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 วัชรพงษ์ จักรนำ้อ่าง : การทำงานของเอนไซม์ G6PD ภาวะเครียดออกซิเดช่ันและระดับเมทิลเลชันของ Alu 
ในโรคมะเร็งตับทีส่ัมพันธก์ับการตดิเชื้อไวรัสตับอักเสบบี. ( G6PD ACTIVITY, OXIDATIVE STRESS, AND 
ALU METHYLATION IN HBV-RELATED HEPATOCELLULAR CARCINOMA) อ.ที่ปรกึษาหลัก : ผศ. ดร.
ชาลิสา หลุยเจริญ ชีพสุนทร, อ.ทีป่รกึษารว่ม : ศ. นพ.พิสิฐ ตั้งกิจวานิชย,์รศ. ดร.พูลลาภ ชพีสุนทร 

  
มะเร็งตับชนิด hepatocellular carcinoma (HCC) มีอัตราการเสียชีวิตเป็นอันดับ 3 จากโรคมะเร็งทั่วโลก

เนื่องจากการวินิจฉัยที่ล่าช้าและมีเวลารอดชีวิตต่ำ จึงจำเป็นต้องใช้ตัวบ่งชี้ท่ีมีประสิทธิภาพสำหรับการวินิจฉัย G6PD เป็น
เอนไซม์ในกระบวนการ pentose phosphate pathway (PPP) ที่พบเพิ ่มขึ ้นในมะเร็งหลายชนิดรวมถึง  HCC Alu 
element เป็น repetitive sequence ที่พบบ่อยในจีโนมมนุษย์ ซึ่งการเปลี่ยนแปลง methylation ของมันได้รับการ
รายงานในมะเร็งหลายชนิด ในการศึกษานี้มีวัตถุประสงค์เพื่อตรวจสอบระดับ G6PD activity ในเลือด การแสดงออกของ 
G6PD ในเนื้อเยื่อตับ HCC ระดับของ Alu methylation ใน PBMCs และพารามิเตอร์ทางคลินิกของผู้ป่วย HCC จากผล
การศึกษาพบว่าระดับ G6PD activity ในเลือดของผู้ป่วย HCC เพิ่มขึ้นอย่างมีนัยสำคัญ และมีความสัมพันธ์กับการติดเชื้อ 
HBV และระยะลุกลามของ HCC ความไวและความจำเพาะของ G6PD activity ในเลือดสำหรับการวินิจฉัยโรค HCC 
เท่ากับ 57.47% และ 61.54% ตามลำดับ ภาวะ leukocytosis และการกระตุ้น G6PD activity ใน PBMCs โดยผ่านการ
สื่อสารของมะเร็งมีส่วนช่วยเพิ่ม G6PD activity ในเลือด ในการศึกษาการแสดงออกของ G6PD ในเนื้อเยื่อตับของ HCC 
พบว่า G6PD แสดงออกเพิ่มขึ้นซึ่งสัมพันธ์กับการติดเชื้อ HBV, serum AFP, ระยะลุกลามและการกลับเป็นซ้ำ การ
แสดงออกที่มากของ G6PD เป็นปัจจัยอิสระท่ีมีผลต่อ overall survival (OS) และ progression free survival (PFS) ใน 
HCC ในส่วนของการศึกษาภาวะเหนือพันธุกรรมในมะเร็งตับ พบว่า ระดับ Alu hypomethylation ในเลือดเพิ่มขึ้นอย่าง
มีนัยสำคัญ ซึ่งการเพิ่มขึ้นของระดับ Alu hypomethylation มีความสัมพันธ์กับการติดเชื้อไวรัสตับอักเสบบี และ ระยะ
ท้ายของโรคมะเร็งตับ การศึกษาการยับยั้งการทำงานของ G6PD ในเซลล์มะเร็งตับสามารถลดการเจริญเติบโตของ
เซลล์มะเร็ง กระตุ้นการตายของเซลล์มะเร็งตับ และ เพิ่มระดับการแสดงออกของ 8-OHdG นอกจากนี้พบว่าการยับยั้ง
การแสดงออกของเอนไซม์ G6PD สามารถกระตุ้นการเปลี่ยนแปลงของระดับ Alu methylation โดยผ่านภาวะเครียด
ออกซิเดชัน จากการทดลองเหล่านี้ ชี้ให้เห็นว่าการแสดงออกที่เพิ่มขึ้นของเอนไซม์ G6PD ในเนื้อเยื่อมะเร็งตับ และ การ
ทำงานของเอนไซม์ G6PD ในเลือดที่เพิ ่มขึ้นเป็นปัจจัยเสี่ยงในการพัฒนาของมะเร็งตับ  ดังนั ้นความเข้าใจเกี่ยวกับ
ความสัมพันธ์ของ G6PD, Alu methylation และความเครียดออกซิเดชันอาจเป็นเป้าหมายที่เป็นไปได้สำหรับการ
พยากรณ์โรคและการรักษา HCC ในอนาคต 
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# # 5874779630 : MAJOR MEDICAL BIOCHEMISTRY 
KEYWORD:  
 Watcharapong Jugnam-ang : G6PD ACTIVITY, OXIDATIVE STRESS, AND ALU METHYLATION IN 

HBV-RELATED HEPATOCELLULAR CARCINOMA. Advisor: Asst. Prof. Chalisa louicharoen 
Cheepsunthorn, Ph.D. Co-advisor: Prof. Pisit Tangkijvanich, M.D.,Assoc. Prof. POONLARP 
CHEEPSUNTHORN, Ph.D. 

  
Hepatocellular carcinoma (HCC) is the third leading caused cancer death in worldwide. The 

effective diagnosis markers are needed because of the late diagnosis and low survival time. G6PD is the 
rate-limiting enzyme in pentose phosphate pathway (PPP) that elevated in several cancers including 
HCC. Alu element is a common repetitive sequence in human genome, that its methylation alteration 
has been reported in cancers. In this study, we aimed to investigate the level of blood G6PD activity, 
the expression of G6PD in HCC liver tissues, the level of Alu methylation in PBMCs and 
clinicopathological parameters of HCC patients. Blood G6PD activity was significantly increased in HCC 
patients (p<0.001) and correlated with HBV infection (p=0.013) and advanced stage (p=0.044) of HCC. 
The sensitivity and specificity of blood G6PD activity for HCC diagnosis were 57.47% and 61.54%, 
respectively. The presence of leukocytosis and activation of G6PD activity in PBMCs from cancer 
communication contribute the increase of blood G6PD activity. In the independent cohort of G6PD 
expression in HCC liver tissues, G6PD was elevated in cancerous area of HCC tissues, which correlated 
with HBV status, serum AFP, advanced stage, and recurrence. G6PD overexpression is an independent 
factor affecting short overall survival (OS) and progression free survival (PFS) time in HCC. In the part of 
epigenetics, Alu hypomethylation in whole blood samples and PBMCs of HCC patients was increased in 
HCC patients with HBV-related HCC and advanced stage. Furthermore, inhibition of G6PD via siRNA in 
HepG2 and HepG2. 2.2.15 reduced cancer proliferation, induced cell death, and increased 8-OHdG 
expression. In addition, G6PD knocked down induced Alu methylation change in HCC cells via oxidative 
stress. From this study, It pointed out that the increased expression of G6PD in liver cancer tissue and 
increased blood G6PD activity were risk factors for liver cancer progression. Therefore, understanding 
the association of G6PD, Alu methylation and oxidative stress might be a potential target for HCC 
prognosis and treatment in the future. 
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CHAPTER I  
INTRODUCTION 

 

Background and rationales  
Hepatocellular carcinoma (HCC) is the third cause of common cancer death in 

worldwide (1-3). There are several risk factors related to HCC ,including alcohol 
drinking, genetic, and hepatitis virus infection especially Hepatitis B Virus (HBV) (4). The 
5-year survival time for HCC patients with high rate of recurrence is very poor with 
approximately only 7% because of late detection (5). Currently, sorafenib is used to 
treat patients with HCC in advanced stage (6). However, it could extend the survival 
time for only three months more (6). Presently, there are several diagnostic methods 
of HCC e.g.; measurement of serum alpha-fetoprotein (AFP) levels, computed 
tomography (CT) or magnetic resonance imaging (MRI) imaging examination and 
histological examination of the liver (7). High level of serum AFP ( 200 ng/mL) was 
associated with larger tumour size, advance stage, invasion, and lower survival rate (8). 
However, elevated AFP has been reported in patients with hepatic inflammation 
without the presence of tumour (9). Therefore, detection of HCC at an early stage 
combined with monitoring reliable prognostic markers is necessary for effective 
therapy.  

The energy metabolic reprogramming (EMR) is a crucial cellular process 
involved an alteration in glycolysis, antioxidant defensive mechanism, lipogenesis and 
nucleotide synthesis in promoting and sustain a rapid growth of cancer cells (10). 
Glucose 6-phosphate dehydrogenase (G6PD), the first and rate-limiting enzyme in the 
pentose phosphate pathway (PPP), generates reduced nicotinamide adenine 
dinucleotide phosphate (NADPH). NADPH is essential in synthesis of nucleic acid during 
cell proliferation especially in cancer and in maintaining reduced glutathione (GSH) to 
protect against massive cellular oxidative stress, which harmful for cancer survive (11). 
Cancer cells cope with this dilemma by increasing expression of G6PD, confirmed in 
ovarian cancer (12), breast cancer (13), cervical carcinoma (14), gastric cancer (15), 
pancreatic cancer (16), and hepatocellular carcinoma (HCC)(17). Previous studies have 
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reported that increased G6PD expression was positively associated with poor outcome 
of patients with esophageal squamous cell carcinoma (18), breast cancer (13), and lung 
cancer (19). Furthermore, up-regulation of G6PD involves in tumorigenesis, metastasis, 
and chemotherapeutic drug resistance (12, 16, 20). Approximately 50% of HCC risk 
reduction was observed in HCC patients with G6PD deficiency (21). Although there is 
abundant immunohistochemistry (IHC) evidence of G6PD overexpression in cancerous 
tissues, none of them focus on blood G6PD activity in patients with cancer. It has been 
reported that cancer uses paracrine signaling to stromal cells to regulate epigenetic 
alteration (22). Therefore, the paracrine signaling of HCC may influence G6PD function 
in PBMC.  Noninvasive blood test based on G6PD activity, a simple and common for 
screening of G6PD deficiency, should not be ignored for an association study of cancer.  

Currently, noninvasive blood test based on global DNA methylation has 
become an indicator for the poor prognosis of cancers (23). Global DNA 
hypomethylation in repetitive DNA elements including LINE-1 and Alu is an epigenetic 
alteration being as hallmark of certain common cancer types including HCC(24). 
Demethylation of DNA in these regions contribute to hepatocarcinogenesis through 
genomic instability (25). It has been reported that oxidative stress is a cause of DNA 
methylation alteration that affects carcinogenesis of HCC (26). Moreover, 
Puttipanyalears et al. demonstrated that breast cancer sent a paracrine signaling to 
stroma cells to regulate LINE-1 epigenetic alteration (22). From our point of view, G6PD, 
an antioxidant enzyme, may involve in DNA methylation alteration of cancer. To our 
knowledge, there is no report regarding the connection between G6PD status and 
global DNA hypomethylation in repetitive DNA element. 

Therefore, the purpose of this study was 1) to investigate the association of 
blood G6PD activity, G6PD immunoreactivity in the liver of HCC patients, and 
clinicopathological parameters, 2) to evaluate the prognostic value of blood G6PD 
activity for HCC, 3) to study the relationship between G6PD status and Alu methylation 
in HCC patients, and 4) to explore these association in HCC cell line. Understanding 
these molecular phenomena will help in the prognostic prediction and management 
of HCC. 
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Research Questions 
1. Do the levels of G6PD activity from HCC blood samples increase, associated 

with clinicopathological parameters of HCC?  
2. Do G6PD overexpress in cancerous areas of HCC tissues, related with 

clinicopathological parameters of HCC? 
3. Can blood G6PD activity serve as a novel biomarker for HCC prognosis? 
4. Does HCC cell communicate to PBMCs and activate G6PD activity and Alu 

methylation in PBMCs? 
5. Does G6PD promote HCC progression by controlling oxidative stress that 

contribute to Alu methylation? 
 

Objectives 
1. To investigate the correlation between blood G6PD activity levels and 

clinicopathological parameters of HCC patients  
2. To investigate the correlation between G6PD expression level in HCC liver 

tissues and clinicopathological parameters 
3. To monitor an impact of blood G6PD activity in serving as biomarkers for HCC 

prognosis 
4. To study the association between Alu methylation level and G6PD activity in 

blood samples of HCC patients 
5. To explore the effect of G6PD in promoting HCC progression by controlling 

oxidative stress that contribute to Alu methylation 
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Hypotheses 
1. G6PD hyperactivity found in blood samples of HCC patients, associated with 

clinicopathological parameters of HCC.  
2. G6PD overexpresses in cancerous areas of HCC tissues related with poor 

prognosis of HCC. 
3. Blood G6PD activity can be a prognostic marker of HCC. 
4. Alu hypomethylation found in blood samples of HCC patients, associated with 

hyperactivity of G6PD. 
5. G6PD knockdown reduces HCC progression by controlling the oxidative stress 

that contribute to Alu hypermethylation. 
 

Expected Benefit and Application 
1. Understand the correlation between blood G6PD activity, hepatic G6PD 

expression and severity of HCC may help in the prognostic prediction of HCC 
and management of HCC. 

2. Understand an association between G6PD expression, oxidative stress, and 
epigenetic alteration in HCC may lead us to find out a management of HCC by 
blocking G6PD. 
 

Keywords 
Glucose 6-phosphate dehydrogenase (G6PD), hepatocellular carcinoma (HCC), 

Alu methylation, HBV infection, oxidative stress  
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Conceptual Framework 
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CHAPTER II 
LITERATURE REVIEW 

 
Glucose 6-phosphate dehydrogenase (G6PD) 
 Glucose 6-phosphate dehydrogenase (G6PD) is a cytosolic enzyme in pentose 
phosphate pathway (PPP), which function in maintaining the levels of co-enzyme 
nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is necessary for nucleic 
acid and fatty acid synthesis (Figure 1). It also works with glutathione reductase to 
maintain the level of reduced glutathione during protection against cellular oxidative 
stress (11).  

 

Figure  1 Involvement of G6PD in metabolic pathway (11) 
  

PPP pathway composes of oxidative and non-oxidative PPP branches. Oxidative 
PPP branch is a major source of the reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) and ribulose 5-phosphate (Ru5-P). G6PD generates NADPH and 6-
phosphogluconate from glucose 6-phosphate (G6-P). In the last step, 6-
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phosphogluconate dehydrogenase (6-PGD) produces ribose 5-phosphate (Ru5-P) from 
6-phosphogluconate (Figure 2) (27).  

For the non-oxidative PPP, it generates pentose phosphates for ribonucleotide 
synthesis in the reversible reactions that produce the other metabolites, including 
fructose 6-phosphate (F6P) and glyceraldehyde 3-phosphate (G3P). However, it 
depends on cellular metabolic needs, while F6P can be converted back to G6P to 
oxidative PPP branch to generate NADPH. G3P can be used in the glycolysis pathway. 
There are two main enzymes in the non-oxidative branch of the PPP, including 
transketolase (TKT) and transaldolase (TALDO) (28, 29). Therefore, PPP is important for 
cell in high proliferation rate and NADPH requirement. 

 

Figure  2 The schematic of the pentose phosphate pathway and glycolysis  
(27) 
 

Hepatocellular carcinoma 
Cancer is the leading cause of death in the world. From World Health 

Organization (WHO) report in 2015, 8.8 million were died from cancer, which liver 
cancer is the second cause of death around 788,000 deaths (Figure 3) (30, 31). 
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Hepatocellular carcinoma (HCC) is the most common liver cancer. There are several 
risk factors to induce HCC including chronic viral hepatitis infection (hepatitis B and C), 
gender, ethnicity, chronic liver diseases, cirrhosis, aflatoxin, diabetes and nonalcoholic 
fatty liver disease (32). More than 50% of liver cancer deaths are caused by chronic 
hepatitis B and C infections (Figure 3) (30). 
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Figure  3 Epidemiology and risk factor of hepatocellular carcinoma in worldwide 
(30) 
 

Surveillance and diagnosis of Hepatocellular carcinoma 
For the improvement of the prognosis of HCC, one of the strategies is the 

diagnosis of HCC in the early stage of disease. Therefore, the strategies for HCC 
surveillance and screening are needed to prevent and improve HCC prognosis. The 
objectives of strategies for HCC are to decrease disease-related mortality (7). The target 
and high-risk population for HCC surveillance includes HBV infection patients, HCV 
infection patients, and patients with cirrhosis (33). The American Association for the 
Study of Liver Disease (AASLD) guideline suggested that the recommended screening 
in high-risk population for HCC surveillance is liver ultrasound with or without serum 
alpha-fetoprotein (AFP) with the 6-month interval (34). While the Japan Society of 
Hepatology (JSH) guideline recommended to use the combination of liver ultrasound, 

serum AFP, des‐gamma‐carboxy prothrombin (DCP) and AFP‐L3 fraction (a lectin‐

reactive fraction of AFP). It should be tested in high-risk population every 6 months 
(35). 
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For HCC diagnosis, the most method is based on the imaging studies and also 
laboratory testing. The image studies are used in diagnosis, diseased planning and 
management, HCC follow-up, including liver ultrasound, computed tomography (CT) 
scanning and magnetic resonance imaging (MRI). The diagnosis algorithms for HCC is 
shown in Figure 4 based in European Association for the Study of the Liver (EASL) 
guideline (36).  

 

Figure  4 Diagnosis algorithms of hepatocellular carcinoma from European 
Association for the Study of the Liver (EASL) guideline (36) 
 

For the laboratory testing in HCC diagnosis, serum AFP is the most widely used 
and acceptable serology marker (37). However, serum AFP is elevated in other factors, 
including, pregnancy, hepatitis infection, and inflammation. Serum AFP still has 
limitation about the low sensitivity for HCC diagnosis. The range of serum AFP sensitivity 
is varied in different cut-off. The highest of sensitivity of AFP for early HCC diagnosis is 
about 60% when compared with other cut-offs (Figure 5) (38). For improvement of the 
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sensitivity in HCC diagnosis, the combination biomarkers are needed. For example, the 
combination of serum AFP, Lens culinaris agglutinin-reactive fraction of AFP (AFP-L3), 
and prothrombin induced by vitamin K absence II (PIVKA II) could improve the early 
detection with 93.3% of specificity, and 85.6% of sensitivity (39). 

 

Figure  5 Sensitivity and specificity of serum AFP at difference cut off level for 
HCC diagnosis in early stage (38) 
 

Hallmarks of Cancer 
The hallmarks of cancer consist of six hallmarks that occur during in the cancer 

development, including sustaining proliferative signaling, evading growth suppressors, 
resisting cell death, enabling replicative immortality, inducing angiogenesis, and 
activation of invasion and metastasis (Figure 6) (40).  
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Figure  6 The original of six cancer hallmarks (40) 
In the last decade, two emerging hallmarks and two enabling characteristics 

have been added in hallmark cancers (Figure 7) (40). Emerging hallmarks involve in the 
pathogenesis of cancer and cellular metabolism, including deregulating cellular 
energetics and avoiding immune destruction. Enabling characteristics involve in the 
genetic mutation and inflammation, including genomic instability and mutation, and 
tumor-promoting inflammation(40). 

 

Figure 7 Enabling characteristics and emerging hallmark (40) 
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Energy metabolic reprograming (EMR) 
Energy metabolic reprograming (EMR) is the one of cancer hall marker as shown 

in Figure 6. Biomolecules, including nucleotide, amino acid, and lipid, in cancer cells 
could not be produced without energy supply. This cancer hallmark reveals that 
cancer cells have a different way for energy production. Therefore, cancer cells need 
more energy to rapidly grow and divide. As shown in Figure 8, In normal cell 
proliferation, its cellular process generates the energy from the mitochondria oxidative 
phosphorylation in the presence of oxygen and anerobic glycolysis in the limitation of 
oxygen. In contrast, most of cancer cells have a faster metabolic rate tending to aerobic 
glycolysis (Warburg effect) to produce large amount of lactate and to avoid ETC in 
producing massive ROS. Although cancer cells produce less energy per one molecule 
of glucose than normal cell, they produce higher and faster (100 times) metabolic rate 
that normal cells.  

 

Figure 8 Representative schematic of the different energy production in cell 
between oxidative phosphorylation, anaerobic glycolysis, and aerobic glycolysis 
(Warburg effect) (10). 
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G6PD and cancer 
 For biomolecule synthesis and maintaining the balancing of intracellular 
environment in cancer cells, cells require more NADPH production leading to the 
upregulation of G6PD in cancer. Several studies reported that G6PD has been 
associated with cancer. G6PD overexpression is associated with poor prognosis in 
various types of cancer such as breast cancer, gastric cancer, glioma cancer, and colon 
cancer (13, 14, 18, 41-43). These alterations are necessary for biosynthesis of fatty acid 
and cholesterol, ATP production, reduction of oxidative stress, rapid cell proliferation 
and survival of cancer cells (Figure 9) (27, 44). 

 

 

Figure  9 The possible function of G6PD in cancer progression and development 
(11) 
G6PD and hepatocellular carcinoma 

The relationship between G6PD and HCC was reported in several previous 
studies. G6PD overexpression was observed in liver tumor tissues (45). Moreover, a 
significant overexpression of G6PD in HCC was positively correlated with the stage or 
poor prognosis of cancer (2). G6PD was also significantly higher in metastatic HCC 
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tissues and cell lines (MHCC97L, MHCC97H, HCCLM3) than non-metastatic HCC tissues 
and cell lines (Huh7, HepG2, PLC) (2).    

HBV infection is the major risk factor of HCC, which may activate G6PD for HCC 
development. It had been reported that HBV infected cell line (HepG2.2.15) contained 
the level of G6PD expression more than of non-HBV infected cell line (HepG2) (1). They 
also found that HBV manipulated G6PD activation using HBX protein (45).  

Knockdown of G6PD in HCC cells could decrease cell invasion, migration, and 
growth (1, 2). Decreasing of G6PD expression in HCC cells lead to cell death and 
susceptibility to drug treatment (46). Moreover, increasing of G6PD in HCC cells involve 
drug resistance in HCC treatment for example oxaliplatin resistance (46).  

Epigenetics modification 
 Epigenetics is defined as the study of heritable and reversible changes in gene 
expression without the alterations in DNA sequences. This mechanism may occur 
during cell cycle, differentiation, and development (47). Epigenetic mechanisms consist 
of DNA methylation, histone modification, and alteration in microRNA regulation. The 
alteration of epigenetics is considered as the one of cancer hallmarks. The alteration 
of these processes causes aberrant gene function and gene expression that may lead 
to carcinogenesis (48, 49).  

  

DNA methylation and cancer 
 DNA methylation is a covalent chemical modification of the cytosine ring at the 

carbon 5՛ position of CpG dinucleotide by adding of a methyl group (CH3) from S-
adenosyl methionine (SAM) to the 5th carbon of the cytosine ring (Figure 10) (50). DNA 
methylation is the most widely marker to study the epigenetic alteration in cancer. 
The alterations in DNA methylation consist of hypermethylation, hypomethylation, and 
loss of imprinting (LOI) in oncogene and tumor suppressor genes that lead to 
tumorigenesis (50, 51). 
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Figure  10 Modification of DNA methylation  
(A) Occurrence of DNA methylation in CpG islands (B) the covalent addition of methyl 
groups at the CpG islands by DNA methyltransferase 1 (DNMT1) for the newly synthesis 
of DNA strand (50) 
 DNA hypermethylation is the increasing of methylation at specific site in 
promoter CpG islands. These alterations are modified by DNA methyltransferase family 
consists of DNMT1, DNMT3A, and DNMT3b. DNMT1 maintains the methylation patterns 
for DNA replication while DNMT3a and DNMT3b are de novo enzymes for methylation 
at CpGs (Figure 11) (52), which both of them are highly expressed during 
embryogenesis and also found in adult tissues (53, 54). 

 

Figure  11 De novo methylation of DNMT3a/b and the newly synthesized strand 
by the maintenance of methylation pattern by DNMT1 (52) 
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 DNA methylation in normal cells highly expresses in repetitive genomic regions, 
such as long interspersed nuclear elements (LINE) and short interspersed transposable 
elements (SINEs). The function of these elements are maintaining the genomic integrity 
(55). Therefore, loss of DNA methylation in repetitive genomic regions refers as “DNA 
hypomethylation”. In cancer cells, DNA hypermethylation was found in the promoter 
of tumor suppressor gene associated with CpG islands while global hypomethylation 
was found in repetitive genomic regions, which associated with genomic instability in 
cancer (56). DNA hypomethylation related with cancer progression in various cancer 
types, such as liver, breast, and colon cancer (57-59). This event in cancer could leads 
to the increasing risk of cancer. Therefore, the identification of these events could help 
for the early diagnosis of cancer and improve the therapy for cancer. 

  

Oxidative stress and epigenetic alteration in cancer  
 Oxidative stress is defined as “an imbalance between oxidants and antioxidants 
in favor of the oxidants, leading to a disruption of redox signaling and control and/or 
molecular damage”(60). Reactive oxygen spices (ROS) is the most abundant reactive 
species in cells. ROS is produced by various biochemical and physiological oxidative 
processes in the cells, such as smoking, inflammation, cell metabolism, radiation, and 
UV light. These are also associated with numerous physiological and 
pathophysiological processes. In cancer cells, the level of ROS is higher which caused 
by increasing of the metabolic activity, peroxisome activity, mitochondrial dysfunction, 
increased cellular receptor signaling, oncogene activity, increased activity of oxidases, 
cyclooxygenases, lipoxigenases, and thymidine phosphorylase (Figure 12) (61). 
Antioxidant enzymes in cancer cells increase their activity to maintain the redox 
balance of the increased ROS (62). 

Oxidative stress could contribute to carcinogenesis via epigenetic alteration. 
ROS-induced oxidative stress is related with both aberrant hypermethylation of tumor 
suppressor gene and global hypomethylation via various mechanism (63). Oxidative 
stress could affect the DNA methylation via the formation of oxidative DNA damage. 
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Therefore, the DNA oxidation lesion, 8-OHdG, induces DNA hypomethylation by the 
inhibition of DNA methylation at nearby cytosine bases. Moreover, ROS could induce 
the specific site of hypermethylation via the up-regulation of the expression of DNMTs 
and the formation of a new DNMT containing complex (63). (Figure 13).  

 

Figure  12 The balancing of ROS and antioxidants in normal cells and cancer 
cells (61) 
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Figure  13 Effect of oxidative stress on DNA methylation (63) 
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CHAPTER III 
MATERIALS AND METHOD 

 
Patients and sample collection 

The study was approved by the Institution Review Board of the Faculty of 
Medicine, Chulalongkorn University, Bangkok, Thailand (IRB806/61). There are 2 cohorts 
for this study. 

The first cohort was ethylenediaminetetraacetic acid (EDTA) blood samples, 
collected from healthy volunteers and patients. Blood samples from HBV infected 
patients and HCC patients were collected from King Chulalongkorn Memorial Hospital. 
All of blood samples were leftover specimen from previous study (IRB438/60). Samples 
from blood donors at The Thai Red Cross Society (Bangkok, Thailand) were enrolled as 
normal control. The total number of samples in the first cohort were 472 cases. In this 
study, group of samples was divided into three groups. Therefore, the blood sample 
sizes for each group are 144 cases of healthy volunteers, 99 cases of HBV infected 
patients, and 229 cases of HCC patients. The inclusion and exclusion criteria for this 
study were shown as below. 

Inclusion criteria 
1. Men and women aged over 18 years old 
2. Patients with hepatitis B virus infection are defined as positive for HBsAg and 

negative for antibodies to HBsAg (anti-HBs antibodies) in blood  
3. Patients with HCC were diagnosed with HCC based on typical imaging studies 

and/or histology (fine needle aspiration or surgical resection) in accordance with the 
guidelines of American Association for the Study of Liver Diseases (AASLD) (34) 

4. Healthy volunteers were collected from National Blood Centre Thai Red 
Cross Society (Bangkok, Thailand) were tested negative against HBV, HCV, and HIV 
infection and had no history of liver disease. 

Exclusion criteria 
1. Female patient with pregnancy, lactation 
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2. Patient has co-infection with HCV and/or HIV. 

 The second cohort for immunohistochemistry study was formalin fixed paraffin 
embedded (FFPE) liver tissues that dissected from 43 HCC patients. HCC from liver 
tissues was confirmed by pathologist. 

 

Measurement of G6PD activity in whole blood 
Quantitative G6PD activity was performed using the Trinity Biotech quantitative 

G6PD assay™ according to manufacturer’s instructions. Briefly, the activity of G6PD was 
determined by the reduction of nicotinamide adenine dinucleotide phosphate (NADP) 
to NADPH. The level of NADPH is proportional to the G6PD activity. It was measured 
using kinetic absorbance at 340 nm. Hemoglobin was measured by Hemocue® 
Hemoglobin Photometer for calculating G6PD activity. G6PD activity was expressed in 
unit per gram of hemoglobin (U/g Hb). Based on our previous study, G6PD activity less 
than 3.80 U/g Hb of G6PD activity is classified as G6PD deficiency, and which will be 
excluded from this study (64). 

 

PBMCs isolation from blood samples 
After blood collection, blood samples from HCC patients and healthy 

volunteer were collected in EDTA tube.  PBMCs were isolated from whole blood by 
using Ficoll-Paque gradient centrifugation according to manufacturer’s instructions. 
(Amersham Pharmacia, Uppsala, Sweden). Briefly, 4 ml of Ficoll-Paque gradient was 
pipetted into two 15 ml centrifuge tubes. The EDTA blood was diluted 1:1 in 
phosphate-buffered saline (PBS) and carefully layered over the Ficoll-Paque gradient. 
The tubes were centrifuged for 20 min at 1020 g. The cell interface layer was collected 
carefully. After that, PBMCs were washed 2 times in PBS and centrifuged for 10 min at 
640 g, and followed by 10 min at 470 g, and then suspended in DMEM medium with 
penicillin (50 U/ml)-streptomycin (50 g/ml) and 10 mM HEPES for indirect co-culture 
with liver cancer cell and measurement of G6PD activity in PBMCs.  

.  
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Measurement of G6PD activity in PBMCs and liver cancer cells 
G6PD activity in PBMCs and liver cancer cells was measured according to 

previous study (65). PBMCs and cells were washed with 1X PBS and then broken by 
sonicator. After that, 10 µl of cell suspension was mixed with 490 µl reaction buffer 
(NADP (Sigma, USA) 0.38 mM, MgCl2 (Bio Basic Canada lnc, Canada) 6.3 mM, glucose 6-
phosphate (Sigma, USA) 3.3 mM, melamide (Sigma, USA) 5 mM, and Tris-HCl (pH7.5) 
buffer  (Bio Basic Canada lnc, Canada) 50 mM. Then, NADPH production was kinetically 
measured at 340 nm by microplate reader at 37๐C. The G6PD activity was calculated 
with NADPH standard curve in absorbance units per min per mg protein (U/mg protein).  

 

Immunohistochemistry for G6PD and HBsAg expression in liver tissues 
Liver tissue from HCC patients was formalin-fixed and paraffin-embedded. 

Then, liver tissues were deparaffinized by xylene 3 time for 30 min and rehydrated by 
absolute ethanol 3 min, 95% ethanol 3 min, 80% ethanol, and 70% ethanol. After that, 
slides were washed with tap water for 5 min and kept in water until antigen retrieval 
step. Antigen retrieval was carried out and slides were put in sodium citrate in 
microwave for 15 min. Then, slides were allowed at room temperature for 20 min and 
washed with PBS 5 min. Next step, slides were blocked with 0.3% H2O2 in DW for 30 
min at room temperature and washed with PBS 5 min. Then, non-specific was blocked 
with normal horse serum for 20 min at room temperature. After that, tissue slides were 
incubated with G6PD primary antibody (Sigma, USA (cat. HPA000247)) and HBsAg 
primary antibody at 4°C overnight. Tissue slides were washed 3 times with PBS 5 min 
and incubated with secondary antibody at room temperature for 1 hour. Then, slides 
were washed again 2 time with PBS for 3 min and incubated with Vectastain Elite ABC 
reagent (Vector® Laboratories) at room temperature for 30 min. After that, tissue slides 
were washed again with PBS 2 times 3 min. To develop the reaction, slides were soaked 

with 3,3՛-Diaminobenzidine (DAB) for 5 min and then rinsed with tap water. 
Hemotoxylin was used for counterstaining. Finally, tissue slides were dehydrated by 
70% ethanol 3 min, 80% ethanol 3min, 95% ethanol 3 min, absolute ethanol 3 min, 
acetone 3 min, and xylene 3 times 10 min. Slides were mounted before visualization 
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under light microscope by pathologist. Tissue from testis was used as positive control 
for G6PD expression (Figure 14). 

To scoring the expression of G6PD in HCC liver tissues, the H-score method was 
used for quantitative expression. G6PD expression were scored by multiplying between 
the percentage of positive cells (0-100%) and the intensity level (weak 1+, moderate 
2+, and high 3+) (66).  

 

 

 

 

 

 

 

 

Figure  14 Immunohistochemistry image of testis tissues for G6PD expression 
(magnification 10X) 
 

HCC Cell culture 
HepG2 and HepG2 2.2.15 cells were obtained from Prof.Pisit Tangkijvanich. Both 

cells were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO/BRL Co., 
USA) supplement with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 

μg/mL streptomycin. Cells were maintained at 37๐C in humidified 5% CO2 incubator. 
The cultured medium was refreshed every 3 days. Furthermore, A final concentration 
of 380 mg/L G418 (Invitrogen) was added into DMEM for the maintenance and selection 
of HepG2.2.15.   
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Indirect co-culture experiments associating cancer cells with PBMCs 
Indirect co-culture experiment in this study was performed in Transwell® 

culture plates (Costar, Dutscher, Brumath, France). HepG2 cells were seeded in 24-well 
culture plates (5×104 cells/well) and were attached overnight in DMEM serum-free 
medium (Figure 15). After PBMC isolation, PBMCs were plated into permanent 
membrane culture inserted transwell that are 6.5 mm in diameter, and it has a 0.4 mm 
pore size (1×105 cells/well). Culture inserts containing PBMCs were put in the wells 
containing HepG2 cells. PBMCs and HepG2 cells were co-cultured for 24 h to harvest 
and determined level of Alu methylation, G6PD activity, and G6PD mRNA expression.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 

 

 

 

 

 
 
Figure  15 Schematic of indirect co-culture experiments associating between 
HepG2 cell and PBMCs  
 

Knockdown of G6PD by siRNA 
G6PD siRNA sequences are 5′-GGCCGUCACCAAGAACAUU-3′ (sense). Scramble 

control was purchased from Thermo Fisher, USA. For the transfection step, HepG2 cells 
was seeded into 24 well plate (5X104 cell per well) in 1 ml of DMEM with 10% fetal 

bovine serum. One hundred μM of siRNA of G6PD and scramble control was mixed 
with 25 µL Opti-MEM and vortexed. For each condition, siRNA solution was diluted 
with mixed reagent (0.75µL Lipofectamine (Thermo Fisher, USA), 1µL P3000, and 25 µL 
Opti-MEM (Thermo Fisher, USA)) and then incubated at room temperature for 20 min. 
After forming of complexes, culture medium was removed and replaced with 0.45 mL 
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new culture medium. Forming complexes of each condition was added onto the cells 
and incubated at 37°C in 5% CO2 for 48 hrs. After that, cells were collected for the 
experiments. To confirm the ability of siRNA, cells was measured G6PD activity, G6PD 
mRNA expression, and G6PD protein after knocking down.    

 

Alu methylation analysis by combine bisulfite restriction analysis (COBRA) 
Total DNA from whole blood, PBMCs, HepG2 and, HepG2 2.2.15 cells were 

extracted from nucleospin blood kit (MACHEREY-NAGEL GmbH & Co. KG, Germany) 
according to manufacturer’s protocol. Briefly, blood samples and cell pellets were 
lysed with proteinase K and mixed with B3 buffer. Then, blood and cell lysed were 
incubated at 70๐C for 10-15 min and added 100% ethanol to adjust DNA binding 
condition. For DNA binding, lysed samples were loaded into Nucleospin column. To 
elute and purify DNA, columns were added preheated (70๐C) BE buffer and incubated 
at room temperature for 1 min. After that, columns were centrifuged at 11000g for 1 
min. After DNA extraction, the concentration of DNA was measured using 
spectrophotometer (NanoDrop 1000c, Thermo Scientific, USA).  

DNA was converted to bisulfite DNA by sodium bisulfite modification using EZ 
DNA methylation-Gold™ kit (Zymo research) according to manufacturer’s protocol. 
Unmethylated cytosine at CpG islands was deaminated and converted to uracil by 
bisulfite treatment while methylated cytosine was not changed to uracil. Twenty 
microliter of DNA 500 pg – 2 µg was mixed with CT conversion reagent and performed 
in the thermal cyclers by the following steps, 98๐C for 10 min, 64๐C for 2.5 hours, 4๐C 
storage up to 20 hours. After that, DNA solution was mixed, added to zymo-spin IC 
column to elute the bisulfite DNA. 

After bisulfite conversion, bisulfite DNA was used for the determination of the 
levels of the global Alu DNA methylation. DNA methylation was quantitated by 
combined bisulfite restriction analysis (qCOBRA) using previously described primers and 
conditions. Primers used for COBRA Alu amplifications, as follows: Alu forward primer 
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5′-GGRGRGGTGGTTTARGTTTGTAA-3′; Alu reverse primer 5′-
CTAACTTTTTATATTTTTAATAAAAACRAAATTTCACCA-3′.  

PCRs were functioned in a final volume of 10 µl, containing 2.5 ng of bisulfite-

treated DNA, 10X PCR buffer, 25 mM MgCl2, 200 mM dNTPs, 20 μ M primers, and 0.5 
U Taq DNA polymerase (HotStar, Qiagen, Valencia, CA, USA). PCR cycling conditions 
started with 95 °C incubation for 15 min, then followed by 40 cycles of 95 °C for 45 
sec, then 57 °C for 45 sec and 72 °C for 45 sec, and finally 72 °C for 7 min.  

After PCR amplification, Alu amplicons (133 bp) were subsequently digested 
with 2 U TaqI in TaqI buffer. The digestion reactions were incubated at 65 °C overnight. 
After digestion, Alu amplicons were separated on an 8% non-denaturing 
polyacrylamide gel. Then, band intensities were analyzed by STORM scanner. qCOBRA 
Alu was divided into four patterns, which depends on methylation status of two CpG 
dinucleotides, as follows: hypermethylation (mCmC), partial methylation (mCuC or 
uCmC), and hypomethylation (uCuC).  

For Alu methylation analysis, the intensity of the COBRA-digested Alu products 
was measured and represented the percentage of Alu methylation levels and patterns 
in each group. PCR RFLP fragments consist of 133, 90, 75, 58, 43, and 32 bp, which 
represented different methylation status. The percentage of each Alu methylation 
pattern was estimated, as follows: A = intensity of the 133 bp fragment divided by 133; 
B = intensity of the 58 bp fragment divided by 58; C = intensity of the 75 bp fragment 
divided by 75; D = intensity of the 90 bp fragment divided by 90; E = intensity of the 
43 bp fragment divided by 43; and, F = intensity of the 32 bp fragment divided by 32 
(Figure 16). To calculate the percentage of each Alu element methylation pattern, it 
was calculated, as follows:  

- percentage of Alu methylation level : 
(%mC) = 100 × (E + B)/(2 A + E + B + C + D) 

- percentage of hypermethylated loci : 
(%mCmC) = 100 × F/(A + C + D + F) 

- percentage of both partially methylated loci : 
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(%uCmC) = 100 × C/(A + C + D + F) 
(%mCuC) = 100 × D/(A + C + D + F) 

percentage of hypomethylated loci : 
(%uCuC) = 100 × A/(A + C + D + F). 

 

 
Figure  16 Alu methylation image by COBRA analysis  
Representative image of PCR amplification after bisulfite modification (A), Alu 
methylation analysis by combine bisulfite restriction analysis (COBRA) of Alu (B) 
 

Cell viability by MTT assay 
To determine the cell viability after G6PD knockdown in HepG2 and HepG2 

2.2.15, cells were seed into 96 well plate (2×104 cells/well). Cells were treated with 
siG6PD for 48 hours. After that, cells were incubated with 0.5 mg/mL 4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 37๐C for 2 hours. Then, 

(A) PCR amplification of Alu 

(B) Combine bisulfite restriction analysis of Alu methylation  

133 bp 
90 bp 
75 bp 
58 bp 
43 bp 

133 bp 
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formazan was dissolved in 75 µl of dimethyl sulfoxide (DMSO) and measured at 570 
nm by the Synergy HT microplate reader. Cell viability was expressed as %cell viability 
of control. 

%𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑡𝑦 =
OD treatment

ODcontrol
 

RNA extraction from liver cancer cells 
Cell pellets were harvested and washed in 1X PBS before RNA extraction. RNA 

was extracted by Trizol reagent according to manufacturer’s protocol. Briefly, cell 
pellets were added 1 mL Trizol reagent and pipetted to lysate cell for several times. 
Then, samples were incubated for 5 min and added 0.2 mL of chloroform. Sample was 
incubated for 10 min and centrifuged for 15 min at 12000xg at 4°C. After centrifugation, 
the upper solution containing RNA was transferred to a new tube, mixed with 0.5 ml 
of isopropyl alcohol overnight at -20°C, and centrifuged for 15 min at 12000xg at 4°C. 
After that, the supernatant was discarded and added 0.5 mL of ice cold 75% ethanol 
at room temperature for 5 min. All of 75% ethanol was removed. RNA pellets will be 
allowed to dye. RNA pellets were dissolved by RNase free water before RNA 
concentration measurement. The RNA concentration was determined by Nanodrop 
1000 spectrophotometer (Thermo Fisher Sciencetific, USA). 
 

mRNA expression by quantitative real-time polymerase chain reaction (Real-
time PCR)  

After RNA extraction, mRNA was converted to complementary DNA (cDNA) by 
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) according to 
manufacturer’s protocol. Briefly, 1 µl of total RNA (0.1 ng – 5 µg) was synthesized to 
cDNA by RevertAid First Strand cDNA Synthesis Kit (4 µL of 5X Reaction Buffer, 1 µL of 
RiboLock RNase Inhibitor, 2 of 10 mM dNTP Mix, 1 µL of RevertAid M-MuLV RT (200 
U/µL), and nuclease-free water to 20 µL). After that, Mixed RNA solution was incubated 
for 60 min at 42°C. and terminated the reaction by heating at 70°C for 5 min. The cDNA 
will be stored at -20°C until use. 
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The mRNA expression was performed in StepOnePlus Real-Time PCR (Applied 
Biosystem, USA). To detect the quantitative mRNA, the reaction was detected by SYBR 
green master mix (PowerUp™ SYBR® Green Master Mix (Thermo Scientific, USA)) 

contained the specific primer for G6PD mRNA (Table1). β-actin was used as internal 

control. The fold changed of mRNA expression was calculated by 2-ΔΔCt method. 

 

 

Table  1 Specific primers for interested gene 
Gene Primer sequences (5 → 3) Annealing  

temperature 
PCR product 

size (bp) 

G6PD Forward primer : GTCAAGGTGTTGAAATGCATC 
Reverse primer : CATCCCACCTCTCATTCTCC 

57๐C 187 

β-actin Forward primer : ACTCTTCCAGCCTTCCTTC  
Reverse primer : ATCTCCTTCTGCATCCTGTC 

57๐C 171 

 

Protein extraction and quantification 
After G6PD knockdown by siRNA, cell was harvested and washed 2 times with 

1X PBS. Then, RIPA buffer and 100X protease inhibitor were added into cell pellets. 
After that, cell was broken by using sonicated machine. Extraction protein was stored 
at –80๐C for protein expression studies. Total protein concentration was measured by 
Pierce™ BCA protein assay kit (Thermo Fisher, USA) before the experiments. Briefly, 25 
µl of protein sample were mixed with 200 µl of working reagents (196 µl of reagent A 
and 4 µl reagent B) and then incubated at 37๐C for 30 min. The colorimetric detection 
based on bicinchoninic acid was measured at 562 nm by the Synergy HT microplate 
reader. The concentration of total protein was calculated with albumin standard (0-
2000 µg/mL). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

29 
 

Protein expression by western blot analysis  
The expression of interested protein was performed by western blot analysis. 

Forty microgram protein was loaded and separated into 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE) and then transferred onto the 
nitrocellulose membranes. After that, membranes were blocked with blocking solution 
(5% non-fat milk in Tris-Buffered Saline and Tween 20 (TBST)) at room temperature for 
1 hour. Next, membranes were incubated overnight with specific primary antibody 
(G6PD) in TBST buffer at 4๐C and then washed three times for 5 min with TBST buffer. 
Then, membranes were probed at room temperature for 2 hours with a horseradish 
peroxidase conjugated secondary antibody in TBST buffer.  Finally, membranes were 
washed three time for 5 min with TBST before detection of the interested protein. 
Band of the interested protein was observed using an enhanced chemiluminescence 
(ECL) system. The intensity of the interested protein was measured by image analysis 

software. β-actin was used as a loading control. 

 

Immunofluorescence for 8-hydroxy-2′-deoxyguanosine (8-OHdG)  
After G6PD knockdown, HepG2 cells and HepG2 2.2.15 cells were plated into 

24 well plate (5x104 cell/well). Culture medium was removed and washed twice with 
1X PBS before fixation. Then, cells were fixed with 4% paraformaldehyde for 10 min. 
Next, cells were permeabilized and blocked with blocking solution (5% non-fat dry 
milk) for 1 hour at room temperature. Then, cells were incubated with anti-8- hydroxy-
2′-deoxyguanosine (8-OHdG) primary antibody at 4°C overnight. After that, cells were 
washed with PBS and incubated with fluorescent secondary antibody for 1 hour at 
room temperature. Nuclei were stained with 4',6-Diamidino-2-Phenylindole, 
Dihydrochloride (DAPI). For the detection, image was captured under fluorescent 
microscope and determined the intensity of fluorescence. 
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Statistical analysis 
All statistical analyses were performed using SPSS Statistics version 22.0 (SPSS, 

Inc.,Chicago, IL, USA). The correlation between the IHC G6PD expression and clinical 
parameters was performed by chi square test. Significant difference between the 
expression G6PD of each parameter was calculated by Man-Whitney T-test. Statistical 
significance between G6PD activity and Alu methylation of normal controls, HBV 
infected patients and HCC patients was determined by Kruskal-Wallis test. Progression 
free survival and overall survival time were analyzed by Kaplain-Meier curve and log-
rank test. Hazard ratio and 95% confidence interval (95%CI) were performed by 
multivariate regression analysis and Cox regression analysis. Data were expressed as 
median ± IQR.  For the difference in cell culture experiment, the significant difference 
was determined by independent student T-test All statistical tests were significantly 
considered with p-values less than 0.05. 
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CHAPTER IV 
RESULTS 

 

Demographic data and clinicopathological parameter of subjects in this study 
 There were 472 subjects enrolled in this study, including 144 samples of 
healthy volunteers, 99 samples of HBV infected patients, and 229 samples from HCC 
patients. HCC patients were divided into 2 groups of stage, early and advanced stages. 
Demographic data and clinicopathological parameters of patients were summarized in 
Table 2. The clinicopathological parameters of patients with early and advanced stages 
were compared. There was no significant difference in age (p=0.362), international 
normalized ratio (INR) (p=0.307), aminotransferase (ALT) (p=0.097), and total bilirubin 
(p=0.721). HCC patients with advanced stage had significantly higher platelet count 
(p<0.001), white blood cell count (p=0.017), polymorphonuclear leukocytes (PMN) 
(p=0.005), neutrophil (p=0.002), aspartate aminotransferase (AST) (p<0.001), alkaline 
phosphatase (ALP) (p<0.001), and serum alpha-fetoprotein (AFP) (p=0.002) than HCC 
patients with early stage. Levels of hemoglobin (p<0.001), hematocrit (p<0.001), and 
albumin (p=0.005) were significantly lower than HCC patients with early stage.   
 

Correlation between whole blood G6PD activity and clinicopathological 
parameters of HCC patients 

Previous study of Maria Pina Dore et, al., has been reported about the 

association between the prevalence of G6PD deficiency status and reduction of HCC 

risk factors (21). Therefore, we proposed that the prevalence of G6PD deficiency in HCC 

patients should be low in HCC patients. On the other hand, blood G6PD activity might 

be increased in HCC patients. From the results, the prevalence of G6PD deficiency was 

not as the proposes. The prevalence of G6PD deficiency was not different between 

these three groups; healthy volunteers (6.9%), HBV infected patients (7.1%), and HCC 

patients (7.4%). The median blood G6PD activity of 229 HCC patients was 8.0±2.0 U/g 

Hb, significantly higher than that of 144 healthy volunteers (7.3±2.5 U/g Hb) (p<0.001) 
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(Figure 17). Nevertheless, blood G6PD activity of healthy volunteers (7.3±2.5 U/g Hb) 

was not significantly different from that of 99 patients with HBV infection (7.2±1.5 U/g 

Hb) (Figure 17). These results indicated that blood G6PD activity was significantly 

increased in HCC patients. Interestingly, whole blood G6PD activity from HBV related 

HCC patients was 8.5±2.4 U/g Hb, significantly higher than that of non-HBV related HCC 

patients (7.7±1.7 U/g Hb) (p=0.001) (Figure 18A). Moreover, whole blood G6PD activity 

from patients with HCC was significantly increased in advanced HCC stages in 

comparing with early stages (Figure 18B). These finding support our hypothesis that the 

patients with HCC has overactivity of whole blood G6PD. Moreover, it also was 

associated with HBV related HCC and advanced stage. We hypothesized that blood 

G6PD activity might be a novel diagnostic/prognostic marker for HCC. 

Table  2 Demographic data of subjects in this study (** p-value <0.05) 
Clinicopathologica
l parameters 

Healthy 
volunteers 
(n=144) 

HBV infected 
patients 
(n=99) 

HCC patients 
(n=229) 

Early stage 
(0,A-B) 
(n=156) 

Advanced 
stage (C-D) 
(n=38) 

*p-value 

Gender (male:female) 95:49 52:47 178:51 125:31 34:4  

Age, (years) 60±12 38±17 63±15 63±15  54±13 0.362 

Hemoglobin (g/dL) 16.0±2.8 15.0±2.5 12±2.9 12.6±2.7 11.5±2.5 <0.001** 

Hematocrit (%) NA NA 36±8.6 37.9±8.4 34.7±8.0 <0.001** 

Platelet counts 
(103/µL) 

NA NA 149.0±124.0 136.5±102.8 172.0±188.0 0.001** 

White blood cell 
count (103/µL) 

NA NA 5.5±2.6 5.2±2.5 5.9±3.3 0.017** 

PMN (%) NA NA 61.5±14.8 61.9±16.0 62.5±12.7 0.005** 

Neutrophil (%) NA NA 3.1±1.6 2.9±1.7 3.1±1.1 0.002** 

INR NA NA 1.1±0.2 1.1±0.1 1.1±0.4 0.307 

AST (U/L) NA NA 54.0±51.0 47.5±47.5 109.0±71.0 <0.001** 

ALT (U/L) NA NA 40±42.8 39.0±33.5 75.0±73.0 0.097 

ALP (U/L) NA NA 102.0±76.0 96.0±71.5 161.0±118.0 <0.001** 

Total bilirubin 
(md/dL) 

NA NA 0.7±0.6 0.7±0.5 0.9±0.9 0.721 

Albumin (g/dL) NA NA 3.5±0.9 3.6±0.8 3.5±1.0 0.005** 

AFP (IU/mL) NA NA 18.8±347.3 13.7±102.8 44.6±2055.3 0.002** 

Blood G6PD activity 
(U/g Hb) 

7.3±2.5 7.2±1.5 8.0±2.0 7.8±2.0 8.17±2.9 0.003 

Note: Data was expressed in median±IQR, INR: International normalized ratio; AST: aspartate aminotransferase; ALT: allanine 

aminotransferase; ALP: alkaline phosphatase; AFP: alpha-fetoprotein. *p-value was different comparison between HCC patients with early 

stage and advanced stage. **Significant differences (p<0.05) were compared by the Mann–Whitney U test. NA: not available 
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Figure  17 Increased blood G6PD activity in HCC patients. 
  

 

 

  

 

 

 
 
 
 
Figure  18 Overactivity of whole blood G6PD in HCC was correlated with 
advanced stage and HBV related HCC.  
Quantitative comparison of blood G6PD activity in healthy volunteers (n=144), HBV 
infected patients (n=92), and HCC patients (n=229) based on HBV status (A) and BCLC 
stage (B). 
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Sensitivity and specificity of whole blood G6PD activity for HCC diagnosis 
To evaluate the diagnostic values of blood G6PD activity for HCC detection, 

receiver operating characteristic (ROC) curve analysis and area under the ROC curve 
(AUC) were performed. The analysis revealed that the AUC value of blood G6PD activity 
was 0.648 (95%CI: 0.589-0.707) with sensitivity of 57.47% and specificity of 61.54% 
(Figure 19). The sensitivity and specificity of blood G6PD activity was not good enough 
for HCC diagnosis, however blood G6PD activity was significantly increased in HCC, 
which correlated with advanced stage (Figure 18, Table 2). The association of blood 
G6PD activity and clinicopathological parameters was then analyzed in the next part. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  19 ROC curve analysis of blood G6PD for HCC diagnosis 
 

As shown in Figure 17, up-regulation of G6PD activity in whole blood samples 
was found in HCC patients. Then, the association between the level of whole blood 
G6PD activity in 229 HCC patients and clinicopathological parameters were tested by 
Chi-square test. Whole blood G6PD activity at percentile 50 (7.92 U /g Hb) (unit per 
gram Hb) was used as cut off between low and high blood G6PD activity. As shown in 
Table 3, the results confirmed that whole blood G6PD activity was significantly 
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correlated with HBV status (p=0.013), and advanced stage (c) based on BCLC system 
(p=0.044). These results imply that overactivity of G6PD from blood samples correlated 
with HBV status and advanced stage of HCC.  

Table  3 Association between whole blood G6PD activity and clinicopathological 
parameters of HCC patients (* p-value <0.05) 

Clinicopathological parameters N (%) Number of patients 

Low blood G6PD 
activity (%) 

High blood G6PD 
activity (%) 

p-value 

Age (years) 

- <60 

- ≥60 

 
86 (37.55) 
143 (62.44) 

 
46 (46.51) 
69 (48.25) 

 
40 (53.49) 
74 (51.75) 

 
0.443 

Gender 

- Male 

- Female 

 
178 (77.73) 
51 (22.27) 

 
84 (47.19) 
31 (60.78) 

 
94 (52.81) 
20 (39.22) 

 
0.087 

Cirrhosis 

- No 

- Yes 

 
29 (18.01) 
132 (81.99) 

 
13 (44.83) 
69 (52.27) 

 
16 (55.17) 
63 (47.73) 

 
0.468 

HBV status 

- Non-HBV related HCC 

- HBV related HCC 

 
135 (58.95) 
94 (41.05) 

 
77 (57.04) 
38 (40.42) 

 
58 (42.96) 
56 (59.58) 

 
0.013* 

Alpha-fetoprotein (ng/ml) 

- <200 

- ≥200 

 
121 (67.60) 
58 (32.40) 

 
64 (52.89) 
30 (51.72) 

 
57 (47.11) 
28 (48.28) 

 
0.884 

BCLC stage 

- Early stage 

- Advance stage 

 
156 (80.41) 
38 (19.59) 

 
84 (53.85) 
13 (34.21) 

 
73 (46.16) 
24 (65.79) 

 
0.044* 

Portal vein invasion 

- No 

- Yes 

 
79 (49.38) 
81 (51.62) 

 
42 (53.16) 
42 (51.85) 

 
37 (46.84) 
39 (48.15) 

 
0.868 

Extrahepatic vein spread 

- No 

- Yes 

 
154 (97.47) 

4 (2.53) 

 
81 (52.60) 
2 (50.00) 

 
73 (47.40) 
2 (50.00) 

 
0.918 

Presence of ascites 

- No 

- Yes 

 
126 (78.75) 
34 (21.25) 

 
69 (54.76) 
15 (44.12) 

 
57 (45.24) 
19 (55.88) 

 
0.270 

The level of whole blood G6PD activity increased with the number of white blood 
cells (WBCs) and up-regulation of G6PD on PBMCs 
 From our finding that the patients with HCC containing hyperactivity of G6PD 
from whole blood, the reason wherefore whole blood G6PD activity also increase in 
HCC was investigated. There are three possible reasons: 1) G6PD activity on circulating 
tumor cells (However, the number of circulating tumor cells may not enough to 
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increase whole blood G6PD activity.), 2) the presence of leukocytosis that induce the 
level of blood G6PD activity and 3) the communication of cancer cells with recipient 
cells (peripheral blood mononuclear cells; PBMCs) by activating G6PD activity in PBMCs 
(22). To elucidate these phenomena, the correlation between the level of whole blood 
G6PD activity and number of WBC count in HCC patients was firstly analyzed by linear 
regression. Secondly, G6PD activity from PBMC of HCC patients and healthy volunteers 
were monitored after quantify protein level.  

The result reported that the level of whole blood G6PD activity in HCC patients 
significantly increased with the number of WBC counts (p=0.005) (Figure 20A). 
Secondly, G6PD activity in PBMC of HCC patients was 13.46±8.85 U/mg protein, which 
significantly higher than healthy volunteers (4.42±0.89 U/mg protein; p=0.028) (Figure 
20B). These results may imply that increasing of blood G6PD activity in HCC patients 
as the result of both leucocytosis during inflammation of HCC and activated PBMC. 

 

 

 

 

 
 
 

Figure  20 Overactivity of whole blood G6PD in HCC was positively correlated with 
the number WBC and up-regulation of G6PD in PBMC. 
 (A) Linear regression between whole blood G6PD activity (U/g Hb) and level of WBC 
count (103 cell/µl) in HCC patients (n=215). (B) The mean different between the PBMC 
G6PD activity in healthy volunteer (n=6) and HCC patients (n=10) were tested by 
independent T-Test. 
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Overexpression of G6PD in cancerous area in the liver tissues of HCC patients. 
 Since hyperactivity of whole blood G6PD observed in HCC patients involved 
with activated PBMC, communication between cancer cells and PBMC may contribute 
this effect. To prove our hypothesis, IHC was performed to monitor G6PD expression 
level in 50 FFPE HCC tissues. However, there were only 45 samples containing both 
adjacent non-cancerous areas and cancerous areas in the same slide. As shown in 
Figure 21A and 21B, the results revealed that only low-level expression of G6PD 
(expression score 0-1) was observed in adjacent cancer-free areas. The expression of 
G6PD in cancerous areas in all HCC tissues was significantly overexpressed compared 
to the adjacent cancer-free areas. The expression of G6PD was detected in 92% (46/50) 
of HCC tissues, categorized as expression score 1 in 17 cases (34%), expression score 2 
in 22 cases (44%), expression score 3 in 7 cases (14%) and negative immunoreactivity 
in 4 cases (8%). It was confirmed that G6PD was highly expressed in HCC liver tissues. 
This result suggests that high G6PD expression may play a pivotal role in the 
progression of HCC. 

 

Figure  21 Increased G6PD expression in HCC tissues. 
The immunostaining of G6PD is in the cytoplasm of the tumor cells. Representative 
images of 3 µm-liver sections stained with H&E (A) and IHC of anti-G6PD antibody (B) 
adjacent non-cancerous and cancerous areas (*) from HCC tissue. (Original 
magnification, x10; Bar = 500 µm.) 
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Correlation between level of G6PD IHC score and clinicopathological parameters 
of HCC patients  

To elucidate the role of G6PD in the progression of HCC, the correlation 
between G6PD expression level and clinicopathological parameters of enrolled 50 HCC 
patients was evaluated. The median (±IQR) of age was 62.00±17.00 years. There were 
46 (92%) males and 4 (8%) females. The results revealed that the level of G6PD 
expression was significantly increased in HCC with cirrhosis (122.00±91.35 VS 
92.00±107.55; p=0.008) (Figure 22A), tumor grade (III-IV) (118.00±102.93 VS 
91.50±72.10; p=0.033) (Figure 22B), advanced stage of BCLC (C) (130.00±94.58 VS 
89.65±91.83; p=0.001) (Figure 23), portal vein invasion (130±99.31 VS 100.60±94.10; 
p=0.014) (Figure 22C), and recurrence (124.90±63.30 VS 99.10±78.00; p=0.011) (Figure 
22D) (Table 4).  

For AFP levels, there are 2 groups including HCC patients with AFP<200 ng/mL 

and AFP≥200 ng/mL based on the guideline for hepatocellular carcinoma treatment 

from National Cancer Institute, Thailand. The increasing level of G6PD expression was 

positively associated with high serum AFP level (≥200 ng/mL) (146.00±119.65 VS 

99.60±93.65; p=0.002) with r=0.556 (p<0.001 by linear regression analysis) (cut off point 

of AFP level based on the guideline for hepatocellular carcinoma treatment from 

National Cancer Institute, Thailand) (Table 4) (Figure 22 E-F). These results implied 

that levels of G6PD expression in liver tissue from HCC patients was positively 

correlated with blood AFP. 

With Chi-squared test and multivariate logistic regression analysis, high level of 
G6PD expression [cut off point: the 50th percentile = 107.50] was revealed to be 
significantly independently associated with HBV infection (p=0.023 by X2 test, OR: 

3.431; 95% CI: 1.026-11.476; p=0.045), high AFP level (≥ 200 ng/mL) (p=0.015 by X2 
test, OR: 7.944; 95% CI: 1.884-33.498; p=0.005), advanced stage of BCLC (p=0.024 by 
X2 test, OR: 5.464; 95% CI: 1.627-18.357; p=0.006), and recurrence (p=0.011 by X2 test, 
OR: 4.571; 95% CI: 1.383-15.109; p=0.013) (Table 4). These finding indicate that HBV 
infection, high AFP level, advanced stage of BCLC, and recurrence are independent risk 
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factors in increase the level of G6PD expression. However, there was no significant 
different in age, gender, cirrhosis, tumor size, tumor grade, tumor differentiation, portal 
vein invasion, extrahepatic vein spread, and presence of ascites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  22 Up-regulation of G6PD IHC score (n=50) in HCC patients with 
clinicopathological parameters 

(A) cirrhosis, (B) tumor grade III-IV, (C) advanced stage, (D) portal vein invasion (E) 
recurrence, and (F) AFP≥200 ng/dL. (G) Positively correlation between G6PD IHC score 
and log10 AFP by linear regression analysis. Significant differences (p<0.05) were 
compared by the Mann–Whitney U test. 
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Table  4 The correlation between G6PD IHC staining intensity level and 
clinicopathological parameters of patients with HCC (n=50) (* p-value <0.05) 

Clinicopathological parameters N (%) 
 

G6PD IHC intensity level 
(median±IQR) 

p-value Number of patients  

Low G6PD 
expression (%) 

High G6PD 
expression (%) 

p-value 

Age (median±IQR, years)  

- <60 

- ≥60 

 
20 (40) 
30 (60) 

 
110.00±118.93 
104.50±65.93 

 
 
0.482 

 
10 (50) 
15 (50) 

 
10 (50) 
15 (50) 

 
 
1.000 

Gender 

- Male 

- Female 

 
46 (92) 
4 (8) 

 
107.50±69.68 
127.25±100.81 

 
 
0.546 

 
23 (50) 
2 (50) 

 
23 (50) 
2 (50) 

 
 
1.000 

HBV Status 

- Non-HBV with tissue HBsAg (-) 

- HBV with tissue HBsAg (-) 

- HBV with tissue HBsAg (+) 

 
19 (38) 
9 (18) 
22 (44) 

 
99.20±95.20 
107.00±58.20 
141.80±110.75    

 
 
0.067 
0.032* 

 
13 (68) 
5 (56) 
7 (32) 

 
6 (32) 
4 (44) 
15 (68) 

 
 
 
0.061 

Cirrhosis 

- No 

- Yes 

 
21 (42) 
29 (58) 

 
92.00±107.55 
122.00±91.35 

 
 
0.008* 

 
12 (57) 
13 (45) 

 
9 (43) 
16 (55) 

 
 
0.390 

Alpha-fetoprotein  
(median±IQR, ng/ml) (27.01±255.97) 

- <200 

- ≥200 

 
 
34 (68) 
16 (32) 

 
 
99.60±93.65 
146.00±119.65 

 
 
 
0.002* 

 
 
21 (62) 
4 (25) 

 
 
13 (38) 
12 (75) 

 
 
 
0.015* 

Tumor size 

- <3cm 

- ≥3cm 

 
13 (26) 
37 (74) 

 
108.00±88.55 
107.00±74.25 

 
 
0.740 

 
6 (46) 
19 (51) 

 
7 (54) 
18 (49) 

 
 
0.747 

Tumor grade 

- I-II 

- III-IV 

 
20 (40) 
30 (60) 

 
91.50±72.10 
118.00±102.93 

 
 
0.033* 

 
12 (60) 
13 (43) 

 
8 (40) 
17 (57) 

 
 
0.083 

Tumor differentiation 

- Well 

- Moderate 

- Poor 

 
15 (30) 
25 (50) 
10 (20) 

 
107.00±112.50 
102.30±49.95 
131.65±151.15 

 
 
0.999 
0.944 

 
7 (47) 
14 (56) 
4 (40) 

 
8 (53) 
11 (44) 
6 (60) 

 
 
 
0.661 

BCLC stage 

- Early stage (A-B) 

- Advanced stage (C) 

 
24 (48) 
26 (52) 

 
89.65±91.83 
130.00±94.58 

 
 
0.001* 

 
16 (67) 
9 (35) 

 
8 (33) 
17 (65) 

 
 
0.024* 

Portal vein invasion 

- No 

- Yes 

 
34 (68) 
16 (32) 

 
100.60±94.10 
130.00±99.31 

 
 
0.014* 

 
20 (59) 
5 (31) 

 
14 (41) 
11 (69) 

 
 
0.069 

Extrahepatic vein spread 

- No 

- Yes 

 
47(94) 
3(6) 

 
108.00±69.30 
100.00 

 
 
0.984 

 
23 (49) 
2 (67) 

 
24 (51) 
1 (33) 

 
 
0.552 

Presence of ascites 

- No 

- Yes 

 
44 (88) 
6 (12) 

 
107.00±85.15 
110.70±30.13 

 
 
0.788 

 
23 (52) 
2 (33) 

 
21 (48) 
4 (67) 

 
 
0.384 

Recurrence 

- No 

- Yes 

 
23 (46) 
27 (54) 

 
99.10±78.00 
124.90±63.30 

 
 
0.011* 

 
16 (70) 
9 (33) 

 
7 (30) 
18 (67) 

 
 
0.011* 
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Overexpression of G6PD in HBV related HCC 
 There are several risk factors of HCC, including hepatitis B and C infection, 
alcohol drinking, and non-alcoholic fatty liver disease. However, more than 50% of 
HCC was associated with hepatitis B virus infection. To explore the association of HBV 
infection and G6PD expression in cancerous area of HCC patients, 50 HCC samples 
staining with HBsAg were divided into 3 groups; non HBV-related HCC (HBsAg negative 
in both blood and tissue), HBV related HCC with HBsAg positive in blood but negative 
in liver tissue), and HBV related HCC with HBsAg positive in both blood and liver tissue) 
(Figure 24A-C).  The results indicated that there was trend to significance of the 
association of HBV infection in HCC liver tissue and high level of G6PD IHC expression 
(p=0.061), HBV related HCC with HBsAg positive in blood and tissue (15/22 cases, 
68.0%), HBV related HCC with negative HBsAg in tissue (4/9 cases, 44.0%), and  non 
HBV related HCC (6/19 cases, 32.0%) (Table 4). Moreover, G6PD IHC score of HBV 
related HCC patients with HBsAg positive in both blood and liver tissue (141.80±110.75) 
was significantly increased when compared with non HBV-related HCC (99.20±95.20) 
(p=0.032) (Figure 24D). Moreover, G6PD IHC score between HBV-related HCC with 
positive HBsAg in tissue (141.80±110.75) was higher than HBV related HCC with negative 
HBsAg in tissue but not significance (107.00±54.20) (p=0.067) (Figure24D). These results 
implied that infection of HBV in HCC tissue associated with overexpression of G6PD in 
liver tissues of HBV-related HCC.
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From our finding that the infection of HBV in HCC tissue associated with 

overexpression of hepatic G6PD of HBV-related HCC. Therefore, overexpression of G6PD 

was then confirmed in HBV-related HCC cell line (HepG2 2.2.15) using Western blot 

analysis. The results demonstrated that the level of G6PD protein in HepG2 2.2.15 was 

7.84±1.39 folds change, which significantly higher than in HepG2 cells (p=0.013) (Figure 

25A-B). Moreover, the results found that the amount of G6PD mRNA in HepG2 2.2.15 

was 3.46±0.59 folds change, which significantly more than in HepG2 cells (p=0.018) 

(Figure 25C). In addition, G6PD activity in HepG2 2.2.15 was 3.80±0.40 folds change, 

which significantly more than in HepG2 cells (p<0.001) (Figure 25D). From these results, 

it supported our finding that HBV infection involved in regulation of G6PD expression 

in HBV-related HCC. 

 
Figure  25 Up-regulation of G6PD expression in HBV related HCC cell line (HepG2 
2.2.15). 

 (A) Comparison of G6PD and β-actin protein expression in HepG2 and HepG2 2.2.15 
by Western blot analysis. (B) Quantitative comparison of G6PD protein expression in 
HepG2 and HepG2 2.2.15. (C) Comparison of G6PD mRNA expression and (D) G6PD 
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activity in HepG2 and HepG2 2.2.15. Independent student T-test was performed 
between these two groups.  
 

Overexpression of G6PD expression associated with poor prognosis of HCC 
From previous results, high expression of G6PD was associated with recurrence. 

These associated were then further explored by Kaplan-Meier survival curve. The 
median PFS of patients with high level of G6PD expression was 28 months, which was 
significantly worse than that of patients whose contain low level of G6PD expression 
(63.0 months, p = 0.029 by log rank test) (Figure 26A). For low levels of AFP (<200 
ng/mL), the median PFS of patients was 54 months, which was significantly better than 

that of patients whose high level ≥200 ng/mL (14 months, p = 0.011 by log rank test) 
(Figure26C). The results revealed that the median OS of HCC patients with high G6PD 
IHC score was 33 months, which significantly worse than that of HCC patients with low 
G6PD IHC score (67 months with p=0.044 by log rank test) (Figure 26B). Comparing of 
the median OS between AFP < 200 ng/ml and ≥200 ng/ml, the results found that the 
mean OS of HCC with AFP < 200 ng/ml (54 months) was significantly higher than of 
HCC with AFP ≥200 ng/dl (28 months) with p=0.021 of log rank test (Figur26D). These 
results implied that the poor prognosis in HCC patients was correlated with the levels 
of G6PD IHC expression in liver tissues, and AFP levels. 
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Figure  26 Overexpression of G6PD were independent poor prognostic factors of 
OS and PFS in HCC patients  
(A, B) G6PD IHC expression, (C,D) AFP levels. Kaplan-Meier survival curves of the PFS 
and OS in HCC patients with clinicopathology parameters. 
 
Multivariate Cox regression analysis of clinicopathological parameters, progression 
free survival (PFS) and overall survival (OS) of HCC 
 To explore the correlation between clinicopathological parameters and 
progression free survival (PFS) and overall survival (OS), the clinicopathology 
parameters were input into univariate and multivariate Cox regression analysis test. PFS 
was defined as random of time to the first event of disease recurrence or death (67). 
The results from univariate and multivariate regression test revealed that only G6PD 
correlated with PFS and OS (Table 5). These data imply that high G6PD expression was 
an independent clinicopathological parameter affecting shorter progression free 
survival time and overall survival time of HCC. 

 

Table  5 Multivariate Cox hazard regression analysis of clinicopathological 
parameters affecting progression-free survival (PFS) and overall survival (OS) in 
HCC (HR: hazard ratio) (* p-value <0.05) 

Clinicopathological 
parameters 

Progression free survival Overall survival 
Univariate regression analysis Multivariate regression analysis Univariate regression analysis Multivariate regression analysis 

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value 

G6PD IHC levels  
(Low vs High expression) 

12.28 2.86-
52.69 

0.001* 5.57 1.26-
24.59 

0.023* 3.918 1.868-
8.219 

<0.001* 1.681 1.092-
2.588 

0.018* 

Alpha-fetoprotein  
(<200 vs ≥200ng/ml) 

6.11 2.45-
15.28 

<0.001* 2.66 1.04-
6.81 

0.041* 3.262 1.599-
6.653 

0.001* 1.444 0.733-
2.848 

0.288 

 

Up-regulation of G6PD in PBMC after indirect co-culture with HCC cell line 
 As we found the overactivity of blood G6PD in HCC and overexpression of 
hepatic G6PD were correlated with HBV infection and BCLC stage. We proposed that 
cancer cells may communicate to PBMCs in blood circulation to activate G6PD activity 
in PBMCs. To confirm this hypothesis, PBMCs from healthy volunteers were obtained 
and co-cultured with HCC cell line. The results showed that the expression of G6PD 
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mRNA from HepG2 co-cultured PBMCs was 5.13±3.24 fold, which significantly higher 
than from PBMCs alone (p=0.022 by paired T-test) (Figure 27 A-B). Moreover, G6PD 
activity from PBMCs alone was significantly lower than from HepG2 co-cultured PBMCs 
(5.19±0.86 VS 21.10±1.59 U/mg protein) (p<0.001 by independent T-test) (Figure 27C-
D). These results imply that HCC cells promote up-regulation of G6PD expression of 
PBMCs representing tumor microenvironment especially.  

 

 

 

 

 

 

 

 

 

Figure  27 Up-regulation of G6PD mRNA and G6PD activity in PBMCs after 
indirect co-cultured with HepG2.  
Comparison of G6PD mRNA expression (A and B) and G6PD activity from PBMCs after 
indirect co-cultured with HCC cell line in each pair-PBMCs from 5 healthy volunteers 
(C and D).  
 

Alu hypomethylation in HBV-related HCC 

There is no report regarding the connection between hepatic G6PD status and 

global DNA hypomethylation in repetitive DNA element especially Alu. Alu methylation 

level was monitored in both HepG2 and HepG2 2.2.15 cells. The results showed that 

the percentage of total Alu methylation levels in HepG2 2.2.15 cell was 20.46±0.69 
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which significantly down regulated than in HepG2 cells (22.15±0.61; p=0.026) (Figure 

28A). It was confirmed by the pattern of Alu methylation that hypomethylation pattern 

(%uCuC) of Alu in HepG2 2.2.15 was 58.76±0.71, which significantly increased more 

than in HepG2 cells (56.45±0.38; p=0.016) (Figure 28B). However, the hypermethylation 

pattern (%mCmC) of both cell lines were not significantly different, but trend to be 

decreased in HepG2 2.2.15 (Figure 28B). These results indicated that HBV infection 

cause the epigenetic alteration by manipulating Alu hypomethylation in HCC. 

 

Figure  28 Alu hypomethylation was observed in HBV related HCC cell line 
(HepG2 2.2.15).  
(A) The percentage of total Alu methylation and (B) Alu methylation pattern in HepG2 
and HepG2 2.2.15. Independent student T-test was performed. 
 
Alu hypomethylation in white blood cells (WBCs) of HCC patients 

To test the effect of cancer cell communication to genetic alteration of Alu in 
microenvironmental WBCs, Alu methylation in WBCs of healthy volunteers, HBV 
infected patients and HCC patients were investigated. The results found that the 
percentage of total Alu methylation (%mC) in HCC patients was 30.69±1.46 (median 
±IQR), which significantly lower than in healthy volunteers (32.07±2.74; p=0.032) and 
in HBV infected patients (32.13±1.79; p=0.006) (Figure29A). While the percentage of 
total Alu methylation in healthy volunteers and HBV infected patients were not 
significantly different (p=0.991). Four patterns of Alu methylation including mCmC, 
uCmC, mCuC, and uCuC, were determined. As shown in Figure 29B, the percentage of 
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Alu hypermethylation pattern (mCmC) in these three groups were not significantly 
different. For partial methylation pattern, the percentage of uCmC pattern in healthy 
volunteers was 33.74±1.33, which significantly higher than HBV infected patients 
(31.50±1.45; p<0.001) and HCC patients (32.09±1.22; p<0.001), whereas the percentage 
of mCuC pattern in HCC patients was 22.55±1.08, which significantly lower than healthy 
volunteers (23.89±1.40; p<0.001). Interestingly, the percentage of Alu hypomethylation 
pattern (uCuC) was significantly increased in HCC patients (41.75±1.62) when compared 
with healthy volunteers (39.11±3.53; p<0.001) and with HBV infected patients (40.37± 
2.18; p=0.032) (Figure 29B). These results indicated that Alu hypomethylation in WBCs 
was observed in HCC patients. 

 

Figure  29 Alu hypomethylation in WBCs of HCC patients.  
(A) Quantitative comparison of total Alu methylation level and (B) Alu methylation 
patterns with age-matched in healthy volunteers (n=30), HBV infected patients (n = 
30), and HCC patients (n=40). Kruskal-Wallis test was performed.  
  

The next experiment, we also compared the percentage of Alu methylation 
and Alu methylation pattern between healthy volunteers, non-HBV related HCC, and 
HBV-related HCC. The results revealed that the percentage of total Alu methylation 
was significantly lower in HBV related HCC (30.44±2.59) when compared to healthy 
volunteers (32.07±2.74; p=0.029). The percentage of total Alu methylation level in 
blood samples trend to decrease in HBV related HCC (30.44±2.59) when compared to 
non-HBV related HCC (31.17±1.56) but not significance (p=0.176) (Figure30A). According 
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to the Alu methylation pattern, Alu hypomethylation pattern in HBV related HCC 
(42.33±3.05) and non-HBV related HCC (41.67±2.34) was significantly higher than and 
healthy volunteers (38.17±3.97, p<0.001, p=0.009, respectively) (Figure30B). 
Comparison to Alu hypomethylation pattern between HBV and non-HBV related HCC, 
the results found that the percentage of hypomethylation pattern was increased in 
HBV related HCC but not significance (p=0.326). These results implied that Alu 
hypomethylation level in HCC patients may be affected by HBV infection. 

 

Figure  30 Alu hypomethylation in WBCs of HCC patients with HBV related HCC. 
(A) Quantitative comparison of total Alu methylation and (B) the percentage of Alu 
methylation pattern in healthy volunteer (n=30), non-HBV related HCC (n=22), and HBV 
related HCC (n=18). Kruskal-Wallis test was performed for significant difference. 
 

Positive correlation between Alu hypomethylation and blood G6PD activity 
 According to the previous study, LINE1 hypomethylation was associated with 
poor prognosis of HCC (68). There were no reports about the association between the 
level of Alu methylation in WBCs and HCC stage. The results found that Alu 
hypomethylation pattern was significantly increased in HCC patients with advance 
stage (p=0.017) (Figure 31A). We then hypothesized that the levels of Alu 
hypomethylation in WBCs might associate with G6PD hyperactivity. The correlation 
between them was performed by linear regression analysis. As shown in Figure31B, 
the levels of blood G6PD activity in WBCs was positivity correlated with Alu 
hypomethylation pattern (R=0.306, p=0.038). 
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Figure  31 Increased Alu hypomethylation in HCC patients with advanced stage 
(A) and positively correlated with high blood G6PD activity (B). 
 

Alu hypomethylation in PBMCs of HCC patients 
To confirm the communication between HCC and PBMCs, which contribute an 

epigenetic change in PBMCs, Alu methylation level in PBMCs of healthy volunteers and 
HCC patients was tested. The results found that the percentage of total Alu 
methylation in PBMCs of HCC patients was 25.29±0.98, which significantly lower than 
that of healthy volunteers (26.71±1.29, p=0.018) (Figure 32A). The percentage of Alu 
hypermethylation pattern (%mCmC) in PBMCs from HCC patients was 4.38±1.07, which 
significantly lower than from healthy volunteers (6.00±1.22, p=0.006). Furthermore, the 
percentage of Alu hypomethylation pattern (%uCuC) in PBMCs from HCC patients was 
54.98±1.31, which significantly higher than from healthy volunteers (51.57±1.77, 
p=0.001) (Figure 32B). Therefore, Alu hypomethylation in PBMCs of HCC patients may 
associated with a communication of cancer and PBMCs.  

 
 
 
 
 
 
Figure  32 Alu hypomethylation of PBMCs in HCC patients. 
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 (A) Quantitative comparison of total Alu methylation levels and (B) Alu methylation 
patterns of PBMCs in healthy volunteers and HCC patients. Kruskal Wallis test was 
performed. 
 

Changing of Alu methylation in PBMCs after indirect co-cultured with HCC 
 From our finding demonstrated that HCC regulates gene expression of PBMCs 
especially G6PD, we thought that it may enhance the expression via epigenetic 
alteration. Therefore, the level of global Alu methylation in HepG2 co-cultured PBMCs 
was monitored. The results indicated that the percentage of total Alu methylation was 
significantly elevated in HepG2 co-cultured PBMCs when compared to PBMCs alone 
(29.48±2.19 VS 26.20±2.26, p=0.035) (Figure 33A). Interestingly, the percentage of Alu 
hypermethylation pattern (%mCmC) in HepG2 co-cultured PBMCs was 9.21±1.63, 
which significantly higher than in PBMCs alone (6.51±0.21; p=0.016) (Figure 33B). These 
results reversed our hypothesis that PBMCs co-cultured HepG2 contain Alu 
hypermethylation. However, it indicated that liver cancer cells control epigenetic 
alteration of PBMCs which may involve G6PD expression.    

  
Figure  33 Alu hypermethylation in HepG2 co-cultured PBMCs.  
(A) Quantitative comparison of total Alu methylation levels (N=3) and (B) Alu 
methylation patterns of HepG2 co-cultured PBMCs and PBMCs alone. Independent 
student T-test was performed. 
Knockdown G6PD affected the Alu methylation levels  
  As previous results, G6PD expression was highly expressed in HCC and Alu 
methylation was changed in HCC. We hypothesized that elevated of G6PD may 
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affected to the change of Alu methylation level in HCC. Alu methylation was observed 
after G6PD was knocked down in HCC cell lines. HepG2 represents HCC without HBV 
infection, whereas HBV-related HCC is represented by HepG2 2.2.15. The results found 
that the percentage of total Alu methylation in G6PD knocked down HepG2 cell was 
25.42±0.07%, which significantly higher than that of shControl (23.67±0.43%; p=0.036) 
(Figure 34A). Moreover, hypermethylation pattern of Alu in knocked down cell was 
significantly increased (p=0.049) and hypomethylation Alu pattern was also significantly 
decreased (p=0.032) (Figure 34B). In G6PD knocked down HepG2 2.2.15 cell, a 
percentage of total Alu methylation was 28.23±0.74, which significantly decreased in 
compared to shControl (30.61±0.58%; p=0.032) (Figure 34C). Furthermore, the pattern 
of hypomethylation was 50.47±0.64, which significantly higher than of control 
(46.15±0.84; p=0.007), whereas the pattern of hypermethylation of them were not 
significantly different (Figure 34D). These results imply that knockdown of G6PD in liver 
cancer cells affected Alu methylation alteration. However, Alu methylation level of 
PBMCs was increased in co-cultured with HepG2, but decreased in co-cultured with 
HepG2.2.15 after G6PD knockdown in both cells.  

 

 

 

 

 

 

 

 
 
 
Figure  34 Alu methylation level in G6PD knocked down HCC cell lines.  
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(A) Comparison of the percentage of total Alu methylation (%mC) and (B) Alu 
methylation pattern in G6PD knocked down HepG2. (C) Comparison of the percentage 
of total Alu methylation (%mC) and (D) Alu methylation pattern in G6PD knocked down 
HepG2 2.2.15. Data was expression in mean±SD (N=3). The statistical analysis was 
performed by independent student T-test.   
 

Knockdown of G6PD in HCC cell lines reduced cancer cell proliferation 
 Our IHC and clinicopathological studies indicated that HCC especially HBV 
related HCC requires G6PD for its progression by up-regulation of this enzyme. To 
confirm our finding, cell proliferation of HCC was observed after siRNA knocked down 
G6PD in cell culture model. After G6PD was knocked down for 48 hours, the level of 
G6PD mRNA in HepG2 and HepG2 2.2.15 were 0.14±0.12 (p<0.001) and 0.09±0.07 fold 
change (p<0.001) of control (shControl), respectively (Figure 35A). G6PD protein 
expression in G6PD knocked down HepG2 and HepG2 2.2.15 were also reduced to 
0.15±0.07 fold change (p<0.001) and 0.13±0.10 of shControl (p<0.001), respectively 
(Figure 35B-C). After G6PD was down-regulated, cell viability of HepG2 and HepG2 
2.2.15 were reduced to be 66.48±9.33 (p=0.006) and 81.09±4.01% (p=0.004), 
respectively (Figure 35D). Furthermore, apoptotic cells were highly observed in both 
G6PD knock downed cells (Figure 35E). These results indicated that G6PD plays an 
important role for HCC proliferation. Therefore, G6PD may be a candidate for 
anticancer therapy. 
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Figure  35 Knock down of G6PD in HCC cell lines reduced cancer cell 
proliferation. 
 (A) Quantitative real-time PCR of G6PD mRNA expression (B) Western blot analysis of 
G6PD protein expression (C) quantitative analysis of G6PD protein expression (D) MTT 
analysis of cell viability (E) Propidium iodide staining G6PD knocked downed HepG2 
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and HepG2 2.2.15. Data was expressed in mean±SD (N=3). The statistical analysis was 
performed by independent student T-test.  
Knock down of G6PD in HCC cell line increased oxidative stress 

Since cell proliferation of HCC cell lines was attenuated after G6PD was 
knocked down, we hypothesized that knock down G6PD in HCC reduces cell 
proliferation by generating an imbalance of oxidative stress leading to DNA damage 
and genomic instability. To study the effect of G6PD knocked down on oxidative DNA 
damage in liver cancer cells, the amount of 8-OHdG formation was detected using 
immunofluorescent staining and captured by image software NIS-element (version 4.2). 
The results demonstrated that the fluorescent intensity of 8-OHdG in G6PD knocked 
down HepG2 and HepG2 2.2.15 were 22.36±0.76 and 27.35±1.59, which significantly 
more than in control (ShControl) (14.45±1.34, 20.04±1.49, p<0.001), respectively 
(Figure 36-38). From these results, it is possibly explained that knock down of G6PD in 
HCC cell lines induced the formation of 8OHdG leading to DNA oxidative damage. 
Finally, the massive formation of 8OHdG might induce genomic instability, epigenetic 
changes, and apoptosis. 

 
Figure  36 Fluorescent intensity of 8-OHdG expression in HepG2 (A), HepG2 
2.2.15 (B) after G6PD was knocked down. 
 The statistical analysis was performed by student T-test. The data was expressed as 
mean±SD (N=3). 
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CHAPTER V 
DISCUSSION AND CONCLUSION 

 
 HCC is the most common cause of cancer related death in worldwide. Because 
of high mortality rate, poor prognosis, and late diagnosis of HCC, diagnosis in the early 
stage combined with monitoring reliable prognostic markers of HCC is importance for 
successful treatment in HCC. Therefore, discovery novel diagnosis marker is needed. 
G6PD is the first enzyme and rate-limiting enzyme in pentose phosphate pathway 
involving in metabolism of glucose by the generation of nicotinamide adenine 
dinucleotide phosphate (NADPH). The essential role of NADPH is to maintain reduced 
glutathione (GSH) for protection cell against oxidative stress and involving in nucleic 
synthesis and lipid metabolism for cell proliferation (11). Present studies found that 
dysregulation of G6PD has been reported in various cancer types, including ovarian 
cancer (12), breast cancer (13), cervical cancer (14), lung cancer (19), glioblastoma (43), 
and HCC (17). The present studies have been found that G6PD play an important role 
in cancer metabolic reprograming by providing the NADPH leading to cancer cell 
growth, cell proliferation, and tumorigenesis (69). From these previous studies, we 
hypothesized that G6PD might be a novel prognostic marker for HCC.  
 According to demographic data of blood samples from the first cohort of HCC 
patients, the incidence of HCC was around 3.49 folds in male (178/229), which higher 
than in women (51/229). We divided 229 HCC patients into 2 groups, early and 
advanced stage. The median of hemoglobin and %hematocrit was significantly lower 
in HCC patients with advanced stage while platelet count, white blood cell count, 
PMN, and neutrophil was significantly higher in HCC patients with advanced stage. Due 
to lower hemoglobin and hematocrit in HCC patients with advanced stage, it means 
that HCC patients with advanced stage have more anemia severity than HCC patients 
with early stage.  According to the function test, the median of AST, ALP was 
significantly higher in HCC patients while albumin was significantly higher in HCC 
patients with early stage. Furthermore, the elevated of serum AFP was observed in 
HCC patients with advanced stage. They are the marker of liver injury and increase in 
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patients with liver-loss function. Low level of albumin suggest that the liver is damage. 
These indicated that Liver of HCC patients with advanced stage is more damage than 
early stage. 
 The association of G6PD expression and HCC has been reported in previous 
study of Huaidong Hu et, at., they found that a significant expression of G6PD was 
highly expressed in cancerous area of HCC liver tissues (1). Previous study has been 
reported about the association of G6PD deficiency status and HCC risk factor (21). They 
hypothesized that G6PD deficiency may reduce the risk of cancer occurrences. G6PD 
deficiency could reduce susceptibility of several cancer development, including HCC 
(21), and colorectal cancer (70), but not significance in lung cancer (71). Our finding 
found that the prevalence of G6PD deficiency in healthy volunteer, HBV infected 
patients, and HCC patients were not different. Therefore, a qualitative study by 
counting the number of G6PD deficiency in study the prevalence may not be enough 
to study an association. We thought that the quantitative analysis of G6PD activity in 
these three groups might find an answer. These previous reported did not compare 
the level of blood G6PD activity. They just reported the correlation between G6PD 
deficiency prevalence and their risk factors. There were no previous reports about the 
comparison of blood G6PD activity between HCC patients and healthy volunteers. 
Therefore, blood G6PD activity was determined in healthy volunteers, HBV infected 
patients and HCC patients was evaluated in this study. Moreover, the association 
between G6PD activity and clinicopathological parameters of HCC were then tested to 
evaluate the potential of blood G6PD activity in being a prognostic marker of HCC. Our 
results found that the blood G6PD activity was significantly higher in HCC patients when 
compared to healthy volunteers. Therefore, we proposed that blood G6PD activity 
might be a diagnosis marker for HCC. 
 After the comparison of blood G6PD activity between these groups, the 
diagnostic value was analyzed by ROC curve analysis. We found that the AUC of blood 
G6PD activity was 0.648 with a sensitivity of 57.47% and a specificity of 61.54%. The 
range of blood G6PD activity level between healthy volunteer and HCC patients is 
wide and Blood G6PD activity could be measured in healthy volunteer and HCC 
patients. These may cause low sensitivity and low specificity of blood G6PD activity in 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 62 

this study. However, our report was the first study of sensitivity and specificity of blood 
G6PD activity for HCC diagnosis in Thai population. According to sensitivity and 
specificity, blood G6PD activity is not good enough for diagnostic biomarker of HCC. 
However, blood G6PD activity was significantly increased in HCC patients and 
correlated with clinicopathological parameters, including HBV infection and BCLC stage. 
Since the median of blood G6PD activity was significantly higher in HCC patients with 
advanced stage (7.8±2.0 U/gHb) than in HCC patients with early stage (8.17±2.9 U/gHb) 
(p=0.003). We then proposed that blood G6PD activity may be a one of candidate 
prognostic marker for HCC. These results may imply that HBV infection and advanced 
stage in HCC patients associate with the overactivity of G6PD in blood circulation of 
HCC patients. However, the cause of blood G6PD hyperactivity in HCC patients is still 
unknown. We thought that there are three possible reasons: 1) G6PD activity on 
circulating tumor cells (However, the number of circulating tumor cells may not 
enough to increase whole blood G6PD activity.), 2) the presence of leukocytosis that 
induce the level of blood G6PD activity and 3) the communication of cancer cells with 
recipient cells (peripheral blood mononuclear cells; PBMCs) by activating G6PD activity 
in PBMCs (22).  

For the first reason, circulating tumor cells are a rare subset of cells that can 

be found in blood circulation of cancer patients with solid tumors (72). The number 

of circulating tumor cells in peripheral blood was found in low frequency by which 1 

cell per 105-107 of PBMCs (73). Therefore, increased blood G6PD activity is not affected 

from the circulating tumor cell in blood circulation. 

 According to the second possible mechanism, we found that blood G6PD 
activity was positively correlated with total WBC levels in HCC patients. This result 
might be indicated that the increase of blood G6PD activity may resulting from the 
number of total WBC. WBC count was elevated in HCC patients with advanced stage. 
Similar to the previous studies by Atsushi Sasaki et al. found that HCC patients with 
increased peripheral blood monocyte count was independent risk factor for disease 
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free survival of less than 5 years (74). The increased WBC count in HCC might be 
involved in the infection and inflammatory response in HCC.  

Crosstalk between cancer microenvironment and their inflammation has been 
reported that the inflammation could affect an progression of cancers in several ways, 
including damaging in cell DNA, cancer invasion, and promoting of angiogenesis which 
led to the poor prognosis in cancer (75, 76). Therefore, the increased blood G6PD 
activity in HCC patient correlated with poor prognosis and elevated of WBC that 
responses to cell protection against the oxidative stress and inflammation. These imply 
that increasing of blood activity in peripheral blood samples may resulting from 
leukocytosis during inflammation of HCC and activation of its activity in PBMCs. 

Overexpression of G6PD in HCC was also reported in several previous studies 
(28). From these dysregulations of G6PD in cancers, they suggested that G6PD may be 
a good target for HCC therapeutic. Inhibition of G6PD expression in HCC cells could 
reduce cell migration, cell invasion, and cell proliferation (2). Furthermore, the high 
expression of G6PD is correlated with the shorter of overall survival rate in HCC patients 
(17, 46). Leading to the objective in this study aimed to investigate the level of G6PD 
expression in HCC tissues at different stages and risks of HCC. Our results revealed that 
G6PD express was highly expressed in cancerous area of HCC liver tissues when 
compared to non-cancerous area. In agreement with previous studies of Xuehui Hong 
et, al., G6PD expression was upregulated in cancerous area of HCC liver tissues (77). 
Furthermore, they also suggested that G6PD may act as an oncogene (77). Interestingly, 
we also found that HBV status, AFP levels, BCLC staging, and recurrence status were 
significantly correlated with the up-regulation of G6PD in HCC patients.  

There are several risk factors related to HCC development, including hepatitis 
B, hepatitis C, alcoholic liver disease, and aflatoxin. Chronic HBV infection is the one of 
major risk factors for liver cancer development (78). Our results reported that high 
G6PD IHC score correlated with HBV related HCC (HBsAg-positive blood and liver). This 
result in agreement with previous study of Huidong Hu et al. (1), that G6PD expression 
was higher in liver tissues of HBV related HCC. From this phenomenon, we also 
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confirmed its expression in cell culture experiment, we investigated the expression of 
G6PD protein, G6PD mRNA expression, and G6PD activity between HepG2 (non HBV 
related HCC cell line) and HepG2 2.2.15 (HBV related HCC cell line). The results found 
that G6PD activity and the expression of G6PD protein and mRNA in HepG2 2.2.15 were 
much more than HepG2 cells.  

Furthermore, we confirmed the effect of HBV infection on G6PD expression in 
HCC liver tissues. There was no previous report on the association between the level 
of hepatic G6PD expression in cancerous area and HBsAg in HCC tissue of HCC patients.  
Our study confirmed that HCC patients with positive-HBsAg in blood and tissue showed 
higher G6PD expression in cancerous area of liver tissues. These results may imply that 
HBV infection in liver tissue of HCC patients enhance the expression of hepatic G6PD 
in HCC tissues. This finding is supported by research of Huaidong Hu et al., who 
presented G6PD was expressed in HBV infected more than in non-HBV infected cells 
based on Western blot analysis (1).  B Liu et al also reported that HBx protein in HBV 
could regulate the PPP in metabolic metabolism of hepatocyte through HBX protein 
(45). The previous studies of Yang Chai et al., they reported the correlation of PTEN, 
P53 and HBsAg. PTEN, act as tumor suppressor gene, was reduced in tumor tissues 
compared with normal and adjacent tissues (75). The expression of PTEN was 
negatively correlated to the levels of HBsAg (79). Furthermore, Xuehui Hong et al. 
suggested that PTEN could inhibit PPP by blocking the formation of the active G6PD 
dimer leading to suppression of glucose consumption and biosynthesis (77). From 
these co-incidences, we proposed that HBsAg in liver cancer might negatively correlate 
with the levels of PTEN leading to induce G6PD expression in HCC. 

Our results also found that the elevated G6PD in cancerous area of HCC 
patients was positively correlated with the AFP levels. AFP is the most widely used 
biomarker for HCC screening. AFP is a glycoprotein, which is produced by fetal liver 
and yolk sac during the first trimester of pregnancy. The elevated levels of AFP could 
be found in benign tumor and malignant condition (37). Furthermore, AFP was 
independent clinicopathological parameter affecting shorter overall survival time. The 
previous reports suggested that elevation of AFP was correlated with poor prognosis 
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of HCC (38). However, there was no report about the association mechanism of 
increased G6PD expression in liver tissue and AFP in HCC. Kentaro Kojima et al. 
suggested that level of AFP was significantly increased in HCC cells after miR-122 
silencing (80). While the association mechanism between miR-122 and G6PD was 
reported by Juan M. Barajas et al.(17), they reported that G6PD is the novel conserved 
miR-122 target when miR-122 knockdown by transfection of antimir-122 in HCC cells 
could increase the G6PD mRNA expression. From these studies, correlated up-
regulation of G6PD and AFP might be involved in the roles of miR-122. The miR-122 
mar play an important role of HCC progression via the regulation of G6PD and AFP. 
Therefore, the miR-122 may be a mediated target of HCC treatment to reduce the 
expression of AFP and G6PD. However, the exact mechanism of the regulation of miR-
122 on the expression of G6PD and AFP is still unknown, the further study is required 
to find the direct mechanism of miR-122 on G6PD and AFP. 

Based on BCLC staging system, our finding showed that the G6PD IHC expression 
was increased in HCC patients with advanced stage (C-D) affecting the shorter overall 
survival time. In line with the previous in vitro and in vitro studies of Ming Lu et al. 
suggested that elevation of G6PD expression contributes a migration and invasion of 
HCC cells in advanced stage (2).  The study of Qiao Zhang et al., in clear cell renal cell 
carcinoma (ccRCC) reported that G6PD mRNA expression was highly expression in 
ccRCC and associated with lymph node metastasis, Fuhrman grade, and TNM stage 
leading to poor prognosis in ccRCC (42). Ryo Nagashio et al., reported that G6PD 
expression in lung adenocarcinoma was significantly correlated with advanced stage 
based on TMN stage, lymph node metastasis, poorer differentiation, pleural invasion, 
vascular invasion and lymphatic invasion. Moreover, G6PD expression is an 
independent prognostic factor for the overall survival time in patients with lung 
adenocarcinoma (19). These finding suggested that high G6PD expression correlated 
with the advanced stage of cancer that leads to shorter survival time in HCC.    

Recurrence is the one of important factors that lead to poor prognosis in HCC 
(81). The high rate of recurrence in HCC was up to about 70% in HCC patients after 
surgery. G6PD expression in HCC patients with recurrence status was significantly higher 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 66 

when compared to non-recurrence patients. In agreement with previous studies of 
Juan M. Barajas et al., up-regulation of G6PD expression was associated with recurrence 
and poor prognosis in HCC (17). The report on breast cancer of Haihong Pu et al., 
suggested that G6PD was highly expression in primary breast cancer and only G6PD 
expression was independent factor for progression free survival time (13). 

We hypothesized that the elevated G6PD expression might be involved in poor 

prognosis in overall survival and progression free disease time of HCC. From Kaplan-

Meier curves analysis, we found that lower median of PFS and OS was observed in 

HCC patients with high G6PD IHC expression and serum AFP ≥200 ng/mL. Based on the 

cox regression analysis of clinicopathological parameters on PFS and OS, our results 

confirmed that only high G6PD expression was an independent clinicopathological 

parameters for worse OS and PFS of HCC. This result also in line with several previous 

reports, HCC patients with high G6PD expression, increased AFP and recurrence has 

shorter OS in HCC patients (2). Xin Wang et al., found that G6PD was also an 

independent factor of OS for patients with esophageal squamous cell carcinoma (18). 

These results imply that G6PD may be a good target for HCC therapeutics and 

prognostic marker for HCC in the future. 

  Since our results in two cohorts of liver tissues and blood samples of HCC 

patients showed the same result that G6PD overexpression in liver tissues and high 

G6PD activity in whole blood were correlated with HBV infection and BCLC stage. From 

these results, we hypothesized that hyperactivity of whole blood G6PD may resulting 

from a communication between cancer cells and the peripheral blood mononuclear 

cells (PBMCs). Mutirangura et al. demonstrated that cancerous cells can send its 

paracrine signaling to communicate with the surrounding peripheral blood 

mononuclear cells (PBMCs) (22).   

To prove the third mechanism, cancer cell sends its signals to induce tumor 
microenvironment, especially PBMCs, by activation of G6PD activity. This hypothesis 
was confirmed by the indirect co-culture between HCC cells and PBMCs from healthy 
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volunteers. After co-culture experiment, PBMCs were collected and measure G6PD 
activity. It was found that G6PD mRNA expression and G6PD activity were elevated in 
PBMCs cultured with HCC cells. These imply that HCC cells could communicate and 
induce G6PD expression of tumor microenvironment cell, especially PBMCs, via sending 
signaling. 

Epigenetics is defined as the study of heritable and reversible changes in gene 
expression without the alteration in DNA sequences which may occur during cell cycle, 
cell differentiation and cell developments (47). The one of cancer hallmarks is the 
alteration of epigenetics including global DNA methylation, which promote genomic 
instability leading to carcinogenesis (49). Genome-wide methylation has been studied 
in several cancer types, one of these is HCC. Alu is the most abundant short 
interspersed element (SINE) repetitive sequences, which is found 11% of total human 
genome (82). In case of HCC study, they reported that hypomethylation in LINE-1  in 
serum was significant and independent prognostic factor for the overall survival in HCC 
(83). Alu methylation level in HCC liver tissues was reported by a study of Hwan Seok 
Lee et al (84), suggested that the percentage of Alu methylation levels was significantly 
decreased in HCC liver tissue when compared to liver cirrhosis, chronic hepatitis, and 
normal liver tissue samples.  However, there was no any report about the association 
between Alu methylation in both whole blood sample and PBMCs and its 
clinicopathological parameters from HCC patients. Thus, our recent study aimed to 
measure the level of Alu methylation in whole blood samples and PBMCs from HCC 
patients. The results indicated that Alu methylation in whole blood samples was 
significantly decreased in HCC patients, which hypomethylation pattern of Alu was 
significantly increased in HCC patients. In line with previous studies, The report on 
nasopharyngeal carcinoma of Danai Tiwawech et al, also found Alu methylation in 
serum of nasopharyngeal carcinoma was significantly lower than control, they suggest 
that Alu methylation may be a potential biomarker for nasopharyngeal carcinoma 
screening (85). In neuroendocrine tumors, In-Seon Choi et al found that Alu 
methylation level was lower in tumor tissue when compared to non-tumor tissues, its 
levels correlated with Lymph node metastasis (86).    We also found that Alu 
hypomethylation was significantly higher in HCC patients with HBV infection and 
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advanced stage. Alu hypomethylation level might associated with poor prognosis of 
HCC. In agreement with the report in breast cancer of So Yeon Park et al., patients with 
Alu hypomethylation has shorter disease-free survival time (87).  In comparison of Alu 
methylation levels in non-HBV and HBV related HCC, we found that HBV related HCC 
has lower Alu methylation than non-HBV related HCC. In addition, we also compare 
the Alu methylation between HepG2 and HepG2 2.2.15 cell lines. The level of Alu 
methylation was lower in HepG2 2.2.15 than HepG2. It might indicate that there is the 
association between HBV infection and Alu hypomethylation in HCC. As previous study, 
Alu hypomethylation correlated with poor prognosis (88). Alu hypomethylation was 
observed in HBV-related HCC. We thought that HBV infection may induce genomic 
instability that leads to tumorigenesis and cancer progression. Furthermore, levels of 
blood G6PD activity were positively correlated with Alu hypomethylation. We 
hypothesized that combination of blood G6PD activity and Alu methylation might be 
further improve sensitivity and specificity of diagnosis marker for HCC.  The results 
found that sensitivity and specificity of combination of blood G6Pd activity and Alu 
methylation in HCC diagnosis was 45.00% and 70.00%, respectively. The combination 
of these has more specificity than blood G6PD activity. However, the analysis of this 
experiment should be added more samples in further study.    

To investigate the communication on cancer cells with PBMCs on activation 
epigenetic alteration and G6PD activity. We performed the indirect-coculture between 
PBMCs from healthy volunteers and HepG2 and measured the Alu methylation levels. 
We found that Alu methylation in PBMCs after indirect co-culture with HepG2 cells 
was increased when compared to without HepG2. The data showed in different way 
with a study Alu methylation of PBMCs in HCC patients. However, our data was still in 
line with the previous reports that cancer cells sent the paracrine signaling to increase 
the methylation in PBMCs, and the genes containing in epigenetic alteration, such as 
LINEs-1 and Alu, of PBMCs (22). These reasons may lead to increased Alu methylation 
in PBMCs after indirect co-culture with HCC cells. Tumor microenvironment (TME) is 
immunosuppressive, inducing tolerance and promoting cancer proliferation, cancer 
invasion and metastasis. Most of TME involve in immune cell, including tumor-
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infiltrating lymphocytes, tumor-associated macrophage, and tumor-associated 
neutrophils. These cells could secrete several inflammatory molecules, including 
cytokines, chemokines, and growth factors. These molecules contribute to several step 
in hepatocarcinogenesis, including cancer proliferation, invasion, and metastasis (89). 
Therefore, cancer cell might send paracrine signaling leading epigenetic alteration in 
PBMCs, involving in inflammatory response leading to inducing cancer progression. 

Our results demonstrated that G6PD expression was elevated in HCC liver 
tissues whereas the Alu methylation was decreased in HCC cell lines. There was no 
any report about the association between G6PD expression and Alu methylation in 
HCC. We then test role of G6PD in HCC cell lines in regulation of Alu methylation by 
knock down G6PD and measured Alu methylation in HepG2 and HepG2.2.15. The 
results found that Alu methylation was increase in G6PD knocked down HepG2 but 
decreased in G6PD knocked down HepG2.2.15. Although the results in HepG2.2.15 
convert with our previous results, it still implies that G6PD may associate with alteration 
of Alu methylation.  

Main function of G6PD is the maintaining reduced GSH levels to protect cell 
against oxidative stress. After G6PD knocked down, the induction of the 8OHdG 
formation was found. The most abundant 8-OHdG oxidative lesion in genome is a 
leading cause of carcinogenesis (90). Previous study has been reported that 8-OHdG 
induced DNA hypomethylation by inhibiting DNA methylation at nearby cytosine bases 
(63). Our hypothesis was supported by the study of Sachin S. Bhusari et al., knockdown 
of superoxide dismutase 1 could induce oxidative stress leading to loss of DNA 
methylation in mice prostate (91). Therefore, G6PD knocked down HCC cells induced 
epigenetic alteration via the induction of oxidative stress.  

However, the intracellular ROS levels may involve the pattern of Alu 
methylation changes in G6PD knocked down HepG2 and G6PD knocked down 
HepG2.2.15. As the result of propidium iodide staining, we found that higher cell death 
was found in hepG2 after G6PD knocked down. Therefore, G6PD knockdown leading 
to epigenetic alteration in HCC induced cell death mediated by ROS induction.     
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When we compared the basal of 8OHdG in scramble control of HepG2 and 
HepG2 2.2.15, the intensity of 8-OHdG was higher in HepG2 2.2.15 compared to HepG2. 
Our data was consistent with the previous reports of Xin-Min Xu et al that the oxidative 
damage is caused by hepatis B infection (92). ROS-induced oxidative stress lead to 
epigenetic alteration, because 8-OHdG could induce point mutation, such as G>T/C>A 
transversions of DNA base (63). Thus, the higher of 8-OHdG in HepG2 2.2.15 may cause 
lower of Alu methylation than HepG2. As we known that HepG2 2.2.15 showed the 
higher G6PD expression and more aggressive than HepG2 cell, and lower Alu 
methylation was observed in HepG2 2.2.15. Therefore, the levels of Alu methylation 
might correlate with the progression of HCC. 

Based on the correlation between high G6PD expression and poor prognosis in 
HCC, we found that the expression of G6PD correlated with poor prognosis in HCC 
patients, G6PD should be a good target for HCC treatment in future. The next objectives 
aim to investigate the effect of G6PD on HCC progression. We designed to investigate 
Our results reported that Inhibition of G6PD by siRNA could inhibit the cell proliferation 
in both HCC cell lines. These results imply that G6PD play an essential role in HCC cell 
proliferation. Moreover, we found that knock down of G6PD could induce HCC cell 
death by generating an imbalance of oxidative stress leading to DNA damage and 
genomic instability. In agreement with H-Q Ju et al. that inhibition of G6PD in colorectal 
cancer cell decreased the NADPH production and GSH levels leading to impairment of 
the ability to scavenge ROS and induced cell apoptosis (93). These results imply that 
Inhibition of G6PD in HCC cell could reduce cell proliferation and induce cell death via 
oxidative DNA damage (Figure 39). Therefore, G6PD may be a good target for prevent 
HCC progression in the future.  
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Figure  39 Propose mechanism in HCC cells after G6PD knocked down on cancer 
cell progression 

In conclusion, HCC is one of the most common cancer in worldwide that has 
high incidence rate, high mortality rate, short overall survival time. Early detection and 
specific diagnosis biomarker for HCC are needed to improve HCC treatment. We found 
that blood G6PD activity was significantly in HCC patients but not good enough for HCC 
diagnosis with 57.47% of sensitivity and 61.54% of specificity. However, increased blood 
G6PD activity associated with HBV infection and advanced stage. 

The propose mechanism of increased blood G6PD activity and epigenetic 
alteration in HCC patients was demonstrated in Figure 40. Increased blood G6PD 
activity is caused by increased number of PBMCs and the increased G6PD activity in 
PBMCs by HCC cells promote up-regulation of G6PD expression and G6PD activity of 
PBMCs. Furthermore, Alu hypomethylation was significantly higher in HCC patients with 
HBV infection and advanced stage.  

On the hand, G6PD expression was investigated in liver tissues of HCC patients. 
The elevated of G6PD expression was found in cancerous area of HCC liver tissue. HCC 
patients with HBV infection, high AFP levels, advanced stage based on BCLC system, 
and recurrence status were significantly correlated with increased G6PD expression in 
liver tissue. The up-regulation of G6PD is affected from several independent 
clinicopathological parameters, including serum APF >200 ng/mL, advanced stage of 
HCC, and recurrence status. Additionally, the expression of G6PD IHC correlated with 
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the poor prognosis in HCC. HCC patients with high G6PD expression has shorter overall 
survival and progression free survival. Knockdown of G6PD could reduce cell 
proliferation and induce cell death via the oxidative stress. Furthermore, inhibition of 
G6PD could induced epigenetic change in HCC cells. This might indicate that knock 
down of G6PD reduces HCC progression by manipulation the oxidative stress to control 
Alu methylation. 

Therefore, the understanding mechanism of G6PD, Alu methylation, oxidative 
stress may help to gain more knowledge about carcinogenesis, and cancer progression 
for HCC treatment and HCC diagnosis in further study. 

 
Figure  40 The association between G6PD, oxidative stress, Alu methylation in 
hepatocellular carcinoma.
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APPENDIX  
REAGENTS 

 

1. Reagents for proteomics study 

1.2 Lysis buffer 

  Tris base     181.71 mg 

  Thiourea    15.22 g 

  Urea     42 g 

  CHAPS     4 g 

  Adjusted to pH 8.5 and dissolved in DI water 100 mL 

  Stored at -20ºC 

1.3 10X SDS electrophoresis buffer 

  Tris-base    60.6 g 

  Glycine     288 g 

  SDS     20 g 

  Dissolved in DI water and adjusted to 2000 mL 

1.5 1.5 M tris-HCl, pH 8.8, 1 L 

 Tris base (Mw 121.1)   181.7 g 

 DI water    750 mL 

 HCl     adjusted to pH 8.8 

 Adjusted with DI water to 1000 mL 
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1.6 10% w/v Ammonium per sulfate 

  Ammonium per sulfate  0.1 g 

  Dissolved in DI water and adjusted to 1 mL 

1.7 10% w/v SDS 

  SDS      10 g 

  Dissolved in DI water and adjusted to 100 mL 

1.9 12% Resolving gel (Separating gel) 

 DI water    2.94 mL 

 30% Acrylamide mix   3.6 mL 

 1.5 M Tris pH 8.8   2.25 mL 

 10% w/v SDS    90  µl 

 10% w/v Ammonium per sulfate 90 µl 

 TEMED     3.6 µl 

 Allowed the separating gel to polymerize 30-45 minute before adding 
stacking  

1.10 4% Stacking gel 

 DI water    2.55 mL 

 30% Acrylamide mix   622.5 µl 

 1.0 M Tris pH 6.8   472.5 µl 

 10% w/v SDS    3.75  µl 

 10% w/v Ammonium per sulfate 3.75 µl 

 TEMED     3.75 µl 
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2. Reagents for western blot analysis  

2.1 10X  Transfer buffer 

  Tris base    30.2  g 

  Glycine     144.2 g 

  Methanol     20 % v/v 

2.2 1X Transfer buffer 

  10X Transfer buffer   100 mL 

DI water    700 mL 

Methanol    200 mL 

2.3 10X TBS (tris saline buffer)  

  Tris base    1.94 g 

  Tris HCl    13.22 g 

  NaCl     87.66 g 

  Dissolved in DI water and adjusted to 1L 

2.4 1X TBST (tris saline buffer add 0.1% tween20) 

 10X TBS    100  mL 

 DI water    900 mL 

 Tween 20    1 mL 

 

2.5 5% non-fat milk 

  Non-fat dry milk   0.5 g 

  TBST     10 mL 
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2.6 Stripping buffer 

  SDS     20 g 

  2-Mercaptoethanol   7.813 g 

  Tris base    7.570 g 

  Adjusted to pH 6.7 and adjusted volume to 1 L 
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