1/2 activation.
A549 2x10° cells were cultured in 2% DCC-RPMI medium for 24 h. Cells were pretreated
with BR2-2xAPPD 2.5 pM for 4 h. Then, cells were induced with EGF 20 ng/ml for 5, 10 and 30
min to activate MAPK signaling. Phospho-Erkl/2 and total MAPK were recognized by western
blotting compared to untreated cells. Ten micrograms of protein were loaded in each lane. Bar
graphs show relative pMAPK activities (pMAPK/ totalMAPK). Data are shown as means & SEM
(n=3).
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4.4 BR2-2xPPD is a novel growth-inhibitory peptide for NSCLC expressing wild-
type EGFR

4.4.1 Effect of BR2 containing PR-PPD peptide on EGFR-wild type NSCLC
cell proliferation

Several drugs and chemotherapies are currently available for the treatment
of NSCLC, including tyrosine kinase inhibitors (TKls). However, the first generation of
TKlIs such as Gefitinib and Erlotinib are quite effective in inhibiting cells expressing
mutated EGFR, but much less effective in the cells expressing wild-type EGFR (101).
Therefore, a novel alternative approach is needed for patients with NSCLC expressing
wild-type EGFR. Our results demonstrated that BR2-2xPPD peptide treatment of
NSCLC inhibited EGF-mediated cell proliferation. We next tested the effect of BR2-
2xPPD peptide on NSCLC cell proliferation in medium with supplemented with fetal
bovine serum (FBS) without additional EGF. NSCLC expressing wild-type EGF, A549,
were cultured with the presence of BR2-2xPPD or BR2-2xAPPD peptides at
concentrations ranging from 0 to 2.5 pM for 24 h. Cell viability was assessed by MTT
assay. BR2-2xPPD peptide dose-dependently inhibited A549 cell proliferation with a

maximum inhibition at 6215% at the highest dose while the presence of BR2-

2x/APPD peptide had little to no effect on A549 cell proliferation (Figure 30).
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Figure 30 Effect of BR2-2xPPD and BR2-2xAPPD peptide on EGFR wild-
type A549 cell proliferation.



59

A549 cells were cultured in 10% FBS-RPMI plus 1%  PenStrep at 3,000

cells/well. After 24 hours, cells were treated with increasing dose of BR2-2xPPD or
BR2-2xAPPD (0, 0.625, 1.25 and 2.5 M) for 24 h. Cell viability was performed by

MTT assays. Value are represented as means £ SEM (n=3). Percent cell viability of

peptide treatments were normalized with DMSO (****p < 0.0001).

4.4.2 Effect of BR2 containing PR-PPD peptide on cell cycle progression
We next determine whether the presence of BR2-2xPPD affected cell cycle

regulation in NSCLC. To assess the distribution of cells in different phases of the cell

cycle, Ab49 were treated with BR2-2xPPD or BR2-2x/APPD for 24 h, and cell cycle
were analyzed by flow cytometry. As shown in Figure 31, the percentage of Gy/G;
phase was significantly increased while S+ G,/ M populations was significantly
decreased in A549 treated with BR2-2xPPD compared to control, suggesting that BR2-
2xPPD peptide inhibited NSCLC growth in Go/G; phase arrest, leading to a decrease in
the percentage of proliferative cells. However, a detailed underlying mechanism that
mediated cell cycle repression by BR2-2xPPD treatment remains unclear and will

need to be examined.
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Figure 31 Cell cycle distribution assessed by flow cytometry.

A549 cells were treated with BR2-2xPPD or BR2-2xAPPD peptide at

concentration 2.5 UM in 10% FBS-RPMI for 24 h. Cells were collected and analyzed

by flow cytometry as described in Materials and Methods. Bar graphs represent
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percent relative cell population of cells in Gy/G; and S+G,/M phase as normalized to

untreated cells at 0 h. Results are shown as means & SEM (n=4) (***p < 0.0001).

During cell cycle progression, there are cyclins and cyclin-dependent kinase
(CDKs) which act as regulatory molecules. Cyclin D1 and CDK2 are critical cell cycle
regulators that involve in Gy/G; to S phase transition and serve as theraputic targets
in several types of cancers, including NSCLC (102, 103). Our results suggested that
BR2-2xPPD altered cell cycle progression. We next examined how BR2-2xPPD peptide
treatment affected cyclin D1 and CDK2 expression. A549 were treated with BR2-
2xPPD 2.5 pM at various time points. Cyclin D1 and CDK2 mRNA levels were
quantitated by real-time PCR, using GAPDH as an internal control. Cell treated with
BR2-2xPPD exhibited significant suppression of cyclin D1 and CDK2 gene expression as
compared to BR2-2xAPPD peptide treatment at all time points tested (Figure 32
and 33). Together, these data indicated that the BR2-2xPPD mediated cell cycle
arrest and displayed antiproliferative activity resulting in a significant (57%1%)
inhibition of NSCLC proliferation, suggesting that BR2-2xPPD peptide could be used as
an alternative treatment to inhibit NSCLC expressing wild-type EGFR.
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Figure 32 Relative Cyclin D1 mRNA expression.
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A549 were cultured with BR2-2xPPD or BR2-2xAPPD peptide at concentration

2.5 UM in 10%FBS-RPMI for indicated time points shown in the x-axis. Total RNA was

extracted and amplified by RT-PCR. Values represent relative gene expression
normalized with GAPDH. All data are reported as means & SEM (n=3) compared with
BR2-2xAPPD peptide treatment (*p < 0.05) (**p < 0.0001).
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Figure 33 Relative CDK2 mRNA expression.
A549 were cultured with BR2-2xPPD or BR2-2xAPPD peptide at concentration

2.5 UM in 10%FBS-RPMI for indicated time points shown in the x-axis. Total RNA was

extracted and amplified by gRT-PCR. Values represent relative gene expression
normalized with GAPDH. All data are reported as means £ SEM (n=3) compared with
BR2-2x/APPD peptide treatment (***p < 0.001) (**p < 0.0001).

4.4.3 Effect of BR2 containing PR-PPD peptide on cell apoptosis
To investigate the effect of the cancer-specific BR2-2xPPD peptide on
cell apoptosis, A549 cells were treated with BR2-2xPPD or BR2-2xAPPD peptide at
2.5 pM for 24, 48 and 72 h. Apoptosis analysis was performed by Annexin V and PI
staining followed by flow cytometry. As shown in Figure 34, BR2-2xPPD and BR2-

2xAPPD had no effect on cell apoptosis at every time points of treatment.
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Figure 34 Effect of BR2-2xPPD and BR2-2xAPPD peptide on cell apoptosis.
A549 cells were treated with BR2-2xPPD or BR2-2xAPPD peptide at

concentration 2.5 UM in 10% FBS-RPMI for 24, 48 and 72 h. Flowcytometric analysis
was performed by Annexin V and Pl staining. Bar graphs represent percent of
apoptotic cells of individual treatment. Value are represented as means & SEM (n=3).
There was no significant difference (p > 0.05) between each group of treatment

compared to untreated group.
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4.4.4 Effect of BR2 containing PR-PPD peptide on cell migration

The cancer-specific peptides were next examined their ability to inhibit cancer
cell migration by wound healing assay. After cell scratching, A549 were treated with
BR2-2xPPD or BR2-2xAPPD peptide at concentration 2.5 uM and the wounded cells
was imaged at 0, 24 and 48 h. As shown in Figure 35, BR2-2xPPD peptide treatment
was significantly suppressed A549 cell migration by nearly 19% at 24 h and 37% at
48 h, whereas BR2-2xAPPD peptide had no effect on cell migration inhibition when

compared to untreated control cells.
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Figure 35 Effect of BR2-2xPPD and BR2-2xAPPD peptide on cell migration.
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Wounded A549 cells were treated with BR2-2xPPD or BR2-2xAPPD peptide at

concentration 2.5 UM in 10%FBS-RPMI. Wound areas were imaged under microscopy
at 0, 24 and 48 h after treatment. Wound areas were analyzed by ImageJ software.
Bar graphs represent percent of wound areas in triplicated experiment compared to

untreated control (****p <0.0001).

4.5 Effect of the cancer-specific peptides on EGFR-mutant NSCLC cell
proliferation

4.5.1 Characteristics of EGFR-TKIs resistant lung adenocaicinoma cells

The activating mutation of EGFR is frequently found 5-20% in NSCLC patients
(104, 105). It has been reported that patiens who response to the first-generation
EGFR-TKIs are mostly diagnosed as EGFR mutation. However, the most patients (50-
60%) eventually developed the acquired resistance to EGFR-TKIs after 12 months. In
this study, we also investigated the effect of BR2 containing PR-PPD peptide
treatment in EGFR-mutant NSCLC. PC9 is a non-small cell lung cancer cell lines
which harbor the exon 19 deletion mutation in EGFR tyrosine kinase domain. To
establish the EGFR-TKIs resistant cell lines, PC9 cells were cultured with increasing
concentration of gefitinib and erlotinib for 6 months. The gefitinib-resistant and
erlotinib-resistant cells were generated as PC9-GR and PC9-ER, respectively. PC9-6M is
the parental PC9 which also cultured for 6 months in the medium without EGFR-TKIs.

To characterize the resistance to TKls, PC9-6M, PC9-GR and PC9-ER were
cultured with increasing dose of gefitinib or erlotinib. After 72 h, cell viability assay
was performed by MTT. The ICs of gefitinib and erlotinib was ~1 uM in the EGFR-TKI
sensitive  PC9-6M cells. While PC9-GR and PC9-ER showed significantly more

resistance to gefitinib and erlotinib in approximately 8.5 uM as shown in Figure 36.
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Figure 36 Effect of EGFR-TKIs treatment on EGFR-mutant PC9 NSCLC cells
EGFR-mutant PC9-6M, PC9-GR and PC9-ER cells were treated with increasing
dose of Gefitinib or Erlotinib 0-10 pM, incubated for 72 h and analyzed for cell
viability. Graphs represent percent cell viability of PC9 cells after indicated

treatments normalized to DMSO (control) treated cells. Values are shown as means

+ SEM in triplicate experiments (n=3) and ****denotes p < 0.0001.

4.5.2 The combination of BR2-2xPPD peptide with Tyrosine Kinase
Inhibitors (TKIs) enhanced growth inhibitory effects of TKI in NSCLC harboring
mutant EGFR

We next tested whether the combination treatment of BR2 containing PR-PPD
peptide (BR2-2XPPD) and TKls could be more effective than TKis alone in inhibiting
NSCLC cell proliferatiion. EGFR-TKl-sensitive (PC9-6M) lung adenocarcinoma cells
were treated with 0.1 uM concentration of Gefitinib or Erlotinib alone compared or in
combination with TKls- with increasing concentration of BR2-2xPPD peptide (0-2.5 pM)
for 72 h. In TKl-sensitive PC9-6M cells, Gefitinib and Erlotinib could reduce cancer cell
proliferation by 4122% and 4312% as compared to control no treatment. The

combination of BR2-2xPPD and TKls, Gefitinib or Erlotibnib, was more effective in

reducing cancer cell proliferation by inhibiting 8511% and 81%1% (Figure 37A and
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37B), while the presence of mutant PPD peptide, BR2-2xAPPD had lilttle to no ffects

on PC9-6M cell proliferation.
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Figure 37 Effects of EGFR-TKIs and BR2-PRPPD peptide combination

treatment TKls-sensitive PC9 cell lines.

EGFR-mutant PC9-6M cells were treated with Gefitinib or Erlotinib 0.1 uM

alone or combined with increasing dose of BR2-2xPPD peptide (0-2.5 uM) for 72 h

and analyzed for cell viability. Graphs represent percent cell viability of PC9 cells

after indicated treatments normalized to untreated cells. The percent cell viability of
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BR2-2xPPD or in combination with EGFR-TKIs (Gefitinib or Erlotinib) treatment of PCO9-

6M are shown in (A) and (B), respectively. Values are shown as means £ SEM in

triplicate experiments (n=3) and **** denotes p < 0.0001.

To next test whether BR2-2XPPD could enhance the growth-inhibitory effect
of TKls, EGFR-TKl-resistant variants (PC9-GR and PC9-ER) cell lines. As shown in Figure
38A and 38B, Gefitinib or Erlotinib alone weakly inhibited PC9-GR and PC9-ER cell
proliferation and inhibited only 13+5% and 814% as compared control untreated
cells, respectively. The treatment of BR2-2xPPD peptide in Gefitinib-resistant PC9-GR
cells dose-dependently inhibited cell proliferation with a maximum inhibition at
6411% of control untreated cells. Interestingly, the treatment of BR2-2XPPD peptide
in combination with Gefitinib enhanced the Gefitinib growth inhibitory effects and

showed a maximum inhibition at 74+1% as compared to control untreated cells.

However, BR2-2xAPPD failed to significantly improve the growth inhibitory effect of
Erlotinib. ~ Combination treatment of BR2-2XPPD peptide in combination with
Erlotinib showed a maxium inhibition at 59+1% as compared to control untreated
cells. These data suggested that the BR2 peptide containing PR-PPD could enhance
the growth inhibitor effect of TKls, suggesting that combination treatment of the BR2-
2XPR-PPD peptide in combination with Gefitinib may serve as a new perspective in

NSCLC treatment.
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Figure 38 Effects of EGFR-TKIs and BR2-PRPPD peptide combination
treatment in TKis-resistant PC9 cell lines.

EGFR-mutant PC9 cells were cultured with increasing concentrations of
Gefitinib or Erlotinib to generate Gefitinib or erlotinib-resistant PC9 cell lines (PC9-GR
and PC9-ER, respectively) compared to the parental PC9-6M cells. Cells were treated
with Gefitinib or Erlotinib 0.1 uM alone or combined with increasing dose of BR2-
2xPPD peptide (0-2.5 uM) for 72 h and analyzed for cell viability. Graphs represent

percent cell viability of PC9 cells after indicated treatments normalized to untreated
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cells treated cells. The percent cell viability of BR2-2xPPD or in combination with

EGFR-TKIs (Gefitinib or Erlotinib) treatment of PC9-GR and PC9-ER are shown in (A)

and (B), respectively. Values are shown as means & SEM in triplicate experiments

(n=3) and **** denotes p < 0.0001.

4.6 Effect of the cancer-specific BR2 peptide containing LXXLL motif or PR-PPD
on Esradiol-induced cell proloferation of breast cancer cells
4.6.1 Optimization of 17[3-estradiol (E2) concentrations

The classical mechanism of steroid hormones are involved in the
nucleus. In ER-positive breast cancer, binding of estrogen agonist, such as 17B—
estradiol or E2, to the ligand binding domain (LBD) at the N-terminus of ER. The
conformational change of receptor can recruit the others coactivators to be actived
and allowed ER bind to estrogen response element which sequentially express
various genes including control of cell proliferation. In this study, MCF-7 cell lines,
which were defined as an ER-positive breast cancer cells, were used as a cell model.
To induce cancer cell proliferation, MCF-7 cells were treated with increasing dose of
E2 (0-100 nM) and cell viability assays were performed after treatment at 0, 24, 48,
72 and 96 h. As shown in Figure 39. MCF-7 cells showed a significant increase in cell
proliferation at 72 and 96 h after cells were treated with 10 nM E2 compared to
vehicle. Previous study has been shown that E2 at concentration 10 nM could induce
the estrogen-resposive genes stronger than lower concentration (106). Therefore, the

concentration of E2 at 10 nM was used in the following experiments.
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Figure 39 Esradiol-induced MCF-7 breast cancer cell proliferation.

MCF-7 3,000 cells were cultured in 96 well plate in 5%DCC-DMEM. After 72 h,

cells were treated with increasing concentration of 17B—Estradiol (0-100 nM) in

5%DCC-DMEM. Cell viability assays were performed at 0 to 96 h after treatment

compared to vehicle (ethanol). Values are shown as means X SEM in triplicate

experiments (n=3) and *denotes p < 0.05.

4.6.2 BR2 peptide containing LXXLL motif mediate the inhibitory effect of
Esradiol-induced cancer cell proliferation
The liganded-ER can induce cell proliferation by the recruitment of
steroid receptor coactivators (SRCs). These coactivators contain the LXXLL motifs at
the central region domain which directly bind to ER lead to transcription activation of
estrogen-regulated genes (107). Previous studies have been reported that the LXXLL
motif of steroid receptor coactivator 1 or SRC1 effectively bind to ERQL (97, 108).
Therefore, blockage of ER signaling by interfering with the NRx2-LXXLL peptide may
reduce E2-induced breast cancer cell growth. To investigate the effect of BR2-LXXLL
peptide on E2-induced growth, MCF-7 cells were treated with 10 nM E2 with or
without the increasing concentration of BR2-LXXLL or BR2-LXXLL(Scramble) peptides
for 72 h. Cell viability was measured by MTT. BR2-LXXLL dose-depently decreased

MCF-7 cell proliferation in about 90 £ 2 %inhibition at the maximum dose tested (4
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uM) while BR2-LXXLL (scramble) peptide did not affected to growth inhibition (Figure

40).
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Figure 40 Effect of BR2 coupled with PR-PPD or LXXLL motifs on E2-
stimulated breast cancer cell proliferation.

MCF-7 cells were treated with E2 10 nM alone or combined with increasing
dose of BR2-PR-PPD peptide or LXXLL peptides (0-4 pM) for 24 h and analyzed for
cell viability. Graphs represent percent cell viability of MCF-7 cells after indicated
treatments normalized to untreated cells. Values are shown as means £ SEM in

triplicate experiments (n=3) and **** denotes p < 0.0001.

4.6.3 BR2-2xPPD peptide could inhibit E2-induced proliferation of breast
cancer cell
In addition to the classical mechanism, steroid hormones can regulate
gene expression without binding to steroid response element (SREs) . ER has been
found to localize at the extranuclear compartment (109). E2 treatment can rapidly
promote the extranuclear signaling which result from protein-protein interaction
between membrane-associated receptors and cytoplasmic signaling molecules (110).
Forming of ER and growth factor receptor complexes can induce signal transduction

of MAPK pathways which required the Grb2-SOS interaction (40). As previous results
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shown in NSCLC cell models, BR2 containing PR-PPD peptide effectively inhibited
EGF-induced MAPK activation. We next examined the effect of BR2-2xPPD peptide on

E2-stimulated cell growth in breast cancer cell line. ER-positive MCF-7 cells were

plated with culture medium containing BR2-2xPPD or BR2-2xAPPD in the presence of
10 nM E2 and measured cell viability by MTT assays. As shown in Figure 40, BR2-

2xPPD dose-depently decreased MCF-7 cell proliferation in about 81 £ 2 %inhibition

at the maximum dose tested (4 uM) while BR2-2xAPPD peptide had a little to no
effect on growth inhibition.

4.6.4 BR2-LXXLL peptide effectively reduced the transcriptional activation
of progesterone receptor in breast cancer cells

We next examined whether LXXLL peptide can disrupt the interaction
between nuclear receptor and coactivator. In this study, T47DC42 cells which defined
as ER and PR-negative breast cancer cell lines were used as a cell model. T47DC42
cells were expressed the PR-B isoform which previously described as a stronger
transcriptional activity than PR-A isoform (111, 112). To investigate the effect of BR2-
LXXLL peptide on PR-dependent transcription, T47DC42-PRB cells were next
transfected with PRE-TK-Luciferase vector to mimic the endogenous progesterone
response element (PRE) in target cells. Doxycycline at 1,000 ng/ul was used to
induced PR-B expression. Cells were next treated with 10 nM R5020 (Progestin) either
10 nM R5020 with increasing dose of BR2-LXXLL or BR2-LXXLL (scramble) peptides
compared to untreated cells. Treatment of Doxycycline and R5020 could induce PR
transcription as 6.2 folds compared to Doxycycline or R5020 alone. BR2-LXXLL
peptide dose-dependently decreased the transcriptional activity of PR-B in
approximately 501:2% inhibition after cells were treated with 7.5 uM of peptide in
the presence of Doxycycline and R5020. While the inhibition effect was no observed
in the scramble peptide treatment at all concentration tested. These results
suggested that BR2 containing LXXLL motifs peptide could disrupt the transcription

activation possessed by PR and coactivator interaction (Figure 41).
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Figure 41 Effect of LXXLL peptide on PR-dependent transcription.
Bar graphs represent the relative luciferase activity of Doxycycline and R5020

treatment or in combination with BR2-LXXLL or scramble peptide in T47DC42-PRB

cells normalized to Renilla luciferase levels. Values are shown as means £ SEM in

triplicate experiments (n=3) (***p < 0.001) and (****p < 0.0001).

4.7 Effect of BR2 containing PR-PPD and LXXLL peptides on Triple-negative
breast cancer cell proliferation.

Triple-negative breast cancer or TNBC is one of breast cancer subtype
which lack of ER, PR and HER2 expression. Approximately 15-20% of breast cancer
cases are TNBC (113). The patients with TNBC has the worst clinical outcome and
poor prognosis compare with the other two major classifications: ER+ PR+; HER2+.
The patients are more likely to undergo metastasize and relapse (114). There is an
urgent need for more targeted therapy development of TNBC. Despite lacking in
steroid hormone receptor, there are several transcription factors which contain the
LXXLL motifs (115). Moreover, the amplification or overexpression of EGFR have been
found in TNBC in about 30-35% (116). Therefore, we next evaluated the effect of PR-
PPD and LXXLL peptides on TNBC cell proliferation. MDA-MB-231 TNBC cells were
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incubated with increasing concentration of BR2-2xPPD, BR2-2x/APPD, BR2-LXXLL or
BR2-LXXLL scramble peptides for 24 h. Then, cell viability assays were tested by
MTT. As shown in Figure 42, BR2-2xPPD and BR2-LXXLL peptide dose-dependently
inhibited TNBC cell proliferation in approximately 82%1% and 56%1% inhibition,
respectively, at the maximum dose 7.5 pM. While the mutant PR-PPD peptide and
the scramble peptide had a little to no effect on growth inhibition.
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Figure 42 Effect of BR2 containing PR-PPD and LXXLL peptides on Triple-
negative breast cancer cell proliferation.

MDA-MB-231 cells were treated with increasing dose of BR2-PR-PPD peptide
or LXXLL peptides (0-7.5 pM) for 24 h and analyzed for cell viability. Graphs
represent percent cell viability of MDA-MB-231 cells after indicated treatments

normalized to untreated cells (control) treated cells. Values are shown as means T

SEM in triplicate experiments (n=3) and ****denotes p <0.0001.
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CHAPTER V
DISCUSSION AND CONCLUSION

Cancer constitutes a major cause of mortality in both men and women
worldwide. Current treatments are available for cancers such as surgery, radiotherapy
and chemotherapy. For NSCLC, the predominant type of lung cancer, surgical
resection is the most effective in the early stages of the disease; however, the
recurrence rates after the surgical resection remain high (117). Chemotherapy and
radiotherapy are commonly used to improve survival outcomes in recurrent patients.
These combination approaches are often used to treat patients with advanced and
metastatic NSCLC (118). Despite being able to reduce the mortality rates of patients
with advanced NSCLC, most patients frequently suffer from adverse side effects due
to non-specific targeting of chemotherapy drugs. These agents not only affect the
rapidly dividing cancer cells but also affect the fast-growing normal or healthy cells.
Therefore, new therapeutics options focusing on novel strategies to selectively target
cancer cells without affecting noncancerous cells are urgently needed.

It is well established that PR signaling plays essential roles in endocrine-
related cancers such as breast, endometrium and ovary (119). PR is expressed as two
isoforms from a single gene, PR-A and PR-B. Proteomics profiling has been
demonstrated the difference in biological actions of each isoform in breast cancer
(120). In addition to progestin-activated transcriptional effects, liganded-PR can
rapidly activate others transduction signaling molecules through SH3-specific
polyproline domain (PR-PPD) (8). Although both PR isoforms shared the identical PPD
sequence, only PR-B can mediate c-Src/ Ras/ MAPK signaling in cytoplasm (10).
Increasing data suggests that PR also has a potential role in non-endocrine tumors
including NSCLC (67, 121). Clinical data show that high level of PR is correlated with
better clinical outcome in NSCLC patients (122-125). Treatment of progesterone
promoted the inhibition of NSCLC growth in vitro and in vivo, and PR could

potentially be used as a prognostic marker in NSCLC patients. However, a previous
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study failed to demonstrate a correlation between PR expression and clinical
outcomes in NSCLC clinical tissues (126).

To better understand the role of PR in NSCLC, we constructed NSCLC cell
models for PR functional analysis. We demonstrated that PR-B expression in A549
NSCLC significantly inhibited EGF-induced-NSCLC cell growth (12). In this study, we
extended our investigation by expressing the PR-PPD peptides fused with a cell-
penetrating peptide domain, BR2. Consistent with our previous study, both BR2-PPD
and BR2-2xPPD peptides inhibited EGF-induced A549 cell proliferation, while the
mutant PR-PPD peptide did not affect A549 cell proliferation. These data implicated
the crucial role of a short PR-PPD motif for suppressing NSCLC cell growth (12),
suggesting that PR expression can directly affect cell proliferation.

Additionally, our results suggested a crosstalk between PR extranuclear
signaling and growth factor receptors could play a role in NSCLC progression. A549
cells pretreated with BR2-2xPPD before treating with EGF in the absence of progestin
to exclude PR transcriptional activity showed significant attenuation of Erkl/ 2

activation. Little to no inhibition was observed in cells pretreated with the mutant

peptide, BR2-APPD. Together, these data suggested that BR2-PRPPD peptides
inhibited EGF-mediated MAPK activation, leading to a decrease in A549 cell
proliferation.

Upon growth factor receptor activation, Grb2 and Sos interaction stimulates a
variety of downstream signaling. Sos-derived peptides was previously designed to
disrupt Grb2-Sos interaction (127, 128). Peptidimer peptide containing two-repeats of
the proline-rich sequence were more effective in inhibiting Grb2-Sos interaction and
more potent in reducing MAP kinase activation than monomer peptide with one
copy of the PRPPD. Furthermore, treatment of peptidimer served as Grb2-SH3 ligand
and eventually reduced the growth of HER2-positive breast cancer cells (129). This
data is consistent with our results, in which the BR2-2xPPD peptide was more
effective in reducing A549 than BR2-PPD. These results suggested that the PPD in

these peptides shared a similar polyproline type Il (PPIl) helices structure and can



e

efficiently block Grb2-Sos complex through dual interactions of PR-PPD with both
SH3 domains of Grb2.

The PR-PPD mediating rapid progestin-mediated c-Src kinase activation
through directly binds to c-Src-SH3 domain (8). This PPD is a unique sequence
presence in PR and absence in all others nuclear hormone receptors, including
estrogen receptor (ER), androgen receptor (AR), glucocorticoid receptor (GR) and
thyroid hormone receptor (TR) (8). These proline-rich peptides are particularly useful
in obstructing the PPD of Grb2 from binding to the SH3 domains. However, the
inability of these protein sequences to enter cells and bind to cytoplasmic signaling
molecules limited its use of the peptides. In this study, we added a cell-penetrating
peptide domain to the PR-PPD to promote peptide internalization, allowing the PR-
PPD to enter cells block PPD-SH3 mediated signal transductions.

In recent years, a new class of drug delivery such as cell-penetrating
peptides or CPPs have been introduced. The truncated HIV-1 Tat peptide has been
described as the first CPP that could mediate the cellular uptake of target molecules
(130, 131). However, several CPPs exhibit non-specific penetration or cytotoxic effects
at high concentrations. Recently, the tumor-specific cell-penetrating BR2 peptide has
been successfully developed and was used as a drug transporter and tested in an
vivo model of colorectal carcinoma and hepatocellular cancer (89, 132). In this
study, we designed and expressed the anticancer BR2 containing PR-PPD peptide
from P. pastoris to target growth factor signaling pathways that required PPD-SH3
interactions in NSCLC. Our results demonstrated the ability of BR2 peptide to be
internalized into NSCLC cancer cells, with little to no effect on normal cells. Because
of the high positively charge peptide, BR2 preferentially bind to negatively charge on
cancer cell membrane and consequently internalize into the cytoplasm by macro-
pinocytosis (133). In contrast, the cell membrane of most normal cells is neutral,
resulting in low electrostatic interaction and inefficiently passing through the cell
membrane (89, 134). Thus, the PR-PPD present in the BR2-2XPPD may compete with
the PPD in SOS to bind to the Grb2-SH3 domains, leading to a suppression of Grb2-
SOS signal transduction, a significant reduction Erkl/ 2 activation and a decrease

NSCLC cell proliferation.
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Tyrosine Kinase Inhibitors (TKIls), such as Gefitinib or Erlotinib, are used as
targeted therapy for patients with NSCLC whose tumors overexpress EGFR. TKis
compete with ATP to bind to the ATP binding pocket of tyrosine kinases, resulting in
a reduction in tyrosine kinase phosphorylation and a decrease in cell proliferation
(135). Meta-analysis studies suggested that EGFR-TKIs improved progression-free
survival (PFS) in patients with advanced NSCLC expressing mutant EGFR but had no
significant impact in NSCLC patients with NSCLC expressing wild-type EGFR (136-140).
The mechanism mediating resistance to EGFR-TKIs in wild-type EGFR is well
understood. A previous study suggested that lower TKI binding affinity of the wild-
type EGFR could attribute to TKls insensitivity (141). Therefore, there is a need to
identify novel compounds that could block or suppress wild-type EGFR signaling. In
this study, we demonstrated that the addition of BR2-2xPPD peptide to the currently
available EGFR-TKIs could significantly improve TKI-mediated inhibition of NSLC cell
proliferation. Furthermore, our results showed that a decrease in NSCLC by BR2-
2xPPD was mediated, in part, through cell cycle arrest Go/G; and a reduction in cyclin
D1 and CDK2 expression in A549 NSCLC expressing wild-type EGFR (Figure 31-33).
Cyclin D1 is known as a critical regulator in cell cycle progression from G; to S phase
and has previously been described as a target in progestin-mediated Src kinase
signaling pathways, while CDK2 can help promote DNA replication prior to cell cycle
progression into G2/S phase (10, 11, 142). It is well known that the activation of
PI3K/Akt and c-Src/Erk/MAPK  signaling pathways are involved in cytoskeleton
remodeling and migration in cancer cells (143). From our results, BR2-2xPPD also
exhibited the antimetastatic activity in NSCLC which may result from Erk activation
inhibition effect of BR2-2xPPD peptide (Figure 35). In addition, there are others
transcription factors such as CREB, NF-kB, B-catenin and the extracellular matrix
metalloproteinase which can be mediated by Erk signaling and play a key role in
cancer metastasis (144-146). Therefore, the effect of Br2-2xPPD peptide on these
factor expressions are needed to determine.

BR2-2xPPD peptide treatment of NSCLC with wild-type EGFR effectively
induced cell cycle arrest and decreased numbers of proliferative cells, while EGFR-

TKls including Gefitinib and Erlotinib failed to inhibit cell proliferation of NSCLC with
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EGFR wild-type. These results suggested that BR2-2xPPD peptide could be an
attractive molecule that should be further developed as a targeted therapeutic agent
to help treat NSCLC harboring wild-type EGFR in the future.

Constitutive hyperactivation of MAPK cascade is frequently found in cells
expressing activated EGFR mutants in which the kinase domain is constitutively
activated independent of ligand. Exon 19 deletion and L858R point mutation are the
most common activating mutation and are often associated with sensitivity to TKIs,
including Gefitinib and Erlotinib (55, 105). Although NSCLC patients whose tumors
bear EGFR mutation often showed better clinical outcomes and are more preferable
to be treated EGFR-TKIs, a large proportions of these patients (50-60%) eventually
developed acquired resistance to TKls caused by a secondary mutation, such as
T790M mutation (57, 147, 148). The EGFR-T790M gatekeeper mutation is a substitution
mutation inside the ATP binding cleft leading to the low-affinity binding of TKis to
EGFR. Administration of TKls at high concentrations can cause adverse side effects in
NSCLC patients, such as skin rash and diarrhea. Therefore, patients may benefit from
an alternative therapeutic strategy for NSCLC treatment. In this study, we
demonstrated that BR2-2xPPD peptide treatment increased the sensitivity to EGFR-
TKls in both TKl-sensitive PC9-6M cells and Gefitinib-resistant PC9-GR cells. Both PC9-
6M and PC9-GR cells were previously shown to express a typical EGFR mutation in
exon 19 (Figure 37) . However, we found that BR2-2xPPD peptide could also
suppressed cell proliferation in Erlotinib-resistant PC9-ER cells, which harbor exon 19
deletion, L858R mutation and a secondary T790M mutation (Figure 38). However, %
inhibition of NSCLC cell proliferation in cells treated BR2-2XPPD was not significantly
different from those of cells treated with BR2-2XPPD in combination with Erlotinib,
suggesting that differences in EGFR mutation could be involved in TKI sensitivity (94).
In TKIs-sensitive cells, TKI can effectively reduce Erkl/2 and Akt phosphorylation,
leading to NSCLC growth inhibition (149). While in TKl-resistant cells, the other growth
factor receptors or other gene abnormalities are often activated and serve as
alternative pathways promoting cancer cell survival (150). Thus, it is possible that PC9-
ER cells bear an activated EGFR mutant along with activation of other signaling

pathways that are dependent on PPD-SH3 interactions for signal transduction, making
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PC9-ER to be insensitive to Erlotinib treatment but sensitive to BR2-2XPPD. Therefore,
the combination of EGFR-TKIs and drugs targeting others signaling pathways such as
BR2-2XPPD could be an effective strategy to overcome TKI resistance (151, 152).

Several studies have shown that the interaction between nuclear receptors
and coactivators is a crucial protein-protein interaction and act as a significant target
for cancer treatment (153). In this study, we produced the peptide containing LXXLL
motifs which designed from GRIP-1 and F6 peptide to specifically interrupt NR-
coactivator binding. LXXLL motifs were recombined with BR2 and SV40 peptide to
enter the nucleus (Figure 23). Our results demonstrated that PR transcriptional
activity was significantly decreased in the presence of BR2-LXXLL peptide (Figure 41).
These data were consistent with previous study that LXXLL motifs could inhibit NR-
coactivator interaction and also supported by nuclear localization of BR2-LXXLL
(154). Moreover, we determined that LXXLL and PR-PPD peptides affected the
growth of ER-positive and triple-negative breast cancer cell lines (Figure 40 and 42).
These results exhibited the efficacy of LXXLL motifs and PR-PPD to inhibit nuclear
and extra-nuclear signaling, respectively. Therefore, the combination treatment
between BR2-LXXLL and BR2-2xPPD peptides may concurrent inhibit cancer cell
proliferation by disturbing both nuclear and extra-nuclear cascades. However, the
underlying mechanism mediated growth inhibitory effect is needed to investigate in
future study.

Our results demonstrated the potential of BR2 which can be used as a small
peptides carrier and specifically targeted the cancer cells without causing damage to
normal cells. Intracellular delivery of PR-PPD and LXXLL motifs by BR2 achieved to
suppress cancer cell proliferation in both NSCLC and breast cancer cells. However,
further studies are needed to investigate the antitumor activity of BR2-2XPPD and
BR2-LXXLL in vivo. Altogether, our data established a proof of concept that a cancer
cell-specific CPP in combination with the PR-PPD or LXXLL motifs could serve as a

novel therapeutic strategy to inhibit cancer growth.
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APPENDIX A
Peptides
Cell type Treatments
BR2-PPD BR2-2xPPD BR2-2x/\PPD
EGF 50 ng/ml 100 + 8.0 100+ 7 100 + 2.0
EGF + 0.625 uM peptide 84+ 7.0 80+ 2.0 99 + 3.0
A549
EGF + 1.25 uM peptide 75.77+ 5.0 63.66+ 2.0 99 + 2.0
EGF + 2.5 uM peptide 63.66+ 8.0 51.72+ 5.0 100 + 3.0
EGF 50 ng/ml 100 + 0.8 100 = 2.0 100 £ 1.3
EGF + 0.625 uM peptide 111 +24 103.598 + 2.5 105.496 + 2.4
HaCaT
EGF + 1.25 uM peptide 113.282 + 1.3 105.252 + 1.9 108.351 + 1.7
EGF + 2.5 uM peptide 107.862 + 2.6 106.151 £ 1.1 106.151 + 3.2

Table 1 Cell viability of EGF and peptide treatments

Time Treatments
(mins) EGF EGF plus BR2-2xPPD EGF EGF plus BR2-2x/AAPPD
Control | 0.042 + 0.005 0.042+ 0.005 0.1 + 0.005 0.1 + 0.005
5 0.774 + 0.023 0.379 + 0.042 0.409 + 0.052 0.382 + 0.033
10 1.343 + 0.015 0.595 + 0.058 1.209 + 0.048 1.229 + 0.016
30 1.254 + 0.041 0.944 + 0.039 0.854 + 0.040 0.806 + 0.042

Table 2 pMAPK and total MAPK activation




Concentrations EGFR-TKIs Treatments (72 h)
Cell type
(M) Gefitinib (M) Erlotinib (M)
DMSO 100 = 2.4 100 + 5.1
0.01 87.016 + 4.8 86.064 + 4.8
0.1 50.855 + 2.0 51.443 + 3.0
PC9
1 45.862 = 2.1 46.909 + 4.0
5 36.098 + 3.6 33179 + 2.4
10 12.637 + 1.7 23.483 + 4.5
DMSO 100 = 1.8 100 £ 2.2
0.01 91.767 + 8.3 87.137 + 2.0
0.1 88.900 + 6 81.752 + 1.4
A549
1 79.486 + 4.5 74.275 £ 2.4
5 64.667 + 2.3 65.946 + 0.3
10 47.426 + 3.6 50.660 = 1.2

Table 3 Cell viability of EGFR-TKIs treatments

Treatment (24 h)
Cell phase
Control BR2-2x/AAPPD BR2-2xPPD
G0/G1 108.53 + 2.6 109.27 + 3.3 1251+ 13
S+G2M 86.74 + 1.3 83.33 + 0.9 675+ 2.7

Table 4 Cell cycle distributions
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EGFR-TKIs Treatment for 72 h
Cell type
EGFR-TKIs | Concentrations
PC9-6M PC9-GR
DMSO 100 £ 2.4 100 + 2.4
0.01 | 87.016 +4.9 | 85594 + 34
0.1 | 58.855+20 | 77.770 £ 2.3
Gefitinib
1] 52862+21 | 77424 + 1.5
51 36.098 36 | 6737925
10 | 12637 £+ 1.8 | 47.045 + 5.0
Cell type
EGFR-TKIs | Concentrations
PC9-6M PC9-ER
DMSO 100 + 10.1 100 = 3.0
0.01 | 86.064 +4.8 | 88.776 = 3.2
0.1 | 57.443 = 3.0 | 86.396 + 3.4
Erlotinib
1] 50.909 +4.0 | 80.861 3.4
51 33179 +24 | 57872+ 4.6
10 | 23483 +45 | 44.191 + 24
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Table 5 Cell viability of EGFR-TKIs treatment in EGFR mutant cells

Time of treatment (h)
Treatments
0 12 24 48 72
Control 455 +0.01 5.24 + 0.01 4.78 = 0.11 535+ 0.13 4.35 + 0.08
BR2-2xA\PPD 4.56 + 0.01 5.25+0.01 4.63 + 0.11 516 £0.13 4.46 + 0.08
BR2-2xPPD 457 +0.01 5.905 =+ 0.19 5.35 + 0.06 5.085 +0.04 | 5.435 +0.15

Table 6 Percent apoptotic cells




Time (h)
Treatments
0 24 48
Control 100.034 + 0.05 | 65.614 + 1.32 | 31.480 + 1.78
BR2-2x/\PPD | 102.254 + 0.51 | 72.845 + 1.08 | 26.703 + 0.74
BR2-2xPPD 100 + 0.71 81.082 + 4.27 | 63.299 + 3.42
Table 7 Percent wound area
Treatment BR2-LXXLL BR2-LXXLL(scramble)
No Dox 0.052 £ 0.03 0.054 + 0.03
Dox 0.0507 + 0.01 0.049 + 0.01
R5020 0.093 + 0.03 0.078 £ 0.03
0 0.326 + 0.01 0.315 + 0.01
2.5| 0.280 + 0.01 0.321 + 0.01
Dox + R5020
5 0.240 + 0.02 0.329 0.02
7.5 | 0.170 £ 0.02 0.342 + 0.02

Table 8 Relative luciferase assay
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APPENDIX B

1. E. coli media recipes

Luria-Bertani (LB) medium with ampicillin (1L)

Tryptone 10 g
NaCl 1 g
Yeast Extract 5 g
Agar 20 g

Dissolved these recipes in 950 ml deionized water, adjusted the pH of
solution to 7.5 with 1 M NaOH and brought the volume up to 1 liter.
Sterilized by autoclave for 20 mins of liquid cycle. Cooled the medium to
~55°C and then added ampicillin to 100 pg/ml final concentration. Stored at
a°C.

Low salt LB medium with zeocin (1L)

Tryptone 10 g
NaCl 5 g
Yeast Extract 5 g
Agar 15 g

Dissolved these recipes in 950 ml deionized water, adjusted the pH of
solution to 7.5 with 1 M NaOH and brought the volume up to 1 liter.
Sterilized by autoclaving for 20 mins on liquid cycle. Cool the medium to
~55°C and then add zeocin to 25 pg/ml final concentration. Store at 4°C in

the dark.
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2. Pichia pastoris Media Recipes

1 M HEPES buffer pH 8.0 (10 ml)

Dissolved HEPES free acid 2.383 ¢ in deionized water and adjusted pH

to 8 with 5 M NaOH. Added deionized water to a final volume of 10 ml and

sterilized by filtration.

1 MDTT (1.5 mU)

Dissolved DTT 231.4 mg in deionized water and adjusted volume to 1.5

ml. Then, sterilized by filtration.

1 M D-sorbitol (100 ml)

Dissolved D-sorbitol 18.2 g in deionized water and adjusted volume to

100 ml. Sterilized by filtration. Stored at 4°C in the dark.

Stock Solutions

10xDextrose (20% Dextrose)

Dissolved 200 ¢ of D-glucose in 1000 ml deionized water and
sterilized by autoclaving.

10xYNB (13.4% Yeast Nitrogen Base w/o Amino acids w/o
Ammonium sulfate)

Dissolved 134 g of YNB in 1000 ml deionized water and sterilized by

filtration.

500xBiotin (0.02% Biotin)

Dissolved 10 mg of biotin in 50 ml deionized water and sterilized

by filtration.

10xMethanol (5% Methanol)

Mixed 50 ml of methanol with 950 ml deionized water and
sterilized by filtration.

10xGlycerol (10% Glycerol)

Mixed 100 ml of methanol with 900 ml deionized water and

sterilized by autoclaving.
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- 1 M Potassium Phosphate Buffer pH 6.0
Mixed 132 ml of 1 M K,HPO, to 868 ml of 1 M KH,PO, and adjusted

the pH to 6.0 by KOH. Sterilized by autoclaving.

Yeast Extract Peptone Dextrose (YPD) medium (1L)

Yeast Extract 10 g
Peptone 20 g
Agar 20 g

Dissolve these recipes in 900 ml deionized water and sterile by
autoclave. Cool the medium to ~60°C and then add 100 ml of 10XDextrose

and zeocin to 100ug/ml final concentration. Store at 4°C in the dark.

Buffered Glycerol-complex (BMGY) Medium
Yeast Extract 10 g
Peptone 20 g
Dissolved in 700 ml deionized water and sterilized by autoclaving.
Cooled the medium to room temperature and then mixed with the following
solution.
- 100 ml 1 M Potassium Phosphate Buffer pH 6.0
- 100 ml 10xYNB
- 100 ml 10xGlycerol

Buffered Methanol-complex (BMMY) Medium
Yeast Extract 10 g
Peptone 20 g
Dissolved in 700 ml deionized water and sterilized by autoclaving.
Cooled the medium to room temperature and then mixed with the following
solution.
- 100 ml 1M Potassium Phosphate Buffer pH 6.0
- 100 ml 10xYNB
- 100 ml 10xMethanol
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3. HisTrap column and AKTA start buffers

Stock solutions

5 M NacCl (1L)

Dissolved NaCl 292.2 g in deionized and mixed by stirring.
Adjusted the final volume to 1 L and sterilized by autoclaving or
filtration. Stored at room temperature.

5 M Imidazole (500 ml)

Dissolved imidazole 170.2 ¢ in deionized water. Swirled the
bottle until completely dissolved and adjusted the total volume to
1 L. Sterilized by filtration and stored at 4°C.

1 M NaH,PO, (monobasic)
Dissolved NaH,PO, 119.98 ¢ in deionized water and adjusted

total volume to 1 L.

1 M Na,HPO, (dibasic)

Dissolved Na,HPO, 141.96 ¢ in deionized water and adjusted
total volume to 1 L.
1 M Sodium phosphate buffer pH 7.4 (1L)

Mixed 226 ml of 1 M NaH,PO, with 774 ml of 1 M Na,HPO, and

sterilized by autoclaving. Stored at 4°C.

Binding buffer (1L)

5 M NadCl 100 ml
1 M Sodium phosphate buffer pH 7.4 20 ml
5 M Imidazole a4 ml
Deionized water 876  ml

Sterilized by filtration followed by autoclaving and stored at 4°C.



Elution buffer (1L)
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5 M NaCl 100 ml
1 M Sodium phosphate buffer pH 7.4 20 ml
5 M Imidazole 100 ml
Deionized water 780  ml
Sterilized by filtration followed by autoclaving and stored at 4°C.
20% Ethanol (1L)
Filtered 800 ml of deionized water in sterile bottle and cooled at
room temperature. Then, added 200 ml of absolute Ethanol.
Stripping buffer (500 ml)
20 mM Sodium phosphate 3.8 g
0.5 M NacCl 14.61 ¢
50 mM EDTA 10.11 ¢

Dissolved the recipes and adjusted to the final volume at 500 ml. The

solution was sterilized by filtration and autoclaving.

Recharging buffer (50 ml)

Prepared 0.1 M NiSO4 by dissolving NiSO4 1.314 ¢ in deionized water

and made the final volume to 50 ml. Sterilized by filtration and stored at 4°C.
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4. Cell culture reagents
Roswell Park Memorial Institute (RPMI) 1640 Medium
RPMI 1640 powder with L-glutamine, phenol red and
without HEPES, sodium bicarbonate 104 ¢
Sodium Bicarbonate 2 g
Dissolved the recipes in 950 ml Milli Q water and adjusted the
pH to 7.2-7.4 by acetic acid or HCI. Added Milli Q water to the final volume 1
liter and sterilized by filtration (0.2 yM PVDF membrane) and stored at 4°C.

Dulbecco's Modified Eagle Medium
DMEM powder with L-glutamine, phenol red or red free and
without HEPES, sodium bicarbonate 104 ¢
Sodium Bicarbonate 3.7 g
Dissolved the recipes in 950 ml Milli Q water and adjusted the
pH to 7.2-7.4 by acetic acid or HCl. Added Milli Q water to the final volume 1
liter and sterilized by filtration (0.2 uM PVDF membrane) and stored at 4°C.

Epidermal Growth Factor (EGF)
To prepare a stock solution at concentration 1 mg/ml, the lyophilized
EGF was reconstituted in 1 ml of 10 mM acetic acid. Gently swirled to dissolve.

Sterilized by 0.2 uM filter and stored at -20°C.

MTT reagent
To prepare a 5 mg/mlL MTT solution, MTT powder 0.1 g was dissolved
in 1xPBS 200 ml. Mixed by vortexing and then sterilized by filtration. Stored at -20°C
in the dark.
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