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Abstract 
 

OVCA is the most lethal gynecological cancer, due primarily to late diagnosis and 

chemoresistance (Canada, 2014; Society, 2014b). CDDP resistance is a major hurdle to successful 

therapy (MayoClinic, 2014). The mechanism of chemoresistance is multi-factorial including 

defects in apoptotic pathway and key tumor suppressor as well as dysregulation of metabolism 

(Borst et al., 2000; Galluzzi et al., 2012a; Siddik, 2003). Elevated aerobic glycolysis is a major 

source for fulfilling high energy demand of cancer, but the role of metabolic reprogramming and 

its regulatory mechanism in OVCA cells remain unknown. p53 is a key tumor suppressor involved 

in apoptosis and frequent defect of p53 (> 80%) exist in epithelial OVCA.  HKII is a key metabolic 

enzyme involved in the first step of glycolysis and its frequent presence in the mitochondria (80% 

>) has been reported in multiple cancers. We demonstrate here that CDDP-induced, p53-mediated 

HKII down-regulation and mitochondrial p53-HKII interaction are determinants of 

chemosensitivity in OVCA.  CDDP decreased HKII (mRNA abundance, protein level), altered its 

cellular localization and glycolysis in p53-wt chemosensitive OVCA cells, a response loss or 

attenuated in p53 deficient cells. HKII depletion sensitized chemoresistant cells to CDDP -induced 

apoptosis in a p53- dependent manner. In addition, p53 binds to HKII and facilitates its nuclear 

localization. Mechanistically, our data suggest that CDDP-activated p53 (phosphorylated p53; P-

p53 Ser15) interacts with HKII in the nucleus for its regulation. Upon entry to the nucleus, P-

p53(Ser15) transcriptionally regulates HKII by promoter binding, contributing to the regulation of 

HKII and aerobic glycolysis, eliciting apoptosis in chemosensitive OVCA cells. Conversely, this 

response is compromised in p53 defect chemoresistant cells. Using proximity ligation assay (PLA) 

in human OVCA cell lines and primary tumor cells and tumor sections from OVCA patients, we 

have demonstrated that nuclear HKII-P-p53(Ser15) intracellular trafficking is associated with 

chemosensitivity in vitro and in vivo. Furthermore, the nuclear HKII-P-p53(Ser15) interaction may 

be useful as a biomarker for chemosensitivity in multiple epithelial subtypes of OVCA.   
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Chapter 1. Introduction 
 

1. 1   Ovarian Cancer  

1.1.1   Incidence & Mortality 

Ovarian cancer (OVCA) has a high mortality rate and is the fifth leading cause of cancer 

deaths in women (Siegel et al., 2017). In women diagnosed with OVCA, the prognosis is poor and 

with an average of 30-40% of patients surviving longer than 5 years after diagnosis. A woman’s 

risk of developing OVCA is about 1 in 79, and the chance of dying from it is approximately 1 in 

108 (CanadianCancerSociety, 2017). In 2017 in Canada, 2,800 women were diagnosed with OVCA 

and 1,800 patients died from it (CanadianCancerSociety, 2017).  

1.1.2   Symptoms & Diagnosis  

Unfortunately, late diagnosis and chemoresistance have become major hurdles to effective 

OVCA treatment. 75% of OVCA cases are diagnosed in advanced stages with no apparent 

symptoms (Ebell et al., 2016). The most common symptoms of OVCA include: bloating, pelvic or 

abdominal pain, trouble eating or feeling full easily, frequent and urgent needs to urinate, 

constipation or menstrual change, fatigue, and back pain. These symptoms can be easily ignored 

and are not organ specific which can be either caused by non-cancerous disease or cancer in other 

organs (Kurman and Shih Ie, 2008).   

The diagnosis of OVCA often needs a physical pelvic exam, imaging test (e.g., transvaginal 

ultra sound), and blood test for cancer antigen 125 (Hennessy et al., 2009). However, these tests 

have limited applicability because other diseases and conditions such as endometriosis can cause 

false positive results (Benedet et al., 2000; Kurman and Shih Ie, 2008). Therefore, these tests are 

not specific enough to detect OVCA. Generally, confirmation of the diagnosis requires a biopsy 

where a sample is collected during a laparoscopic surgery. Thus, more reliable methods need to be 

developed for early and precise detection of OVCA (Society, 2018).   
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1.1.3   Risk Factors 

A risk factor of cancer indicates any substance or condition that increases the likelihood of 

developing OVCA (Society, 2018). One major risk factor is genetics, which represents 20-25% of 

all cases. Mutation in one of two genes [breast cancer gene 1(BRCA1) or BRCA2] is  responsible 

for 10-15% of OVCA (McLaughlin et al., 2007). Hereditary nonpolyposis colorectal cancer 

(HNPCC or Lynch Syndrome) also contributes to 12% of incidence of OVCA. A family history of 

OVCA elevates the risk of cancer development during a woman’s lifetime by approximately 5-fold. 

Previous medical history of other cancers including breast, uterus, colon or rectal cancers, also 

increases the risk of developing OVCA. Having endometriosis increases the likelihood of 

developing endometroid OVCA by approximately 2 to 3-fold (Moll et al., 1990; Rosen et al., 2009). 

Age is another significant risk factor for the development of OVCA. Approximately half of all 

OVCA cases have been observed to occur in women that are 63 years of age or older (Prat and 

Oncology, 2015; Vang et al., 2009). In addition, obesity and reproductive history (no pregnancy or 

pregnancy in old age) can increase the risk of development of OVCA. Conversely, long-term use 

of (longer than 3-6 months) birth control pill or specific gynecological surgeries such as tubal 

ligation (tied fallopian tubes) or hysterectomy can lower the risk of developing OVCA by up to 60% 

(Cook et al., 2017; Narod et al., 1998). In case of germ cell tumor, risk factors are often 

associated with the disorder of sex development such as atypical gonadal or chromosomal 

development (e.g., presence of Y chromosome in female)(Cools et al., 2011). Individuals 

with rare genetic syndrome called “Peutz-Jeghers syndrome” are more susceptible to 

develop both epithelial ovarian cancer and stromal tumor. Peutz-Jeghers syndroms is 

caused by mutation of STK11 and develops polyps in the stomach and intestine during their 

teenage years(Banno et al., 2013).  
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1.1.4   Stage & Grade of OVCA 

Stage and grade of the OVCA are critical for determining the progression of the disease, 

effective treatment planning, and predicting prognosis of OVCA patients. Staging classifies cancer 

based on the size and its extent. According to the International Federation of Gynaecology and 

Obstetrics (FIGO), OVCA is divided into four stages which are confirmed based on the result of 

surgery as follows (Benedet et al., 2000; Prat and Oncology, 2015):  

Stage I: The tumor is confined to one or both ovaries. 

Stage II: The tumor involves one or both ovaries with pelvic extension and the presence 

of ascites or peritoneal washing containing malignant cells. 

Stage III: The tumor involves both ovaries with peritoneal implants outside the pelvis or 

the tumor is limited to the pelvis. 

Stage IV: The tumor involves one or both ovaries with distant metastases to other organs 

outside the abdomen & pelvis (e.g., lymph node and liver). There is a fluid build-up in the 

pleural cavity with an accumulation of ascites and cancer cells.  

The grade of a cancer is a description of the morphology and growth rate of the cancer cells from 

the biopsy compared to normal cells under a microscope (Hennessy et al., 2009; McCluggage, 

2011). Differentiation implies how different the cancer cells are compared to normal cells. In low 

grade cancers, the cancer cells are well differentiated, like normal cells, tend to grow slow and less 

likely to spread. Conversely, high grade serous cancer cells are poorly differentiated or 

undifferentiated with abnormal shape, with tendency to grow more quickly (Vang et al., 2009).   

1.1.5   Histological Subtype of OVCA 

The histological subtype of OVCA is usually defined by where the cancer cells originated 

in the ovary and tumor cell morphology. Over 90% of OVCA arises from the epithelial surface of 
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the ovary or the distal fallopian tube, the remaining 10% tend to originate from germ cells or stromal 

cells. The histologic subtypes differ in risk factors, biological action, and treatment response (Rosen 

et al., 2009) making this information important for the determination of treatment and prognosis 

(Table 1.1).  

1.1.5.1   Epithelial OVCA  

Epithelial OVCA is the most frequent subtype of OVCA, accounting for 90% of OVCA incidences. 

These tumors arise from the epithelial cells that line or cover the ovaries and fallopian tubes (Rosen 

et al., 2009; Vang et al., 2009). Epithelial ovarian tumors are classified into five  histologic, 

subtypes [low grade serous, high grade serous (30-70% as serous subtype), endometrioid (10-20%), 

mucinous (5-20%), and clear cell (3-10%) with distinctive histology, molecular profiles, and 

pathogenesis (Rosen et al., 2009).These histologic subtypes are largely classified in type I tumors 

which is slow growing and genetically stable (low-grade serous, endometrioid, mucinous, and clear 

cell) and type II tumors which is genetically unstable (high-grade serous, undifferentiated 

carcinoma, and carcinosarcoma) with higher rate of TP53 mutation ( > 80%) (Kurman and Shih Ie, 

2010; Shih and Kurman, 2004).  

A. High grade & Low grade Serous Ovarian Carcinoma 

Serous OVCA is the most common type and shows a mixture of cystic, papillary, and solid 

growth architecture. Its morphology resembles a fallopian tube. It is usually large, bilateral, and 

often invades through the ovarian capsule and the surface of the ovary.  Serous can be further sub-

divided into a high-grade and low grade (Rosen et al., 2009). 

High grade serous OVCA accounts for the majority of epithelial OVCA cases observed in 

patients. Although high grade serous tumors are  believed to originate from the ovarian surface 

epithelium, recent evidences suggest that the alternative origins of it is epithelial lining of the 

fimbrial segments of the fallopian tube which is near to the ovaries or mis-localized uterine tissue 
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(endometriosis) (Dubeau, 2008; Kurman and Shih Ie, 2011). High grade serious OVCA is 

frequently caused by TP53 mutation (> 80%) with low incidences of mutations in Kirsten rat 

sarcoma viral oncogene homolog (KRAS), V-raf murine sarcoma viral oncogene homolog B 

(BRAF), or estrogen-related receptor beta type 2 (ERRB2) genes (Singer et al., 2002; Singer et al., 

2003; Singer et al., 2005). High levels of chromosomal instability have also been reported in high 

grade serious OVCA (Vang et al., 2009). High grade serous carcinomas tend to be highly 

aggressive and initially respond to platinum-based chemotherapy, but frequently develop resistance.  

Low grade serous OVCA is relatively rare, accounting for approximately 9% of all serous 

subtype OVCAs. These tumors are often slow growing, detected in a younger woman with good 

prognosis (75% survival rate). Despite its similar name, high grade and low grade subtypes are 

distinctive type of tumor with a different underlying molecular profile, pathogenesis, and 

responsiveness to therapy. Low grade serous carcinoma is characterized by frequent mutations 

(70%) of KRAS, BRAF, or ERRB2 (Kaldawy et al., 2016). Being different from high grade serous, 

TP53 mutations are uncommon in low grade serous OVCA (Singer et al., 2005).  

B. Endometrioid Ovarian Carcinoma 

The endometrioid subtype of OVCA is frequently diagnosed in early stages and tends to 

have a better prognosis. Most endometroid subtypes are low grade adenocarcinomas, often 

associated with endometriosis (McCluggage, 2011). Endometroid cancers exhibit microsatellite 

instability and frequent mutation of key tumor suppressor genes, including TP53 (60%) and 

phosphatase tensin homolog (PTEN; 35-40%) (Sato et al., 2000). Due to the absence of functional 

PTEN, activating mutations of phosphatidylinositol 3-kinase (PI3K) frequently occur, leading to 

PI3KCA hyperactivation, activation of the akaProtein Kinase B, PKB (Akt) pathway and 

contributing to cancer progression.  

C. Mucinous Ovarian Carcinoma 
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Mucinous tumors are usually large (average 18cm) and unilateral with multiloculate cystic 

mass with mucus-containing fluid. It is heterozygous in its cellular composition and differentiation 

(McCluggage, 2011). In mucinous ovarian tumors, KRAS mutations occur in approximately 75% 

of cases (Enomoto et al., 1991). Borderline and invasive mucinous tumors contain both papillae 

and solid areas. Necrosis & hemorrhage frequently occur in borderline and benign mucinous tumors. 

D. Clear Cell Ovarian Carcinoma  

Histology of clear cell ovarian carcinomas (CC) is characterized by the presence of clear 

cytoplasm rich in glycogen, resembling morphology of clear cell renal carcinomas (Bell, 2005; 

Kurman and Shih Ie, 2008). Unlike serous carcinoma, CC often presents as a large pelvic mass in 

early stages and thus tends to be diagnosed early. Advanced-stage CC tends to have a poor 

prognosis with resistance to CDDP-based chemotherapy (Rosen et al., 2009). Little is known about 

the development and progression of CC. Studies have shown that 5–10% of cases are associated 

with endometriotic lesions; however, there is little molecular evidence to support an ectopic origin 

of CC. The majority of CC occurs due to  PTEN mutations/ deletion or PI3KCA activation (Rosen 

et al., 2009). Although TP53 mutations are frequently found in various epithelial subtypes, 

particularly serous ovarian carcinoma, it is conspicuously absent in CC (Okuda et al., 2003; 

Skirnisdottir et al., 2005), implying that other molecular mechanisms are involved in CC. It is 

notable that the expression of the pro-apoptotic protein Bcl2-associated X protein (Bax) is higher 

in the early stage of CC, but the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) is highly 

expressed in metastatic CC (Sheikh-Hamad et al., 2004; Simon et al., 2003). Lower relative ratio 

of Bcl-2/Bax is frequently observed in early stage whereas higher level of the ratio is found in 

advanced CC, associated with its prognosis.  

1.1.5.2   Germ Cell Tumors 

  

Ovarian germ cell tumors are malignancies that originate from the germ (egg) cells of the 

ovary. Ovarian germ cell tumors account for 5% of OVCA. Germ cell tumors often occur in teenage 
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girls or young women (Di Tucci et al., 2017). In many cases, including advanced stages, it is 

unilateral and curable (70%) with standard chemotherapy.  

1.1.5.3   Stromal/Sex-Cord Tumors 

 

Ovarian stromal/sex-cord tumors are also rare, accounting for 7% of OVCA. They 

originate from the cells composing the connective tissue that holds the ovary together and 

follicular cells (granulosa cells) which secrete sex hormones (Kurman and Shih Ie, 2008). The 

histopathologic character of stromal/sex-cord tumors is different from the prevalent epithelial 

ovarian tumors as they show low-grade disease with a good prognosis. Since the constituent cells 

of stromal tumors are engaged in the production of steroid hormones such as androgens, 

estrogens, and corticoids, these tumors are frequently associated with multiple hormone-

mediated syndromes such as hyperandrogenism or hyper-estrogenic symptoms (Horta and 

Cunha, 2015).  
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Table 1.1  Histological subtypes of epithelial OVCA 

Histological subtype of epithelial OVCA are described based on precursor lesions, pattern of spread, 

molecular abnormalities, chemotherapeutic response, prognosis. Abbreviation used in this table are 

as follows. [Clear cell carcinoma (CCC), Endometrial carcinoma (EC), Estrogen receptor (ER), 

high-grade serous carcinoma (HGSC), Low-grade serous carcinoma (LGSC), Mucinous carcinoma 

(MC), and serous borderline tumor (SBT)], Source: (Chris M.J. Conklin, 2013) 
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Table 1.1   Histological subtypes of epithelial OVCA 
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1.1.6   Treatment          

 In order to effectively plan a treatment strategy for OVCA, multiple factors must be 

considered including: the stage, grade, the histologic subtype of the tumor, potential plan for 

pregnancy, patient age, and medical history (new or recurrent case and presence of another disease). 

There are several clinical end points to examine the effectiveness of treatment, including 

progression free interval (PFI), progression-free survival (PFS), and overall survival (OS) (Fig. 

1.1). PFI is the length of time from the termination of chemotherapy following surgery to first 

progression or relapse of cancer (Gallion et al., 2006). PFI is an indicator of chemo-responsiveness 

and the prognosis in OVCA patients (Covens et al., 2002; Rosen et al., 2009) and generally a 6 

month (m) time defines the responsiveness to chemotherapy: chemosensitivity (PFI ≥ 6 m) and 

chemoresistance (PFI < 6 m). PFS is the length of time from diagnosis or starting date of treatment 

to first evidence of tumor progression (Ehmann et al., 2014; Matulonis et al., 2015). OS is the length 

of time from the date of diagnosis or the start of treatment to the last follow-up. Usually, 5 year 

survival rate is used to estimate the prognosis of a particular disease from the point of diagnosis 

(MayoClinic, 2014; Rosen et al., 2009).  

The standard treatment approach is to surgically remove as much of the tumor as possible 

from the abdomen, known as surgical  debulking  followed by adjuvant chemotherapy (Rose et al., 

2004; Society, 2014a) (Benedet et al., 2000). The purpose of surgery is also to confirm the stage of 

OVCA. In addition to debulking surgery, total hysterectomy (removing uterus without removing 

ovaries) and bilateral salpingo-oophorectomy (removing ovaries and fallopian tubes) surgeries are 

common methods with tissue removal of lymph nodes and/or omentum, depending on the condition 

(Cannistra SA, 2015). Conversely in patients with wide spread cancer who are unable to undergo 

standard debulking, interval debulking surgery after three cycles of short neoadjuvant 

chemotherapy has become a possible alternative treatment option (Chang and Bristow, 2012). 

Although neoadjuvant chemotherapy does not significantly improve either PFS or overall survival 
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rates compared with conventional debulking followed by chemotherapy, they do exhibit 

significantly lower adverse effect and mortality rates (Rose et al., 2004; Sato and Itamochi, 2014; 

Vergote et al., 2010).  

Regardless of the surgical option used to treat the OVCA, further treatment with chemotherapy is 

required in most cases to kill any remaining cancer cells and to prevent further growth. Usually, 

platinum compounds, such as cisplatin (CDDP; Cis-diammineddichloroplatinum) or carboplatin, 

combined with tubulin targeting drugs, including Paclitaxel (Taxol) or Docetaxel are commonly 

used. The typical course of chemotherapy for OVCA involves 3 to 6 cycles of intravenous injection 

(1 month per cycle). In some cases, chemotherapy can be directly injected into the abdominal cavity 

(intraperitoneal) with the most concentrated dose of the drugs (Cannistra SA, 2015; Society, 2014a). 

Although 75% of patients in advanced stage OVCA initially respond to the platinum/taxol based 

chemotherapy, majority of them (> 90%) experience recurrence within two years, resulting in 

treatment barrier and cancer death. On the other hand, 25% of rest of patients did not respond to 

chemotherapy at all. Therefore, more effective chemotherapy and strategies are urgently needed 

(Agarwal and Kaye, 2003).    
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Figure 1.1   Schematic diagram of clinical endpoints in course of cancer therapy  

Length of progression free survival (PFS, from starting of 1st treatment to recurrence of cancer), 

progression free interval (PFI, from the end of 1st chemotherapy to recurrence of cancer), and 

overall survival (OS, from starting of 1st treatment to last follow up) are illustrated based on its 

definition during the course of treatment (Benedet et al., 2000; Hennessy et al., 2009).  
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1.2   Chemoresistant OVCA 

1.2.1   Cisplatin & Mechanism of Action  

Cisplatin (CDDP; Cis-diammineddichloroplatinum) analogues (e.g., carboplatin and 

oxaliplatin) exhibiting the similar mechanism of action of its parent compound, are the most 

commonly used platinum-based chemotherapy for OVCA treatment. CDDP, [Pt(NH3)2Cl2]  

consists of double charged platinum ion connected to two amino and two chloride ligands, in cis 

configuration (Galluzzi et al., 2012a; Siddik, 2003). CDDP causes DNA damage by irreversibly 

intercalating DNA strands by forming inter- and intra-strand DNA adducts (Fig.1.2). 

Mechanistically, upon entering the cell, the chloride atoms of CDDP are displaced by water 

(aquation reaction), creating a positively charged electrophile. This enables the platinum atom to 

bind to negatively charged DNA, forming CDDP-DNA adducts (Jamieson and Lippard, 1999). The 

majority of CDDP-DNA adducts are intra-strand 1,2-ApG, 1,2-CpG, and 1,3-GpXpG crosslinks 

[Guanine (G) or Adenine (A), Cytosine (C)], which cause distortion of the DNA helix and initiate 

DNA damage response (Crul et al., 2002; Kelland, 2000b; Moggs et al., 1997). The cross-linking 

induced by the CDDP-DNA adducts distorts and abnormally unwinds the DNA duplex, interfering 

with DNA replication and/or transcription. This results in DNA damage and subsequently activates 

the apoptosis pathway, leading to cancer cell death (Lovejoy et al., 2008; Wang and Lippard, 2005).   
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Figure 1.2   Formation and effects of CDDP-DNA adducts 

Cisplatin undergoes aquation reaction to hydrolyze chloride ions, forming positively charged 

CDDP [Pt(NH3)2Cl(OH2)]+ and [Pt(NH3)2(OH2)2]2+ inside the cell. Positively changed platinum 

atom of CDDP covalently binds to the N7 position of purines [Guanine (G) or Adenine (A)], 

forming intra- and inter-strand crosslinks and leading to distortion of DNA helices. CDDP-DNA 

adducts cause various cellular responses including replication arrest, transcription inhibition, cell 

cycle arrest, DNA repair and apoptosis (Adapted from Lippard 2005) (Wang and Lippard, 2005). 
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1.2.2   Multiple Mechanisms of CDDP Resistance 

 In OVCA, chemoresistance is a major hurdle to effective therapy. Chemoresistance is 

usually determined based on clinical recurrence occuring within 6 months after the completion of 

platinum-containing chemotherapy (Benedet et al., 2000). Although first-line chemotherapy works 

effectively for more than 80% of OVCA, recurrence occurs in a majority of patients approximately 

15 months from the time of diagnosis. Therefore, chemoresistance severely limits the effectiveness 

of OVCA treatment (Hennessy et al., 2009). The underlying mechanism of CDDP chemoresistance 

is multifactorial, partly due to the defects in  cancer cells including (Fig. 1.3): 1) increased DNA 

repair (Hu et al., 2016),; 2) increased activity of efflux pumps leading to decreased intracellular 

drug accumulation (Borst et al., 2000; Jekunen et al., 1994; Lovejoy et al., 2008); 3) enhanced drug 

detoxification and increased metabolism, and 4) dysregulation of drug-induced apoptosis (Galluzzi 

et al., 2012a; Shen et al., 2012; Wang and Lippard, 2005).  

A. Elevated DNA Repair 

Elevated DNA repair contributes to CDDP resistance in response to CDDP-induced cell damage. 

DNA repair mechanisms include nucleotide excision repair (NER), mismatch repair, 

homologous recombination (HR), and base excision repair. NER, one of DNA repair mechanism 

is strongly associated with CDDP resistance in OVCA (Li et al., 1998). DNA adducts induced by 

CDDP are primarily repaired by the NER pathway; damaged nucleotides are excised from DNA 

on both sides of adducts followed by DNA synthesis to restore the genetic integrity. The NER 

pathway involves multiple proteins, including the excision repair cross-complementing 1 (ECRR1) 

and a single-strand DNA endonuclease which removes the bulky DNA adducts. High ECRR1 

expression is associated with elevated DNA repair and leads to poor CDDP responsiveness in 

OVCA as a result (Dabholkar et al., 1992; Li et al., 1998).  

CDDP-induced inter-strand adducts also lead to double-strand breaks mainly repaired by 

homologous recombination (HR). HR involves two critical proteins BRCA 1 and BRCA2, which 
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are frequently mutated in inherited ovarian and breast cancers (Narod and Foulkes, 2004; 

Venkitaraman, 2002; Venkitaraman, 2014). Although BRCA1/2 deficient tumors tend to be 

hypersensitive to DNA crosslinking agents such as CDDP, BRCA2 restoration by secondary 

mutation could cause CDDP resistance in OVCA cells (Edwards et al., 2008; Sakai et al., 2008)  

B. Reduced CDDP Accumulation                  

 Decreased CDDP accumulation plays an important role in determining the resistance of 

OVCA to CDDP. CDDP enters cells by passive diffusion across the plasma membrane because the 

uptake of CDDP is relatively slow (Kelland, 2000a). A highly conserved ATPase cooper transporter 

(Ctr1) functions to uptake in cells as a major transporter of platinum-based drugs. In vivo Ctr1 

knockout mouse model, intracellular accumulation of CDDP is decreased by approximately 80%, 

leading to platinum resistant phenotypes (Ishida et al., 2002; Lee et al., 2011). High Ctr1 expression 

is positively associated with CDDP sensitivity and longer survival rate in OVCA patients (Lee et 

al., 2011). On the other hand, increased expression of the ATP-dependent efflux pump, ATP 

Binding Cassette Subfamily B Member (ABCB1) which encodes the membrane drug transporter 

P-glycoprotein (also known as multi drug resistance protein, MDR1), is responsible for drug 

resistance (Shen et al., 1986). MDR1 controls the drug efflux, thereby reducing the intracellular 

concentrations of CDDP preventing it from acting upon the DNA to induce apoptosis (Arts et al., 

1999).  

C. Increased Drug Detoxification & Metabolism     

 Drug detoxification and increased metabolism mediated by metabolic enzymes also affect 

the responsiveness of OVCA to CDDP treatment. Glutathione (GSH) is a highly abundant small 

peptide in the cell and functions to maintain cellular oxidative balance as a free radical scavenger. 

GSH is associated with CDDP resistance in multiple types of cancer. The intracellular 

concentrations of GSH have been demonstrated to be higher in many chemoresistant cancer cells 

(Godwin et al., 1992; Zhang et al., 2001). GSH has a high affinity for CDDP and forms GSH-
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adduct, which interferes with CDDP action. GSH conjugates organic substances and the 

metabolites of CDDP catalyzed by cytochrome 450, facilitating export of these substances via 

transmembrane pumps such as MDR1 and multidrug resistance protein 2 (MRP2)  (Zhang et al., 

2001). In cancer cells, GSH serves as a cofactor for multidrug resistance protein 2- (MRP2), which 

provides protection against oxidative stress (Myint et al., 2015).  Glutaminolysis is a series of 

biochemical reactions by which glutamine is broken into multiple amino acids including glutamate, 

aspartate, CO2, pyruvate, lactate, alanine, and citrate. Glutaminolysis also increases CDDP 

resistance through activation of the mammalian target of rapamycin complex 1 (mTORC1) 

cascade, which triggers cell growth and inhibits autophagy (Zhao et al., 2013). 

D. Dysregulation of Oncogene and Apoptosis      

 Suppression of apoptosis is a determinant in chemoresistance in cancer cells. Many death 

and survival genes including oncogenes, which are regulated by extracellular factors, are involved 

in apoptosis. An oncogene has potential to transform a normal cell into a cancer cell when mutated; 

activated oncogenes can drive normal cells destined for apoptosis to abnormal cell proliferation 

and survival as a consequence of genetic alterations (Croce, 2008). On the other hand, tumor 

suppressor genes act to inhibit prevent tumor development. In many tumors, these genes are 

frequently inactivated or lost. Due to frequent genetic mutations of tumor suppressors (e.g., p53) 

and hyperactivation of oncogenes (e.g., PI3K and Akt), apoptotic responses are decreased in 

response to various chemotherapeutic drug or external stimuli (Antoun et al., 2018; Yuan et al., 

2000). Moreover, malfunction of pro-apoptotic proteins [e.g., Bax, Bcl-2-associated death 

promoter (Bad)] or elevated anti-apoptotic proteins including inhibitor of apoptotic proteins (IAP) 

or Bcl-2 also result in decreased apoptosis (Fraser et al., 2003; Skirnisdottir et al., 2002).  

  

https://en.wikipedia.org/wiki/Bcl-2-associated_death_promoter
https://en.wikipedia.org/wiki/Bcl-2-associated_death_promoter
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Figure 1.3  Reprogramming tumor metabolism in chemoresistant OVCA 

Metabolic reprogramming of cancer cells contributes to their transformation. The Warburg effect 

(see main text) often allows cancerous cells to maintain energy production in otherwise energy poor 

conditions. Genetic and environmental factors may transform normal cells to either chemosensitive 

or chemoresistant OVCA. However, the majority of chemoresistant cells stem from chemosensitive 

cancer cells that acquire their resistance due to multiple factors: increased DNA Repair, CDDP 

detoxification, increased metabolism, and the upregulation of multi-drug resistance and copper 

transporters.  As a result, chemoresistant cells have markedly higher rates of proliferation, and their 

metabolism is less sensitive to bouts of chemotherapeutics. We and other, have also demonstrated 

that the recovery of defective p53 and PTEN can sensitize chemoresistant cells to chemotherapy.  
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1.3    Apoptosis of OVCA                                                                                         

1.3.1   Apoptosis          

 Apoptosis or programmed cell death, is the major form of cellular suicide. Apoptosis is 

required to maintain cellular homeostasis, to respond to chemotherapy, and to adapt to various 

physiological stimuli (Kerr et al., 1972). Cells undergoing apoptosis show well-defined 

morphological changes including plasma membrane blebbing, chromatin condensation, the loss of 

mitochondrial membrane potential, nuclear fragmentation, and the formation of apoptotic bodies 

(Galluzzi et al., 2012b; Gorman et al., 1996). Apoptosis can be induced by extrinsic factors through 

the death receptor (DR)- mediated pathway, or intrinsic factors through the mitochondrial pathway. 

Both extrinsic and intrinsic factors will cause apoptosis through a proteolytic cascade involving a 

family of cysteine-aspartic acid proteases (caspases) (Denault and Boatright, 2004; Elmore, 2007). 

The molecular events of apoptosis are divided into three major steps: 1) initiation by an apoptotic 

inducing agent; 2) activation of the caspase by a signal transduction cascade, and 3) proteolytic 

cleavage of cellular components. The intrinsic mitochondrial mediated apoptotic pathway is 

activated by exogenous and endogenous stimuli such as DNA damage, ischemia, and oxidative 

stress (Danial and Korsmeyer, 2004). The intrinsic pathway is initiated by the loss of mitochondria 

membrane potential, increased mitochondrial outer membrane permeabilization (MOMP), and the 

subsequent release of mitochondrial death proteins including cytochrome c (Vieira et al., 2000).  

Cytochrome c and deoxyadenosine triphosphate (dATP) bind to apoptotic peptidase activating 

factor (Apaf-1) to form multimeric complex which recruits and activates procaspase-9. Procaspase 

9 proteolytic cleaves and activates caspase 3, resulting in apoptosis (Taylor et al., 2008).  

 Extrinsic pathway is initiated by the ligation of membrane-associated DR, which are First 

apoptosis signal (Fas) and tumor necrosis factor receptor family (TNF-) receptor, or TNF related 
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apoptosis inducing ligand (TRAIL) (Peter et al., 1995; Tartaglia et al., 1993). The ligation of DR-

4 and DR-5 with Fas ligand (FasL) or TRAIL results in oligomerization of the receptors and 

recruitment of the adaptor protein, Fas-associated death domain (FADD) and caspase-8. This forms 

an active death-inducing signaling complex (DISC) which can bind effector molecules including 

procaspase-8, leading to induction of caspase cascade for the execution of apoptosis and the death 

of the cell (Chan et al., 2000; Jin and El-Deiry, 2005) 

Recent evidence suggests that apoptosis can occur through a caspase-independent pathway 

involving the endoplasmic reticulum (ER) and apoptosis inducing factor (AIF) (Tabas and Ron, 

2011). The ER is the cellular site of polypeptide folding and modification. Ca2+ is mainly localized 

in the ER of the cell and high concentration of Ca2+ is required for proper folding of proteins in ER. 

Mitochondria are highly sensitive to Ca2+ release upon ER activation (Berridge et al., 2000). When 

proper folding is  prevented due to cellular damage, an unfolded protein response (UPR) is activated 

(Berridge et al., 2000), initiating apoptotic process (Breckenridge et al., 2003). UPR stimulates 

inositol 1,4,5-triphosphate receptor (IP3R), and cytosolic Ca2+ is released from ER (Nakamura et 

al., 2000; Rao et al., 2004). It leads to the activation of transcription factors, and in turn induces the 

release of cytochrome c from mitochondria and apoptosome formation. On the other hand, transport 

of Ca2+ between ER and mitochondrial membranes sensitize mitochondria to the pro-apoptotic Bcl-

2 family members (e.g., Bid and Bim) (Kale et al., 2018). Caspase -2 and 12 were proposed as an 

initiator caspase, as the key molecules in ER mediated apoptotic process (Rao et al., 2004).  High 

concentration of Ca2+ induces cell death in caspase dependent and independent pathways. Ca2+ also 

activates calpain, calcium-dependent cysteine proteases, which mediates release and cleavage of 

AIF (Polster et al., 2005). 

AIF, a mitochondrial flavoprotein is cleaved by calpain during the induction of apoptosis 

(Polster et al., 2005; Susin et al., 1999). Cleaved AIF is released following MOMP and translocates 

to the nucleus where it causes caspase-independent DNA fragmentation and chromatin 
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condensation, playing a critical role in apoptosis (Tabas and Ron, 2011; Yang et al., 2008).  

   

1.3.2   Key Molecule Determinants in Apoptosis                                                     

 In OVCA cells, many genes with oncogenic characteristics are associated with CDDP 

resistance. These include: the Bcl-2 family members (Tomita et al., 2006), Akt (Yang et al., 2006), 

Fas-associated death domain like interleukin 1β-converting enzyme (FLICE) -like inhibitory 

protein (FLIP) (Abedini et al., 2004), X-linked inhibitor of apoptosis protein (Xiap) (Sasaki et al., 

2000), and Protein phosphatase magnesium/manganese-dependent 1D (PPM1D)(Ali et al., 2012). 

In contrast, key tumor suppressor genes, which protects cells from becoming cancer such as p53, 

PTEN, and BRCA1/2 are frequently lost or mutated in advanced OVCA. Defects of key tumor 

suppressor suppressed cellular responses including DNA damage and apoptosis.  

1.3.2.1   p53 

    

p53 is a key tumor suppressor, encoded by TP53 gene in humans, can induce apoptosis in 

transcription -dependent and -independent manners (Moll et al., 2005; Vousden and Lu, 2002). In 

response to external stimuli or internal cell stress, p53 can induce cells cycle arrest, apoptosis, 

senescence, DNA repair and the regulation of metabolism (Skirnisdottir et al., 

2002).  Dysfunctional intracellular localization and/or inactivation of p53 contributes to the 

development of chemoresistance in OVCA (Atlas et al., 2016; Fraser et al., 2003). TP53 mutation 

occurs in 70% of cases of OVCA and in more than 90% in high-grade serous epithelial OVCA, 

closely associated with chemoresistance (Marabese et al., 2008). DNA damaging agents such as 

CDDP require activation of functional p53 signaling in order to induce apoptosis in cancer cells 

(Wang and Lippard, 2005). p53 is activated by major molecular sensors of DNA damage including 

ataxia telangiectasia mutated protein (ATM) and ataxia telangiectasia mutated and Rad3-related 

(ATR) (Jackson et al., 2000). In response to DNA damage, these proteins are recruited to the site 

https://en.wikipedia.org/wiki/Ataxia_telangiectasia#Cause
https://en.wikipedia.org/wiki/Ataxia_telangiectasia#Cause


 

25 

 

of DNA damage, activating downstream checkpoint kinases 1 and 2 for DNA repair (Chk1 and 

Chk2) (Ou et al., 2005; Zhao and Piwnica-Worms, 2001).   

p53 contains multiple serine residues (15, 27, 33, 37 and 46), which can be phosphorylated 

by ATM or ATR following cellular stresses (Ashcroft et al., 2000; Banin et al., 1998; Ou et al., 

2005). CDDP increases p53 phosphorylation at Ser15 and Ser20 by Chk1 in chemosensitive, but 

not in chemoresistant OVCA cells (Fraser et al., 2003; Kong et al., 2014; Yang et al., 2006). 

Biochemically, phosphorylation of Ser15 is critical for the activation of carboxy terminal of p53 

and the association of p53 with histone/lysine acetyltransferases (HATs), such as p300 and CREB-

Binding Protein (CBP) for its DNA binding (Lambert et al., 1998; Loughery et al., 2014). Mouse 

double minute 2 homolog (Mdm2), an E3 ubiquitin of ligase of p53, interacts with p53, causing its 

ubiquitination and repression of its transcriptional activity (Ren et al., 2012; Skirnisdottir et al., 

2002). Conversely, phosphorylation of p53 at Ser15 and Ser20 suppresses its interaction with 

Mdm2, stabilizing p53 by preventing its ubiquitination. In chemosensitive OVCA cells, CDDP 

induces p53-dependent ubiquitination and proteasomal degradation of the anti-apoptotic FLIP by 

interacting with the E3 ubiquitin ligase, whereas this process is attenuated by Akt in chemoresistant 

cells (Abedini et al., 2008; Abedini et al., 2004).  

Accumulating evidence demonstrates that p53 mediates the intrinsic apoptosis pathway by 

interacting with members of the pro-apoptotic Bcl-2 family, Bax and Bcl-2 homologous 

antagonist/killer (Bak), to induce MOMP. Upon cellular stress, p53 rapidly translocates to the outer 

mitochondrial membrane (OMM) and directly interacts with Bcl-2 family members to neutralize 

the anti-apoptotic member Bcl-xL and Bcl-2 by forming an inhibitor complex (Marchenko et al., 

2000; Mihara et al., 2003). The formation of this inhibitor complex stimulates the changes of 

mitochondrial membrane potential, the release of cytochrome c, and caspase activation (Erster et 

al., 2004; Marchenko et al., 2000). This process also causes the release of pro-apoptotic proteins 

associated with mitochondrial death which are modulators of apoptosis (PUMA), Nicotinamide 
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adenine dinucleotide phosphate (NADPH) oxidase activation (NOXA) , Bcl-2 family members, 

Bax and Bid (Miyashita and Reed, 1995; Nakano and Vousden, 2001; Park et al., 2012; Riley et 

al., 2008; Sax et al., 2002). Defects of p53 prevent the interaction of p53 with Bcl-2, leading to 

suppressed mitochondrial permeabilization (Tomita et al., 2006). Based on the multiple roles of 

p53 in both transcriptional activation and in the mitochondria, the function of p53 is critical in 

facilitating apoptosis and regulating tumor growth in OVCA.    

1.3.2.2   PI3K-AKT 

 

The PI3K/Akt pathway is a critical signaling cascade linked to oncogenes, regulation of 

cancer progression, and metabolism (Manning and Toker, 2017; Neary and Pastorino, 2013). PI3Ks 

are heterodimers with separate regulatory (p85) and catalytic (p110) subunits. PI3Ks are activated 

upon recruitment of the inactive p85-p110 complex to receptor tyrosine kinases (RTKs). Interaction 

of the Src-homology 2 (SH2) domain of p85 with consensus phosphotyrosine residues at the RTKs 

in response to external stimuli (e.g., Growth factor) results in PI3Ks activation (Cheng et al., 2002).  

Previous studies support that multiple tumor suppressor/oncogenes affect glucose 

metabolism (Hay, 2005; Hay, 2016; Vousden and Ryan, 2009). The PI3K/Akt axis is a key 

oncogenic cell signaling pathway in cell survival and tumor progression, suppression of apoptosis 

and may promote glycolytic reprogramming (Altomare et al., 2004; Hay, 2005). For example, acute 

insulin treatment leads to the trafficking of glucose transporter in a PI3K/Akt-dependent manner 

(Kotani et al., 1995). PI3K is a phospholipid kinase which phosphorylates the 3’ hydroxyl group 

(OH) of the inositol ring of phosphoinositide lipids. Stimulation of RTK or G-protein-coupled 

receptors (GPCR) induces the recruitment and activation of PI3K family, leading to downstream 

effectors of PI3K-Akt activation (Vanhaesebroeck et al., 2010). PI3K phosphorylates the 

membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to form phosphatidylinositol 3,4,5-

triphosphate (PIP3), whereas this process is regulated by tumor suppressors PTEN to 

dephosphorylate PIP3 (West et al., 2002).  
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Akt is a serine/threonine (S/T) kinase and highly upregulated in cancer cells (Scheid and Woodgett, 

2001). PI lipids serve as plasma membrane docking sites for proteins harboring pleckstrin-

homology (PH) domains, including Akt and its upstream activator Phosphoinositide-dependent 

protein kinase (PDK1). After recruitment to the plasma membrane PIP3, PDK1 phosphorylates 

Thr308 and Ser473(Stokoe et al., 1997) leading to activation of Akt, whereas mTORC2 

phosphorylates Akt for full enzymatic activity (Vanhaesebroeck and Alessi, 2000). DNA-protein 

dependent kinase and members of the PI3K-related kinase (PIKK) family can also phosphorylate 

Akt at Ser473. On the other hand, protein phosphatase 2A (PP2A) is used to promote 

phosphprlyation of Akt whereas  PH-domain leucine rich-repeat containing protein phosphatase 

(PHLPP1/2) dephosphorylate it (Sarbassov et al., 2005).  In OVCA, aberrant Akt 2 hyperactivation 

has been observed in 40% of OVCA patients (Bellacosa et al., 1995; Yuan et al., 2000). Akt 

activation promotes the survival of chemoresistant cells by attenuating p53 activation and 

subsequent pro-apoptotic signaling (Fraser et al., 2008; Fraser et al., 2003).  

Akt phosphorylates residues of S and T in target molecules including lipid kinases, 

transcription factors, metabolic enzymes, E3 ubiquitin ligases, cell cycle regulators, and many other 

proteins. Akt phosphorylates proteins by recognizing a consensus sequence of R-X-R-X-X-S/T 

(where X represents any amino acid) on target proteins (Rust and Thompson, 2011; Sarbassov et 

al., 2005). However, approximately 25% of Akt target substrates do not have this consensus 

sequence required for Akt-mediated phosphorylation. How Akt phosphorylates these targets 

remains unknown and needs to be further investigated (Manning and Toker, 2017).  

Akt has three isoforms (Akt1, Akt2, and Akt3) which all share high sequence homology 

with similar domain structures, N-terminal PH, and its kinase activities (Franke et al., 1997). Akt1 

is reported to be involved in cell survival and inhibition of apoptosis whereas Akt2 is required for 

glucose transport (Staal et al., 1977; Zhang and Yang, 2013). In OVCA, aberrant Akt 2 activation 
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has been observed in 40% of OVCA patients (Bellacosa et al., 1995; Yuan et al., 2000).  The 

function of Akt3 still remains unclear.  

Akt suppresses apoptosis through phosphorylation of B-cell lymphoma 2 (Bcl)-2 family 

members. Akt phosphorylates pro-apoptotic Bcl-2-associated death promoter (Bad) at Ser136.  

This phosphorylation inhibits Bad from binding with Bcl-xL, resulting in the suppressed release of 

mitochondrial death proteins (Datta et al., 1997). Akt phosphorylates fork head transcription factor 

1 (FOXO-1) which facilitates the export and sequestration of FOXO1 out of the nucleus, thereby 

suppressing its transcriptional action on multiple proapoptotic molecules (e.g., BIM, and PUMA), 

cell cycle arrest (e.g., p21 and p27), and tissue-specific metabolic changes (van der Vos and Coffer, 

2011; Webb and Brunet, 2014). In addition, Akt directly phosphorylates mTOR at S2448, leading 

to mTORC1 activation (Sekulic et al., 2000). By phosphorylating procaspase-9, Akt inhibits the 

cleavage of both procaspase-3 and -7,  preventing the caspase cascade and apoptosis (Cardone et 

al., 1998) 

Akt decreases p53 protein stability through phosphorylation of Mdm2 at Ser166 and 

Ser186. This facilitates nuclear translocation of Mdm2, where it causes proteasomal degradation of 

nuclear p53 (Mayo and Donner, 2001; Ogawara et al., 2002). Conversely, p53 decreases Akt 

activity by promoting transcription of the PIP3 inhibitor,  PTEN and thereby enhancing negative 

expression of PI3K and its downstream Akt (Mayo et al., 2002). In addition, Akt activation confers 

resistance to OVCA cells via inhibition of caspase-dependent apoptosis (Yang et al., 2006).   

1.4    Energy Metabolism of Cancer  

1.4.1   Multiple Aspects of Tumor Metabolic Reprogramming 

Metabolic reprogramming enables cancer cells to be highly proliferative and promotes cell 

survival (Hay, 2016). Demonstrated by Otto Warburg in 1923, cancer cells show accelerated 

aerobic glycolysis (Warburg, 1956). The previous perspective of Warburg effect specifically 

proposes that glycolysis is the main metabolic pathway for ATP generation and that oxidative 
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phosphorylation (OXPHOS) is impaired in cancer cells; however, recent research has demonstrated 

that both pathways are relatively elevated in cancer cells compared to normal cells (Hay, 2016; 

Pfeiffer and Morley, 2014). Moreover, it may be that the ability of cancer cells to switch between 

energy substrates and metabolic pathways (termed bioenergetic flexibility) is associated with poor 

prognosis, including metastasis (Andrzejewski et al., 2017; St-Pierre et al., 2006). Glycolysis works 

as precursor pathway, since its metabolites and products are required for downstream pathways 

including the tricarboxylic acid (TCA) cycle and OXPHOS; pentose phosphate pathway (PPP) for 

ribonucleotide synthesis and NADPH, glycosylation and gluconeogenesis, amino acid 

biosynthesis, and fatty acid synthesis (Hay, 2016; Pedersen, 2007). In addition to glycolysis, the 

PPP pathway is highly elevated in cancer (Catanzaro et al., 2015; Zheng et al., 2017), providing 

anabolic substrates for cancer growth and reductive intermediates (NADPH) for glutathione 

synthesis and protection from oxidative damage.  

Fatty acid metabolism is similarly altered in cancer. Unsaturated lipids are increased in 

OVCA (Li et al., 2017b; Zhang et al., 2015), which induces stemness, whereas lipid desaturation 

impairs cancer stemness which has characteristics of tumor initiation and self-renewal (Li et al., 

2017b). Cellular glycogen accumulation is observed as a feature of clear cell, a sub-type of 

epithelial OVCA, which frequently develops chemoresistance (Iida et al., 2012). Also, glycogen 

accumulation is elevated in hypoxic conditions, a core component of the solid tumor 

microenvironment (Iida et al., 2012; Uekuri et al., 2013).  These findings suggest that specific 

metabolic phenotypes enhance chemoresistance in OVCA. By increasing aerobic glycolysis over 

respiration, cancer cells are provided with several benefits: 1) an environment high in lactic acid 

which facilitates tumor evasion; 2) higher generation of NADPH which provides protection from 

chemotherapeutic drugs; and, 3) production of glycolytic intermediates meeting the need for further 

anabolic demands (Vander Heiden et al., 2009; Zhao et al., 2013).  

1.4.2   Warburg Effect & Glycolysis Metabolism in Cancer  
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Accelerated glycolysis is a key hallmark of tumorigenesis (Mathupala et al., 2006; 

Mathupala et al., 2001; Warburg, 1956). Glycolysis is the first metabolic pathway converting 

glucose to pyruvate.  Beyond their metabolic functions, key glycolytic enzymes have been shown 

to enhance the survival and progression of tumors associated with drug resistance (Fig. 1.4). 

Metabolic adaptation of excessive glycolysis in cancer is mediated by hyperactive glycolytic 

enzymes, and this is primarily due to dysregulation of tumor suppressors or activation of oncogenes 

(Annibaldi and Widmann, 2010).  

The first step of glucose metabolism is the transport of glucose across the plasma 

membrane by GLUT (Glucose transporter), which is often dysregulated or overexpressed in 

malignant cells (Macheda et al., 2005; Younes et al., 1995). GLUT 1, 2, and 3 among the 14 

isoforms of GLUT are considered as possible metabolic targets for cancer therapy (Thorens and 

Mueckler, 2010; Zhao et al., 2013). Lactate dehydrogenase (LDH) is responsible for converting 

pyruvate to lactate. LDH has been observed to induce paclitaxel/trastuzumab resistance in breast 

cancer cells (Xie et al., 2009; Zhou et al., 2010). Excessive activity of LDH in glycolysis also leads 

to local acidification of tumor microenvironment, which facilitates more favorable conditions for 

tumor invasion and metastasis (Gatenby et al., 2006; Gatenby and Gillies, 2004). Pyruvate kinase 

is responsible for the last irreversible reaction of glycolysis, where it converts phosphoenolpyruvate 

to pyruvate. One isoform of pyruvate kinase, pyruvate kinase muscle (PKM2), enables cancer cells 

to adapt an altered tumor metabolic condition.  Depletion of PKM2 in a mouse model reversed the 

Warburg effect and inhibited tumor growth in a breast cancer (Christofk et al., 2008).  Collectively, 

this evidence suggests that the glycolytic metabolism of cancer cells is associated with the 

development of chemoresistance in addition to facilitating energy production and promoting cancer 

cell survival.  
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1.4.3   Hexokinase II, Key Glycolytic Enzymes Involved in Chemoresistance 

Hexokinase (HK) is the enzyme involved in the first committed and irreversible step in 

glycolysis, converting glucose to glucose-6-phosphate (G-6-P). There are five HK isoforms 

including recently discovered HKV (HKI, II, III, IV, and V) (Guo et al., 2015). HKI to HKIII have 

high substrate affinity, while HKIV has low glucose affinity and serves as an important glucose 

sensor (e.g., to control β-cell insulin release).  The fifth HK as novel isoform was recently found, 

and it remains to be further explored (Guo et al., 2015). HKI and HKII are found in many cellular 

compartments, including being bound to the OMM, and localized within mitochondria (Kabir and 

Wilson, 1994). The product of HKII, G-6-P, is a precursor used for other downstream pathways 

including pentose phosphate (NADPH and ribulose-5-P), glycogenesis (glycogen), and the 

hexosamine pathways (UDP-GlcNAc). This suggests the universal involvement of HKII in the 

regulation of anabolic and catabolic cellular metabolism (Pedersen, 2007; Robey and Hay, 2006). 

Both HKI and HKII are inhibited by G-6-P, its catalytic product via feedback inhibition (Vander 

Heiden et al., 2009). HKII,  a predominant isoform in insulin sensitive tissues (adipose, skeletal 

and cardiac muscles),  is highly expressed in multiple tumors (Roberts and Miyamoto, 2014). 

Recent research demonstrates that HKII is highly associated with tumorigenesis and cancer cell 

survival (Majewski et al., 2004a; Mathupala et al., 2006). In mouse models, deletion of HKII 

significantly decreased tumor burden and prolonged survival, suggesting that HKII is a critical 

factor involved in tumor progression (Patra et al., 2013). HKII depletion restored balanced rate of 

glycolysis and OXPHOS pathway as well as mitochondrial biogenesis in glioblastoma (Wolf et al., 

2011). HKII depletion also increased intrinsic apoptosis by increased mitochondrial permeability 

in chemoresistant glioblastoma cells (Wolf et al., 2011). Lysophosphatidic acid (LPA), a lipid 

growth factor and G protein-coupled receptor (GPCR) ligand are significantly increased in OVCA, 

triggering the activation of hypoxia inducible factor 1 (HIF1α) and inducing GLUT1 and HKII, 

thus shifting cells towards a glycolytic metabolism (Ha et al., 2018).   
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Figure 1.4   The regulation of HKII and other glycolytic enzymes in OVCA cells   

Enhanced glycolysis in cancer cells, through a combination of metabolic pathways, drives glucose 

utilization to fulfill high anabolic demands. In this schematic diagram of the glycolysis pathway, 

metabolites are shown as square boxes. Key regulatory molecules which either promote (yellow 

box) or suppresses (Purple box) glycolytic enzymes and metabolites such as G-6-P are shown. 

GLUT (glucose transporter), G-6-P (glucose-6-phosphate), F-6-P (fructose-6-phosphate), F-1,6-

BP (fructose-1,6-bisphosphate), PFK (phosphofructokinase), TIGAR (TP-inducible glycolysis and 

apoptosis regulator), 1,3-BPG (1,3-bisphosphoglycerate),  2-PG (2-phosphoglycerate), 3-PG (3-

phophosphoglycerate); PEP (phosphoenolpyruvate), ENO (enolase),  MCT (monocarboxylate 

transporter). mTORC1 (mTOR complex 1), Mutant p53 (defect p53), PFKFB (6‑phosphofructo 

2‑kinase/fructose‑2,6‑bisphosphatase), Akt (Protein Kinase B), HIF1α (Hypoxia Inducible Factor 

1α), c-Myc (v-myc avian myelocytomatosis viral oncogene homolog), and LPA (Lysophosphatidic 

acid) (Adapted from Hay et al. 2016) (Hay, 2016). 
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1.4.4   The Influence of HKII Mediated Glycolysis on Intrinsic Apoptosis in OVCA 

Intrinsic (mitochondria-mediated) apoptosis is initiated by the loss of mitochondrial membrane 

potential, increased MOMP, and the subsequent release of mitochondrial death proteins including 

cytochrome c (Vieira et al., 2000). In addition to its role in glycolysis, HKII is involved in 

protecting mitochondria and the suppression of intrinsic apoptosis (Suh et al., 2014), whereas its 

depletion of HKII enhances apoptosis and sensitivity to external stimuli (Fig.1.5). Hay et al. 

showed that ectopic expression of mitochondrial binding-deficient HKII failed to restore cell 

proliferation and tumorigenesis, emphasizing the pivotal role of mitochondria-bound HKII 

(DeWaal et al., 2018). Ectopic expression of HKII protects lung cancer cells and renal epithelial 

cells from oxidative injury or cell death (Ahmad et al., 2002; Bryson et al., 2002).  

In line with its role in regulating MOMP, HKI and HKII can bind to voltage-dependent anion 

channel 1 (VDAC1), a likely component of the mitochondrial permeability transition pores (mPTP)  

(Mathupala et al., 2006; Vyssokikh and Brdiczka, 2003). Approximately 80% of HKII is localized 

with mitochondria in cancer cells (Kabir and Wilson, 1994). Accumulating studies showed that 

Mito-HKII enhances the tight coupling of glucose phosphorylation to mitochondrial ATP 

generation (Corona et al., 2010; Sun et al., 2008). Mitochondrial Ca2+ overload and reactive oxygen 

species (ROS) induce the opening of mPTP and consequent rupture. Mito-HKII provides cellular 

protection against this Ca2+ overload and mPTP opening (Majewski et al., 2004a).   

The interaction of HKII with Bcl-2 members also affects apoptotic processes, particularly the 

execution of intrinsic apoptosis. Some anti-apoptotic molecules of Bcl-2 family [e.g., Bcl-2 and B-

cell lymphoma-extra large (Bcl-xL)] stay in the OMM, whereas pro-apoptotic members, Bcl-2-

associated death promoter (Bad), Bax, and BH3 interacting-domain death agonist (Bid) are 

translocated from the cytosol to the OMM upon initiation of apoptotic signaling (Gross et al., 1999; 

Harris and Thompson, 2000). In mitochondrial-mediated cell death, activated Bax/Bak forms a 

pore at the OMM, induces MOMP,  and results in the release of apoptotic factors such as 

https://en.wikipedia.org/wiki/Bcl-2-associated_death_promoter
https://en.wikipedia.org/wiki/Bcl-2-associated_death_promoter
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cytochrome c from the inter-membrane space (Harris and Thompson, 2000), which then accelerates 

the opening of VDAC (Vander Heiden et al., 2000). Conversely, anti-apoptotic Bcl-2 family 

members, such as Bcl-xL interact with VDAC, inhibiting cytochrome c release by modulating 

OMM integrity or MOMP (Gogvadze et al., 2006; Gross et al., 1999).  Mito-HKII inhibits binding 

of Bax to Bcl-2 through competitive inhibition and antagonizes truncated Bid (tBid)-mediated 

apoptosis (Majewski et al., 2004b; Pastorino et al., 2002). Upon cell stress (e.g., glucose restriction 

or treatment with Metformin, Clotrimazole, Flavonoid-429, 2-DG, or 3-Bromopyruvate, HKII is 

detached from VDAC (Chen et al., 2009; Neary and Pastorino, 2013; Salani et al., 2013; Zhou et 

al., 2016), inducing dysregulation of mitochondria by opening the mPTP, increasing the MOMP, 

and subsequent inducing of mitochondrial-mediated apoptosis (Krasnov et al., 2013; Pastorino et 

al., 2002). HKII dissociation from mitochondria using an artificial peptide also was shown to induce 

apoptosis without changing mitochondrial membrane potential, ROS production, or OXPHOS 

(Chen et al., 2009). This suggests that detachment of HKII from mitochondria is critical for intrinsic 

apoptosis. However, the molecular mechanism of HKII detachment and its relationship to 

chemoresponsiveness remain to be elucidated.  

1.4.5   Regulatory Mechanism of Glycolytic Metabolism in OVCA  

Accumulating evidence suggests that multiple tumor suppressors and oncogenes affect HKII and 

its role in glucose metabolism. The interplay of these molecules with HKII affect its enzymatic 

function, cellular metabolism, and survival of cancer cells (Fig. 1.4). (Hay, 2005; Hay, 2016)   
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Figure 1.5   The regulation of mitochondrial-HKII associated with intrinsic apoptosis 

in OVCA                   

A hypothetical model demonstrating mechanisms regulating the mitochondrial localization of HK 

II and apoptosis. (A) In chemosensitive OVCA cells, CDDP-induced detachment of mitochondrial 

bound HK II (mito-HKII) from VDAC is required for the induction of apoptosis. Chemotherapy 

such as CDDP induces the phosphorylation of p53 at Ser 15 (S15) and Ser 20 (S20), which 

suppresses phosphorylation of Akt, and promotes binding of HKII to mitochondria.  In the absence 

of mito-HKII, proapoptotic Bcl-2 family proteins (Bax and Bad) interact with VDAC, increasing 

mPTP, ROS, MOMP, and Ca2+ in the OMM where AIF and cytochrome c are released. (B) In 

chemoresistant OVCA cells, CDDP-induced apoptosis is attenuated due to defective p53. 

Through increased GLUT1 & 3 membrane trafficking, glucose is transported into the cell. 

Activated PI3-kinase phosphorylates lipids in the plasma membrane where Akt is recruited for 

activation. Activated Akt phosphorylates HKII (P-HKII), facilitates the translocation of Bcl-xL and 

promotes binding of P-HKII to VDAC on the OMM, thus preventing apoptosis. Bcl-xL directly 

interacts with VDAC, closing the mitochondrial ion channel and decreasing MOMP, while HKII 

inhibits apoptosis by competing for the binding sites for Bax and Bad of VDAC. Solid line indicates 

activated molecular action whereas dashed line indicates suppressed signaling. Arrows indicates 

direct action whereas blocked line indicates inhibition.  (Mathupala et al., 2006).  
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A. PI3K/Akt 

PI3K/Akt signaling cascade promotes glycolysis, suppresses apoptosis, and elicits cell survival via 

multiple mechanisms (Miyamoto et al., 2008; Roberts and Miyamoto, 2014; Roberts et al., 2013). 

PI3K pathway activation or mutational changes in genetic and function were common in OVCA 

(Cheaib et al., 2015). Effect of inhibition of AKT depends on genetic heterogeneity of cancer. 

Inhibition of AKT1 selectively caused cancer growth in a subset of OVCA cells lines, but not 

applied to all of OVCA subset, due to high expression of other AKT isoforms (Gasparri et al., 2017; 

Hanrahan et al., 2012). Akt enhances mitochondrial HKII activity and in turn OMM stability, 

thereby increasing its anti-apoptotic action. Akt directly phosphorylates HKII at the consensus 

binding site of (RARQKT*) at Thr473. Phosphorylated-HKII ( P-HKII ) is more stably associated 

with mitochondria, by inhibiting opening of mPTP (Gottlob et al., 2001; Miyamoto et al., 2008).  

Akt facilitates binding of Bcl-xL and HKII to VDAC in OMM. Apoptosis induction and mPTP 

formation by Bax/Bak are prevented, largely due to pre-occupied Bax binding site by HKII for 

OMM permeability (Majewski et al., 2004a; Roberts et al., 2013). Treatment of brain cancer cells 

with a PI3K inhibitor (LY294002) decreased P-Akt, causing decreased association of 

mitochondrial HKII fraction (Ahn et al., 2009; Pastorino et al., 2002). Also, Akt activates PFK1 by 

the phosphorylation and activation of PFKFB2 (Ros and Schulze, 2013). In breast cancer, FV-429 

inhibits glycolysis by attenuating Akt-mediated phosphorylation of HKII, resulting in apoptotic 

induction (Zhou et al., 2016). As oncogenes, KRAS and BRAF activate Akt and its mutation enhance 

the expression and plasma membrane trafficking of GLUT1 (Barthel et al., 1999; Foran et al., 1999; 

Yun et al., 2009). Still, it remains unclear how the interplay of Akt/p53 affects the HKII-mediated 

glycolysis and other metabolic processes in cancer.   

B. c-MYC 

c-MYC (v-myc avian myelocytomatosis viral oncogene homolog) is an oncogene and transcription 

factor that regulates multiple genes involved in cell proliferation, metabolism, and apoptosis (Eilers 
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and Eisenman, 2008). Constitutive activation of c-MYC is frequently found in human cancer 

(Ischenko et al., 2013). In OVCA, protein expression of c-MYC is higher in chemosresistant cells 

compared with its counterpart sensitive cells (Lawrenson et al., 2011; Reyes-Gonzalez et al., 2015). 

High c-MYC expression is also associated with decreased overall survival and disease free survival 

rate (Reyes-Gonzalez et al., 2015). c-MYC contributes to chemoresistance of cancer in part by 

controlling metabolism (Kim et al., 2007). c-MYC binds and activates the promoters of key 

metabolic enzymes including GLUT1, HKII, PFK, and enolase 1 (ENO1), leading to an activation 

of the glycolysis pathway (Kim and Dang, 2006; Kim et al., 2006; Osthus et al., 2000). In addition, 

c-MYC cooperates with HIF 1α to promote HKII and PDKI, again shifting metabolic pathway to 

glycolysis (Kim et al., 2007).  

C. mTOR 

mTOR is a serine/threonine kinase involved in promoting energy metabolism, cell growth and 

proliferation. Elevated mTOR suppresses the induction of autophagy and frequently leads to the 

development of tumors (Hay, 2005; Roberts and Miyamoto, 2014).  mTOR is composed of two 

distinct functional complexes, mTOR complex 1 and 2 (mTORC1 and mTORC2), with their 

respective defining components Raptor and Rictor (Vousden and Ryan, 2009). Akt activates mTOR, 

promoting anabolic metabolism and fatty acid synthesis, whereas AMPK represses mTOR, leading 

to catabolic energy production and fatty acid oxidation. In response to glucose deprivation, HKII 

can bind to mTORC1 by its TOS motif, decreasing TORC1 activity and positively regulate 

autophagy (Roberts et al., 2014). Under glucose depletion, inhibition of HKII is attenuated, while 

overexpression of HKII elevates glucose deprivation-induced autophagy (Roberts and Miyamoto, 

2014; Roberts et al., 2014). This indicates that cells increase their adaptability and survival by 

mTOR-HKII interaction under varied energy conditions. 

C. p53 & PTEN 
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Our lab has demonstrated that activation of functional p53 signaling is required for apoptosis in 

response to chemotherapy such as CDDP (Fraser et al., 2008; Yang et al., 2006). In addition to its 

fundamental role in apoptosis, p53 is shown to negatively regulate glycolysis (Berkers et al., 2013), 

as its mutation may lead to the reliance on glycolysis of cancer cells (Richardson, 2013). Moreover, 

the co-deletion of p53/PTEN in prostate cancer can further increase HKII levels (Wang et al., 2014). 

For example, PTEN deletion increases HKII mRNA translation via activation of the AKT-mTOR-

4EBP1 pathway, whereas p53 loss enhances HKII mRNA stability by inhibiting miR-143 

biogenesis (Wang et al., 2014). p53 plays a critical role in maintaining mitochondrial integrity and 

function, potentially through modulating SCO2 (the synthesis of cytochrome c oxidase protein) and 

cytochrome oxidase II (COX II) (Assaily and Benchimol, 2006; Matoba et al., 2006). SCO2 is 

required for the OXPHOS, mitochondrial respiration, and the assembly of the mitochondrial 

complex with COX II. Therefore, depletion of p53 impairs mitochondrial structure and respiration, 

shifting cells toward glycolytic metabolism. p53 can also induce the protein TIGAR (TP53-

inducible glycolysis and apoptosis regulator) (Cheung et al., 2012). TIGAR has dual functions in 

suppressing or activating glycolysis to maintain homeostatic balance system in the cell depending 

on varied condition. In normal conditions, TIGAR leads to the accumulated production of G-6-P, 

preventing glycolysis. However, under hypoxic conditions, TIGAR is translocated to mitochondria 

and binds to HKII, decreasing ROS, promoting glycolysis, and providing cell protection from 

apoptosis (Cheung et al., 2012; Cheung and Vousden, 2010). Also, it has been reported that defect 

of p53 promotes the plasma membrane trafficking of GLUT1 via Rho-associated protein kinase 

(ROCK) signalling (Zhang et al., 2013). Despite p53’s regulatory role in metabolism, detailed 

molecular and temporal mechanisms remain to be further elucidated.  

D. HIF1α 

Hypoxia inducible factors (HIFs) are master transcription factors required for metabolic and 

survival adaptations to hypoxia (Semenza, 2013). Active HIF1 is a heterodimer of an oxygen 
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sensitive HIF1α and constitutively expressed HIF1β. HIF1α stability in hypoxia allows for the 

transcription of many HIF-dependent genes, including multiple glycolytic genes (Ivan et al., 2002; 

Wang et al., 1995). For example, HIF1α promotes the expression of pyruvate dehydrogenase kinase 

(PDK) 2 and PDK4 which inactivates PDH. PDH is responsible for converting pyruvate to acetyl-

CoA, which is used in TCA cycle (Kim et al., 2006). However, excessive PDK inactivates PDH 

and results in the suppression of TCA cycle and OXPHOS activities, shifting the generation of ATP 

toward glycolysis (Gogvadze et al., 2008).   Under hypoxic conditions, HIFα is stabilized by 

inhibiting hydroxylation mediated by HIF1α prolyl hydroxylase (PHD). Decreased oxygen protects 

HIF1α from VHL-mediated HIF1α degradation.  In non small cell lung cancer (NSCLC), aberrant 

expression of HIF1α stimulates HKII expression, contributing to elevated glycolysis (Ma et al., 

2016). In turn, PKM2 function as an upstream effector and binds to HIF1α, promoting glycolysis 

metabolism and tumorigenesis (Wang and Semenza, 1995). HIF1α cooperates with c-Myc, an 

oncogenic transcription factor, and induces key metabolic genes, HK2 and PDK1 to promote  

glycolysis (Kim and Dang, 2006; Kim et al., 2007; Kim et al., 2006). HIF1α increases the 

expression of GLUT1, glucose uptake, and glucose phosphorylation (Assaily and Benchimol, 2006; 

Chen et al., 2001).  
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Chapter 2. Objectives & Hypotheses 
 

2.1   Background and Rationale         

  

OVCA is the most lethal gynecological cancer, due primarily to late diagnosis and 

chemoresistance (Canada, 2014; Society, 2014b). CDDP resistance is a major hurdle to successful 

therapy (MayoClinic, 2014). The mechanism of chemoresistance is multi-factorial including 

defects in apoptotic pathway and key tumor suppressor as well as dysregulation of metabolism 

(Borst et al., 2000; Galluzzi et al., 2012a; Siddik, 2003). p53, a key tumor suppressor for exerting 

apoptosis in cancer cells, are frequently mutated ( > 80%) in OVCA patients (Cheung and Vousden, 

2010; Farrand et al., 2013).   

Cancer cells preferably obtain energy via aerobic glycolysis (Warburg effect) (Ahn et al., 

2009; Gatenby and Gillies, 2004). The key glycolytic enzyme, HKII is responsible for the first 

glycolysis pathway, conversion of glucose to glucose-6-phosphate. HKII is shown to be highly 

expressed in multiple cancers, associated with tumorigenesis (Mathupala et al., 2006; Patra et al., 

2013; Suh et al., 2014).  HKII binds to VDAC in OMM of mitochondria, resulting in maintenance 

of mitochondrial membrane integrity thereby impairing the release of apoptotic molecules (e.g., 

Cytochrome c and AIF) (Roberts et al., 2013; Wolff et al., 2008).  HKII is highly localized in 

mitochondria in cancer cells (80%), and mito-HKII contributes to protecting cells from intrinsic 

apoptosis beyond its metabolic function. Upon external stress, HKII is dissociated from VDAC, 

resulting in opening of mPTP, increase in MOMP, and subsequent induction of intrinsic apoptosis, 

but the causative mechanism of HKII dissociation remains elusive (Krasnov et al., 2013; Pastorino 

et al., 2002).  

In the present study, we examine the 1) role of HKII in cancer cell survival and its mediated 

glycolysis in OVCA; 2) whether and how it is associated with dysregulation of chemosensitivity; 

3) p53 mediated regulatory mechanism of HKII, and 4) its potential implementation as a biomarker 

in OVCA. Through mechanistic and translational approaches with clinical implication, we will 
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better understand the underlying causes of CDDP resistance associated with cellular metabolism 

and potentially develop effective therapeutic strategy in treatment of OVCA.    

 

2.2   Overall Objective     

The overall objective of present studies is to improve our understanding of the role and molecular 

mechanism (s) of HKII in cellular metabolism and cell survival of chemoresistant OVCA and its 

potential clinical implication for determining chemoresponsiveness and decision making in 

chemotherapeutic regimen.  

 

2.3   Overall Hypothesis                      

  

CDDP-activated P-p53(Ser15) regulates intracellular trafficking and transcription of HKII, 

affecting metabolic reprogramming and chemosensitivity in OVCA. 

 

2.4    Specific Hypotheses & Objectives       

    

1. Hypothesis: CDDP-mediated down-regulation of protein and mRNA abundance of HKII 

is associated with chemosensitivity of OVCA.   

             Objective i) Compare the responsiveness of protein and mRNA abundance HKII level in 

sensitive and its counterpart resistant OVCA cells upon CDDP treatment and determine if 

this is associated with CDDP-induced apoptosis 

             Objective ii) Examine whether HKII depletion is associated with CDDP-induced apoptosis 

in chemoresistant OVCA cells 
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2. Hypothesis: CDDP down-regulates HKII-mediated glycolysis in chemosensitive, but not 

in chemoresistant cells.   

              Objective: Compare altered cellular glycolytic metabolic levels in chemosensitive and 

chemoresistant cells upon the CDDP treatment 

 

3. Hypothesis: CDDP-activated P-p53(Ser15) facilitates intracellular translocation of mito-

HKII to the nucleus in chemosensitive OVCA cells, leading to loss of mito-HKII enzymatic 

function and decreased glycolytic metabolism.  

             Objective:  Examine the role of mito-HKII contributing to chemoresistance and cellular 

metabolism and regulatory role of p53 

 

4.  Hypothesis: Through direct binding of activated p53 to HKII promoter, CDDP decreases 

HKII expression at the transcriptional level and its mediated glycolysis in chemosensitive 

OVCA cells. 

Objective:   Examine the role of p53 in transcriptional regulation of HKII and its influence 

on cellular metabolism 

  

5.   Hypothesis: CDDP induces the interaction of HKII-AIF with P-p53(Ser15), translocating 

it from mitochondria to the nucleus for induction of apoptosis in chemosensitive OVCA.  

              Objective: Establish the molecular mechanism and interaction of HKII and CDDP-

activated P-p53(Ser15) in sensitive OVCA cells, associated with AIF-induced apoptosis 

 

6.  Hypothesis:  p53 and HKII interaction in the nucleus are required for its regulation and 

this may serve as a potential biomarker for determining the chemosensitivity in different 

subtypes of epithelial OVCA patients. 
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             Objective: Determine nuclear and mitochondrial HKII-P-p53(Ser15) interaction in OVCA 

and its potential as a biomarker in a different epithelial subtypes of tumor in OVCA patients 

apoptosis 
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Chapter 3. Materials & Methods 
 

3.1   Reagents & Chemicals 

 

CDDP, DMSO, Hoechst 33258, lactacystin, epoxomicin, formaldehyde, 2-Deoxy-D-glucose (2-

DG), Oligomycin, FCCP, Rotenone, Antimycin A, and D-glucose were purchased from Sigma-

Aldrich (MO, USA). Hexokinase activity assay kit was purchased from Abcam (MA, USA). p53 

siRNA, and HKII siRNA were purchased from Santa Cruz Biotechnology (TX, USA). Scramble 

siRNA, Lipofectamine 2000 transfection reagent, Prolong Gold Anti fade Reagents (DAPI), RPMI 

1640 medium, penicillin/streptomycin (10,000/U/mL), Amphotericin B, fetal bovine serum (Origin: 

Canada), Dynabeads A, TEMED, and Ultrapure Trizol were purchased from Thermo Fisher 

Scientific (MA, USA). SYBR Green I mixture, Mini protease inhibitor mixture tablets, 

Phosphostop phosphatase inhibitor mixture tablets were obtained from Roche Life Science (QC, 

CANADA). Bio‐Rad DC protein assay kit and 30% Acrylamide/Bis solution were purchased from 

Bio-Rad. Glucose colorimetric assay kit was purchased from Biovision (CA, USA) and XF96 well 

plates were purchased from Seahorse Bioscience (MA, USA). LacZ, and p53-GFP adenoviruses 

were from Applied Biological Materials (BC, CANADA). An Adenoviral construct containing 

kinase-dead dominant negative Akt (DN-Akt) was a gift from Dr. Kenneth Walsh (St. Elizabeth's 

Medical Centre, Boston, MA). Adenoviruses were amplified at the lab of Dr. Robin Parks 

(Regenerative Medicine program), Ottawa Hospital Research Institute. Detailed information of 

reagent and antibodies is stated in table 3.1.    

 

3.2   Cell Lines and Culture 

 

CDDP sensitive A2780s (wild type-p53), and -resistant [A2780cp (mutant-p53), Hey (wild type-

p53), SKOV3 (p53-null), OVCAR3 (mutant-p53), ES2 (mutant-p53), PA-1 (wild type-p53) human 

OVCA cell lines] were gifts from Drs. Rakesh Goel and Barbara Vanderhyden (Ottawa Hospital 
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Research Institute, Ottawa, ON, Canada), and Dr. Yong Sang Song (Seoul National University 

Hospital). Cell lines were cultured in RPMI1640 medium supplemented with 10% heat-inactivated 

fetal bovine serum, penicillin/streptomycin (10,000 U/mL), Amphotericin B at 37°C with 5% CO2. 

Detailed information of cell lines was stated in Appendix 1.  

 

3.3   Primary Human OVCA Cells 

 

Primary human OVCA cells were obtained from Dr. Barbara Vanderhyden (Ottawa 

Ovarian Cancer Tissue Bank) and Dr. Yong Sang Song and Ja-Lok Ku (Korean cell line bank, 

Seoul National University Hospital, SNU). Under IRB-approved protocols (SNU: 1409-1540-616 

and OHSN-REB 1999540-01H) with patient informed consent. Tumor ascites or primary ovarian 

tumor cells were collected from patients with serous and clear cell OVCA. Ascites from SNU were 

centrifuged at 800 g for 20 minutes. Ascites-derived OVCA cells were maintained in either DMEM 

or RPMI supplemented with 10% FBS. Detailed information of primary human cell OVCA cells is 

stated in table 4.1.    

  

3.4   Apoptosis (Hoechst Nuclear Staining)  

 

Apoptosis was morphologically assessed using Hoechst staining (Abedini et al., 2008). Cells were 

harvested by trypsinization, washed with PBS, fixed in neutral-buffered 10% formalin and stained 

at 4°C overnight with the nuclear dye Hoechst 33258 (12.5ng/ml). 10-20 l of cells were spotted 

onto a slide and assessed for typical apoptotic nuclear morphology (nuclear shrinkage, 

condensation, and fragmentation) using fluorescence microscopy (DAPI filter). At least 400 cells 

were counted for each treatment group, and the process was blinded to avoid experimental bias.  

 

3.5   Western Blot 

  

Protein extraction and Western blot were performed as previously described (Cepeda et al., 2007).  
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Cells were pelleted and lysed in ice‐cold Radioimmunoprecipitation (RIPA) lysis buffer (pH 7.4) 

containing 20mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM Na2EDTA, 1% sodium 

deoxycholate, 2.5mM sodium pyrophosphate, and 1% NP-40. Mini protease inhibitors or 

Phosphostop (phosphatase inhibitors) were added to the lysis buffer freshly. Cell lysates were 

sonicated briefly, incubated on ice for 1 hr and pelleted by centrifugation (11,000 g; 20 min). The 

supernatant was taken as whole‐cell lysate and stored at −20°C for subsequent analyses. Protein 

concentration was determined using Bio‐Rad DC protein assay kit. Equal amounts of proteins (30–

50 μg) were loaded and resolved by 8-10% SDS‐PAGE and electro transferred (100 V, 90 mins) 

onto nitrocellulose membranes (Bio‐Rad). Membranes were blocked (room temperature, 1 hr) with 

5% skim milk blocking buffer [Tris‐HCl (10 mM; pH 8.0), NaCl (150 mM), Tween 20 (0.05%, v/v; 

TBS‐Tween 20), and skim milk (5%; w/v)]. Membranes were incubated overnight 4°C with 

primary antibodies as indicated dilution factor (Table 3.1). On the second day, membrane was 

washed with Tris-Tween Buffered Saline (TTBS) and incubated with fluorescence conjugated goat-

anti rabbit (1:10,000) or anti-mouse secondary antibodies (1:8,000) followed by quantification and 

analysis using LI-COR (Odyssey Imager, Nebraska, USA) or Image J.    

 

3.6   Immunofluorescence Microscopy  

 

Immunofluorescence microscopy was performed as previously described (Farrand et al., 2013; 

Kong et al., 2014). Cells were seeded on 8 chamber slides (BD Biosciences) 1 day before and 

treated as indicated. Cells were fixed with 4% paraformaldehyde overnight (4°C), washed with 

PBS, incubated with 0.5 % Triton X-100 (5-10mins), and blocked with 3% BSA followed by 

incubation with primary antibodies (1: 200, rabbit-anti-HKII), (1:150, mouse anti-P-p53, Ser15), 

(1:250, mouse anti-TOM20). Cells were then incubated with fluorescence-conjugated secondary 

antibodies (1:400; Alexa Fluor 488, Alexa Fluor 555) and mounted with Prolong Gold Antifade 

Reagents for DAPI. The images were obtained with a ZEISS LSM510 confocal scanning 
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microscope. Original magnification was (640x) for all panels, respectively. At least 100 cells were 

analyzed per experimental group.  

 

3.7   Adenoviral Infection 

 

Cells were infected with adenoviral constructs (Adv) containing wt-p53 (multiplicity of infection, 

MOI =0.5-1.0 , 12h), Lac Z (MOI=, 24h), and DN-Akt (MOI = 0-40, 12h) as previously described 

(Yang et al., 2008). Adv-LacZ was served as a control. Total MOI was maintained constant for all 

treatment groups between Adv and LacZ. Adenovirus infection efficiency was > 80% determined 

based on GFP expression [Adv-p53 (MOI = 1.0, 24h), DN-AKT (MOI = 40, 24h)].  

 

3.8   siRNA Transfection 

  

OVCA cells were cultured (60% confluence) and transfected using Lipofectamine 2000 for 16-24h, 

following the manufacturer’s instruction.  p53 siRNA (0-100 nM) and HKII siRNA (0-100 nM) 

were used whereas scramble siRNA was used as a negative control. Detailed information of siRNA 

is stated in table 3.1C.  

 

3.9   Quantitative Real Time-PCR (RT-qPCR) 

  

qPCR was performed as previously described (Kong et al., 2014). Total RNAs were isolated using 

TRIzol (Thermo Fisher Scientific), following the manufacturer’s instructions. cDNA was 

synthesized from 1g total RNA using reverse transcriptase and oligo(dT) primers. mRNA 

abundances of target genes were analyzed with quantitative real time PCR (qPCR) using Light 

Cycler 480 SYBR Green I master mix (Roche Life Science) at Light Cycler 480 machine (Roche 

Life Science). The data were analyzed by 2−ΔΔCT method and normalized by expression of the 

GAPDH or actin as housekeeping gene. Primer information stated is in table 3.2.    
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3.10   Chromatin Immunoprecipitation (ChIP) Assay 

  

Chromatin immunoprecipitation assay was performed as previously described (Liefke et al., 2010; 

Lim et al., 2017). Briefly, OVCA cells were cross linked, lysed, and sonicated as 150-250 bp size 

using an ultra-sonicator (Covaris S220, MA, USA). After sonication (Peak PW: 140.0, Duty Factor: 

10.0, Cycle Burst: 200), the lysate was centrifuged and diluted with dilution buffer. 5% volume of 

the supernatant was removed for input. After preclearing the protein with 30l of protein A 

conjugated Dynabeads, immunoprecipitation was conducted with a mixture of Protein A dynabeads 

and a mixture of 2-3 g antibodies. Amount of antibodies are decided based on the experimental 

optimization: 2g of p53, 3g of p-p53 Ser 15, 3g of p-p53 Ser 20, and 1g of normal rabbit IgG, 

overnight at 4°C with rotation. Immunoprecipitates were washed, heated for reverse crosslinking. 

DNA fragments were then purified using phenol: chloroform: isoamyl alcohol (15593031, Thermo 

Fisher Scientific) and subjected to qPCR using primers stated in table 3.2. Data are presented as an 

enrichment of the precipitated target sequence as compared with input DNA. 

 

3.11   Glucose Colorimetric Assay 

 

Glucose consumption was measured using the colorimetric glucose assay kit (K606-100, 

Biovision). Upon the treatment, media was collected and diluted in 1:100 in dilution assay buffer 

as number of live cells were counted by Trypan blue assay. The amount of glucose in the media 

and standards were detected following the manufacturer’s instruction. Glucose consumption was 

determined by subtracting the amount of glucose in each sample from the total amount of glucose 

in the blank media (without cells). The detection was performed by reading absorbance values at 

570 nm with a microplate reader.    

 

3.12    HKII Enzymatic Assay  
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HK enzymatic activity of OVCA cells was measured using a Hexokinase Assay Kit (ab 136957, 

Abcam).  In this assay, HK converts glucose into G-6-P. G-6-P is oxidized by G-6-P dehydrogenase 

to form Nicotinamide adenine dinucleotide (NADH), which reduces a transparent colorless probe 

to generate a colored product (Red) with strong absorbance at 450nm.  Cultured cells were counted 

and collected as 1 X 106 cells, and  dissolved with 200 µl of provided assay buffer. Supernatants of 

each cell lysate were collected after washing, homogenization, and centrifugation at 12,000 rpm 

(13,200g) for 5 mins at 4°C.  1µl of sample and 49µl of assay buffer were added to sample well in 

96 well plate, followed by addition of colorimetric reaction mixture. Also, NADH standard with 

50 µl colorimetric reaction mix was added. Reaction mixtures were incubated at room temperature 

for 30-60 mins. At the end of incubation period, optical density at 450 nm was determined using a 

microplate reader. Hexokinase activity (expressed as nmol NADH produced) was calculated 

according to the manufacturer’s instructions.  

3.13    Extracellular Flux Assays (Sea Horse) 

 

Metabolic measurements of the oxygen consumption rate (OCR) and the extracellular 

acidification rate (ECAR) were performed on OVCA cell lines using the Seahorse XF96e 

Extracellular Flux Analyzer (Agilent, USA). Cells were evenly seeded with a density of 20,000 

cells/well (experimentally determined) on XF96e cell culture microplate 24 h before experiments. 

The mitochondrial stress test was utilized to assess OCR. Prior to each experiment, the culture 

medium was replaced with XF96 DMEM (supplemented with 25 mM D-glucose, 4 mM L-

glutamine, 1 mM sodium pyruvate, pH 7.4) and incubated in a non-CO2 incubator (37°C, 1 h). OCR 

was measured over a 3 min period. Oligomycin A (1M; for ATP synthase inhibition), FCCP 

(0.5M; for maximal respiratory capacity), antimycin A [(0.5M)/ rotenone(1M) for terminating 

mitochondrial respiration] were sequentially added into each well for the assessment of resting 

respiration, ATP-linked OCR, and maximal respiratory capacity, respectively.  
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The glycolytic stress test was utilized to determine ECAR. Prior to each experiment, the culture 

medium was replaced with XF96e glucose-free DMEM (4 mM L-glutamine, 1 mM sodium 

pyruvate, pH 7.4) and incubated in a non-CO2 incubator (37°C, 1 h). Glycolytic flux (basal 

glycolysis, glycolytic capacity, and glycolytic reserve), as assessed by ECAR, was analyzed by the 

sequential addition of glucose (10 mM), oligomycin (1.0 M), and 2-DG (50 mM) in an XF96e 

flux analyzer. ECAR was measured over a 3 min period.  OCR and ECAR values were normalized 

to the protein concentration in each well, as determined by the Bradford assay.  

 

3.14   Immunohistochemistry (IHC)  

 

Under institutional review board (IRB) or Institutional Ethics Committee (IEC) approved protocols 

with patient consent forms, tissues were collected from Formalin-Fixed-Paraffin-Embedded (FFPE) 

ovarian tumors from SNU (IRB No.:H-1711-142-904), University of Hong Kong (IRB 

UW16_107), and the Centre hospitalier de l’Université de Montréal (CHUM), Division of 

Gynecologic Oncology (IEC No. 2005-1893, BD 04.002 – BSP).  The stage was determined at the 

time of surgery by a gynecologic oncologist. Histology and tumor grades were determined by a 

gynecologic-oncology pathologist using criteria consistent with the International Federation of 

Gynecology and Obstetrics (FIGO) classification. Pre-chemotherapy ovarian tumor sections were 

obtained at primary debulking surgery and post-chemotherapy ovarian tumor sections were 

obtained at the second debulking surgery. 4-5 micron thick pre- and post- chemotherapy ovarian 

tumor IHC sections were cut and deparaffinized. For antigen-retrieval, slides were heated at citrate 

buffer (10mM sodium citrate, 0.05% Tween 20, pH 6.0; 90°C, 20 min) followed by incubation with 

primary antibodies for PLA assay.  
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3.15   Proximity Ligation Assay (PLA) 

 

Proximity ligation assay (PLA) was performed as previously described (Lin et al., 2014; Soderberg 

et al., 2006). PLA enables us to detect the direct interaction between two adjacent proteins in fixed 

cell or tissues. The interaction between two proteins is detected using the corresponding two 

primary antibodies raised in different species. When the PLA probes are in close proximity (< 40 

nm), species-specific secondary antibodies as PLA probes with attached unique short DNA strand 

bind to the primary antibodies. Then, these two DNA strands can interact via a subsequent addition 

of two other circle-forming DNA oligonucleotides.  Cells were grown on 8 well chamber slides, 

treated with DMSO or CDDP, and subjected to PLA using the Duolink Detection kit (Sigma, USA), 

according to the manufacturer’s instructions. Cells were fixed, permeabilized, blocked, and 

incubated with antibodies directed against either HKII and P-p53, or HKII and AIF, followed by 

incubation with or without PLA probes conjugated to oligonucleotides. Ligation and amplification 

steps were followed by counterstaining of TOM20 as a mitochondrial marker. Images were 

obtained by confocal microscopy using LSM510 and the quantification and analysis were 

conducted by Duolink Image tool program (Sigma). The mean of number of PLA signal per cell 

were determined. At least 50 cells were analyzed per experimental group.  

Kaplan-Meier curves were stratified according to PLA signal intensity [HKII-P-p53(Ser15)] in 

ovarian tumor sections, with low intensity signal assigned a median value of score ≤ 1.0, and high 

intensity signal assigned a score > 1.  

3.16   Statistical Analysis 

  

Results are expressed as the mean ± SEM of at least three independent experiments. Statistical 

analysis was carried out by one-way (one variable), two-way (two variables), three-way (three 

variables) ANOVA to examine the interaction/difference among groups more than two using 

PRISM (version 7.0; Graph Pad, San Diego, CA) or Sigma Plot (version 12. Systat Software, 
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Chicago, IL). Differences between multiple experimental groups were determined by the 

Bonferroni post-hoc test. Correlations were analyzed by the Pearson correlation method using 

Prism. Kaplan-Meier curves were analyzed using log rank test for hazard ratio (HR), 

confidence interval (CI), and P value. Statistical significance was inferred at *P < 0.05.  
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Table 3.1  List of Primary Antibodies 

A. Primary antibodies 

Antigen Species 

Cross-

Reactivity 

Host  

species 

Dilution Company Catalogue 

Number 

Application 

Hexokinase 2 H, M, R, Mk Rabbit 

mAb 

1/2000 

(WB) 

1/200 (IF) 

Cell 

Signaling 

2867 WB, IF, 

ChIP 

Hexokinase 2 H Mouse  

mAb 

1/80     

(PLA) 

Santa Cruz sc-374091 IF, PLA 

P-p53(Ser15) H, M, R, Mk Rabbit 

pAb 

1/2000 

(WB) 

1/100   (IF) 

1/100   

(ChIP) 

1/80     

(PLA) 

Cell 

Signaling 

9284 WB, IF, 

ChIP 

P-p53(Ser15) H Mouse 

mAb 

1/80 Cell 

Signaling 

9286 IF 

P-p53 

(Ser20) 

H, Mk Mouse 

pAb 

1/100 

(ChIP) 

Santa Cruz sc-18079 ChIP 

P53(DO-1) H Mouse 

mAb 

1/2000 

(WB) 

Santa Cruz sc-126 WB, IF 

PFK1 H, M, R Rabbit 

mAb 

1/1000 Santa Cruz sc-166722 WB 

LDH H Mouse 

mAb 

1/1000 Santa Cruz sc-137243 WB 

PKM2 H, M, R, Mk Rabbit 

mAb 

1/1000 Cell 

Signaling 

4053 WB 

AIF H, M, R Mouse 

mAb 

1/80  Santa Cruz sc-55519 PLA 

TOM20 H Mouse 

mAb 

1/200 Santa Cruz sc-17764 IF 

β-Actin H, M, R, Mk Mouse 

mAb 

1/4,000 Ab cam Ab8226 WB 

GAPDH H, M, R, Mk Rabbit 

mAb 

1/10,000 Ab cam Ab181602 WB 

 

B. Secondary antibodies 

Host / Conjugate Dilution Company Catalogue Application 
Goat Anti-Rabbit Alexa Fluor 555  1/400  

Thermo Fisher 

Scientific 

A21428 IF 

Goat Anti-Mouse Alexa Fluor 488  1/400 A11001 IF 

Goat Anti-Rabbit Alexa Fluor 647  1/400 A27040 IF 

Goat-Anti Rabbit Alexa Fluor 680  1/10,000 A27042 WB(Li-cor) 

Goat-Anti Mouse Alexa Fluor 800  1/8000 A32730 WB(Li-cor) 
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C. siRNA 

Name Conc (nM) Gene Accession Company Catalogue 
HKII siRNA (h) 0-100 nM  NM_000189 Santa Cruz sc-35621 

p53 siRNA (h) 0-100 nM NM_000546   Santa Cruz sc-29435 

 

*Western Blotting (WB), ImmunoFluorescence (IF), Monoclonal Antibody (mAb), Polyclonal 

Antibody (pAb), H (Human), R (Rabbit), M (Mouse), Mk (Monkey), Cell Signaling Technology 

(Danvers, MA, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA), Abcam (Cambridge, MA, 

USA), LifeSpan BioSciences (Seattle, WA, USA), BD Biosciences (San Jose, CA, USA), Thermo 

Fisher Scientific (Waltham, MA, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?term=NM_000189&cmd=Search&db=nuccore&QueryKey=1
http://www.ncbi.nlm.nih.gov/sites/entrez?term=NM_000546&cmd=Search&db=nuccore&QueryKey=1
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Table 3.2  List of Primers 

Experiment Primer Sequence (5’ → 3’) Amplicon 

size (bp) 

Annealing 

Tm (°) 

qPCR HKII F: TTGACCAGGAGATTGACATGGG 

R:  CAACCGCATCAGGACCTCA 

248   

          

62 

Actin  F:  GACAGGATGCAGAAGGAGATTACT  

R: TGATCCACATCTGCTGGAAGGT 

137 62 

p53 F: ACC AGC TCT ATG CGG TCT 

R: TCC ATC GAA TGA CCT TCT CA 

141  61 

ChIP HKII F: TCACTTGAGGTTAGGAGTTTGAG 

R: GCCTCAGCCTCCCAAATAG  

128  62 
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Chapter 4. Results  
 

1.  CDDP-induced apoptosis is associated with decreased HKII protein in OVCA cells.  

 

To identify which metabolic enzyme(s) in the glycolysis pathway is associated with 

chemoresistance, established paired chemosensitive A2780s and chemoresistant A2780cp cells 

were cultured with or without CDDP (10 µM, 24 h) and the protein contents of various metabolic 

enzymes in the glycolysis pathway were determined by Western blot (WB). We used physiological 

reliable concentration (0-10µM) and optimal culture duration (24h) for CDDP. CDDP markedly 

decreased the protein content of HKII and Phosphofructokinase 1 (PFK1) and to a lesser extent of 

PKM2  while it had no significant effect on lactate dehydrogenase (LDH) or Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) in A2780s cells, In contrast, none of these glycolytic enzymes 

in the chemoresistant counterpart (A2780cp) were affected by CDDP, suggesting that HKII and 

PFK1 maybe involved in both cellular metabolism and chemosensitivity (Fig. 4.1A). Based on 

these results and previous reports that HKII is a key enzyme involved in tumor formation (Patra et 

al., 2013), HKII was selected for further investigation.  We also examined the influence of various 

concentrations of CDDP (0-10 M, 24 h) on HKII content and apoptosis in cell lines with different 

p53 mutational status: chemosensitive OVCA (A2780s; p53-wild type), its counterpart resistant 

cell (A2780cp; p53-mutant), and other resistant variants (Hey; p53-wild type, and SKOV3; p53-

null) (Fig.4.1B).  

As shown in Fig.4.1B, CDDP down-regulated HKII protein content in a concentration-dependent 

manner (Fig.4.1B ; ** P < 0.01), with significant decrease detectable in chemosensitive A2780s at 

5M CDDP, but not in A2780cp cells and other resistant variants with different p53 status. A 

significant increase in CDDP-induced apoptosis was also observed at 5M in chemosensitive cells 

but not in chemoresistant cells at all concentrations examined (Fig. 4.1B, Right panel; *** P < 

0.001). Time course experiments indicate that CDDP slightly although not significantly decreased 
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HKII protein content in A2780s cells in 12 hours, but the effect was more pronounced and 

significant at 24 hours (Fig. 4.1C *** P < 0.001). Irrespective of the culture duration (0-24 h), 

CDDP (10 µM) had no effect on HKII content in A2780cp cells in vitro. 
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Figure 4.1 CDDP-induced apoptosis in OVCA is associated with decreased HKII 

protein  

(A) Chemosensitive OVCA cells A2780s (p53-wild type) and its chemoresistant counterpart 

A2780cp (p53-mutant) were cultured in the presence or absence of CDDP (10M, 24 h) and protein 

contents of HKII, PFK1, PKM2, LDH, GAPDH, and actin (loading control) were measured by 

Western blot, WB (n = 3). (B) Chemosensitive [A2780s (p53-wild type)], and chemoresistant 

[A2780cp (p53-mutant), Hey (p53-wild type), and SKOV3 (p53-null)] OVCA cells were cultured 

in different concentration of CDDP (0-10M) for 24 h and changes in the protein contents of HKII, 

p53, P-p53(Ser15) and actin (loading control) and apoptosis were assessed by WB and Hoechst 

nuclear staining, respectively. (C) A2780s and A2780cp cells were cultured with different culture 

duration (0, 1.5, 3, 6 12 h, and 24h) in the absence or presence of CDDP (10 µM) and the protein 

contents of HKII and actin (loading control) were determined by WB. Results are expressed as 

mean ± SEM (n = 4) and analyzed by 2-way ANOVA and Bonferroni post-hoc test (** P < 0.01, 

*** P < 0.001, **** P < 0.0001 vs. CTL). Control, CTL 
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2. CDDP transcriptionally decreases HKII in chemosensitive but not in 

chemoresistant OVCA cells. 

To investigate the mechanism by which CDDP decreased HKII content, we first determined if this 

response was associated with changes in HKII mRNA abundance (Fig. 4.2A). As observed in HKII 

protein content, HKII mRNA abundance during a 24h culture period was significantly suppressed 

by the presence of CDDP in A2780s but not in A2780cp (Fig. 4.2A; * P < 0.05 & ** P < 0.01). To 

determine whether the CDDP-induced changes in HKII protein levels in chemosensitive cells were 

due to proteasomal degradation, A2780s cells were pre-treated with the proteasomal inhibitors 

Lactacystin (2 µM) and epoxomicin (5 nM), at optimized concentrations, previously demonstrated 

to suppress proteasomal protein degradation in A2780s cells (Abedini et al., 2004) 3 h prior to and 

during CDDP treatment. Although CDDP markedly and significantly decreased HKII protein 

content (Fig 4.2 B, * P < 0.05, CTL vs. CDDP) as shown in my previous studies, this response was 

not affected by the presence of either inhibitor, suggesting that CDDP-induced changes in HKII 

protein level could be caused by downregulation of mRNA, likely at the transcriptional level.    
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Figure 4.2  CDDP transcriptionally decreases HKII in chemosensitive but not in 

chemoresistant OVCA cells.  

(A) A2780s and A2780cp cells were cultured with different concentration of CDDP (0-10M, 24 

h) and changes in mRNA abundance of HKII and actin (loading control) were determined by qPCR. 

(B) A2780s cells were pre-treated with proteasomal inhibitors Lactacystin (Lacta; 2 M) and 

Epoxomycin (Epo; 5 nM) for 3 h prior to and during CDDP treatment (10µM, 24 h). Changes in 

HKII content and GAPDH (loading control) were assessed by WB.  DMSO was used as a vehicle. 

Results are expressed as mean ± SEM (n= 4) and analyzed by 2-way ANOVA and Bonferroni post 

hoc test (* P < 0.05, ** P < 0.01, and *** P < 0.001 vs. CTL). 
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3. CDDP decreases HKII-mediated glycolysis in chemosensitive but not 

chemoresistant OVCA cells. 

Elevated aerobic glycolysis is a key hallmark of multiple cancer cells, including OVCA (Dang, 

2012). To examine whether CDDP differently influences aerobic glycolysis and cellular 

metabolism in chemosensitive and chemoresistant cells, A2780s and A2780cp cells were cultured 

with different concentrations of CDDP (0-10 M, 24 h) and glycolysis and multiple metabolic 

indicators were assessed. To firstly examine metabolic profiles, we conducted extracellular flux 

analysis (using the XFe96 Seahorse): oxygen consumption rate (OCR; an indicator of 

mitochondrial oxidation pathway) and extracellular acidification rate (ECAR; an endpoint 

associated with lactic acid in the glycolysis pathway). As shown in Fig. 4.3A, CDDP markedly 

decreased the level of resting OCR, glycolysis (resting ECAR), and adenosine triphosphate (ATP)-

linked OCR as CDDP concentration was increased in chemosensitive A2780s cells but not in 

resistant A2780cp cells (Fig.4.3A; ** P < 0.01, *** P < 0.001 vs. CTL; 
# P < 0.05, 

###
 P < 0.001, 

A2780s vs. A2780cp). Interestingly, CDDP affects both resting OCR and ATP-linked OCR starting 

at a minimal concentration of CDDP at 5 M in sensitive A2780s cells (Fig.4.3A; **P < 0.01, *** 

P < 0.001), whereas ECAR of chemosensitive cells were only affected at the highest concentration 

examined (10 M; Fig.4.3A; ** P < 0.01), suggesting that OXPHOS is more sensitive than 

glycolysis to CDDP treatments in chemosensitive OVCA cells. CDDP treatment resulted in a 

significant decrease in resting and maximal OCR rate over time in chemosensitive cells (Fig.4.3B; 

** P < 0.01). Notably, chemoresistant A2780cp cells demonstrated higher resting and maximal 

ECAR rates than that of A2780s cells, implying highly activated glycolysis in chemoresistant 

OVCA cells. In addition, we indirectly measured glucose consumption using spent medium of 

A2780s and A2780cp cells treated with CDDP and observed that CDDP significantly decreased 

glucose consumption of chemosensitive cells starting from 5 M and showed maximal decrease 

(~50%) at 10 M (Fig 4.3C; *** P < 0.001, CTL vs. CDDP; 
###

P < 0.001, A2780s vs. A2780cp) 
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compared with A2780cp cells. Similarly, CDDP significantly downregulated HK activity to a 

maximum of 40% at 10 M CDDP (Fig 4.3D; ** P < 0.01) in A2780s cells, but not in 

chemoresistant cells.   
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Figure 4.3 CDDP downregulates HKII-mediated aerobic glycolysis in chemosensitive 

OVCA cells. 

(A) A2780s and A2780cp cells were seeded on 96-well plate, treated with CDDP (10µM, 24 h; 

DMSO as a vehicle), and resting oxygen consumption rate (OCR), glycolysis as resting 

extracellular acidification rate (ECAR), and ATP-linked OCR were measured after exposure to 

biomodulators as indicated (dashed vertical line) using an XF96e Extracellular Flux Analyzer. (B) 

OCR and ECAR measurements were obtained over time (72 min) in A2780s and A2780cp cells 

cultured with minimal (0 µM) and maximal concentration of CDDP (10 µM). (C) A2780s and 

A2780cp cells were cultured with CDDP (0-10µM, 24 h) and glucose consumption from the spent 

medium, and (D) HK activity from cell lysates were measured. For all experiments described, 

DMSO was used as a vehicle control. Results are expressed as mean ± SEM (n = 4) and analyzed 

by 2-way ANOVA and Bonferroni post-hoc test. (* P < 0.05, ** P < 0.01, *** P < 0.001, and **** 

P < 0.0001, CTL vs. CDDP; 
#
 P < 0.05, 

## P < 0.01, 
### P < 0.001, A2780s vs. A2780cp).  
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4. CDDP induces HKII nuclear localization where P-p53(Ser15) is co-localized.  

 

HKII bound to mitchondria (mito-HKII) is important for cell survival during external stress and 

intrinsic apoptosis (Pastorino et al., 2002; Roberts et al., 2013), but if and how mito HKII 

contributes to chemoresistance remain unclear. To this end, we examined whether CDDP 

treatments (10 M, 0-24 h) affected the cellular localization of HKII in chemosensitive A2780s 

cells and its counterpart chemoresistant A2780cp OVCA cells. Remarkably, in chemosensitive 

A2780s cells, nuclear localization of HKII was significantly increased from 28% to 55% in 24 hrs 

following CDDP treatment (Fig.4.4A, ** P < 0.01). In contrast, only 17% of HKII in the nuclear 

region was observed in chemoresistant A2780cp cells and was not changed with CDDP treatment 

(Fig.4.4A, P = NS). Notably, the basal level of nuclear HKII is marginally higher in A2780s cells 

than A2780cp cells. Conversely, HKII localization was significantly decreased from mitochondria 

from 60% to 35% at 24h in A2780s and this change is maintained as peak up to ~24 h (Fig.4.4A; 

** P < 0.01) in A2780cp cells. In contrast, HKII was predominantly localized to mitochondria 

(70%) and unaffected by CDDP treatment (Fig 4.4A; P = NS), suggesting that intracellular 

trafficking of HKII is associated with responsiveness to CDDP.  

Nuclear localization of P-p53 (Ser 15) is important for its apoptotic function and DNA 

binding activity as a transcription factor (Moll et al., 2005; Vousden and Lu, 2002). In response to 

CDDP, we reported that Ser15 and Ser20 are important for facilitating apoptosis in OVCA. We 

then examined whether CDDP facilitates the co-localization of P-p53 (Ser15) and HKII in the 

nucleus in later section.  In the absence of CDDP, P-p53(Ser15) localizes minimally to the nucleus 

in chemosensitive A2780s cells but rapidly accumulates in 60% of the cells 24 hours after CDDP 

treatment in (Fig.4.4B; **** P < 0.0001, CTL vs. CDDP). However, this response was significantly 

attenuated in chemoresistant cells (Fig.4.4B; 
# P < 0.05, A2780s vs. A2780cp). In addition, HKII-

P-p53(Ser15) co-localization was observed starting from 3 h and reached a peak at 6 h in 

chemosensitive cells (Fig.4.4B; ** P < 0.01, CTL vs. CDDP), but this phenomenon is evidently 
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compromised in chemoresistant cells with defective p53. Although HKII nuclear localization has 

been previously reported, this data suggests that nuclear HKII localization maybe mediated by P-

p53(Ser15), which will be examined more conclusively below.   

        We also confirmed that high mitochondrial HKII localization occurs in other epithelial 

subtypes of OVCA cells including high grade serous and clear cell carcinoma. A2780s and 

A2780cp are reported to be originated from ovarian endometrioid adenocarcinoma (Anglesio et al., 

2013; Beaufort et al., 2014).  Similar to previous observation in chemoresistant A2780cp cells, 70% 

HKII is highly localized in mitochondria in other chemoresistant OVCAR3 cells (p53-mutant) as 

a high grade serous subtype and 60% HKII in ES2 (p53-mutant) as a clear cell carcinoma, 

respectively (Fig. 4.5).      
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Figure 4.4  CDDP facilitates translocation of HKII to the nucleus in chemosensitive 

but not in chemoresistant cells. 

(A) A2780s and A2780cp cells were cultured with CDDP (10 µM, 0-24 h; DMSO as a vehicle), 

fixed, stained, and subjected to confocal microscopy. Cellular localization HKII (Red) as % of total 

cells with TOM20 (Green: Mitochondrial Marker), DAPI (Blue: Nucleus marker) was analyzed 

followed by quantification using Image premier program. (B) In A2780s and A2780cp cells, same 

treatment as above in (A) was subjected to confocal microscopy with HKII, P-p53 antibody, and 

DAPI. Co-localization of HKII and P-p53 were quantitatively analyzed by Image premier program. 

Results are expressed as mean ± SEM (n = 4) and analyzed by 2-way ANOVA and Bonferroni 

post-hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, CTL vs. CDDP; 
## 

P < 0.01 
### P < 0.001, 

#### P < 0.0001, A2780s vs. A2780cp). Yellow inserted box represents response of single cells. 

Scale bar: 10 μm  
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Figure 4.5  HKII is highly localized in mitochondria in different subtypes of 

chemoresistant OVCA cells.  

(A)  OVCAR 3 (High grade serous, p53 wild-type) and (B) ES2 cells (Clear cell, p53 mutant) were 

cultured with CDDP (10 µM, 24 h), fixed, stained, and subjected to confocal microscopy. Cellular 

localization of HKII (Red) as % of total cells was analyzed using TOM20 (Green: mitochondrial 

Marker) and DAPI (Blue: nucleus marker) followed by quantification using Image premier 

program. (C) OVCAR3 and ES2 cells cultured as above were also subjected to apoptosis 

measurement using Hoechst staining. Results are expressed as mean ± SEM (n =3) and analyzed 

by 2-way ANOVA and Bonferroni post hoc test. (No significance: NS). Scale bar: 10 μm 

  



 

74 

 

  



 

75 

 

5.  p53 is required for modulating HKII intracellular trafficking and aerobic 

glycolysis.  

We next sought to determine if and how the detachment of HKII from the mitochondria affects its 

metabolic function and aerobic glycolysis. Based on our previous findings, activated P-p53 is a 

likely inducible factor which enables the nuclear localization of HKII. Thus, A2780cp cells (p53-

mutant) were infected with an adenoviral construct (Adv) containing Adv-LacZ as a control (MOI 

= 1.0, 24 h) or functional p53 (Adv-p53) alone or together followed by treatment with CDDP (10 

M, 24h). We observed that HKII nuclear localization was markedly increased from 20% to 40% 

(Fig. 4.6A; ** P < 0.01) in A2780cp cells infected with Adv-p53 treated with CDDP compared 

with cells infected with Adv-LacZ (MOI = 1.0, 24 h) alone. In addition, nuclear co-localization of 

P-p53(Ser15) and HKII were significantly increased from 23% to 45% (Fig. 4.6A; ** P < 0.01), 

but this phenomenon was attenuated in A2780cp with Adv-LacZ only, possibly due to defective 

p53. Notably, neither Adv-p53 alone or nor Adv-LacZ as counterparts without CDDP elicited such 

responses (Fig. 4.6A; P=NS), suggesting that CDDP-activated P-p53 is required for modulating 

HKII cellular localization. 

 We then tested if detachment of HKII from mitochondria by P-p53 affects glycolytic metabolism. 

Glycolysis (as measured by resting ECAR) and ATP-linked OCR were measured in A2780cp cells 

infected with Adv-p53, or CTL, followed by CDDP treatment (10 µM, 24 h). Adv-p53 infection in 

A2780cp cells treated with CDDP decreased glycolysis (Resting ECAR; Fig. 4.6B; ** P < 0.01) 

and ATP linked OCR (Fig. 4.6B; **P < 0.01). However, p53 infection alone also significantly 

decreased resting ECAR (Fig. 4.6B; ##P < 0.01, LacZ vs. Adv-p53), suggesting that both p53 and 

P-p53 (Ser15) enforces this metabolic regulation (Fig.4.6B; ##P < 0.01). Similarly, HK activity and 

glucose consumption were significantly decreased in p53 infected cells with identical treatment 

(Fig. 4.6C; *P < 0.05). Overall, these results suggest that P-p53 is specifically involved in the 
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detachment of HKII from mitochondria and attributes dysregulation of HKII enzyme activity and 

its mediated glycolysis.  

Conversely, we also performed the experiment by downregulating p53 expression in 

chemosensitive A2780s cells and assessed HKII localization in cellular bioenergetics. As expected, 

we observed that mito HKII localization was markedly decreased from 60% to 40% and nuclear 

HKII localization was increased from 30% to 45% in control cells (scramble) with CDDP treatment, 

but not in p53 knocked down A2780s cells.  (Fig. 4.7A; ** P < 0.01), confirming p53 is involved 

in the regulation of intracellular HKII localization.  

We then examined whether p53 depletion increases HKII-mediated glycolysis in the presence of 

CDDP. Consistent with previous findings, CDDP-induced downregulation of glycolysis, ATP 

linked OCR, and glucose consumption was recovered in p53 depleted groups irrespective of CDDP 

treatment (Fig. 4.7B; 
#
P < 0.05, 

##
P <0.01, scramble vs. p53 siRNA). Notably, p53 knockdown 

itself significantly increased the basal level of glycolysis, ATP linked OCR, and glucose 

consumption (Fig. 4.7B; 
##

P <0.01, scramble vs. p53 siRNA).  This may indicate that p53 is 

required for facilitating HKII nuclear localization and HKII-mediated glycolysis.  
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Figure 4.6  p53 is required for detachment of HKII from mitochondria, resulting in 

attenuated aerobic glycolysis. 

(A) A2780cp cells were transfected with either Adv-LacZ (multiplicity of infection, MOI = 1.0, 24 

h) or Adv-p53 with GFP tag (MOI = 1.0, 12h) and cultured with or without CDDP (10 µM, 24 h; 

DMSO as a vehicle). Total MOI was constant for all treatment groups as MOI 1.0. Cellular 

localization of HKII (Red) as % of total cells with P-p53 with GFP tag (Green), and DAPI (Blue) 

was obtained by confocal microscopy and quantified with Image premier program. (B) Glycolysis 

(resting ECAR) and ATP-linked OCR were measured with an XF96e Extracellular Flux Analyzer. 

(C) HK activity and glucose consumption were measured using cell lysate and spent medium from 

A2780cp cells treated as in (A). Results are expressed as mean ± SEM (n =3) and analyzed by 2-

way ANOVA and Bonferroni post-hoc test (* P < 0.05, ** P < 0.01, CTL vs. CDDP; 
## P < 0.05, 

##
 P < 0.01, 

###
 P < 0.001, Adv-LacZ vs. Adv-p53). Scale bar: 10 μm 
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Figure 4.7   p53 depletion promotes mito-HKII localization and aerobic glycolysis.  

(A) A2780s cells were knocked down using either scramble or p53 siRNA (100 nM) and cultured 

with CDDP (0, 10µM 24; DMSO as a vehicle). Cellular localization of HKII (Red) as % of total 

cells, TOM20 (Green, mitochondrial marker), and DAPI (Blue, nucleus marker) were obtained 

using confocal microscopy and analyzed by Image premier program (B) Glycolysis (Resting ECAR) 

and ATP-linked oxygen consumption rate (OCR) were measured in A2780s cells transfected with 

p53 siRNA (100 nM), seeded on 96-well plate, treated with CDDP (10µM, 24 h), and analyzed 

using an XF96e Seahorse Analyzer. Glucose consumption was measured using the spent medium 

of cells seeded on 12-well plate, and treated with CDDP (10µM, 24 h). Results are expressed as 

mean ± SEM (n =4) and analyzed by 2-way ANOVA and Bonferroni post hoc test (* P < 0.05, ** 

P < 0.01, CTL vs. CDDP; 
#
 P < 0.05, 

## P < 0.01; Scramble vs. p53 siRNA). Scale bar: 10 μm  
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6.  p53 re-constitution and Akt suppression cooperatively facilitate translocation of 

HKII.  

 

Previous research reported that activated phosphorylated Akt (P-Akt) promotes binding of HKII to 

OMM of mitochondria (Roberts et al., 2013). On the other hand, our previous findings (Fig. 4.6 

and 4.7) also showed that P-p53(Ser15) facilitates detachment of HKII from the mitochondria. 

Based on that, we examined whether Akt suppression with dominant negative Akt (DN-Akt) and 

P-p53 together detach HKII from OMM of mitochondria, associated with chemosensitivity. Thus, 

A2780cp (p53-mutant) cells were infected with an adenoviral construct containing Adv-LacZ as a 

control (MOI = 0.5, 12 h) or functional p53 (Adv-p53, MOI = 1.0, 24 h), DN-Akt (Adv-DN Akt, 

MOI = 40, 24 h) alone, or together followed by treatment with CDDP (10 M, 24 h) as indicated. 

We observed that CDDP significantly decreased mito HKII localization from 43% to 27% in 

A2780cp cells infected with p53 and DN-Akt adenovirus together.  In A2780cp cells re-constituted 

with Adv-p53 and Adv-DN-Akt, CDDP significantly decreased mito HKII localization from 40 % 

to 31 % (** P < 0.01 vs. CTL, Fig. 4.8A), but nuclear HKII is significantly increased from 15% to 

45% (**** P < 0.0001 vs. CTL, Fig. 4.8A). However, DN-Akt infection alone or together with 

CDDP did not significantly change nuclear HKII localization (NS. Fig 4.8A).    

In Fig. 4.8B, we used the same treatment group above as successful infection was confirmed using 

WB, shown as increased p53 and Akt protein content. Interestingly, our WB analysis showed that 

the protein content of HKII was not decreased with A2780cp infected with either functional p53 

(Adv-p53), DN-Akt alone regardless of CDDP treatment. However, DN-Akt and p53 together 

decreased the protein content of HKII irrespective of CDDP treatment. Along with that, we 

examined the apoptosis rate. In A2780cp cells infected with LacZ, p53, DN-Akt alone did not show 

a significant increase in apoptosis rate, but p53 and DN-Akt together followed by CDDP treatment 

showed an increase in 20% of apoptosis rate (** P < 0.01 vs. CTL, Fig 4.8A). In Fig. 4.8 D & E, 

A2780cp cells infected with Adv-p53 and Adv-DN-Akt together significantly synergized to 
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decrease both ECAR as well as OCR. Collectively, these data suggest us that functional p53 and 

Akt depletion cooperatively facilitate nuclear localization of HKII in chemoresistant OVCA cells, 

associated with apoptotic induction and metabolic activity.   
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Figure 4.8  p53 re-constitution and Akt depletion together facilitate detachment of 

HKII from mitochondria. 

 (A) A2780cp cells were transfected with either Adenoviral constructs (Adv)- LacZ (MOI:0.5, 12 

h) or Adv-p53 with GFP tag (MOI = 0.5, 12h), Dominant Negative (DN)-Akt Adv with GFP tag 

(MOI = 40), and cultured with CDDP (0, 10µM 24h; DMSO as vehicle). Total MOI was constant 

for all treatment groups as MOI 40.5. Cellular localization of HKII (Red) as % of total cells, and 

p53/P-p53 w GFP tag (Green) with TOM20 (Blue), and DAPI (Grey) were measured using 

confocal microscopy and quantitatively analyzed with Image premier program. (B) A2780cp cells 

transfected as mentioned above were cultured with CDDP (10µM, 24h) followed by WB and (C) 

apoptosis measurement using Hoechst staining. (D) OCR and (E) Glycolysis (Resting ECAR) were 

measured in A2780cp  cells infected with Adv-LacZ (MOI:0.5 or 40.0, 24 h) or Adv-p53 with GFP 

tag (MOI = 0.5, 12h), Adv-DN-Akt with GFP tag (MOI = 40, 12h) alone or together, seeded on 96-

well plate, treated with CDDP (10µM, 24 h), and analyzed using an XF96e Extracellular Flux 

Analyzer. Results are expressed as mean ± SEM (n =4) and analyzed by 2-way ANOVA and 

Bonferroni post hoc test (* P < 0.05, ** P < 0.01, **** < 0.0001, CTL vs. CDDP; 
# 

P < 0.05, Adv-

LacZ vs. Adv-p53). Scale bar: 10 μm  
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7.  p53 is required for CDDP-induced apoptosis in HKII depleted cell.  

 

To further understand the role of HKII in chemoresistance, we examined the effect of HKII 

depletion on the apoptotic response of chemoresistant OVCA cells to CDDP. Various 

chemoresistant OVCA cell lines, including A2780cp (p53-mutant), Hey (p53-wild type), and 

SKOV3 (p53-null) cells were treated with either pharmacologic HK inhibitor (2-Deoxy-D-Glucose: 

2-DG) or HKII siRNA. 2-DG treatment markedly sensitized Hey cells to CDDP-induced apoptosis 

starting from 12% (5 mM; Fig. 4.9A; *P < 0.01) and maximally up to 20% (20 mM; Fig.4.9A; *** 

P < 0.001), but not in other p53 defective chemoresistant cells (A2780cp and SKOV3). Consistent 

with previous findings, HKII siRNA facilitates increase CDDP-induced apoptosis from 8% (50 nM) 

to 11% (100 nM) (Fig. 4.9A; *** P < 0.001) of p53-wild type Hey cells, but not in other p53 

defective chemoresistant cells. To confirm that p53 is required for the induction of apoptosis in 

HKII depleted cells, chemoresistant A2780cp cells were re-constituted with an Adv-p53 (MOI = 

0.5 or 1.0, 12 h) followed by HKII knock-down and CDDP treatment (10M, 24h). In HKII-

depleted A2780cp cells, infection with Adv-p53 markedly enhanced apoptosis rate to 10% (MOI = 

0.5) and maximally up to 20% at highest MOI (MOI = 1.0, 12h) in response to CDDP (Fig.4.9B; 

*** P < 0.001). These data demonstrate that HKII depletion is not sufficient, but the functional 

p53 is required for the synergistic induction of apoptosis in chemoresistant OVCA cells.   

We then investigated the role of HKII in glycolysis metabolism in cancer cells. HKII knockdown 

significantly decreased glycolysis (resting ECAR) compared with control (Fig. 4.9 C; #P < 0.05). 

Similarly, HKII knockdown in chemoresistant A2780cp cells exhibited a significant 40% decrease 

in glucose consumption (Fig. 4.9C, Right panel; 
## P < 0.01) compared with control transfected 

with a scramble. However, HKII knockdown did not cause any significant difference between 

control and CDDP (10M, 24h) treatment group (Fig. 4.9 C: P = NS).  As expected, HKII 

knockdown caused a significant decrease in both ECAR and glucose consumption while no further 
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decrease was observed in CDDP treated cells, suggesting that HKII mediates aerobic glycolysis. 

On the other hand, HKII depletion significantly decreased cell viability in various chemoresistant 

cells (Hey, A2780cp, and SKOV3), suggesting that HKII depletion is sufficient for decreasing cell 

proliferation or cell viability, but p53 is required for apoptosis induction (Fig.4.9D).  
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Figure 4.9  p53 is required for CDDP-induced apoptosis of chemoresistant OVCA 

cells when HKII is depleted.  

(A) Hey (p53-wt), A2780cp (p53-mutant), and SKOV3 (p53-null) were treated with the HK  

inhibitor, 2-deoxy-D-glucose (2-DG, 0 - 20 mM, 6 h; Upper panel) or transfected with 0 ~100 nM 

of HKII siRNA (16 h; Bottom panel), treated with CDDP (10 µM, 24h; DMSO as a vehicle), and 

apoptosis was assessed morphologically with Hoechst staining. For successful transfection, HKII 

protein content (actin as loading control) was assessed by WB. (B) p53 re-constitution sensitizes 

chemoresistant OVCA cells with HKII knocked-down to CDDP-induced apoptosis. A2780cp cells 

were transfected with HKII siRNA (100 nM, 16 h), infected with p53 adenovirus (MOI = 0 - 1.0, 

12 h) or Lac Z as control and then treated with CDDP (10 µM, 24 h) followed by apoptosis 

measurement. Total MOI was constant for all treatment groups as MOI 1.0. For successful 

transfection, the protein content of HKII, P-p53(Ser15), p53 and actin were assessed by WB. (C) 

Glycolysis (resting ECAR) was measured with A2780cp cells transfected with 0-100 nM of HKII 

siRNA and subjected to CDDP treatment (10 µM, 24 h) on 96 wells. Glucose consumption was 

also measured using same cells seeded on to 12-well plate followed by CDDP treatment (10 µM, 

24 h) (D) Hey, A2780cp, and SKOV3 cells were transfected with HKII siRNA (0 ~100 nM, 16 h), 

treated with CDDP (10 µM, 24 h) followed by cell viability assay with Trypan blue. Results are 

expressed as mean ± SEM (n ≥ 3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test 

(** P < 0.01, and *** P < 0.001, CTL vs. CDDP, 
#
 P < 0.05, 

##
 P < 0.01, Scramble vs. HKII 

siRNA). 
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8.  p53 transcriptionally regulates HKII and aerobic glycolysis  

 

Based on that role of p53 demonstrated in HKII nuclear localization, we next investigated a second 

way in which p53 may regulate its expression at the transcriptional level in the nucleus and 

subsequent effect on glycolysis metabolism. Our lab previously demonstrated that CDDP promotes 

phosphorylation of p53 (Ser15 & Ser20) and DNA binding affinity of P-p53 in OVCA cells (Fraser 

et al., 2008; Kong et al., 2014). To examine if p53 or P-p53 transcriptionally represses HKII 

expression and HKII-mediated glycolysis in OVCA cells, p53 was knocked down in 

chemosensitive A2780s cells, the cells were treated with CDDP (10 M, 24 h) and HKII mRNA 

abundance and protein levels were assessed. CDDP treatment significantly decreased mRNA 

abundance of HKII, but this downregulation was largely attenuated in p53-knockdown cells (Fig. 

4.10A; *P <0.05, #P < 0.05, ##P < 0.01), indicating that p53 is required for transcriptional 

suppression of HKII. Consistent with that, HKII mRNA downregulation led to a decrease of HKII 

protein content in chemosensitive cells treated with CDDP but recovered in p53-knocked down 

A2780s cells (Fig.4.10B). Also, p53 downregulated decreased CDDP-induced apoptosis rate from 

13% to 6% (Fig.4.10C; ** P < 0.01, # P < 0.05).  

To demonstrate a direct role of p53 in HKII transcriptional repression via promoter binding, 

we performed chromatin immunoprecipitation (ChIP) assays in A2780s and A2780cp cells with 

and without CDDP treatment (10 M, 24 h). Using qPCR analysis of p53 immunoprecipitates, we 

determined that p53 binding to the HK promoter is prominently increased in CDDP treated 

chemosensitive A2780s cells (~20 fold) compared with untreated control. Conversely, this response 

was largely compromised in chemoresistant cells, irrespective of CDDP treatment (Fig. 4.10D; *** 

P < 0.001). Our data exhibited that P-p53(Ser15), but not P-p53 (Ser20) is involved in the regulation 

of HKII DNA by promoter binding (Fig. 4.10D; Ser15: ** P < 0.01; Ser20: P > 0.05), supporting 

that activated form of P-p53 at site of Ser15 is specifically involved in the transcriptional 

suppression of HKII.   
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Figure 4.10   p53 transcriptionally regulates HKII and aerobic glycolysis.  

(A) A2780s cells were transfected with either scramble or p53 siRNA (100 nM, 16 h), treated with 

CDDP (10 M, 24 h) followed by measurement of mRNA abundance (qPCR) for HKII, p53, and 

actin as house keeping gene. (B) WB and (C) apoptosis assessment was conducted using the same 

samples. (D) CDDP activated P-p53 (Ser15), but not P-p53 (Ser20) regulates HKII via promoter 

binding in chemosensitive, but not in chemoresistant OVCA cells. A2780s and A2780cp cells were 

treated with CDDP (10 M, 24 h), and ChIP assay was conducted using p53, P-p53(Ser15), and P-

p53 (Ser20) antibody followed by DNA purification. DNA was subjected to qPCR for 

quantification. Results are expressed as mean ± SEM (n = 4) and analyzed by 2-way ANOVA and 

Bonferroni post hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, CTL vs. CDDP, 
# 

P < 0.05, 
##

 P 

< 0.01, Scramble vs. p53 siRNA). (E) Schematic map of the p53 binding to the human HKII 

promoter region showing potential p53 consensus binding site (Grey color), and primers used for 

ChIP assay (Arrow). p53 consensus binding sequence was located at the promoter region from -1 

to -1,000 upstream, and the amplicon targeting p53 bound to HKII was designed in the region of 

( -265 to -137 bp).  
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9.  HKII is enriched in the nucleus in primary human OVCA cells with longer PFI.  

 

Progression free interval (PFI) is used as a major indicator to determine chemoresponsiveness, 

predicting the prognosis in OVCA patients (Kurman and Shih Ie, 2008) Using primary human 

OVCA cells with varied PFI and subtype, we determined if CDDP induces HKII nuclear 

localization, associated with the prognosis of patients in the context of PFI (Fig.4.11). In high grade 

serous (HGS) subtype of the primary human OVCA cell (SNU-3561; PFI =19 months) as 

chemosensitive phenotype, HKII was already largely enriched in the nucleus in both control and 

CDDP treated group. In addition, A-8 cells with longer PFI (PFI = 39 months), CDDP treatment 

induced nuclear localization of HKII and significantly decreased mitochondrial HKII localization 

(Fig 4.11, * P < 0.05). In contrast, in A-39 (PFI < 6 months) as chemoresistant phenotype, HKII 

was highly localized in mitochondria, but not changed regardless of CDDP treatment. These data 

collectively suggest that both HKII nuclear localization as basal level and CDDP-induced HKII 

nuclear localization are possibly associated with the length of PFI and chemoresponsivess in OVCA 

patients.   
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Figure 4.11 Nuclear HKII localization is increased in chemosensitive high grade 

serous OVCA patients. 

(A) Various primary OVCA human cells, SNU-3561 and ascites (A-8 & A-39) were cultured with 

CDDP (10µM, 24 h). Cellular localization of HKII (Red) as % of total cells with TOM20 (Green: 

mitochondrial Marker) and DAPI (Blue: Nucleus marker) were measured using confocal 

microscopy (B) Results were quantified using Image premier program and progression free interval 

(PFI) is shown in each cell. Results are expressed as mean ± SEM (n = 4) and analyzed by 2-way 

ANOVA and Bonferroni post hoc test (* P < 0.05, CTL vs. CDDP). Scale bar: 10 μm  
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10. CDDP promotes HKII interaction with P-p53(Ser15)/AIF in the nucleus in 

chemosensitive OVCA cells. 

We next sought to explore the molecular link between dysregulated metabolism and induction of 

apoptosis in chemosensitive OVCA cells.  In previous findings, P-p53(Ser15) and HKII were co-

localized in the nucleus in response to CDDP in chemosensitive A2780s cells but not in 

chemoresistant cells. Our group previously reported that CDDP promotes nuclear localization of 

AIF, the mediator of caspase-independent apoptosis, whereas Chen et al. demonstrated that HKII 

interacts with AIF in mitochondria (Chen et al., 2009; Farrand et al., 2014; Yang et al., 2008). In 

this context, we postulated that CDDP stimulates P-p53(Ser15) and promotes its recruitment with 

HKII and AIF, enabling translocation of this complex to the nucleus where HKII can be 

transcriptionally regulated by P-p53(Ser15) in chemosensitive cells, eliciting AIF-induced 

apoptosis. To better examine direct HKII-P-p53(Ser15) and HKII-AIF interactions, proximity 

ligation assay (PLA) was used and number of PLA signal per cell were quantified. In 

chemosensitive A2780s cells treated with CDDP (10 µM, 0-24 h), PLA signal of HKII-P-

p53(Ser15) interaction at the nucleus were increased starting at 6 h and reached highest at 24 h 

treatment and significantly increased apoptotic response (Fig.4.12A & C; ** P < 0.01), but this 

interaction was largely attenuated in mitochondria at 3-6 h (Fig.4.12 A; * P < 0.05, ** P < 0.01) 

and recovered again at 24h, suggesting the intracellular trafficking of HKII-P-p53(Ser15) 

interaction from mitochondria to the nucleus. In contrast, HKII-P-p53(Ser15) in chemoresistant 

A2780cp exhibited minimal interaction in the nucleus, but this interaction is limitedly enriched in 

mitochondrial region at 24 h (Fig. 4.12 A & C; * P < 0.05), supporting that inhibition of nuclear 

translocation of HKII-P-p53(Ser15) occurred in A2780cp cells, associated with its minimal 

apoptotic response.     

With the HKII-AIF interaction, PLA signal (HKII-AIF) in A2780s cell was increased in the nucleus 

but decreased in mitochondria (Fig. 4.12B & C; * P < 0.05) in response to prolonged duration of 
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CDDP (24 h). This result implies that P-p53(Ser15) led translocation of this interaction (HKII-AIF) 

from mitochondria to the nucleus as HKII-P-p53(Ser15) simultaneously did, suggesting 

cooperative interaction and co-movement of these molecules [P-p53(Ser15)-HKII-AIF]. Compared 

with A2780s cells, PLA signal (HKII-AIF) in A2780cp cells was weaker overall, mainly localized 

in mitochondria and was not largely changed in response to CDDP.  

We next examined our previous finding is applied to other OVCA cells. We have examined that 

PLA interaction of HKII-P-p53(Ser15) in other variant OVCA cells including chemosensitive PA-

1 cells (p53-wild type) and chemoresistant OVCAR3 cells (p53-mutant) (Fig. 4.13A). We observed 

that both nuclear and mitochondrial interaction of HKII-P-p53(Ser15) as PLA signal was increased 

in nuclei of chemosensitive PA-1 cells, and was associated with increased chemosensitivity. 

Conversely, only mitochondrial HKII-Pp53(Ser15) interaction was increased in chemoresistant 

OVCAR3 cells (Fig. 4.13A & B). It suggests that nuclear HKII-P-p53 interaction is associated with 

chemosensitivity in OVCA cells.  In summary, these results support the notion that CDDP 

activated-P-p53(Ser15) facilitates 1) translocation of HKII by direct and transient interaction to 

facilitate its regulation; 2) regulation of HKII and glycolysis, and 2) AIF-induced apoptosis in 

OVCA cells. 
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Figure 4.12 HKII-P-p53(Ser15)-AIF interaction in the nucleus in chemosensitive 

OVCA cells.  

A2780s and A2780cp cells were cultured with CDDP (10 µM, 24 h; DMSO as a vehicle) followed 

by proximity ligation assay (PLA). Interactions of (A) HKII-P-p53(Ser15) and (B) HKII-AIF in 

A2780s and A2780cp cells were assessed by PLA, using Duolink Image tool program from Sigma. 

Number of HKII-P-p53(Ser15) (A: red spot) and HKII-AIF (B: red spot) interactions in cellular 

localization [nucleus marker (Blue: DAPI), mitochondria marker (Green: TOM20), and PLA 

Signal (Red)] were counted and analyzed using Duolink Image tool. (C) OVCA cells treated same 

as above were also subjected to apoptosis measurement using Hoechst staining. Results are 

expressed as mean ± SEM (n = 4) and analyzed by 2-way ANOVA and Bonferroni post hoc test (* 

P < 0.05, ** P < 0.01, CTL vs. CDDP). Scale bar: 10 μm 
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Figure 4.13  Nuclear HKII-P-p53(Ser15) interaction is associated with 

chemosensitivity in OVCA cells.  

(A) Chemosensitive PA-1 (p53-wild-type, endometrioid) and chemoresistant OVCAR-3 (p53-

mutant, high grade serous) cells were cultured with or without CDDP (10 µM, 24 h; DMSO as a 

vehicle). Interactions of HKII-P-p53(Ser15) (PLA unit: red spot) with counterstaining of 

localization [nucleus marker (Blue: DAPI) and mitochondria marker (Green: TOM20)] in other 

OVCA cells were analyzed using Duolink Image tool. (B) PA-1 and OVCAR-3 cells were cultured 

in the same condition above were subjected to apoptosis measurement using Hoechst staining. 

Results are expressed as mean ± SEM (n = 3) and analyzed by 2-way ANOVA and Bonferroni post 

hoc test (** P < 0.01, CTL vs. CDDP). Scale bar: 10 μm  
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11.  CDDP increases nuclear HKII-Pp53(Ser15) interaction in chemosensitive 

primary human cells. 

Based on our previous studies in OVCA cell lines, we then examined the interaction and 

intracellular trafficking of HKII-P-p53(Ser15) by PLA assay in various cultures of primary human 

cells collected from patients with OVCA with the varied length of progression free interval (PFI). 

(Fig.4.14 and Table.1). After CDDP treatment (10 µM, 24 h), the nuclear intracellular trafficking 

and interaction of HKII-P-p53(Ser15) (PLA unit: Red signal) were highly increased in 

chemosensitive SNU-3561 with longer PFI (PFI = 19 months), but this response was significantly 

attenuated in chemoresistant 2068 cell with shorter PFI (PFI = 0 months) (Fig.4.14A). When we 

compared the correlation between increased nuclear PLA unit as the interaction of HKII-P-

p53(Ser15) and chemosensitivity in vitro as CDDP-induced apoptosis by Pearson correlation 

analysis, we observed a positive correlation (Fig. 4.14B, r = 0.88, **** P = 0.0007).  In addition, 

chemosensitivity in vitro as determined is correlated with chemosensitivity in vivo, determined by 

PFI (Fig. 4.14C, r = 0.68, P = 0.03).  

We then categorized these treated primary human cells into chemosensitive (PFI ≥ 6 

months) and chemoresistant (PFI < 6 months) (Oncology, 2016, August). We categorized these 

treated primary human cells into chemosensitive (PFI > 6 m) and chemoresistant (PFI ≤ 6 months). 

We observed significantly lower nuclear PLA units, HKII-P-p53(Ser15) in chemoresistant primary 

human OVCA cells (PFI ≤ 6 months; cells: 2066, 2068, 2170; Fig. 4.14D) compared with that of 

chemosensitive 2149 cells (PFI = 25 months), (left panel, Fig. 4.14D, * P < 0.05, ** P < 0.01). 

Next, we examined the correlation between the increased interaction of HKII-P-p53(Ser15) 

(nuclear PLA unit) and PFI and observed the positive correlation (right panel, Fig.4.14D, r = 0.73, 

P = 0.011).  In summary, interaction and intracellular trafficking of HKII-P-p53(Ser15) occurred 

in the nucleus in chemosensitive primary OVCA human cells (PFI > 6 months), but not in 
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chemoresistant primary human OVCA cells (PFI ≤ 6 months), suggesting nuclear intracellular 

trafficking of HKII-P-p53 (Ser15) may function as a determinant of chemosensitivity.   
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Table 4.1  Demographic information of patients for primary human OVCA Cells 

Table 4.1 illustrates the clinical characteristics of the patients recruited for primary cultures of 

human OVCA cells from Ottawa Hospital Research Institute (OHRI) and Seoul National 

University Hospital (SNUH). The majority of collected tumors were primarily high-grade serous 

(HGS) with one clear cell (CC) subtype. Most of the tumors were at stage III and IV, although 

some received neo-adjuvant treatment that precluded accurate staging. Genexol and Lipoxo are the 

brand name of Paclitaxel and liposomal Doxorubicin, respectively. The majority of patients had 

disease progression or recurrence within 6 months, while four patients had a PFI of longer than 6 

months. Some of the primary human cells were previously exposed to chemotherapy before its 

collection. Information of exact procedure of surgery was limitedly provided except for the record 

that tumors were removed in primary or relapse cases.  
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Table 4.1   Demographic Information of patients for primary human cells 

No. Source Sub 
type 

Stage PFI 
(Months) 
/Sensitivity 

Survival 
status 

Collected stage & 
Institute 
/Chemotherapy list  

SNU 
3561 

Pleural  
fluid 

HGS 4B 19/Sensitive Alive Primary removal 
surgery at SNUH 
1. Genexol-Carboplatin 
Recurrence 
2. Genexol-Carboplatin  
 

A8 Ascites HGS 3C 39/Sensitive Alive Primary removal 
surgery at SNUH 
1. Paclitaxel-
Carboplatin  

A39 Ascites CC Unknown PFI < 6 
/Sensitive 

Deceased Second removal 
surgery at SNUH 
1. Taxol-Carboplatin   
2. Belotecan  

2068 Ascites HGS 3c 0/ Resistant Deceased Second removal 
surgery at SNUH 
1.Carboplatin & Taxol  
2 Carboplatin 

2149 Ascites HGS 1c 25/ Sensitive Alive Second removal 
surgery at SNUH 
1.Carboplatin & Taxol  
2.Carboplatin & Taxol  

2159 Ascites HGS Neo 
adjuvant 

0/ Resistant Deceased Second removal 
surgery at SNUH 
1. Carboplatin  
2. LipoDox 

2161 Ascites HGS Neo 
adjuvant 

10/ 
Intermediate 
resistant 

Unknown Second removal 
surgery at SNUH 
1. Carboplatin & Taxol 

2164 Ascites HGS Neo 
adjuvant 

0/ Resistant Deceased 1. Carboplatin & Taxol                                       
2. Lipo Dox  
 

2165 Ascites HGS 3c 5/ Resistant Alive Second removal  
surgery at SNUH 
1. Carboplatin & Taxol  
2. LipoDox 

2166 Ascites HGS Neo  
Adjuvant 

4/ Resistant Deceased Second removal 
surgery at SNUH 
1. Carboplatin & Taxol                       
2. LipoDox                                                       
3. Paclitaxel 

2170 Ascites HGS 3b 4/ Resistant Deceased Second revmoval 
surgery at SNUH 
1. Carboplatin & Taxol                                              
2. Carboplatin                        

 



 

107 

 

Figure 4.14  CDDP promotes interaction and intracellular trafficking of HKII-P-

p53(Ser 15) to the nucleus of chemosensitive primary human OVCA cells.  

 (A) Various primary human OVCA cells including SNU 3561 and 2068 collected from patients 

were treated with or without CDDP (10 µM, 24 h; DMSO as a vehicle), and analyzed by increased 

PLA units [interaction of HKII-P-p53 (Ser15); Red] in the nucleus with counterstaining of TOM20 

(Green, mitochondrial marker), DAPI (Blue: nucleus marker), using Duolink Image program. (B) 

The correlation between the increased rate of PLA unit, nuclear HKII-Pp53(Ser15) interaction and 

chemosensitivity in vitro was analyzed. Chemosensitivity in vitro as CDDP-induced apoptosis was 

assessed using Hoechst staining. (C) The correlation between chemosensitivity in vitro and PFI as 

chemosensitivity in vivo was analyzed. (D) (Left panel) Primary human OVCA cells treated above 

were categorized based on the length of PFI (PFI > 6 months and PFI ≤ 6 months) and increased 

PLA signal, nuclear HKII-P-p53(Ser15) interaction in these cells were compared with 

chemosensitive primary human OVCA cells, 2149 (PFI = 40 months). (Right panel) The correlation 

between increased PLA unit, [nuclear HKII-P-p53 (Ser15) interaction] and PFI was analyzed. 

Results are expressed as mean ± SEM (n = 5) and analyzed by 2-way ANOVA and Bonferroni post 

hoc test. (* P < 0.05, ** P < 0.01, CTL vs. CDDP). The correlations were analyzed using Pearson 

correlation (r) method. Scale bar: 10 μm 
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12. Increased nuclear HKII-P-p53(Ser15) interaction functions as potential 

biomarker for chemosensitive OVCA.  

To confirm whether nuclear HKII-P-p53(Ser15) interaction is also increased in the clinical 

sample in vivo, PLA signal was examined in paired pre- and post-chemotherapy tumor 

immunohistochemistry (IHC) sections obtained from the same OVCA patients with different 

epithelial histological subtypes of OVCA as indicated (Table 4.2). We then examined whether the 

nuclear HKII-P-p53(Ser15) interaction is associated with chemoresponsiveness, determined as PFI. 

When comparing the nuclear HKII-P-p53(Ser15) in post-chemotherapy relative to pre-

chemotherapy samples from the same patient, we observed a notable increase in nuclear HKII-P-

p53(Ser15) with a patient with longer PFI (40 months), but not in a patient with a shorter PFI (1 

month, Fig. 4.15A). When we assessed the correlation between increased nuclear HKII-P-

p53(Ser15) interaction (Increased PLA unit = post-chemotherapy – pre-chemotherapy) and PFI 

using Pearson correlation analysis, a strong correlation was observed (Fig. 4.15B, r = 0.72, P < 

0.0001). However, the correlation between these PLA units and overall survival is less strong (Fig. 

4.15C, r = 0.43, P = 0.004), which may be because the overall survival does not strongly correspond 

to PFI in this population of OVCA patients (r = 0.47, Fig. 4.15D). Finally, the long-term survival 

was examined using Kaplan-Meier curves. Patients with a higher nuclear HKII-P-p53(Ser15) 

interaction after chemotherapy had significantly better progression free survival than patients with 

lower nuclear HKII-P-p53(Ser15) interaction (Fig 4.15E, ** P = 0.005). In addition, there is a 

significant difference in the overall survival rate between patients with higher or lower nuclear 

HKII-P-p53 (Ser15) interaction (Fig. 4.15F, * P = 0.008).  Collectively, these data suggest that 

increased nuclear HKII-P-p53(Ser15) interaction after chemotherapy is more likely associated with 

chemoresponsiveness and overall survival, particularly in epithelial subtypes of OVCA.   
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Table 4.2  Demographic information of patients for Immunohistochemistry 

Table 4.2 illustrates the clinical characteristics of the patients recruited for ovarian tumor 

immunohistochemistry (IHC) sections for PLA studies (number of patients = 41, total 82 sections). 

The majority of patients were older than 50. The tumors were primarily high-grade serous ovarian 

tumors (88%), with 10% clear cell, and 2% endometrioid subtype. Most of the tumors (88%) were 

stage III and IV. Majority of patients had a recurrent disease with a PFI of longer than 6 months 

(80%), while 20% of patients progressed or had a recurrence within 6 months.    
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Table 4.2.  Information of patients for recruited for primary human cells 

 

 

 

 

 

Characteristics 

(patients, n=41) 

paired sections (82) 

 

         Range 

Patient studied 

population 

   n/ Total       % 

Age (years) < 50 13/  41 32 

51-60 18/  41 44 

> 60 10/  41 24 

FIGO stage I 4  /  41 10 

II 1  /  41 2 

III 32 / 41 78 

IV 4   / 41 10 

Progression-free 

interval (PFI) 

       PFI > 12 m 25  /41 60 

     6 m < PFI ≤ 12 m 8  /  41 20 

        6 m ≤ PFI 8  /  41 20 

Histologic sub-type High grade serous 36 / 41 88 

Clear cell 4   / 41 10 

Endometrioid 1   / 41 2 
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Figure 4.15 Chemotherapy-induced nuclear interaction of HKII-P-p53(Ser15) is 

associated with chemoresponsiveness in OVCA patients. 

 (A) Paired pre- and post- chemotherapy ovarian tumor IHC sections from the same patients (n=41, 

total 82 sections) were collected, fixed with formalin, processed for antigen retrieval, and stained 

with HKII and P-p53(Ser15) antibodies. Number of HKII-P-p53(Ser15) interaction (PLA unit: red 

spot) and its cellular localization [nucleus marker (Blue: DAPI), mitochondria marker (Green: 

TOM20)] were assessed using confocal microscopy and Duolink Image Tool. (B) The correlation 

was analyzed between [increased PLA unit, nuclear (HKII-Pp53 (Ser15) interaction) = post-

chemotherapy minus pre-chemotherapy] and PFI (n = 41) and (C) overall survival, (n = 40), 

respectively. (*One of the patients was excluded due to loss of contact for follow-up.) (D) The 

correlation was analyzed between progression free survival (PFS) and overall survival (OS). (E) 

(PFS) and (F) OS were examined using Kaplan–Meier curves according to increased nuclear PLA 

units. Hazard ratio (HR) and Confidence Interval (CI) were also analyzed. The correlation was 

analyzed using Pearson correlation (r) method. P value of Kaplan-Meier curves were analyzed log-

rank test. Scale bar: 10 μm  
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To confirm above observations and instead of using increased value (Increased PLA unit 

= post-chemotherapy – pre-chemotherapy), we assessed our findings based on the ratio of PLA 

signal between pre- and post- chemotherapy (post-chemotherapy /pre-chemotherapy). When we 

assessed the correlation between increased ratio of nuclear HKII-P-p53(Ser15) interaction (post-

chemotherapy /pre-chemotherapy) and PFI using Pearson correlation analysis, a strong correlation 

was observed (Fig 4.16A, r = 0.69, P < 0.0001) and the correlation between these PLA units and 

overall survival was less strong (Fig. 4.16B, r = 0.40, P = 0.03), which may be because the overall 

survival does not strongly correspond to PFI in this population of OVCA patients as previously 

explained. When we classify the ratio value of HKII-P-p53(Ser15) based on the length of PFI ( PFI 

≤6 months,  6 < PFI < 12 months, PFI >12 months), we observed significant correlation between 

nuclear HKII-P-p53(Ser15) and PFI in chemosensitive patients group (Fig. 4.16 C, 6 < PFI < 12 

months: r = 0.71; PFI > 12 months: r = 0.72), but not in chemoresistant patients (PFI ≤ 6 months, r 

= -0.015) suggesting the increased ratio of HKII-P-p53(Ser15) in post-chemo/pre-chemo is more 

closely associated with chemosensitivity in OVCA.  Finally, the long-term survival was examined 

using Kaplan-Meier curves. Patients with a higher ratio of nuclear HKII-P-p53(Ser15) interaction 

after chemotherapy had significantly better progression free survival than patients with lower 

nuclear HKII-P-p53(Ser15) interaction (Fig 4.16D, * P = 0.03). In addition, there is a significant 

difference in the overall survival rate between patients with higher or lower nuclear HKII-P-p53 

(Ser15) interaction (Fig. 4.16E, * P = 0.03).  

  Based on that we also examined how nuclear HKII-P-p53(Ser15) interaction either before 

or after chemotherapy may function as a prognostic indicator. With Hematoxylin and eosin staining, 

we first confirmed our sections collected from a different histological subtype of epithelial OVCA 

where the majority of them are high grade serous (88%) (Fig 4.17A, Table 4.2).  We then assessed 

the prognostic value of HKII-P-p53 (Ser15) in either pre-chemotherapy or post- chemotherapy 

alone instead of using increased value. However, weaker correlation (r < 0.5) was observed both in 
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pre-chemotherapy alone (Fig 4.17B, r = - 0.38, P = 0.015) or post-chemotherapy alone (Fig 4.17C, 

r = 0.35, P = 0.03), suggesting that the increased nuclear HKII-P-p53(Ser15) interaction between 

pre-chemotherapy and post-chemotherapy are more important determinant for chemosensitivity.    

Next, instead of assessing nuclear HKII-P-p53(Ser15) interaction, we assessed the 

correlation between increased mitochondrial HKII-P-p53(Ser15) interaction (Increased PLA unit, 

mitochondria = post-chemotherapy – pre-chemotherapy) and PFI using Pearson correlation 

analysis. But the association between HKII-P-p53(Ser15) in mitochondria region and both PFI (Fig. 

4.17D, r = - 0.35, P = 0.02) and overall survival (Fig. 4.17E r = - 0.08, P = 0.63) were weak. 

However the negative correlation between mitochondrial HKII-P-p53(Ser15) and PFI possibly 

suggests us that HKII-P-p53(Ser15) because the association of HKII-P-p53 (Ser15) may translocate 

from mitochondria the nucleus or other sub-cellular organelles after post-chemotherapy in response 

to CDDP. We also examined the long-term survival using Kaplan-Meier curves. Patients with a 

lower increased mitochondrial HKII-P-p53 (Ser15) interaction had significantly better progression 

free survival than patients with higher mitochondrial HKII-P-p53(Ser15) interaction (Fig. 4.17F, * 

P = 0.047), but there is no significant difference in the overall survival rate between patients with 

higher or lower mitochondrial HKII-P-p53 (Ser15) interaction (Fig. 4.17G) suggesting increased 

nuclear HKII-P-p53(Ser15) interaction is stronger indicator for chemosensitivity.   
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Figure 4.16 CDDP increases the nuclear HKII-P-p53(Ser15) interaction in post-

chemotherapy, associated with chemoresponsiveness in OVCA patients. 

Same IHC samples for Fig. 4.15 were analyzed with different calculation method, [Increased ratio 

of PLA unit, [nuclear HKII-P-p53 (Ser15) interaction) = post-chemotherapy / pre-

chemotherapy]. (A) The correlation was analyzed between increased ratio of PLA unit in vivo and 

PFI (n=41) and (B) overall survival (n=40). (C) IHC sections were classified in to three groups 

based on the length of PFI (PFI ≤ 6 months, 6 < PFI < 12 months, and PFI >12 months) and the 

correlation between PFI length and the increased ratio of nuclear HKII-P-p53(Ser15) interaction 

were assessed. (D) Progression-free survival and (E) overall survival were examined using Kaplan–

Meier curves according to an increased ratio of nuclear PLA units. Hazard ratio (HR) and 

Confidence Interval (CI) were also analyzed. The correlation was analyzed using Pearson 

correlation (r) method. P value of Kaplan-Meier curves were analyzed log-rank test.  
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Figure 4.17   Evaluation of prognostic value of HKII-P-p53 (Ser15) in OVCA patients 

(A) Hematoxylin and eosin staining of each section with varied epithelial OVCA subtype were 

obtained. HKII-P-p53(Ser15) in either in only pre- or post- chemotherapy sections were examined.  

The correlation between PFI and prognostic value of nuclear HKII-P-p53(Ser15) in either (B) Pre- 

chemotherapy or (C) post- chemotherapy alone were examined. (D) Number of HKII-P-p53(Ser15) 

interaction (PLA unit: red spot) in mitochondria [nucleus marker (Blue: DAPI), mitochondria 

marker (Green: TOM20)] were analyzed using confocal microscopy and Duolink Image Tool. The 

correlation was analyzed between [Increased PLA unit, mitochondria (HKII-Pp53(Ser15) 

interaction) = post-chemotherapy minus pre-chemotherapy] and chemosensitivity in vivo (PFI, n = 

41) and (E) overall survival (n = 40). The correlation was analyzed using Pearson correlation (r) 

method. (F) Progression free survival and (G) overall survival was examined using Kaplan – Meier 

curves according to mitochondria. Hazard ratio (HR) and Confidence Interval (CI) were also 

analyzed. The correlation was analyzed using Pearson correlation (r) method. P value of Kaplan-

Meier curves were analyzed log-rank test.  
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Chapter 5. Discussion 
 

5. 1   Overview & Significance 

 

OVCA is the fifth leading cause of cancer deaths in women (Siegel et al., 2017). 

Chemoresistance is a major hurdle for effective treatment in OVCA.  The mechanisms of 

chemoresistance are multifactorial, partly due to dysregulation of apoptosis (mutation of tumor 

suppressors and hyperactive oncogenes) and increased metabolism (Abdullah and Chow 2013). 

Elevated glycolysis (Warburg effect) is required for cancer cell survival and tumorigenesis 

(Mathupala et al., 2001; Wolf et al., 2011). However, it remains unknown if and how tumor 

metabolism affect the cell survival of chemoresistant OVCA cells. Previous studies suggested the 

role of key glycolytic enzyme HKII in metastasis and tumor formation beyond its metabolic 

function, but whether HKII is associated with chemoresistance needs to be further elucidated.  

The aim of the proposed thesis is to establish a role of tumor metabolism in chemoresistant 

OVCA. The main objective of the present study was to investigate the role of HKII in aerobic 

glycolysis, chemoresistance, and its regulatory mechanism in cell survival of chemoresistant 

OVCA. We first examined the role of HKII in mitochondrial-mediated apoptosis in OVCA. CDDP 

induced distinctive responses in protein level and intracellular localization of HKII and metabolic 

responses in chemosensitive and chemoresistant OVCA cells. In addition, we demonstrated a novel 

regulatory mechanism of p53 for HKII: 1) the interaction and intracellular trafficking of activated 

P-p53(Ser15) and HKII in the nucleus are required for CDDP-induced apoptosis; 2) Upon entry to 

the nucleus, activated P-p53(Ser15) binds to the promoter of HKII for transcriptional suppression 

of HKII in chemosensitive OVCA cells.  

Specifically, in chemosensitive OVCA cells, CDDP-induced phosphorylated-p53 (P-p53 

Ser15), facilitates and recruits HKII and apoptosis inducing factor (AIF), enabling their 

translocation from mitochondria to the nucleus, where P-p53 (Ser15) transcriptionally suppresses 
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HKII, and nuclear accumulation of AIF induces apoptosis. Conversely, with the lack of p53 

activation in chemoresistant OVCA cells, HKII and AIF are strongly bound in the mitochondria, 

and HKII activity is maintained (Fig 5.1 Hypothetical model). The present study supports the 

notion that p53 is not only responsible for the apoptotic response but regulates key molecules 

involved in tumor metabolism. Finally, using various clinical samples (human OVCA cell lines, 

primary OVCA cells, and ovarian tumor sections) in OVCA patients, we have determined that 

nuclear HKII-p-P53(Ser15) interaction in OVCA may function as a potential determinant 

biomarker of chemosensitivity in epithelial OVCA.  
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Figure 5.1  Hypothetical model illustrating the role and regulation of HKII in OVCA 

cells. 

 (A) In chemosensitive OVCA cells, (1) CDDP treatment leads to activation of p53 at site of Ser 

15. and (2) CDDP induces formation HKII- AIF complex in mitochondria; (3) CDDP-induced P-

p53 facilitates translocation of HKII-AIF from mitochondria to the nucleus; (4) P-p53(Ser15) 

suppresses HKII gene expression by binding to the HKII promoter region; and (5) nuclear AIF 

induces apoptosis; (B) In chemoresistant OVCA cells, (1) CDDP fails  to activate p53 (2) HKII 

and AIF are strongly bound in mitochondria, resulting in maintaining HKII enzymatic activity (3) 

As a result, P-p53 induced decrease of HKII expression and AIF-induced apoptosis areattenuated.  
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5.2   Experimental Advantages for Utilizing Isogenic Cancer Cell Line Pairs    

 

The present studies used matched pairs of a chemosensitive parental cell line (A2780s) and 

its isogenic resistant counterpart (A2780cp) OVCA cell lines. The chemosensitive A2780s cells 

were obtained from serous cystadenocarcinoma OVCA (Bao, DiSaia, Sinkovics et al. 1972, Fraser, 

Bai et al. 2008) and A2780cp cells were developed by long-term exposure (14 - 21 days) in 

chemosensitive cells to increasing concentration of CDDP. The availability of these cell lines 

enables us to investigate the molecular mechanism of chemoresistance in the comparison between 

chemosensitive and chemoresistant phenotype. Since the resistant cell lines has the  same genetic 

background as it’s parental sensitive cells, any distinctive differences at the molecular level and 

CDDP responsiveness may be associated with chemoresistance.  Using these paired cell lines, we 

can examine the distinctive differences in molecular pathogenesis in chemosensitive and 

chemoresistant cells, CDDP effect on the level of protein, mRNA abundance, metabolic differences, 

and its subsequent molecular changes during gain and loss of function of specific genes. These 

different responses are not from the heterogeneity of cell-specific characteristics, and therefore 

these findings could be more informative to better understand the chemoresistance in OVCA cells.    

5.3    Experimental Advantages of Primary Human OVCA cells    

 

The present studies have used primary human OVCA cells and ascites fluids collected from 

patient tumors in advanced stages (III/IV) OVCA during surgical de-bulking. The primary human 

cells are collected from human ovarian tumor or ascites. Primary human OVCA cells were collected 

during 2005-2017 and the clinical record of critical information (stages, histologic subtypes, OS 

and PFI, clinical outcomes such as recurrence, relapse, and complication and treatment record) are 

available to allow for a better understanding of the status and prognosis of OVCA patients 

(Hennessy et al., 2009; Rosen et al., 2009). Although human IHC sections from the patient tumor 

are valuable resources, a limitation is that the sections cannot be further treated. With tumor 

sections, it is difficult to acquire pre- and post-chemotherapy samples from the same treated tumor 
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area and therefore drug responses, and molecular/mechanistic studies such as intracellular 

trafficking cannot be examined. Conversely, primary human OVCA cells could be treated with 

chemotherapeutic agents in vitro for studies on the cellular and molecular responses and its 

signaling cascades in the context of its clinical outcome. PFI corresponds to chemosensitivity in 

OVCA in vivo. Studies with primary human OVCA cells may provide clinical relevance and 

valuable insight.   

5.4   Experimental Advantages for Clinical Samples  

 

The present studies used clinical samples as IHC sections collected from paired pre- and post-

chemotherapy tumor in OVCA patients. Pre- samples are collected during the biopsy process in 

primary debulking surgery and post-samples are collected in case of recurrence second debulking 

surgery.  IHC slides were collected during 2005-2017 along with the clinical record of patients 

(stages, histologic subtypes, overall survival, PFI, clinical outcome such as recurrence, relapse, and 

complication, and treatment record).  

Clinical samples from patients allow us to better understand the responses to chemotherapy 

regimen and different molecular expression in varied groups of OVCA patients with different stage, 

histologic subtypes, and PFI. Considering that chemotherapy regimen in clinics is usually not 

CDDP, but frequently combination with Paclitaxel and Carboplatin, IHC slides from patients in 

this study were treated with a not only single chemotherapeutic agent, but to various 

chemotherapies.  

The length of PFI is a determinant in response to chemotherapy and predicting clinical 

outcome. Previous studies indicate that longer PFI corresponds to better responses in chemotherapy 

in OVCA, whereas shorter PFI corresponds to chemoresistance or even cancer death (Hennessy et 

al., 2009). In the present studies, we examine how in vitro data is compatible with clinical samples 

to compare the similarities and differences.  
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5.5    Dysregulation of Apoptosis  

 

Apoptosis is a response to CDDP-induced cell death, which involves the expression of 

specific pro-apoptotic cell death genes and down-regulation of survival counterparts. The 

mechanism of CDDP resistance is multifactorial and complex including altered expression of 

regulatory tumor suppressor proteins and oncogenes involved in signal transduction cascade which 

exerts apoptosis. Understanding the dysregulated apoptotic pathway and its underlying 

mechanisms of chemoresistance may provide insight for the development of better therapeutic 

strategies. Based on extensive research in the field, some of the critical determinants such as defects 

of p53 and activation of Akt have been considered as general mechanisms of the representative 

chemoresistant phenotype. In mitochondrial-mediated apoptosis, chemoresistance often involved 

the aberrant expression of the anti-apoptotic Bcl-2 family which regulates the integrity of other 

OMM and mitochondrial dynamics.  

Our laboratory has delineated the molecular mechanisms of chemoresistance in OVCA 

cancer cells, which include overexpression and hyperactivation of Akt, dysfunction of p53 and its 

subsequent effect, altered expression of Bcl-2 family members, stabilized p53-associated Parkin-

like cytoplasmic protein (PARC) and PPM1D, increased levels of FLIP and Gelsolin, and the 

involvement of mitochondrial fission/fusion proteins (Abedini et al., 2014; Ali et al., 2012; Kong 

et al., 2014). The present thesis highlights the role of tumor glycolysis metabolism (Warburg effect) 

in the etiology of chemoresistance in OVCA. Altered mitochondrial energy metabolic pathways 

have been implicated in the dysregulation of intrinsic apoptosis pathway and chemoresistance.   

5.6   Energy Metabolism & Chemoresistance 

 

In this study, we observed the role of the key glycolytic enzyme HKII in tumor metabolism 

and chemoresistance in OVCA. Accelerated glycolysis is a key hallmark of tumorigenesis 

(Mathupala et al., 2006; Mathupala et al., 2001; Warburg, 1956). Accumulating evidence 
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demonstrates that HKII is associated with tumorigenesis, proliferation, and survival of multiple 

types of cancer, including lung cancer, glioblastoma, breast cancer, and prostate cancer (Mathupala 

et al., 2001; Patra et al., 2013; Wang et al., 2014). Patra et al. demonstrated that deletion of HKII 

significantly decreased tumor burden and prolonged the survival without a side effect in a mouse 

model, suggesting that HKII is a critical factor involved in tumor progression (Patra et al., 2013). 

Suh et al. reported that high HKII protein expression is closely associated with lower progression 

free survival rate than lower overall survival rate in OVCA human IHC samples (Suh et al., 2014).  

Our in vitro results, however, showed that high expression of HKII is a necessary but not 

sufficient determinant of chemoresistance, and that CDDP-induced HKII downregulation is  

important for determining chemosensitivity (Fig. 4.1). We demonstrated that CDDP induced HKII 

downregulation in protein and mRNA abundance level, but not in chemoresistant cells where 

apoptosis was minimal. In addition, immunofluorescence study indicated that nuclear localization 

of HKII was observed in both basal and CDDP-treated chemosensitive cells, whereas HKII was 

highly localized in mitochondria in chemoresistant cells (Fig. 4.4 & 4.5). These findings were 

consistently observed not only in cancer cell lines, but also primary human OVCA cells and IHC 

sections (Fig. 4.14 & 4.15).   

 It has been previously reported that the glycolytic enzymes PFK1 and PKM2 are 

associated with chemoresistance in cancer (Wang et al., 2017; Zhou et al., 2012), a finding 

consistent with our current studies showing that CDDP also decreased the protein content of these 

enzymes (Fig. 4.1).  Although our studies do not exclude the possible involvement of these enzymes 

in chemoresistant OVCA, CDDP-induced, P-p53(Ser15)-mediated interaction with HKII, HKII 

down-regulation, and nuclear localization seem to be important. 
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Mito-HKII may function as a key metabolic enzyme to execute Warburg effect and to fulfill 

for energy demand in chemoresistant cells, leading to cell survival. Our result supported this notion, 

showing that the detachment of HKII from OMM decreased its enzymatic function as 

downregulated glycolysis metabolism (decreased OCR, ECAR, ATP and HK activity; Fig. 4.3). 

Detached HKII from mitochondria lost its enzymatic function as a consequence, since it may lose 

accessibility of its substrate glucose and the product ATP as confirmed in our gain- and loss-of-

function study (Fig. 4.6 - 4.8). Mito-HKII in the chemoresistant cell may allow cells to acquire 

energy for cell survival even in the presence of chemotherapy, whereas CDDP-induced nuclear 

HKII causes impaired energy metabolism, insufficient energy supply and facilitation of apoptosis.  

5.7   The Role of HKII in Intrinsic Apoptosis Pathway  

 

Mito-HKII functions to shield cells from apoptosis by preventing the opening of mPTP and 

regulating MOMP (Neary and Pastorino, 2013; Wolff et al., 2008). However, the role of HKII in 

apoptosis and in chemoresistance needs to be further investigated. Notably, our data indicate that 

HKII depletion does not sensitize p53-defect chemoresistant cells to CDDP, but the presence of a 

functional p53 is required for the induction of apoptosis (Fig. 4.9). However, HKII depletion may 

contribute to the decreased proliferation of chemoresistant OVCA cells. How HKII depletion and 

CDDP together may affect metastasis, but not apoptosis of chemoresistant OVCA needs to be 

further explored.  Based on our study, the reversal of chemoresistance can be achieved by inhibiting 

the HKII when functional p53 is present.  Thus, in OVCA cells expressing mutant p53, HKII 

depletion may have minimal effect on cell death due to defective p53. In tumors harboring a wild 

type p53, suppression of HKII could lead to a reversal of chemoresistance.  These results suggest 

that OVCA patients harboring a functional p53 could potentially benefit from drug targeting 

metabolism in OVCA. In patients harboring defective p53, glycolysis inhibitor may stall the 

progression or proliferation of cancer. 
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Akt is a key regulator of CDDP sensitivity. p-HKII promotes stable association of HKII 

with mitochondria (Gottlob et al., 2001; Miyamoto et al., 2008). Precisely how Akt mediated mito-

HKII is associated with chemoresistance in OVCA needs to be further examined.  Our study also 

demonstrated that mito-HKII level is affected by Akt depletion and p53 reconstitution (Fig. 4.8). 

In addition, mito-HKII is enriched in different subtype of chemoresistant OVCA cells as well as 

primary human OVCA cells; high mito -HKII is enriched in chemoresistant primary human OVCA 

cells with shorter PFI, and high nuclear HKII in chemosensitive OVCA cells with longer PFI, 

associated with chemosensitivity (Fig. 4.11).   

HKII plays important roles in mitochondrial protection. As previously mentioned, 

apoptosis induction and mPTP formation by the pro-apoptotic family members Bax/Bak are 

prevented, largely due to pre-occupied Bax binding site by HKII (Majewski et al., 2004a; Roberts 

et al., 2013). However, the role of HKII in mitochondrial dynamics remains unknown.  It needs to 

be further investigated if HKII affects the maintenance of mitochondrial integrity and the structure 

of cristae controlling key mitochondrial dynamic molecules such as Optic Atrophy 1 (OPA1).  

OPA1 is a profusion inner mitochondrial membrane dynamin-related protein that also regulates 

cristae structure. Cristae structural alterations, changes in the ultrastructure of the inner 

mitochondrial membrane compartments, significantly contribute to apoptotic signaling (Frezza et 

al., 2006; Yamaguchi et al., 2008). OPA1 associates with itself to form oligomers. CDDP induced 

a long form of OPA1 processing as intact OPA1 is associated with chemoresistance (Kong et al., 

2014; Tsuyoshi et al., 2017).  In addition, pro-apoptotic Bax/Bak disrupts OPA1 oligomerization, 

inducing apoptosis (Yamaguchi et al., 2008). However, whether and how mito-HKII are involved 

in the interaction between Bax/Bak and OPA1 along with its oligomerization, subsequently 

affecting the maintenance of mitochondrial cristae (Frezza et al., 2006) need to be further 

investigated. In addition, whether disruption of OPA1 may affect mito-HKII and its metabolic 

activity needs to be further investigated.   
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5.8   Regulatory Roles of p53 on HKII and Its Mediated Metabolism  

 

The present study demonstrates the regulatory roles of p53 in intracellular trafficking and 

transcription of HKII.  These processes mediate HKII regulation and glycolysis more effectively. 

Phosphorylation and activation of p53 are  required for its stability and induction of apoptosis 

(Ogawara et al., 2002; Ou et al., 2005). We observed that the presence of functional p53 is required 

for HKII nuclear localization where HKII is transcriptionally regulated in chemosensitive OVCA 

cells, but this phenomenon is compromised in p53-defect chemoresistant cells (Fig. 4.6 & Fig. 4.10).   

We show the transcriptional regulatory role of p53 in HKII in OVCA. Wang et al. 

previously demonstrated that p53/PTEN are involved in the expression of HKII in prostate cancer 

cells (Wang et al., 2014). Present study further emphasizes not only the expression, but activation 

of p53 for HKII regulation. Our group previously demonstrated that p53 phosphorylation at Serine 

15 but not Serine 20 is required for CDDP-induced apoptosis (Fraser, Bai et al. 2008).  ChIP assay 

provides a mechanistic view that P-p53(Ser15) but not P-p53(Ser20) is involved in the suppression 

of HKII transcription via promoter binding (Fig. 4.10).  

p53 regulates HKII and its mediated glycolysis. Using gain- and loss-in-function 

approaches, we observed that p53 facilitates the regulation of HKII-mediated glycolysis 

metabolism (Fig. 4.6 & 4.8). When p53 is knocked down in chemosensitive A2780s cells, 

glycolysis metabolism was not decreased regardless of CDDP treatment. Conversely, p53 

overexpression in A2780cp cells decreased glycolysis and HK activity upon CDDP treatment, 

suggesting the regulatory role of p53 in glycolytic metabolism.   

This study for the first time has demonstrated a role of the nuclear HKII-P-p53(Ser15) 

interaction in epithelial OVCA. Although previous clinical studies focused on either HKII 

expression or p53 expression alone in multiple cancers including OVCA, the clinical relevance and 

mechanistic view between these molecules were limitedly addressed. Mechanistically, HKII-P-
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p53(Ser15) nuclear intracellular trafficking implies that P-p53(Ser15) binding to HKII promoter is 

required for its transcriptional regulation.  

Regarding intracellular trafficking, P-p53(Ser15) may facilitate HKII nuclear localization, 

but this mechanism needs to be further elucidated.  Nuclear localization signal resides in the 

sequence of HKII. Also, HKII localization in both nucleus and cytoplasm have been reported 

(Neary and Pastorino, 2010; Pastorino et al., 2002). However, its specific causes for the induction 

of HKII localization in different cellular organelle have not as yet been reported. Our findings 

support that activation of p53 [P-p53(Ser15)] is required for detachment of HKII from mitochondria 

and its nuclear localization. We and others previously demonstrated that P-p53(Ser15) targets 

mitochondria during apoptosis (Wolff et al., 2008; Yang et al., 2008). PLA studies indicate that 

CDDP induces HKII-Pp53 (Ser15) interaction and intracellular trafficking into the nucleus, but this 

is compromised in chemoresistant cells (Fig. 4.12 & Fig. 4.13). This possibly suggests that defect 

of p53 may inhibit this nuclear interaction between HKII-Pp53(Ser15). Our studies showed that P-

p53(Ser15) is more highly localized in the nucleus in chemosensitive than that in chemoresistant 

OVCA cells (Fig 4.4B). This intracellular trafficking may be required for further transcriptional 

regulation of HKII in the nucleus.  

Precisely how this intracellular trafficking and regulation are associated with apoptosis is 

yet unknown. One possible mechanism is AIF-induced apoptosis. Our group and others showed 

that CDDP induced AIF-mediated apoptosis and AIF nuclear translocation from mitochondria 

(Farrand et al., 2013; Yang et al., 2008). Our study shows that HKII-Pp53(Ser15) interact with AIF 

and forms a complex which eventually moves to the nucleus, resulting in AIF-induced apoptosis 

(Fig. 4.12B). Another mechanism may be the interaction between HKII-P-p53(Ser15) and pro-

apoptotic protein, Bak. It is also possible that CDDP induces the formation of P-p53(Ser15) with 

Bak complex at the mitochondria, increases permeabilization of OMM, resulting in intrinsic 

apoptosis in OVCA cells (Kong et al., 2014).   
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Our findings expand and implement in vitro results to the translational studies using 

primary human cells and IHC sections from patients in OVCA. Based on accumulating evidence, 

longer PFI corresponds to better responses to recurrence therapy in OVCA. CDDP induces high 

enrichment of nuclear interaction of HKII-P-p53(Ser15) in both primary human cells and tumor 

sections with a clinically defined platinum-sensitive group (PFI > 12 months), but this signal is 

attenuated and limitedly localized in the mitochondrial region in the clinically defined platinum-

resistant group (PFI ≤ 6 months) (Fig. 4.14 & Fig. 4.15). Clinically, more common chemotherapy 

regimen are platinum-containing carboplatin and Paclitaxel since carboplatin is reported to have 

better toxicity profile (Ho et al., 2016). Although we have used CDDP in vitro cell line study, the 

mechanism of molecular action between CDDP and carboplatin are the same and reported to have 

similar clinical outcome including OS. This study used IHC sections and primary cells treated with 

carboplatin and Paclitaxel and therefore our study is not limited to determine action of CDDP.      

Our study demonstrated that increased nuclear HKII-P-p53(Ser15) interaction is highly associated 

with better clinical outcome. (Fig. 4.15). For example, when we categorized the group of patients 

depending on PFI, we have observed strong correlation between high nuclear HKII-P-p53(Ser15) 

and longer PFI (Fig. 4.16B). We also observed a higher correlation between increased nuclear 

HKII-P-p53(Ser15) and PFI than with overall survival. It is possible that overall survival can be 

affected by other factors such as age, outcome of surgery, and other complications (Fig. 4.15D). 

Interestingly, some of resistant patients in our samples collected live longer than 5 years regardless 

of their chemoresponsiveness. In addition, increased nuclear HKII-P-p53(Ser15) interaction is 

stronger determinant for chemosensitivity than increased mitochondrial HKII-P-p53(Ser15) 

interaction (Fig. 4.17D). It also possibly supports the suggested mechanism for translocation of 

complex from HKII-P-p53(Ser15)-AIF from mitochondria to the nucleus as shown the correlation 

between mitochondrial HKII-P-P53(Ser15) and PFI is a negative value.   
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Nuclear HKII-P-p53(Ser15) interaction can be used as a potential bio marker for 

determining chemosensitivity. To our knowledge, the present study is the first report to investigate 

nuclear HKII-P-p53(Ser15) interaction for predicting clinical outcomes. These findings can be used 

for patients given not only adjuvant chemotherapy but also for neoadjuvant chemotherapy, in which 

that patient is treated with chemotherapy first followed by debulking surgery. In addition, since we 

used our IHC sections treated with other chemotherapies in addition to platinum-containing drug, 

the present studies can be expanded to investigate the nuclear HKII-P-p53(Ser15) effect not only 

with platinum-containing drugs, but also other chemotherapeutic agents (e.g., Paclitaxel & 

Doxorubicin). 

In light of the limited samples examined particularly in subtypes of high grade serous, 

whether the possible utility of HKII-P-p53(Ser15) interaction as a predictor of chemosensitivity in 

other histological subtype of epithelial OVCA needs to be further investigated (e.g., clear cell & 

endometrioid). In clear cell carcinoma with distinctive metabolic phenotype, the poor clinical 

outcome with frequent recurrence is reported as more severe OVCA than high grade serous 

(Skirnisdottir et al., 2005). Although our findings showed that nuclear HKII-P-p53(Ser15) 

interaction was largely increased in clear cell carcinoma with longer PFI, we need to validate these 

findings with increased sample numbers of clear cells. Collectively, these findings provide clinical 

relevance and suggest a potential role of nuclear HKII-P-p53(Ser15) interaction as a biomarker 

associated with chemosensitivity.      

5.9   Future Research Directions 

 

A. Patient Derived Tumor Xenograft Model (PDX) 

As an alternative emerging preclinical model, patient-derived xenografts (PDX) may 

provide clinical insights and a better understanding of chemoresistant tumor and its targeted therapy 

in vivo system (Tentler et al., 2012; Topp et al., 2014).  PDX are animal models of cancer, where 
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tissue or tumor cells isolated from ascites of pleural fluids from patients are implanted into an 

immunodeficient mouse, simulating the natural growth of cancer, the progression of cancer, and 

responses to chemotherapy.  In xenograft using cancer cell lines, genomic characteristic and 

heterogeneity of cancer cells could be changed during multiple passages. When implanted into 

immunodeficient mice, cell lines frequently do not develop tumors and the result of successfully 

grown tumor does not necessarily reflect the original tumor and results in a genetic divergence, 

unlike the heterogeneous population of cells frequently observed in the patient tumor (Williams et 

al., 2013). 

Cell line-xenografts often fail to predict the actual drug responses occurred in the primary 

tumors (Hutchinson and Kirk, 2011). However, within PDX models, patients’ tumors grow in the 

physiologically-relevant tumor microenvironment, similar to the patient’s primary tumor site. The 

advantage of PDX models includes preservation of histologic appearance, retaining molecular 

fidelity of original tumor in regard to genomic characteristics and intratumoral heterogeneity (Liu 

et al., 2017). PDX models are beneficial to understand chemoresistant system because various 

therapies can be tested, and pre- and post-treatment data can be acquired from the xenograft tissue.   

For future direction, ovarian PDXs will be implemented to study the involvement of HKII 

associated with chemoresistance and effect on glycolysis inhibitor. Ovarian PDXs will be 

established by injecting tumor or ascites collected from patients intraperitoneally in non-obese 

diabetic (NOD)- severely compromised immune deficient (SCID) nude mice. Based on our in vitro 

studies and clinical record, we will subcutaneously inject chemosensitive phenotype of SNU-3561 

(PFI =19 months) and chemoresistant phenotype, A39 (PFI < 6 months) into the right flank.  

Animals will be examined three times per week for the appearance of palpable tumors or abdominal 

distention for the assessment of tumor development. To examine the effect on co-treatment of 

CDDP (1.8 mg/kg/week) and the glycolysis inhibitor Metformin (10 mg/kg/day), CDDP and 

Metformin will be intraperitoneally administered in two cycles.  

https://en.wikipedia.org/wiki/SCID_mouse#Mice
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At the termination of the study at the day of 40, tumor volumes will be measured for tumor 

growth, animals will be sacrificed, and a necropsy will be conducted to collect tumor specimens 

for IHC staining. Tumor histology will be examined using histoscan to verify the tumor integrity 

and successive transplantations. The influence of CDDP and Metformin on tumor progression 

(volume) and apoptosis will be assessed to validate the previous finding of HKII involvement in 

tumor progression. Tumors harvested from these animals will be processed for IHC analysis, using 

HKII and P-p53(Ser15) antibodies to determine its cellular localization. We expect that tumor 

growth in PDX model with SNU-3561 will be smaller compared with that from PDX with A-39.  

For the apoptosis measurement, we expect that tumor volume will be significantly reduced in 

Metformin and CDDP treatment together in SNU-3561, but not in A-39 model. In addition, using 

IHC and PLA, the nuclear interaction of HKII and P-p53(Ser15) could be observed by PDX model. 

If our hypothesis is correct, the nuclear interaction of HKII and P-p53(Ser15) will be significantly 

increased in SNU-3561 upon CDDP treatment, but not PDX model with A-39. These PDX model 

will provide insight for chemosensitivity, target identification, and the validation of therapeutic 

combination in OVCA. Future direction using clinically relevant PDX tumor models will provide 

compelling evidence and insight to chemosensitivity and possible treatment scenario.   

B. Targeting metabolism for cancer therapy 

 1) Candidates for targeting tumor metabolism  

For the numerous aforementioned reasons, targeting glucose metabolism has been 

considered as a promising therapeutic target. However, side effects and barriers to effective 

treatments have led to several unsuccessful clinical trials (Table. 5.1).  

2-DG, Lonidamine (LND), and 3-Bromopyruvate (3-BP) are used as HK inhibitors. 2-DG, 

a glucose analogue, is used as a competitive HK inhibitor. Research in both in vitro & in vivo 

demonstrates that concomitant use of 2-DG with an inhibitor of lysosomal permeabilization 
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increased its anti-tumor action, inducing mitochondrial damage & necrotic cell death (Kosic et al., 

2016). Besides, 2-DG with PPARα agonist, Fenofibrate leads to cancer cell death by inducing ER 

stress (Liu et al., 2016).  Despite these promising results, 2-DG clinical trial has been stopped in 

phase I since it results in intolerable low glucose concentration level (hyporglycemia) and a 

reduction in white blood cell count in leukemia patients (Landau et al., 1958). Also, it causes some 

toxicity when it is concurrently treated with radiotherapy in glioma patients (Dwarakanath et al., 

2009). With regards to safety and efficacy, the minimal concentration of 2-DG with use of 

concomitant chemotherapeutic agent or development of other glucose analog inhibitor for better 

target specificity could be considered.  

Considering that HKII has variable isoforms and HKI is also highly expressed in normal 

cells, the demand for target specificity for HKII is urgently needed in regard to the safety and 

efficacy. Other drugs such as 3-BP and Methyl jasmonate, which are known to specifically detach 

HKII from VDAC of mitochondria, showed anti-neoplastic effects in vitro and in vivo mouse tumor 

models (Goldin et al., 2008; Jae et al., 2009). In OVCA xenograft, 3-BP decreased tumor growth 

and prolonged survival length (Ha et al., 2018). These drugs have been shown to facilitate 

mitochondria-mediated apoptosis, whereas the target of these drugs covers a broad spectrum, 

inhibiting additional enzymes GAPDH and Lactate Dehydrogenase A (LDHA).  

LND (indazole-3-carboxylic acid) inhibits aerobic glycolysis and HKII in hypoxic 

conditions. Since its combined therapy with temozolomide showed anti-tumor effects in brain 

cancer, clinical trials for combination approaches are ongoing (Suh et al., 2014). In advanced 

OVCA, LND has been shown to be active and tolerable when combined with DNA damaging 

agents (CDDP) and Paclitaxel in phase II clinical trial (De Lena et al., 2001). Although its results 

are promising, whether LND will revert chemoresistance in OVCA needs to be further tested 

clinically.  

https://en.wikipedia.org/wiki/Indazole-3-carboxylic_acid
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3-(3-Pyrinidyl)-1-(4- Pyrinidyl)-2-propane-1-one (3-PO) inhibits PKFB3 family which is 

the key enzyme regulating F2,6 BP and the activity of phosphofructokinase 1 (PFK1; a rate-limiting 

step of glycolysis). 3-PO shows a suppressive effect in glycolytic flux and growth of cancer cells 

in vitro and in vivo (Clem et al., 2013). These compounds and their derivatives are currently in 

clinical trials to test the efficacy and safety.  

Dichloroacetate (DCA) was originally used for hereditary lactic acidosis (Galluzzi et al., 

2013; Wong et al., 2008); and DCA is now an anti-cancer drug targeting metabolism. DCA inhibits 

PDK1, stimulating the activity of PDH and shifting from glycolysis and lactate production to 

mitochondrial respiration. DCA induces apoptosis in endometrioid cancer (Wong et al., 2008). 

Combined treatment of DCA and Metformin elicited a synergistic effect in the suppression of 

OVCA growth (Li et al., 2016).  Also, when given with the anti-angiogenesis inhibitor 

bevacizumab (Avastin), DCA enhances anti-tumor effects in brain cancer through reversing 

hypoxic adaptation. Considering that bevacizumab has recently approved (2016) for recurrent 

platinum-sensitive OVCA, concomitant use of bevacizumab with DCA may broaden its indications 

to include chemoresistant OVCA (Kumar et al., 2013). Clinically, this drug shows successful 

efficacy as durable remission for four years in glioblastoma and resistant non-Hodgkin lymphoma, 

but further clinical studies with combined therapy need to be conducted in other solid tumors 

(Michelakis et al., 2010; Strum et al., 2013).  

In addition, repurposing Metformin, the first-line medication for type 2 diabetes, has gained 

considerable interest as potential cancer treatments (Kasznicki et al., 2014). Metformin inhibits 

mitochondrial complex I and targeting mitochondrial Bcl-2 family of anti-apoptotic proteins in 

cancers. Metformin has also been shown to directly inhibit HKI and HKII as a competitive inhibitor 

by mimicking its product G-6-P (Salani et al., 2013) (Marini et al., 2013). Detachment of HKII 

from mitochondria and suppression of glucose consumption by Metformin has been reported 

(Marini et al., 2013). Accumulating evidence suggests Metformin having anti-tumor activity (Chen 
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et al., 2016; Galluzzi et al., 2013; Gwak et al., 2017; Li et al., 2016) and antagonizing  cancer cell 

proliferation by suppressing flow of glucose- and glutamine-derived metabolic intermediates, 

leading to decreased citrate production and lipid biosynthesis (Griss et al., 2015). Recent research 

demonstrates that anti-tumor activity is increased when Metformin is used in combination with p53 

stabilizers (Chen et al., 2016). Currently, Metformin and combined CDDP and carboplatin therapy 

are at the initial phase (patient recruitment) of a clinical trial in multiple solid tumors, including 

OVCA, worldwide (USA, UK, Netherland, Australia, and Norway) (Health, 2018). (Kasznicki et 

al., 2014)  

AT-101 (Gossypol), a Bcl-xL inhibitor, has also been shown to target LDH. It is currently 

in phase I clinical trial as combined therapy with other apoptotic inducing chemotherapy agents 

(Docetaxel, CDDP, and Carboplatin) for relapsed leukemia and Laryngeal cancer. Though Imatinib 

(Gleevec) has not been in clinical trial targeting metabolism, it has recently been shown to also 

inhibit glycolysis activity (Galluzzi et al., 2013).  Thus, implementation of pre-approved drug or 

broadening the indications of current drugs targeting metabolism are on-going. Based on the 

outcome of clinical trials, targeting metabolism only appears insufficient, but promising synergistic 

anti-tumor effect could be realized when it is used combination with conventional chemotherapy.  

In addition to inhibition of tumor metabolism, restriction of nutrition has been considered 

as a plausible option in cancer control. The Ketogenic Diet (low carbohydrate, high fat, and 

adequate protein) under certain settings may suppress tumor growth and increase chemosensitivity 

(Lee and Longo, 2011; Lee et al., 2012). The combination of a ketogenic diet with the hyper-oxygen 

condition also showed an anti-tumor effect in mice (Lee et al., 2012). However, chemotherapy 

frequently develops muscle wasting and cachexia (weakness and wasting of the body mass due to 

severe chronic illness), and patients undergoing chemotherapy are thereby recommended to 

consume elevated calories and protein. In tumor bearing mice, high calorie food consumption 

increased survival, even in the absence of chemotherapy (Poff et al., 2013). Still, dietary 
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interventions in tandem with traditional therapeutics are still under development and possible side 

effects, such as hypoglycemia, should be considered seriously (Niakan, 2010).      

2) Challenges & Strategies for targeting tumor metabolism  

The major barrier to the development of drugs that target metabolism is that many of them failed 

to specifically inhibit metabolic enzymes associated with cancer. Due to co-existence of multiple 

metabolic isoforms, many small molecule inhibitors for targeting metabolism can cause side effects 

since it may inhibit essential glycolysis and metabolic pathway required for a physiological 

condition. Also, targeting a single metabolic pathway could lead to increased compensation by 

another metabolic pathway.  Therefore, one needs to investigate the systematic effect of these drugs, 

including potential side and toxic effects on kidney or other body organs, the clearance rate of this 

drug, and its half-life.   
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Table 5.1  List of drug candidates targeting metabolic pathway 

Table shows chemotherapeutic drugs targeting metabolism under development process. It describes 

targeting enzymes and pathway, current stage of pre-clinical and clinical trials, side effects, and 

potential application in OVCA.  
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Table 5. 1 Current drug development & clinical trial process for drugs targeting metabolism  

Drug Targets Pathway 

 

Clinical 

trial 

 

Effects in cancer 

cells/ 

Clinical information 

Application in 

OVCA 

2-Deoxy-D-

glucose (2-DG) 

HK  Glycolysis Phase I 

discontinu

ed due to 
side 

effects 

Hyperglycemia was 

observed as major adverse 

events.  

2-DG and glutaminolysis 

inhibitor aminooxyacetate 

(AOA) synergistically 
inhibited cell growth of 

OVCA  (Sun et al., 2017).  

3-
Bromopyruvate 

(3-BP) 

Pre-
clinical 

3-BP also inhibits GAPDH 
& LDHA (Shoshan, 2012) 

 

 

Co-treatment of 2-DG and 
3-BP induced apoptosis in 

OVCA cells (Sun et al., 

2017).  
 

3-BP inhibits HKII and 

attenuates tumor 

progression in OVCA (Ha 

et al., 2018). 

 

Lonidamine 

(LND) 

Phase II 

(Europe) 

LND potentiates the 

chemotherapy responses in 

the prostate, breast mouse 
xenograft model. 

LND potentiates the 

responses of doxorubicin 

in mouse xenograft model 
(Nath et al., 2015). 

 

LND and CDDP show 
tolerability & activity in 

advanced OVCA (De 

Lena et al., 2001). 

Methyl 
jasmonate 

Pre-
Clinical 

Methyl jasmonate induced 
apoptosis and necrosis in 

liver cancer (Li et al., 

2017a).  
 

 

Methyl jasmonate 
treatment in OVCA has 

not been conducted in 

vitro & in vivo. 

Dichloroacetate 
(DCA) 

PDK1 Krebs 
Cycle 

Pre-
Clinical 

DCA is prescribed for lactic 
acidosis. 

 

 

DCA & Metformin 
together shows 

suppression of tumor in 

OVCA (Li et al., 2016). 

AT-101 

(Gossypol) 

LDH 

Bcl-xL  

BCL-xL Phase I & 

II 

(US FDA) 
(Head & 

neck 

cancer) 

AT-101 shows no 

significant efficacy when it 

was treated with docetaxel 
in head & neck cancer 

(Swiecicki et al., 2016).  

 
Clinical trial (Phase I) is 

on- going process in 

resistant leukemia & 
laryngeal cancer.  

 

AT-101 potentiates the 
responses of gefitinib in 

lung cancer in vitro.  

In vitro, co-treatment of 

AT-101 and CDDP shows 

apoptosis in 
chermoresistant OVCA 

cells (Karaca et al., 2013).  

Metformin Mitochondria 

Complex I  

Mitochondr

ial 
Respiration 

Pre-

clinical  
(US FDA) 

*Recruite 

patients 

Metformin is prescribed for 

the treatment of type 2 
diabetes. 

 

Metformin is effective in 
decrease size of the solid 

tumor in a mouse model. 

Metformin induced cyclin 

D1 degradation & G1 cell 
cycle arrest in OVCA 

cells (Gwak et al., 2017).  

 
Currently in process of 

recruiting patients of 

OVCA for clinical trials 
(US FDA). 
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5.10   Conclusion 

 

The current thesis provides significant contributions regarding the cellular and molecular 

mechanisms of CDDP resistance and tumor metabolism in OVCA cells. In this study, we 

investigate this regulatory role of P-p53 on HKII and its mediated cellular metabolism, associated 

with chemosensitivity in OVCA. The novel observations in this study include: p53 regulates HKII 

in two mechanistic processes as 1) intracellular trafficking of HKII and P-p53 (Ser15) in the nucleus 

and 2) transcriptional suppression of p53 on HKII via promoter binding. In addition, this study 

demonstrates for the first time that both interaction of P-p53(Ser15) and HKII in the nucleus are 

required for regulating aerobic glycolysis and chemosensitivity. As shown in our hypothetical 

model (Fig. 5.1), we observed that 1) CDDP activates p53 and facilitated the formation of a P-

p53(Ser15)-HKII-AIF complex in chemosensitive OVCA cells; 2) translocation of the P-

p53(Ser15)-HKII-AIF complex from the mitochondria to the nucleus, 3) HKII can be 

transcriptionally regulated by P-p53(Ser15), resulting in chemosensitivity and AIF-induced 

apoptosis in OVCA cells; and 4) These biochemical and cellular mechanisms are however 

deregulated in chemoresistant cells. In our translational research with clinical samples, HKII-P-

p53(Ser15) interaction in the nucleus is associated with chemosensitive OVCA in different 

epithelial subtypes of OVCA, suggesting its potential role as potential biomarker.  

In conclusion, we have shown that intracellular trafficking and transcriptional regulation 

of HKII with activated p53 are essential for the regulation of glycolytic metabolism and 

chemosensitivity of OVCA. Our studies enable us to better understand the link between glycolysis 

metabolism and chemosensitivity in OVCA. Furthermore, as shown in our translational research 

identification of this mechanism provide insight that interaction of HKII-P-p53(Ser15) may 

function as a potential biomarker for improved clinical outcome in chemoresistant OVCA and 

decision on more effective therapy. 
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Chapter 7. Appendices 
 

Appendix 1: Characterization of experimental OVCA cell lines  

OVCA cell lines used are described depending on p53 status, other mutation sites, and 

chemosensitivity based on previous sequencing data and experiments for apoptotic 

measurement (Abedini et al., 2014; Fraser et al., 2008). Characterization of these cell lines 

are also verified in previous literatures (Anglesio et al., 2013; Leroy et al., 2014).    
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Appendix 1: Characterization of experimental cell lines  

Cell line Tumor origin TP53 status Other Chemosensitivity* 

 

A2780s Ovarian endometroid 

adenocarcinoma 

Wild type PTEN/ARID1A Sensitive 

A2780cp Ovarian endometroid 

adenocarcinoma 

Mutant 

V127F  

R260S  

PTEN/ARID1A Resistant 

Hey Ovarian serous cyst  

adenocarcinoma 

Wild type KRAS Resistant 

SKOV3 Ovarian endometroid 

adenocarcinoma 

Null 

 

PI3KCIA/ARID1A Resistant 

OVCAR-3 Ovarian endometroid 

adenocarcinoma 

Mutant  

R248Q 

None Detected Resistant 

PA-1 Ovarian endometroid 

adenocarcinoma 

Wild type None Detected Sensitive 

ES2 Ovarian clear cell  

carcinoma 

Mutant 

S241F 

BRAF Resistant 
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