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 Intracellular signal transduction has prominent roles for many cellular processes 

in living cells, which is generally modulated by a large number of protein kinases and 

phosphatases regulating diverse functions, such as proliferation and survival. Because 

of their critical roles in cellular processes, aberrant activities of intracellular signaling 

are known to be involved in many diseases. The main objective of this thesis is to focus 

on abnormally activated intracellular signal, protein kinase Cα (PKCα), as an attractive 

target, intimately implicated in many cancers and abnormal proliferation and 

differentiation in transformed cell lines. 

Here, I investigate the development of specific and stable gene delivery systems 

responding to abnormally activated PKCα in cancers, presenting two approaches, using 

of cationic polymer backbone and introducing of hydrophobic interaction. These 

cellular signal-responsive systems exhibited quite high transgene expression responding 

to abnormally activated PKCα, and presented the effective cellular uptake and capable 

of endosomal escape of polyplexes caused by a strong pH buffering capacity of PEI 

units at around 5-6 in endosome causing the so-called proton sponge effect, consistent 

with their efficient transgene expression both in vitro and in vivo. These approaches are 

able to be served as an alternative application for cancer-specific gene therapy.  

Moreover, I focus on PKCα as an attractive modulator for successful cancer 

chemotherapy, in which hyperactivated in drug-resistance cancer cells, and propose one 

potential for reversal of drug resistance by regulating this activated PKCα. The effective 

inhibition of PKCα activity presented increased drug accumulation in drug-resistant 

MCF-7/ADR cells, providing evidence that PKCα has a prominent role in the regulation 

of drug efflux. This approach may improve response of therapeutic drug, and 

consequently contribute to chemotherapeutic efficacy in drug-resistance cancers. 
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CHAPTER 1  Introduction 

 

 All living organisms are composed of one or more living cells, which are the 

fundamental units of life. These cells produce various cellular signals regulating a 

diversity of function, such as proliferation and survival, for their mutual requirements. 

All the information is processed by these signals to form appropriate cellular responses. 

In this process, many enzymes change their activities and such enzymatic reactions 

make complicated network system to crosstalk each other. This sophisticate enzymatic 

network is called ‘cellular signal transduction system’. Although this system was mainly 

an objective of basic cellular biology, it has now received increased attention for 

medical and pharmaceutical research since the relationship between abnormality and 

numerous diseases has been clarified in these days.  

In this thesis, I focus on ‘intracellular signal transduction’ that is aberrantly 

activated in many cancers and describe new approaches that aim to introduce 

intracellular signal-responsive transgene regulation systems as an alternative application 

for cancer-specific gene delivery, and suggest potential for reversal of drug resistance by 

intracellular regulation of signal transduction. This chapter presents background 

information that is integral to the understanding of the unique approaches in this 

research. 

 

1.1  Intracellular signaling pathways 

 

 Signal transduction enables cells to regulate the behaviors in its requirements. 

To communicate with other cells, external signals, such as hormone, growth factors, 

cytokines or chemokines are used. These signaling are mainly received by receptors, 

which can selectively recognize specific molecules on a plasma membrane, and then 

conveyed into the target cell interiors via intracellular signaling pathways (Figure 1.1).1 

The resulting intracellular signaling process is propagated from the cell membrane to 

the nucleus or other distant targets through the response of sequential signaling. This 

signal transduction is mainly regulated through protein kinases and phosphatases with 

their tight and reversible control on protein phosphorylation.2-6  
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Figure 1.1. Simplified scheme of intracellular signaling pathways. Cellular processes, 
such as proliferation and survival, are generally modulated by the modifications of the 
structure and function of cellular proteins, which is triggered by extracellular signaling 
through membrane receptors, such as ion channel linked receptors, enzyme-linked 
receptors, and G protein-coupled receptors. It has been implicated mostly in 
phosphorylation and dephosphorylation by a variety of protein kinases and 
phosphatases. 
  

 

 Protein kinases consist of more than 500 kinds of families and have critical 

roles of intracellular signaling pathways. These protein kinases catalyse the transfer of 

the terminal γ-phosphate from ATP to a serine, threonine, or tyrosine residue in specific 

site in substrate proteins (Figure 1.2).7 Phosphorylation of protein can control its 

enzymatic activity, its interaction with other proteins and molecules, and its location in 

the cell. These are well regulated by sequential activities of protein kinases in many 

cellular processes, including metabolism, cell growth, differentiation, and apoptosis.8-13 

Because of a critical role of protein kinases in cellular activities, modulation of protein 

phosphorylation is identified to understand a mechanism of cellular events in normal 
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cells. While, abnormal activities of such protein kinases are known to be involved in 

many diseases, including cancer, diabetes, and inflammation. Thus, many approaches 

have been studied to define mutations and dysregulation of protein kinases in 

physiological and phathological situations.14-16  

 

Figure 1.2. The basic catalytic cycle for substrate phosphorylation by a kinase. 

 

 

1.2  Protein kinase Cα (PKCα) as an attractive target enzyme in 

cancer 

 

 As mentioned above, protein kinases have the significant roles in intracellular 

signal transduction pathways by their revisable control with phosphatases on protein 

phosphorylation. However, misregulation of kinase function has become apparent in 

many diseases. Especially, a large number of protein kinases have been found to be 

intimately involved in the processes to tumor cell proliferation and survival (Table 

1.1).17-22 Thus, these protein kinases can be considered as a potential therapeutic target 

for the treatment of cancer formation and progression in human pathology. 

 Among a number of protein kinases, protein kinase C (PKC), a phospholipid-

dependent Ser/Thr kinase, appears to be involved in intracellular signaling response to 

many hormones and growth factors for cell proliferation, differentiation, apoptosis, and 

angiogenesis. PKCs are classified into three subfamilies, based on structural and 

activation characteristics: conventional or classic PKCs (cPKCs; α, βI, βII, and γ) 

containing a diacylglycerol (DAG)/phorbol ester-binding C1 domain and a Ca2+-binding 
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C2 domain, novel or non-classic PKCs (nPKCs; δ, ε, η, and θ) containing C1 domains, 

and atypical PKCs (aPKC; ζ, ι, and λ) containing an atypical C1 domain, which are 

regulated independently of Ca2+ or DAG (Figure 1.3).23-29 

 

Table 1.1. Genetic mutation or translocation lists of protein kinases in cancer.22 

 Kinase Tumor / Cancer Types 

RTK EGFR Breast, lung, glioma 

 HER-2/ErbB2 Breast, ovarian, colon, lung, gastric 
 IGF-IR Colorectal, pancreatic, breast, ovarian, MM 
 PDGFR-α Glioma, glioblastoma,ovarian, HES 

 PDGFR-β CMML, glioma, DFSP 
 c-Kit GIST, seminoma, mastocytosis 
 Flt-4, Flt3 AML 

 FGFR1 CML, Stem cell myeloproliferative disorder 
 FGFR3 Multiple myeloma 
 FGFR4 Breast, ovary 

 
c-Met Glioblastoma, Colorectal, Hepatocellular  

carcinoma, renal carcinoma, HNSCC metastases 
 RON Colon, hepatocellular carcinoma 

 
c-Ret Thyroid carcinoma, MEN2A, MEN2B, FTMC  

familial & sporadic 

 
ALK Anaplastic large cell lymphoma, lung,  

neuroblastoma 
CTK c-SRC Lung, colon, breast & prostate 

 c-YES Lung, colon, breast & prostate 
 Abl CML 
 JAK-2 CML, T-ALL, solid 
S/T Kinase Akt Multiple 

 ATM Ataxia telangiectasia 
 Aurora A & B Multiple 
 CDKs Multiple 

 mTOR Multiple 
 PKCi Non-small cell lung, ovarian 
 PLKs Multiple 

 b-Raf Colon, thyroid, melanoma 

 S6K Multiple 
 STK11/LKB1 Peutz-Jeghers syndrome 
LK PI3K Prostate, colorectal, breast 

 SK1 Breast, prostate 
*  RTK: receptor tyrosine kinase, CTK: cytoplasmic tyrosine kinase,  

S/T Kinase: serine/threonine kinase, LK: lipid kinase 
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Figure 1.3. Structure of protein kinase C family members showing domain composition 
and activators.29 
 

 Activation of PKC isoforms is connected with the two main signaling 

molecules, DAG and inositol triphosphate (IP3). Binding of a ligand to a G protein-

coupled receptor or receptor tyrosine kinase (RTK), PI(4,5)P2, which is generated by 

stepwise phosphorylation of phosphatidylinositol (PI), is converted into DAG and IP3 

by phospholipase C (PLC) at the membrane of cells. The induced DAG activates both 

cPKCs and nPKCs, and the efflux of Ca2+ from endoplasmic reticulum (ER) is 

generated by the induced IP3 as the cofactors of cPKCs activation. Finally the activated 

PKC induces the phosphorylation of its specific substrate (Figure 1.4).27,30-32 

Despite the significant roles of PKCs in cellular processes, PKC isoforms have 

been implicated in cancer formation and progression. For example, the signaling 

abnormalities of PKCs contribute to malignancy and also consider as a potential 

therapeutic target in various cancer as follows.33-36 

 

 Skin cancer : PKCα, PKCβI, PKCζ, PKCδ, PKCε 37-41 
 Colon and gastric cancer : PKCα, PKCδ, PKCβII, PKCι 42-45  
 Prostate cancer : PKCα, PKCδ, PKCε 36,45-49  
 Ovarian, breast, and endometrial cancer : PKCι, PKCα, PKCζ 50-53 
 Lung cancer : PKCι, PKCζ, PKCδ, PKCε, PKCα 54-61 
 Brain tumors : PKCδ, PKCζ, PKCε, PKCη, PKCγ 62-69 
 Multiple, leukemias, and lymphomas : PKCδ, PKCι, PKCζ, PKCβ, PKCγ 70-76 
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Figure 1.4. Activation of PKCs is regulated by DAG and IP3 from cell membrane 
phospholipids.27 
 

 

Among these PKC isoforms, PKCα is multifunctional kinase which is 

ubiquitously expressed in many tissues with its biological function, such as proliferation, 

apoptosis, differentiation, cell migration / adhesion, cardiac hypertrophy / angiogenesis, 

and inflammation. However, abnormal levels of PKCα activity have been identified in 

many types of tumors and has been clarified that the activity is closely related to cancer 

malignancy, bad prognosis and metastatic activity.26,45,77-79 In addition, this PKCα 

activity is highly implicated with multidrug resistance (MDR) of cancer cells, which is a 

major factor in a failure of cancer chemotherapy.80-82 Therefore, selective targeting and 

modulating of PKCα has potential for the treatment of cancer and contributes to emerge 

prospective approaches in human pathology. 
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1.3  Intracellular signal-responsive transgene regulation system 

 

 Intracellular signal transduction has essential roles for many cellular processes 

in living cells. A large number of protein kinases and phosphatases have been involved 

in such intracellular signal transduction, as mentioned above. Herein, particular protein 

kinases are recognized as an important factor in cancer and many diseases due to those 

abnormal activities, such as hyper- or hypoactivation. If these unnatural activities of 

protein kinases can be used therapeutically, it could contribute to a significant 

development in human pathology.  

For this perspective, we proposed a new concept of drug or gene delivery 

system responding to cellular signal (D-RECS). This system can distinguish a difference 

of activity in its target enzymes, including IκB kinase β, protein kinase A, Rho-

associated coiled-coil kinase, and protein kinase Cα, between normal and diseased 

cells.83-90 In this system, we designed an artificial gene carrier possessing a polymeric 

main chain and a cationic peptide side chain that is a substrate of the target enzyme. 

This polymer forms a polyplex with pDNA through electrostatic interactions between 

anionic plasmid DNA (pDNA) strand and cationic peptide substrate moieties, and the 

transgene transcription is totally suppressed in this polyplex. On the other hand, the 

polyplex is dissociated specifically in target disease cells with phosphorylation reaction 

on the cationic peptide side chain (Figure 1.5).90 Using this concept, we successfully 

demonstrated D-RECS as a highly disease cell-specific gene carrier. This can be 

expanded to conventional disease-site targeting system for more specific and safer gene 

delivery system.  

 

Figure 1.5. The concept of drug or gene delivery system responding to cellular signals 
(D-RECS). 
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1.4  Overview of this thesis 

 

 The focus of this thesis is on the development of more effective and specific 

gene delivery system responding to PKCα, based on the D-RECS concept, presenting 

two approaches, using cationic polymer backbone and introducing hydrophobic 

interaction. These approaches are able to be served as an alternative application for 

cancer-specific gene therapy. Moreover, I focus on PKCα as a target enzyme, which is 

hyperactivated in drug-resistance cancer cells, and also provide a potential as an 

appropriate modulator for reversal of the resistance to drug in cancer chemotherapy. The 

content of this thesis is organized as follows. 

  

In chapter 2, I introduce a PKCα-responsive gene delivery system with a linear 

polyethylenimine (LPEI) and a PKCα-specific peptide substrate, showing quite high 

transgene expression responding to abnormally activated PKCα. I extent this LPEI-

peptide conjugate to other various cancer cell lines, and also present the PKCα-specific 

gene expression in vivo in model mice xenografted with human lung cancer.  

In chapter 3, I propose a new carrier to stabilize the polyplex through 

hydrophobic interaction. A simple modification of a long alkyl chain as a spacer 

between a LPEI main chain and a substrate peptide presents the enhanced stability of 

polyplex to significantly improve the PKCα-responsive transgene expression in vitro.  

In chapter 4, I investigate the regulation of PKCα activity and their effect on 

reversal of the resistance to drug in drug-resistance human cancer cells. The regulation 

of PKCα activity exhibits increased drug accumulation, representing the potential as an 

alternative modulator. 

In chapter 5, I summarize the contributions of this thesis  
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CHAPTER 2   

Smart gene carrier: its efficient transgene regulation 

responding to PKCα in vitro and in vivo  

 

2.1  Introduction 

 

 Gene therapy has shown great promise over the past decades for preventing and 

treating genetic disorders such as hereditary diseases and cancers. The first FDA 

approved clinical trial was performed in 1990, treating a severe immune system 

deficiency. Since then, in 2013, over 1,700 clinical trials have been conducted by 

diverse approaches for gene therapy.1 The most compelling aspect for gene therapy 

comes from replacing and correcting a functional gene with a deleterious mutant allele 

as a specific treatment, not just to deal with a symptomatic treatment of diseases. 

However, gene therapy has encountered many issues in laboratory studies and clinical 

trials concerning the safety and effectiveness, such as its undesirable immune responses 

and the low efficacy of gene transfection. Although the limitations of gene therapy still 

exist, many researchers have been devoted to the discovery and development of 

strategies to overcome these limitations. Indeed, the recent successes, in 2006-2013, 

have led to a renewed interest in this field.2-5 

Generally, gene delivery systems have investigated under major two approaches, 

using viral- and non-viral vectors. Although viral vectors, including retrovirus, 

adenovirus, adeno-associated virus, and herpes simplex virus, have led the majority of 

clinical trials,1 it has shown severe intrinsic obstacles, such as dangerous immune 

reactions and limitations in target-cell specificity.6-11 In contrast, non-viral vectors, 

including cationic lipids, polymers, dendrimers, and peptides, present attractive 

alternatives with those desirable properties, such as safety and simplicity of 

preparation.12-15 Therefore, significant strategies have been demonstrated as non-viral 

delivery system. Especially, one prominent challenge is that polymeric vectors, 

including poly(L-lysine) (PLL),16-19 polyethylenimine (PEI) (e.g. linear PEI, branched 
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PEI),20-24 polymethacrylate,25-29 carbohydrate-based polymers (e.g. chitosan, dextran),30-

34 linear poly(amido-amine) (PAA),35-37 and biodegradable polymers,38-42 are intensively 

studied for gene delivery system.7,13  

Another important aspect for gene delivery system is target cell- and tissue-

specific delivery for efficient expression of transgene. Various approaches have merged 

to develop a proper gene delivery system, in which transgene can be specifically 

expressed at pathological sites. These approaches lead to especially an increasing 

application to cancer therapy, consisting of following two methods: “passive targeting” 

and “active targeting” (Figure 2.1).14,43  

 

Figure 2.1. Scheme of the passive tumor targeting method (A) and of the active tumor 
targeting method (B). (A) Nanocarrier can pass through leaky, tortuous, and 
heterogeneous tumor blood vessels and tend to accumulate in tumors, but none or very 
few pass through normal blood vessels showing a well-organized and functional 
structure (enhanced permeability and retention (EPR) effect). (B) In tumor cells, 
hyperactivated cell surface receptors or intracellular signals are identified and they 
become good targets for tumor-targeted gene delivery. (a) For targeting hyperactivated 
receptors, carriers containing a ligand specific to the receptor are used. After the binding 
of carrier to each ligand-specific receptor, the carrier and receptor are transferred into 
the cytosol by endocytosis. (b) Phosphorylation or cleavage of nanoparticles by 
hyperactivated target enzymes leads to their disintegration. 
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Although these various approaches and efforts have been directed to the 

development of a proper gene delivery system, there still remain significant obstacles to 

realizing an effective delivery of therapeutic genes to target sites.44-46 For overcoming 

this hindrance, we have developed a novel concept of gene carrier that can respond to 

malfunctioning intracellular signaling in diseased cells, called D-RECS as mentioned in 

Chapter 1. These gene carriers are composed of a hydrophilic polymeric main chain 

grafted with a cationic peptide which is a substrate of protein kinases activated 

specifically in the diseased cells. These carriers form the polyplexes with anionic 

plasmid (pDNA) through electrostatic interaction between the anionic DNA strand and 

the cationic peptide, and the gene expression is effectively suppressed in the polyplexes 

formation. Once the polyplexes are introduced into diseased cells, phosphorylation of 

the peptide substrate is conducted by protein kinases specifically activated in diseased 

cells and then leads to dissociation of the polyplexes for gene expression due to the 

decrease of the cationic charge of the grafted peptide (Figure 2.1A). In efforts toward 

achieving this intracellular signal-responsive system, we have previously reported 

several gene carriers that respond to target protein kinases, such as IκB kinase β, protein 

kinase A, Rho-associated coiled-coil kinase, and protein kinase Cα (PKCα).47-53  

Among several target kinases, PKCα is one of the most prominent targets for 

the treatment of cancer, which is hyperactivated in various cancer cells as mentioned in 

Chapter 1. Consequently, we have introduced a PKCα-responsive peptide 

(Alphatomega; FKKQGSFAKKK-NH2), and this peptide substrate revealed the highly 

specificity and efficiency to PKCα, comparing relatively low phosphorylation efficiency 

by other PKC isozymes (Table 2.1).54 This contributes to broad applications for the 

diagnosis of tumors and the anticancer therapies. 
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Table 2.1. Kinetic parameters (Km, Vmax, and Vmax/Km) for Alphatomega.54 

 

 

 

We have recently introduced a PKCα-responsive gene carrier in the form of a 

linear polyethylenimine (LPEI)–peptide conjugate. Here, a PKCα-specific peptide 

substrate (Alphatomega) is modified with LPEI, which is one of the most widely used 

cationic polymer for gene delivery due to its high transfection efficacy via endosomal 

escape (Figure 2.2B).55-60 I present detailed characterization of its specific transgene 

expression responding to target PKCα in both in vitro and in vivo. I examined the 

efficacy of transgene regulation responding to intracellular PKCα in skin, lung, liver, 

and breast cancer cell lines, and also exhibited PKCα-specific gene expression in human 

lung cancer in vivo. In addition, I observed intracellular trafficking of polyplexes, 

showing the correlation between those endosomal escape ability and transfection 

efficacy. 
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Figure 2.2. Scheme of the cancer cell-targeted gene delivery system responding to 
intracellular PKCα which is hyperactivated in various cancer cells and tissues. (A) The 
phosphorylation of the peptide substrate induces a decrease of the net charge of carrier, 
(B) The LPEI-peptide conjugate (LPEI-C2(S)) comprises a LPEI main chain and a 
PKCα-specific peptide substrate side chain. Transcription of the pDNA is suppressed by 
the formation of a polyplex. After the phosphorylation reaction with PKCα, however, 
the pDNAs are released from the polyplex because of the decrease in net cationic charge, 
leading to transgene expression.59 
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2.2  Results and discussion 

 

2.2.1  Synthesis of PKCα-responsive polymer 

 

A peptide substrate (Alphatomega; FKKQGSFAKKK-NH2), which is 

specifically recognized by intracellular PKCα, was synthesized using an automatic 

peptide synthesizer according to standard Fmoc-chemistry procedures. The Azido-group 

modified peptide substrate was then obtained as follows: (1) 3-bromopropionic acid was 

substituted with azide-group by the addition of sodium azide, (2) the following N-

terminus azido peptide was synthesized with crude 3-azidopropionic acid on the N-

terminus of the peptide substrate as shown in Scheme 2.1.47,59 As a negative control, 

serine residue on the phosphorylation site of the peptide substrate was substituted for 

alanine (FKKQGAFAKKK-NH2) following the same procedures. 
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Scheme 2.1. Synthetic scheme of the azido peptide substrate. Synthesis of peptide 
substrate (Alphatomega) (A), 3-azidopropionic acid (B), and the N-terminus azido 
peptide substrate, which is specifically responsive to PKCα (C). 
*    : polystyrene, AA: amino acid 
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The modification of peptide substrates on LPEI was performed via a two-step 

synthetic procedure as shown in Scheme 2.2.59 The contents of the peptide substrate in 

LPEI-C2(S) and LPEI-C2(A) were calculated by TNBS assay, 6.16 % and 6.13 %, 

respectively (Table 2.1).  

 

 

Scheme 2.2. Synthetic scheme for LPEI-peptide conjugates.a 

 
aReagents and conditions: (i) 5-chloro-1-pentyne, DBU, and dry DMSO at 50°C; (ii) N-
terminus azido-peptide, copper(II) pentahydrate, sodium ascorbate, and H2O/ethanol = 
1/1 at room temperature. 
 

 

Table 2.1. Molecular parameters of LPEI-peptide conjugate. 
 

samples peptide sequence 
peptide content a

/ mol % 
peptide no. 

/ chain 
Mw 

b 
/ 104 g/mol

LPEI-C2(S) -FKKQGSFAKKK-NH2 6.16 35 8.2 

LPEI-C2(A) -FKKQGAFAKKK-NH2 6.13 35 8.2 

 

a Determined by TNBS assay. b Calculated from peptide and pentyne contents and Mw of 
the parent LPEI. 
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2.2.2  PKCα-specific reactivity of LPEI-peptide conjugate  

  

 Abnormal activities of PKCα have been implicated in cancer formation and 

progression as mentioned in Chapter 1. To verify the activities of PKCα in cancer cells, 

I examined the phosphorylation level of the PKCα-specific peptide substrate with 

cancer cell lysates at a 200 μg/mL protein concentration. Cell lysates were prepared 

from various cancer cells, including mouse skin, human lung, liver, brain, and breast 

cancers, and the phosphorylation of the peptide substrate was evaluated by MALDI-

TOF-MS analysis. As shown in Figure 2.3, the distinct phosphorylation of the peptide 

substrate indicated relatively higher level (48% to 88%) than that in normal tissue 

lysates as reported previously.51,54 These specific phosphorylation reaction, possessing 

three- to eight-fold higher activities than normal, may provide the rationale for targeting 

hyperactivated PKCα in cancers. 

 

 

Figure 2.3. Phosphorylation ratio of the peptide substrate in various cancer cell lysates. 
The sample was identified by an increase in the m/z-value of +80 Da. 
 

 

 I investigated whether the reactivity was affected by the modification of the 

peptide substrate onto the LPEI main chain. The phosphorylation of the peptide 

substrate was identified by a coupled enzyme assay, which detects the decrease of 
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absorbance at 340 nm resulting from NADH oxidation caused by the consumption of 

ATP during the phosphorylation reaction of the peptide substrate.52,61 The oxidation of 

NADH caused by the phosphorylation of the peptide substrate in the presence of PKCα 

was observed in both Alphatomega and LPEI-C2(S). Although the decrease rate of 

absorbance at 340 nm in LPEI-C2(S) was somewhat slower than that in Alphatomega, 

LPEI-C2(A) didn’t show any change of the absorbance as show in Figure 2.4.59 This 

result demonstrated convincingly that the grafted peptide was specifically 

phosphorylated by target PKCα after modification onto LPEI main chain.  

 

 

Figure 2.4. Reactivity of LPEI-peptide conjugates and the peptide substrate (H-
FKKQGSFAKKK-NH2) toward PKCα monitored by a coupled enzyme assay. The 
phosphorylation reaction was identified from the decrease of absorbance at 340nm by 
NADH oxidation. 
 

 

2.2.3  Efficient transgene expression responding to PKCα in vitro  

  

 Prior to verifying in vitro transgene expression, the cytotoxicity of polyplexes 

was evaluated using a cell counting kit (WST-8) in B16 cells. As shown in Figure 2.5, 

the cytotoxicity was not observed in those of polyplexes with both LPEI-C2(S) and 

LPEI-C2(A), over a broad range of the N/P ratios.   
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Figure 2.5. Cell viability assay for the evaluation of cytotoxicity of LPEI-peptide 
conjugates in B16 cells. 
 

In order to confirm the effective transgene regulation of the LPEI-peptide 

conjugate in vitro, transfection efficacy was then evaluated by using luciferase encoding 

pDNA in various cancer cells. Polyplexes was prepared at the N/P ratios of 7 and 10, 

which are optimal ratios in previous investigation, with pDNA. LPEI and LPEI-C2(A) 

polyplexes were used as a positive and negative control, respectively. As shown in 

Figure 2.6A, transgene expression in LPEI-C2(S) polyplexes showed clearly higher 

than LPEI-C2(A) at both of the N/P ratios of 7 and 10 in human U87-MG glioma cells 

possessing the relatively high PKCα activity. Significantly, LPEI-C2(S) polyplexes 

showed a 100 time higher transgene expression than LPEI- C2(A) at the N/P ratio of 10.  

In addition, PKCα-specific transgene expression of polyplexes was examined in 

other cancer cells, in which the ratio of transgene expression level between both 

polyplexes [LPEI-C2(S)/LPEI-C2(A)] was described in terms of signal responsiveness. 

As shown in Figure 2.6B, the transgene expression of LPEI-C2(S) polyplexes were 

much higher than those of LPEI-C2(A) polyplexes, depending on the basal PKCα 

activities in each cancer cell, and the enhancement of the expression level with PKCα 

phosphorylation was more than 10 to 100 times higher compared with a negative 

control. Based on these results, transgene expression of polyplexes was effectively 

regulated by target PKCα, showing the significantly enhanced efficacy than our 

previous PPC carrier which includes polyacrylamide backbone (ca. 10 times).51,52,61  
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Figure 2.6. Transfection of polyplexes with luciferase encoding pDNA into various cell 
lines. (A) Transfection of LPEI-C2(S) and LPEI–C2(A) polyplexes at the N/P ratios of 7 
and 10 in U87-MG cells. (B) Relative transgene expression ratio between LPEI-C2(S) to 
LPEI–C2(A). 
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2.2.4  Intracellular trafficking of polyplexes 

 

 To investigate the origin of high signal responsiveness in LPEI-C2(S), 

intracellular trafficking of the polyplexes was carried out. The cellular localization of 

polyplexes was monitored by confocal microscopy in A549 cells. pDNA was labeled 

with Cy5, nuclei and late endosome/lysosomes were stained with Hoechst 33342 and 

LysoTracker Green, respectively.  

The uptake and subcellular distribution of polyplexes was shown in Figure 2.7. 

Here, LPEI and LPEI-pentyne polyplexes were used as a positive and negative control, 

respectively. The results indicated that LPEI polyplexes showed effective cellular 

uptake via endocytosis and endosomal escape with a strong pH buffering capacity of 

PEI units at around 5-6 in endosome causing the so-called proton sponge effect,62-64 

whereas LPEI-pentyne polyplexes were not observed the significant subcellular 

localization due to the weak complexation with pDNA as described previously.59 

Although LPEI-C2(S) polyplexes localized somewhat in late endosome/lysosomes, the 

most efficient cellular uptake was observed and some of them showed clear endosomal 

escape. The escaped polyplexes from endosomal/lysosomal compartments may lead to 

the efficient regulation of transgene expression in the LPEI-C2(S), showing the 

significant PKCα-specific expression as shown in Figure 2.6. In addition, the relatively 

low endosomal escaping of LPEI-C2(S) than LPEI polyplexes agreed well with the 

difference of transgene expression levels between LPEI-C2(S) and LPEI polyplexes as 

shown in Figure 2.6. 
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Figure 2.7. Intracellular distribution of (A) LPEI, (B) LPEI-pentyne, and (C) LPEI-
C2(S) polyplexes in A549 cells. Confocal images were taken at 18 h after 6 h 
transfection of polyplexes, respectively. pDNA was labeled with Cy5 (red). Late 
endosomes/lysosomes and the nuclei were stained with LysoTracker Green (green) and 
Hoechst 33342 (blue), respectively. The scale bar represents 20 μm. 

 

 

To assess the extent of endosomal escape of LPEI-C2(S) polyplexes, I then 

investigated that the time-dependent intracellular distribution of LPEI-C2(S) polyplexes 

in A549 cells. As shown in Figure 2.8, after 1 h incubation, the red fluorescent dots 

resulting from pDNA were initially observed on the interior and/or exterior of the cell 

membrane. The increased red fluorescent dots were then observed in the cytoplasm over 

a period of 24 h. In addition, after 24 h incubation, a large number of red fluorescent 

dots were observed as shown in Figure 2.8B. This indicated that this LPEI-C2(S) 

polyplexes were well internalized via endocytosis and continued to accumulation in the 

cytoplasm. Although endosomal escape of the polyplexes was not complete and still 

appeared in late endosome/lysosomes, which represented the yellow fluorescent dot, the 

efficacy of endosomal escape was consistent with other researchers’ reports.65-69  
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Figure 2.8. Time-course distribution of LPEI-C2(S) polyplexes in A549 cells. (A) 
Confocal images were taken at 1, 3, 6, and 24 h after 6 h transfection of polyplexes. (B) 
Higher magnification of the yellow boxed areas in A. The scale bar represents 20 μm. 
 

 

2.2.5  Cancer-specific transgene expression in vivo 

  

 I investigated whether the LPEI-peptide conjugate can mediate the transgene 

expression in vivo by using model mice xenografted with human A549 lung 

adenocarcinoma, which showed the relatively high PKCα activity. The polyplexes 

forming with luciferase-encoding pDNA were directly injected into the tumor tissue or 

normal subcutaneous tissue. The results were shown in Figure 2.9. As expected, the 

significant transgene expression was observed in LPEI-C2(S) polyplexes (5/5), whereas 

no expression was observed in LPEI-C2(A) (0/4). Furthermore, the expression of both 

A 

B
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polyplexes was completely suppressed in the normal subcutaneous tissue. These results 

were completely consistent with our previous result,59 and revealed that transgene 

expression of LPEI-C2(S) polyplexes was effectively regulated by the hyperactivated 

PKCα in the tumor tissues, suggesting a clear suppression of transgene expression in the 

normal tissue. 

 

 

 

Figure 2.9. Transgene expression in A549 tumor or normal tissues. Luciferase 
expression was monitored by IVIS imaging system after 24 h direct injection of 
polyplexes. Numbers of luciferase expressing mice per total mice are as follows: 5/5 
[LPEI-C2(S)], 0/4 [LPEI-C2(A)] in the tumor tissue, and 0/3 [both of LPEI-C2(S) and 
LPEI-C2(A)] 
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2.3  Summary 

 

I investigated that the LPEI-peptide conjugate, consisting of the LPEI main 

chain and PKCα-specific peptide substrate side chain (Alphatomega). This LPEI-

peptide conjugate showed the efficient transgene expression in various cancer cell lines 

which possessed the relatively higher activities of PKCα than normal. The efficacy of 

transfection expression of polyplexes in these cancer cells showed more than 10 to 100 

times higher compared to a negative control. Additionally, the detailed intracellular 

trafficking of polyplexes revealed the efficient cellular uptake and capable of endosomal 

escape caused by a high buffering capacity of LPEI main chain, suggesting that their 

efficient transgene expression responding to PKCα in both in vitro and in vivo. Thus, 

this system may emerge as an alternative application for cancer-specific gene delivery. 
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2.4  Experimental section 

 

Materials 

 

 Rink Amide AM resin LL (100-200 mesh, amine density of 0.48 mmol/g) and 

all Fmoc-protected amino acids were obtained from Novabiochem, Merck (Tokyo, 

Japan). 1-hydroxybenzotriazole hydrate (HOBt•H2O), O-(benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate (HBTU), diisopropylethylamine (DIPEA), 

dichloromethane (DCM), 1-methyl-2-pyrrolidone (NMP), and piperidine were 

purchased from Watanabe Chemical (Hiroshima, Japan). N,N-dimethylformamide 

(DMF) was purchased from Kanto Chemical (Tokyo, Japan). Sodium ascorbate, copper 

(II) sulfate pentahydrate, sodium azide, pyridine, dimethyl sulfoxide (DMSO), and 

ethanol were purchased from Wako Pure Chemicals (Osaka, Japan). 5-Chloro-1-pentyne 

and 1,8-Diazabicyclo[5,4,0]-7-undecene (DBU) were purchased from Tokyo Kasei 

Industry (Tokyo, Japan). Linear polyethylenimine (LPEI; Mw = 25,000) was purchased 

from Polysciences, Inc. (Warrington, PA, USA). All reagents were used without further 

purification. 

 

Synthesis of the peptide substrate 

   

 The peptide substrate, FKKQGSFAKK, was prepared by standard Fmoc-

chemistry using the Rink Amide AM resin LL (100-200 mesh, amine density of 0.48 

mmol/g), DIPEA as a base, HOBt/HBTU as coupling reagents, and a 20% solution of 

piperidine in DMF for deprotection of Fmoc group as described previously.47,59 To apply 

the azido group on peptide substrate, 3-azidopropionic acid was synthesized with 3-

bromoundecanoic acid by addition of 2 equivalent of sodium azide for 1 day at RT in 

1:1 DMF/DMSO solution. 3-azidopropionic acid was then reacted with the N-terminus 

of the peptide in the presence of coupling reagents. The obtained peptide was purified 

by reverse-phase liquid chromatography and then identified by MALDI-TOF-MS. A 

negative control peptide, FKKQGAFAKK, was synthesized and purified in the same 

manner.  
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Synthesis of PKCα-responsive polymer 

 

LPEI-peptide conjugate, LPEI-C2(S), was synthesized with LPEI and the 

obtained peptide substrate by a two-step synthetic procedure as described previously.59 

LPEI was dissolved in dry DMSO (30 mL) followed by addition of pyridine, 1,8-

diazabicyclo[5,4,0]-7-undecene (DBU), and 5-chloro-1-pentyne. After the reaction, 

DMSO was partially evaporated under reduced pressure. The residue was diluted in 

methanol and dialyzed by using dialysis membrane bag (MW cut off, 10,000) against 

methanol, then 0.05 N HCl, and finally water. The obtained polymer (LPEI-pentyne) 

was mixed with the azido peptide substrate, copper (II) sulfate pentahydrate, and 

sodium ascorbate in 800 μL of water/ethanol (1/1 = v/v) and the mixture was 

maintained at room temperature with continuous stirring for one day. After the reaction, 

the crude product was dialyzed against 0.05 N HCl and then water by using dialysis 

membrane bag (MW cut off, 10,000), followed by freeze-drying to obtain the conjugate. 

The contents of the peptide substrate were determined by trinitrobenzenesulfonic acid 

(TNBS) assay.59,70 LPEI-C2(A) was synthesized following the same manner as a 

negative control. 

 

Phosphorylation assay of polymer using a coupled enzyme assay 

 

 Phosphorylation profiles of LPEI-C2(S) and LPEI-C2(A) were examined using a 

coupled enzyme assay.52,61 The reaction was performed in 20 mM HEPES buffer [200 

μM ATP, 10 mM MgCl2, 0.5 mM CaCl2, 2.0 μg/mL DAG, 2.5 μg/mL PS, 0.3 mM 

nicotinamide adenine dinucleotide (NADH), 1 mM phosphoenolepyruvate, 10 U/μL 

LDH, and 4 U/μL pyruvate kinase] containing 30 μM polymer at 25 °C. Monitoring of 

NADH consumption was initiated by adding 1.1 ng/μL PKCα and detected with a 

UV/Vis spectrophotometer (UV-2550; Shimadzu, Tokyo, Japan) equipped with an SPR-

8 temperature controller (Shimadzu) at 340 nm. 
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Plasmid DNA 

 

 A plasmid DNA, pCMV-luc2, containing a firefly luciferase cDNA fragment 

driven by a CMV promoter was prepared as follows. A firefly luciferase cDNA 

fragment was obtained from the pGL4.10[luc2] vector (Promega, WI, USA) by HindIII 

and XbaI. This fragment was inserted into the pcDNA3 vector (Invitrogen, CA, USA). 

The resulting pDNA was amplified in the Escherichia coli strain DH5a, isolated, and 

then purified using a Qiagen Plasmid Mega Kit (Qiagen, CA, USA). 

 

Cell culture 

 

B16 (melanoma, skin, mouse), A549 (adenocarcinoma, lung, human), HepG2 

(hepatocellular carcinoma, liver, human), and HuH-7 (hepatocellular carcinoma, liver, 

human) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM). HCC827 

(adenocarcinoma, lung, human) and U87-MG (Glioblastoma, brain, human) cells were 

cultured in RPMI 1640 medium and Eagle's minimal essential medium (MEM), 

respectively. MCF-7 (adenocarcinoma, breast, human) cells were cultured in MEM 

containing 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 10 μg/mL 

insulin. All medium contained 10 % fetal bovine serum (FBS), 100 U/mL penicillin, 

100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B (all from Gibco Invitrogen 

Co., Grand Island, NY, USA). The cell was harvested in a humidified atmosphere 

containing 5 % CO2 and 95 % air at 37 °C. 

 

Cellular cytotoxicity of polyplexes 

 

The cytotoxicity of polyplexes was assessed using a cell counting kit containing 

4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene 

disulfonate sodium salt (WST-8) (Dojindo Laboratories, Kumamoto, Japan) in B16 cells. 

Briefly, 2 × 103 cells were seeded into a 96-well plate and cultured for 24 h at 37 °C in a 

5 % CO2 incubator. The medium in each well was replaced with 100 μL of fresh 

medium containing polyplexes at various N/P ratios (0 to 20) with pDNA (0.5 μg) and 

different concentrations of polymer (7.1 to 52 μg/mL). After incubation for 24 h, the 

medium was replaced with 100 μL of fresh medium and then 10 μL of WST-8 was 
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added to the each well. The cells were incubated for a further 2 h. The cell viability (%) 

was calculated by the absorbance of the treated cells to that of the untreated control cells 

at 440 nm. This assay was performed in triplicate. 

 

In vitro phosphorylation of the peptide substrate 

 

Cells were cultured in 100-mm cell culture dishes, and scrapped in 1.5 mL 

buffer [10 mM HEPES, 10 % sucrose, Complete™ protease inhibitor cocktail (EDTA-

Free) (Roche, Basel, Switzerland)] at 70 - 80 % confluency. The samples were 

centrifuged at 5000 × g at 4 °C for 10 min and the supernatant was removed. A 0.2 mL 

of buffer was added in the precipitate and then sonicated twice at cooled condition for 

15 sec. The samples were centrifuged again at 5000 × g at 4 °C for 15 min, and the 

resulting supernatant was used for the phosphorylation of the peptide substrate.   The 

phosphorylation reaction of the peptide substrate was carried out in 100 μL buffer [10 

mM HEPES, 10 mM MgCl2, 0.5 mM CaCl2, 2.0 μg/mL diacylglycerol (DAG), 2.5 

μg/mL phosphatidylserine (PS), and 200 μM ATP] containing 30 μM peptide substrate 

and cell lysates at a 200 μg/mL protein concentration. The phosphorylation was allowed 

to proceed for 1 h at 37 °C and then the resulting solutions were analyzed by MALDI-

TOF-MS.54,71 

 

In vitro transfection of polyplexes  

 

Cells were plated at a density of 2.5 - 3 × 104 cells in 48-well plates at 37 °C in 

medium containing 10 % FBS for 24 h. Polyplexes at various N/P ratios were prepared 

with pDNA (1 μg) and different concentrations of polymer for 20 min at room 

temperature. The medium in each well was replaced with Opti-MEM containing 

pDNA/polymer polyplexes at various N/P ratios. After incubation for 4 h, the medium 

was changed to medium containing 10 % FBS, and the cells were further incubated for 

20 h. The cultured cells were then scraped and lysed in 100 μL of lysis buffer (20 mM 

Tris-HCl, pH 7.4, 0.05 % Triton-X 100, and 2 mM EDTA). A 10-μL aliquot of the lysate 

solution was used for measuring chemiluminescence in a MiniLumat LB 9506 (EG & G 

Berthold, Wildbad, Germany) directly after mixing with 40 μL of the luciferin substrate. 

The results are presented as relative luminescence units (RLU)/mg total protein. 
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Confocal laser scanning microscope (CLSM) 

 

A549 cells were plated at a density of 1 × 105 in 35-mm glass bottom dishes 

(Matsunami, Osaka, Japan) at 37 °C in 1 mL of DMEM containing 10 % FBS for 24 h. 

pDNA was labeled with Cy5 by using a Label-IT reagent (Mirus, WI, USA) (labeling 

efficiency; 0.5 Cy5 / 100 base pair). Polyplexes at the N/P ratio of 7 were prepared with 

Cy5-labeled pDNA (2 μg) and polymer for 20 min at room temperature. The medium 

was replaced with Opti-MEM containing pDNA/polymer polyplexes. After incubation 

for 6 h, the medium was changed to DMEM containing 10 % FBS, and the cells were 

further incubated for following 1, 3, 6, 18, and 24 h. Polyplexes were observed by 

CLSM (ZEISS LSM 700, Carl Zeiss, Oberlochen, Germarny) equipped with a Plan-

Apochromat 63×/1.40 Oil Ph3 M27 objective after staining acidic late endosomes and 

lysosomes with LysoTracker Green for 1 h and nuclei with Hoechst 33342 (Molecular 

Probes, Eugene, OR) for 15 min before each observation. The images were obtained by 

using manufacturer-specified laser excitation wavelengths and emission filter sets and 

processed with Zeiss Zen 2010 software at excitation wavelengths of 405 nm, 488 nm, 

and 633 nm for Hoechst 33342, LysoTracker Green, and Cy5, respectively. 

 

Animal experiment 

 

Animal studies were performed in accordance with the Guidelines for Animal 

Care and Use Committee at Kyushu University (Fukuoka, Japan). Male 4-week-old 

BALB/c nude mice were used in this study. Mice were inoculated with a dorsal, 

subcutaneous injection of 1 × 107 cells in 100 μL of Matrigel (BD Biosciences, Bedford, 

MA, USA) per animal. Tumors were allowed to grow to a mean diameter of 

approximately 8 mm. Introduction of complexes (100 μL) (pDNA, 100 μg/mL) into 

cancers or normal subcutaneous tissue was performed by a direct injection. After 24 h, 

mice were anesthetized and injected intraperitoneally with 0.2 mL of 15 mg/mL D-

luciferin (potassium salt) (Promega, Madison, WI, USA) in Ringer’s solution. Images 

were obtained using a cooled IVIS CCD camera (Xenogen, Alameda, CA, USA) and 

analyzed with Living Image software.  
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CHAPTER 3  

Stabilization of PKCα-responsive gene carrier via 

hydrophobic interaction 

 

3.1  Introduction 

 

Among the current major approaches used in non-viral gene delivery system, 

cationic polymers are widely used as artificial gene carrier with potential advantages 

over viral vector-mediated therapy, such as severe immune response, high production 

cost, and inconvenience of manufacturing and handling.1-6  

These polymers can form polyplexes with anionic nucleic acids through the 

electrostatic interaction. However, the stability issues of those polyplexes have led 

researchers to develop alternative approaches for a further perspective. Thus, a number 

of strategies have been introduced to stabilize polyplexes. For example, polyplexes are 

modified with additional stabilizing features such as hydrophobic moieties,7-12 chemical 

cross-linking such as disulfide cross-linking,13-17 or PEG coating using di and/or tri-

block copolymers.18-22 In the case of PEG coating, PEG chains are sometimes 

introduced into polymer in detachable manner at particular conditions.23-26 Such factors 

contribute to increase the colloidal stability and also prevent aggregation and interaction 

with serum proteins by a steric repulsion effect (Figure 3.1).3  

 

Figure 3.1. Scheme of a block catiomer polyplex, showing a high stability in the 
extracellular medium and an efficient release of plasmid DNA (pDNA) in the 
intracellular compartment, was developed by controlling both the cationic charge and 
disulfide cross-linking densities of the backbone polycations.15 
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As mentioned in Chapter 2, a LPEI-peptide conjugate showed the clear-cut 

response to target PKCα both in vitro and in vivo (intratumoral injection), and showed a 

possibility as a cancer-specific alternative application in gene delivery. However, 

destabilization of polyplexes under physiological condition will be another obstacle for 

practical applications, especially under in vivo application such as the intravenous 

administration. As shown in Figure 3.2, a LPEI-peptide conjugate showed no 

expression in Balb/c mice after the intravenous administration, indicating that the 

degradation of pDNA in a blood flow was due to the dissociation of the polyplexes.27 

 

Figure 3.2. Images of luciferase activity of whole body of Balb/c mice (A) and isolated 
normal organs (B) 24 hours after intravenous injection of polyplexes (N/P ratio = 10, 
pDNA 20 μg).  
 

Thus, I propose here a new carrier to stabilize polyplexes through the additional 

hydrophobic interaction. The carrier comprises a long alkyl spacer between the LPEI 

main chain and peptide. This simple modification was found to effectively stabilize the 

polyplexes, thereby leading to significantly improved PKCα-responsive gene expression 

(Figure 3.3). 
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Figure 3.3. Concept of polyplexes stabilized by hydrophobic interaction for application 
in cancer-specific gene expression. The LPEI-C10-peptide conjugate forms stable 
polyplexes with pDNA through electrostatic interactions between the anionic DNA 
strands and the cationic peptide substrate moieties, as well as through an additional 
hydrophobic interaction. Despite the enhanced stability of the polyplexes, the 
polyplexes were dissociated specifically in cancer cells responding to the 
phosphorylation reaction by PKCα. 
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3.2  Results and discussion 

 

3.2.1  Reactivity of hydrophobically modified peptide substrate to 

PKCα 

 

 I previously used propionic acid linker for azide group modification on a 

terminus of the peptide substrate as mentioned in Chapter 2. Here I exchanged the 

linker for the much more hydrophobic undecanoic acid with the aim of achieving 

further stabilization of the polyplexes as shown in Scheme 3.1. I selected the N-

terminus of the peptide for the introduction of the alkyl azide group, because we 

previously found that chemical modification of the N-terminus did not affect the overall 

reactivity of the peptide on the phosphorylation with PKCα. In contrast, chemical 

modification of the C-terminus of the peptide severely reduced the reactivity of the 

peptide. The azide group was modified on the N-terminus of the peptide in the last step 

of a solid phase peptide synthesis. Then, I assessed whether the reactivity of the 

resulting peptide substrate, C10(S) [N3-(CH2)10-CO-FKKQGSFAKKK-NH2], toward 

PKCα is affected by the hydrophobic modification by using MALDI-TOF-MS. As 

shown in Figure 3.4, the phosphorylation of C10(S) by PKCα was somewhat slower 

than that of C2(S). However, after 30 min, the phosphorylation reaction of both C2(S) 

and C10(S) was almost saturated, indicating that the effect of the modification of the 

hydrophobic long alkyl chain on the reactivity of the peptide substrate to PKCα was not 

significant. 

 
Scheme 3.1. Synthetic scheme for preparing hydrophobically modified LPEI-peptide 
conjugates.a 
aReagents and conditions: (i) 5-chloro-1-pentyne, DBU, and dry DMSO at 50°C; (ii) N-
terminus azido-peptide, copper(II) pentahydrate, sodium ascorbate, and H2O/ethanol = 
1/1 at room temperature. 



CHAPTER 3  Stabilization of PKCα-responsive gene carrier via hydrophobic interaction 

45 

 

 

 

 

Figure 3.4. (A) Phosphorylation reactions of C2(S) and C10(S) in the presence of PKCα 
at 37 °C. (B) Time-dependent changes of the ratio of phosphorylation reactions. 
Phosphorylation ratios were identified by MALDI-TOF-MS analysis (n=3). 
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3.2.2  Reactivity of the hydrophobically modified LPEI-peptide 

polymer to PKCα 

 

 As mentioned in Chapter 2, the modification of the peptide substrates, C10(S), 

on LPEI was performed via a two-step synthetic procedure as shown in Scheme 3.1. 

The contents of the peptide substrate were calculated from the peak area ratio between 

the protons of the phenyl groups in the peptide substrate (-CH-, δ=7.13 ppm) and the 

methylene protons of LPEI (-CH2-, δ=2.85 ppm) by 1H-NMR spectra in D2O (Figure 

3.5). These results showed that those of the contents of the peptide substrate in LPEI-

C10(S) and LPEI-C10(A) were 10.8 mol % and 11.0 mol %, respectively (Table 3.1). 

 

 

 

Figure 3.5. 1H-NMR spectra of LPEI-C10(A) (upper panel) and LPEI-C10(S) (lower 
panel). 
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Table 3.1. Molecular parameters of carriers. 
 

samples 

n, 
alkyl chain 

length 
peptide sequence 

peptide 
content a 
/ mol % 

peptide 
no. 

/ chain 

Mw 
b 

/ 104 g/mol

LPEI-C2(S) 2 -FKKQGSFAKKK-NH2 10.9 63 12.1 

LPEI-C2(A) 2 -FKKQGAFAKKK-NH2 8.1 47 9.8 

LPEI-C10(S) 10 -FKKQGSFAKKK-NH2 10.8 62 12.7 

LPEI-C10(A) 10 -FKKQGAFAKKK-NH2 11.0 63 12.8 

 

a Determined by 1H-NMR spectra. b Calculated from peptide and pentyne contents and 
Mw of the parent LPEI. 
 

 

The reactivity of the peptide substrate to PKCα after introducing into LPEI 

main chain was evaluated using a coupled enzyme assay. As shown in Figure 3.6, 

LPEI-C10(A) showed no change in the absorption, while LPEI-C10(S) showed steep 

decrease of the absorption resulting from the phosphorylation of the grafted peptide. 

Although the reaction rate of LPEI-C10(S) is slower than that of the original peptide 

C10(S), the reaction rate of LPEI-C10(S) is surprisingly identical to that of LPEI-C2(S). 

Thus, the effect of the long alkyl chain on the reactivity of the C10(S) peptide was 

negligible after the C10(S) peptide was modified onto the LPEI main chain. This is 

probably because the hydrophobic alkyl chain is hidden behind the peptide after 

modification onto the LPEI backbone. 

 

 

  



CHAPTER 3  Stabilization of PKCα-responsive gene carrier via hydrophobic interaction 

48 

 

 

Figure 3.6. Reactivity of LPEI-peptide conjugates and original peptide (H-
FKKQGSFAKKK-NH2) toward PKCα monitored by a coupled enzyme assay. The 
phosphorylation reaction was identified from the decrease of absorbance at 340nm by 
NADH oxidation. 
 

 

3.2.3  pDNA condensation ability of hydrophobically modified LPEI-

peptide polymer 

 

 To verify the stoichiometry of the binding of the polymers to pDNA, an agarose 

gel electrophoresis assay was conducted with varying N/P ratios. The electrophoretic 

patterns for both LPEI-C2(S) and LPEI-C10(S) showed that free pDNA completely 

disappeared from the same N/P ratio of 2 (Figure 3.7A). Thus, the long alkyl chain of 

LPEI-C10(S) seems not to interrupt the polyplexes formation.  

The stoichiometry in the polyplexes formation was also verified by using an 

EtBr exclusion assay. EtBr produces a high fluorescence on interaction with 

nucleobases, whereas the fluorescence intensity significantly decreased by the inhibition 

of the intercalating processes of EtBr to DNA strand with the polyplexes formation 

causing condensation.28 Thus, the distinct fluorescence intensity of intercalated EtBr is 

used to estimate the stoichiometry between polymer and DNA in the polyplexes 
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formation. As shown in Figure 3.7B, all four curves are almost superimposable and the 

relative fluorescence intensity (RFI) reached a plateau when the N/P ratio was 3. This 

result again shows that the long alkyl chain does not disturb the polyplexes formation. 

We previously found that, in LPEI-C2(S), the cationic charges of the peptide substrate 

mainly contribute to the polyplexes formation while the charges of the LPEI main chain 

show negligible contribution to the condensation of pDNA probably due to the shielding 

of the cationic charges on the LPEI backbone by the bulky pentyne group.27 The 

identical curves with LPEI-C10(S) and LPEI-C2(S) in Figure 3.7B showed that the 

cationic charges of the peptide also contributed mainly to the polyplexes formation in 

the case of LPEI-C10(S). It is noteworthy that the anionic pDNA selectively binds to the 

cationic peptide of the carriers. This property is crucial for our transgene regulation 

system, which is specifically responsive to intracellular PKCα via phosphorylation 

reaction of the peptide substrate. 

The size and size distribution of the polyplexes of LPEI-C10(S)/pDNA or LPEI-

C2(S)/pDNA were investigated in 10 mM HEPES buffer at the N/P ratio of 7 and 10 

(Table 3.2). The size of the polyplexes both of LPEI-C10(S)/pDNA to LPEI-

C2(S)/pDNA were around 100 nm irrespective of the N/P ratios. The polydispersity 

index (PDI) of the both polyplexes was less than 0.21, which shows relatively narrow 

size distribution of these polyplexes. I then examined the stability of polyplexes against 

mixing with DMEM containing 10 % FBS by monitoring the dynamic light scattering 

(Figure 3.8). The diameter of the polyplexes from LPEI-C10(S) is as stable as that of 

LPEI-C2(S). The interparticle aggregation was not observed in the both polyplexes, 

when mixing with the medium. This result may indicate that the hydrophobic alkyl 

groups are not exposed to the surface of the polyplexes to induce interparticle 

aggregation. 

 

  



CHAPTER 3  Stabilization of PKCα-responsive gene carrier via hydrophobic interaction 

50 

Table 3.2. Diameter of LPEI-C2(S) and LPEI-C10(S) polyplexes in 10 mM HEPES 
buffer. 
 

Samples N/P ratio Diameter / nm PDI a 

LPEI-C2(S) polyplex 7 116.9 ± 1.3 0.178 ± 0.015 

10 116.2 ± 1.2 0.173 ± 0.013 

LPEI-C10(S) polyplex 7 98.1 ± 1.3 0.205 ± 0.019 

10 109.4 ± 1.1 0.161 ± 0.017 

a PDI: polydisperse index 
 
 
 

 

 

Figure 3.7. Polyplexes formation of the LPEI-peptide conjugate with pDNA. (A) 
Agarose gel electrophoresis of the conjugates and pDNA with varying N/P ratios. (B) 
EtBr exclusion assay of conjugates was performed by monitoring the distinct 
fluorescence intensity of intercalated EtBr (n=3). 
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Figure 3.8. Time course of size change of (A) LPEI-C2(S) and (B) LPEI-C10(S) 
polyplexes in DMEM with 10% FBS. 
 
 

3.2.4  Cytotoxicity and cellular uptake of hydrophobically modified 

polyplexes 

 

The cytotoxicity of LPEI-C2(S)/pDNA and LPEI-C10(S)/pDNA was evaluated 

prior to in vitro studies. As shown in Figure 3.9, both LPEI-C2(S) and LPEI-C2(A) 

showed weak cytotoxicity at the N/P of 10, while the alkyl chain modified conjugates, 

LPEI-C10(S) and LPEI-C10(A) showed no detectable cytotoxicity. Thus, the 

hydrophobic alkyl modification somewhat reduced the cytotoxicity of the polymers.  

To gain a better insight into the effect of an additional hydrophobic interaction, 

the cellular uptake of the polyplexes was monitored by using pDNA labeled with 

YOYO-1. As shown in Figure 3.10, the uptake of the LPEI-C10(S) polyplex was higher 

than the LPEI-C2(S) polyplex. The introduction of hydrophobic groups onto the 

polymer improved the intracellular uptake of the polyplexes probably because of the 

enhanced stability in the medium, which includes high concentrations of organic and 

inorganic salts and other ingredients. The enhanced stability of the polyplex will work 

to avoid undesirable transgene expression without phosphorylation in cytosol. 
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Figure 3.9. Cytotoxicity of polyplexes of LPEI-peptide conjugates for A549 cells (n=3). 
LPEI-C2(S) and LPEI-C10(S) are shown as filled bars, and LPEI-C2(A) and LPEI-
C10(A) are shown as open bars. 
 

 

 

Figure 3.10. Cellular uptake of LPEI-C2(S) and LPEI-C10(S) polyplexes with YOYO-1-
labeled pDNA in A549 cells. The N/P ratio of the polyplexes of the polymers was 7. 
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3.2.5  Intracellular trafficking of polyplexes 

 

The intracellular trafficking of LPEI-C2(S) and LPEI-C10(S) polyplexes was 

compared by CLSM observation. I used here pDNA labeled with TAMRA and stained 

nuclei and late endosomes/lysosomes with Hoechst 33342 and LysoTracker Green, 

respectively. As shown in Figure 3.11, the fluorescent dots resulting from pDNA 

complexed with both LPEI-C2(S) and LPEI-C10(S) were observed in the cytoplasm with 

yellow and red, which results from the polyplex existing in the endosome and in the 

cytosol, respectively. In contrast, much smaller numbers of fluorescent dots were 

detected in the polyplex of LPEI-pentyne because of the weak complexation with 

pDNA.27 These results indicated that LPEI-C2(S) and LPEI-C10(S) formed polyplexes 

which can be taken up by cells efficiently via endocytosis. However, the number of 

yellow and red dots was larger in LPEI-C10(S)/pDNA than in LPEI-C2(S)/pDNA. This 

results is consistent on the result in Figure 3.10 showing enhanced effect of 

hydrophobic interaction on cellular uptake. The large number of red fluorescent dots of 

the polyplexes suggested that the buffering capacity of the LPEI main chain of LPEI-

C2(S) and LPEI-C10(S) lead to escape from the endosome by the proton sponge effect.29-

32 

 

 

 

Figure 3.11. Intracellular distribution of (A) LPEI-pentyne, (B) LPEI-C2(S), and (C) 
LPEI-C10(S) polyplexes in A549 cells. pDNA was labeled with TAMRA (red). Late 
endosomes/lysosomes and the nuclei were stained with LysoTracker Green (green) and 
Hoechst 33342 (blue), respectively. The scale bar represents 20 μm. 
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3.2.6  Effect of hydrophobic interaction on regulation of transgene 

expression 

 

The transgene regulation of the polyplexes was evaluated using luciferase-

encoding pDNA in A549 cells, in which intracellular PKCα is known to be 

hyperactivated.33-35 As shown in Figure 3.12, the gene expression of negative control 

polyplexes [LPEI-C2(A) and LPEI-C10(A)] was kept at a low level (< 107 RLU/mg 

protein), while the LPEI-C2(S) and LPEI-C10(S) polyplexes showed much higher gene 

expression, irrespective of the N/P ratios. This result clearly showed a suppression of 

gene expression in the negative control polyplexes and the PKCα-responsive gene 

expression in LPEI-C2(S) and LPEI-C10(S) polyplexes. 

As for the effect of the alkyl chains, the LPEI-C10(S) polyplexes showed a more 

than ten times higher gene expression than the LPEI-C2(S) polyplexes at both the N/P 

ratios of 5 and 7. The higher gene expression in LPEI-C10(S) should result from the 

improved cellular uptake in the transfection medium, which includes a high 

concentration of organic and inorganic salts as clarified in Figure 3.10. Despite the 

improved cellular uptake in the LPEI-C10(S) polyplexes, the gene expression of the 

negative control polyplexes of LPEI-C10(A) which also has the long alkyl chain showed 

a similar level as low as that of LPEI-C2(A). This would be caused by the stabilization 

of the polyplexes via the enhanced hydrophobic interactions in LPEI-C10(A). As a result 

of both the higher gene expression in LPEI-C10(S) and the suppressed gene expression 

in LPEI-C10(A), the LPEI(S)/LPEI(A) ratio [defined as the ratio of gene expression 

from LPEI(S) and that from LPEI(A)] was improved in LPEI-C10 from LPEI-C2. 

Notably, LPEI-C10(S) showed a 390 times higher gene expression than LPEI-C10(A) at 

the N/P ratio 7. 
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Figure 3.12. Transfection of polyplexes of LPEI-peptide conjugates with luciferase 
encoding pDNA into A549 cells (n=3). Data were expressed as the RLU/mg protein and 
the mean ± standard deviation from three different measurements (*p < 0.05, **p < 0.01, 
and ***p < 0.005 ). 
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3.3  Summary 

 

 Here, I demonstrated the ability of a hydrophobically modified LPEI-peptide 

conjugate as a cancer-specific gene carrier. A simple modification of a long alkyl chain 

as a spacer between the LPEI main chain and a substrate peptide enhanced the cellular 

uptake of the resultant polyplexes because of the effective stabilization of the 

polyplexes via hydrophobic interaction. It is important to note that the alkyl chain 

spacer did not affect the reactivity of the substrate peptide toward PKCand the 

endosomal escaping ability. Because of these advantageous characteristics of the 

hydrophobically modified polyplexes, the polyplexes showed excellent performance in 

the cancer-signal responsive gene expression. Thus, the hydrophobically modified 

LPEI-peptide conjugate represents a promising carrier for cancer-specific gene therapy 

especially when cytotoxic suicide genes are employed. 
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3.4  Experimental section 

 

Synthesis of the hydrophobically modified azido PKCα-specific peptide substrate 

  

The peptide, FKKQGSFAKK, was prepared by using an automatic peptide 

synthesizer, according to standard Fmoc-chemistry procedures as mentioned in Chapter 

2. To modify the hydrophobic groups on the peptide substrate, 11-Azidoundecanoic acid 

was synthesized from 11-Bromoundecanoic acid by addition of two equivalents of 

sodium azide for 1 day at room temperature in 1:1 DMF/DMSO solution. 11-

Azidoundecanoic acid was then reacted with the N-terminus of the peptide in the 

presence of the coupling reagents. After completion of the reaction, the peptide was 

cleaved from the resin and was purified by reverse-phase liquid chromatography. The 

obtained peptide substrate, N3-(CH2)10-CO-FKKQGSFAKK-NH2 [C10(S)] was 

identified by MALDI-TOF-MS. N3-(CH2)10-CO-FKKQGAFAKK-NH2 [C10(A)] as a 

control peptide substrate was synthesized in the same manner.  

 

Synthesis of the hydrophobically modified LPEI-peptide conjugate 

 

 The hydrophobically modified LPEI-peptide conjugates, LPEI-C10(S) and 

LPEI-C10(A), were synthesized by following a two-step synthetic procedure as 

described in Chapter 2. The contents of the peptide substrate were determined by 1H-

NMR spectra. LPEI-C2(S) and LPEI-C2(A) were synthesized in the same manner. 

 

Phosphorylation assay of azido peptide substrate 

 

 The phosphorylation of C2(S) and C10(S) responding to PKCα was carried out 

in 100 μL buffer [10 mM HEPES, 10 mM MgCl2, 0.5 mM CaCl2, 2.0 μg/mL 

diacylglycerol (DAG), 2.5 μg/mL phosphatidylserine (PS), and 200 μM ATP] 

containing 30 μM azido peptide substrate and 0.1 μg/mL PKCα. The phosphorylation 

was allowed to proceed for 1 h at 37 °C and then the resulting solutions were analyzed 

by MALDI-TOF-MS 34. 
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Phosphorylation assay of polymer using a coupled enzyme assay 

 

 The phosphorylation profiles of LPEI-C2(S/A) and LPEI-C10(S/A) were 

examined using a coupled enzyme assay.35,36 The reaction was performed in 20 mM 

HEPES buffer [200 μM ATP, 10 mM MgCl2, 0.5 mM CaCl2, 2.0 μg/mL DAG, 2.5 

μg/mL PS, 0.3 mM nicotinamide adenine dinucleotide (NADH), 1 mM 

phosphoenolpyruvate, 10 U/μL LDH, and 4 U/μL pyruvate kinase] containing 30 μM 

polymer at 25 °C. Monitoring of NADH consumption was initiated by adding 1.1 ng/μL 

PKCα and detected with a UV/Vis spectrophotometer (UV-2550; Shimadzu, Tokyo, 

Japan) equipped with an SPR-8 temperature controller (Shimadzu) at 340 nm.  

 

Agarose gel electrophoresis  

 

 Polyplexes at various N/P ratios were prepared with pDNA (0.2 μg) and 

different concentrations of polymer in 10 μL HEPES buffer (100 mM, pH 7.3) for 15 

min at room temperature. The formation of the polyplexes was analyzed by 1% agarose 

gel electrophoresis at 100V for 30 min. 

 

Ethidium bromide (EtBr) exclusion assay 

  

Five micro liters of pDNA (0.1 μg/μL) was prepared with 1.25 μL of EtBr (0.1 

μg/μL) for 5min. Polyplexes at various N/P ratios were prepared by adding different 

concentrations of polymer for 15 min and the volume of each sample was adjusted to 

100 μL with 10 mM HEPES. Assays were performed at room temperature in the dark. 

Fluorescence measurements of each sample were performed at 25 °C using a multilabel 

counter ARVO (Wallac Incorporated, Turku, Finland). Excitation and emission 

wavelengths were 530 nm and 590 nm, respectively. The relative fluorescence intensity 

(RFI) was determined by using the following equation : RFI = (Fobs – Fe)/(F0 – Fe), 

where Fobs, Fe and F0 are the fluorescence intensities of the polyplexes at each N/P ratio, 

back ground (EtBr only), and naked pDNA, respectively.   
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Dynamic light scattering (DLS) measurement 

 

 Polyplexes at various N/P ratios were prepared with pDNA and different 

concentrations of polymer by mixing at room temperature for 20 min. The final 

concentration of pDNA was adjusted to 20 μg/mL in 10 mM HEPES buffer or 

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco Invitrogen Co., Grand Island, 

NY, USA) containing 10 % fetal bovine serum (FBS). The diameters of the 

polymer/pDNA polyplexes were measured by a Zetasizer (Malvern Instruments, 

Worcestershire, UK) with the He/Ne laser at a detection angle of 173 ° at 25 °C.  

 

Cell culture  

 

 A549 cells were cultured in DMEM containing 10 % FBS, 100 U/mL penicillin, 

100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B (all from Gibco). The cell 

was harvested in a humidified atmosphere containing 5% CO2 and 95% air at 37 °C. 

 

Cellular uptake of polyplexes 

 

 The pDNA was fluorescently labeled with the intercalating nucleic acid dye 

YOYO-1 iodide (diluted from 1 mM stock solution in DMSO, Molecular Probes) for 

uptake analysis.37 500 μL of pDNA (0.1 mg/mL) was combined with 100 μL of TAE 

buffer and 400 μL of 10 μL YOYO-1 in TE buffer in a microcentrifuge tube. The 

solution was mixed for at least 1 h at room temperature in the dark wrapped in foil and 

stored at -20 °C.  

200 μL Aliquots of growing A549 cell suspension (30,000 cells) were seeded 

into a 48-well plate in DMEM containing 10 % FBS. After incubation for 24 h, the 

medium in each well was replaced with Opti-MEM (Gibco) containing the YOYO-1-

labeled pDNA/polymer polyplexes at the N/P ratio 7, and incubated for 2 h. Estimation 

of cellular uptake was conducted by a TaliTM Image-Based Cytometer (Invitrogen). 
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Confocal laser scanning microscope (CLSM) 

 

A549 cells were plated at a density of 1 × 105 in 35-mm glass bottom dishes 

(Matsunami, Osaka, Japan) at 37 °C in 1 mL of DMEM containing 10 % FBS for 24 h. 

pDNA was labeled with tetramethylrhodamine (TAMRA) by using a Label-IT reagent 

(Mirus, WI, USA) (labeling efficiency; 1 TAMRA / 100 base pair). Polyplexes at the 

N/P ratio of 7 were prepared with TAMRA-labeled pDNA (2 μg) and polymer for 20 

min at room temperature. The medium was replaced with Opti-MEM containing 

pDNA/polymer polyplexes. After incubation for 6 h, the medium was changed to 

DMEM containing 10 % FBS, and the cells were further incubated for 18 h. Polyplexes 

were observed by CLSM (ZEISS LSM 700, Carl Zeiss, Oberlochen, Germarny) 

equipped with a Plan-Apochromat 63×/1.40 Oil Ph3 M27 objective after staining acidic 

late endosomes and lysosomes with LysoTracker Green for 1 h and nuclei with Hoechst 

33342 (Molecular Probes, Eugene, OR) for 15 min before each observation. The images 

were obtained by using manufacturer-specified laser excitation wavelengths and 

emission filter sets and processed with Zeiss Zen 2010 software at excitation 

wavelengths of 405 nm, 488 nm, and 555 nm for Hoechst 33342, LysoTracker Green, 

and TAMRA, respectively.   

 

Transfection study 

 

 A549 cells were plated at a density of 3 × 104 in 48-well plates at 37 °C in 

DMEM containing 10 % FBS for 24 h. Polyplexes at various N/P ratios were prepared 

with pDNA (1 μg) and different concentrations of polymer for 20 min at room 

temperature. The medium in each well was replaced with Opti-MEM containing 

pDNA/polymer polyplexes at various N/P ratios. After incubation for 4 h, the medium 

was changed to DMEM containing 10 % FBS, and the cells were further incubated for 

20 h. The cultured cells were then scraped and lysed in 100 μL of lysis buffer (20 mM 

Tris-HCl, pH 7.4, 0.05 % Triton-X 100, and 2 mM EDTA). A 10-μL aliquot of the lysate 

solution was used for measuring chemiluminescence in a MiniLumat LB 9506 (EG & G 

Berthold, Wildbad, Germany) directly after mixing with 40 μL of the luciferin substrate. 

The results are presented as relative luminescence units (RLU)/mg total protein. 
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CHAPTER 4   

Regulation of PKCα activity and their effect on 

reversal of the resistance to drug in MCF-7/ADR cells 

 

4.1  Introduction 

 

 Multidrug resistance (MDR) of cancer cells is a major factor that limits the 

effectiveness of cancer chemotherapy. Although MDR has a number of causes in a 

failure of chemotherapy, a widely studied mechanism of resistance is associated with 

the overexpression of the ATP-binding cassette (ABC) transporter superfamily, resulting 

in increased efflux of chemotherapeutic agents from cells. Among 48 human ABC 

transporter superfamily, a well-characterized P-glycoprotein (Pgp) is highly implicated 

with the reduction of intracellular drug levels below their therapeutic threshold and the 

consequent decrease of their toxic effects.1-7  

Pgp is a 170 kDa ATP-dependent transmembrane protein, which is encoded by 

the ABCB1 (or MDR1) gene. This protein structurally contains two similar halves with 

an inward-facing conformation, consisting of 12 transmembrane domains (TMDs) and 2 

nucleotide-binding domains (NBDs). The TMDs, presenting pseudo two-fold molecular 

symmetry spanning ~136 Å perpendicular to and ~70 Å in the plane of the membrane 

bilayer, recognize the wide range of substrates and subsequently transport these 

substrates to the outer of membrane bilayer, resulting in structural changes with an 

outward-facing conformation caused by ATP hydrolysis in the NBDs as shown in 

Figure 4.1.4,8-12  
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Figure 4.1. Model mechanism of substrate transport by Pgp. (A) Substrate partitions 
into the bilayer from outside of the cell to the inner leaflet and enters the internal drug-
binding pocket through an open portal in the inward-facing conformation. (B) ATP 
binds to the NBDs causing a large conformational change presenting the substrate and 
drug-binding site(s) to the outer leaflet and/or extracellular space.10 
 

A significant contribution of Pgp to the efflux of endogenous and exogenous 

molecules, which leads to drug resistance, provides an alternative rationale for 

developing targeted therapies against this membrane transporter.13 Since inhibitors and 

modulators of Pgp were firstly identified in 1980’s, inhibiting of Pgp has been 

extensively investigated as a strategy for reversal of multidrug resistance.5,14 Initially, 

the first-generation Pgp inhibitors (e.g. verapamil, cyclosporin, and tamoxifen) were 

used as substrates of Pgp, competing with cellular efflux of therapeutic drugs, but it was 

limited by unacceptable systemic toxicity in clinical trials.15-22 The second-generation 

Pgp inhibitors (e.g. dexverapamil, dexniguldipine, valspodar (PSC 833), and biricodar 

(VX-710)), which were structurally modified from the first-generation agents, had 

reduced primary toxicity, but it had the potential to change the pharmacokinetics of 

conventional drugs and inhibit metabolism of cytotoxic drugs.23-32 Currently, the next 

third-generation Pgp inhibitors have been suggested by using structure-activity 

relationships and combinatorial chemistry to overcome the limitations of the second-

generation Pgp inhibitors. These third-generation Pgp inhibitors (e.g. tariquidar 

(XR9576), zosuquidar (LY335979), and laniquidar (R101933)) are in various stages of 

clinical trials, showing a high potency and specificity for the Pgp transporter (Figure 

4.2).5,14,33-42  



CHAPTER 4 Regulation of PKCα activity and their effect on reversal of the resistance to drug 

67 

 

 

Figure 4.2. Representative structure of (A) first-generation Pgp inhibitors, (B) second-
generation Pgp inhibitors, and (C) third-generation Pgp inhibitors. 

 

 

Despite the distinct rationale for the direct inhibition and modulation of Pgp in 

cancer chemotherapy, there still remain many obstacles such as safety concerns and 

pharmacokinetic changes of therapeutic drugs in clinical trials. Thus, alternative 

approaches have been extensively conducted, offering a promising potential to 

overcome multidrug resistance by using new chemotherapeutic agents designed as 

analog of therapeutic compounds,43-45 prodrugs,46-48 Pgp-specific therapeutic 

antibodies,49-51 and nanoparticle-based drug delivery systems (e.g. liposomes,52-54 

polymeric nanoparticles,55-58 micelles,59-61 inorganic nanoparticles,62-65 and hybrid 

A 

B 

C 
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nanoparticles).66-68 These diverse strategies are concurrently emerging as promising 

candidates for effective cancer treatment, however, the toxicology of long-term 

exposure to drug or nanomaterials in human still need to be fully studied and 

evaluated.69-71  

As previously mentioned in Chapter 1, many cellular processes are regulated 

by signal transduction, resulted in tight and reversible controls of protein 

phosphorylation via enzyme activities, protein kinases and phosphatases. The 

overexpression of Pgp has been implicated as a prominent role in human MDR cells, 

and one potential regulatory mechanism of Pgp activity is known to be regulated by 

protein phosphorylation, particularly induced by the activated protein kinase C (PKC) 

isoforms.72-74 Many reports of drug accumulation in human MDR cells have been 

suggested that increased activities and levels of PKC isoforms, mainly for PKCα, 

phosphorylate specific serine residues in the linker region of Pgp, inducing alterations 

of Pgp activity with increased their ATPase activity and drug efflux (Figure 4.3).75-79  

 

 

Figure 4.3. Schematic structural organization of P-glycoprotein. Each half contains 6 
transmembrane α-helices involved in chemotherapeutic drug efflux, and nucleotide 
binding domain 1(NBD1) and NMD 2, containing an ATP-binding site. . The two halves 
are separated by linker region which is phosphorylated at several sites by protein kinase 
C.79,80  

 

 

In this chapter, I investigate whether Pgp-mediated drug efflux is modulated by 

the inhibition of PKCα activity in MDR cells. To assess the levels of PKCα activity, a 

PKCα-specific peptide substrate (Alphatomega; FKKQGSFAKKK-NH2) was used to 
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compare with their phosphorylation levels in drug-sensitive MCF-7 cells and drug-

resistant MCF-7/ADR cells, which are well-characterized human cancer cell lines for 

multidrug resistance.81-83 Here, I investigated the resistance to therapeutic drug, 

doxorubicin, in both cells and the activity of PKCα was modulated by PKC inhibitor, 

Ro-31-7549, which has great specificity toward PKCα (Figure 4.4).84-86 In addition, the 

inhibition of PKCα exhibited increased drug accumulation in resistant cells, providing 

evidence that PKCα has a prominent role in the regulation of drug efflux. 

 

 

Figure 4.4. Structure of (A) doxorubicin and (B) protein kinase C inhibitor (Ro-31-
7549). (A) antitumor antibiotic agent that inhibits DNA topoisomerase II. DNA 
intercalator that inhibits nucleic acid synthesis and induces apoptosis. (B) selective PKC 
inhibitor that acts at the ATP binding site of PKC. 
 

 

 

  

A B
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4.2  Results and discussion 

 

4.2.1  Resistance to doxorubicin in human breast cancer cells  

  

In order to investigate the resistance to therapeutic drug, doxorubicin, in drug-

sensitive MCF-7 and resistant MCF-7/ADR cells, I first compared the cell viability by 

using WST-8 assay in the presence of various concentration of doxorubicin. Both cells 

were exposed to increasing concentrations of doxorubicin (0.01 to100 nM) for 72 h 

(Figure 4.5). As expected, MCF-7 cells showed quite high sensitive to doxorubicin, 

with an IC50 of < 0.1 nM, whereas MCF-7/ADR cells showed ~100 times higher 

resistance to doxorubicin than MCF-7 cells, with IC50 of > 10 nM.  

 

 

Figure 4.5. Cell viability with doxorubicin in MCF-7 (sensitive) and MCF-7/ADR 
(resistant) cells.  
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4.2.2  Regulation of PKCα activity in sensitive/resistant cancer cells 

by PKC inhibitor 

 

 The activity of PKCα was conveniently confirmed by phosphorylation levels of 

a PKCα-specific peptide substrate (Alphatomega; FKKQGSFAKKK-NH2) with both 

MCF-7 and MCF-7/ADR cell lysates at a 200 μg/mL protein concentration. In addition, 

the inhibition of PKCα activity was identified with the addition of increasing 

concentration of PKC inhibitor (Ro-31-7549). As shown in Figure 4.6, the 

phosphorylation of the PKCα-specific peptide substrate in MCF-7/ADR cells showed 

relatively higher (84%) compared with MCF-7 (63%), which reflects the higher basal 

activity of PKCα in drug-resistant MCF-7/ADR cells than that in sensitive MCF-7 

cells.87,88 The addition of Ro-31-7549 led to a decrease of the phosphorylation level in 

both MCF-7 (63% to 5%) and MCF-7/ADR (84% to 31%) cells, respectively. 

Compared with MCF-7 cells, the PKCα activity in MCF-7/ADR cells was less sensitive 

against Ro-31-7549, showing 20-fold higher IC50 values for Ro-31-7549 (IC50 values: 

0.76 μM in MCF-7 cells, 15.06 μM in MCF-7/ADR cells, respectively).  

 

Figure 4.6. Inhibition of PKCα activity by the addition of protein kinase inhibitor (Ro-
31-7549). After 6 h incubation with Ro-31-7549, cells were scrapped and sonicated at 
4 °C. The samples was then centrifuged and the supernatant was used as cell lysates. 
The phosphorylation of the PKCα-specific peptide substrate with cell lysates at a 200 
μg/mL protein concentration was performed at 37 °C for 1 h and analyzed by MALDI-
TOF-MS. (n=3)  
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4.2.3  Doxorubicin-responsive alteration of PKCα activity and its 

inhibition by PKC inhibitor 

 

To investigate the alteration of PKCα activity in the presence of doxorubicin, 

phosphorylation assay was performed in both MCF-7 and MCF-7/ADR cells after 

exposure to the different concentration of doxorubicin for a short period (6 h), in which 

the cell death in both cell lines was negligible. As shown in Figure 4.7, in MCF-7/ADR 

cells, the phosphorylation ratios of the PKCα-specific peptide substrate were gradually 

increased with increasing doxorubicin concentration. In contrast, there was no change in 

phosphorylation ratio in MCF-7 cells by doxorubicin treatment. Thus, MCF-7/ADR 

cells responds sensitively to doxorubicin through activation of PKCα. 

 

 

Figure 4.7. Effect of doxorubicin on phosphorylation ratio of the PKCα-specific peptide 
substrate with the different concentration of doxorubicin in both MCF-7 and MCF-
7/ADR cells, respectively. After 6 h incubation with doxorubicin, cells were scrapped 
and sonicated at 4 °C. The samples were then centrifuged and the supernatant was used 
as cell lysates. The phosphorylation of the PKCα-specific peptide substrate with cell 
lysates at a 100 μg/mL protein concentration was performed at 37 °C for 1 h and 
analyzed by MALDI-TOF-MS. (n=3) 
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To assess the ability of Ro-31-7549 to modulate the levels of PKCα activity in 

the presence of doxorubicin, 50 μM Ro-31-7549 was used to compare the levels in 

MCF-7 and MCF-7/ADR cells. As expected, Ro-31-7549 induced the significant 

inhibition efficacy of phosphorylation reactions in both cells, irrespective of the 

presence of doxorubicin as shown in Figure 4.8.  

 

 

Figure 4.8. Phosphorylation ratio of the PKCα-specific peptide substrate with 
doxorubicin and Ro-31-7549 in MCF-7 and MCF-7/ADR cells. After 6 h incubation 
with both 0.1 nM doxorubicin and 50 μM Ro-31-7549, cells were scrapped and 
sonicated at 4 °C. The samples were then centrifuged and the supernatant was used as 
cell lysates. The phosphorylation of the PKCα-specific peptide substrate with cell 
lysates at a 100 μg/mL protein concentration was performed at 37 °C for 1 h and 
analyzed by MALDI-TOF-MS. (n=3) 
 

 

4.2.4  Reversal of the resistance to doxorubicin by PKC inhibitor 

 

 Cellular accumulation of doxorubicin and its reversal were monitored by 

confocal microscopy in MCF-7 and MCF-7/ADR cells. As shown in Figure 4.9, in the 

absence of Ro-31-7549, a significant doxorubicin accumulation was observed in drug 
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cells was clearly distinct from that in MCF-7 cells, and showed increased efflux of 

doxorubicin by the overexpression of Pgp in resistance cells. In contrast, in the presence 

of Ro-31-7549, the cellular uptake of doxorubicin was extensively enhanced in MCF-

7/ADR cells, indicating the significant suppression of Pgp-mediated doxorubicin efflux 

caused by the inhibition of PKCα activity by Ro-31-7549.  

To further investigate its reversal via Ro-31-7549 in MCF-7/ADR, the cellular 

uptake of doxorubicin was monitored by a TaliTM Image-Based Cytometer. As shown in 

Figure 4.10, the uptake of doxorubicin was not observed in the absent of Ro-31-7549, 

irrespective of the concentration of doxorubicin, whereas, their uptake was increased by 

the treatment of Ro-31-7549. These results indicated that the coadministration of PKC 

inhibitor (Ro-31-7549) improved the cellular uptake of doxorubicin probably because of 

the suppression of drug efflux in drug-resistant cells. 
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Figure 4.9. Intracellular distribution of doxorubicin in (A) MCF-7 and (B) MCF-
7/ADR cells. Cellular accumulation and distribution of doxorubicin (100 nM) was 
observed by confocal microscopy. After treatment of doxorubicin for 2 h with/without 
pre-incubation of 5 μM Ro-31-7549 for 30 min, confocal images were obtained. The 
scale bar represents 50 μm. 
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Figure 4.10. The effect of Ro-31-7549 on the accumulation of (A) doxorubicin alone 
and (B) both doxorubicin and Ro-31-7549 in resistant MCF-7/ADR cells. (C) The 
median of cellular doxorubicin fluorescence is normalized to cellular doxorubicin 
fluorescence in doxorubicin (0.1 nM) alone as control. 
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4.3  Summary 

 

 I demonstrated the enhanced doxorubicin accumulation in MCF-7/ADR cells, 

which is caused by the inhibition of PKCα activity. The effective regulation of PKCα 

activity could lead to a decrease of phosphorylation reactions by PKC inhibitor (Ro-31-

7549), and consequently induce increased drug accumulation in drug-resistant MCF-

7/ADR cells. This may suggest that the overexpression of Pgp in MDR cancer cells 

have been linked to PKCα activities, inducing phosphorylation reactions in the linker 

region of Pgp, and provide evidence of their regulatory mechanism. Although it still 

needs further investigation, the regulation of PKCα by Ro-31-7549 in this study 

represents the potential as an alternative modulator and can be expanded to 

coadministration with many other therapeutic anticancer drugs in MDR cancer cells. 
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4.4  Experimental section 

 

Cell culture 

 

MCF-7 cells were cultured in MEM containing 0.1 mM non-essential amino 

acids, 1 mM sodium pyruvate, 10 μg/mL insulin. MCF-7/ADR cells were a gift from Dr. 

Ick Chan Kwon (Center for Theragnosis at Korea Institute of Science and Technology, 

Seoul, Korea), and cultured in RPMI 1640 medium. All medium contained 10 % fetal 

bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL 

amphotericin B (all from Gibco Invitrogen Co., Grand Island, NY, USA). The cell was 

harvested in a humidified atmosphere containing 5 % CO2 and 95 % air at 37 °C. 

 

Cell cytotoxicity of doxorubicin and PKC inhibitor (Ro-31-7549) 

 

2 × 103 cells were seeded into a 96-well plate and cultured for 24 h at 37 °C in a 

5 % CO2 incubator. The medium in each well was replaced with 100 μL of fresh 

medium containing a different concentration of doxorubicin hydrochloride (0 to 100 nM) 

(Wako Pure Chemicals, Osaka, Japan) and PKC inhibitor (Ro-31-7549) (0 to 50 μM) 

(Merck Millipore, Billerica, MA, USA). After incubation for 24 or 72 h, the medium 

was replaced with 100 μL of fresh medium and then 10 μL of 4-[3-(2-methoxy-4-

nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt 

(WST-8) (Dojindo Laboratories, Kumamoto, Japan) was added to the each well. The 

cells were incubated for a further 2 h. The cell viability (%) was calculated by the 

absorbance of the treated cells to that of the untreated control cells at 440 nm. This 

assay was performed in triplicate. 

 

Phosphorylation assay of the PKCα-responsive peptide substrate 

 

 MCF-7 and MCF-7/ADR cells were plated at a density of 1 × 106 in 100-mm 

dish or 2 × 105 in 6-well plates at 37 °C in 2 mL medium containing 10 % FBS. At 

approximately 70-80 % confluency, cells were stimulated at a different concentration of 
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doxorubicin (0.01 to 10 nM) and Ro-31-7549 (0.05 to 100 μM) for 6 h, and the 

scrapped in 1 mL buffer [10 mM HEPES, 10 % sucrose, Complete™ protease inhibitor 

cocktail (EDTA-Free) (Roche, Basel, Switzerland)]. The samples were centrifuged at 

5000 × g at 4 °C for 10 min and the supernatant was removed. A 0.1 mL of buffer was 

added in the precipitate and then sonicated twice at cooled condition for 15 sec. The 

samples were centrifuged again at 5000 × g at 4 °C for 15 min, and the resulting 

supernatant was used for the phosphorylation of the peptide substrate. The total protein 

concentration of cell lysates was measured by using the Bio-Rad Protein Assay Dye 

reagent (BIO-RAD Laboratories) with bovine serum albumin as the standard. The 

phosphorylation of the peptide substrate responding to PKCα in both MCF-7 and MCF-

7/ADR cell lines was carried out in 100 μL buffer [10 mM HEPES, 10 mM MgCl2, 0.5 

mM CaCl2, 2.0 μg/mL diacylglycerol (DAG), 2.5 μg/mL phosphatidylserine (PS), and 

200 μM ATP] containing 30 μM peptide substrate and cell lysates at a 100 or 200 μg/mL 

protein concentration. The phosphorylation was allowed to proceed for 1 h at 37 °C and 

then the resulting solutions were analyzed by MALDI-TOF-MS. The IC50 values were 

obtained from the GraphPad Prism Software.  

  

Confocal laser scanning microscope (CLSM) 

 

MCF-7 and MCF-7/ADR cells were plated at a density of 1 × 105 in 35-mm 

glass bottom dishes (Matsunami, Osaka, Japan) at 37 °C in 1 mL medium containing 

10 % FBS for 24 h. The dishes were washed with PBS, and incubated with or without 5 

μM Ro-31-7549 for 30 min, and the cells were further incubated with 100 μM 

doxorubicin for 2 h. The intracellular localization and accumulation of doxorubicin 

were observed by confocal microscopy (ZEISS LSM 700, Carl Zeiss, Oberlochen, 

Germarny) equipped with an EC Plan-Neofluar 20x/0.50 M27 objective. The images 

were obtained by using manufacturer-specified laser excitation wavelengths and 

emission filter sets and processed with Zeiss Zen 2010 software at excitation 

wavelengths of 488 nm for doxorubicin. 
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Cellular accumulation of doxorubicin 

 

MCF-7/ADR cells were plated at a density of 5 × 104 in 24-well plates at 37 °C 

in medium containing 10 % FBS for 24 h. The medium in each well was washed with 

PBS and replaced with Opti-MEM (Gibco), and then incubated with or without 50 μM 

Ro-31-7549 in the different concentration of doxorubicin, 0, 0.1, 1 or 10 nM for 6 h. 

Estimation of cellular uptake was conducted by a TaliTM Image-Based Cytometer 

(Invitrogen). 
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CHAPTER 5  Conclusions  

 

The availability of intracellular signal transduction and its abnormal activities 

in many cancers has potential in medical and pharmaceutical applications. The research 

described herein presents great opportunities for efficient cancer-specific gene delivery, 

and one potential for overcoming drug resistance in cancer chemotherapy, focusing on 

abnormally activated intracellular signaling molecules, especially protein kinase Cα, as 

an attractive target in many cancers.  

In chapter 2, I presented detailed characterization of the LPEI-peptide conjugate 

as a possible candidate of cancer cell-specific gene carrier both in vitro and in vivo. The 

specific and efficient response to target PKCα was significantly improved in many 

cancers than our previous PPC polymer which used in polyacrylamide backbone. In 

addition, their intracellular trafficking exhibited the effective cellular uptake and 

capable of endosomal escape of polyplexes caused by a high pH buffering capacity of 

LPEI main chain at around 5 to 6, consistent with their efficient transgene expression 

both in vitro and in vivo. Thus, this cellular signal-responsive system may serve as a 

potential alternative for a highly disease cell-specific gene delivery. 

 In chapter 3, I proposed a new carrier to stabilize polyplexes through the 

additional hydrophobic interaction. The cellular uptake of polyplexes was enhanced via 

hydrophobic interaction with a simple modification of a long alkyl chain as a spacer 

between the LPEI main chain and a substrate peptide, presenting no effect of this 

modification on the reactivity of the substrate peptide toward target PKCα and the 

endosomal escaping ability. Because of these advantageous characteristics of the 

hydrophobically modified polyplexes, the polyplexes showed excellent performance in 

PKCα-responsive gene expression. Thus, the improved stability of the LPEI peptide 

conjugate provides a further perspective as a promising gene carrier. 

In chapter 4, I proposed one potential for reversal of drug resistance by 

regulating the activity of PKCα as an appropriate modulator in cancer chemotherapy. 

The enhanced doxorubicin accumulation was observed in drug-resistance MCF-7/ADR 

cells caused by the inhibition of PKCα activities. The effective inhibition of PKCα 

activity might lead to a decrease of phosphorylation reactions in P-glycoprotein, which 
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is mainly implicated with drug efflux, and consequently induce increased drug 

accumulation in drug-resistant MCF-7/ADR cells. This may provide evidence that 

PKCα is related with drug efflux caused by Pgp phosphorylation and suggest that the 

regulation of PKCα has a potential for reversing drug resistance. 

These novel approaches that I have descried in this thesis may provide an 

extension of current gene delivery system and successful cancer chemotherapy. 

Although there still remain many obstacles and further investigations, I hope that this 

thesis contributes to mark a step toward creating better systems in a broader range of 

medical and pharmaceutical research. 

 

 

 

 

 

 


