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CHAPTER I 

INTRODUCTION 
 

Alteration of Protein kinase B is the cause of cancer progression  

Protein kinase B 

 Protein kinase B (PKB), also known as Akt, is a 57-kDa serine/threonine kinase which act 

as a central of multiple cellular processes (1). Akt has three isoforms which are encoded by 

distinct gene sequences in different chromosomes (14q32.33 for Akt1/PKB-alpha, 19q13.2 for 

Akt2/PKB-beta, 1q43-q44 for Akt3/PKB-gamma) (2). Although, the three Akt isoforms share 80% 

homology of amino acid sequences (2). More than 100 cellular molecules have been identified 

as Akt substrate without reported with isoform specificity. However, different in physiological 

effects of each isoform depend on its specific tissue expression (3). A key Akt substrates are 

described in Table1. Most of the Akt substrates contain at least Arg-X-Arg-X-X-Ser/Thr-Hyd motif, 

where x is any amino acid and Hyd is a hydrophobic amino acid (1). Akt is composed with 480 

amino acids which can be divided to four major functional domains, an N-terminal pleckstrin 

homology (PH) domain, central catalytic domain, a hinge region (HR) between the PH domain and 

the catalytic domain, and a C-terminal regulatory domain (C-tail) (1). The illustration of Akt 

functional domain of three isoforms are showed below in Figure1.  The N-terminus PH domain 

allows the translocation of Akt from the cytoplasm to the plasma membrane and binding with 

phosphatidyl inositol (3,4,5) phosphate. The Akt activation occurs after it bound to the plasma 

membrane. Once binding at the plasma membrane, the Akt is activated by multiple processes 

which resulted in phosphorylation both of Thr308 in the central catalytic domain and Ser473 in 

the C-tail regulatory domain (1).   
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Figure. 1. Structure of the three human Akt/PKB isoforms. All isoform contains a pleckstrin 

homology-domain (PH) in the N-terminal region, a glycine rich link region, a central catalytic-

domain, and a regulatory C-terminal region.  
 

 

Table 1. The key Akt substrates. 

Substrate protein Phosphorylation 

site(s) 

Sequences Effect of 

phosphorylation 

Glucose homeostasis 

AS160 Ser-588 and Thr-

642 

QFRRRAHtFsHPPss Stimulates AS160 and 

GLUT4 trafficking 

GSK3-alpha Ser-21 SGRARtssFAEPGGG Inhibits the enzyme 

activity 

GSK3-beta Ser-9 SGRPRttsFAESCKP Inhibits the enzyme 

activity 

PFK-2 Ser-466 and Ser-

483 

PVRMRRNsFtPLSSS, 

IRRPRNysVGSRPLK 

Activates the protein 

PGC-1alpha Ser-570 RMRSRsRsFsRHRSC Inhibits its transcriptional 

co-function 

 

PTP1B Ser-50 RNRyRDVsPFDHsRI Inhibits its phosphatases 

activity 

1 5 108 150 408 480 
PH Kinase Regulator PKBalpha/Akt1 

1 5 108 152 409 481 
PH Kinase Regulator 

1 5 107 148 405 479 
PH Kinase Regulator 

PKBbeta/Akt2 

PKBgamma/Akt3 

Plekstrin 
domain 

Glycine rich Catalytic domain  Regulatory 
domain 
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Cell proliferation 

Androgen receptor Ser-210 and Ser-

790 

LLCLRRssLKAyGNG Inhibits its transcriptional 

activity 

BRCA1 Thr-509 QTSKRHDsDTFPELK, 

LKRKRRPtsGLHPED 

Prevent its nuclear 

localization 

EZH2 Ser-21 CWRKRVKsEYMRLRQ Suppresses its 

methyltransferase activity 

Mdm2 Ser-166, 

Ser-186, 

Ser-188 

SsRRRAIsEtEENsD, 

RQRKRHKsDsIsLsF, 

RKRHKsDsIsLsFDE 

Prevention its degradation 

p21 Ser-146, 

Thr-145 

GRkRRQtsMTDFYHs, 

QGRkRRQtsMTDFYH 

Cytoplasmic localization 

p27 Ser-10, 

Thr-157, 

Thr-198 

NVRVsNGsPsLErMD, 

GIRkrPAtDDSSTQN, 

PGLRRRQt_______ 

Cytoplasmic localization 

WNK1 Thr-60 EYRRRRHtMDKDSRG Induces mitogenesis by 

insulin 

Cell survival 

ASK1 Ser-83 ATRGRGssVGGGSRR Inhibits ASK1 activity 

BAD Ser-136 PFRGRsRsAPPNLWA Inhibits BAD activity 

CHK1 Ser-280 AKRPRVtsGGVsEsP Inhibits its function 

Caspase9 Ser-196 KLRRRFssLHFMVEV Prevents its activation 

FoxO1 Thr-24,  

Ser-256, 

Ser319 

sPrRrAAsMDNNSkF, 

TFRPRtssNAsTIsG, 

LPRPRSCtWPLPRPE 

Inhibits its activity 

FoxO3A Thr-32,  

Ser-253 

APRRRAVsMDNSNKY, 

QSRPRsCtWPLQRPE 

Inhibits its activity 

FoxO4 Thr-28,  

Ser-193,  

Ser-258 

APRRRAAsMDSSSKL, 

TFRPRSssNASSVST, 

QSRPRsCtWPLPRPE 

Inhibits its activity 
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Par-4 Ser-249 SRHNRDTsAPANFAS Inhibits its function 

Nurr-77 Ser-350 GRRGRLPsKPKQPPD Inhibits its function 

Cell growth and protein synthesis 

mTORC1 Ser-2448 RsRtRtDsysAGQsV Activates its activity 

PRAS40 Thr-246 LPRPRLNtsDFQKLK Inhibits its negative role 

on mTORC1 

TSC2 Ser-939,  

Ser-981, 

Thr-1462 

sFRARstsLNERPKs, 

AFRCRSIsVSEHVVR, 

GLRPRGytIsDSAPs 

Inhibits its negative role 

on mTORC1 

Cell Migration and Invasion 

b-Raf Ser-365, 

Ser-429,  

GQRDRsssAPNVHIN, 

PQRERKsssSsEDRN 

Inhibits it signaling 

EDG-1 Thr-236 RTRSRRLtFRKNISK Promotes its function 

Rac-1 Ser-71 yDRLRPLsYPQTDVF Promotes its function 

Angiogenesis 

eNOS Ser-615, 

Ser-1177 

SYKIRFNsISCSDPL, 

TsRIRtQsFsLQERQ 

Promotes its function 

Akt signaling in physiology 
 Glucose homeostasis 

 Glucose homeostasis and metabolism is well known function of Akt. Among three 

isoforms of Akt, Akt2 is the predominant expressed in insulin responsive-tissue thus it has high 

responsibility to control glucose homeostasis (4). Glucose intolerance, insulin resistance, and 

severe diabetes are occurred in Akt2 knock out mice but did not observed in Akt1 and Akt3 null 

mice. At the molecular level, insulin promotes cellular glucose uptake by stimulating the 

translocation of glucose transporter GLUT4 from cytoplasmic GLUT4 storage vesicle to the cell 

membrane (4). Akt stimulates GLUT4 translocation through phosphorylates AS160 (Akt substrate 

160 kDa) and PIKfyve. The Akt mediated AS160 phosphorylation inhibits activity of AS160-GAP 

(GTPase-activating protein) domain which resulted in promotes Rab mediated-GLUT4 storage 

vesicle trafficking to plasma membrane. Phosphorylated-PIKyve activates moving of GLUT4 

protein from endosome to GLUT4 storage vesicles. Moreover, Akt activation leads to promote 

expression of another isoform of glucose transporter GLUT1 (5). GLUT1 is a glucose transporter 
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expressed in the most cell and its cellular level is dominantly regulated by its gene transcription. 

Akt phosphorylates and activates mTORC1 resulted in promotes HIF1-alpha dependent 

transcription of GLUT1 gene (6). In addition, Akt also regulates glucose and lipid homeostasis at 

other aspects. For example, Akt mediated-inactivation of GSK3β increases glycogen storage, 

cholesterol and fatty acid biosynthesis by which induces its regulated gene transcription (7). 

Likewise, regulation of Forkhead transcription factor FoxO1 by Akt inhibit hepatic gluconeogenesis 

and fatty acid oxidation (8). Thus, Akt involves in various aspects of metabolism and homeostasis 

of glucose and lipid. The alteration of these regulations could promote abnormality of cellular 

and tissue functions which might be led to several diseases including cancer.  

 Cell proliferation 

. Akt regulates cellular proliferation by multiple mechanisms. For example, Akt inhibits 

cell cycle inhibitors, p21waf1 and p27kip1, by direct phosphorylating these proteins resulted in 

promotes their cytoplasmic localization (9). For Mdm2-mediated p53 proteasomal degradation, 

Akt phosphorylates and sustains Mdm2 nuclear localization where it forms a complex with p53 

subsequently promotes p53 ubiquitination and proteasomal degradation (10). The decreasing of 

p53 level is relevant in the cell cycle check points induced by DNA damage. For cell cycle 

checkpoint, Akt promotes the cellular level of cyclin D1 both by increase the protein stability 

and promotes it translation (11). Thus, tumor suppressors and cell cycle regulators are controlled 

by Akt. Interestingly, Akt could promote unlimited cell replication by phosphorylating and 

maintaining reverse transcriptase subunit telomerase (12). Furthermore, Akt can regulates genes 

expression through control Enhancer of Zeste honolog2 (EZH2)-mediated DNA methylation (13). 

Akt phosphorylates EZH2 which suppress its methyltransferase function, therefore resulted in re-

activation of gene expression that may influence in various diseases and oncogenesis.  

 Cell survival 

 Akt increases survival signals resulted in prevent cell death through a variety of 

mechanisms. Akt phosphorylates the pro-apoptotic protein BAD subsequently preventing 

cytochrome C release from the mitochondria (14). The release of mitochondrial cytochrome C 

triggers caspase activity thereby stimulates the programmed cell death. Akt directly 

phosphorylates pro-caspase-9 (on Ser-196) and diminishes it activity which protect cell death 

form apoptosis stimuli (15). Akt prevent caspase-3 activation-mediated apoptosis through increase 

the stability of a cytosolic caspase-3 inhibitor, PED/PEA15, by phosphorylation processes (16). 

Likewise, effects of Akt on p21 and p27 that mentions above, Akt phosphorylation promotes 
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cytoplasmic retention of transcription factors of Forkhead box (FOX) family. In particular, Akt 

phosphorylates FoxO proteins, FoxO1, FoxO3α and FoxO4, enhances their interaction with 14-3-3 

protein subsequently promotes its nuclear exportation (17). After FoxO nuclear exportation, 

various pro-apoptotic genes such as BIM, Fas ligand, and TRADD are inhibited its transcription (17).  

On the other hand, Akt promotes nuclear translocation of NF-κB through phosphorylates and 

activates IκB kinase (IKK). Once NF-κB locates in the nucleus (18), it induces transcription of 

several anti-apoptotic genes including clAP1, clAP2, and BFL1 (19). In summary, down-regulation 

of apoptosis machinery by Akt promotes cell growth and survival in physiological condition but 

Akt hyper-activation or dysregulation becomes causes of disease progression such as cancer.  

Cell Migration and Invasion 

Mounting of evidence indicates that Akt can positively regulates cell migration. Akt 

promotes fibroblast migration by phosphorylating an actin binding protein, Girdin, facilitates stress 

fiber and lamellipodia formation (20).  Akt1 overexpression resulted in increased matrix 

metalloproteinase-2 (MMP2) expression and invasiveness phenotype of mouse mammary 

epithelial cells (21). In breast cancer cells only Akt2, not Akt1 or Akt3, has been shown to 

promote migration and invasion behaviors through upregulates beta-1 integrin (22). Thus, Akt can 

promotes cell migration and invasion both in normal physiological and diseases.  

Cell growth and protein translation 

Akt regulates cell growth and protein synthesis through modulation of TSC-2/mTORC1 

pathway (23). TSC1 and TSC2 form a heterodimeric complex which acts as a negative regulator of 

mTORC1 (23). TSC2 contains a GAP (GTPase-activating protein) domain which enhancing the 

conversion of Rheb into inactive state (GDP-bound). The GTP-bound Rheb (active form) can 

stimulates the activity of mTORC1. Akt diminishes TSC1-TSC2 complex activity via directly 

phosphorylates TSC2, thereby activating mTORC1 resulted in response to growth factors-

mediated cell growth (23). Moreover, the proline-rich Akt substrate or 40 KDa (PRAS40), another 

Akt substrate mediated mTORC1 activity, is a negative regulator of mTORC1 via protein-protein 

interaction (24). Once Akt phosphorylates PRAS40 at Thr-246, phosphorylated PRAS40 favor to 

bind with 14-3-3 protein resulted in activation of mTORC1 (24). Thus, Akt activates mTORC1 via 

regulating both TSC2 and PRAS40. The activation of mTORC1 promotes cell growth by regulating 

cellular nutrients response and cellular protein synthesis. The regulation of cell growth and 

protein translation are a crucial role in both normal homeostasis and aggressiveness of cancer.  
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Angiogenesis  

Numerous studies show that Akt promote could promote angiogenesis. Akt1 is 

predominant expressed in vascular endothelial cells and promotes the nitric oxide synthase 

(eNOS) activity by phosphorylating eNOS at Ser-1117 (25). Nitric oxide (NO) is the product of 

activated eNOS which promotes vasodilation, vascular remodeling, and angiogenesis (26). In 

addition, Akt also modulates various aspects of Vascular Endothelial Growth Factor (VEGF)-

mediated angiogenesis (27). Akt activates Girdin by direct phosphorylation process which intern 

promoting VEGF-dependent endothelial cell migration for new vessel formation (28). On the 

other hands, Akt activates VEGF expression in endothelial cell via HIF1alpha-dependent pathway 

(29). In summary, angiogenesis is an essential for normal physiological function of all organs and it 

can be used to promote cancer cell survival and metastasis.  

 

Akt Dysregulation in cancer  

Cancer 

Cancer has been recognized as the dynamic diseases which can be modulated by 

intrinsic or environmental factors. The accumulation of mutation in specific genes associates with 

gain function of proto-oncogenes or loss of tumor suppressor gene activity results in 

uncontrolled cell division and spread of these uncontrolled cells to other organs (30). These 

mutation accumulations are subsequently to unique characteristics of cancer, called cancer 

hallmarks (31). The cancer cells cause normal organs function failure by their hallmarks are the 

major cause of cancer related death.  

Upregulation of Akt activity in cancer 

Aberrant Akt activation have been found in various type of human cancers. Most type of 

cancers, Akt over-activation has been shown the correlation with poor prognosis and advance 

stage of the disease (32). Genes mutation or genes alteration responsible for dysregulating Akt 

activation in human cancer are described below.  

Receptor Tyrosine Kinase signaling Gene alteration  

 Accumulation of genetic mutations in cancer exhibit their oncogenic role at least in part 

via promoting PI3K/Akt signaling cascade. Activating mutation in Receptor tyrosine kinase (RTK) 

such as Epidermal Growth Factor Receptor (EGFR), Platelet Derived Growth Factor receptor 

(PDGFR), c-KIT, and ABL kinase result in upregulated Akt activation (33). Cancer frequently addicts 

to overexpression of PI3K/Akt which can be used as cancer therapeutic target. Anticancer drugs 
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targeting these receptors diminish both RTK and its downstream PI3K/Akt to achieve the 

therapeutic goals. The refractory of Akt signaling can promote resistance to certain therapeutics.  

Inactivating mutation of Phosphatase and tensin homolog 

Deletion and inactivating mutation of Phosphatase and tensin homolog (PTEN) are 

observed in a variety of human cancer. Both dysregulations in transcriptional and post-

translational processes cause the loss of PTEN protein function. PTEN germline mutations are 

underlie pathogenesis which increasing risk for breast and thyroid cancer. PTEN somatic mutations 

have been commonly observed in advanced prostate cancer, endometrial cancer, and 

glioblastoma (34). Loss of PTEN function results in upregulation of Akt activation.  

Activating mutation of PI3K 

PIK3CA gene which encodes the catalytic p110a subunit of PI3K have been frequency 

mutated in cancers. This mutation leading to gain of PI3K function almost 30% of breast, 

endometrial and colorectal cancer and with lower frequency in other cancer types (35). More 

than 80% of cancer cases involved in PIk3CA activating mutation either the kinase domain (exon 

20; such asH1047R) or the helical domain (exon 9 such as E542K and E545K) of p110a subunit 

(35). The mutation of negative regulator subunit of PI3K, p85, have been documented in cancers. 

Mutation of p85 results in release p110 from p85-p110 complex (36), thereby promoting AKT with 

bypassing RTK and PI3K activation.  

Activating mutation of Akt 

Activating AKT1 gene mutation has been discovered in cancers. In particular, an activating 

mutation in PH domain by E17K of Akt1 has been identifined in colorectal, breast, ovarian, and 

endometrial cancer (37, 38). The E17K mutation promotes PI3K-independent membrane 

translocation and activation of Akt (38).  

Akt promoting and maintaining cancer hallmarks 
Since the Akt phosphorylates and regulates the function of various cellular proteins 

involved in many processes including metabolism, proliferation, differentiation, 

survival/apoptosis, migration, and angiogenesis. The activating mutation of Akt that occurred in 

cancers have crucial roles in regulating cancer cells behaviors called “cancer hallmarks”.    

 In January 2000, Douglas Hanahan and Robert Weinberg proposed the concept of cancer 

hallmarks which provided the general cancer virulent characteristics (31). The role of Akt in 

regulating cancer hallmarks are described below. 
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Self-sufficiency in growth signals 

Tumor cells contains cell growth self-activation without growth-stimulating signal of the 

other cells, thereby reducing their dependence on growth stimulating signal from the body 

system. Since Akt is a central regulation of cell growth by act as a downstream signaling of 

growth factors then promoting protein synthesis at least in part of mTORC1 (23). The activating 

mutation of Akt can promotes cancer growth by stimulating mTORC1 activity event absence of 

growth factors (23).  

Insensitivity to growth-inhibitory signals 

Anti-growth signals are importance for normal physiological regulation and homeostasis 

through inhibiting protein synthesis and cell growth. Cancer cells can omit the anti-growth signal 

results in its unlimited growth capacity. Since Akt controls cellular protein synthesis and cell 

growth through various pathway, activating mutation of Akt in cancer can against the anti-growth 

signal. In particular, Akt inhibits negative regulatory effect of TSC2 on mTORC1-dependent cell 

growth by phosphorylating TSC2. Phosphorylated TSC2 cannot bind and inhibit the function of 

mTORC1 results in cell growth (39). Moreover, Akt phosphorylates p21 and p27 which promotes 

their cytoplasmic retention. The cytoplasmic localization of p21 and p27 prevent their 

transcriptional function, thereby promoting cell cycle progression (9).  

Evasion of programmed cell death 

Cancer cells can resist apoptosis by various strategies which primarily involving in loss of 

expression or function of pro-apoptosis regulators. Most of apoptosis regulatory proteins such as 

FoxO family, BCL2-family, and caspases are controlled its function and stability by 

phosphorylation process (17). Akt phosphorylation on these proteins favors to inhibit pro-

apoptotic protein and activate pro-survival protein function, thereby over activated Akt in cancer 

cell can promotes cell survival event in stress- or cytotoxic drugs-induced cell death condition 

(17). 

Limitless replicative potential 

Cancer cells have unlimited replicative capacity by promoting the expression of 

telomerase enzyme which adds hexanucleotide repeated motif onto the end of the telomeric 

DNA (12). Over-activating Akt in cancer cell promotes the telomerase function which intern un-

limit cell replication.  
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Sustained angiogenesis 

The initially tumor lacks the ability to promote blood vessel growth, this ability must be 

developed once tumor need to be a bigger size. This process involves in the alteration of 

angiogenesis regulatory signals including angiogenic activators/inhibitors and their receptors. 

Cancer cell with upregulating of Akt1 can promotes angiogenesis through promoting eNOS activity 

and VEGF expression (25, 27).  

Tissue invasion and metastasis 

Tissue invasion and metastasis behavior of cancer cells require the expressing alteration 

of cell-cell adhesion molecules (CAM), integrins pattern, and extracellular matrix proteases 

especially MMP-2. Akt modulates these alterations through both transcriptional and post-

translational levels resulting in promotes migration and invasion of certain cancer cells (21, 22).  

 

Lung and colorectal cancers 

Cancer statistic 
Nowadays, cancer is the globally second leading cause of death. The estimated new 

cases and estimated cancer related deaths in 2018 are 18.1 million and 9.6 million cases, 

respectively (40). Worldwide, 20% men and 16% women develop cancer in their lifetime and 

death rate are 12.5% and 9% in men and women, respectively (40). The top three of high 

incidence cancer which responsible for 30% of disease incidence and mortality are lung cancer, 

breast cancer in female and colorectal cancer (40). In terms of mortality rate, lung and colorectal 

cancer are the first (1.8 million death cases, 18.4% of total cases) and second (881,000 death 

cases, 9.2% of total) most common cause of estimated cancer death in 2018, respectively (40). 

Interestingly, the primarily causes of cancer-related death are depend on their chemoresistance 

and recurrence capabilities.  

 Lung cancer 

Epidemiology  

Lung cancer (LC) rises from normal epithelial cells of the airway and alveolar which 

continuously genetic damage leading to uncontrolled proliferation and abnormal cells growth in 

the lung (41). Lung cancer can be divided into two major types, non-small cell lung cancer 

(NSCLC; 85% of all lung cancer cases) and small cell lung cancer (SCLC; about 15%). Moreover, 

histological classification divides LC into three major subtypes including squamous cell 
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carcinoma, adenocarcinoma and large-cell carcinoma (41). At the present day, surgery, radiation, 

chemotherapy and targeted therapy are used in lung cancer treatment. However, the prognosis 

for patients with LC remains poor, with overall 5-year survival only 15-18% after treatment 

(42).Moreover, cancer relapse and metastasis are important factors influencing the death of LC 

patients by lowering the overall 5-year survival to 4-5% (42).   

Akt-related molecular pathophysiology of lung cancer 

The lung is a complex organ composed of different cell types with discrete functions for 

supporting gas exchanged of the body. These cells can undergo an accumulation of genetic 

mutation which trigger by both genetics and environmental factors. Genetics and epigenetics 

changed subsequently alter the function of onco-genes and tumor suppressor genes (41). The 

formation of neoplastic lesions in lung by losing their control in genetics and epigenetics are 

principally of LC initiation. The genes alteration promoting LC are summarized in Table 2. 

Table 2. Akt-related genetic and epigenetic alteration in lung cancer 

Gene / 
Biomarker 

Chromosome Function Molecular 
alteration 

Frequency 
(%) 

Proto-oncogenes 
AKT1 14 Regulates proliferation 

and differentiation 
Mutation  1 

PIK3CA 3 Regulates PI3K-AKT 
pathway 

Activating-
mutation 
Amplification  

1-3 

EGFR 7 Involved in AKT, MAPK, 
and JNK pathway 

Activating-
mutation 

10-35 

FGFR1 8 Regulates proliferation 
via Akt pathway  

Amplification 20 

KRAS 12 Involved in PI3K-Akt 
pathway 

Mutation 15-25 

TITF-1 14 Regulates genes 
transcription involving in 
EGFR expression 
 

Amplification  15 

ALK 2 Regulates proliferation 
and phosphorylation of 

Rearrangement  3-7 
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Akt 

DDR2 1 Regulates proliferation, 
differentiation and 
apoptosis 

Mutation 4 

HER2 17 Regulates Akt, MAPK 
pathway 

Mutation  2-4 

MET 7 Regulates angiogenesis Amplification  2-4 

BRAF 17 Involved in Akt MAPK 
pathway 

Mutation  1-3 

MEK1 15 Regulates Akt, MAPK 
pathway 

Mutation  1 

NRAS 1 Co-activation with Akt 
signaling  

Mutation  1 

ROS1 6 Regulates proliferation 
and differentiation via 
PI3K/AKT/mTOR, p-
STAT3, and SHP-2 
phosphatase pathway 

Rearrangement 1 

MYC 8 Downstream target of 
Akt involving in 
proliferation and 
differentiation 

Translocation 9  

NTRK1 1 Regulates Erk/Akt 
pathways 

Translocation 3 

NRG1 8 Involved in PI3k/Akt and 
MAPK pathway 
 

Translocation 1 

Tumor suppressor genes 
TP53 17 Regulates the expression of 

target genes involved in cell 
cycle progression, DNA repair 
and apoptosis 

Mutation  60-70 

PTEN 10 Regulates PI3K-AKT 
pathway 

Mutation 4-8 

LKB1 19 Regulates cell polarity Mutation  34 
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and apoptosis via Akt 
activity 

AKT1, protein kinase B; ALK, anaplastic lymphoma kinase ; DDR2, discoidin domain-containing receptor 2 ; EGFR, epidermal growth factor 

receptor; FGFR1, fibroblast growth factor receptor 1; GDNF, glial cell-derived neurotrophic factor; HER2, human epidermal growth factor 

receptor 2; LKB1, liver kinase B1; MET, tyrosine-protein kinase MET; MAPK, mitogen-activated protein kinase; MEK1, mitogen-activated 

protein kinase kinase 1; MYC; NTRK1, neurotrophic tyrosine kinase receptor type 1; NRG1, Neuregulin 1 ; PIK3CA, phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit-alpha; PTEN, phosphatase and tensin homologue; ROS1, Proto-oncogene tyrosine-protein kinase 

ROS; TP53, tumor protein p53 ; TITF-1, thyroid transcription factor 1  

Lung cancer recurrence is major cause of death 

Cancer recurrence is the occurrence of cancer after treatment or after a detection-free 

period. There are various types of cancer recurrence: Local recurrence is the cancer that found 

again in the same place it first detected, Regional recurrence is the cancer that come back in the 

lymph nodes near the place it first detected, Distant recurrence is that cancer has come back in 

other organs of the body (43). Lung cancer is one of cancer that exhibit high capacity to 

recurrence which is the major cause of lung cancer-related death (40).  

 Cancer stem cells are the seed of cancer recurrence 

 Cancer stem cells 

 It is now well accepted that cancer is containing of cell heterogeneity as resulted from 

their distinct cellular signaling. Among the different lineage of cancer cells residing in the tumor, 

there is a specific small population of cancer cells that has stem cell characteristics including the 

self-renewal capacity and multi-lineage differentiation (44, 45). The cancer cells containing the 

stem cell capacities exhibit highly aggressive phenotypes such as tumorigenic potency, migration 

and invasion, recurrence and metastasis, and chemotherapeutic resistance (44). These specific 

subpopulation of cancer cells were first named “cancer initiating cells”, as they were believed to 

be the beginning seed of the whole cancer and have now become the main focus of cancer cell 

biology as well as anti-cancer drug discovery research. CSCs were first identified in acute myeloid 

leukemia (AML) by their cell surface marker CD34+Cd38– (46). These cells were shown to have a 

high capacity to self-renew in bone marrow and differentiate to leukemic cells when 

transplanted into severe combined immunodeficient (SCID) mice (47). After these observations 

were made, CSCs of various cancer types including lung cancer were discovered through specific 

cell-surface proteins by numerous research groups (48).  
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 The key CSC properties compose of: 

 • Self-renewal capacity; a unique ability of the CSC (just like normal stem cells) to 

generate the identical daughter cells with identical stem cell characteristics. 

 • Ability to drive tumor heterogeneity and survival of tumor; an ability to differentiate 

into different cancer cell linages, facilitate cell growth, and survival of whole tumor. 

 • High tumorigenic potential; an ability of CSC to proliferate and create non-CSC lineages 

and form new tumors. 

Akt-related proteins in the regulation of cancer stem cells 

 Octamer-binding transcription factor4 (Oct-4) 

 Oct-4 is a POU domain-containing transcription factor that binds to the octamer 

sequence, ATGCAAAT, of the target genes. Oct-4 is encoded by POU5F1 gene located at 

chromosome 6p21.31. The human Oct-4 gene consists of five exons which can be spliced into 

three main isoforms OCT4A, OCT4B and OCT4B1. These gene isoforms provide four isoform 

proteins Oct4A, Oct4B-190, Oct4B-265, and Oct4B-164. All forms of Oct-4 are functionally and 

structurally divided into three domains including an N-terminal transcriptional activation domain, 

a central POU domain, and a C-terminus containing a cell type-specific transactivation domain. 

Oct4A, is generally referred as Oct-4, and regulates the stemness of embryonic stem cells. Oct-4 

is highly expressed in embryonic stem (ES) cells and low expressed when ES cell differentiates 

and there is consequently loss of pluripotency. Oct-4 and its activities were shown to be 

required for maintaining the ES cell capacity (49). Several target genes of Oct-4 in ES cells have 

been identified, including Fgf4, Utf1, Opn, Rex1/Zfp42, and Fbx15 (49). Additionally, high levels of 

Oct-4 have been identified in highly aggressive tumors, poor prognosis patients, and relapse 

cancer. It has been documented that overexpression of Oct-4 is associated with tumorigenicity, 

metastasis, and cancer relapse in certain cancers (50). Oct-4 level and activity are known to be 

regulated by several steps, such as transcription, translation, and post-translational modifications.  

 Akt is one of the key regulators controlling Oct-4 expression and function through 

phosphorylation-mediated protein post-translational modification. Ubiquitination is the main 

pathway responsible for eliminating short-lived proteins. Oct-4 can be ubiquitinated by an HECT 

type E3 ubiquitin ligase, Wwp2. Wwp2 regulates Oct-4 level by mediating its ubiquitination and 

degradation during ESC differentiation. Oct-4 can be phosphorylated by Akt at Ser229, Ser236 and 

Tyr327. Phosphorylation at these residues by Akt regulates Oct-4 stability and transcriptional 
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activity (51). In contrast, the small ubiquitin related modifier (SUMO) have a functionally divergent 

from ubiquitin. SUMO can modify many nuclear proteins to increase their protein stability and 

promote their nuclear localization, thereby enhancing genes expression (52). Studies show that 

Oct-4 can be sumoylated at a lysine 118, which is promoted by Akt activity. Sumoylation of Oct-4 

significantly increases its stability, DNA binding, and thus the transcriptional activity (53).  

 Cluster of differentiation-133 (CD133, prominin-1, PROM-1) 

 CD133 is an 865 amino acids penta-span transmembrane protein which is encoded on 

chromosome 4 (4p15.32). CD133 have been accepted as a principle marker of stemness in 

several solid tumors (54). In general, CD133 is an important marker used for the isolation and 

identification of the stem cells from normal tissue like human hematopoietic stem cells (54). The 

function of CD133 in the cells is not fully known yet but several studies have shown that CD133 

expression is linked with stem and progenitor cell characteristics as well as the stage of cell 

regeneration and differentiation (48). Later on, evidence has shown that CD133 is not only a 

biomarker and is functioning in normal stem cells, but also in cancer cells. Expression of CD133 

has been used for the identification of CSC in several cancers including lung, pancreatic 

adenocarcinoma, hepatocellular carcinoma, prostate, neural, colorectal, and renal cancers(54).  

 In addition, evidence has shown that the expression of CD133 is associated with tumor 

aggressiveness through upregulation at least in part of Akt (55). CD133 promotes the CSC 

phenotype by stabilizing the EGFR-Akt signaling. The interaction of CD133 with p85 promotes the 

activation of Akt resulting promotes tumorigenesis capacity of CSC.  

Caveolin-1 

 Caveolins (Cav) is a family of integral membrane proteins which are the primarily 

components of caveolae, cave-like invagination of the cell membrane. Caveolin involves in 

various cell signaling cascade. Caveolin protein are interaction with various classes of signaling 

molecules including, non-receptor and receptor tyrosine kinase, G-protein subunit, endothelial 

nitric oxide synthase, and small GTPase, through caveolin-scaffolding motif. These interactions of 

protein are involved in various cellular signaling pathway including endocytosis, lipid homeostasis 

and signaling transduction. The caveolin gene family, located at chromosome 7q31.1, are 

consisted with 3 member, CAV1, CAV2, and CAV3 which coding for protein caveolin-1, caveolin-2 

and caveolin-3, respectively. The predicted domains span almost the same number of residues in 
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all three protein isoforms: the amino-terminal domain comprises the first 101 residues in Cav-1α 

and the first 70-86 residues in Cav-1β, Cav-2, and Cav-3, with the putative transmembrane 

domain occupying 33 amino acids and the carboxy-terminal domain containing 43-44 amino acids 

(56). 

 Caveolin-1 function 

 Caveolin-1 (Cav-1), a 21 KDa protein, localizes to the cellular membrane, the membrane 

of Golgi apparatus and the membrane of the trans-Golgi-derived transport vesicles. Cav-1 have a 

specific tightly interaction with cholesterol in caveolae. This interaction between Cav-1 and 

cholesterol control intracellular cholesterol balance through regulating cellular cholesterol 

uptake. Moreover, caveolae containing Cav-1 serve as signaling platforms which promoting the 

compartmentalizing and concentrating of signaling molecules. The high variety of signaling 

molecule families, including G-protein subunits, receptor and non-receptor tyrosine kinases, 

endothelial nitric oxide synthase (eNOS), and small GTPases, can be modulated their signaling 

cascade through binding with Cav-1. Cav-1 favors to inhibit the activation of various bound 

proteins, including c-Src, H-Ras, mitogen-activated protein (MAP) kinases, and eNOS (57). 

Caveolin-1 and cancer 

 Cav-1 has implicated roles in the carcinogenesis and aggressiveness of cancer. Cav-1 has 

paradoxically effects on cancer by containing both tumor suppressive and onco-protein function. 

Highly expression of Cav-1 in certain cancer promotes the cancerous aggressiveness such as 

migration, invasion, and chemoresistance (58). In contrast, the overexpression of Cav-1 in other 

cancer seem to be suppressing cancer virulently including migration and chemoresistance (59). 

Thus, the enhancing or suppressing roles of Cav-1 on the aggressiveness of cancer is a tissue-

specific function. Moreover, the evidences show that Cav-1 act as a tumor suppressor in initial 

step of oncogenesis but might be as a oncoprotein for latter stage of tumor development due to 

it promotes cell survival, metastasis and chemoresistance (60). 

 Akt can be induced by the highly expression of Cav-1. Cav-1 exhibit direct interaction 

with serine/threonine phosphatase PP1 and PP2A which suppressing negative role of PP1 and 

PP2A on Akt activation (61). Cav-1 can be induced by mechanobiological of low shear stress 

subsequently promotes breast cancer motility through activation of PI3K/Akt/mTOR pathway (62). 

Cav-1 promotes lamellipodia formation in lung cancer via activating Akt pathway (63). Modulation 
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of Caveolin-1 Expression alter cellular response to Insulin-like Growth factor1 (IGF1) through the 

Phosphatidylinositol 3-Kinase/Akt Pathway (64). Thus Cav-1 modulates Akt signaling both direct 

and indirect pathway. However, regulation role of Akt on Cav-1 function is still unknow. 

Nitric oxide promotes cancer stem cell 

Biological function of nitric oxide 

 Nitric oxide (NO) is a water-soluble gas, which plays key role in various physiological as 

well as pathological processes (65). Role of nitric oxide (NO) has been first discovered as the 

mediator which regulate blood pressure and prevent cardiovascular diseases. After that, NO have 

also been documented its role involving in immune system, nervous system, inflammation 

process, tumorigenesis and cancer progression. The biological action of NO is primarily through 

cGMP (66) signaling pathway and S-nitrosylation reaction (67). cGMP is a second messenger cyclic 

nucleotide which responsible for several cellular processes. NO stimulates cGMP by activating 

guanylyl cyclase (sGC) which subsequently to converse guanosine 5′-triphosphate (GTP) to cyclic 

guanosine 3′,5′-monophosphate (cGMP). In addition of downstream target, cGMP activates cGMP-

dependent protein kinase (PKG) which trigger the activated form of AKT (phospholyrated AKT) 

which plays a role in activation of several cellular function (66). S-nitrosylation is a process to 

produce covalent bond between nitrogen monoxide and thiol group of cysteine residue in 

targeted protein. These processes occur in protein post-translational modification. After the S-

nitrosylation, the conformation and properties of proteins are changed which alter their biological 

functions (67). 

Nitric oxide and cancer 

Under normal physiological conditions, NO serves as a key signaling molecule for various 

physiology functions such as smooth muscle relaxation, blood flow regulation, iron homeostasis, 

and platelet reactivity (6 5 ). On the other hand, excessive and uncontrolled NO production, or 

elevation of NO levels have been contributing to pathological events such as infection, chronic 

inflammation and cancer (65). Clinical data has been shown that, an increasing of NO is 

frequently detected in cancer patients and the higher level of NO is correlated with the 

advancing stage and poor prognosis (68). There are strong evidences reported that, the increasing 

of NO which always found in cancer environment is concerned with up-regulation of inducible 

nitric oxide synthase (iNOS) (65). In addition, iNOS is widely presence in cancer cells and distinct 

neighboring cells such as tumor-associated endothelium, and cancer-associated fibroblast (68). 
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According to clinical finding, in vivo study has demonstrated that, NO plays a role in tumor 

metastasis by promotion of migration, matrix degradation and angiogenesis (68).  

Nitric oxide and cancer stem cell 

Interestingly, the aggressive CSC-like behaviors of the cancer cells as mentioned were 

shown to be augmented in the lung cancer cell receiving nitric oxide (NO) (69). NO treatment was 

shown to increased cell motility, invasion, and mediated anoikis resistance phenotypes in human 

lung cancer cells (70). As the NO is a gaseous endogenous substance found in physiologic tissue 

and its level was shown to be elevated in cancer environments (68), NO may have a significant 

impact on CSC-like phenotypes.  

Dedifferentiation and cancer stem cell 
 There are well accepted that cells in tumor population exhibited multiple levels of 

genetics heterogeneity which resulted from their genome instability (71). There are not only 

genetics heterogeneity, but also phenotypic heterogeneity was detected in several cancers (72). 

Phenotypic heterogeneity is the diverse functions of cells which can be observed through 

different lineage markers expression. Observational by stem cell markers, there are distinct sub-

line of cancer stem cells with in the same tumor indicating that cancer genome instability not 

only generate genetics heterogeneity but also might provide multi-lineage of cancer with distinct 

differentiation state of the cell (73). The CSC with genetics instability might be cause of the 

heterogeneous lineage of cancer cells. Although CSCs do not necessarily genetics transformation 

from normal stem cells. The recent studies suggested that not only CSCs but also certain 

populations of cancer cells within tumors have stem cell properties (stemness) (74). Moreover, 

fully differentiated cancer cells can be transformed to be cancer stem-like cells (CSC-like cells) 

by the activity of certain cancer microenvironment substances such as nitric oxide, hypoxia 

condition, and interleukin or by the mutation of certain genes (74). These indicated that 

“stemness” is a phenotype which can be acquired via proper extracellular stimulation signals or 

accumulation of specific gene mutations within the cells. Nevertheless, both CSC and CSC-like 

cells show the same characteristics as normal stem cells. Mounting of evidences suggested that 

non-CSC can generated from dedifferentiation process which acquired CSC-like phenotypes by 

certain stimulating condition (ref). The non-CSC dedifferentiation can be triggered by both 

intracellular signals and microenvironmental stimulation.  
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 For intracellular factors, gene mutation or epigenetics changed can be determined as a 

CSC stimulant. In glioblastoma (GBM), loss of p16INK4a and p19ARF enables drive 

dedifferentiation of mature astrocyte when activation of EGFR (75). Moreover, observation of 

TUJ1-positive neurons in GBM which originating from fully differentiated cell, astrocytes, indicating 

that GBM can originate from variety of brain cells through dedifferentiation process (76)). In 

addition, synapsin l-Cre neurons and glial cells induced the formation of GBM through promoted 

expression of nestin and Sox2 (77). The dedifferentiation of non-CSCs to be CSCs was also found 

in tumors of intestine by activation of NF-ĸB/Wnt signalling pathway (78). Moreover, combination 

of Kras overactivation and NF-ĸB induction promotes the stabilization of β-catenin which leading 

to conversion non-stem cell to be tumor-initiating cells (79). For breast cancer, the conversion 

from non-CSC to CSC required the activity of Zeb1, a transcription for EMT regulation (80). Zeb1 

is not only converse non-CSC to CSC but also maintenance CSC-like characteristics of the cells 

(81). These data supporting that bidirectional interconvertibility of non-CSC to CSC model instead 

of unidirectional of stem cell hierarchy model (82).  

 For microenvironmental factors, tumor microenvironment provides various stimuli such 

as TGF-β, TNF-alpha, nitric oxide (NO), and hypoxia condition enhanced the dedifferentiation 

process from non-CSC to CSC by different pathway (83). Moreover, surrounding cells of the tumor 

can promote the transformation of non-CSC to CSC by secreted certain substance enhancing 

dedifferentiation process (83). Myofibroblast is colorectal stromal cell enhancing dedifferentiation 

of non-CSC by secreting hepatocyte growth factor (HGF) ( 8 4 ) . HGF promotes stem cell 

phenotypes of differentiated cancer cells by promoting β-catenin nuclear localization which 

facilitate induction of Wnt pathway (85).  

 

Colorectal cancer 

Epidemiology  

Colorectal cancer (CRC) is the expanding of tumor from the colon and rectum. Most case 

of CRCs are due to age and environment factors; a small number of patients are due to 

underlying genetic inheritance (86). CRC is the third most common type of cancer which more 

prevalence in developed countries and also common in men. CRC treatments are surgery, 

chemotherapy, radiotherapy and targeted therapy. However, the successful of therapy in terms 

of overall 5-year survival is only 58-65% after treatment (40). Moreover, chemoresistance with 
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cancer relapse and metastasis are major influencing factors of CRC patient’s death by lowering 

the overall 5-year survival to 10-14% (40). 

Akt-related molecular pathophysiology of colorectal cancer 
The environmental and genetic factors caused CRC by promoting the acquisition of 

cancer hallmarks in colorectal epithelial cells through enhance the accumulation of genetic 

mutation and epigenetic alteration (86). The changed in genetics and epigenetics activate 

oncogenes and inactivate tumor suppressor genes. The formation of neoplastic lesions in colon 

by losing genetics and epigenetics stability is thought to be the initiation of CRC. The hierarchy 

cancer stem cell model believes that the origin of CRC is a stem cell or progenitor cell that 

resides in colon crypts (87). The genetics alteration in the stem cell lead to the formation of 

cancer stem cells (CSCs) which promote tumorigenesis and maintain cancer aggressiveness. 

Generally, the transformation of normal colon epithelial cells to colorectal cancer cell by 

accumulation of genetics and epigenetics alteration takes 10-15 years (87). The genes alteration 

promoting colorectal cancer are summarized in Table 3.  

Table 3. Akt-related genetic and epigenetic alteration in colorectal cancer 

Gene / 
Biomarker 

Chromosome Function Molecular 
alteration 

Frequency 
(%) 

Proto-oncogenes 
PIK3CA 3 Regulates PI3K-AKT pathway Mutation 20 

KRAS 12 Involved in Akt, MAPK 
pathway 

Activating 
mutation 

40 

ERBB2 17 Involved in EGF-Akt-MAPK 
pathway 

Amplification 35 

BRAF 7 Involved in the Akt, MAPK 
pathway 

Activating 
mutation 

8-28 

GNAS 20 Regulates G protein signaling 
Involved in PI3K, MAPK 

Mutation 20 

IGF2 11 Co-ordinate with Akt signaling 
and promotes IGF pathway 

Copy number gain 
and loss  

7 (mutition) 
10 
(methylationa) 

RSPO2 and  
RSPO3 

8 
6 

Involved in WNT/Akt/Beta-
catenin pathway 

Gene fusion and 
translocation 

10 

SOX9 17 Mediated-Akt regulates 
survival and differentiation 

Copy number gain 9 (mutation) 
<5 (CNV gain) 

TCF7L2 10 Regulates WNT/Akt/beta- Gene fusion and 10 
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catenin pathway translocation 

MYC 8 Downstream signaling of Akt 
and MAPK  

Amplification 2 (mutation) 
10 (CNV gain) 

NRAS 1 Co-activation with Akt 
regulates proliferation, 
survival, and carcinogenesis 
 

Mutation  2 

Tumor suppressor 
PTEN 10 Regulates PI3K-AKT pathway  Inactivating 

mutation and loss 
of protein 

10 (mutation) 
30 (loss of 
expression) 

APC 5 Regulates the WNT-Akt 
pathways 

Inactivating 
mutation 

40-70 

TP53 17 Regulates the expression of 
target genes involved in cell 
cycle progression, DNA repair 
and apoptosis 

Inactivating 
mutation 

50 

SMAD4 18 Suppressing Akt signaling Inactivating 
mutation and 
deletion 

25 

FBXW7 4 Regulates proteasome-
mediated protein 
degradation, repressing Akt-
activated mTORC1 

Inactivating 
mutation 

20 

ABID1A 1 Regulates chromatin 
structure and gene 
transcription 

Inactivating 
mutation 

15 

FAM123B X Involved in PI3K/Akt/WNT 
pathway 

Inactivating 
mutation 

10 

RET 10 Suppress Akt-induced 
oncogenesis  

Inactivating 
mutation and 
aberrant DNA 
methylation 

7 (mutation) 
60 
(methylation) 

DCC 18 Involved in Akt-regulated 
apoptosis 

Deletion or LOH 9 (deletion) 
70 (LOH) 

CTNNB1 3 Regulates PI3K/Akt/WNT 
pathway 

Activating 
mutation 

1 

APC, adenomatous polyposis coli; ARID1A, AT-rich interactive domain 1A; BMP, bone morphogenetic protein; CNV, copy number 

variation; CTNNB1, catenin-β1; DCC, DCC nerin 1 receptor; EGF, epidermal growth factor; FAM123B, family with sequence similarity 123B; 
FBXW7, F-box and WD repeat domain-containing 7, E3 ubiquitin protein ligase; GDNF, glial cell-derived neurotrophic factor; GNAS, 
guanine nucleotide-binding protein, alpha-stimulating complex locus; IGF, insulin-like growth factor; LGR, leucine-rich repeat-containing G 
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protein-couple receptor; LOH, loss of heterozygosity; MAPK, mitogenic-activated protein kinase; N/A, not applicable; NDRG4, NDRG family 
member4; PI3K, phosphatidylinositol 3-kinase; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-alpha; PTEN, 
phosphatase and tensin homologue; RSPO, R-spondin; SEPT9, septin 9; SMAD4, SMAD family member 4; SOX9, SRY (sex-determining 

region Y) box9; TCF7L2, transcription factor 7-like 2; TGFβ, transforming growth factor-β; TGFBR2, TGFβ receptor2; VIM, vimentin.  

 

Chemoresistance in colorectal cancer 

 Resistance to chemotherapy initiate disease relapse and metastasis which impact clinical 

outcomes by decreasing overall survival (88). Chemoresistance in colorectal cancer is one of the 

major cause of cancer relapse and death (88). For these reasons, there are very essential for 

understanding the mechanisms controlling cancer chemoresistance and searching novel 

therapeutic targets to improve the therapy. The molecular mechanisms of chemoresistance 

usually involve with transporter, onco-proteins, tumor suppressor proteins, alteration of 

mitochondrial proteins, DND repair system, and cancer stem cells (89). The major molecule 

involve in these mechanisms regulated chemoresistance is participate in PI3K/Akt pathway (90).  

Akt-related proteins in the regulation of chemoresistance 

 PI3K/Akt 

 Akt is also known as protein kinase B (PKB), a serine/threonine protein kinase, that 

involves in many cellular processes such as growth and proliferation, differentiation, self-renewal, 

apoptosis, transcription and translation control, cellular movement. Akt could promote chemo- 

and radio-resistance of cancer cell by alteration of pro-survival/pro-death protein ratio (90). Akt 

could promote the pro-suvival proteins function including Bclxl (91), and mcl-1 (92). Akt mediated 

overexpression of pro-survival proteins can alter the activation of p53-inducing death after 

receiving cytotoxic drugs (93). Overexpression of Akt by amplification of Akt gene, increase its 

upstream activators, or down regulation of its negative regulatory proteins resulted in 

chemoresistance in many cancer types (93). In addition, miRNA-130b diminished the expression 

of PTEN protein which confer chemoresistance via PI3K/Akt activation (94). Suppression of 

PI3K/Akt pathway by activation of endoplasmic reticulum stress or dephosphorylation of Akt by 

USP49 enhancing cellular response to cytotoxic drugs (95). Thus, Akt promotes cancer 

chemoresistance mostly on inhibiting pro-apoptotic function of various proteins. However, role of 

Akt on certain tumor suppressor for increasing cancer chemoresistance capacity is under 

elucidated.  
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 p21 

The p2 1  protein (also known as WAF1  or CIP1 ) have primarily function to inhibit cell 

cycle via inhibit cyclin-dependent kinase (CDK) and proliferating cell nuclear antigen (PCNA) 

functions (96). Thus, p21 are tumor suppressor protein by which its capacity to inhibit cancer cell 

proliferation and promote cancer apoptosis after received chemotherapeutic drugs (96).  

The evidences have revealed that p21 may also containing an oncogenic role. Regrading 

to high expression of p21 level in various cancer have a correlation with tumor progression (97). 

There are suggested that bidirectional role of p21 may depend on its sub-cellular localization. 

P21 nuclear localization confers its tumor suppressive function, while more oncogenic capacity is 

associated with cytoplasmic localization of p21 (98). As an example, cytoplasmic p21 has been 

shown to mediate cisplatin and paclitaxel resistance in various cancers (99, 100). P21 sub-cellular 

localization might diverge its response to various stimuli, promote apoptosis or rather stimulates 

pro-survival signal, which could contribute to cancer prognosis and chemotherapeutic resistance. 

However, it has no clear the mechanisms of cytoplasmic-p21 promotes chemoresistance. 

Chk2  

 Checkpoint kinase2 (Chk2 ), 65 kDa protein consist of 543 amino acid residues, is a 

conserved protein in mouse, rat Drosophila spp., Caenorhabditis elegans, zebrafish, and human 

(101). Chk2 have three different functional domains. The N-terminus domain with serine-

glutamine (SQ) and threonine-glutamine (TQ) repeated rich region called SQ/TQ cluster domain 

(SCD) which are phosphorylation site by PI3K protein family such as ATM and ATR. The forkhad-

associated (FHA) domain between residues 112 and 175 is responsible for the interaction with 

phosphorylated proteins. The C-terminus kinase domain spans residues from 220 to 486 (101).  

During normal physiological condition, Chk2 is located in the nucleus in an inactive form. 

After DNA damage, activated ATM (sensor of DNA break) phosphorylates Chk2 at Threonine-68 on 

SCD domain. This T68 phosphorylation resulting in a conformational change induces Chk2 homo-

dimerization of phosphorylated SCD of one Chk2 monomer with the FHA domain of another 

molecule. The dimerization promotes kinase domain activation through autophosphorylation at 

residues S260 and T432 followed by residues T383, T387, and S516 which triggering the 

dissociation or the homo-dimer into activated-monomers. After phosphorylation, phosphorylated 

Chk2 can acts as tumor suppressive protein by inducing apoptosis. The phosphorylation of PML, 
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E2F1, and p53 by p-Chk2 resulted in triggering apoptosis (102). Thus, Chk2 acts as a tumor 

suppressor protein. 

Several evidences suggested that the over-activation or over-expression of Akt promotes 

chemoresistance in various cancer types. Activated-Akt inhibits p-Chk2-mediated apoptosis during 

DNA damage through direct or indirect inhibiting p-Chk2 signaling (103, 104). However, the precise 

mechanisms Akt-inhibit Chk2-mediated apoptotic is under elucidated.  

 

Cancer therapeutics targeting AKT  
 There is clear that PI3K-AKT signaling involves in different human diseases including 

cancer. Since, more than 50% of human cancer exhibits hyperactivation of AKT, therapeutics 

targeting AKT for treating cancer have been exclusively developed in the past decade (105). 

Numerous small molecules with high specificity and potency to inhibit PI3K and AKT pathway 

have enrolled clinical trials (105).  

 Two PI3K inhibitors, LY294002 and wortmannin, have been used in vitro for decoding 

various of the mechanism which initiate by PI3K activity, including AKT activation (106). However, 

subsequent studies showed that both compounds inhibited all isoform of PI3K. Since more 

specific and potent PI3K and Akt inhibitors have been developed, LY294002 and wortmannin 

have no longer recommended to use for specific conclusion regarding the function of PI3K or 

AKT. The new classes of PI3K inhibitors have been observed their efficacy and therapeutic 

outcomes in patients, but their clinical use can be limited by severe toxicity (106). Moreover, 

small molecule AKT inhibitors have been developed and tested in clinical trials.  

 Although, various ATP-competitive AKT inhibitors have been developed, the specificity of 

these compounds is still lacking due to the high similarity of ATP-binding motif of AGC kinase 

family. GSK690693 can inhibits all AKT isoforms and exhibit clinical implication in preclinical 

studies, but toxicity due to its unspecific inhibition activity lead to termination of the clinical 

development of this drug (107). AZD5363 is a pan-AKT inhibitor used in nanomolar range, show 

efficacy in studies of solid tumors (108). GDC0068 (Ipatasertib), orally high potent AKT inhibitor, 

has showed efficacy in preclinical models with PTEN inactivation or PI3KCA mutation, but not 

showed significant effects against cancer in a phase I clinical trial (109). GSK2110183 (Afuresertib), 

nanomolar AKT inhibitor, with more specificity to AKT1 showed significant activity in preclinical 

models and well-tolerated in phase II trial (110).  
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 Catalytic AKT inhibitors block the phosphorylation of its downstream substrates which 

out dephosphorylation of T308 and S463 of AKT. However, catalytic inhibitors have less efficacy 

in triggering cell death than allosteric inhibitors. Unlike catalytic inhibitors, allosteric inhibitors can 

prevent AKT phosphorylation and its downstream activation. MK2206 is a specific allosteric AKT 

inhibitor with orally bioavailable that induces cancer cell death both using alone or in 

combination with other compounds (111). ARQ092, allosteric AKT inhibitor, is target three 

isoforms AKT with under evaluation in phase I clinical trials (112). The limited efficacy of both 

catalytic and allosteric AKT inhibitors in clinical trials may be cause by the lack of patients with 

activating AKT or PI3KCA mutation. In clinical trial of AZD5363 with patients that presence of the 

mutation, AZD5363 showed significant effects on some patient who carried the mutation (113). 

The summary of clinical trials of PI3K and AKT inhibitors are in Table4.  

Table 4. inhibitors of the PI3K-AKT signaling pathway that complete the clinical trials as single 

agents or in combination. (https://clinicaltrials.gov/) 

Target of 
inhibition 

 Compound  Phase of 
the clinical 
trials 

Condition  ClinicalTrials.gov 
identifier 

PI3K Pan-PI3K BKM120 I, II, III Metastatic breast cancer, 
NSCLC, endometrial cancer, 
GBM, CRPC, prostate cancer, 
renal cell carcinoma, 
lymphoma, advanced solid 
tumors, skin cancer, plus 
with radiotherapy 

NCT02128724, 
NCT02439489, 
NCT02404844, 
NCT01297452, 
NCT01473901, 
NCT01470209, 
NCT01633060, 
NCT01693614, 
NCT01363232, 
NCT01719250, 
NCT01512251, 
NCT02088684, 
NCT02303041, 
NCT01923168, 
NCT02058381 

  XL147 I, II Metastatic breast cancer, 
endometrial cancer, NSCLC, 
lymphoma, GBM, advanced 
solid tumors 

NCT01013324, 
NCT01042925, 
NCT00692640, 
NCT01082068, 
NCT00692640, 
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NCT01082068, 
NCT01240460, 
NCT01357330, 
NCT01587040, 
NCT01436565 

  GDC 0941 I, II Metastatic breast cancer, 
Non-Hodgkin’s lymphoma, 
NSCLC, advanced solid 
tumors 

NCT00876109, 
NCT01740336, 
NCT00876122, 
NCT01437566, 
NCT00960960, 
NCT00928330, 
NCT01493843, 

  BAY80 6946 I, II large B-cell lymphoma, 
advanced cancer 

NCT01411410, 
NCT00962611, 
NCT01404390, 
NCT02391116, 
NCT01392521, 
NCT01460537, 

  PX 866 I, II Prostate cancer, 
glioblastoma, colorectal 
cancer, metastasis of head 
and neck cancer, advance 
solid tumor, NSCLC 

NCT01331083, 
NCT01259869, 
NCT01252628, 
NCT00726583, 
NCT01204099 

 p110αspecific BYL719 I, II Breast cancer, head and 
neck cancer, advanced solid 
tumor, metastatic gastric 
cancer, multiple myeloma, 
acute myeloid lymphoma, 
esophageal cancer, breast 
cancer,  

NCT02051751, 
NCT01928459, 
NCT01613950, 
NCT02144038, 
NCT01449058, 
NCT01735968, 
NCT01387321, 
NCT01822613, 
NCT02088684, 

  INK1117 I Metastatic solid tumors NCT01449370 

  GDC-0032 I Metastatic breast cancer, 
NSCLC, breast cancer,  

NCT01862081, 
NCT02273973 

 p110δspecific CAL 101 I, II, III Lymphoma,  NCT01306643, 
NCT02242045, 
NCT01393106, 
NCT01090414, 
NCT01539291, 
NCT01282424, 
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NCT00710528, 
NCT01659021, 
NCT01796470, 
NCT01539512, 
NCT01838434, 
NCT01088048, 
NCT01644799, 
NCT02603445 

AKT  AZD5363 I, II Invasive breast cancer, 
advanced solid tumor, 
metastatic prostate cancer 

NCT02077569, 
NCT01353781, 
NCT01692262, 

  GDC-0068 I, II Neoplasms, breast cancer NCT01562275, 
NCT02301988, 

  GSK2141795 I, II Melanoma,  NCT00920257, 
NCT01979523, 

  MK-2206 I, II Lymphatic leukemia, 
colorectal cancer, 
pancreases cancer, ovarian 
cancer, oral carcinoma, 
advanced solid tumor, 
endometrial cancer, breast 
cancer, lung carcinoma, 
Gastro intestinal 
adenocarcinoma,  

NCT01369849, 
NCT01333475, 
NCT01169649, 
NCT01283035, 
NCT01604772, 
NCT01253447, 
NCT01370070, 
NCT01071018, 
NCT01349933, 
NCT01307631, 
NCT01258998, 
NCT01277757, 
NCT01481129, 
NCT01231919, 
NCT01245205, 
NCT01294306, 
NCT01260701, 

 

Natural compounds are promising source for developing cancer drug   

Natural product 
Natural products are the most important source for developing anti‐cancer agents. Most 

of potential anti-cancer drugs is derived from secondary metabolite in the natural sources. About 

70% of anti-cancer compounds used in therapeutic regimens are natural products or its 
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derivatives (114). More than 60% of small molecule anti-cancer agents are developed from 

natural compound (114, 115). 57% of cancer drugs in clinical trials were natural products or 

related to them which target at least 86 cancer types. Six per cent are natural products, 27% are 

derivatives of natural products, 5% are synthetic with natural product pharmacophores, and 23% 

are synthetic mimics of natural products (114, 115).  

Natural compounds with anti-cancer activity are categorized to several structural classes 

including anthracyclines, enediynes, indolocarbazoles, isoprenoids, polyketide, polyketide 

macrolides, glycol-peptides, and others. The natural products for treating cancer are working by 

various mechanisms such as promoting apoptosis, altering cancer metabolism, inhibiting cell 

growth, and inhibiting angiogenesis (114). Thus, novel high efficacy and specificity drugs finding to 

conquer cancer are the most interested in oncological research fields.  

Renieramycin (natural product from the Thai blue sponge)  

The ocean is a big source for searching and developing the natural compounds with 

potential pharmacological effects (116, 117). Marine sponges are fruitful secondary metabolites 

which can be developed to be promising cancer therapeutics drugs. Recently, drugs derived from 

marine sponges have been approved for treating breast cancer, lymphoma, and Hodgkin’s 

disease by USA-Food and Drug Administrative (116-118). The mechanisms of sponge-derived anti-

cancer compounds are consisted with multiple mechanisms including apoptosis inducing, cell-

cycle alteration, anti-inflammation, and increasing chemosensitivity to conventional anti-cancer 

drugs(117, 118).  

Renieramycin M (RM) is a bis-tetrahydroisoquinolinequinone alkaloid which isolated from 

the Thai blue sponge Xestospongia sp. RM showed high potency cytotoxic activity against certain 

cancer cell lines including lung cancer (118, 119). Moreover, subtoxic concentration of RM 

exhibits its anti-metastatic potential (119), anti-anoikis resistant phenotype (120), and suppress 

stem-like phenotypes of lung cancer cells (121). These activities of RM against cancer 

aggressiveness phenotypes are rely on at least in part of the Akt-related mechanisms. Recently, 

derivatives of RM were synthesized by series of 22-O-acyl and hydroquinone 5-O-acyl ester 

analogs. Interestingly, most of these derivatives showed high potency of cytotoxicity in dose 

range at nanomolar concentration (122). Some of these derivatives exhibited more potency than 

their parent compound. Among the derivatives, hydroquinone 5-O-cinnamoyl ester of 

Renieramycin M (CIN-RM) is a structurally promising as an anticancer candidate (122). However, 

the Akt dependent anti-cancer mechanisms of CIN-RM are under elucidated.  
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Research Questions 
1. Does Akt have the novel regulatory mechanisms on apoptosis resistance behavior? 

2. Does Akt have the novel mechanisms on the regulation of cancer stem cells? 

3. Does CIN-RM exhibit cytotoxicity on cancer cell through alteration of Akt pathway? 

 

Objectives 
1. To investigate the novel mechanisms of Akt on apoptosis susceptibility of cancer. 

2. To determine the novel regulatory roles of Akt on cancer stem cell. 

3. To determine the Akt suppression mechanisms of CIN-RM inducing cancer cell death.  

 

Hypotheses 
1. Akt have the novel mechanisms on the regulation of apoptosis resistance in cancer.   

2. Akt have the novel regulatory roles on cancer stem cell.  

3. CIN-RM have the Akt suppressive capacity inducing cancer cell death.  

 

Expected benefits 
This research project could clarify novel roles of Akt on the regulation of apoptosis 

susceptibility and cancer stem cell formation in the high mortality-rate cancers, NSCLC and CRC. 

This discovery could provide a better understanding of the crosstalk between Akt and other 

cellular proteins in the regulation of apoptosis resistance and cancer stem cell maintenance. 

Moreover, the semi-synthetic natural compound from Thai blue sponge, CIN-RM, would be tested 

its anti-cancer activity through diminishing Akt-activated survival pathways. Together, these 

discoveries could be used for designing novel targeted-drug and therapeutics strategy for cancer 

treatment.  
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Novel finding in this research 
 This project unravels the novel information explaining the regulatory role of Akt on 

apoptosis susceptibility and CSCs.  

(i) For regulation of cancer dedifferentiation, cancer dedifferentiation processes are 

recognized as one of cancer stem cells (CSCs) origins. The accumulation of evidences indicated 

that Akt could promote CSCs in various cancer including prostate cancer, myeloid and acute 

lymphoblastic leukemia, breast cancer, NSCLC, and CRC. The mechanisms that Akt promotes 

CSCs, are increases ABCG2 expression, promotes expression of chemokine (C-X-C motif) receptor 

4 (CXCR4) which subsequently stimulates STAT3 signaling pathway, and promotes mTOR induced 

HIF-1alpha upregulation. However, the direct link between Akt and the regulation of CSC 

transcription factor Oct4 is still unclear.  

 Oct4 is a POU domain-containing transcription factor that binds to an octamer sequence, 

ATGCAAAT, of the target genes. Oct4 is the most important mediator for maintaining CSCs by 

functioning as a master transcription factor controlling stem cell self-renewal and pluripotency. 

Oct4 acts as a core of transcription factor complex by holding the other transcription factors 

together and promotes stemness gene expression. In addition, there have been documented 

that overexpression of Oct4 is associated with CSC characteristics including tumorigenicity, 

metastasis, and cancer relapse in certain cancer. There are various cellular processes for 

regulating and controlling Oct4 protein level and activity. Phosphorylation is one of post-

translational modifications process that linked to cellular level and activity of various protein 

including Oct4. Oct4 can be phosphorylated at Ser229, Ser236 and tyr327. The phosphorylation 

on these residues regulate Oct4 stability and transcriptional activity. Together, Akt could be the 

one that regulates Oct4 at post-translational level. However, the certain mechanisms are still 

unclear.  

 Here, we provide an evidence that alteration of Akt activity by NO (tumor 

microenvironment substance) or Perifosine (clinical used drug for Akt inhibition) can modulate 

the cellular level of Oct4 protein through the alteration of Cav-1 mediated Oct4 degradation. 

Cav-1 control Oct4 protein level by promotes Oct4 degradation through protein-protein 

interaction enhancing ubiquitination proteasomal degradation pathway. This protein-protein 
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interaction between Cav-1 and Oct4 require OH-group of tyrosine 14 of Cav-1. NO mediated Akt 

activation alters the OH group of Cav-1 tyrosine 14 by facilitates phosphorylation on this site. This 

effect of NO diminishes the interaction between Cav-1 and Oct and promotes cellular level of 

Oct4. Moreover, Perifosine, a clinical used specific Akt inhibitor, can decreases level of p-Cav-1tyr14 

subsequently increased complex formation between Cav-1 and Oct4 and decreased the level of 

Oct4 protein. In addition, point mutation be replacement tyrosine 14 of Cav-1 with phenylamine 

by using Cav-1 Y14F plasmid show absence of Cav-1 Y14F-Oct4 complex. which resulted in 

increased Oct4 stability and level. In silico computer molecular modelling also confirm that both 

phosphorylation at tyrosine 14 of Cav-1 and replacement tyrosine14 with phenylalanine 

increases ΔGfree energy between Cav-1 and Oct4 resulted in destabilizing the complex and 

increased half-life and cellular level of Oct4. The upregulation of Oct4 promotes 

dedifferentiation process which resulted in increases CD133 expression and promotes CSC 

behaviours. Thus, the kinase activity of Akt can overcome tumor suppressive function of Cav-1 

resulting in upregulation of Oct4 and de-differentiation of NSCLC cell lines.  

(ii) For apoptosis regulation, Akt has been shown to implicate enhanced survival and 

apoptosis resistance in lung and colorectal cancers. Since activated PI3K resulted in inhibition of 

apoptosis, Akt could be a target for mediating PI3K-dependent program cell death inhibition 

responses. Akt has implicated as an anti-apoptotic protein in several aspects of cell death 

control, including depletion the extracellular death stimulation signal, restraining harmful 

oxidative stress molecules, overcoming irradiation and chemotherapeutics triggering apoptosis. 

However, influencing role of Akt on p21 in the regulation of apoptosis resistance is largely 

unknow.  

 Here, we have provided the new role of p21 in regulation of drug resistance in colorectal 

cancer. Activated-Akt can drives the expression of cytoplasmic-p21 which promotes 

chemoresistance to 5FU through inhibiting pro-apoptosis function of p-Chk2T68. Moreover, 

cytoplasmic-p21 or p-p21T145 forms protein-protein complex with p-Chk2T68 and diminishes its 

apoptosis inducing function by shuttling this complex out of nucleus. Nuclear exporting of the 

complex due to an effect of cytoplasmic-p21-mediated an increasing of NES (nuclear exporting 

signal) /NLS (nuclear localizing signal) ratio. These effects of cytoplasmic-p21 on p-Chk2T68 

promote survival of CRC cell lines after 5FU exposure. Thus, activated-Akt could change cellular 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 32 

localization and function of p21 from nuclear localization to cytoplasmic localization and from 

tumor suppressor to onco-protein.  

 (iii) Furthermore, we provided the pharmacological activity of semi-synthetic natural 

compound with anti-cancer activities that exhibit direct Akt suppression function. Hydroquinone 

5-O-cinnamoyl ester of renieramycin-M (CIN-RM) is synthesized from renieramycin M (RM), an 

anticancer lead compound isolated from the blue sponge Xestospongia sp. CIN-RM show 

anticancer activity through the depletion of activated-Akt consequently augmenting p53 response 

in NSCLC cell line. The accumulation of p53 in treated cells altered the balance between Bcl2 

and Bax protein levels, by decreasing Bcl2 and increasing Bax levels, leading to loss of 

mitochondria membrane integrity. Loss of mitochondria membrane potential activated caspase-

dependent and -independent apoptosis cell death. Thus, the depletion of activated-Akt by CIN-

RM could promote tumor suppressor function of p53 for activating apoptosis cell death.  

 Inconclusion, we have provided the new information fulfilled the feature regarding how 

Akt controlling apoptosis susceptibility, and CSC properties especially Akt promotes cancer cell 

dedifferentiation which could have a benefit for better understanding of cancer cell biology and 

supporting Akt as an important anti-cancer drug targeting NSCLC and CRC. Moreover, we also 

provided the information regarding CIN-RM, a semi-synthetic natural compound, have a potential 

to develop to be an Akt-targeted cancer drug.  
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CHAPTER II 
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Abstract 
Cancer stem cells (CSCs) are unique populations of cells that can self-renew and 

generate different cancer cell lineages. Although CSCs are believed to be a promising target for 
novel therapies, the specific mechanisms by which these putative therapeutics could intervene 
are less clear. Nitric oxide (NO) is a biological mediator frequently up-regulated in tumors and has 
been linked to cancer aggressiveness. Here, we search for targets of NO that could explain its 
activity. We find that it directly affects the stability and function of octamer-binding transcription 
factor 4 (Oct4), known to drive the stemness of lung cancer cells. We demonstrated that NO 
promotes the CSC-regulatory activity of Oct4 through a mechanism that involves complex 
formation between Oct4 and the scaffolding protein caveolin-1 (Cav-1). In the absence of NO, 
Oct4 forms a molecular complex with Cav-1, which promotes the ubiquitin-mediated 
proteasomal degradation of Oct4. NO promotes Akt-dependent phosphorylation of Cav-1 at 
tyrosine 14, disrupting the Cav-1:Oct4 complex. Site-directed mutagenesis and computational 
modeling studies revealed that the hydroxyl moiety at tyrosine 14 of Cav-1 is crucial for its 
interaction withOct4. Both removal of the hydroxyl via mutation to phenylalanine and 

phosphorylation lead to an increase in binding free energy (ΔGbind) between Oct4 and Cav-1, 
destabilizing the complex. Together, these results unveiled a novel mechanism of CSC regulation 
through NO-mediated stabilization of Oct4, a key stem cell transcription factor, and point to new 
opportunities to design CSC-related therapeutics. 
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Introduction 
Cancer stem cells (CSCs) or cancer stem-like cells are specific cell populations that can 

differentiate and generate cancer cells in various types of cancer, including lung cancer (1, 2). 
These cells have characteristics similar to those of normal stem cells, in particular, an ability to 
self-renew and generate different cell lineages (3). Such ability is believed to facilitate the 
progression of cancers and their aggressive behaviors (4). Increasing evidence also suggests that 
CSCs possess several virulent features that make them invasive and resistant to chemo/ 
radiotherapy (5).  

The successful establishment of induced pluripotent stem cells that form fully 
differentiated cells has revealed that the differentiated cells retain the capacity to revert to stem 
cells, and certain regulatory transcription factors, such as octamerbinding transcription factor 4 
(Oct4), Nanog, c-Myc, Klf4, Sox2, and Lin28, are essential for somatic cell reprogramming (6, 7). 
Likewise, cancer dedifferentiation is evident and has been linked to cancer progression and 
aggressive behaviors (8, 9). Similar to somatic cell reprogramming, tumor dedifferentiation is a 
reversal of cell development to a more immature state. Such discovery has led to an interest in 
uncovering the origin of CSCs and targeting these cells for therapy. In cancer, Oct4, Sox2, and 
Nanog have been shown to associate with the stemness of cells by sustaining the level of stem 
cell–related proteins, such as CD133, ALDH1A1, and ABCG2 (10). Induced expression of the Oct4 
gene and transmembrane delivery of the Oct4 protein were shown to induce the 
dedifferentiation of melanoma cells to CSC-like cells with a strong reduction in melanocytic 
markers and acquisition of spheroid-forming ability (11). In lung cancer, the expression of Oct4 
correlates with aggressive behaviors and CSC properties (12–14). Moreover, in various cancers, the 
overexpression of Oct4 and its downstream targets is associated with CSCs and the progression of 
disease (15–17), although the underlying mechanisms remain obscure. 

In recent years, the role of the microenvironment in cancer progression has increasingly 
been recognized (18). Nitric oxide (NO) is a key mediator frequently up-regulated in lung cancer 
microenvironment (19). It is also known to play a pivotal role in controlling several cellular 
processes in both normal and pathological conditions (20). In lung cancer, NO and its producing 
enzymes, nitric-oxide synthases (NOSs), are highly up-regulated (19, 21). NO has also been shown 
to promote anoikis or cell survival after detachment (22), motility (23), CSC-like phenotypes (24), 
and chemotherapeutic resistance (25, 26). 

Caveolin-1 (Cav-1) is a 21-kDa scaffolding protein found in caveolae (27). Cav-1 is 
required for the formation of caveolae as well as its function, including endocytosis, lipid 
homeostasis, and signal transduction (28). The tumor suppressor function and scaffolding capacity 
of Cav-1 have been extensively studied in various cancers (29–32), but its role in the regulation of 
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CSCs remains obscure. Furthermore, the co-expression of Cav-1 and NOS in certain cancers has 
been reported (33). In addition, the caveolin-scaffolding domain of Cav-1 exhibits protein–protein 
interactions with NOS, which resulted in a decrease of the cellular function of NOS (34, 35). These 
findings suggest that Cav-1 and NO may play an opposite role in regulating CSCs. However, 
detailed mechanisms and their cross-talk remain to be investigated. 

Oct4 is a key CSC mediator that promotes the expression of other CSC factors, and its 
introduction into cancer cells induces cancer stemness (36). We found that Oct4 interacts with 
Cav-1 and that such interaction is under the regulation of NO. In this study, we hypothesized that 
Cav-1 regulates the cellular level of Oct4, and therefore it influences CSCs in lung cancer via a 
NO-dependent mechanism. Using molecular techniques and computer modeling approaches, we 
demonstrated for the first time that Cav-1 forms a molecular complex with Oct4 and regulates its 
expression through ubiquitin–proteasome-mediated degradation. We also investigated the roles 
of NO in complex formation and stem properties of lung cancer cells, and unveiled a novel 
mechanism of CSC regulation that may lead to a better understanding of cancer cell biology 
under nitrosative oxidative stress conditions, which may be exploited for CSC-targeted therapy. 

Results 

Nitric oxide increases CSC-like phenotypes of human lung cancer cells. 

To study the potential regulation of CSCs by NO, we first characterized the optimal dose 
response to NO in human lung cancer cells. Sub-confluent monolayers of human lung cancer 
H460 cells were exposed to various concentrations of DPTA NONOate, a well-established NO 
donor, for 24 h, and cell viability was determined by MTT assay. At the concentration range of 0–
40 µM, the NO donor was found to have no significant effect on cell viability; however, at 80 µM 
or higher, a significant decrease in cell viability was observed in the treated cells (Fig. 1A). 
Apoptosis and necrosis studies by Hoechst 33342/propidium iodide (PI) assays also showed that 
the low dose (40 µM) DPTA NONOate had no significant effect on DNA 
condensation/fragmentation or nuclear PI fluorescence (Fig. 1, B and C), indicating the lack of 
apoptotic and necrotic cell death under the test conditions. 

To determine the effect of NO on the spheroid-forming ability of lung cancer cells under 
nonattachment conditions, H460, H23, and H292 cells were treated with 0–40 µM DPTA NONOate 
for 5 days, and their spheroid-forming capacity was evaluated by seeding them at low density on 
ultralow attached plates. Time courses of spheroid formation for H460, H23, and H292 cells at 10, 
20, and 40 days post-seeding are depicted in Fig. 1, D, G, and J, whereas quantitative analyses of 
the spheroid number and size are shown in Fig. 1, E/F, H/I, and K/L, respectively. A significant 
increase in the number of spheroids formed at 20 days was recorded for the H460 and H292 cells 
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treated with 10 µM or higher concentrations of DPTA NONOate, whereas a similar increase was 
observed for H23 cells at 5 µM or higher concentrations. At 40 days post-seeding, a significant 
increase in spheroid number was observed in H460, H23, and H292 cells treated with 5 µM or 
higher concentrations of NONOate. However, none of the treated cells showed a significant 
change in the spheroid number at 10 days. Fig. 1, F, I, and L, shows the relative spheroid size of 
the treated and untreated H460, H23, and H292 cells, respectively. Although the spheroid size of 
the treated cells was smaller than that of the control cells at 10 days, a significant increase in the 
spheroid size was observed at 20 and 40 days for all cell lines tested. At 20 days post-seeding, 
the increase in spheroid size was observed at the treatment dose of 10 µM or higher 
concentration for H460 and H292 cells and at 5 µM or higher concentration for H23 cells. At 40 
days post seeding, all cell lines exhibited a significant increase in spheroid size at the treatment 
dose of 5 µM or higher concentration. These results indicate that nontoxic concentrations of 
DPTA NONOate promote spheroid formation of lung cancer H460, H23, and H292 cells. 
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Figure 1. NO donor promotes human lung CSC-like phenotypes. 

A, H460 cells were treated with NO donor (DPTA NONOate) for 24 h and analyzed for cell viability by 
MTT assay. Apoptotic and necrotic cell death after the treatment was analyzed by Hoechst 33342/PI co-staining 
assays. B, percentages of apoptotic and necrotic nuclei in NO-treated cells were analyzed and calculated as 
relative to the control cells. C, 10 immunofluorescence images of the treated and nontreated cells stained with 
Hoechst 33342/PI. After being treated with DPTA NONOate (0–40 M) for 5 days, H460 (D), H23 (G), and H292 (J) 
cells were suspended and subjected to spheroid formation assay. Spheroid number H460 (E), H23 (H), H292 (K), 
and size H460 (F), H23 (I), H292 (L) were analyzed and calculated as relative to the control after 10, 20, and 40 
days. Plots are means  S.D. (n  3). *, p 0.05 versus nontreated cells. 
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Nitric oxide increases the expression of stemness-related proteins 

Stem cell markers such as CD133, ALDH1A1, and ABCG2 and stemness transcription 
factors such as Oct4, Sox2, and Nanog are commonly accepted as key drivers or markers of CSCs 
(10). We used these proteins to verify the CSC-inducing effect of NO in the tested lung cells. H460 
cells were cultivated in the presence or absence of DPTA NONOate (5–40 µM) for 1, 3, and 5 
days, and the expression level of these markers was assessed by Western blotting. Fig. 2, A–C, 
shows a dose- and time-dependent expression of CD133, ABCG2, ALDH1A1, and Oct4 in response 
to the NO treatment. No significant changes in the expression level of these proteins were 
observed 1 day after the treatment (Fig. 2D). At 3 days, an increased expression of Oct4 was seen 
at the treatment dose of 10 M, whereas CD133 expression was up-regulated at 20 and 40 µM (Fig. 
2E). Surprisingly, we observed a reduction in Sox2 expression at 3 days after the treatment with 
20 and 40 µM DPTA NONOate. Fig. 2F further shows the up-regulation of CD133, ALDH1A1 and 
Oct4 at 5 days post-treatment with 10 µM or higher concentrations of DPTA NONOate and a 
decrease in Sox2 expression at the dose of 10 µM or higher.  

To confirm the above finding, we performed immunofluorescence experiments assessing 
the expression of CSC markers CD133 and Oct4 in H460 cells following NO exposure. The cells 
were treated with 40 M DPTA NONOate for 5 days and analyzed for CD133 and Oct4 expression 
by immunofluorescence staining. Consistent with the Western blotting results, the 
immunofluorescence results indicate the up-regulation of CD133 and Oct4 expression in the 
treated lung cancer cell (Fig. 2G) 

The expression levels of stemness-associated proteins in response to the NO donor 
treatment were also assessed in H23 and H292 cells. Fig. 2, H and J, shows that treatment of H23 
cells with DPTA NONOate for 5 days induced an up-regulation of CD133 and ABCG2 at the 
treatment dose of 5 M or higher, whereas an increase in Oct4 and ALDH1A1 was observed at the 
dose of 20 M or higher. Fig. 2, I and K, shows the results of NO treatment in H292 cells. A 
significant increase in Oct4 expression was seen at the treatment dose of 5 M or higher and at 20 
M or higher for CD133, ABCG2, and ALDH1A1. These results along with the spheroid formation 
results support the regulatory role of NO in controlling the stemness of lung cancer cells. 
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Figure 2. NO donor increases CSC markers in NSCLC cell lines. 

H460 cells were treated with DPTA NONOate for 1 day (A), 3 days (B), and 5 days (C) after which they 
were analyzed for CSC markers (CD133, ALDH1A1, and ABCG2) and CSC transcription factors (Oct4, Nanog, and 
Sox2) by Western blotting. The blots were reprobed with tubulin to confirm equal loading of the protein samples. 
The immunoblot signals at 1 day (D), 3 days (E), and 5 days (F) after the treatment were quantified by 
densitometry, and mean data from independent experiments were normalized and presented. The bars are 
means  S.D. (n  3). *, p 0.05 versus nontreated cells. G, expression of CD133 and Oct4 in H460 cells treated with 
DPTA NONOate (40 M) for 5 days were analyzed by fluorescence microscopy (10). Immunofluorescence was 
performed using mouse anti-CD133 mAb followed by Alexa-Fluor568–labeled secondary antibody to visualize 
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CD133 expression and using mouse anti-Oct4 mAb followed by Alexa-Fluor488-labeled secondary antibody to 
visualize Oct4 expression in separated experiments. Cells were stained with Hoechst 33342 dye to aid 
visualization of the cell nucleus. The CD133 and Oct4 proteins were appeared as red and green fluorescence, 
respectively. H23 (H) and H292 (I) were treated with DPTA NONOate for 5 days and then were analyzed for CSC 
markers (CD133, ABCG2, and ALDH1A1) and Oct4. The blots were reprobed with tubulin to confirm equal loading 
of the protein samples. The immunoblot signals of H23 (J) and H292 (K) were quantified by densitometry, and 
mean data from independent experiments were normalized and presented. The bars are means  S.D. (n  3). *, p 
0.05 versus nontreated cells. 

 

Microarray gene profiles of nitric oxide–mediated gene expression. 

Two different passages of H460 cells treated with DPTA NONOate and their nontreated 
counterparts were subjected to microarray analysis as mentioned under “Experimental 
procedures.” The gene probe list of the chip is shown in Table S1. The CU-DREAM (37) program 
was used to analyze the raw data, and gene probes with significant differences (p 0.05) were 
chosen for further evaluation using the Bioconductor R statistic program. The heat map generated 
from the Bioconductor R statistics program (Fig. 3A) illustrates the intensity detected for 
different gene probes. H460 control cell samples were labeled control 1 and control 2, and the 
DPTA NONOate–treated cells were labeled as DPTA NONOate 1 and DPTA NONOate 2. The 
high-resolution microarray heat map image is available in Fig. S1. The computer program bracket 
links two samples that have similar genotypes. As expected, control 1 and control 2 displayed 
expression profiles distinct from those of NO-treated 1 and 2. The probed gene with significant 
differences (p 0.01) (Table S2) was selected as the next interpretation. Although the 
mRNA level ofOct4 analyzed by microarray in NO-treated cells was not significantly altered (Table 
S2), the Oct4 protein expression was significantly up-regulated (Fig. 2), suggesting that the NO may 
not regulate Oct4 up-regulation via transcriptional means but may affect the protein stability. 

The genes displayed significant differences (p < 0.01) (Table S2) between treatments, and 
control groups were subjected for Gene Ontology (GO) using Enrichr (an integrative web-based 
and mobile software application; http://amp.pharm.mssm.edu/Enrichr/)  (38, 39), providing the 
gene set enrichment analysis. We used the Enrichr-EhEA-2016 feature (39), which analyzed and 
indicated the responsible transcription factors (TFs) for the set of gene expression changed with 
ChIP databases (PMID: 20709693) (40). Fig. 3B shows the analyzed results by EnrichrEhEA-2016 
indicating the TF names and PubMed IDs of ChIPseq experiments; a list of NO-mediated gene 
expression changes that matched the gene list in each ChIP-seq; and the p value calculated from 
matched and unmatched genes in each ChIP-seq. The results showed that genes altered by NO 
treatment are the regulated target genes of various TFs, including Ap2-alpha, Ets1, Jar1d1A, Oct4, 
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Myc, Sall4, Klf4, E2A, Top2B, Maf, and Stat3 (Fig. 3B). To verify the effect of NO in regulation of 
CSCs through Oct4 activity, the Oct4-targeted genes were analyzed by RT-PCR (Fig. 3C). The mRNA 
expression of COLEC12, LAMP1, MYH3, PER3, ROS26, and UBE2S genes were up-regulated after 
treatment with NO in a concentration dependent manner. The RT-PCR results were consistent 
with the results from the microarray analysis. Fig. 3D indicates the selected NO-mediated gene 
alteration (only genes of which their mRNA expression is controlled by Oct4) and its primer 
sequences.  

 

Figure 3. Microarray analysis of the effect of nitric oxide on H460 cells. 

H460 cells treated with DPTA NONOate and untreated control were subjected to analyzing the mRNA 
expression profile by Affymetrix chips as per the manufacture’s procedure. A, gene probes with a significant 
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difference (p < 0.05) between DPTA NONOate-treated and the control group analyzed by CU-DREAM program 
generated heat maps of genes by the Bioconductor R statistic program. B, results form Enrichr-EhEA-2016 
demonstrated the gene list of nitric oxide-mediated gene expression matched with targeted genes of transcription 
factors evaluated by ChIP-seq assay. C, qRT-PCR was used to verify the microarray results. The mRNA expression 
of Oct4 downstream targets, including COLEC12, LAMP1, MYH3, PER3, ROS26, and UBE2S, were subjected to RT-
PCT analysis. The bars are means ± S.D. (n = 3). *, p  0.05 versus nontreated cells; **, p  0.001–0,01; and ***, p  
0.001. D, NO-inducing gene alteration (only form Oct4 axis) and its primer sequences for RT-PCR. 

 

Nitric oxide suppresses the degradation of Oct4 by diminishing its ubiquitin 
proteasomal degradation. 

Based on previous studies showing the role of Oct4 in controlling stem cell properties 
and expression of CSC markers CD133 and ALDH1A1 (41, 42), our finding demonstrates that the 
effects of NO on Oct4 were not involved in the transcription process of Oct4. Thus, we 
investigated the potential regulation of NO on Oct4 post-translational modifications. Because NO 
has previously been shown to promote the stability of various proteins (43, 44), we tested 
whether NO could stabilize Oct4, which may contribute to its up-regulation after the NO donor 
treatment.  

The cells were treated with 40 M DPTA NONOate at various times in the presence or 
absence of cycloheximide (CHX), a protein synthesis inhibitor, and the expression of Oct4 was 
monitored by Western blotting (Fig. 4A). The results showed that treatment of the cells with 
DPTA NONOate significantly increased the expression of Oct4 over time as compared with the 
untreated control (Fig. 4B), suggesting the stabilizing effect of NO on Oct4.  

Because previous studies have shown that the cellular level of Oct4 is regulated by the 
ubiquitin–proteasomal degradation pathway (45), we next investigated whether Oct4 up-
regulation by NO may occur through this pathway. Immunoprecipitation studies were carried out 
to evaluate the effect of NO on Oct4 ubiquitination. H460 cells were treated with various 
concentrations of DPTA NONOate in the presence of lactacystin, a highly specific proteasome 
inhibitor, for 12 h, after which cell lysates were prepared and immunoprecipitated using an anti-
Oct4 antibody. The resulting immune complexes were then analyzed for protein ubiquitination 
by Western blotting using an antiubiquitin antibody. The results showed that Oct4 ubiquitination 
was dose-dependently reduced by the NO donor treatment (Fig. 4, C and D). This study indicates 
that NO exerts a promoting effect on Oct4 expression by inhibiting its ubiquitin–proteasomal 
degradation. 
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Nitric oxide increases phosphorylated Akt (Ser-473) and caveolin-1 levels 

Phosphorylation of Oct4 by cellular kinases is crucial to its biological activity (46). We 
next tested whether NO could alter the activity of key cellular kinases, including Akt, Src, and Erk 
in lung cancer H460, H23, and H292 cells. The cells were cultivated in the presence or absence 
of various concentrations of DPTA NONOate, and the expression levels of these proteins as well 
as their phosphorylated forms were determined by Western blotting. The results showed that NO 
treatment significantly increased the expression ratio of p-Akt (Ser-473) to Akt in a dose-
dependent manner in H460 (Fig. 4, E and H), H23 (Fig.4, F and I), and H292 (Fig. 4, G and J) cells. 

We further investigated whether the effect of NO-mediated Oct4 up-regulation is an Akt-
dependent mechanism, and H460 cells were treated with 40 M DPTA NONOate in the presence 
or absence of 2.5 M perifosine (selective Akt inhibitor) for 5 days. As control, cells were treated 
with 2.5 M perifosine alone for 5 days and analyzed forOct4 expression by Western blotting (Fig. 
4, K and L). Treatment of the cells with DPTA NONOate strongly up-regulated the Oct4 level, 
whereas the perifosine treatment alone dramatically down-regulated the Oct4 level. In addition, 
the up-regulation of Oct4 by DPTA NONOate could be blocked by the perifosine treatment, 
suggesting that the upregulation of Oct4 by NO occurs through an Akt-dependent pathway. 

Cav-1 was shown to exhibit an inhibitory effect on inducible NO synthases (34, 35). We 
therefore investigated whether NO could affect Cav-1 expression. H460, H23, and H292 cells were 
cultivated in the presence or absence of various concentrations of DPTA NONOate, and the 
expression level of Cav-1 was examined by Western blotting. The results showed that Cav-1 
expression was strongly up-regulated in the NO-treated cells in a dose-dependent manner in 
H460 (Fig. 4, E and H), H23 (Fig. 4, F and I), and H292 (Fig. 4, G and J) cells. 

Caveolin-1 enhances the degradation of Oct4 via ubiquitin–proteasome pathway. 

Cav-1  is known to regulate several cancer cell behaviors, including migration (4 7 ) , 
invasion (48), and anoikis resistance (49). Because Cav-1 is up-regulated by NO, we tested whether 
Cav-1  could be involved in the regulation of lung CSCs. Cav-1  expression was ectopically 
expressed or knocked down by FLAG–Cav-1  or shRNA–Cav-1 , respectively, and their effects on 
spheroid formation and CSC marker expression were examined in H4 6 0  cells. Fig. 5 A shows 
microscopic images of the spheroids formed by the genetically modified and control cells. 
Quantitative analyses of the spheroid number and size showed a significant increase in the 
spheroid number in shRNA–Cav-1  cells and a decrease in FLAG–Cav-1  cells as compared with 
controls (Fig. 5 B). Spheroid size was also found to decrease in FLAG–Cav-1  cells; however, no 
significant change was observed in shRNA–Cav-1  cells. These results indicate that Cav-1  is a 
negative regulator of CSCs in the tested cell system. Western blot analysis of CSC-related 
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proteins, including CD133, ALDH1A1, and Oct4, showed that the expression of these proteins was 
inversely correlated with Cav-1 expression (Fig. 5, C and D), thus supporting the suppressive role 
of Cav-1 in CSC regulation. These results also suggest that certain downstream targets of Cav-1 , 
such as Oct4, may be involved in the regulation of CSCs by Cav-1. For verification, the data were 
provided in Fig. S2 . The expression of Cav-1  protein in nontreated H460 cells was comparable 
with mock control transfectants (Fig. S2A). The effect of shRNA–Cav-1 plasmid on the alteration of 
Cav-1 , Oct4 , and CD133 proteins was verified with two other shRNA–Cav-1 sequences, and the 
results were consistent (Fig. S2B). 

Cav-1 is known to regulate several targeted proteins by controlling their stability post-
translationally (50, 51). To test whether Cav-1 could down-regulate Oct4 (Fig. 5, C and D) in a 
post-translational modification manner, we performed a CHX protein synthesis inhibition study in 
which Cav-1 knockdown and overexpressing cells were treated with 50 g/ml CHX, a protein 
synthesis inhibitor, over time and analyzed for Oct4 expression by Western blotting. The results 
showed that Oct4 protein levels were significantly reduced in the Cav-1-overexpressing cells as 
compared with the knockdown cells at 24 and 36 h post-treatment (Fig. 5, E and F). This result 
suggests that Cav-1 regulates the stability of Oct4 post-translationally.  

Oct4 was previously shown to be degraded via the ubiquitin–proteasomal pathway (52, 
53). To test whether Cav-1 could regulate ubiquitination of Oct4, the ubiquitination level of Oct4 
in Cav-1–overexpressing and knockdown cells was determined. Cells were treated with 
lactacystin, a proteasome inhibitor, and analyzed for Oct4 ubiquitination by immunoprecipitation 
and Western blotting (Fig. 5G). The results showed that Oct4 ubiquitination substantially 
increased in the Cav-1–overexpressing cells but decreased in the knockdown cells relative to 
controls (Fig. 4, G and H). Together, these results suggest Cav-1 mediated down-regulation of Oct4 
via ubiquitin–proteasomal degradation as a mechanism of CSC regulation by Cav-1. 
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Figure 4. NO donor increasesOct4 stability through Akt-dependentmechanisms. 

A,H460 cellsweretreatedwith 40 M DPTA NONOate and 50 g/mlCHX for the indicated times and analyzed for Oct4 
levels by Western blotting. The blots were reprobed with GAPDH to confirm equal loading of the samples. B, 
immunoblot signals of Oct4 were quantified by densitometry, and mean data from independent experiments 
were normalized and presented. The bars are means S.D. (n  3). *, p  0.05 versus nontreated cells. C, H460 cells 
were treated with DPTA NONOate (0–40 M) and lactacystin (10 M) for 12 h and subjected to immunoprecipitation 
(IP) of Oct4. The immunoprecipitation complexes were analyzed for ubiquitin level by Western blotting. D, 
immunoblot signals of ubiquitin were quantified by densitometry, and mean data from independent experiments 
were normalized and presented. The bars are means S.D. (n  3). *, p  0.05 versus nontreated cells. E, H460 cells 
were treated with DPTA NONOate (0–40 M) for 5 days and analyzed for phosphorylated Akt (Ser-473), Akt, 
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phosphorylated Src (Tyr-416), Src, phosphorylated ERK1/2, Eek (1/2), and Cav-1 by Western blotting. The blots 
were reprobed with tubulin to confirm equal loading of the samples. H23(F) and H292 (G) were treated with DPTA 
NONOate (0–40 M) for 5 days and analyzed for phosphorylated Akt (Ser-473), Akt, and Cav-1 by Western blotting. 
The blots were reprobed with tubulin to confirm equal loading of the samples. The immunoblot signals H460 (H), 
H23 (I), and H292 (J) were quantified by densitometry, and mean data from independent experiments were 
normalized and presented. The bars are means  S.D. (n  3). *, p  0.05 versus nontreated cells. K, H460 cells were 
treated with 40 M DPTA NONOate, 40 M NONOate  2.5 M perifosine (specific Akt inhibitor), or 2.5 M perifosine for 5 
days and subjected to Western blot analysis for Oct4 detection. L, Western blotting bands of Oct4 were 
quantified by densitometry, and mean data from independent experiments were normalized and presented. The 
bars are means  S.D. (n 3). *, p 0.05 versus control cells 

 

Caveolin-1 interacts with Oct-4 

The scaffolding function of Cav-1 has been shown to be important in the stability and 
function of several proteins (35, 51, 54). To test whether Cav-1 could interact and form a 
molecular complex with Oct4, H460 cells were immunoprecipitated with an anti-Oct4 or anti-Cav-
1 antibody and analyzed for spe cific protein-binding partners by Western blotting. Fig. 6A shows 
that when Oct4 was immunoprecipitated with anti-Oct4 antibody, the resulting immune 
complexes were positive with anti-Cav-1 antibody but not with anti-p-Cav-1 (Tyr-14) antibody, 
indicating that Oct4 forms a molecular complex with Cav-1 but not with p-Cav-1 (Tyr-14). To 
confirm, Akt activity in the cells was enhanced by SC79, a specific Akt activator, and the 
alteration in level of p-Cav-1 (Tyr-14) and its interaction with Oct4 were analyzed (Fig. S2C). Under 
active Akt status (10 M SC79 treatment), we observed the significant up-regulation of p-Cav-1 (Tyr-
14) and the decrease of the Oct4:Cav-1 complex (Fig. S2C). 

The results showed that Cav-1 was immunoprecipitated with anti-Cav-1 antibody, and 
the immune complexes were similarly positive for anti-Oct4 antibody (Fig. 6B). A previous study 
(46) showed that Akt activity could facilitate phosphorylation of Oct4 and subsequently 
promoted proliferation of CSCs. To test whether phosphorylated Oct4 could bind with Cav-1, 
anti-pOct4 antibody was used for immunoprecipitation, and the immunoprecipitation complexes 
were subjected to evaluation for Cav-1 expression. Fig. 6C shows that p-Oct4 (Ser-236) formed 
complexes only with the Cav-1- 

form (21 kDa mass). As expected, p-Cav-1(Tyr-14) formed no immune complexes with 
Oct4 (Fig. 6D). Taken together, we found the Cav-1:Oct4 protein:protein complex can be inhibited 
by the phosphorylation of Cav-1 at tyrosine 14. 

To substantiate the Oct4:Cav-1 interaction, in-cell co-localization experiments were 
conducted using proximity ligation assay. In this study, cells were treated with anti-Oct4 and anti-
Cav-1, followed by an addition of plus and minus proximity ligation assay (PLA) probes with 
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attached specific DNA strands. The two DNA strands in proximity were ligased, amplified, and 
visualized under a fluorescence microscope. Fig. 6E shows the in-cell Oct4:Cav-1 protein:protein 
complexes (green fluorescence) with Hoechst 33342 (blue fluorescence) serving as a nuclear 
stain. These results support the immunoprecipitation results and indicate the direct interaction 
between Oct4 and Cav-1 in the tested lung cancer cells. 

 

Figure 5. Caveolin-1 diminishes human lung CSC-like phenotypes.  

A, stable transfection of H460 with short hairpin plasmid (sh-cav1), Cav-1–overexpressing plasmid (FLAG-
cav1), and control were suspended and subjected to spheroid formation assay. B, relative spheroid number and 
size were analyzed and calculated as relative to mock-transfected cells on days 10 and 20 of the assay. All plots 
are means  S.D. (n  3). *, p  0.05 versus mock cells. C, stable transfections of H460 cells with sh-cav1, FLAG-cav1, 
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or control were analyzed for Cav-1, CSC markers (CD133 and ALDH1A), and CSC transcription factor 
(Oct4)byWesternblotting. BlotswerereprobedwithGAPDH as a loading control.D,immunoblot signalswere 
quantifiedbydensitometry, and meandata from independent experiments were normalized and presented. The 
bars are means S.D. (n  3). *, p  0.05 versus mock cells. E, stable transfections of H460 cell with sh-cav1 and FLAG-
cav1 were treated with 50 g/ml CHX at indicated times and analyzed for Oct4 level by Western blotting. The 
blots were reprobed with GAPDH to confirm equal loading of the samples. F, immunoblot signals were quantified 
by densitometry, and mean data from independent experiments were normalized and presented. The bars are 
means S.D. (n  3). #, p  0.05 versus FLAG-cav1-transfected cells. G, stable transfected H460 cells were treated with 
10 M lactacystin for 12 h and subjected to Oct4 immunoprecipitation (IP) of Oct4. The immune complexes were 
analyzed for ubiquitin by Western blotting. H, immunoblot signals were quantified by densitometry, and mean 
data from independent experiments were normalized and presented. The bars are means S.D. (n  3). *, p  0.05 
versus mock cells. 

 

 

Figure 6. Caveolin-1 exhibits direct protein–protein interaction with Oct4.  

A, H460 cell lysates were prepared and immunoprecipitated (IP) with anti-Oct4 antibody or control IgG 
and then analyzed Cav-1 and phosphorylated Cav-1 (Tyr-14) by Western blotting assay. B, H460 cell lysates were 
prepared and immunoprecipitated with anti-Cav-1 antibody or control IgG and then analyzed Oct4 with Western 
blotting assay. C, H460 cell lysates were prepared and immunoprecipitated with anti-phosphorylated Oct4 (Ser-
236) antibody or control IgG and then analyzed the Cav-1 expression by Western blotting assay. D, H460 cell 
lysates were prepared and immunoprecipitated with anti-phosphorylated Cav-1(Tyr-14) antibody or control IgG, 
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then evaluated Oct4 protein level by Western blotting. In all experiments, immunoblots were performed on cell 
lysates used as input for immunoprecipitation (IP) using GAPDH antibody to confirm equal loading of the samples. 
E, protein–protein interaction of Cav-1 and Oct4 was confirmed by PLA in H460 cells. After plating H460 cells for 
24 h, the cells were permeabilized and stained with rabbit anti-Cav-1 and mouse anti-Oct4 for 24 h. The stained 
cells were subjected to PLA following the manufacturer’s instruction. The interaction between Cav-1 and Oct4 
was visualized by fluorescence microscopy (20). Cells were stained with Hoechst 33342 dye to aid visualization of 
the cell nucleus. The Cav-1:Oct4 complexes appear as green fluorescence. 

NO-mediated phosphorylation of Akt promotes Oct4 expression by dissociating it 

from caveolin-1 complex 

To investigate the effect of NO on the binding interaction between Oct4 and Cav-1, 
immunoprecipitation studies were conducted in cells treated with DPTA NONOate. After the 
treatment, cell lysates were prepared and immunoprecipitated with an anti-Oct4 antibody. The 
immune complexes were then analyzed for Cav-1 by Western blotting. Fig. 7, A and B, shows that 
as compared with the untreated control, the NO donor treatment dramatically decreased the 
binding interaction between Oct4 and Cav-1. We also investigated the potential role of Akt in 
regulating the Oct4:Cav-1 complex formation because Akt is a known target of NO (22) and is 
involved in many cancer cell behaviors, including cell invasiveness, anoikis, chemotherapy 
resistance, and tumorigenesis (56). In this study, H460 cells were treated with DPTA NONOate in 
the presence or absence of perifosine, a specific Akt inhibitor, and after the treatment, cells 
lysates were prepared and immunoprecipitated with an anti-Oct4 antibody. The resulting immune 
complexes were then probed for Cav-1 by Western blotting. The results showed that the Akt 
inhibitor (peri fosine) significantly increased the Cav-1:Oct4 complex formation, whereas the NO 
donor decreased the complex formation (Fig. 7, C and D). These results indicate that the 
complex formed by Cav-1 and Oct4 is regulated by NO through an Akt-dependent process. 
Together with the results from Fig. 4, NO increased stability of Oct4 by inducing Akt 
phosphorylation (Ser-473), which diminished the interaction of Oct4 to Cav-1. 

Cav-1 was earlier shown to decrease the cellular level of Oct4 by forming a repression 
complex. To investigate whether Cav-1 diminishes the activity of NO on Oct4, Cav-1 knockdown 
(shRNA–Cav-1 ) or overexpressing (FLAG–Cav-1) cells were treated with DPTA NONOate, and the 
expression level of Oct4 in these cells was determined by Western blotting. Fig. 7, E and F, shows 
that the NO treatment significantly increased Oct4 levels in the both Cav-1 knockdown and 
overexpressing cells. As expected, the difference in Oct4 expression between the treated and 
untreated cells was significantly higher in the knockdown cells compared with the overexpressing 
cells. These results suggest that Cav-1 not only decreases the Oct4 level but also diminishes the 
efficacy of NO to up-regulate Oct4. 
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Figure 7. NO-mediated Akt diminishes the interaction between Cav-1 and Oct4. 

A, after treating with DPTA NONOate (40 M) for 12 h, the H460 cell lysates were prepared and subjected 
to immunoprecipitation (IP) with antiOct4 antibody or control IgG and then analyzed the Cav-1 level by Western 
blotting. B, interaction signals were quantified by densitometry, and mean data from independent experiments 
were normalized and presented. The bars are means S.D. (n  3). *, p  0.05 versus control cells. C, H460 cellswere 
treated with 40 M DPTA NONOate, 2.5 M perifosine (specific Akt inhibitor), or 40 M NONOate  2.5 M perifosine for 
12 h, subjected to immunoprecipitation with anti-Oct4 antibody or control IgG, and then evaluated the Cav-1 
protein level by Western blotting. D, interaction signals were quantified by densitometry, and mean data from 
independent experiments were normalized and presented. The bars are means S.D. (n  3). *, p  0.05 versus 
control cells. In all experiments, the immunoblots were performed on cell lysates used as input for 
immunoprecipitation using GAPDH antibody to confirm equal loading of the samples. E, stable transfections of 
H460 cells with sh-cav1 or FLAG-cav1 were treated with 40 M NONOate for 5 days, and cell lysates were 
performed, and measurement of Oct4 and Cav-1 levels was by Western blotting. F, immunoblot signals were 
quantified by densitometry, and mean data from independent experiments were normalized and presented. The 
bars are means  S.D. (n  3). *, p  0.05 versus nontreated cells. #, p  0.05 versus the sh-cav1 means difference of 
nontreated and treated cells. 
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Tyrosine 14 of caveolin-1 is required for its interaction with Oct4.  

Our immunoprecipitation study demonstrated that phosphorylated Cav-1 (Tyr-14) was 
unable to form a complex with Oct4 (Fig. 6, A and D). To determine whether tyrosine 14 of Cav-1 
is essential for the complex formation, site-directed mutation of tyrosine to phenylalanine at 
position 14 of Cav-1 (Y14F) was performed in pcDNA3.1 His-Myc plasmid. The mutated plasmid 
was transfected into H460 cells, and its effect on Cav-1:Oct4 complex formation was determined 
compared with WT FLAG–Cav-1 transfection. Cell lysates of His–Myc–Cav-1 (Y14F)-transfected 
cells and control FLAG–Cav-1- transfected cells were prepared and immunoprecipitated with 
anti-His and anti-FLAG antibody, respectively. The immune complexes were analyzed for Oct4 
expression by Western blotting. As expected, the tyrosine to phenylalanine mutation at position 
14 of Cav-1 prevented its interaction with Oct4 (Fig. 8A). These results clearly indicate that 
tyrosine 14 of Cav-1 is essential to the complex formation with Oct4 and suggest that 
phosphorylation of the tyrosine residue may interrupt the complex formation. 

 

 

Figure 8. Effect of Cav-1 (Y14F) mutation on the interaction between Cav-1 and Oct4. 

A, H460 cells were transfected with Cav1-(Y14F)–Myc–His or FLAG–Cav1. The transfected cells were 
subjected to co-immunoprecipitation by pulling down the tagged proteins (IP:His for Cav1(Y14F)Myc-His and 
IP:FLAG for FLAG Cav1) and measuring the level of Oct4 by Western blotting. B, 3D model of WT Cav-1 (wtCav1) 
(green) bound with Oct4 (purple), where the Tyr-14 residue is presented as a green stick. C, close-up of the Cav-1 
residue 14 on intermolecular hydrogen bond interaction with the Oct4 residues (Gly-308) (dashed line) for the 
WT, pTyr-14, and Y14F Cav-1:Oct4 complexes. 
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Cav-1:Oct4 complex models 

Most Cav-1–interacting proteins contain a caveolin-binding motif (CBM) comprising 
XXXXX, XXXXXX, or XXXXXXX, where is an aromatic amino acid, and X is any amino acid (50), but 
Oct4 does not contain this domain (42). To investigate how Cav-1 interacts with Oct4 and what 
specific amino acid residue(s) may be responsible for this interaction, we conducted a 
computational modeling study of the Cav-1:Oct4 complex. The optimized structures of all model 
complexes are depicted in Fig. 8, B and C, and the intermolecular hydrogen binding (H-bond) 
interactions formed between the two proteins are summarized in Table 1. Note that the H-bond 
was defined by the following criteria: (i) the distance between the H-bond donor (D) and acceptor 
(A) atoms is less than 3.5 Å, and (ii) the angle between D-H-A is larger than 120°. From Table 1, it 
appears that most H-bonds between Cav-1 and Oct4 proteins are conserved, even though Tyr-14 
is either phosphorylated or mutated to phenylalanine. Interestingly, the Y14F substitution in Cav-
1 introduced a loss of H-bond at the mutated residue, whereas an additional H-bond between 
the Cav-1 pTyr-14 residue and the Oct4 Ala-74 residue was detected (see also Fig. 8C). 

The effect of phosphorylation (pTyr-14) and single mutation (Y14F) of Cav-1 on its 
binding interaction with Oct4 was investigated using the molecular modeling/Poisson-Boltzmann 
surface area (MM/PBSA) method. The binding free energy (Gbind) and its energetic components 
on the minimized structures of the WT, pTyr-14, and Y14F Cav-1 complexed with Oct4 are 
summarized in Table 2. The overall structures of the three complexes are relatively similar, and 
thus the entropic term can be ignored. Table 2 shows that both pTyr-14 and Y14FCav-1 induce 
an increase in Gbind 30 and 3 kcal/mol respectively. Although the negative charge of pTyr-14 
leads to a more favorable electrostatic interaction (by 78 kcal/ mol), the large positive polar 

solvation free energy (ΔGsol-ele of 602.4 kcal/mol) reduces the binding efficiency between pTyr-14 
Cav-1 and Oct4 proteins. Meanwhile, both van der Waals and electrostatic contributions are 
slightly reduced in the case of Y14F Cav-1 mutant. These computational models are consistent 
with our experimental data that could indicate that NO-mediated Akt liberates Oct4 from the 
Cav-1:Oct4 complex through Tyr-14 phosphorylation of Cav-1. The released Oct4 is accumulated 
in the cells and promotes the expression of stemness-related genes as depicted in Fig. 9, A and 
B. 
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Table 1 

Hydrogen bond pairs detected at the Cav-1–Oct4 interface for the three studied systems. 
@ means “at” the specific functional group 

 
Table 2 
The binding free energy and its components (kcal/mol) calculated from MM/PBSA method.  
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Discussion 
In this study, we provided new evidence showing that NO promotes CSC-like phenotypes 

in lung cancer cells in part through its stabilizing effect on Oct4. CSCs are the specific population 
of cancer cells that resides in solid tumors and in leukemia (1, 2). The regulation of CSCs is 
believed to control the aggressiveness of cancers (4). Various intrinsic and extrinsic stimuli and 
their cross-talk were documented as the important factors controlling the stemness of cancer 
cells (57, 58). The intrinsic factors include tumor suppressor proteins, oncoproteins, and 
epigenetic regulators, whereas the extrinsic factors include microenvironmental mediators, 
cytokines, and paracrines in the circulating system. NO is a microenvironmental mediator that is 
elevated in several types of cancer, including lung cancer, colon cancer, and breast cancer (19, 
59, 60). An aberrantly high expression of NO was also shown to be correlated with poor prognosis 
of several cancers. These clinical data are consistent with previous experimental data by our 
groups and others showing the stimulating effect of NO on cancer cell aggressiveness (22–26). 

Oct-4 is recognized as a key transcription factor controlling the stemness of both normal 
and cancer cells. In lung cancer cells, the expression of Oct4 is highly correlated with the 
aggressiveness and stemness of the cells (12, 13, 41). Moreover, in various cancer types, an 
increased expression of Oct4 was found to be highly correlated with CSC level and disease 
progression (16, 61). The level of Oct4 is primarily regulated by post-translational modifications 
that control both the expression and activity of Oct4 (52). Alterations in this process could result 
in Oct4 dysregulation and malfunctions. The stability of Oct4 is largely controlled by its 
degradation that occurs mainly through the ubiquitin–proteasome degradation pathway (52). We 
found that NO exerts its effect on Oct4 by interfering with this degradation process, thereby 
increasing its cellular level. In conformity with this finding, we also observed an increase in stem 
cell marker expression and CSC-like behaviors in the treated cells with elevated Oct4 levels. 

In addition, Sox2 dramatically decreased in dose- and timedependent manners after NO 
treatment. The up-regulation of Oct4 with down-regulation of Sox2 were also found in cervical 
cancer, and such a pattern was found to be strongly associated with a poor prognosis (62). 
Besides, a previous study found that the concomitant increase of Oct4, Klf4, and MYC with 
activated status of Akt can deplete endogenous Sox2 (63). Likewise, our microarray analysis 
revealed that NO promoting transcriptional signaling of Oct4, Kfl4, and Myc cascades and Akt 
activity may negatively influence Sox2 expression in our system. Previous studies indicated that 
Sox2 functions as a differentiation enhancer in several cells, including lung cells (64–67), 
suggesting that NO not only increased stem cell transcription factor Oct4, but also decreased 
differentiation signals by 
decreasing the expression of Sox2. 
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 Akt has been reported to regulate Oct4 (46), and its activation due to genetic instability is 
frequently observed in lung cancer (68). Enhanced Akt activation has also been shown to be 
correlated with chemo- and radiotherapy resistance (69) and metastasis (70), and both are key 
characteristics of CSCs. Moreover, the levels of Akt and Oct4 are correlated with poor prognosis 
of patients. In this study, we found that NO regulates CSC-like phenotypes of lung cancer cells by 
increasing the stability of Oct4 in an Akt-dependent manner. 
 We demonstrated that Cav-1 has a negative regulatory effect on Oct4 stability through its 
scaffolding property. Indeed, the Cav-1:Oct4 complex facilitates Oct4 degradation via the 
ubiquitin–proteasome pathway. The disruption of such a complex diminishes the degradation of 
Oct4 and increases its cellular level, thus promoting the CSC-like behaviors. Moreover, we found 
that Oct4, which lacks the CBM (42), can form a molecular complex with Cav-1 through H-
bonding. To our knowledge, this is the first demonstration of the protein– protein interaction of 
Cav-1 and its binding partner that does not occur through the interaction between CBM and 
caveolinscaffolding domain (50). We further found that the tyrosine residue at position 14 of Cav-
1 is required for its interaction 
with Oct4, i.e. via H-bonding possibly between the H-bond donor OH-tyrosine 14 and H-bond 
acceptor that resides in Oct4. Such binding interaction is disrupted when the Tyr-14 of Cav-1 is 
phosphorylated or mutated. 
 Although Cav-1 is highly co-expressed with NOS in cancer (33), it can negatively regulate 
NOS. For example, Cav-1 was shown to inhibit the function of NO synthases that produce NO 
by interacting via its caveolin-scaffolding domain (34, 35). This suggests that Cav-1 and NO may 
play an opposite role in the regulation of CSCs. We found that Cav-1 forming the complex with 
Oct-4 and facilitate Oct4 degradation. Together with results from Fig. 4 indicated that NO 
contradicts the role of Cav-1 through Akt-dependent manner by Akt-mediated diminish the 
interaction of Oct4 to Cav-1. 
 Surprisingly, we found that treatment of the cells with NO also increased the Cav-1 level. 
Although there is no clear explanation, in our opinion such a phenomenon may be due to the 
compensation mechanism of the cells for balancing control of Oct4. Besides, we previously 
showed that NO could increase the Cav-1 level by directly inhibiting its degradation through S-
nitrosylation (71).  
 As Oct4 (72–74) and Cav-1 (75–78) were found in various types of normal and cancerous 
cells, and the function of Oct4 in the regulation of stem cell properties was widely demonstrated 
in both CSC and noncancerous stem cells (72–74), it is interesting to investigate for the Cav-
1:Oct4 suppressor complex in normal stem cells. Also, the abundance of Oct4 in cancer cells 
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may be enhanced by the fact that the cancer cells frequently reside in a high NO concentration 
environment (19) or gain of Akt function (79). 
 In summary, our data demonstrated that NO positively regulates CSC markers, including 
CD133, ALDH1A1, and ABCG2, and promotes tumor spheroid formation, a key feature of CSCs, 
through its stabilizing effect on Oct4. Such up-regulation depends on Akt activation and complex 
formation between Oct4 and Cav-1. By forming a molecular complex with Oct4, Cav-1 facilitates 
ubiquitin–proteasome-mediated degradation of Oct4, which lowers its cellular level and thus 
bioactivity. NO promotes the release of Oct4 from the complex, decreasing its degradation and 
enhancing its activity on CSCs. In forming the complex, the tyrosine 14 residue of Cav-1 is crucial 
for its interaction with Oct4. Mutation or phosphorylation of this residue, i.e. by tyrosine to 
phenylalanine substitution or by NO-mediated Akt activation, diminishes the interaction. 
Together, our findings unveil a novel mechanism of CSC regulation, which could be important in 
understanding the aggressive behaviors of cancer cells and in identifying potential drug targets for 
CSC therapy. 

 
Figure 9. Schematic overview of NO-promoted CSC-like phenotypes through stabilization of 

Oct4 cellular level by dissociating itfrom the Cav-1:Oct4degradation complex.  
A, in the absence of NO, Cav-1 binds to Oct4 and enhances its degradation through the ubiquitin–

proteasome pathway. The reduction of cellular Oct4 level by Cav-1 leads to a decrease in stemness-related gene 
expression, which diminishes CSC-like phenotypes. B, in the presence of NO, NO promotes phosphorylation of 
Cav-1 (tyrosine 14) through the activation of Akt signaling. Because Cav-1 is phosphorylated, Oct4 is dissociated 
from the Cav-1 complex. The liberated Oct4 accumulates in the nucleus and enhances the expression of 
stemness-related genes, which promote CSC-like phenotypes.  
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 68 

Experimental procedures 

Cells and reagents 

Human nonsmall cell lung cancer (NSCLC)-derived cell lines H460, H23, and H292 were 
obtained from the American Type Culture Collection ATCC (Manassas, VA). The cells were 
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, and 100 units/ml each of penicillin and streptomycin (Gibco) at 37 °C in a 5% CO2- 
humidified incubator. Cells were routinely passaged at preconfluent density using a 0.25% trypsin 
solution with 0.53 mM EDTA. 
 RPMI 1640 medium, FBS, L-glutamine, penicillin/streptomycin, phosphate-buffered saline 
(PBS), trypsin, and EDTA were purchased from Gibco. NO donor dipropylenetriamine (DPTA) 
NONOate was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). MTT, dimethyl 
sulfoxide (DMSO), Hoechst 33342, PI, and bovine serum albumin (BSA) were purchased from 
Sigma. Perifosine (Akt inhibitor), antibodies for Akt (catalog no. 9272), phosphorylated Akt (Ser-
473) (catalog no. 4060), ERK (catalog no. 4695), phosphorylated ERK (Thr- 202/Tyr-204) (catalog 
no. 4370), Src (catalog no. 2109), phosphorylated Src (Tyr-416) (catalog no. 6943), ABCG2 (catalog 
no. 42078), ALDH1A1 (catalog no. 54135), Oct4 (catalog no. 4286), Sox2 (catalog no. 3579), Nanog 
(catalog no. 8822), 
Caveolin-1 (Cav-1) (catalog no. 3267), phosphorylated Cav-1 (Tyr-14) (catalog no. 3251), -actin 
(catalog no. 3700), -tubulin (catalog no. 2125), GAPDH (catalog no. 2118), and secondary 
antibodies conjugated with horseradish peroxidase (HRP) were purchased from Cell Signaling 
(Danvers, MA). Antibody for CD133 (catalog no. 130-090-422) was purchased from NewEast 
Bioscience (Miltenyi Biotec GmbH, Germany). Antibody for ubiquitin (catalog no. u0508) was 
purchased from Sigma. Protein G-agarose bead was purchased from GE Healthcare (Uppsala, 
Sweden). 

Cytotoxicity assay 

For cytotoxicity assay, cells were seeded onto 96-well plates at a density of 1x 104 
cells/well and were allowed to incubate overnight. Cells were then treated with various 
concentrations of NO donor (DPTA NONOate 0–200 M) and analyzed for cell viability using MTT 
assay according to the manufacturer’s protocol (Sigma). In brief, the medium was replaced, and 
the treated cells were treated with MTT (500 g/ml) for 4 h at 37 °C. After that, the supernatant 
was removed, and 100 l of DMSO was added to solubilized crystal formazan product. The 
intensity of the formazan product was determined by spectrophotometry at 570 nm using a 
microplate reader (Anthros, Durham, NC). The cytotoxicity index was calculated by dividing the 
absorbance of the treated cells by that of the control cells. 
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Cell death assay 

H460 cells was plated on 96-well plates at a density 1 x 104 cells/well and allowed to 
attach overnight, after which they were subjected to treatment with DPTA NONOate (0–200 M) for 
24 h. After treatment, the cells were washed with PBS and incubated with 10 g/ml Hoechst 
33342 and 5 g/ml PI for 30 min at 37 °C. Nuclear condensation or DNA fragmentation of apoptotic 
cells and PI-positive necrotic cells was visualized and scored under a fluorescence microscope 
(Olympus IX51 with DP70 digital camera system, Tokyo, Japan). 

Spheroid formation assay 

After treatment, the cells were trypsinized with 2.5% trypsin/EDTA and seeded into a 24-
well ultralow attachment plate at the density of 2.5 x 103 cells/well in RPMI 1640 serum-free 
medium. Phase-contrast images of formed spheroids were taken at days 10, 20 and 40 post-
seeding using an inverted phase-contrast microscope (Olympus 1X51 with DP70). 

Microarray analysis 

After specific treatment, the cells were harvested; mRNA was collected, and cRNA was 
prepared as per Affymetrix’s protocol. The gene probes list is shown in Table S1. Gene expression 
profiles of two independent experiments were analyzed by the CU-DREAM program (37). The 
gene probes with significant differences (p  0.05) between control and treatment groups were 
chosen to evaluate and generate a heat map by using the Bioconductor R statistic programs. The 
gene probes with a strongly significant difference (p  0.01) (Table S2) between control and 
treatment groups were Enrichr (http://amp.pharm.mssm.edu/Enrichr/ ) (38, 39) for analyzing gene 
set enrichment. 

RNA isolation and RT-PCR 

Total RNA was prepared using TRIzol reagent (Invitrogen), and cDNA was prepared using 
SuperScript III first-strand synthesis system and oligo(dT) primer (First BASE Laboratories Sdn Bhd) 
(primer sequences shown in Fig. 3). Quantitative PCR analysis was performed on a 7500 Fast real-
time PCR using a Power SYBR Green PCR master mix (Applied Biosystems). 95 °C for 10 min was 
used for initial enzyme activation and was followed by 40 cycles of denaturation at 95 °C for 15 s 
and then at 60 °C for 1 min for annealing and extension processes. Relative expression of each 
gene was normalized with GAPDH gene product. 

Plasmid construction and transfection 

Plasmid construction 
Cav-1 shRNA (sc-29241-SH) was purchased from Santa Cruz Biotechnology, Inc. A 

full-length WT Cav-1– expression vector was generated by subcloning a pGex-Cav1 (a gift from 
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Ambra Pozzi (Addgene plasmid catalog no. 33364) into pCANw-FLAG to generate the 
pCANwFLAG–Cav-1. The plasmid containing site-directed mutation of Cav-1 (Y14F) was purchased 
as pcDNA3.1( )myc–His– Cav-1(Y14F) and verified by GeneArt gene synthesis (quality assurance 
documentation 16AAX3YC). 

Plasmid transfection 
Subconfluent (70%) monolayers of cells were transfected with pCANw–FLAG– 

cav-1 or Cav-1 shRNA or pcDNA3.1( )myc–His– cav(Y14F) plasmid in OptiMEM reduced serum 
media (Gibco, Life Technology, Inc.) using Lipofectamine 3000 reagent, according to the 
manufacture’s protocol (Invitrogen). After 48 h, the medium was replaced with RPMI 1460 
medium containing 10% FBS, and the transfected cells were used as transient transfection. For 
stable transfection, the transfected cells were further cultured and selected for antibiotic 
resistance for 30 days. The expression of the targeted protein or tagged protein were verified by 
Western blotting. The cells were cultured in antibiotic-free RPMI 1640 medium for at least two 
passages before further study. 

Co-immunoprecipitation 

After specific treatments, cells were washed with PBS and lysed with lysis buffer (20 mM 
Tris-HCl, 1 mM MgCl2, 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, supplemented with 
protease inhibitor mixture (Merck, Calbiochem)) and phosphatase inhibitor mixture (Sigma) at 4 °C 
for 20 min. The lysate was pre-cleared by incubating with beads at 4 °C for 1 h and then 
centrifuged at 12,000  g for 20 min at 4 °C. Cell supernatant was determined for protein content 
using the Bradford method (PierceTM, BCA protein assay kit, ThermoFisher Scientific). Cell lysates 
(500 g of protein) were incubated with specific antibody at 4 °C overnight. After that, the 
lysate:immune complexes were incubated with protein G-conjugated agarose beads for 4 h at 4 
°C. The immune:protein:bead complexes were washed five times with cold lysis buffer and 
suspended in 6Laemmli sample buffer. The protein complexes were separated by SDS-PAGE and 
analyzed for protein expression by immunoblotting assay. 

Western blot analysis 

After specific treatments, cells were incubated with lysis buffer containing 20 mM Tris-
HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 2.5 mM sodium 
pyrophosphate, 1 mM -glycerophosphate, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 
1 g/ml leupeptin, 100 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture (Roche 
Applied Science) for 30 min on ice. Cellular lysates were collected and determined for protein 
content using BCA protein assay kit (Pierce). Equal amounts of protein from each sample were 
resolved by SDS-PAGE. After separation, proteins were transferred onto 0.45-m nitrocellulose 
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membranes (BioRad). The blots were blocked for 1 h in 5% nonfat dry milk in TBST (Tris-buffered 
saline with 0.1% Tween containing 25 mM Tris-HCl (pH 7.5), 125 mM NaCl, and 0.1% Tween 20) 
and incubated with appropriate primary antibodies at 4 °C overnight. After three washes with 
TBST, the membrane blots were incubated with HRP-conjugated secondary antibodies for 2 h at 
room temperature. The immune blots were detected by enhanced chemiluminescence 
(Supersignal West Pico; Pierce) and quantified using ImageJ software. 

Immunofluorescence 

Cells were washed with PBS, fixed with 4% paraformaldehyde in PBS at room 
temperature for 10 min, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. They were 
then washed with PBS and blocked for nonspecific binding by incubation with 3% BSA in PBS for 
30 min. The blocked cells were incubated with specific antibody overnight, and after washing 
with PBS, they were incubated with species-specific AlexaFluor488–conjugated antibody or Alexa-
Fluor569–conjugated antibody for 2 h. The stained cells were washed and mounted with an 
antifade mounting medium. Hoechst 33342 was used to stain the cell nucleus. The cells were 
visualized by fluorescence imaging (Olympus IX5). 

Proximity ligation assay 

Cells were fixed with 4% paraformaldehyde in PBS at room temperature for 10 min and 
permeabilized with 0.1% Triton X-100 in PBS for 5 min. Then the fixed cells were incubated with 
primary antibodies (against Cav-1 and Oct4) for 24 h at 4 °C. Excess primary antibodies were 
removed by washing the cells with cold PBS, and oligonucleotide-conjugated secondary 
antibodies (PLA probe MINUS and PLA probe PLUS) were added to the cells and allowed to be 
incubated for 1 h at 37 °C. 

The samples were washed with a buffer containing 0.01 M Tris (pH 7.4), 0.15 M NaCl, and 
0.05% Tween 20 and treated with a ligation solution for 30 min at 37 °C. After that, the ligate 
nucleotides were amplified and labeled with a fluorescence probe by added amplification 
solution (fluorescently labeled oligonucleotides) and polymerase solution in pre-heated humidity 
37 °C incubator for 100 min. After washing and drying at room temperature in the dark, the 
samples were mounted using an antifade mounting medium containing 4,6-diamidino-2-
phenylindole. Specific protein–protein interactions were analyzed by fluorescence microscopy 
(Olympus IX5). 

Computational method 

To date, the three-dimensional structures of both CAV1 and OCT4 have yet to be 
resolved; therefore, in this study, homology modeling, a promising tool to predict protein 
structure based on a template containing a similar sequence, was applied using Phrye2 (80). The 
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sequences of CAV1 and OCT4 were taken from Uniprot entry codes Q03135 (81) and Q01860 (82), 
respectively. According to the sequence alignment by BLAST (83, 84), the crystal structure of 
lipoprotein MtsA (PDB code 3HH8 (52) with 27% similarity) was used as a template for CAV1 WT, 
whereas OCT4 was built from POU protein (PDB code 3L1P (85) with 88% similarity) and OTX2 
homeobox protein (PDB code 2DMS with 23% similarity). 

Each modeled protein was performed in an aqueous solution by all-atom molecular 
dynamics (MD) simulations using AMBER14 package with standard procedures (86–88) as 
summarized below. The two predicted structures were individually minimized using steepest 
descent and conjugated gradient based on the AMBER ff12SB force fields (89) to reduce the steric 
hindrance. Next, the 10-ns MD simulation with the NPT ensemble at 300 K and 1 atm was carried 
out by the PMEMD module. To restrain the covalent bond involved with hydrogen atoms, the 
SHAKE algorithm was applied (90). The particle mesh Ewald summation was used to treat the 
long-range electrostatic interactions, whereas 10 Å of a cutoff value was defined for nonbonded 
interactions (91). The last snapshot of the CAV1- and OCT4-simulated systems was further used 
for structure prediction of the WT CAV1:OCT4 complex. 

Molecular protein–protein docking was performed using ZDOCK 3.0.2 (92) to predict the 
complex structure of OCT4 binding to WT CAV1 based on the parameters used in previous 
studies (55, 93). From the 2000 docked structures, the WT CAV1:OCT4 complex with the highest 
ZDOCK score was retrieved and subsequently used to construct the phosphorylated Tyr-14 CAV1 
(pTyr-14 CAV1) and Y14F CAV1 mutant in complex with OCT4. To reduce the bad contact, all 
complexes were then minimized by steepest descent and conjugated gradient approaches using 
AMBER14 with the AMBER ff12SB force fields (91). Furthermore, the intermolecular hydrogen 
bonding interaction and MM/PBSA binding free energy of CAV1:OCT4 complexes were analyzed to 
investigate the effect of the phosphorylation and the single mutation at Tyr-14 position using 
MMPBSA.py module. 

Statistical analysis 

The data from three or more independent experiments are presented as the mean S.D. 
Multiple comparisons were examined for significant difference of multiple groups, using analysis 
of variance (ANOVA), followed by individual comparisons with Scheffe’s post hoc test. Statistical 
significance was considered at p<0.05. 
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This data is available on  
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Supplement table 2: Genes upregulated/downregulated after treatment with NO in H460 cell 
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Supplement Figure 1: the high resolution of microarray heat map image 
 

 
 
The gene probes with significant difference (P<0.05) between DPTA NONOate-treated (0003 and 
0004) and control group (0001 and 0002) analyzed by CU-DREAM program were generated Heat 
map of genes by the Bioconductor R statistic program. These image is also available on 
http://www.jbc.org/content/early/2018/07/09/jbc.RA117.000287/suppl/DC1  
 
 
 
 

http://www.jbc.org/content/early/2018/07/09/jbc.RA117.000287/suppl/DC1
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Supplement Figure 2 

 
 
(A) Plasmid backbones have no un-specific effect on the Cav-1 expression. H460 cells were 
transfected with pCANw-Flag (over expression control) or sh-scamble plasmid (Sh-control) 
and subjected to Western blot analysis for Cav-1 detection. 
(B) Oct4 expression in the cells transfected with plasmids of different Sh-Cav-1 sequences. 
H460 cell were transfection with Sh-Cav1 sequence A, Sh-Cav1 sequence B, or Sh-Cav1 
sequence C (Origene Cat. No. TG314183). The expression level of Cav-1, Oct4, and CD133 
were then evaluated. 
(C) p-Cav-1 (tyr14) and its interaction with Oct4 under activated Akt induced by a specific Akt 
activator SC79. H460 cells were treated with 10 µM SC79 for 24h. Cell lysates were 
prepared for immunoprecipitation assay. The protein-immune complexes were pulled down 
by anti-Oct4 antibody and investigated for p-Cav-1(Tyr14) and Cav-1 by Western blot 
analysis. 
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Abstract 
The oncogenic cytoplasmic p21 contributes to cancer aggressiveness and 

chemotherapeutic failure. However, the molecular mechanisms remain obscure. Here, we show 
for the first time that cytoplasmic p21 mediates 5-Fluorouracil (5FU) resistance by shuttling p-
Chk2 out of the nucleus to protect the tumor cells from its pro-apoptotic functions. We observed 
that cytoplasmic p21 levels were up-regulated in 5FU-resistant colorectal cancer cells in vitro 
and the in vivo Chorioallantoic membrane (CAM) model. Kinase array analysis revealed that p-
Chk2 is a key target of cytoplasmic p21. Importantly, cytoplasmic form of p21 mediated by 
p21T145D transfection diminished p-Chk2-mediated activation of E2F1 and apoptosis induction. 
Co-immunoprecipitation, immunofluorescence, and proximity ligation assay showed that p21 
forms a complex with p-Chk2 under 5FU exposure. Using in silico computer modeling, we suggest 
that the p21/p-Chk2 interaction hindered the nuclear localization signal of p-Chk2, and therefore, 
the complex is exported out of the nucleus. These findings unravel a novel mechanism regarding 
an oncogenic role of p21 in regulation of resistance to 5FU-based chemotherapy. We suggest a 
possible value of cytoplasmic p21 as a prognosis marker and a therapeutic target in colorectal 
cancer patients. 

Keywords: 5-fluorouracil resistance; p21; cytoplasmic p21; Chk2; colorectal cancer; 
protein interaction 
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Introduction  
5 -Fluorouracil (5 FU) is one of the most commonly prescribed drugs for treatment of 

various solid tumors, especially colorectal cancer (CRC) [1,2]. However, 5FU resistance is known 
to be a major obstacle for efficient 5 FU-based chemotherapy in cancer patients [1 –3 ] .  The 
response rates of metastatic CRC for 5 FU single treatment and combinations with other agents 
are about 15%  and 50% , respectively [1 ,3]. Therefore, new strategies of cancer treatment are 
urgently needed. 

The p21 protein (also known as WAF1 or CIP1) was initially documented to be a tumor 
suppressor protein due to its ability to inhibit cyclin-dependent kinase (CDK) and proliferating cell 
nuclear antigen (PCNA) functions, finally contributing to cell cycle arrest [4 –6 ] .  However, 
accumulating evidence has suggested that p21 may also play an oncogenic role. In this regard, 
high expression levels of p21 in many cancer types are correlated with tumor progression [7–11]. 
A phase I clinical study showed that the potentiation of irinotecan by flavopiridol is due to the 
reduction of p2 1  [1 2 ] .  Likewise, the induction of p2 1  in rectal carcinoma is associated with 
resistance to many therapeutic regimens [1 3 ] .  So far, there is no distinct mechanism that 
sufficiently explains the dual functions of p2 1 . It was suggested that the role of p2 1  on cell 
function control may depend on its sub-cellular localization. Tumor-suppressive functions of p21 
are rather associated with a nuclear localization, while more oncogenic activities are found when 
p21 is localized in the cytoplasm [4,14]. Dependent on its subcellular localization, p21 promotes 
apoptosis in response to different stimuli [4,14–16] or rather triggers pro-survival signaling [17–22], 
which might then contribute to cancer progression and chemotherapeutic resistance. As an 
example, cytoplasmic p2 1  has been shown to mediate cisplatin and paclitaxel resistance in 
various cancers [23–25]. 

Only a few reports describe potential mechanisms of cytoplasmic retention of p2 1 . In 
general, the nuclear localization signal (NLS) and the nuclear export signal (NES) motifs are 
responsible for the active shuttling of proteins between the nucleus and the cytoplasm. Thus, 
the accessibility of the NLS and NES regions under different stress conditions could determine the 
final localization of p2 1 .  Moreover, since the NLS of p2 1  is localized in close proximity of 
phosphorylation sites, it is suggested that kinases are responsible for the compartment switch of 
p21. For example, activated AKT is able to phosphorylate p21 at threonine 145 (T145), which 
results in a cytoplasmic localization of p21 [26]. Indeed, an overactivation of AKT kinase signaling 
has been shown in 5FU-resistant colon cancer cells [27]. Cytoplasmic p21 also interacts with Rho 
kinase 2 , an inhibitor of stress fiber formation and ASK1  to differentiate myofibroblasts into 
fibroblasts and to protect them from apoptosis [28]. Thus, altered nuclear export mechanisms or 
inhibition of nuclear translocation of p21 could be responsible for cytoplasmic localization of p21 
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under drug exposure. Meanwhile, the general importance of the cytoplasmic–nuclear transport 
machinery for cancer has been accepted and it was recently proposed as a promising target for 
anticancer therapy [29]. Nevertheless, the exact mechanism, by which cytoplasmic p21 mediates 
chemoresistance and which interaction partners are involved, remains majorly unknown. 
Especially the role of cytoplasmic p2 1  in controlling 5 FU resistance of CRC has never been 
addressed. Our present study has identified pChk2 T6 8  as a novel interaction partner of 
cytoplasmic p2 1  that seems to confer to 5 FU resistance in CRC. We could verify interplay 
between p21 and pChk2T68 not only in vitro, but also in vivo and in silico. 

 

Results  

Cytotoxic effect of 5FU on colorectal cancer cell lines  

To define a suitable experimental model for investigation of the role of p21 for 5FU 
resistance, we evaluated the susceptibility to 5FU treatment in three different colorectal tumor 
cell lines (HCT116, HT29 and SW837). MTT assay showed the reduction of cell viability in a dose-
dependent manner after 48 h of 5FU treatment in all investigated cell lines. IC50 values were 10 
µM for HCT116 and SW837 cells (Figure 1a,b) and 20 µM for HT29 cells (Figure 1c). Consistently, 
Annexin-PI flow cytometric analysis indicated that the number of apoptotic cells was also 
increased in a dose-dependent manner for HCT116 and SW837 cells, but not for the rather 
resistant HT29 cells (Figure 1d–f). Although the endogenous p21 level differed between the three 
cell lines, there was a remarkable increase in p21 in adherent resistant HCT116 and SW837 cells, 
whereas the resistant HT29 cells increased their p21 expression to a much lower extent after 5FU 
exposure, possibly due to their mutant p53 status (Figure 1g). Thus, our results suggest a 
potential involvement of p21 in reduced response to 5FU in CRC cells remarkable increase in p21 
in adherent resistant HCT116 and SW837 cells, whereas the resistant HT29 cells increased their 
p21 expression to a much lower extent after 5FU exposure, possibly due to their mutant p53 
status (Figure 1g). Thus, our results suggest a potential involvement of p21 in reduced response 
to 5FU in CRC cells. 

 

Cytoplasmic localization of p21 in 5FU-resistant cells in vitro and in vivo 

Next, we investigated the subcellular localization of p21 in CRC cells exposed to 5FU by 
immunofluorescence. After 48 h of 5FU treatment, dead cells were removed by washing with PBS 
and the remaining adherent (mainly resistant) cells were stained with a p21 antibody. Figure 2a 
clearly indicates that p21 was mainly expressed in the cytoplasm of HCT116 cells and this 
cytoplasmic p21 increased in a dose-dependent manner. Some studies have reported that AKT-
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driven phosphorylation of p21 (p-p21T145) is majorly responsible for p21 accumulating in the 
cytoplasm [25,26]. However, as the applied p-p21T145 antibody produced a high number of 
unspecific bands in Western Blots (Figure S1, Supplementary Materials), it could not be used for 
immunofluorescence analysis. Nevertheless, in Western Blot experiments, the correct band of p-
p21T145 could be identified by loading a sample of HCT116 p21−/− cells (Figure S1, 
Supplementary Materials). Here, we found a dose-dependent increase in expression of p-p21T145 
in 5FU-treated cells (Figure 2b). Consistently, similar results were obtained for HT29 and SW837 
cells (Figure S2, Supplementary Materials) and the more resistant HT29 cells exhibited the highest 
endogenous p-p21T145 expression level. Next, we performed in vivo xenograft experiments using 
the CAM assay. HCT116 cells were treated with 5FU for 48 h, the supernatant with apoptotic 
dead cells was removed, and 1 × 106 cells were then transplanted onto the CAM, and tumor 
xenografts were harvested after 5 days of inoculation (13× control and 11× 5FU pre-treated 
specimens, Figure 2c). 5FU treatment led to remarkable reductions in tumor size (22 mm3 to 9.4 
mm3) and vital tumor cell area (86.2% to 11%), and an increase in necrotic areas (4.2% to 23%) 
(Figure 2d: representative images are shown). In the vital cells of the micro-tumors, which were 
expected to represent the 5FU-resistant cell population, we could observe an increase in p21 
expression in the nucleus and cytoplasm after 5FU treatment (Figure 2d,e). 
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Fig. 1 Susceptibility of colorectal cancer cell lines towards 5FU treatment and p21 
expression in 5FU-resistant cells. 

Effects of 5FU on cell viability of (a) HCT116 (b) SW837 and (c) HT29 cells. Cells were treated with various 
concentrations of 5FU (0–100 µM) for 48 h. The percentage of cell viability was determined by the MTT assay. 
Values represent means ± SD of three independent experiments. * p < 0.05 versus non-treated control. Effects of 
5FU on cell apoptosis of (d) HCT116 (e) HT29 and (f) SW837 cells. Cells were treated with 25 µM or 100 µM of 
5FU for 48 h. Apoptotic cell death was determined by Annexin-PI co-staining and fluorescent signals were 
analyzed by flow cytometry. UL: upper left (necrosis), LL: lower left (vital), LR: lower right (apoptosis), UR: upper 
right (late apoptosis). (g) The expression level of p21 in 5FU-resistant cells was determined by Western Blot 
analysis in three colorectal cancer cell lines. Cells were treated with various concentrations of 5FU for 48 h. After 
incubation, dead cells were discarded by washing the plates 3 times with PBS, and the remaining resistant cells 
were collected to prepare protein lysates as mentioned in the Material and Methods section. The blots were re-
probed with GAPDH to confirm equal loading of the samples.  
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Fig. 2 Localization of p21 in 5FU-resistant HCT116 cells. 
(a) HCT116 cells were treated with various concentrations of 5FU for 48 h and the expression of p21 was 
determined by immunofluorescence staining using mouse anti-p21 monoclonal antibodies followed by an Alexa 
Fluor 555-labeled secondary antibody to visualize p21 expression (red) and the nuclei (Hoechst 33342, blue). 
Scale bar: 50 µm. (b) The expression level of phosphorylated-p21 (p-p21T145) in 5FU-resistant HCT116 cells was 
determined by Western Blot analysis. Cells were treated with various concentrations of 5FU for 48 h. After 
incubation, dead cells were discarded by washing the plates 3 times with PBS and the remaining resistant cells 
were collected to prepare protein lysates as mentioned in the Material and Methods section. The blots were re-
probed with GAPDH to confirm equal loading of the samples. (c) Ex ovo images and overviews of H&E-stained 
sections of CAM micro-tumors. For this, HCT116 cells were treated with 15 µM of 5FU for 48 h. Then the 5FU-
resistant HCT116 cells were subjected to the CAM. After 5 days, tumor tissues were collected, tumor size was 
measured, and xenografts were subjected to standard histological and immunohistochemical procedures. (d) H&E 
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staining and immunohistochemical staining of p21 protein in vital areas of tumor slices. (e) Immunoscore of p21 
regarding its cytoplasmic and nuclear localization in xenografts of 5FU-treated HCT116 and control cells. *** p < 
0.001 versus non-treated control. 
 

Cytoplasmic p21 induces apoptosis resistance after 5FU treatment 

To further evaluate the role of cytoplasmic p21 in 5FU resistance, control as well as 
separately collected resistant (R, adherent) and dead (D, detached) cells after 5FU exposure for 
48 h were analyzed for PARP cleavage, p21, and p-p21T145 protein expression by Western Blot 
analysis. PARP is known to be one of the major targets of caspase-3 and PARP cleavage is a 
commonly applied marker of apoptotic cell death [30,31]. The nearly complete absence of 
cleaved PARP in resistant adherent cells (R) indicated that low or no apoptotic signaling was 
activated in these cells. In contrast, high PARP cleavage could be observed in apoptotic floating 
cells (D) (Figure 3a–c). As anticipated from the CAM experiments, there was a remarkable increase 
in both total p21 and p p21T145 levels for vital cells (R) of all three cell lines. While the total 
p21 protein expression decreased to the corresponding control levels in apoptotic cells (D), the 
p-p21T145 protein expression was even reduced below the control levels (Figure 3d–f). 
Immunofluorescence images of 5FU-treated HCT116, HT29 and SW837 cells confirmed these 
findings, showing a cytoplasmic enrichment of p21 in viable adherent cells. Interestingly, the few 
apoptotic cells with signs of chromatin condensation did not show p21 at all (Figure 3g).  

Since there was a remarkable cytoplasmic p21 increase under 5FU treatment in the 
resistant cells in vitro and in vivo, we transfected HCT116 cells with the hyperphosphorylated 
p21T145D or the non-phosphorylatable p21T145A form of p21. In general, transfection without 
5FU treatment did not induce PARP cleavage. However, 5FU treatment led to a strong increase in 
p21 without PARP cleavage in p21T145D-transfected cells, while in control cells and cells 
transfected with the p21T145A form, PARP cleavage was induced (Figure 3h). Moreover, nuclear 
and cytoplasmic localizations of p21 after p21T145D transfection were verified by 
immunofluorescence, whereas p21 after p21T145A transfection was found mostly in the nucleus 
(Figure S3a, Supplementary Materials). Successful transfection after 24 h is shown in Figure S3b 
(Supplementary Materials). It should be noted that transient transfection led to a normalization 
of p21 level after 72 h (Figure 3h, left panel), but cells were treated with 5FU at the time point of 
maximal p21 expression (Figure S3b, Supplementary Materials). 

At this point, from our experimental data obtained from the three CRC cell lines 
(HCT116, HT29 and SW837) described above, we would expect that HCT116 cells without p21 
should be more sensitive to 5FU. To test this, we treated HCT116 p21−/− cells with 10 µM 5FU 
and performed 
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an Annexin-PI-FACS analysis (48 h, Figure 4a,b) and crystal violet assay (24 h and 48 h, Figure 4c) 
to determine the viability of cells. Interestingly, p21−/− cells were even more resistant to the 
5FU treatment, suggesting that cells without p21 paradoxically take another pathway to develop 
a resistance to 5FU treatment. 
 

 
Cytoplasmic p21 mediates 5FU resistance in colorectal cancer cells.  

(a–f) The expression levels of PARP, cleaved PARP (cl. PARP), phosphorylated-p21 (p-p21T145) and p21 in resistant 
cells (R) and dead cells (D) were determined by Western Blot analysis after 48 h of treatment with 5FU. For this, 
HCT116, HT29, and SW837 cells were treated with various concentrations of 5FU. After 48 h, resistant cells (R) and 
dead cells (D) were collected separately and protein lysates were prepared. The blots were re-probed with 
GAPDH to confirm equal loading of the samples. (g) Expression of p21 in viable and dead cells after 48 h of 5FU 
treatment. HCT116, HT29, and SW837 cells were treated with various concentrations of 5FU for 48 h and the 
expression levels of p21 were determined by immunofluorescence staining for p21 (red) and the cell nuclei 
(Hoechst 33342, blue). White arrow indicates apoptotic cells having condensed chromatin and/or fragmented 
nuclei. Scale bar: 50 µm. (h) 5FU susceptibility of HCT116 cells transfected with hyperphosphorylated p21T145D 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 102 

and unphosphorylatable p21T145A. After 24 h of transfection, cells were treated with 5FU (25 µM) for further 48 
h. Untreated cells were used as controls. The expression levels of PARP, cleaved PARP (cl. PARP), and p21 were 
determined by Western Blot analysis. The blots were re-probed with GAPDH to confirm equal loading of the 
samples. 
 

 
 

Fig. 4 Susceptibility of HCT116 wildtype (HCT116) and HCT116 p21 knockout (p21 -/-) 
colorectal cancer cell lines towards 5FU treatment. 

(a) Effects of 5FU (10 µM) on the induction of apoptosis and necrosis in HCT116 and p21−/− cells after 48 h of 
incubation as assessed by the Annexin-PI assay. The experiment was carried out in technical and biological 
duplicate. One representative experiment is shown. (b) Fractions of live, early-apoptotic, late-apoptotic and 
necrotic cells in 5FU-treated and control HCT116 and p21−/− cell populations as determined from the Annexin-PI 
assay after 48 h of incubation. Values of one representative experiment are shown. (c) Cell viability of HCT116 
and p21−/− cells after treatment with 5FU (10 µM) for 24 h and 48 h with respect to DMSO controls. Values 
represent means ± SD of three independent experiments. ** p < 0.01. 
 
 

 Cytoplasmic p21 activates cell survival signals and attenuates the pro-apoptotic 

effect of Chk2 in vitro and in vivo 

To identify which kinase could be a crucial interaction partner of p21 for 5FU resistance, 
we quantified the expression of a phospho-kinase panel in control and the hyperphosphorylated 
p21T145D-transfected cells using an antibody-based array. Figure 5a,b shows that there was an 
increase in phosphorylation of Chk2 (T68), FAK (Y397), Lck (Y394), ERK 1/2 (T202/Y204, 
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T185/Y187), and AMPKα1 (T183) in the hyperphosphorylated p21T145D-transfected cells when 
compared to the control cells. In addition, as it is known that phosphorylation of p21 at 
threonine 145 is mediated by the activity of AKT, hyperphosphorylated AKTT308D,S473D was 
used to investigate the expression of human kinase profile after transfection of HCT116 cells with 
hyperphosphorylated AKTT308D,S473D plasmid. As expected, transfection with 
hyperphosphorylated AKTT308D,S473D provided the same pattern of up-regulated kinases as 
transfection with hyperphosphorylated p21T145D (Figure S4, Supplementary Materials) 

Thus, for the first time, we identified possible targets of p-p21 that could be involved in 
mediating 5FU resistance. We further focused on the interplay of p-p21 with the stress-responsive 
protein Chk2. This protein seemed to be promising since a few studies already indicated a role of 
p-Chk2T68 for the regulation of apoptosis in response to stress signals [32,33]. Moreover, its 
forkhead-associated (FHA) domain, which typically binds to phospho-threonine residues [34], 
might interact with threonine 145 of p21. Therefore, we suggest that p-p21T145 might interfere 
with the pro-apoptotic function of p-Chk2T68. To study the interaction between p21 and Chk2 in 
more detail, we first investigated the expression level of p-Chk2T68 and its total form in 5FU-
resistant cells (vital adherent cells after 5FU treatment). The results indicated that in all three 
investigated cell lines, an increased protein expression of p-Chk2T68 was found in viable 5FU-
resistant cells, while the total Chk2 protein level remained mainly unaffected by 5FU treatment 
(Figure 5c–e). 

To clarify if the increase in p-Chk2T68 levels is correlated with an increase in 
phosphorylation of its major target, p-E2F1 [33], we transfected HCT116 cells with 
hyperphosphorylated p21T145D or the non-phosphorylatable p21T145A and then studied the p-
E2F1 levels by Western Blot after 5FU exposure. While the damage sensor p-Chk2T68 was 
commonly induced after 5FU treatment, transfection with the non-phosphorylatable p21T145A 
form interestingly resulted in a higher p-E2F1 level than transfection with the 
hyperphosphorylated p-p21T145D (Figure 5f), suggesting that non-phosphorylatable p21T145A. 
form cannot interact with pChk2 to inhibit its signaling. 
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Fig. 5 p21 inhibits pro-apoptotic effect of Chk2. (a-b) Expression levels of  

phospho-proteins in transfected cells. 
 (a,b) Expression levels of phospho-proteins in transfected cells. HCT116 cells were transfected with 
hyperphosphorylated p21T145D. After 48 h of transfection, cells lysates were prepared and subjected to the 
Human Phospho-Kinase Array Kit (R&D systems). The expression levels of phosphorylated Chk2 (p-Chk2T68) and 
Chk2 in 5FU-resistant HCT116 (c), HT29 (d), and SW837 (e) cells were determined by Western Blot. (The same 
lysates were loaded on two different membranes for Chk2 and pChk2 detection). For this, cells were treated with 
various concentrations of 5FU for 48 h. Dead cells were removed by washing with PBS and the remaining viable 
cells were collected to prepare protein lysates as mentioned in the Material and Methods sections. The blots 
were re-probed with GAPDH to confirm equal loading of the samples. (f) The expression levels of phosphorylated 
Chk2 (p-Chk2T68), Chk2, and p-E2F1 in HCT116 cells transfected with hyperphosphorylated p21T145D and 
unphosphorylatable p21T145A in response to 5FU treatment were determined by Western Blot analysis. After 24 
h transfection, cells were left untreated or were treated with 5FU (25 µM) for further 48 h. Dead cells were 
removed by washing with PBS and the remaining viable cells were collected to prepare protein lysates. The 
expression of p-E2F1, p-Chk2T68 and Chk2 were determined and the blots were re-probed with GAPDH to 
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confirm equal loading of the samples. Immunohistochemical staining of p-chk2T68 in CAM xenografts formed by 
HCT116 control (g) and HCT116 5FU-treated (h) cells. (i) p-chk2T68 immunoscore in cytoplasmic and nuclear 
localizations in tumors of the HCT116 5FU-treated and untreated groups. * p < 0.05 versus non-treated control. 
 

In a next step, we stained sections of CAM xenografts with a p-Chk2T68 antibody. As 
expected, a significant increase of p-Chk2T68 expression in the cytoplasm was observed in vital 
tumor cells of 5FU-treated xenografts compared to the untreated control group (p-value = 
0.0173) with only a slight decrease of p-Chk2T68 expression in the nucleus of 5FU-treated cells 
when compared to the untreated controls (Figure 5g–i). Taken together, we suggest that after 5FU 
treatment, p-p21T145 in resistant vital tumor cells could relocate p-Chk2 from the nucleus to the 
cytoplasm, thus suppressing the recruitment of p-Chk2 to the pro-apoptotic program. 
 

p21 interacts with p-Chk2 in 5-FU resistant cells.   

It is well known that p21 directly interacts with several proteins and retains them in the 
cytoplasm [35–38]. Thus, we raised the question if p-p21T145 and p-Chk2 might be interacting 
proteins. First, we confirmed a co-localization of p21 and p-Chk2 and p21 and total Chk2 by co-
immunofluorescence staining resistant cells after 5FU exposure. Figure 6a–f show that this co-
localization was found in both compartments of 5FU-resistant cells in all three cell lines. In a 
Duo-link assay, we further confirmed a direct physical interaction between p21 and p-Chk2T68 
mainly in the nuclei and a few signals also in the cytoplasm of 5FU-resistant HT29 cells (Figure 
7a). Images of single antibody staining for untreated and 5FU-treated HT29 cells are given in 
Figure S5a,b in Supplementary Materials. Confocal microscopy images of Duo-link assay are given 
in Figure 7b. Additionally, we were able to detect an interaction of p21 and p-Chk2T68 in 5FU-
resistant cells in a dose-dependent manner, performing a co-immunoprecipitation in HCT116 
cells (Figure 7c). 

Additionally, the structural modeling presented in Figure 7d–g provides further evidence 
that p21 has the capability to interact with Chk2. The interaction site of p21 was found in the 
second NLS of Chk2 at the arginines of positions 240 and 241 (Figure 7e). When the threonine 145 
of p21 and the threonine 68 of Chk2 were phosphorylated, the energy of the complex of both 
phosphorylated molecules was found to decrease from −907.3 kcal/mol to −1083.5 kcal/mol 
pointing to a stabilized and stronger binding. The schematic model in Figure 8 describes our 
hypothesis regarding Chk2 localization and function being controlled by p21 in 5FU-treated cells. 
Phosphorylation at threonine 68 leads to a blockage of the NLS of Chk2 (Figure 7f). We identified 
two NES sequences of p21 NES1: amino acids 68–78 with the sequence VRGLGLPKLYL and NES2: 
at amino acids 102–119 with the sequence LQGTAEEDHVDLSLSSCTL. Two NES sequences of Chk2 
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were found using the prediction tool LocNES: amino acids 92–106 with the sequence 
PWARLWALQDGFANL and a second one at amino acids 454–468 with the sequence 
EVSEKALDLVKKLLV with the latter being the relevant NES of Chk2. Examining the interaction 
profile of the p-p21T145/p-Chk2T68 complex obtained by structural modeling, it is clearly 
evident that both NES regions of p-Chk2 are without any interaction with p-p21 facilitating export 
of the complex to the cytoplasm (Figure 7g). Figure 7g shows the NLS and NES regions in the 
modeled complex. Since we could not find a prominent cytoplasmic p21/p-Chk2 complex with 
PLA analysis, we suggest that it might dissociate in the cytoplasm. This in silico model is 
supported by co-immunoprecipitation data where we can show that Chk2 signals increase with 
higher 5FU concentrations only when immunoprecipitated with p-p21 but not when 
immunoprecipitated with the p21 antibody (Figure S6a,b, Supplementary Materials). Thus, the 
function of p-p21T145 might be the permanent export of activated Chk2 from the nucleus, 
minimizing its pro-apoptotic signaling 
(Figure 8). 

Together, our data demonstrated that interaction of p-p21T145 with p-Chk2T68 is one of 
the pro-survival mechanisms contributing to 5FU resistance in CRC cells. 
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Figure 6 Co-localization of p21 and p-Chk2T68 / Chk2 in 5FU-resistant cells.  
(a,b) HT29, (c) HCT116 and (d) SW837 cells were treated with various concentrations of 5FU for 48 h and the 
expression of p21 and p-Chk2T68 was examined by immunofluorescence staining using mouse anti-p21 
monoclonal antibodies followed by an Alexa Fluor 555-labeled secondary antibody to visualize p21 expression 
(red), rabbit anti-p-Chk2T68 monoclonal antibodies followed by an Alexa Fluor 488-labeled secondary antibody 
to visualize p-Chk2T68 expression (green) and cell nuclei (Hoechst 33342, blue). (a) Enlarged images of p21 and p-
Chk2T68 co-localization in 5FU-resistant HT29 cells. Scale bar: 50 µm; (e) HCT116 cells were treated with 100 µM 
5FU for 48 h and the expression of p21 and Chk2 was examined by immunofluorescence staining using mouse 
anti-p21 monoclonal antibodies followed by an Alexa Fluor 555-labeled secondary antibody to visualize p21 
expression (red), rabbit anti-Chk2 monoclonal antibodies followed by an Alexa Fluor 488-labeled secondary 
antibody to visualize Chk2 expression (green) and cell nuclei (Hoechst 33342, blue). Scale bar: 50 µm; and (f) 2.5-
fold computer-enlarged images from merge images in (e). 
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Fig. 7 Interaction between p21 and Chk2 proteins. 
Cells were treated with 100 μM 5FU for 48 h and the protein–protein interaction of p21-p-Chk2T68 was analyzed 
by proximity ligation assay (HT29) (red signals indicate the protein–protein interaction between p21 and p-
Chk2T68. (a) Fluorescence images of untreated control HT29 cells (40× magnification) and 5FU-treated HT29 cells 

(40× and 100× magnification) (scale bar: 50 μm); (b) confocal images. (c) 5FU-treated HCT116 cell lysates were 
prepared and immunoprecipitated with an anti-p-chk2T68 antibody. The resulting immune complexes were then 
analyzed for p21 by Western Blot using an anti-p21 antibody. (d) Complex of p21 and Chk2 obtained by structural 
modelling; p21 (cyan) was modelled using two PDB structures 4I58 and 5EOU as templates using MODELLER [39]. 
Chk2 (magenta) was obtained from its crystal structure 2WTC after removing the coordinates of the inhibitor. The 
structures were energy-minimized and docked using ClusPro [40] and rendered using Chimera [40]. (e) Complex of 
phosphorylated p21 and Chek2: the energy-minimized stable structure of p21 (cyan) was phosphorylated at 
Threonine residue at position 145 using Chimera [41] and was docked with the structural model of Chek2 
(magenta) using ClusPro [40]. The nuclear localization signal (NLS) region of Chk2 is shown in red. The insert shows 
the phosphorylation of T145 of p21 in the model. The interactions between the proteins were identified using the 
Protein Interaction Calculator (PIC) [42]. (f) Complex of p21 and phosphorylated Chk2: the energy-minimized 
stable structure of Chk2 (magenta) was phosphorylated at Threonine residue at position 68 using Chimera [41] 
and was docked with the structural model of p21 (cyan) using ClusPro [40]. The NLS region of Chk2 is shown in 
red and the residues around and in the NLS are labelled. The insert shows the phosphorylation of T68 of Chk2 in 
the model. The interactions between the proteins were identified using the PIC [42]. (g) Complex of 
phosphorylated p21 (T145) 
and phosphorylated Chek2 (T68): individual structural models of p21 phosphorylated at T145 and Chek2 
phosphorylated at T68 were docked using ClusPro [40] and rendered using Chimera [41]. The NLS of Chek2 is 
shown in red and the nuclear export signal (NES) is shown in green. The interaction profile of the p-p21/p-Chk2 
complex identified by the PIC [42] shows that no amino acid in the NES region of p21 interacts with p-Chk2, 
hence showing that the NES is free from any interactions facilitating export of the complex to the cytoplasm.  

 
Fig. 8 Schematic model of p21/Chk2 mediated 5-FU resistance.  
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Black stars mark where experimental evidence is given, and orange star marks in silico analysis. The fate of p-Chk2 
in the cytoplasm after detachment of the complex is unclear. 

Discussion 
Chemoresistance has become the major limitation for 5FU-based therapy in multiple 

types of cancer [1,3]. Thus, there is an urgent need to better understand the underlying 
molecular mechanism and to finally identify novel biomarkers with the potential to predict the 
patient’s specific drug response. For the first time, our study revealed that cytoplasmic p21 plays 
a critical role in controlling 5FU resistance in CRC. 

As a classical cell cycle inhibitor and tumor suppressor, p21 mediates diverse cellular 
functions such as DNA repair, cell cycle arrest, differentiation, and apoptosis induction [4,43]. 
Interestingly, p21 might also act as an oncogene, which also led to the introduction of the name 
“cancer gene chameleon” [44,45]. The distinct functions of p21 are mainly dependent on its 
subcellular localization. Whereas nuclear p21 elicits tumor suppressive activities, the cytoplasmic 
p21 protein has rather oncogenic effects [4,14]. 

The cytoplasmic localization of p21 can be ascribed to phosphorylation through different 
kinases at distinct phosphorylation sites, such as Thr-57, Ser-130, Thr-145, Ser-146, and Ser-153 
[46]. Activated AKT was suggested to be an important regulator of p21 and phosphorylates p21 at 
threonine 145 (p-p21T145), leading to formation of anti-apoptotic complexes [26]. Since the 
phosphorylation of p21 at threonine 145 was clearly shown to cause cytoplasmic retention of 
the protein, our findings led to the notion that cytoplasmic p21 might control the susceptibility 
to 5FU. Previous studies have already shown that cytoplasmic p21 is mediating drug resistance 
for cisplatin and paclitaxel in ovarian cancer [23–25]. In doxorubicin-chemoresistant breast cancer 
cells, cytoplasmic re-localization of p21 led to an up-regulation of the anti-apoptotic protein 
BclxL [47]. 

Indeed, we showed that, in response to 5FU, the protein levels of p-p21T145 were up-
regulated predominantly in the resistant (adherent) cells when compared to apoptotic 
(detached) cells. In addition, there was a remarkable cytoplasmic increase/shuttling under 5FU 
treatment in the resistant cells in vitro and in vital (resistant) areas of in vivo xenografts. When 
conducting ectopic expression of two different forms of p21, the hyperphosphorylated p21T145D 
and unphosphorylatable p21T145A, we found that the presence of p-p21T145D conferred 5FU 
resistance, while unphosphorylatable p21 had the opposite effect. In accordance with these 
findings, apoptosis induction measured by cleaved PARP seemed to be higher in the 
hypophosphorylated p21T145A group. 

Paradoxically, our data provided evidence that the cytoplasmic phosphorylation and 
sequestration of p21 is not the only pathway by which resistance to 5FU can develop. Thus, our 
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findings support the general knowledge of a dual functionality of p21 action dependent on the 
genetic context of cells. It has to be mentioned that HCT116 p21−/− cells show another 
morphologic differentiation and represent a more mesenchymal phenotype [48]. Mesenchymal 
colorectal tumor cells are well-known for their high chemotherapy resistance [49]. Therefore, we 
suggest that cells without p21 take another pathway to develop a resistance to 5FU treatment. 

It is well accepted that p21 has the capability to interact with several cellular proteins 
resulting in its diverse functions [3,4,20–22,25,43,50]. Cyclin E/A-CDK2 or cyclin D-CDK4/6 
complexes were identified as the main interaction partners of p21 being involved in cell cycle 
regulation [4,43,50]. In addition, binding of p21 to pro-caspase 3 or ASK1 has been shown to play 
a role in apoptotic signaling inhibition [20–22]. In the present study, the expression of a panel of 
phospho-kinases analyzed by an antibody-based array suggested phosphorylated Chk2 (T68) to 
be an interaction partner of p21 that is involved in mediating 5FU resistance in CRC. Chk2 is a 
serine/threonine protein kinase, which can be activated in response to DNA damage [32,33]. It is 
well established that the Chk2 protein structure contains an FHA domain, which typically binds 
to phospho-threonine residues of interacting proteins [34]. Using in silico modeling, we provided 
further evidence that this domain might interact with p21T145. The interaction between both 
proteins becomes even stronger, when both proteins are phosphorylated, which is reflected by 
the lower energy of the complex. The functions of Chk2 for DNA damage-response are very 
diverse and include regulation of DNA repair, cell cycle arrest, senescence and apoptosis 
[32,33,51]. Thus, Chk2 seemed a promising novel candidate that we wanted to study in more 
detail concerning its interaction with p21 and role in 5FU resistance. In response to stress stimuli, 
Chk2 is phosphorylated and activated by ATM at Threonine 68 (p-Chk2T68) in the nucleus. 
Activated p-Chk2 then phosphorylates one of its downstream substrates E2F1, which contributes 
to the induction of apoptosis [33,34]. In the present study, 5FU treatment caused an increase in 
the p-Chk2T68 level, and for the first time, we describe that cytoplasmic p21 or p-p21T145 could 
inhibit the normal function of p-Chk2 in activation of pro-apoptotic p-E2F1. 

We provided further evidences for an interaction between p21 and p-Chk2: (1) p-
Chk2T68 could be co-immunoprecipitated with p21 after 5FU treatment; (2) cytoplasmic p21 is 
co-localized with p-Chk2T68 after 5FU treatment as shown by immunofluorescence and 
immunohistochemistry both in vitro and in vivo; (3) our proximity ligation assay showed 
interaction between both proteins in the nucleus, leading to the hypothesis that p21 is 
responsible for the nuclear export of p-Chk2T68; and (4) in silico modeling supported our 
hypothesis of a p21/Chk2 protein complex formation. According to our working model, p21 and 
Chk2 exist in a complex in the nucleus. After 5FU treatment, p21 and Chk2 are phosphorylated 
and the conformation of both proteins triggers the interaction of p-p21T145 and p-Chk2T68 at 
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the two residues Arg 240 and Arg 241, where the NLS of Chk2 is located leading to a masked NLS. 
At the same time, the NES sequences of p-p21T145 are still accessible, thus facilitating the export 
of the complex to the cytoplasm. There was a significant cytoplasmic increase of p-Chk2T68 in 
CAM xenografts of cells that had been treated with 5FU. Obviously, p-p21T145 seems to 
decrease the endogenous level of nuclear p-Chk2T68 after 5FU stimulus. From our results of the 
ligation assay, we assume that the complex is falling apart, when p-Chk2T68 reaches the 
cytoplasm. The fate of p-Chk2 in the cytoplasm after detachment of the protein complex is 
unclear. For B-cell lymphoma, it has been reported that ERK and Chk2 form a cytoplasmic 
complex and this functional interaction requires Chk2 phosphorylation [52]. We cannot exclude 
the interaction of p21 with further kinases as the spectrum of deregulated kinases after p21 
transfection was remarkable. Moreover, 5FU is also able to induce cancer cell death, 
independent of p21 signaling [1,3]. Finally, we suggest p-Chk2T68´s nuclear export and 
cytoplasmic accumulation as a novel mechanism for cytoplasmic p21-mediated resistance to 
5FU. 

 

Material and Methods 

Cell lines 

Human colorectal HCT116, HT29, SW837 cancer cells were cultured in RPMI 1640 (GIBCO 
Life Technologies, Loughborough, UK) and HCT p21−/− cancer cells were cultured in DMEM 
(GIBCO Life Technologies) supplemented with 10% fetal bovine serum (PAN Biotech, Aidenbach, 
Germany), penicillin (100 U/ML) and streptomycin (100 µg/mL) (PAN Biotech), 1% L-glutamine 
(PAN Biotech) (for HCT p21−/−) and 1% essential amino acid (GIBCO Life Technologies) (for HCT 
p21−/−). Cells were mycoplasma free. Cell lines were authenticated using Multiplex Cell 
Authentication by Multiplexion (Heidelberg, Germany) 

Cytotoxicity assay 

Cell viability was determined by MTT or Crystal Violet assay as previously described 
[53,54]. Briefly, HCT116, HCT116 p21−/−, HT29, and SW837 cells were seeded in 96-well plates 
and treated with 5FU at various concentrations (0–100 µM) for 24 h or 48 h and then stained with 
MTT or Crystal Violet. All analyses were performed in at least three independent replicate 
experiments. 

Annexin-Propidium iodide apoptosis assay by flow cytometry 

Quantification of apoptosis was performed by Annexin-PI staining as previously described 
[55]. Cells were treated with 5FU (10, 25, and 100 µM) for 48 h. Positive Annexin V staining 
indicates early apoptotic cells, and propidium iodide-positive cells were used to measure 
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necrotic cells, whereas Annexin V-positive and propidium iodide-positive cells were counted as 
late apoptotic cells. 

 Western Blot analysis 

Cells were treated with 5FU (25 and 100 µM) for 48 h. Dead and viable cells were 
collected separately. Cell lysates were prepared by adding lysis buffer with a protease inhibitor 
cocktail (Merck KGaA, Darmstadt, Germany) to cell pellets for 90 min on ice. After SDS PAGE, the 
proteins were transferred onto 0.45 µM nitrocellulose membranes (GE Healthcare Chalfont, St. 
Giles, UK). After blocking for 1 h in 5% non-fat dry milk in TBST (25 mM Tris-HCl (Carl Roth, 
Karlsruhe, Germany) pH 7.5, 125 mM NaCl (Carl Roth, Karlsruhe, Germany), and 0.05% Tween 20 

(SERVA) membranes were incubated with a primary antibody at 4 ◦C overnight. Membranes were 
washed three times with TBST for 5 min and incubated with horseradish peroxidase-labeled 
isotype-specific secondary antibodies (anti-mouse or anti-rabbit IgG peroxidase conjugated; Pierce, 
Rockford, IL, USA) for 2 h at room temperature. The immune complexes were detected by 
enhancement with a chemiluminescent substrate (IMerck Millipore, Molsheim, France). The level 
of immunoreactivity was measured as peak intensity using an image capture and analysis system 
(Syngene Europe, Cambridge, UK). Antibodies used in the present study were as follows: mouse 
monoclonal anti-p-p21T145 (1:1000, BSA, Santa Cruz Biotechnology, Dallas, TX, USA), mouse 
monoclonal anti-p21 (1:1000, BSA, Cell Signaling), Rabbit monoclonal anti-Chk2 (1:1000, BSA, Cell 
Signaling, Cambridge, UK), Rabbit monoclonal anti-P-Chk2T68 (1:1000, BSA, Cell Signaling), mouse 
monoclonal p-E2F1 (1:250, BSA, Abcam, Cambridge, UK) and Rabbit monoclonal anti-PARP 
(1:1000, BSA, Cell Signaling). HRP-conjugated anti-GAPDH (1:50.000, BSA, Abnova, Taipei, Taiwan) 
was used to control equal loading and protein quality. In addition, lysates from HCT116 p21−/− 
cells were used as a validation control for the p-p21 antibody. 

Immunofluorescence 

Cells were treated with 5FU (25 and 100 µM) for 48 h. After the treatment, cells were 
washed several times with PBS to remove the dead cells. The remaining cells on the slides were 
fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton-X for 10 min. 
Thereafter, the cells were incubated with 3% bovine serum albumin (BSA) (Carl Roth) for 30 min 
to prevent nonspecific binding. The cells were washed and incubated with mouse anti-p21 
monoclonal antibodies or rabbit anti-p-Chk2T68 monoclonal antibodies (1:400 and 1:200 in BSA, 

respectively) for 48 h at 4 ◦C. The primary antibody was removed and cells were washed with 
PBS and subsequently incubated with secondary antibodies (Alexa Fluor 555-labeled conjugated 
goat anti-mouse IgG or Alexa Fluor 488-labeled conjugated goat anti-rabbit IgG, respectively, 
1:500, Invitrogen, Carlsbad, CA, USA) for 2 h at room temperature. Nuclei were counterstained 
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with Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA). Samples were washed with PBS, and then 
visualized and imaged by fluorescence microscope. 

Plasmids and Transfection  

Flag p21 T145D (Addgene plasmid # 16242), Flag p21 T145A (Addgene plasmid # 16241) 
and HA PKB T308D S473D pcDNA3 (Addgene plasmid # 14751) were provided by Addgene 
(Cambridge, MA, USA). Transient transfection was performed using Lipofectamine 3000 
Transfection Reagent according to the manufacturer’s instruction (Thermo Fisher Scientific, 
Waltham, MA, USA). Briefly, HCT116 cells were seeded to be 70–90% confluent at transfection. 
Plasmid DNA-lipid complexes were prepared as recommended from the company’s protocol. 

DNA-lipid complexes were added to the cells. Cells were incubated for 2 days at 37 ◦C before 
treatment with 5FU (25 µM) for 48 h and evaluation of protein expression by Western Blot 
analysis. The transcription efficiency was validated by immunofluorescence and Western Blot 
analysis of targeting gene expression in three independent experiments. 

Immunoprecipitation 

HCT116 were seeded in 60-mm cell culture dishes at a density of 5 × 105 cells/dish for 
24 h. Then, the cells were treated with 5FU (25 and 100 µM) for 48 h. After removing the dead 
cells, cell lysates of remaining cells were collected and prepared as previously described [56]. 
Briefly, cells were fixed with 2% formaldehyde before lysed with RIPA buffer. Protein content was 
determined by using a Bio-Rad Dc Protein Assay (BioRad, Hercules, CA, USA). Equal amounts of 
lysates (600–900 µg) were adjusted to 500 µL of volume and then incubated with specific 

antibodies to p-Chk2(T68) immobilized on 50 µL of magnetic Protein G beads overnight at 4 ◦C 
(IP Dynabeads Kit). The protein–antibody–bead complexes were recovered (IP Dynabeads Kit) and 
the protein complexes were analyzed by Western Bloting. 

Human phospho-kinase antibody array  

To determine levels of phospho-kinases at baseline, and after specific transfection, 
HCT116 were harvested after 48 h of transfection with Flag p21 T145D pcDNA3 or HA PKB T308D 
S473D pcDNA3. Cells were lysed using lysis buffer of the Human phospho-kinase array kit 
(ARY003, Proteome ProfilerTM, R&D Systems, Minneapolis, MN, USA). The Human phospho-kinase 
array was performed according the protocol of the manufacturer. In this array, 46 capture 
antibodies were spotted in duplicate on nitrocellulose membranes. Cell lysates were incubated 
with the membrane overnight and membranes were incubated with a cocktail of biotinylated 
detection antibodies and streptavidin-HRP. Finally, proteins were detected using an ECL 
chemiluminescent system. The level of immunoreactivity was measured as peak intensity using 
an image capture and analysis system (GeneGnome). The intensity of signal of each spot was 
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quantified using ImageJ software. The intensity values were corrected for background signals and 
to compare different membranes levels were normalized to those of the positive controls on 
each membrane. 

Chorioallantoic membrane assay (CAM assay) 

The CAM assay represents a well-known and accepted alternative xenograft animal 
model system. Thus, the present study complies with the commonly accepted “3Rs”. Briefly, 

fertilized chicken eggs were incubated at 37 ◦C with a 80% humidity for 8 days. Then, a small 
hole was pricked into the eggshell of the more rounded pole, where the air sac resided. After 
dropping of the egg content, a small window (Ø 1–1.5 cm) was carefully cut at the more rounded 
pole for inoculation of the tumor cells. After another day of incubation (day 9 of embryonic 
development), 1 × 106 of 5FU pretreated (15 µM) or control HCT116 cells in a 1:1 mixture of 
Matrigel (Corning Life Sciences, NY, USA) and the medium were implanted onto the CAM and the 
eggs were incubated for another 5 days. Finally, micro-tumors were harvested, fixed in 4% 
phosphate-buffered formalin and embedded in paraffin for histological and 
immunohistochemical analysis. 

Immunohistochemistry (IHC) Staining Assay 

Serial sections (2 µm) were cut from the paraffin blocks and mounted on pre-coated 
slides for immunohistochemical analysis of the CAM tumors. All FFPE CAM tissue sections were 
deparaffinized with xylene and rehydrated with graded ethanol. The antigen retrieval was 
performed by 1 min steam cooking in TRS-Buffer pH 6 (p21 Waf1/Cip1) or pH 9 (pChk2T68), 

respectively. Slides were incubated at 4 ◦C overnight with a primary monoclonal antibody p21 
Waf1/Cip1 (12D1, mouse), 1:1.000 dilution (Cell Signaling), or pChk2T68 (2197, rabbit), 1:50 
dilution (Cell Signaling). Antibody binding was visualized using the Polymer-Kit (AP, Zytomed, 
Berlin, Germany) or biotinylated Anti-Rabbit/ABC-Kit (Vector, Olean, NY, USA). 

Adjacent slides were stained with hematoxylin and eosin for histomorphological 
analyses. Immunohistochemical scoring was performed in a semi-quantitative way by two 
pathologists (Katharina Erlenbach-Wuensch, Asiana Vial Roehe). The intensity was quantified in a 
range from 1 to 3. The area was quantified by percentage of positive cells in 5% steps. An 
immunoscore was generated by multiplying intensity (0–3) with the respective percentage of 
positive cells (0–100%). 
  Bright field images (Magnification: 200×, 400×) of stained sections were taken with the 
Olympus XC50 camera (Olympus Corporation, Tokyo, Japan) in combination with the Olympus 
BX51 microscope (Olympus Corporation). 
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Proximity ligation assay (In situ PLA) 

HT29 cells were grown on 8-well chamber slides until 70–80% confluency and treated 
with 5FU. Cells were then washed with PBS, fixed in 4% paraformaldehyde in PBS for 30 min, 
permeabilized in 0.1% Triton X-100 for 20 min, and blocked with a Duolink II blocking solution 
(Sigma-Aldrich). After blocking, cells were incubated with a combination of primary antibodies 

anti-p21 and anti-p-Chk2 (T68) in a preheated humidity chamber for 1 h at 37 ◦C. Cells were then 
incubated with the PLA probes diluted 1:5 in antibody diluent (Sigma-Aldrich) in a humidified 

chamber for 1 h at 37 ◦C. Subsequent hybridization, ligation, amplification, and detection were 
performed using manufacturer’s instruction (Sigma-Aldrich). Fluorescence images were acquired 
using a confocal laser microscope (LSM-PMT Observer, Carl Zeiss, Oberkochen, Germany). 

Structural modeling  

Modelling of p21: The full length structure of the 164aa long p21 protein was modelled 
using two crystallographic structures 4I58 and 5EOU as templates, respectively, for homology by 
MODELLER [39] and a structure prediction approach using Iterative Threading ASSEmbly 
Refinement (ITASSER), a hierarchical server for protein structure prediction [57]. 

For modelling of Chk2, its crystal structure with an inhibitor was taken from the PDB 
(2WTC) and the coordinates of the inhibitor were then removed to get the structure of Chk2. The 
structure was energy-minimized and the stable structure was considered for further investigations. 
Phosphorylation of p21 at T145 and of Chk2 at T68 was modelled using CHIMERA [41]. The 
complexes of p21 and Chk2 were formed by docking the individual proteins using the protein–
protein docking tool ClusPro [40]. The complexes with the lowest energy were chosen for the 
analysis of interactions between the proteins considered. The cluster scores of the complexes 
from the ClusPro server were used to understand the energy profiles of the p21–Chk2 complex. 
The ionic, hydrophobic, and hydrogen bond interactions were identified and analyzed, applying 
the Protein Interaction Calculator (PIC) [42]. All renderings were performed using CHIMERA [41]. 
The same protocol was followed for docking of the phosphorylated structures of p21 and Chk2. 

Statistics 

Data are expressed as means ± SD of at least three independent experiments. All treatment data 
were normalized to non-treated controls or transfection controls. Statistical analysis was 
performed using the non-parametric Mann-Whitney-test. Statistical significance was set to P<0.05. 

 

Conclusions 
In summary, our mechanistic study provides novel information on how cytoplasmic p21 

controls 5FU resistance in CRC. We suggest that the p21-dependent inhibition of Chk2 majorly 
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contributes to the resistance for 5FU-based chemotherapy. The formation of a p21–Chk2 
complex disrupts the function of Chk2-mediated apoptosis induction by promoting the nuclear 
export of both proteins. Screening for the subcellular localization of p21 in patient tumor 
samples could provide information about possible resistance development under 5FU-based 
therapy and has to be further evaluated in a clinical setting. 
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of hyperphosphorylated AKT on cellular kinase profiles in HCT116, Figure S5: Interaction between 
p21 and Chk2 proteins, Figure S6: Interaction between p21 and Chk2 proteins. 

 
Figure S1 Verification of p-p21T145 antibody for Western Bloting analysis 
Figure S2 Localization of p21 in 5FU-resistant HT29 and SW837 cells 
Figure S3 Transfection efficiency  
Figure S4 Effect of hyperphosphorylated AKT on cellular kinase profiles in HCT116  
Figure S5 Interaction between p21 and Chk2 proteins 
Figure S6 Interaction between p21 and Chk2 proteins 
 
 

 
Fig. S1 Verification of p-p21T145 antibody for Western Bloting analysis. 

(a)p-p2 1 T14 5  showed many unspecific signals in Western Blot analysis, HCT1 16  p2 1 -/ - lysates were used to 
specify the correct p-p21T145 signal. 

 

http://www.mdpi.com/2072-6694/10/10/373/s1
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Fig. S2 Localization of p21 in 5FU-resistant HT29 and SW837 cells. 

HT2 9  cells (a,c) and SW8 3 7  cells (b,d) were treated with various concentrations of 5 FU for 4 8  h and the 
expression of p21 was determined by immunofluorescence staining using mouse anti-p21 monoclonal antibodies 
followed by Alexa Fluor 5 5 5 -labeled secondary antibody to visualize p2 1  expression (red) and cell nuclei 
(Hoechst 33342, blue), scale bar: 50µm. (c,d) The expression level of phosphorylated-p21 (p-p21T145) in 5FU-
resistant HT29 (b) and SW837 (d) cells was determined by Western Blot analysis. Cells were treated with various 
concentrations of 5FU for 48 h. After incubation, dead cells were discarded by washing 3 times with PBS and the 
remaining resistant cells were collected to prepare protein lysates. The expression level of p-p2 1 T1 4 5  was 
determined and the blots were re-probed with GAPDH to confirm equal loading of the samples. 

 

 
Fig. S3 Transfection efficiency. 
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HCT116 cells were transfected with plasmids for the hyperphosphorylated p21T145D and unphosphorylatable 
p21T145Aprotein forms. After 24 h of transfection, (a) the subcellular localization of p21 was characterized by 
immunofluorescence staining using mouse anti-p21 monoclonal antibodies followed by Alexa Fluor 488-labeled 
secondary antibody to visualize p21 expression (green) and cell nuclei (Hoechst 33342, blue), scale bar: 50µm. (b) 
The expression levels of p2 1  were quantified by Western Blot analysis after 2 4 h. Blots were re-probed with 

GAPDH to confirm equal loading of the samples. 
 

 
Fig. S4 Effect of hyperphosphorylated AKT on cellular kinase profiles in HCT116. 

( a-b) Expression levels of phospho-proteins in transfected cells. HCT1 1 6  cells were transfected with 
hyperphosphorylated AKTT308D, S473D. After 48 h of transfection, cells lysates were prepared and subjected to 
the Human Phospho-Kinase Array Kit (R&D systems). 
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Fig. S5 Interaction between p21 and Chk2 proteins. 

Cells were treated with 100µM 5FU for 48 h and the protein-protein interaction of p21-p-Chk2T68 was analyzed 
by proximity ligation assay (HT2 9  cells) (red signals indicate protein-protein interaction between p2 1  and p-
Chk2T68; Fluorescence images of untreated control HT29 cells (40X magnification) and 5FU treated HT29 cells 
(40X and 100X magnification). 
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Fig. S6 Interaction between p21 and Chk2 proteins. 
Cells were treated with 25µM and 100µM 5FU for 48 h and the protein-protein interaction of p21 and Chk2 (a, 
HCT116 cells) or p-p21T145 and Chk2 (b, HT29 cells) was analyzed by co-immunoprecipitation assay. Cell lysates 
were prepared and immunoprecipitated with p2 1  and p-p2 1  antibody, respectively. The resulting 
immunocomplexes were then analyzed for Chk2 by Wetsern Bloting using an Chk2 antibody. 
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Abstract 
Background: A newly synthesized derivative of renieramycin M (RM), an anticancer lead 

compound isolated from the blue sponge Xestospongia sp., Hydroquinone 5-O-cinnamoyl ester 
(CIN-RM), was investigated here for activity against non-small cell lung cancer cells.  

Materials and Methods: Cytotoxicity effects of CIN-RM and RM on H292 lung cancer cells 
were determined by MTT assay. We also investigated the mechanism of CIN-RM-mediated 
apoptosis and mechanism of action of this compound by western blotting.  

Results: CIN-RM showed more potent cytotoxicity than its parental compound (RM) 
against H292 lung cancer cells. At concentrations of 15-60 µM, CIN-RM significantly induced 
apoptosis by increasing expression of apoptosis-inducing factor (AIF) and activation of caspase-3 
and -9. For up-stream mechanism, CIN-RM mediated apoptosis through a p53-dependent 
mechanism, which consequently down-regulated anti-apoptotic B-cell lymphoma 2 (BCL2), while 
increasing the level of pro-apoptotic BCL2-associated X (BAX). In addition, phosphorylation of pro-
survival protein AKT was found to be dramatically reduced.  

Conclusion: This study revealed the potential of CIN-RM for apoptosis induction and in 
the development of a novel anticancer agent. 

 
Key words: Renieramycin M, hydroquinone 5-O-cinnamoyl ester analog of renieramycin 

M, apoptosis, lung cancer, lead drug. 
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Introduction  
Lung cancer is the leading cause of cancer-mediated deaths, and 80-85% of all lung 

cancers are non-small cell lung cancer (1, 2). Importantly, resistance to anticancer drugs 
frequently found in patients with lung cancer has long been recognized as one of the most 
important obstacles to success of cancer therapy (3-5), leading to the urgent need for more 
effective chemotherapeutic agents. 
 The main mechanism of action of the currently effective chemotherapeutic drugs is to 
mediate cancer cell apoptosis. Apoptosis cell death can be triggered by the production of DNA 
adducts or damage signal that subsequently activates the p53-dependent cascade. The activation 
of p53 results in the increase of pro-apoptotic proteins which are members of B-cell lymphoma 2 
(BCL2) family such as BCL2-associated X (BAX) accompanied by the reduction of anti-apoptotic 
proteins, including BCL2. The induction of pro-apoptotic signaling leads to the formation of 
mitochondrial pores, the release of cytochrome c into the cytosol, the activation of caspases, 
and finally cell apoptosis (6-8). In contrast, resistance to apoptosis in lung cancer can be caused 
by several mechanisms; however, the up-regulation of expression of pro-survival proteins 
including ATP-dependent tyrosine kinase (AKT), and anti-apoptotic proteins of the BCL2 family 
were shown to be the predominant mechanisms (9-11).  
 In order to overcome drug resistance problems, our group has focused on searching for 
natural products with anticancer capability. Renieramycin M (RM), a 
bistetrahydroisoquinolinequinone alkaloid isolated from the Thai blue sponge Xestospongia sp., 
was reported to possess highly potent cytotoxicity against several human cancer cell lines, 
including lung, colon, prostate, breast, pancreatic, and oral cancer cells (12-15). Recently, RM was 
shown to have potent anti-metastatic activity by sensitizing anoikis-resistant lung cancer cells to 
anoikis (16). In addition, RM was shown to suppress cancer stem-like phenotypes in lung cancer 
cells (17).  
 Recently, a series of 22-O-acyl and hydroquinone 5-O-acyl ester analogs of RM were 
synthesized by our group. These RM derivatives were tested for structure–cytotoxicity relationship 
study in H292 and H460 non-small-cell lung cancer cell lines. (15, 18, 19). Interestingly, most 22-
O-acyl ester and hydroquinone 5-O-acyl ester analogs of RM exhibited potent cytotoxicity at 
nanomolar concentrations and several of them exhibited higher potency than RM. Having a 
unique aromatic ester substituent, hydroquinone 5-O-cinnamoyl ester (CIN-RM) is structurally 
attractive as a potential anticancer candidate. CIN-RM was obtained via two-step chemical 
synthesis involving Pd-catalyzed hydrogenation and esterification and the structural 
characterization was matched with the reported data (19). Here we investigated the effect of CIN-
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RM on lung cancer cells. This information may benefit the further development of new 
anticancer agents. 
 

Materials and Methods 

Preparation of CIN-RM.  

A solution of RM (15.0 mg, 0.026 mmol) in EtOAc (10 ml) was added with 20% Pd(OH)2 
on carbon (7.5 mg, 50% w/w). A hydrogen balloon was attached to the reaction flask. The 
heterogeneous reaction was stirred vigorously at room temperature (25 oC) and 1 atm for 5 h. 
The reaction was filtered through a pad of celite and washed with EtOAc (10 ml, 3 times) and 
CHCl3 (10 ml, 3 times). The filtrates were combined and concentrated in vacuo to yield HQ-RM 
as a colorless solid. The product was employed in the next step without further purification.  
Next, the resulted HQ-RM was placed in an oven dried-rounded bottom flask. To a solution of 
HQ-RM (15.0 mg, 0.026 mmol) in dry CH2Cl2 (5 ml) was stirred at room temperature (25 oC) 
under Ar atmosphere.  The reaction was added 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDCI.HCl, 4.0 mg, 0.026 mmol) and 4-dimethylaminopyridine (DMAP, 3.2 mg, 0.026 mmol), 
followed by cinnamoyl chloride (4.3 mg, 0.026 mmol). The reaction mixture was stirred for 3 h. 
After completion, the reaction mixture was quenched by addition of water (5 ml). The organic 
layer was separated by separatory funnel and the aqueous layer was extracted with CHCl3 (10 
ml, 3 times). The organic layers were combined, washed with brine (30 ml), dried over anhydrous 
Na2SO4, filtered and concentrated in vacuo. Purification by the silica gel flash chromatography 
eluting with hexanes:EtOAc (3:1) gave 7.9 mg (43%) of CIN-RM as a yellow amorphous solid. 1H 

NMR (CDCl3, 400 MHz) δ 7.8 (1H, d, J = 16.0 Hz, CH=CHβ), 7.6 (2H, m, H-3’and H-5’), 7.5 (3H, m, 

H-2’, H-6’, and H-4’), 6.7 (1H, d, J = 16.0 Hz, CHα=CH), 6.0 (1H, qq, J = 7.4, 1.2 Hz, H-26), 5.8 (1H, s, 
OH-8), 4.5 (1H, d, J = 11.2 Hz, H-22b), 4.3 (1H, br t, J = 4.0 Hz, H-1), 4.1 (1H, d, J = 2.0 Hz, H-21), 
4.1 (1H, dd, J = 11.2, 4.0 Hz, H-22a), 4.0 (1H, br d, J = 3.6 Hz, H-11), 3.9 (3H, s, 17-OCH3), 3.8 (3H, s, 
7-OCH3), 3.4 (1H, dt, J = 7.2, 2.0 Hz, H-13), 3.2 (1H, d, J = 12.0 Hz, H-3), 2.8 (1H, dd, J = 20.8, 7.2 

Hz, H-14α), 2.6 (1H, dd, J = 14.0, 2.0 Hz, H-4α), 2.3 (1H, d, J = 20.8 Hz, H-14β), 2.3 (3H, s, 12-
NCH3), 2.1 (3H, s, 6-CH3), 1.9 (3H, dq, J = 7.2, 1.4 Hz, H3-27), 1.9 (3H, s, 16-CH3), 1.7 (3H, dq, J = 

1.4, 1.2 Hz, H3-28), 1.7 (1H, overlapped, H-4β); 13C NMR (CDCl3, 100 MHz) δ 186.0 (C-15), 182.6 (C-

18), 167.1 (C-24), 164.7 (5-OC=O), 155.5 (C-17), 146.8 (CH=CHβ), 143.8 (C-7), 143.1 (C-8), 141.5 (C-
20), 140.0 (C-26), 139.1 (C-5), 135.7 (C-19), 134.1 (C-1’), 131.0 (C-4’), 129.1 (C-2’ and C-6’), 128.8 (C-
16), 128.4 (C-3’ and C-5’), 126.8 (C-25), 124.5 (C-10), 122.6 (C-6), 117.6 (21-CN), 117.2 (C, C-9), 116.4 

(CHα=CH), 64.5 (C-22), 61.2 (7-OCH3), 60.6 (17-OCH3), 59.5 (C-21), 56.5 (C-1), 55.3 (C-3), 54.9 (C-13), 
54.6 (C-11), 41.5 (12-NCH3), 27.8 (C-4), 21.1 (C-14), 20.6 (C-28), 15.9 (C-27), 10.1 (6-CH3), 8.6 (16-
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CH3). Chemicals were purchased from Tokyo Chemical Industry. NMR spectroscopy was 
performed on JEOL-JNM AL 400 FT-NMR spectrometer. (19) 

Chemicals.  

Hoechst 33342, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
dimethysulfoxide (DMSO), trypsin and phosphate-buffered saline (PBS) were obtained from Sigma 
Chemical, Inc. (St. Louis, MO, USA). Antibodies to apoptosis-inducing factor (AIF), phosphorylated 
AKT (p-AKT), total AKT, p53, BCL2, BAX, poly ADP ribose polymerase (PARP), caspase-3, caspase-9, 

and β-actin were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA).  

Cell culture and treatment.  

H292 Non-small cell lung cancer cells were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in RPMI medium supplemented with 10% fetal 
bovine serum, 2 mmol/l L-glutamine and 100 units/ml penicillin/streptomycin. Cells were 
maintained in a humidified incubator containing 5% CO2 at 37°C. Compounds were dissolved in 
DMSO and achieve the working concentrations (0, 15, 30 and 60 µM). DMSO in the working 
solution was less than 0.1% and showed no toxicity towards H292 cells.  

Cell viability assay.   

Cell viability was determined by the MTT assay, which measures the cellular capacity to 
reduce MTT (yellow) to formazan crystals (purple) by mitochondria dehydrogenase. After 24 h 

treatment, the medium was replaced by 100 μl/well of MTT solution (0.4 mg/ml) and the cells 

were incubated for 4 h at 37°C. Subsequently, the MTT solution was removed and a 100 μl/well 
of DMSO were added to dissolve the formazan crystals. The intensity was measured at 570 nm 

performed in at least three independent replicate cultures. The cell viability was calculated from 
the ratio of the optical density (OD) of treated to non-treated control cells and is presented as a 
percentage of the non-treated controls. 

Nuclear staining assay.  

Cells were treated without or with different concentrations of CIN-RM in RPMI with serum  
for 24 h at 37°C. Apoptotic and necrotic cell death was determined by Hoechst 33342 staining: 

cells were incubated with 10 μM of Hoechst 33342 dye for 30 min at 37°C in the dark. Finally, 
cells were visualized under a fluorescence microscope (Olympus IX51 with DP70; Olympus, 
Center Valley, PA, USA). The blue fluorescent Hoechst dye was used for detection of for nuclear 
condensation and DNA fragmentation in apoptosis cell. The data are presented as the percentage 
of apoptosis as follows: Apoptosis (%) = number of apoptotic cells×100)/number of total cells. 
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Membrane integrity analysis.  

The cells collected after treatment with compounds were stained with trypan blue dye 
and subsequently morphologically visualized and quantified under an automated cell counter 
(TC10 automated cell counter; Bio-Rad, Hercules, CA, USA). 

Western blot analysis.  

Treated and untreated cells were harvested and lysed on ice for 60 min. The protein 
content of cell lysate was determined using BSA protein assay kit (Pierce, Rockford, IL, USA). An 
equal amount of protein from each sample was separated by size using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred into nitrocellulose membranes. The 
membrane was blocked in 5% skim milk in 25 mmol/l Tris-HCl (pH 7.4), 125 mmol/l NaCl and 
0.1% Tween 20 TBST) for 1 h at room temperature and then probed with appropriate primary 
antibodies at 4°C overnight.  Subsequently, the membrane was washed three times with TBST for 
8 min then incubated with horseradish peroxidase-conjugated secondary antibodies according to 
the primary antibodies for 2 h at room temperature. The signal of immunoreactive proteins was 
detected by enhanced chemiluminescence (Supersignal West Pico; Pierce, Rockford, IL, USA). 

Protein expression was investigated and β-actin was used as a loading of control in each 
treatment. Subsequently, the bands were then visualized using a film exposure with a 
chemiluminescence detection system and were quantified with analystPC densitometric software.  

Statistical analysis.  

Mean data from at least three independent experiments were normalized to result for 
the non-treated control. All data are presented as the means ± standard error of the mean 
(S.E.M.). Statistical differences between means were determined using analysis of variance 
(ANOVA) and post hoc test at a significance level of p<0.05. 
 

Results  

Evaluation of the cytotoxic effect of CIN-RM and RM on H292 cells.   

CIN-RM was synthesized from RM as shown in Figure 1. The cytotoxicity of CIN-RM and its 
parental compound RM was characterized by treating H292 cells with different concentrations of 

compounds (0-100 μM) for 24 h, then cell viability was measured by MTT assay. Figure 2A shows 

that a concentration of 100 μM of CIN-RM significantly reduced viability of H460 cells to 
approximately 40% when compared with 62% with RM at the same concentration. To confirm 

effect of CIN-RM in mediating cell death, after 24 h of treatment with 0-100 μM of CIN-RM, the 
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cells were collected, stained with trypan blue dye, and subsequently morphologically visualized, 
and quantified by an automated cell counter (Figure 2B-C).  

 
 
 
 

 
Figure 1. The synthesis of 5-O-cinnamoyl ester analog of renieramycin M (CIN-RM). 

CIN-RM was derived from hydrogenation of renieramycin M with 20% Pd(OH)2/C in ethyl acetate for 5 h 
to obtain the bishydroquinonerenieramycin M (HQ-RM). HQ-RM was subjected to esterification with cinnamoyl 
chloride in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCl) and 4-
dimethylaminopyridine (DMAP) yielding CIN-RM 

 

CIN-RM induces apoptotic cell death.  

In order to investigate the apoptosis inducing effect of CIN-RM, cells were exposed to 
CIN-RM and apoptosis was evaluated by Hoechst 33342 staining assay. The nuclear staining assay 
indicated that 15-60 µM of CIN-RM caused a significant increase in the number of cells with 
condensed or fragmented nuclei compared with non-treated control cells (Figure 3 A and B). At a 
concentration of 60 µM, CIN-RM-induced cell apoptosis was approximately 55%. 
 To confirm the above apoptotic activity of CIN-RM, the hallmarks of apoptosis including 
cleavage of PARP, induction of AIF expression, and activation of caspase-3 and caspase-9 were 
investigated in cells treated with CIN-RM. Western blot analysis indicated that treatment of H292 
cells with CIN-RM increased production of cleaved PARP, while reducing the total intact PARP. 
Consistent with this, CIN-RM up-regulated AIF and increased activation of caspase-3 and caspase-9 
in a dose-dependent manner (Figure 3C and D). Taken together, these results show that CIN-RM 
induced apoptosis of H292 lung cancer cells. 
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Figure 2. Cytotoxic effect of 5-O-cinnamoyl ester analog of renieramycin M (CIN-RM) on 

H292 lung cancer cells. A: H292 Human lung cancer 
cells were treated with different concentrations (0-100 μM) of CIN-RM or RM for 24 h. The percentage 

of cell viability was analyzed. Data represent the mean±SD (n=3). Significantly different at *p<0.05 versus non-

treated control. B: H292 cells collected after treatment with CIN-RM (0-100 μM) for 24 h were stained with trypan 
blue dye and subsequently analyzed cell membrane integrity under an automated cell counter. The green color 
indicates living cells, while the red color indicates dying cells. C: The percentage of living cells and dying cells 

after treatment with CIN-RM (0-100 μM) for 24 h were quantified. Data represent the mean±SD (n=3). Significantly 
different at *p<0.05 versus the non-treated control. 

 

CIN-RM triggers apoptosis via a p53-dependent mechanism and suppresses AKT. 

It is known that apoptosis induction caused by several chemotherapeutic drugs occurs 
through p53-mediated death (20-22). A number of studies have indicated the effect of pro-
survival AKT signal on chemotherapeutic resistance in cancer (9, 10, 23, 24). Therefore, we tested 
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whether CIN-RM induced apoptosis of H292 cells via p53 and suppressed pro-survival AKT. Cells 
were treated with CIN-RM (0-60 µM) for 12 h, and subjected to western blot analysis for the 
detection of p-AKT, total AKT, p53, BCL2, and BAX. Figure 4 shows that treatment of the cells 
with CIN-RM dramatically suppressed active AKT (AKT phosphorylated at Ser473), while slightly 
suppressing total AKT. Importantly, CIN-RM increased the p53 level in the cells relative to the 
untreated control. As a down-stream protein target of p53 pathway, expression of BAX was found 
to subsequently increase, while that of BCL2 was down-regulated (Figure 4C and D).  Together, 
these results indicate that CIN-RM induces apoptosis by activating the p53 pathway as well as 
suppressing the AKT survival signal.  

 
Figure 3. Apoptosis induction by 5-O-cinnamoyl ester analog of renieramycin M (CIN-RM). 

A: H292 cells were exposed to CIN-RM for 24 h and subsequently apoptosis was evaluated by Hoechst 
33342 staining assay. B: The percentage of apoptotic cells was quantified. Data represent the mean±SD (n=3). 
Significantly different at *p<0.05 versus the non-treated control. C: H292 cells were treated with CINRM (0, 15, 30 

and 60 μM) for 24 h. The expression of apoptosis-related proteins in H292 cells was determined by western 

blotting. The blots were reprobed with β-actin to confirm equal loading of samples. D: The immunoblot signals 
were quantified by densitometry and data from independent experiments were normalized and are presented. 
The data are mean±SD (n=3). Significantly different at *p<0.05 versus nontreated cells. 
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Figure 4. 5-O-Cinnamoyl ester analog of renieramycin M (CIN-RM) induces apoptosis through 

accumulation of p53 and suppresses ATP-dependent tyrosine kinase (AKT). 
H292 cells were treated with CIN-RM (0, 15, 30 and 60 μM) for 12 h. A: The expression of AKT and 

phosphorylated (active) AKT [p-AKT(s473)] was determined by western blot assay. The blots were reprobed with 

β-actin to confirm equal loading of samples. B: The immunoblot signals were quantified by densitometry and 
data from independent experiments were normalized and are presented. The data are mean±SD (n=3). 
Significantly different at *p<0.05 versus non-treated cells. C: The expression of anti apoptotic proteins B-cell 
lymphoma 2 (BCL2) and pro-apoptotic proteins BCL2-associated X (BAX) were determined by western blotting. 

The blots were reprobed with β-actin to confirm equal loading of samples. D: The immunoblot signals were 
quantified by densitometry and data from independent experiments were normalized and are presented. The 
data are mean±SD (n=3). Significantly different at *p<0.05 versus non-treated cells. 
 

Discussion 
New drugs and novel strategies to overcome cancer with high efficacy are of the greatest 

interest in cancer-related and pharmacological research fields. In general, most anticancer drugs 
are used to kill cancer cells through apoptosis, as it is a mode of cell death with a controlling 
mechanism (22, 25).  Apoptosis is the main mechanism that the human body uses to eliminate 
unwanted and damaged cells (26, 27). As part of our continuing searching for novel cytotoxic 
natural products, we isolated and modified a series of RM alkaloids from blue sponge 
Xestospongia sp. (12, 13, 15, 18,) RMs are a group of bistetrahydroisoquinoline quinone alkaloids 
possessing potent cytotoxicity against several human cancer cell lines (15-18, 28, 29). In addition, 
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RM was shown to have anti-metastasis potential and suppress cancer stem cells in lung cancer 
(16, 17, 28). 
 Successful synthesis of 22-O-acyl and hydroquinone 5-O-acyl ester analogs of RM has led 
to several more potent compounds for anticancer approaches (15, 18, 19). Interestingly, our 
previous work of RM derivatives showed that the hydroquinone 5-O-acetyl ester analog of RM 
was the first analog possessing selective apoptotic induction while reduce its necrosis-inducing 
effect by reducing oxidative stress (30).  

 
Figure 5. Schematic overview of apoptosis pathway of 5-O-cinnamoyl ester analog of 

renieramycin M (CIN-RM). 
CIN-RM causes apoptosis by reducing expression of pro-survival ATP-dependent tyrosine kinase (AKT) and 
activating the p53 pathway. The accumulation of p53 suppresses the expression of anti-apoptotic protein B-cell 
lymphoma 2 (BCL2) while promoting the expression of pro-apoptotic protein BCL2-associated X (BAX). The shift of 
balance between pro- and anti-apoptotic proteins subsequently triggers the release of apoptosis-inducing factor 
(AIF), which promotes caspase-independent apoptosis pathway. Moreover, loss of mitochondrial membrane 
integrity stimulates caspase-dependent apoptosis by activation of caspase-9 and caspase-3. 
 

 As chemotherapeutic resistance in lung cancer has been long recognized as an important 
obstacle to successful therapy (9, 31), new drugs having high potency as well as the ability to 
inhibit drug resistance of cancer cells are of great interest in anticancer drug discovery. The AKT 
signaling pathway has been shown to be a central survival pathway playing a key role in drug 
resistance in many cancer types, including lung cancer (32, 33).   Especially, targeting of the AKT 
pathway was shown to be a good strategy to boost chemotherapy efficacy (34). Figure 4 indicates 
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that not only does CIN-RM induce apoptosis of lung cancer cells by activation of a p53-
dependent mechanism that triggers BCL2 imbalance, the release of AIF, and activation of 
caspases, the compound also has ability to suppress the AKT survival signal.  
 In conclusion, we have shown that the newly synthesized CIN-RM has a potent cytotoxic 
effect against lung cancer cells. The results indicate that the derivative of the lead compound RM 
possesses a good anticancer activity by inducing apoptosis of lung cancer cells via p53-mediated 
alteration of BCL2 protein expression and suppression of pro-survival AKT signaling. 
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CHAPTER V 

CONCLUSION AND SUGGESTION FOR FUTHER STUDY 
 

Conclusion  
 This research project provides the better understanding how PKB, also known as Akt, 
regulating apoptosis susceptibility and dedifferentiation of differentiated cancer cells to be CSC. 
In general, Akt primarily controls cancer virulence by phosphorylation and activation its 
downstream signalling, whereas these novel findings revealed that Akt can direct modulates 
certain proteins functions including Cav-1 and p21 via phosphorylation induced protein 
conformational changed. For p21, activated-Akt changes p21 function and sub-cellular 
localization leading to favor p21 oncogenic capability instead of its tumor suppressive potential. 
Oncogenic-p21 can inhibit pro-apoptotic function of Chk2 under treatment with cytotoxic drug, 
5FU, leading to more chemoresistance phenotype. For Cav-1, activated-Akt omits CSC 
suppressive function of Cav-1 leading to formation of CSC through non-CSC dedifferentiation. 
Moreover, we synthesis and test apoptosis induction effects of the semi-synthetic natural 
compound, CIN-RM. The results show that CIN-RM induces apoptosis in lung cancer cell by 
inhibiting Akt function which promotes p53-induced apoptosis. This meaningful knowledge would 
applicable for designing novel targeted cancer drug and therapy. 
 

Suggestion for further projects 
This project mainly performed in vitro system which could not represented all feature of 

cancer biology. For further research, it would be better to include in vivo experiments or data 
from patients’ tissue for verifying the novel discoveries of this research and confirming the anti-
tumor effect of the semi-synthetic natural compound. Moreover, the main objectives of this 
project are study the deep biological mechanisms controlling aggressive phonotype of lung 
cancer and colorectal cancer, there would be investigated this aggressiveness regulatory control 
in other cancer types to confirm that the discovered mechanisms are not cell type or tissue 
specific and can apply to design treatment intervention in other cancer types. In addition, the 
novel protein-protein interaction finding in this research would be more extensively study for 
precise understanding of important amino acid moieties which essential for its interaction. This 
knowledge would be use for designing a new therapeutic intervention by suppressing the 
interaction of the proteins.  
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