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WONKYOUNGCHO 
Heat Shock Protein 701 Promotes Carcinogen-induced Liver Tumorigenesis by 
Regulating Hepatic Metabolism and Insulin Sensitivity 
(Under the direction ofNahid F. Mivechi, Ph.D.) 

Hepatocellular carcinoma (HCC) is one of the most lethal and prevalent cancers in 

the world. The treatment options for HCC, however are very, limited. In mice, the 

carcinogen diethylnitrosamine (DEN) induces HCC, which has been proven to be 

comparable to human HCC in many key aspects. DEN-induced HCC leads to initial 

hepatocyte death followed by compensatory proliferation and inflammatory response. 

The cycles of hepatocyte death and compensatory proliferation eventually lead to 

genomic mutations and HC~ development. The inducible heat shock protein-HSP70 

(HSP70i) is overexpressed in a number of malignancies, including liver cancer. Tumor 

cells have metabolic changes which producing intermediates for cell growth and division. 

We hypothesize that HSP70i plays a role in HCC development through its control of 

glucose metabolism. 

To determine the impact of HSP70i in HCC, we treated a cohort of wild-type and 

hsp70i-deficient mice using the carcinogen DEN. Tumor development in the liver was 

examined after 8 months. Results show that the deletion of hsp70i leads to a significant 

delay in HCC development. DEN-treated hsp70r1
- mice exhibit reduced levels of alanine 

aminotransferase (ALT) and asparate aminotransferase (AST) in the serum compared to 

wild-type (WT) mice, suggesting reduced liver damage in hsp70r1-mice. Furthermore, to 

investigate the mechanisms underlying HSP70i inhibition of tumorigenesis, we 

performed TUNEL assays to detect hepatocyte death, and Ki67 immunostaining to detect 

hepatocyte proliferation. As expected, hsp70r1
- mice exhibit a lower level of cell death 



and lower levels of cellular proliferations compared to wild-type mice. In addition, 

hsp 70r1
- mice exhibit increased glucose consumption as evident by an increase in key 

enzymes involved in both glycolysis and TCA cycle. Low net glucose production induces 

lower lipid accumulation. Finally, treatment of DEN-treated wild-type mice with 2-

phenylethynesulfonamid (PES), which is an HSP70i specific inhibit~r, also delays HCC 

development. 

Overall, the alterations in the metabolic pathways in hsp70i null mice appear to 

contribute to delayed HCC development. Therefore, we conclude that HSP70i can be a 

powerful therapeutic target for HCC. 

INDEX WORDS: Hepatocellular carcinoma, HSP70 inducible form, 2-
phenylethynesulfonamid, TUNEL, Ki67, alanine aminotransferase, asparate amino
transferase, metabolism. 
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I. INTRODUCTION 

A. Statement of the problem 

Hepatocellular carcinoma (HCC) is one of the most lethal and prevalent chronic 

cancers in the world. Each year, HCC afflicts more than 560,000 people worldwide and 

has one of the worst one-year survival rates of any cancer type (1). Currently, there are no 

good therapeutic options that target specific mutations or other genetic alterations in HCC 

(1 ). One of the hallmarks in pathogenesis of cancer is the increased expression of heat 

shock proteins (HSPs) and other molecular chaperones, which is considered to be an 

adaptive response to enhance tumor cell survival. They alter their metabolic pathways 

during oncogenic transformation. They become dependent on proteins that are 

dispensable for the survival of normal cells (1). Survival of cancer cells relies on the 

activity of supplementary and nontransforming genes (non-oncogene addiction) as well 

as oncogenes (oncogene addiction) (1). Overexpressed HSPs, including inducible HSP70 

(HSP70i), in cancer cells is representative of non-oncogene addiction. HSP70i expression 

is increased in many cancers, including human HCC. Recently, control of the metabolic 

switch in cancers by oncogenes and tumor suppressor genes were proven and suggested 

as a new approach in cancer treatment (2). Compared to normal cells, tumor cells take up 

much more glucose, producing higher levels of lactate, and generate more A TPs that is 

required for tumor cell growth and proliferation (2). HSP70i deletion has a strong impact 

1 
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on glucose metabolism, as we have found that hsp 70r1
- mice exhibit glucose and insulin 

hypersensitivity. The role ofHSP70i in HCC and metabolism has not been elucidated. 

Here we present evidence that hsp70r1
- mice utilize glucose efficiently and this 

leads to a lower level of lipid accumulation, which prevents ·liver steatosis following 

treatment with the carcinogen diethylnitrosamine (DEN). In addition, hsp70r1
- mice 

remain glucose hypersensitive due to high utilization of glucose in the muscle. ·This 

phenotype of hsp70i-deficient mice, we believe, leads to their resistance to DEN-induced 

HCC. The reason for this is that tumor cells require both high levels of glucose and high 

levels of fatty acids to enhance their proliferative capacity. In order to determine whether 

inhibition of HSP70i would be beneficial in treatment of HCC, we treated wild-type (WT) 

mice exposed with DEN for 5 months and we treated a cohort of mice with 2-

phenylethynesulfonamid (PES), an HSP70i-specific inhibitor, for a period of 10 weeks. 

We discovered that PES-treated wild-type mice exhibit significantly reduced HCC 

compared to mice treated with vehicle. These results indicate that inhibition of HSP70i 

using either mice deficient of hsp70i or a drug that specifically inhibits HSP70i, 

significantly reduces HCC development in mice. 

The Experimental Model System 

To analyze the role of HSP70i in HCC and liver metabolism, we have compared 

hsp70r1
- mice to wild-type mice untreated or treated with DEN. The etiology of HCC has 

been studied in mouse models where liver tumors have been induced by carcinogens (3). 

The carcinogen DEN is known to induce HCC, which recreates a pathology comparable 

to the human HCC (3). The protocol we used to induce HCC was a single injection of 
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DEN to males at postnatal period 14-15 days (4-5). Thus, we injected DEN into a cohort 

of wild-type and hsp70i deficient mice and analyzed these mice at the early stage (i.e., 0-

48 hrs post DEN treatment) and at the time that tumors had fully developed (i.e., 8 

months post DEN treatment). To determine the molecular mechanisms underlying the . 

role of HSP70i in tumorigenesis, we examined hepatocyte death, hepatocyte proliferation, 

cytokine production, and insulin signaling pathways. To examine when the inhibition of 

HSP70i can inhibit HCC in mice, we administered PES, an HSP70i inhibitor, into 5-

month-old DEN-injected wild-type mice. 

To study the metabolic impact of HSP70i inhibition in carbohydrate metabolism, 

we performed Glucose Tolerance Test (OTT) and Insulin Tolerance Test (ITT) using 

untreated mice, or mice pretreated with DEN at different developmental stages. The level 

of glucose in the serum was measured using untreated or DEN-treated mice that were fed 

ad libitum, or mice that were fasted for up to 18 hours. The levels of key enzymes in 

glycolysis and gluconeogenesis were determined by using quantitative RT-PCR. To 

determine the efficiency of gluconeogenesis, Pyruvate Tolerance Test (PTT) was 

performed using wild-type and hsp70r1 mice. To determine the cause of altered 

gluconeogenesis that we observed in hsp 70r1
- mice, livers were collected at different time 

points during fasting and glycogen staining and RT-PCR were performed. To define the 

role of HSP70i in lipid metabolism, triglyceride (TG) and non-esterified fatty acid 

(NEFA) amounts were measured in liver lysate and serum using untreated or DEN

treated mice. Immunoblotting was performed on liver and white adipose tissue (W AT) 

using untreated or DEN-treated mice. 
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Aim I. To determine whether deletion of hsp70i in mice impacts liver tumorigenesis 

using the DEN-induced mouse model of HCC. 

We hypothesize that deletion of HSP70i suppresses liver tumorigenesis based on 

the inhibition of anti-apoptotic properties of HSP70. Therefore, to understand whether 

absence of the hsp70i gene in mice impacts liver tumorigenesis, we used 

diethylnitros~ine (DEN), which is an alkylating agent and induces liver tumors in mice. 

The tumor induction following hsp70i deletion was determined using a cohort of wild

type and hsp70i knock-out (hsp70r1
) mice 8 months following DEN administration. 

Tumor number and size were determined by histological analyses. Acute response to 

DEN (0-48 hours after DEN injection) was also determined during the tumor early stage 

by determining cellular apoptosis and the level of cytokine production in the liver tissue. 

Aim II. To investigate the molecular mechanism underlying HSP70i modulation of 

liver tumorigenesis. 

(a) To determine the role of HSP70i in inflammation during DEN-induced 

HCC. Liver cancer is associated with chronic inflammation. Hepatocyte cell death is 

induced by oxidative stress and/or other stressors, such as triglyceride accumulation, on 

sustained JNK activation, which is known to induce inflammatory responses. We 

determined the role of HSP70i deletion in inflammation during liver cancer progression 

by measuring cytokine levels in the liver after DEN administration using semi

quantitative real-time PCR. 

(b) To determine the role of HSP70i deletion in apoptosis during DEN-induced 

HCC. HSP70 family members are known to possess an· anti-apoptotic function that 
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promotes tumor development. Liver has a unique ability to regenerate following liver cell 

injury or following hepatocyte cell death. To examine the role of HSP70i in tumor cell 

survival, we determined the level of cell death, cellular proliferation, and liver cell injury 

in wild- type and hsp70i-deficient mice following DEN administration using Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, Ki67 

immunostaining, and measuring serum levels of two key liver enzymes, alanine 

aminotransferase ( AL T) and asparate aminotransferase (AST). 

Aim III. To determine the role of HSP70i during progression of HCC and examine 

whether therapeutic targeting of HSP70i is an option. 

Currently, there are no good treatment options for patients with HCC. To determine 

whether inhibition of HSP70i using a drug that inhibits HSP70i can be used in the clinic, 

we injected PES, a specific inhibitor of HSP70i, with the DEN-treated wild-type mice. 

Tumor number and size were determined. In addition, the serum level of the liver enzyme 

ALT was determined. 

Aim IV. To determine the impact of HSP70i on liver metabolism. 

The risk factors for HCC include obesity and diabetes mellitus. The higher 

incidence of HCC in diabetic patients may be related to insulin resistance, increased free 

fatty acids in the liver, and accumulation of hepatic triglycerides (fatty liver disease) (6). 

Cancer cells rely on glycolysis, even in the presence of abundant oxygen, with a reduced 

use of the tricarboxylic acid (TCA) cycle. Pyruvates generated during glycolysis are 

commonly converted to lactate and the lactate, which is secreted from the cancer cell (2). 
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Liver is an important metabolic organ that regulates biochemical reactions and has 

many functions in the body, including glycogen storage, hormone production, and 

detoxification. In addition, HSP70i is expressed in the liver. To examine the role of 

HSP70i in glucose metabolism, we measured the blood glucose level in mice duriJ?-g ad 

libitum feeding (fed state) and during fasting to determine the state of glucose 

homoeostasis. In addition, to determine the glucose utilization and glucose production, 

GTT, ITT, and PTT were performed. The levels of major regulatory enzymes involved in 

glycolysis and gluconeogenesis were determined using real time PCR. 
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B. Review of Related Literature 

I. Heat Shock Proteins (HSPs) and Molecular Chaperones 

1. Heat Shock Proteins (HSPs) 

Organisms have various growth temperatures from the freezing point of water to 

113 OC (7). Each species has an optimal temperature range for growth, survival and 

maintaining homeostasis. Moderately above the respective optimum growth temperature 

represents a challenging problem for the survival of all living organisms (8). 

Temperature-induced puffs in polytene chromosomes in the larvae salivary glands of 

Drosophila melanogaster were reported in the 1960s and 1970s (9-1 0). Theses puffs 

indicated enhanced transcription. In the following years, the identification of the 

transcribed genes and the corresponding proteins were the focus of stress protein 

researchers (11-12) and the term "heat shock protein" (HSP) was used to define proteins 

induced following exposure of the cells or organism to elevated temperature (8). It was 

also shown that the puffing pattern in Drosophilia corresponded to a strong activation of 

the HSPs, which function as molecular chaperones (8). Molecular chaperones are 

proteins that prevent improper associations of proteins with each other and assist other 

proteins in the correct folding and maturation of cellular proteins, collectively termed 

client proteins (13). HSPs are now commonly referred to as molecular chaperones (14). 
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2. Heat Shock Response 

Living organisms respond to elevated temperature in what is called the heat shock 

response. Heat shock response is defined as a coordinated events that lead to enhanced 

levels of HSP expression following exposure of the cell to environmental insults 

including heat, oxidative stress, heavy metals, toxins and bacterial infections (15). The 

heat shock response is regulated at the transcriptional level by heat shock factors (HSFs ), 

which bind to the heat shock elements (HSEs) (nGAAn) located upstream of HSP 

promoters. A hallmark of stressed cells is the increased synthesis of HSPs to maintain 

protein homeostasis, or proteostasis (8). 

HSPs are evolutionarily conserved proteins and the heat shock response is essential 

for cellular survival under the conditions of cellular stress. As many as 50-200 genes are 

significantly induced following exposure of cells to heat in different model systems. The 

heat shock response is conserved throughout evolution, from archaea to humans (8). 

Functional stress-inducible proteins are grouped into seven classes (16-23). The 

predominant group is the HSPs, and the second most predominant group includes the 

proteolytic system~ which is required to clear misfolded and irreversibly aggregated 

proteins from cells. The third class is the RNA- and DNA- modifying enzymes, which are 

necessary for the repair of DNA damage and processing that occurs during exposure of 

cells to stress (24). The fourth HSP class is the metabolic enzymes (25). The fifth class 

includes regulatory proteins such as transcription factors and protein kinases that are 

needed to initiate stress response pathways and to inhibit protein expression pathways 

such as ribosome assembly pathways (26). The sixth class includes proteins that are 
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involved in cellular architecture, such as the cytoskeleton. The last class includes proteins 

with transport, detoxifying, and membrane-modulating function (8). 

3. Molecular Chaperones 

The predominant class ofHSPs comprises five major conserved families: HSPlOOs, 

HSP90s, HSP70s, HSP60s and small HSPs (sHSPs). Several other heat-inducible 

molecular chaperones such as HSP33 also exist (27). Despite their name (heat-shock 

protein), most HSPs are constitutively expressed in cells. The intracellular levels of HSPs 

increase in response to protein-denaturing stressors. Chaperones are required for essential 

housekeeping functions, such as de novo protein folding during nascent polypeptide

chain synthesis, translocation of proteins across membranes, quality control in the 

endoplasmic reticulum (ER), and protein turnover (28). All molecular chaperones interact 

promiscuously with a broad range of unfolded proteins (29). Molecular chaperones 

recognize the hydrophobic amino acids of denatured proteins. Generally molecular 

chaperones do not contribute structural information for folding, but prevent the unwanted 

intermolecular interactions and aggregation. Chaperone binding to client protein may 

occur through hydropho hie patches, specific peptide sequences, or structural elements of 

the nonnative protein (8). Chaperone function is done through controlled binding and 

release of nonnative proteins, usually based on the affinity of the chaperone for its 

substrate. With the exception of small HSPs, this is facilitated in most other chaperones 

by the binding and hydrolysis of ATP. 

Chaperones also participate in higher-order functions, such as post-translational 

regulation of signaling molecules as well as original de novo chaperone function. For 
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example, HSP associations with client proteins can prevent their aggregation. HSPs assist 

in intracellular trafficking of proteins. In addition, association of client proteins with 

HSPs maintains the client proteins in a stable state and allows them to be activated by 

specific stimuli such as ligand binding, phosphorylation, or assembly into multisubunit 

signaling complexes (13). HSP complexes can target client proteins for degradation 

through the ubiquitin-proteasome (UPS) pathway, thereby regulating the. steady-state 

cellular level of client proteins (13). The assembly/disassembly of transcriptional 

complexes and the processing of immunogenic peptides by the immune system are other 

higher order functions ofHSPs (30-33). 

In cancer, the essential chaperoning functions of HSPs are subverted to facilitate 

malignant transformation and to facilitate rapid accumulation of mutations (13). One of 

the hallmarks of cancer is increased expressions of HSPs, including HSP70i. Generally it 

is known that high levels of HSP90, HSP70, HSP60 and HSP25 expression either 

individually or in combination have been widely observed in human tumors. 

II. Heat shock 70kDa proteins (HSP70) 

1. HSP70 family 

One of the highly conserved chaperones is the HSP70 protein (8). HSP70 is 

ubiquitously expressed and functions in various biological processes, modulating 

polypeptide folding, degradation and translocation across membranes, and protein

protein interactions (34). In prokaryotes, HSP70 is named DnaK and shares 

approximately 60 % sequence homology with the eukaryotic HSP70 (8). The HSP70 
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family consists of eight homologous members in mammals (3 5). The localization of Bip 

(HSP70-5 or glucose regulated protein, GRP78) and mtHSP70 (also known as GRP75, 

HSP70-9, or mortalin) is confined to the lumen of the endoplasmic reticulum (ER) and 

the mitochondrial matrix, respectively (36). The remaining six HSP70 proteins reside 

mainly in the cytosol, suggesting that they either display specificity for their client 

proteins or serve particular chaperone functions (Table 1) (36). HSC70 (HSP70-8 or 

HSP73) is the only cytosolic HSP70 protein that is abundantly and ubiquitously 

expressed in all cells. HSP70t (HSP70-Hom or HSP701L) and HSP70-2 (HSPA2) are 

expressed at high levels in testis and at considerably low or undetectable levels in other 

tissues (37-38). HSP70-1A and HSP70-1B are encoded by almost identical less intron 

genes referred to as HSP70 (HSP72 or HSP70i). HSP72, HSPA1, HSPAlB and HSP70-

1 are synonyms with HSP70i. HSP70i is expressed only at low or undetectable levels in 

most unstressed normal cells and tissues, but its expression is rapidly induced by a 

variety of physical and chemical stressors. Therefore, HSP70i is called the major stress

inducible HSP70. Finally, HSP70-6 (HSP70B) represents a poorly studied less intron 

member of the family that shows almost no basal expression and is induced only by 

extreme stressors (39). 

2. Regulation of hsp 70i 

The inducible murine hsp70.1 and hsp70.3 genes encode identical proteins of641 

amino acids. This inducible expression is regulated by heat shock transcription factors 

(HSFs1, 2 and 4), which bind to HSEs in the promoter regions of the hsp70i genes (40-

41). However, the hsp70.1 and hsp70.3 genes also contain putative binding sites for a 
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number of other transcription factors ( 42). Recent studies with mutant mice confirmed 

the role of HSF1 as a major trans-activator of HSP70i expression in response to 

increased stress ( 42). The constitutive expression of HSP70i in different tis.sue.s, 

including its expression in endothelial cells of the blood vessels, is not regulated by .· ,. 

HSFs (-1, -2 or -4). 

3. Structure of HSP70i 

The HSP70 protein structure is composed of an A TPase domain and a peptide

binding domain (43) (Figure 1a). HSP70 functions together with the cofactors HSP40 

(or J protein) and a nucleotide exchange factor (NEF) as partners (Figure 1 b). HSP40 

delivers the client protein to ATP-bound HSP70. ATP hydrolysis into ADP, which is 

accelerated by HSP40, results in closing of the a-helical lid and tight binding of 

substrate by HSP70. HSP40 is then dissociated from HSP70. Dissociation of ADP is 

catalyzed by NEF. ATP binding to HSP70 will open the lid and results in the release of 

the client protein. The released client protein either folds to its native state, is transferred 

to downstream chaperones, or rebinds to HSP70 for further folding (43). 

4. Function of HSP70i 

HSP70i is a stress-inducible protein that protects cells from undergoing apoptosis 

when they are exposed to various harmful stimuli. HSP70i has been proven to have anti

apoptotic function during erythrocyte maturation by preventing caspase-3-mediated 

cleavage of GATA-1 using an erythroid cell culture system (44). Interestingly, HSP70i 

can also protect cells from stresses that do not necessarily cause protein damage, 
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including exposure of the cells to certain anticancer drugs, tumor necrosis factor (TNF), 

and UV irradiation ( 45). This cellular protection is associated with the strong 'anti

apoptotic function of HSP70i and involves direct inhibition of apoptotic signaling, such 

as suppression of the pro-apoptotic c-Jun-NH2-kinase pathway (46-48). In addition to 

prevention of apoptosis, HSP70i is involved in protection of cells from other forms of 

cell death such as mitotic catastrophe (49-50), autophagy (51-52), and necrosis (53-54); 

which also play an important role in tumor growth and resistance to anti-neoplastic 

therapy (55-56). HSP70i is known to constitutively express in many tumor cell lines. In 

tumors, HSC70 and HSP70i are often constitutively expressed (57-59). Furthermore, high 

expression of HSP70i in human tumors correlates with high invasiveness, metastasis, 

resistance to chemotherapy, and poor prognosis of the disease (60). Sherman et al has 

reported that HSP70i depletion using small interfering RNA in HCT 116 colon carcinoma 

cells triggers cell senescence associated with activation and stabilization of p53 and 

induction of the cell cycle inhibitor p21 (45). This p53-dependent senescence results from 

reduced stability and activity of the p53 inhibitor HDM2 rather than a ·proteotoxic stress, 

DNA instability, or activation of Ataxia Telangiectasia-mutated (ATM) and ATM- and 

RAD3-related pathway. Also, HSP70i depletion triggers the p53-independent senescence 

program through inhibitory phosphorylation and down-regulation of the cell cycle kinase 

CDC2 ( 45). Similarly, expression of HER2 oncogene in HSP70i-depleted cells fails to 

induce transformation while expression of HER2 in untransformed MCFlOA mammary 

epithelial cells causes transformation. This result is confirmed using a mouse model 

where hsp70i knockout is crossed with transgenic mice expressing HER2. In contrast, 

another group has reported that HSP70 functions as a tumor suppressor in colon cancer. 
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They used the hsp70i knockout mouse and induced colon cancer by AOM/DSS 

(azoxymethane, colon-specific carcinogen/dextran sulfate sodium) protocol (61). 

HSP70 is known to be overexpressed in several cancers such as prostate, breast, 

oral, as well as liver cancers ( 62-68). HSP70 has been reported as a molecular marker for 

human HCC (67, 69). HSP60 and HSP70 are selected as potential tumor-associated 

antigen markers in HCC using a proteomic approach (70). Also,· GRP78, GRP75 and 

HSP70i were reported as biomarkers for hepatitis C virus-related HCC (71 ). Concomitant 

overexpression of HSP70 and human leukocyte antigen (HLA) class I is reported in 

hepatitis C virus-related HCC (62). HSP70i appears to be important because it 

cosegregates with immunogenicity of tumor cells in vivo (72). HSP70 is known to 

promote tumorigenesis due to its pro-survival function and can effectively inhibit cell 

death induced by stimuli including several cancer-related stressors such as hypoxia, 

inflammatory cytokines, monocytes, irradiation, oxidative stress, and anti-cancer drugs 

( 4 7, 73-7 6). Therefore, it is not surprising that elevated levels of HSP70i are detected in 

human tumors, especially in those with epithelial origin (60, 77). 

In airway epithelium, extracellular HSP70i is known to induce inflammation and 

regulate cytokine production through a TLR-4 and NF -KB-dependent mechanism (78). 

Extracellular HSP70i can modulate the innate immune re~ponse. HSP70 has been shown 

to activate monocytes, macrophages, and dendritic cells, and up-regulate the expression 

of proinflammatory cytokines (79). In contrast, HSP70i prevents multifocal flat 

dysplastic lesions and invasive tumors in an inflammatory model of colon cancer in an 

AOM/DSS model (61). Inflammation plays a crucial role in HCC development but the 

role of HSP70i in inflammation of liver remains less well understood. 
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According to recent reports, HSP70 exhibits tumor-specific localization on 

membranes of the endosomal/lysosomal compartments and contributes to tumor cell 

survival by inhibiting lysosomal permeabilization induced by diverse stimuli (80-82). 

Also, HSP70 is a regulator of apoptosis that is related to apoptotic protease activating 

factor 1 (APAF1) and blocks apoptosome formation. HSP70 interacts with the tumor 

suppressor protein PHAP1 and the cellular apoptosis susceptibility protein CAS (83). 

5. Role of HSP70i in metabolism 

Metabolism is the chemical reactions that occur in our body to sustain life. 

Through metabolic reactions, living organisms can maintain their structures, grow and 

reproduce. Metabolic chemical reactions consist of metabolic pathways, in which one 

chemical is transformed through a series of steps into another chemical, by a sequence of 

enzymes. 

HSPs are generally known to protect organisms from developing insulin resistance 

because decreased expression of HSPs in patients with type 2 diabetes correlates with 

reduced insulin sensitivity (84). Kurucz et al demonstrated that heat therapy can modestly 

improve clinical parameters in patients with type 2 diabetes (84 ). Also, several groups 

demonstrated that induction of HSPs with heat treatment can protect mice against 

obesity-related insulin resistance (85-88). Expression of HSPs and their up-regulation in 

response to stress are significantly reduced during aging and diabetes (89-91). Acute heat 

treatment improves insulin-stimulated glucose uptake in aged skeletal muscle through 

increased HSP72 and inhibition of JNK activation (85). 
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The hsp70 homolog ssb in yeast is essential for glucose sensing via the SNFl 

kinase network (92). SNFl is the homolog of mammalian AMP-activated protein kinase 

(AMPK). Therefore, it is important to determine the HSP70i function in HCC and in liver. 

metabolism. We hypothesize that HSP70i plays an important role in glucose metabolism 

and can affect HCC development. This study will provide evidence of a new crosstalk 

between liver turmorigenesis, metabolism, and HSP70i. 

III. Hepatocellular carcinoma 

HCC is one of the most prevalent malignant tumors in the world (93-95). The 

incidence of HCC is increasing in industrialized countries (96). Liver cancer comprises 

diverse, histologically distinct primary hepatic neoplasms. Among these, HCC is the most 

common type of liver cancer. HCC incidence increases with age and generally affects 

men more than women (96). The major risk factors ofHCC are chronic hepatitis B, Cor 

D, toxins such as alcohol, tobacco, aflatoxins, hereditary metabolic liver diseases such as 

hemochromatosis, al-antitrypsin deficiency, autoimmune hepatitis, obesity (males), 

diabetes mellitus, nonalcoholic steatohepatitis (NASH) and nonalcoholic fatty liver 

disease (NAFLD) (96). 

Hepatitis B virus (HBV) infection involves host-viral interactions, sustained cycles 

of necrosis-inflammation-regeneration, viral-endoplasmic reticulum interactions that 

induce oxidative stress, viral integration into the host genome and targeted activation of 

oncogenic pathways by various viral proteins (6). Hepatitis C virus (HCV) infection is 

similar to HBV infection but this virus evades the host immune responses and promotes 

cirrhosis (6). Alcohol-induced HCC is related to the induction of inflammation and 
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induced cycles of hepatocyte necrosis and regeneration ( 6). The aflatoxin B 1-induced 

HCC is associated with carcinogenic mutation (6). Inactivation of p53, mutation of P

catenine, overexpression of ErbB receptor family member and overexpression of the 

MET receptor (hepatocyte growth factor receptor) are known genetic alterations ·that 

occur in HCC. After hepatic injury by the noted risk factors, hepatocyte necrosis is 

followed by hepatocyte proliferation. Sustained chronic cycles of cell death and 

proliferation lead to liver cirrhosis, which is characterized by abnormal liver nodule 

formation surrounded by collagen deposition and scarring in the liver. This leads to 

hyperplastic nodule, dysplastic noduie, and finally HCC. 

The genotoxic drug, diethylnitrosamine (DEN), has been used as a carcinogen to 

initiate HCC in mice. The morphological characteristics of the chemically "induced 

tumors are very similar to that of human tumors (3). DEN is known to induce HCC in 

100 % of male mice. The estrogen-mediated signaling pathway inhibits IL-6 production 

from Kupffer cells in the liver, and this prohibits HCC development in females (97). The 

early lesions appear as foci of cellular alternation and at later stages, progress into 

hepatocelullar adenoma and carcinoma, which finally give rise to metastases (98-99). 

Tumor suppressor genes such as p53, retinoblastoma, and P-catenin are known to 

frequently be mutated, and oncogenes that regulate proliferation or apoptosis of 

hepatocytes such as Ras, c-Myc and c-Jun are known to be activated in HCC. IGF-II and 

TGF -a signaling pathways seem to be important in liver cancer because these growth 

factors can give rise to liver tumors in mice when they are overexpressed as transgenes 

(100-101). 
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Due to the significance of c-Jun as a major regulator of hepatocyte proliferation 

and apoptosis, Eferl et al investigated the function of c-Jun in HCC using DEN treatment 

of mice followed by phenobarbital (3). The requirement of c-Jun is restricted to the early 

stage of tumor development, and the inactivation of c-Jun after tumor initiation reduces 

the tumor number and size because of the increased level ofp53 and its target gene Noxa, 

which induce apoptosis without affecting cellular proliferation (3). c-Jun is an antagonist 

of p53 in primary hepatocytes and in liver tumors. 
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Figure I. HSP system. (a) Structures of the ATPase domain (PDB JDKG) (102) and the 

peptide-binding domain (PDB 1 DKZ) (103) of HSP70 shown representatively for E. coli 

DnaK. The a-helical lid of the peptide binding domain is shown in yellow and the 

extended peptide substrate as a ball-and-stick model in pink. ATP indicates the position 

of the nucleotide-binding site. The amino acid sequence of the peptide is indicated The 

interaction of prokaryotic and eukaryotic cofactors with HSP70 is sho·wn schematically. 

Residue numbers refer to human HSP70. Only the HSP70 proteins of the eukaryotic 

cytosol have the COOH-terminal sequence EEVD, which is involved in binding of 

tetratricopeptide repeat (TPR) cofactors (104). (b) HSP70 reaction cycle. NEF, 

nucleotide exchange factor (GrpE in case of E. coli DnaK: Bag, HSP BP 1 and HSP 110 in 

case o.fprokaryotic cytosolic HSP70). (1) HSP40-mediated delivery o.fsubstrate to ATP-

bound HSP70. (2) Hydrolysis of ATP to ADP, accelerated by HSP40, results in closing o.f 

the a-helical lid and tight binding of substrate by HSP70. HSP40 dissociates from HSP70. 

(3) Dissociation o.f ADP catalyzed by NEF (4) Opening of the a-helical lid, induced by 
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ATP binding, results in substrate release. (5) Released substrate either folds to native 

state (N), is transferred to downstream chaperones or rebinds to HSP70. 

Figure and figure legend are taken from Nat Struct Mol Bioi. 2009 Jun;16(6):574-81. 

Review (43). Converging concepts of protein folding in vitro and in vivo. Hartl FU, 

Hayer-Hartl M 



II. MATERIALS AND METHODS 

Animals 

Hsp70r1
- m1ce were generated in Dr. Dimitrios Moskofidis?s laboratory 

(unpublished data) at Georgia Health Science University (GHSU) as described in Figure 

2. Wild-type mice were purchased from Jackson Laboratory. Both hsp70r1
- and wild-type 

mice are in the C57BL/6 genetic background. Animal care and experiments were 

performed in accordance with the guidelines of the Institutional Animal Care and Use 

Committee and the NIH guidelines. Mice were maintained on normal chow diet and 12 hr 

·light and dark cycles throughout the study. 

Liver tumor induction and analysis 

A single dose of DEN (25mg/kg per body weight) (Sigma) diluted in 0.9% NaCl 

was injected intraperitoneally (i.p.) into 14-day-old male mice to induce tumor initiation 

(4-5). Mice were euthanized at different ages as indicated in the text. For analysis of 

tumor initiation, mice were euthanized at 4 hours, 1 or 2 days post DEN administration. 

For analysis of HCC, mice were euthanized at 8 months after DEN treatment. Livers 

were removed, photographed and analyzed for the presence of HCCs using a dissecting 

microscope. Body weight and liver weight (g) also were measured. Total number of 

tumors that are externally visible, maximal tumor size (mm), and number of tumors 

22 
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larger than 2mm were counted and measur~d using a caliper. Individual lobes of liver 

were snap-frozen in liquid nitrogen for protein and RNA analysis. Frozen samples were 

stored at -80 OC until needed. Portions of the liver was frozen in OCT or paraffin

embedded for histological and immunochemical analyses. 

Following euthanasia, blood was collected and centrifuged to prepare serum. 

Serum samples were used to measure alanine aminotransferase (AL T) and asparate 

aminotransferase (AST) activity. Muscles and white adipose tissue (W AT) (epididymal 

fat) were removed, weighed and snap-frozen in liquid nitrogen for further analyses. 

Histological and immunohistological analyses 

Livers and white adipose tissue were fixed in 4 % paraformaldehyde (PF A) in 

phosphate-buffered saline (PBS) for at least 7 days and embedded in paraffin. 

Hematoxylin and eosin (H&E) staining was performed using 5 Jlm paraffin liver sections 

(105). 

TUNEL staining was performed using Apopto Tag Red in situ Apoptosis Detection 

Kit (Chemicon/Millipore, Billerica, MA), according to the instructions of the 

manufacturer. Nuclei were visualized using mounting medium containing DAPI 

(Vectorshield) (1 06). 

For Ki67 immunohistochemistry, 5 J.tm paraffin-embedded tissues were 

deparaffinzed in xylene and rehydrated in a series of alcohol/water mixtures. Antigen 

retrieval was performed for 30 min in 10 mM sodium citrate buffer, pH 6.0 after 

temperature reached at 95-100 OC. The heating block was turned off to allow slides to cool 

down for 30 min at room temperature (RT). Tissue sections were blocked in 3% BSA for 
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1 hour and incubated with Ki67 primary antibody Ki-67 (Thermo Fisher Scientific) 

overnight at 4 OC. The following day, slides -were rinsed with PBS, tissue sections were 

incubated with biotin-conjugated secondary antibody for 1 hour at RT and incubated with 

Extravidin-Alkaline Phosphatase Substrate (Sigma) for 30 min at RT and slides were 

developed using FAST Red (Roche) to visualization. Tissue sections were counterstained 

with hematoxylin (1 05). 

For Oil-red-O staining to detect lipid droplets, 7 JliD frozen sections were fixed in 

10% formalin for 10 min at RT. Slides were washed with PBS and then stained in 0.5% 

Oil-Red-O solution (Fisher Chern. Co) for 8 min at 60 OC. After rinsing with distilled 

water, slides were counterstained with Mayer's hematoxylin for 30 seconds. 

For ~-galactosidase staining of tissue sections, livers were snap-frozen in a liquid 

nitrogen 2-methyl-butane bath, sectioned, and fixed in 0.2% glutaraldehyde in PBS with 

2 mM MgCh for 1 0 min. Sections were stained with X -gal and counter-stained with 

eosin (1 07). 

For Periodic Acid Schiff (PAS) staining, paraffin sections of liver were 

deparaffinized and hydrated to distilled water. Place slides into 0.5% periodic acid for 5 

minutes and rinse·in distilled water. Slides were then placed into Schiffs Reagent (basic 

fuchsin, sodium bisulfite and< 1% hydrochloric acid in deionized water) for 30 mins and 

washed running tap water for 5 minutes. Slides were counterstained in hematoxylin for 3 

minutes, washed in tap water. Slides were dehydrated in alcohol, cleared with xylene, and 

covered with a coverslip. 
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Semi-quantitative RT-PCR 

Total RNA was extracted from liver us1ng Trizol reagent according to the 

manufacturer's instruction (Invitrogen, Carlsbad, CA). eDNA was synthesized using 

ImProm-II™ Reverse Transcription System (Prom ega, WI). After PCR, results were 

normalized by actin (108). At least 3-4 mice were used for each experimental group. 

Glucose tolerance test (GTT), insulin tolerance test (ITT) and pyruvate tolerance 

test (PTT). 

OTT and PTT tests were carried out following overnight fasting (18 hours). 

Animals were injected i.p. with 2 g/kg D-glucose (Sigma) for OTT or 2 g/kg pyruvate 

(Aero, MI) for PTT. For ITT, 6 hr fasting mice were injected i.p. with insulin (Humulin R, 

Lilly) (1 U/kg). Blood glucose was measured from the tail vein using an automated 

glucose monitor (Bayer Health Care LLC, IN). 4-5 mice were used for each group (1 09). 

Alanine aminotransferase (AL T), aspartate aminotransferase (AST) assays. 

Serum samples were tested for AL T and AST activity according to the 

manufacturer's instruction (Pointe Scientific Inc. MI, USA) (5). 

Triglyceride (TG) and non-esterified fatty acid (NEF A) measurement. 

TO and NEFA were measured with an acyl-CoA oxidase-based colorimentric kit 

(Wako Biochemicals USA inc., Richmond, VA) using serum and liver lysate (110). 
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Immunoblot analysis. 

Protein lysates were prepared from liver using radioi~unoprecipitation assay 

(RIPA) buffer containing 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 

mM Tris (pH 7 .5) and protease inhibitor cocktail (1 0 mM phenylmethylsulfonyl fluoride/ 

PMSF, 1% sodium pyrophosphate, 10 mM sodium fluoride, and 2 mM sodium vanadate). 

30 J.Lg protein was separated by SDS-polyacrylamide gel electrophoresis (PAGE), 

transferred to PVDF membrane, and analyzed by immunoblotting (1 06). Membranes 

were probed with the following antibodies: HSP70i, phosphor-AKT-Thr308, AKT, 

phospho-AMPK-Thr172, AMPK, PPARy 1/2, C/EBPa (Cell Signaling, Danvers, MA), 

phospho-AS160-Thr642, AS160 (Millipore, CA, USA) phosphor-AKT-Ser473, J3-actin 

(C4) (Santa Cruz Biotechnology, Santa Cruz, CA). 

Real-time PCR 

Total RNA was isolated from liver tissue using TRIZOL (Invitrogen, Carlsbad, CA) 

and reverse transcribed using Improm-11 Reverse Transcription System (Promega, WI, 

USA). qRT -PCR reaction was performed using iQ SYBR Green Supermix (Bio-Rad) on 

a Stratagene Mx 3000P QPCR system. Relative quantitative plots were constructed for 

quantity of RNA input and for each gene of interest. qRT-PCR was performed using 

gene-specific primers (1 05). 

Chemicals 

Diethylnitrosamine (DEN) was purchased from Sigma. 2-phenylethynesulfonamid 

(PES) was purchased from Tocris Bioscience, StLouis, MO, USA. 
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Figure 2. Targeted disruption ofhsp70.1 and hsp70.3 (ltsp70.1/3) alleles. 

Diagrammatic representation. (A) Genomic structure of hsp70. I and hsp70.3 loci. (B) 

Targeting vector was constructed by replacing approximately 15 kb of genomic DNA, 

including the start codon of hsp70. 3 and stop codon of hsp70. 1 alleles. with a neomycin 

resistance (neo) gene flanked by !oxP sequences and LacZ reporter gene. The vector was 

designed so that the promoter of the hsp70. 3 gene drives reporter expression. (C) 

Predicted targeted allele following homologous recombination. (D) Southern blotting 

analyses of genomic DNA digested with EcoRI and hybridized with a probe external to 

the targeted vector (indicated) yields a 12 kb fragment for the wild-type and 9 kb 

fragment for the targeted allele, correspondingly. (E) PCR-based genotyping assay using 

combination of PI, P2 and P 3 primers amplifies wild-type and targeted hsp70. 1/3 locus 

fragments of 469 bp and 1001 bp. respectively. The locations of Neo-gene, thymidine 

kinase (tk) genes, probes for Southern blotting and primers for PCR analysis are 

indicated. Restriction sites are designated: R, EcoR!; B. BamHJ, E, Eco!CRJ. 



III. RESULTS 

1. Deletion of hsp70i delays HCC development in DEN-induced mouse model. 

DEN-induced HCC is a valid mouse model for human HCC and reproduces some 

of the key pathological and histological features of this cancer (6, 17). To determine the 

effect of HSP70i in HCC, _wild-type and hsp70r1
- male mice were administered DEN at 

postnatal 14 days, and various tumor parameters were determined 8 months following 

DEN administration. A single-dose DEN injection leads to development ofHCC in wild

type mice in contrast to DEN-treated hsp70r1
- mice, which developed significantly less 

HCC (Figure 3A). While the livers of hsp70r1
- mice show similar cell structure as the 

untreated wild-type mice usi~g H&E staining, livers of wild-type mice developed 

penetrating rims of tumor to non-tumor region (Figure 3B). The number of tumors larger 

than 2 mm and maximal tumor size in each mouse were significantly lower in hsp70r1
-

mice (Figure 3C). Thus, HSP70i is required for HCC induction and growth in response to 

DEN treatment. 
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Figure 3. HSP70i is required for HCC development. 

DEN (25mg/kg) was administered to WTand hsp70f1- mice at postnatal14 days. 

(A) Representative macroscopic photographs of livers of WT and hsp70r1
- mice 8 

months after DEN irifection (a) untreated WT liver, (b-e) DEN-treated WT and 

hsp70r1
- livers. Arrows indicate tumor nodules. m, month. 

(B) Histological analysis (H&E) of livers from WT and hsp7011
- mice 8 months after 

DEN injection. Arrows indicate the border of the tumor, which is penetrating from a 

non- tumor region. (a-c) Mag.JOOX, (d-j) Mag. 400X 

(C) Quantification of tumor parameters. Total number of tumors, number of tumors 

that were larger than 2 mm, and maximal tumor size (mm) 8 months after DEN 

injection. WT (n=l7) and hsp7011
- (n=28) mice. Result are presented as means ± 

SEM * p<0.05, **p<O.OJ, *** p<O.OOJ. 
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2. Hsp70i1- mice exhibit reduced body weight, liver weight and white adipose tissue 

(W AT) compared to wild-type mice. 

To determine whether hsp70r1
- mice exhibit an alteration in body weight as well as 

other parameters in the absence or following DEN administration, changes in body 

weight was monitored for 8 months until the mice were euthanized. Data indicate that 

untreated hsp70r1
- mice exhibit lower body weight compared to wild-type _mice (Figures 

4A and 4B). The differences in body weight between DEN-treated wild-type and hsp70r1
-

mice remained the same as that observed in untreated mice. DEN-treated wild-type mice 

exhibit a significantly lower liver per body weight ratio than hsp70r1
-, most likely due to 

the presence of tumors in wild-type mice (Figures 4C-4E). Interestingly, hsp70r1
- mice 

exhibit significantly lower levels of white adipose tissue compared to wild-type mice 

whether they were untreated or treated with DEN (Figures 4F and 4G). 



Figure 4. During DEN-induced tumorigenesis, hsp 7011
- mice exhibit reduced body 

weight, liver weight and white adipose tissue (W AT) than the wild-type mice. 

(A, B) Body weight of untreated or DEN-treated WT and hsp70f1- mice on standard 

chow diet during the 8-month period (A) untreated WT and hsp70z!- (n=5); (B) DEN-

treated WT (n=17) and hsp70f1- (n=28) were used Bars are means± SEM * p<0.05, 

** *** p<O.Ol, p<O.OOJ. 

(C-E) Body and liver weights of untreated or DEN-treated WT and hsp70f1- mice on 

standard chow diet at 8 months. (C) Body weight (BW), (D) liver weight (LW), and (E) 

ratio ofLW/BW (%). 

(F, G) Epididymal white adipose tissue (WAT) weight (F) and ratio of WAT/BW (%) 

(G) of untreated or DEN-treated WT and hsp 7011
- mice on standard chow diet at 8 

months. 

Open bar (white) is WT, closed bar (black) is hsp70f1-mice. 
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3. HSP70i plays an important role in tumor progression of DEN-induced HCC. 

Eight months after DEN injection, liver damage is significantly less in hsp70r1
-

mice as measured by the lower AL T and AST levels than the wild-type mice (Figures 5A 

and 5B). Hepatocyte cell death and compensatory proliferation are lower in hsp70r1
- mice 

as measured by lower apoptosis and lower Ki67 positive staining than the wild-type mice 

(Figures 5C and 5D). The above results indicate that HSP70i function is critical during 

HCC progression. 



Figure 5. Levels of liver enzymes, ALT, AST, apoptosis and cellular proliferation in. 

mice deficient in the hsp 70i gene. 

(A, B) Serum levels of (A) ALT and (B) AST were determined in untreated or DEN

treated WT and hsp70i1- mice on standard chow diet. 

(C) Quantitation ofTUNEL-positive cells in the liver of untreated or DEN-treated WT 

or hsp70i1- mice at 8 months of age. (n=3 mice per genotype) 

(D) Quantitation of Ki67-positive cells and representative photos of Ki67 staining in 

the liver of untreated or DEN-treated WT or hsp70i1- mice at 8 months of age (n=3 

mice per genotype). 

Open bar (white) is WT, closed bar (black) is hsp70i1-mice. 
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4. Early response to DEN: hsp70i deletion does not affect DEN-induced liver 

damage, cell death, and compensatory hepatocyte proliferation within the first 48 

hours of exposure to DEN. 

To further investigate the mechanisms of delayed HCC development in hsp70r1
-

mice, we compared the early response of wild-type to hsp70r1
- mice. Thus, we euthanized 

mice at 4, 24 and 48 hrs after DEN injection. Within the first few hours following DEN 

administration, we observed hepatocyte death, increased cytokine production and 

compensatory hepatocyte proliferation. These events appeared to be good predictors of 

the outcome of the disease 8 months later (6). Our data show that wild-type and hsp70r1
-

mice display comparable hepatic injury and similar serum levels of AL T, which is an 

indicator of liver damage. There were also no significant differences in the liver cell 

proliferation or hepatocyte apoptosis following DEN administration during 48 hrs of 

DEN administration within the first 48 hrs of DEN exposure (Figures 6A-6C). Released 

substrate from necrotic cell death following hepatocyte damage triggers the production of 

cytokines such as IL-6, IL-l p, and TNF -a from macrophages and Kupffer cells, and 

these cytokines have a critical role in DEN-induced HCC ( 4). Indeed, the enhanced fold 

induction of several cytokines, including IL-6, TNFa, MCP-1 and IL-lp, appears to be 

slightly higher in the liver of wild-type compared to hsp70r1
- mice (Figure 6D). 

Interestingly, we found that the expression of HSP70i and HSP25 are increased 4-48 hrs 

following DEN administration. Level of HSP70i driven p-galactosidase is also increased 

in DEN-treated hsp70r1
- livers (Figures 6 E and 6F). Overall, early response to DEN of 

hsp70r1
- mice is comparable to wild-type mice. 



Figure 6. Initial response of DEN-treated hsp70f1-mice is comparable to the wild

type mice. 

(A) Serum ALT levels in hsp7011
- and WT mice following DEN administration. 

(B) Quantification of TUNEL-positive cells in the liver of WT and hsp7011
- mice 

following DEN administration. (n=3 mice per genotype) 

(C) Quantification of proliferating cells using Ki67 immunostaining of DEN-treated 

WTand hsp7orf-liversfollowing DEN administration. (n=3 mice per genotype) 

(D) Fold induction of liver cytokines after DEN administration using semi

quantitative RT-PCR. Untreated WT mRNA was used as a control to determine the 

fold induction. (n=3 mice per genotype) 

(E) Immunoblotting of liver cell extracts from untreated or DEN-treated WT and 

hsp7011
- mice using antibody to HSP70i or HSP25. fJ-actin is presented as loading 

control. 

(F) fJ-gal staining using liver sections from hsp7011
- mice that untreated or treated 

with DEN for 24 or 48 hrs (upper panel). 

Lower panel is quantification data of HSP70i and HSP25 immunoblotting. fJ-actin is 

shown as loading control. Bars are mean± SEM * p<0.05, **p<O.Ol, *** p<O.OOJ. 

Open bar (white) is WT, closed bar (black) is hsp70r1-mice. 
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5. DEN-treated hsp70il- mice exhibit lower levels of hepatic steatosis compared to 

wild-type mice. 

Metabolic syndromes such as nonalcoholic fatty liver disease (NAFLD), obesity, 

and diabetes have been suggested as risk factors for HCC (111). Visceral white adipose 

tissue (W AT) secretes various factors that play a role in a number of physiological and 

pathological processes including immunological responses, angiogenesis, atherosclerosis, 

hypertension, glucose homeostasis, appetite regulation and cancer. Hsp70t1- mice are. 

leaner and exhibit less white adipose tissue compared to wild-type mice (Figure 4). White 

adipose tissue is involved in energy storage in the form of triglycerides (TGs) and energy 

release in the form of fatty acids. To investigate the relationship between HSP70i and 

lipid metabolism, we detected the lipid accumulation in wild-type and hsp 70t1- liver 

tissue sections using Oil-Red-O staining (Figure 7 A). As expected, 8-month-old untreated 

control hsp70t1- mice exhibit less Oil-Red-O staining, suggesting that hsp70t1- mice 

exhibit altered lipid metabolism. Also, DEN-treated hsp70t1- mice show less lipid 

accumulation compared to wild-type mice that exhibit severe liver steatosis. Consistently 

levels of TGs and NEFAs in the serum and liver are significantly lower in DEN-injected 

hsp70t1- mice compared to wild-type mice (Figure 7C). Control untreated hsp70t1- mice 

also exhibit a significantly lower level of TGs and NEF As (Figure 7C). Also, levels of 

the transcription factors, C/EBPa and PPARy were also are less in the liver of hsp70t1-

mice (Figure 7B). Overall, ablation of hsp70i prevents the liver steatosis. 



Figure 7. Loss of the hsp70i gene protects mice from DEN-induced hepatic steatosis. 

(A) Representative liver tissue sections at 8 months stained with Oil-red-O and 

counterstained with hematoxylin. Magnification=400X 

(B) Western blot analysis of liver extracts from 8-month- old untreated (-DEN) or 

DEN-treated (+DEN) WT and hsp7orf- mice using antibody specific to C/EBPa and 

P P ARy. f3-actin is shown as loading control. Right panel is quantification data of 

C/EBP a and P P ARy immunoblotting. f3-actin is shown as loading control. Bars are 

mean ±SEM * p<0.05, **p<O.OJ, *** p<O.OOJ. 

Open bar (white) is WT, Closed bar (black) is hsp70f1-mice. 

(C) Levels of triglycerides (TG) and non-esterified fatty acid (NEFA) in serum and 

liver extracts prepared from untreated (-DEN) or DEN-treated (+DEN) mice at 8 

months. Results are mean± SEM * p<O. 05, **p<O. OJ, *** p<O. 001 (n=5). 

Open bar (white) is WT, closed bar (black) is hsp70r1-mice. 
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6. Hsp70r1- mice have smaller adipocytes in the white adipose tissue but there is no 

impaired ability of lipolysis during fasting. 

Adipose tissue can produce tremendous amount of energy from TG storage, and 

lipids are an indispensable component in cell structure. However, excess lipi~ 

accumulation can induce obesity and can cause metabolic syndromes. Hsp70r1-mice have 

less epididymal fat than wild-type mice (Figure 4). Hsp70i deletion leads to less TGs and 

NEF As in serum and liver (Figure 7). Histological analysis of epididymal fat cells at 8 

months of age showed them to be smaller in size in hsp70r1
- mice compared to wild-type 

mice (Figure 8A). Reduction in the level of adipose tissue in hsp70r1
- mice can be 

associated with down-regulation of adipose-specific genes such as PPARyl and PPARy2 

which are nuclear receptors and up-regulated in fatty liver. We have shown that hsp70r1
-

mice exhibit a lower level of lipid content in serum and liver in addition to lower levels 

ofC/EBPa and PPARy in the liver (Figure 7B). We assumed there would be less PPARy 

and C/EBPa expression in the white adipose tissue of hsp70r1
- but there were no 

significant differences between the two genotypes (Figure 8B). 

It is conceivable that white adipose tissue release TGs (NEF A and glycerol) into 

the serum that are then converted into TGs again in the liver and contribute to the fatty 

liver that can promote HCC in wild-type mice. When mice are in the fed state, insulin 

increases glucose uptake into the adipose cells and stimulates glycolysis. Acetyl-CoA 

converted from pyruvate can be used for fatty acid (FA) synthesis and esterified into TGs 

for storage. Also, TGs in chylomicrons from the gut and very low density lipoproteins 

(VLDLs) from liver after hydrolysis by lipoprotein lipase (LPL) release free fatty acids 

(FF As). These FF As also enter adipocytes and are converted into TGs. In contrast, during 
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fasting condition, the insulin level is low so glucose transport and glycolysis are 

depressed. Activated protein kinase A (PKA) stimulates hormone-sensitive lipase (HSL) 

and induces hydrolysis of TGs. As a result, F As and glycerols are released into the blood. 

F As are bound to albumin and transported to other tissues, including liver, to provide 

energy, and glycerol is used as a substrate of gluconeogenesis in the liver. Therefore, 

during fasting, lipolysis of stored TGs in adipose tissue is strongly activated. Released 

F As are delivered to the liver and either re-resterified and secreted or oxidized in 

mitochondria (112). 

Based on that, we hypothesized that less lipids are released from white adipose 

tissue and liver takes up less lipids during fasting in hsp 70r1
- mice. The amount of lipids 

was lower in hsp70r1
- mice than wild-type mice. However, hsp70i deletion does not 

impair the ability of lipolysis in adipose tissue and FA uptake into the liver during fasting 

condition (Figure 9). Both genotypes of mice have increased NEF As in serum and liver 

during 24hrs fasting (Figure 9). To understand the exact mechanism of the role of 

HSP70i in lipid metabolism, additional studies are required such as fatty acid oxidation in 

the white adipose tissue or testing the possibility that cytosolic HSP70i is required to . 

stimulate PPARy nuclear receptor. 



Figure 8. Hsp70i -I- mice exhibit smaller adipocytes in white adipose tissue. 

(A) Upper left panel, representative H&E staining of white adipose tissue (WA1) 

section of control WT or hsp70f1- mice. Mag.=400X Upper right panel, shows the 

average diameter {ltm) of adipocytes in WT and hsp70f1- mice. Diameter of 600 cells 

in randomly selected microscopic fields were measured (n=3 mice). Lower left panel 

shows whisker plot of adipocyte areas from evaluation of 600 adipocytes in randomly 

selected microscopic fields expressed as percentage of the total analyzed cells. Lower 

right panel, average of adipocyte area is provided Results are mean ± SEM 

* p<0.05, **p<O.Ol, *** p<O.OOJ (n=3 mice). 

(B) Western blot analysis of WAT extracts from 8-month-old untreated (-DEN) or 

DEN-treated (+DEN) WT and hsp70f1- mice using antibody specific to C/EBPa and 

P P ARy. f3-actin is shown as loading control. 
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7. Ablation of hsp70i induces the resistance of lipid accumulation and glucose and 

insulin sensitivity under High Fat Diet (HFD) conditions. 

To more sensitively test the positive effects ofHSP70i in lipid metabolism, cohorts 

of hsp70t1- and wild-type mice were fed a high-fat diet (HFD) beginning at 4 weeks of 

age. The HFD is known to cause diet-induced obesity and insulin resistance. In the HFD, 

60% of the calories come from fat. As expected, wild-type mice maintained on the HFD 

gained substantial weight. In contrast, hsp70t1- mice fed with the HFD had a body weight 

that did not significantly change and was significantly lower as compared to wild-type 

mice (Figure 1 OA). The HFD increased the fat mass and hepatic lipid accumulation in 

wild-type mice, but hsp70r1-mice were remarkably resistant (Figures lOB-lOD). Hsp70t1-

have less TG content and low blood glucose level after eating the HFD (Figure 1 OE). In 

addition, HFD-fed hsp70r1
- mice exhibited equivalent insulin sensitivity ~s indicated by 

glucose clearance in the GTT or ITT, which was greater compared to wild-type mice 

(Figure llA). While the HFD produced a blunted insulin response in WT mice, hsp70r1
-

mice exhibited normal insulin-stimulated AKT-signaling in liver (Figure liB). Taken 

together, these results show that insulin sensitivity is increased as a result of HSP70i 

deficiency and is reflected in reduced hepatic lipid accumulation during HFD feeding. 



Figure 10. Hsp70i -I- mice are resistant to High Fat Diet (HFD). 

(A) Growth curves ofhsp70i -I- and WT mice maintained on HFD. 

(B) Oil red-O staining (lower panels) and histological H&E staining (upper panels) 

of liver sections of hsp 70i -I- and WT mice fed a HFD for 20 weeks. 

(C) Whisker plot of adipocyte areas from evaluation of 400 adipocytes in 10 randomly 

selected microscopic fields expressed as percentage of the total analyzed cells. 

(D) H&E staining of adipocytesfrom hsp70i -!-and WTmicefed a HFD for 20 weeks. 

(E) Plasma glucose, TG and NEFA levels in WT or hsp70i -I- mice fed a HFD for 20 

weeks. Bars are mean ±SD. * p<0.05, **p<O.Ol, ***p<O.OOJ (n=3 mice). 

Closed bar (black) is WT, open bar (white) is hsp70r1-mice. 
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Figure 11. Hsp 70i -I- mice exhibit improved glucose and insulin tolerance under 

High Fat Diet (HFD) condition. 

(A) GTT, ITT of hsp70i -I- and WT mice on a normal diet (ND) or high fat diet (HFD) 

for 20 weeks. Hsp70i -I- mice had a significantly lower glucose level compared to WT 

* ** *** . mice fed with HFD. Bars are mean± SD. p<0.05, p<O.Ol, p<O.OOJ (n=3 mice). 

Closed circle (black) is WT, open circle (white) is hsp70f1-mice. 

(B) lmmunoblot analyses of fasted and insulin-stimulated WT and hsp70r1-liver tissue. 

Mice were left to feed ad libitum or fasted overnight and injected with 2 U/kg i.p. 

insulin and tissues were extracted after 10 minutes. Tissues extracts were analyzed to 

detect p-AKT and AKT. /]-actin is shown as loading control. 
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8. Increased glucose and insulin tolerance in hsp 70i-deficient mice. 

Insulin signaling is a critical component in glucose homeostasis and a maJor 

stimulus of hepatic metabolism (113). Generally, high levels of TGs and NEFAs can 

induce insulin resistance, which is a key risk factor of metabolic disease. Circulating 

glucose is the first and foremost a biochemical measurement for evaluating the metabolic 

phenotype of mice because changes in blood glucose are strictly regulated and the 

changes indicate alterations in metabolism. Therefore, we performed glucose tolerance 

test (GTT) to compare glucose metabolism in hsp70r1
- versus wild-type mice. 

Surprisingly, significant differences were observed between hsp70r1
- and wild-type mice 

beginning at 2 months of age (Figure 12A). Glucose clearance in hsp70r1
- appears to be 

independent of DEN treatment. DEN-treated hsp70t1-tnice also show improved glucose 

tolerance at 5 and 7 months compared to wild-type mice (Figure 12A). Insulin sensitivity, 

as measured by the insulin tolerance test (ITT), was also enhanced in hsp70r1
- mice at 7 

months in both untreated and DEN-treated mice (Figure 12B). Interestingly, blood 

glucose levels in hsp 70t1- mice appear to be lower than wild-type mice under both fed 

and fasted conditions (Figure 12C). 

Taken together these results show that hsp70t1- deficiency increases glucose 

resistance and insulin sensitivity and reflects the resistance of hepatic lipid accumulation 

irrespective of normal diet (ND) or high fat diet (HFD) feeding. 



Figure 12. Hsp70f1
- mice exhibit glucose hypersensitivity. 

(A) Glucose tolerance test (GTT) in 18-hr-fasted untreated (top panels), or DEN-

treated (lower panels) WT or hsp70f1- mice at the indicated age. Following fasting, 

mice were injected with 2 g/kg of glucose, and disappearance of glucose from the 

blood was determined at the indicated time points. Results are mean ± SEM * p<O. 05, 

** *** p<0.01, p<0.001. (n=4 or 5 per group). 

(B) Insulin tolerance test (ITT) in 6-hr-fasted untreated or DEN-treated WT and 

hsp70f1- mice at 7 months of age. Following fasting, mice were injected with 1 unit of 

insulin (1 Ulkg) (Humlia), and disappearance of glucose from the blood was 

determined at the indicated time points. Results are mean± SEM * p<0.05, **p<0.01, 

*** p<O. 001. (n=4-5 per group). 

(C) Blood glucose was measured between 9 AM to 10 AM in fed or the next day of 18-

hr-fasted untreated or DEN-treated mice at 3, 5 and 7 months of age. Results are 

means± SEM * p<0.05, **p<0.01, *** p<0.001. (n=7-10 mice per group). 
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9. Muscle is responsible for the glucose hypersensitivity observed in hsp70i1- mice. 

Insulin is known to stimulate glucose disposal by increasing glucose uptake in 

peripheral tissues and also by driving the de novo lipogenesis and steatosis; in the fed 

state, it is a major anti-lipolytic hormone (114-115). To determine the involvement of 

AKT signaling in increasing glucose uptake, we tested for activation of the AKT 

signaling pathway following insulin stimulation. Data indicate that in the liver, pAKT 

(S473) is significantly activated 10 min after insulin stimulation (Figure 13). Surprisingly, 

in muscle, pAKT (S473) is activated 60 min after insulin stimulation. AS160 is a 

regulator of GLUT4 trafficking predominantly expressed in muscles and adipose tissues 

and a downstream target of AKT signaling. Phosphorylated-AS 160 is significantly 

activated both in the control fasted condition, and 60 min following insulin stimulation in 

hsp70t1- mice. There was no difference in AKT activation between hsp70t1- and wild

type mice in white adipose tissue following insulin stimulation. 

AMP activated protein kinase (AMPK), which senses cellular energy status, is a 

negative regulator of mTOR activation, and there is evidence that AMPK activation may 

prevent insulin resistance (116-118). Recent studies indicate that activated AMPK can 

prevent hepatic steatosis even though it promotes the insulin signaling pathway (105). 

AMPK is activated during fasting and/or 10 min following insulin stimulation in the liver 

and muscle, even though both show the activated AMPK patterns of phosphorylation 

after insulin stimulation (Figure 14). Most likely, activated AMPK associated with 

activated AKT could contribute to the decrease in lipid accumulation in hsp 70t1- mouse 

liver and muscle. 



Figure 13. Hsp 7011
- muscle exhibits high level of AKT activity in response to insulin 

and is most likely a tissue that utilizes glucose, leading to glucose hypersensitivity. 

Immunoblot analyses of fed, fasted, and insulin-stimulated WT and hsp70f1- liver, 

muscle and WAT tissues. Mice were left to feed ad libitum or fasted for 18 hrs and 

irifected with 2 U/kg i.p. insulin. Tissues were extracted after 10 or 60 minutes. Tissue 

extracts were analyzed to detect the indicated proteins. ~actin and a-tubulin have 

been shown as loading control. 

Right panels show quantitation of the immunoblots. Levels of the phosphorylated 

proteins were normalized to the total level of each protein and have been reported as 

relative fold-increase to WT fasted group (1 00%= 1). Results are mean ± SEM 

p<O. 05, **p<O. OJ, *** p<O. 001. (n=3 per condition each group). 



48 

FIGURE 13 

WT ltsp70i-1- p-S473-AKT p-T308-AKT 

Fro FA 10 60 

- :-:++++ 
Fed FA 10 60 ------
---++++ = 

2

llilrto... ..WM ·'" -! 2 
]1 
:!< I 
~ 

0 q 
F,.\ 10m 60n• rA 10m 60m 

P-act in ---- -~ ... ._..~-
p-S473-AKT 

p-T308-AKT 

AKT 

p-S473-A KT p-TJ08-AKT 

s ti )Wta tlJLl ~~ 
:; ~· ~ 2 ... 

u fl 
b\ ICJ• 6IN fA 10M 68m 

p-AS160 

ASJ60 
aTubulin 

p-S473-AKT .._ --
' Wlllp-T642-ASI.r. " _:!: 

I 

b 

p-T308-AKT ... 
AKT --- • - ------ -- -- • • p-actin 

WAT 
r ,, 10

• 
61

m -1'308-AKT 

•k.rtllp-S473-AKT ~Lilllp 
J ~ 
l • 

' I 2 

0 f .\ ION 60m ~ • \ ION iOno 



p-ThrJ72-AMPK 

AMPK 

HSP70i 

FIGURE 14 

WT hsp 70i-1-

Fed FA 10 60 Fed FA 10 60 ----------++++- - - ++++ 

pAMPK 

1. ~[1j:!!. * 
1.0 

o.~ 

u.o 

pAMPK 

·w* 
J' 
~ 
ill 

1• 
" • \ 10m 4ttlm 

49 

Figure 14. AMP activated protein kinase (AMPK) is activated during fasting in both 

liver and muscle of hsp 70i1- mice. 

Immunoblot analyses of fed, fasted, and insulin-stimulated WT and hsp70r1
- liver and 

muscle tissues. Mice were left to feed ad libitum or fasted for 18 hrs and injected with 2 

mU/g i.p. insulin. Tissues were extracted after 10 or 60 minutes. Tissue extracts were 

analyzed to detect the indicated proteins. fJ-aclin and a-tubulin have been shown as 

loading controls. Right panel shows quantitation of the immunoblots. Level of the 

phosphorylated proteins were normalized to the total level of each protein and has been 

reported as relative fold-increase to WT fas ted group (100%=1). Results are means ± 

SEM • p <0.05, ••p<O.OJ. ••• p <O.OOJ. (n =J per condition each group). 
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10. Deletion of hsp70i induces lower glucose level, less glycogen storage, and 

impaired gluconeogenesis. 

To determine the normal range of blood glucose level during ad libitum fed and 

fasted conditions, blood glucose levels in hsp70r1
- and wild-type were determined during 

a 48 hr fed and fasted period (Figures 15A and 15B). Data show that hsp70r1
- mice . 

exhibit significantly lower blood glucose levels than wild-type under both fed and fasted 

conditions. Hsp70i ablation induces a dramatic glucose drop that starts from 6 hrs and is 

maintaining through 24 hrs of fasting. However, after re-feeding, glucose levels rises 

comparable to wild-type. 

Glycogen consists of a highly branched polymer of glucose and is the major form 

of stored energy, from bacteria to mammals. It is composed of glucose residues 

connected by a-1 ,4-glycosidic linkages with a-1 ,6-glycosidic linkages forming branch 

points (119). Glycogen synthesis and its breakdown is important in metabolism (119). 

Hours after a meal, the insulin level begins to decrease and the glucagon level begins to 

increase. Glucagon stimulates adenylyl cyclase (AC) to produce cyclic adenosine 

monophosphate (cAMP), which activates protein kinase A (PKA). PKA activates 

phosphorylase kinase, which phosphorylates and activates phosphorylase b, stimulating 

glycogen breakdown. Glycogen was labeled with periodic acid schiff (PAS) staining. 

Glycogen storage almost disappeared after 6 hours of fasting in hsp 70r1
- mice (Figure 16), 

corresponding with a significant drop in blood glucose level at the same time point 

(Figure 15B). This result shows less glycogen storage in the liver of hsp70r1
- mice than in 

wild-type mice. 
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Based on the low blood glucose level and low glycogen amounts during fasting, we 

hypothesized that there was impaired gluconeogensis in hsp70r1-mice. We performed the 

pyruvate tolerance test (PTT) to check the gluconeogenesis efficiency because pyruvate 

can be converted into glucose during gluconeogenesis. As we expected, hsp70r1
- mice do 

not effectively convert the pyruvate into glucose during fasting. 



Figure 15. Hsp 70i1- mice exhibit altered gluconeogenesis compared to wild-type 

mice. 

(A-B) Blood glucose was determined every 6 or 12 hours during 48 hr period during 

fed and fasted conditions. Water and normal chow were freely available during fed 

condition. Only water was available during fasting condition. After 48 hr of fasting, 

mice were re-fed for 150 min. 5 to 6 mice at 8 to 12 weeks old were used in these 

experiments. Results are means± SEM * p<0.05, **p<O.Ol, *** p<O.OOJ. 

(C) Pyruvate tolerance test (PTT) in 18-hr-fasted untreated WT or hsp70i_1
_ mice at 3 

months of age. Following fasting, mice were injected with 2 g/kg of pyruvate, and 

blood glucose was determined at the indicated time points to check the 

gluconeogenesis efficiency. Results are mean± SEM * p<O. 05, **p<O. OJ, *** p<O. 001. 

(n=4 or 5 per group). 

Open circle (white) is WT, closed circle (black) is hsp70z!-mice. 

. _., 
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Figure 16. Hsp 70i1- mice exhibit less glycogen storage and fast glycogen 

breakdown during fasting. 

Hsp70f1- and wild-type mice were subjected to a fasting and refeeding 'protocol. Three 

mice from each group (wild-type and hsp70f1) were sacrificed after 6 and 12 hrs of 

fasting (without refed). Livers were collected and analyzed The remaining mice were 

fasted for a total of 24 hrs and were then refed for 24 hrs, at which point they were 

sacrificed and livers were removed and analyzed with PAS or H&E staining. 

Upper panel shows PAS staining. Lower panel shows H&E staining. Left and middle 

columns are low magnification (200X) photos and right column is high magnification 

(400X) photos. Glycogen is stained dark purple. 
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11. Hsp70i1- mice have highly activated glycolysis that is connected with the 

mitochondrial TCA cycle and produces heat through UCP2. 

Impaired regulation of blood glucose can result in metabolic syndromes including 

insulin resistance. Obesity, hyperglycemia and insulin resistance are all associated with 

an increased risk of developing cancer and are associated with worse clinical outcomes in 

patients with cancer (120-124). Absence of the gene hsp70i decreases blood glucose 

levels in mice in both fed and fasted conditions. In addition, improved glucose and 

insulin tolerance have been shown (Figure 12). In the fed condition, insulin increases 

phosphorylation of glucose and glycolysis is activated (Figure 17). Liver utilizes 

glucokinase (GK), which has a high affinity for glucose. Phosphofructokinase-! (PFK-1) 

is allosterically stimulated by fructose 2, 6-bisphosphate (F -2, 6-BP), which is active in 

the dephosphorylated form with AMP but inhibited by high ATP. Insulin stimulates 

dephosphorylation of phosphofructokinase-2 (PFK-2). Pyruvate kinase (PK) is activated 

by fructose-1,6-bisphosphatase (F-1,6-BPase) but inhibited by alanine and fasting 

condition. RT-PCR results show that GK, PFK and PK are, overall, higher in hsp70r1
-

mice in both fed and fasting conditions (Figure 18B). This means that deletion of hsp70i 

induces high level of glycolysis. Increased acetyl-CoA production can be used in the 

TCA cycle or FA or TG synthesis. In the case of hsp70r1
- mice, high levels of glycolysis 

are associated with increased activity of the TCA cycle, mitochondrial activity because of 

high m.RNA expression of mitochondrial uncoupling protein 2 (UCP2). We have already 

shown low levels of TGs and NEFAs in hsp70r1
- mice (Figures 7, 9 and 10). Therefore, 

low glucose levels results from the high glycolysis levels in the liver and muscle, and this 

glycolysis is connected with the TCA cycle which is not connected the fatty acid 
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synthesis pathway. Gluconeogenesis in the liver is main process to produce glucose 

during fasting (Figure 19). Pyruvate carboxylase (PC) level is signific~tly low in hsp 70r 

I- mice. However, we cannot be sure of the low enzyme levels of glucose-6-phosphatase 

(G6P) and PEP carboxykinase (PEPCK) in hsp70r1
- mice (Figure 18A). Further 

experiments are required to confirm this data. We believe that low level of pyruvate 

carboxylase affects the low glucose production and high levels of glycolysis can 

overcome gluconeogenesis under fasting conditions in hsp70t1- mice, because p-AKT is 

still activated in the liver and muscle under fasting condition (Figure 13). It is also 

possible that low net glucose level induces less white adipose tissue amount in hsp70t1-

mice. 



Figure 17. Glycolysis Pathway 

Pathway of glycolysis from glucose to pyruvate. Substrates and products are in blue, 

enzymes are in green. The two high energy intermediates whose oxidations are 

coupled to ATP synthesis are shown in red (1,3-bisphosphoglycerate and 

phosphoenolpyruvate). 

Figure and legend are taken from © 1996-2011 themedicalbiochemistrypage.org, 

LLC I info@ themedicalbiochemistrypage.org Michael W King, PhD I 
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Figure 18. Hsp 7011
- mice have high mitochondrial activity by UCP2. 

Real-time RT-PCR analysis of indicated genes in the liver of 3-month-old WT or 

hsp 70/- mice normal fed, fasted 6, 12 and 24 hrs and then re-fed 1, 3, 6 1and 24 hrs. 
I 

Livers were collected at the indicated time points. Data are presented' as relative 

levels of mRNA expression. Scale bars are mean± SD (n = 4 mice per group). 

(A) Gluconeogenesis enzymes: Pyruvate carboxylase (PC), Phosphoenolpyruvate 

carboxykinase (PEPCK) and Glucose-6-phosphate (G6P). 

(B) Glycolysis enzymes: Glucokinase (GK), Phosphofructokinase (PFK) and Liver 

pyruvate kinase (L-PK). 

(C) Mitochondrial uncoupling protein 2 (UCP2) and Cytochrome complex (Cyto-C). 
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The relevant reactions of gluconeogenesis are depicted The enzymes of the 3 bypass 

steps are indicated in green along with phosphoglycerate kinase. 

Figure and legend are taken from © 1996- 2011 themedicalbiochemistrypage.org, LLC I 

info @ themedicalbiochemistrypage.org Michael W King, PhD I 
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12. PES treatment of wild-type mice exposed to DEN delays HCC detelopment. 
I 

i 
2-phenylethynesulfonamid (PES) is an HSP70i-specific inhibitor (125). PES interacts 

I 

selectively with HSP70i and leads to disruption of the association betWeen HSP70i and 

several of its cochaperones and substrate proteins. Treatment of PES (in cultured tumor 

cells) promotes cell death that is associated with protein aggregation, imJ?aired autophagy, 

and inhibition of lysosomal function (125). To determine the effect :of inhibition of 

HSP70i on development of I-ICC in wild-type mice exposed to DEN treatment, we 

injected PES into wild-type mice once per week for 2 months following DEN treatment 

(Figure 20A). Our data show that PES-injected mice developed smaller tumors and lower 

number of tumors than wild-type mice that received vehicle only (Figures 20B-20D). 

Also, PES-injected mice exhibited less liver damage as determined by low ALT levels 

and less liver steatosis (Figures 20C and 21 ). However, PES treatment did not affect 

white adipose tissue amount when ·compared to control mice (Figure 21). Therefore, 

inhibition of HSP70i during tumor progression has the potential to be a strong therapy for 

HCC. 



Figure 20. HSP70i- specific inhibitor, PES, delays HCC development. 
1 

(A) Schematic drawing showing the protocol for treatment of mice w·it~ PES. DEN;. 
I 

injected WT mice were treated either with vehicle or PES (40mg/kg qiluted in 4% 

DMSO in sterile PBS) i.p. once a week 5 m on the after DEN injection. Mice were 

euthanized at 8 months post DEN injection. 

(B) Representative livers of DEN-treated wild-type mice treated with vehicle (a) or 

with PES (b). 

(C) Upper panels represent H&E staining of liver tissue from wild-type mice treated 

with vehicle (c, d) and wild-type mice treated with PES (e, f). Lower panels represents 

I 

Oil red 0 staining of liver tissue from wild-type mice treated with vehicle (g, h) and 

wild-type mice treated with PES (i,j). 

(D) Quantification of total number of tumors, number of tumors with diameter greater 

than 2 mm, and maximal tumor size in wild-type mice treated with vehicle or wild type 

mice treated with PES (n=9). 
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IV. DISCUSSION 

Physiological function of HSP70 

In normal cells, HSP70 functions together with its co factors, HSP40 (or J protein) 

and HSP110 (nucleotide exchange factor, NEF), as partner proteins. HSP40 delivers the 

client protein to ATP-bound HSP70. ATP hydrolysis into ADP, which is accelerated by 

HSP40, results in closing of the a-helical lid and tight binding of substrate to HSP70. 

HSP40 is then dissociated from HSP70 in a reaction that is catalyzed by HSP110. ATP 

binding to the a-helical lid of HSP70 opens the lid and results in the release of the 

folded or partially folded client protein (Figure 1) (43). HSP70 possesses many client 

proteins, most of which have not yet been identified." In tumor cells, HSP70's function is 

comparable to normal cells. However, due to accelerated cell growth, it is presumed that 

HSP70 levels_ are increased to cope with the increased demand for protein folding. 

HSP70 is an anti-apoptotic protein and binds to cytochrome c, preventing formation of 

APAF1, cytochrome c and caspase 9 complex (apoptosome complex), thereby inhibiting 

apoptosis (126). Since the physiological function of HSP70i remains elusive, we 

generated the hsp70i knockout mouse model to study its role in tumorigenesis. In this 

study, we analyzed the role of HSP70i in liver cancer using DEN-induced HCC. We 

observed a significant delay in tumor formation due to metabolic altetations in the 
! 

hsp70i knockout compared to wild-type mice. Below, we describe oJr conclusions 
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regarding what we believe are the changes in the hsp70i knockout mouse that leads to 

I 

resistance of these mice to DEN-induced HCC. 

Regulation of metabolism in cancer cells 

Tumor cells have altered metabolism compared to normal cells.\ Specifically, 
I 

tumor cells have altered glucose metabolism (2). Tumor cells rely on glycolysis even in 

the presence of plenty of oxygen, and they do not use the TCA cycle as much as normal 

cells (2). During glycolysis, glucose is converted to pyruvate, which is normally used in 

the TCA cycle in quiescent cells; however, pyruvate is converted to lactate in tumor cells, 

which is then secreted from the cells, in phenomena called the "W arburg Effect". In 

general, tumor cells take up large amounts of glucose, amino acids, and o'her nutrients, 

and have increased expression of lipogenic genes and show increased li~id synthesis. 

Figure 22 shows the glucose metabolism in quiescent and proliferating (cancer) cells 

(127). 

Hsp70i knockout mice exhibit suppression of DEN-induced HCC via al~ered glucose 

and lipid metabolism. 

Our data indicate that hsp70i knockout mice exhibit reduced body weight, reduced 

white adipose tissue (WAT), and increased glucose hypersensitivity. These features 

exhibited by the hsp70i knockout mice lead to its resistance to DEN-indttced HCC. In 
I 

I 

vivo, normally following feeding, insulin is released from the pancreas ifto the blood 
I 

stream and is taken up by insulin receptor (IR), which then st~mulates the 
i 

PI3K/ AKT/mTOR signaling pathway. This occurs mainly in the liver, musdle, and white 
I 



64 

adipose tissue, leading to uptake of glucose. Glucose is then used to gen~rate ATP via 

glycolysis and through the TCA cycle; the excess glucose can also be con~erted to lipid 

(127). Our data show that following insulin stimulation, glucose disappear~ rapidly from 

the serum of hsp70i knockout mice compared to wild-type mice (glucose and insulin 

tolerance test, Figure 12). This rapid glucose uptake, which leads to increased insulin 

signaling and phosphorylated AKT (p-AKT), occurs at an increased level in the liver and 

muscle of hsp70i knockout mice compared to wild-type mice (Figure 13). The increase in 

p-AKT in hsp70i knockout mice correlates with increased p-AS160, which is normally 

bound to the glucose transporter GLUT4 as AS160. The p-AS160 is then released from 

GLUT4, allowing GLUT4 to translocate to membranes increasing glucose uptake (128). 

GLUT 4 specifically is expressed in muscle cells (129). We therefore believe that the low 

I 

blood glucose level (Figure 15) that we observe in hsp70i knockout mice during feeding 

conditions is due to increase in glucose uptake by the muscle cells. As we present in 

Figure 15, surprisingly, blood glucose levels also remain low in hsp70r1
- compared to 

wild-type mice under fasting conditions. This decrease in glucose levels under fasting 

condition in hsp70r1-mice is correlated with increased p-AKT (or p-AS160) even under 

fasting conditions in both liver and muscle (Figure 13). 

Under fasting condition, normally the hormone glucagon is released from pancreas 

a cells to maintain a constant blood glucose level through the breakdown of glycogen 

I 

and activation of gluconeogenesis in the liver (130). Our data indicate that glycogen 
I 

storage is less in hsp70r1
- mice following fasting compared. to wild-type mice (Figure 16). 

In addition, the uptake of pyruvate that converts to glucose through glucoheogenesis is 
I 

reduced in hsp70r1
- mice compared to wild-type (Figure 15). Our prediction is that there 
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1s an impairment of enzymes involved in gluconeogenesis (such ~s glucose-6-

phosphatase, PEPCK and pyruvate carboxylase) which turned out not to bb significantly 

i 

reduced in hsp70r1
- compared to wild-type mice, except pyruvate, carboxylase. 

Interestingly, our data indicate that the level of. enzyme involved in bitochondrial 
i 

biogenesis in the liver is significantly higher, indicating that hsp70r1
- mice vtilize glucose 

very rapidly, converting it to heat (e.g., UCP2 in the liver) through the TCA cycle. We 

believe one reason that hsp70r1
- mice are resistant to DEN-induced He¢ may be the 

reduced net level of glucose that may be available to tumor cells attempting :to proliferate. 

This phenomenon is the opposite of the W arburg effect. 

As we mentioned earlier, one of the requirements of a tumor cell is increased lipid 

synthesis (2). Our data show that hsp70r1
- mice exhibit less white adipqse tissue and 

lower body weight (Figure 4) and lower level of liver steatosis after DEN injection 

(Figure 7). We believe that the mechanism underlying the lower fat accu~ulation in the 

liver of hsp70r1
- mice is revealed by the data provided in Figure 7, which indicates that (1) 

the levels of PPARy and C/EBPa ar~ reduced in the liver of untreated and: DEN-treated 

hsp70r1
- mice. (2) The level of TGs and NEFF As are reduced in untreated and DEN-

treated serum and liver extracts of hsp70r1
- mice compared to wild-type mice. (3) The 

hsp70r1
- mice possess smaller adipocytes compared to wild-type mice. ( 4) 1lsp10r1

- mice 

are resistant to HFD induced obesity and insulin resistance (Figures 10 and 11). 

Cumulatively, we believe that the lower lipid accumulation in hsp70r1
- rriice leads to 

i 

unfavorable conditions for tumors to proliferate in these mice because exc:ess lipids are 
I 

required for synthesis of membrane components and phospholipid si~naling in a 
I 

proliferating cancer cell (105). In conclusion, our data show that hsp70i-d!eficient mice 
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are resistant to chemical- induced HCC and high fat diet-induced ob~sity .. The key 

contributing factors in the phenotype observed is the rapid glucose met~bolism that is 
I 

observed in hsp70i-deficient mice, together with reduced lipid accumulation. Both of 

these phenotypes contribute to an environment that is not conducive 'to tumor cell 

proliferation. In addition, our data using the HSP70i inhibitor PES (Figure 20) indicates 

that inhibition of HSP70i leads to suppression of DEN-induced tumor formation, 

suggesting that HSP70i inhibition may be a good treatment option for HCC .in the clinic. 



Figure 22. Carbon Flux Differs in Quiescent versus Proliferating Cells. 

Quiescent cells (left) have a basal rate of glycolysis, converting gluf:ose (glc) to 

pyruvate (pyr), which is then oxidized in the TCA cycle. Cells can also oxidize other 

substrates like amino acids and fatty acids obtained from either the environment or 

the degradation of cellular macromolecules. As a result, the mqjority of ATP (yellow 

stars) is generated by oxidative phosphorylation. During proliferation (right), the 

large increase in glycolytic flux generates ATP rapidly in the cytoplasm, reducing the 

cytoplasmic NAD+INADH ratio. Most of the resulting pyruvate is converted to lactate 

(lac) by lactate dehydrogenase A (LDH-A), which regenerates NAD+ from NADH 

The NAD+ allows glycolysis to persist, and the lactate is secreted from the cell. Some 

of the pyruvate is converted to acetyl-CoA (Ac-CoA) by pyruvate dehydrogenase 

(P DH) and enters the TCA cycle, where it is converted into intermediates like citrate 

(cit) that can be used for macromolecular biosynthesis. Citrate is required for the 

synthesis of fatty acids and cholesterol used to generate lipid membranes for daughter 

cells. After export to the cytoplasm, citrate is cleaved by the enzyme ATP citra,t~ lyase 

(ACL). The resulting acetyl-CoA is used by fatty acid synthase (FAS) to synthesize 

lipids, while the oxaloacetate (OAA) is converted to malate (mal) by malate 

dehydrogenase (MDH), utilizing the low cytosolic NAD+INADH ratio. Malate can 

either be returned to the mitochondria during citrate-malate antiport or be converted 

to pyruvate by malic enzyme (ME), generating NADPH to be used in fatty acid 

synthesis. 
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Figure andfigure legend is taken from Cell Metab. 2008 Jan;7(1) :11-20. The biology of 

cancer: metabolic reprogramming fuels cell growth and proliferation. DeBerardinis RJ, 

Lum JJ, Hatzivassiliou G, Thompson CB (127). 



Figure 23. HSP70i plays an important role in glucose metabolism. 

Some of the main signaling pathways are summarized Insulin and glucagon are the 

central regulators of hepatic glucose production. Their transcriptional effects are 

medicated through the AKTIFOXO and possibly CRTC2 pathways (130). HSP70i has 

a negative effect on insulin and AKT signaling pathways and glycolysis pathway. 

Particularly, HSP70i interfores with GLUT4 glucose take up in the muscle. We 

assume that HSP70i is related with pyruvate carboxylase during gluconeogensis in 

the liver. 
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Liver figure and figure legend are modified from Cell Metab. 201 I Jul 6;14(1):9-19. 

Hormonal regulation of hepatic glucose production in health and disease. Lin HV, Accili 

D (130). 



V.SUMMARY 

1. Deletion of hsp70i delays HCC development in a DEN-induced mouse model ofHCC 

by altering the glucose metabolism (Figure 23). 

2. Hsp70t1- mice exhibit reduced body weight, liver weight and amount of white adipose 

tissue (W AT) compared to wild-type mice. 

3. Hsp70i deletion does not affect DEN-induced liver damage, cell death, and 

compensatory hepatocyte proliferation within the flrst 48 hours of exposure to DEN 

(early response). 

5. DEN-treated hsp70t1- mice exhibit lower levels of hepatic steatosis compared to wild

type mice. 

6. Hsp70t1- mice have smaller sized adipocytes in the white adipose tissue but there is no 

impaired ability of lipolysis during fasting. 

7. Ablation of hsp70i induces the resistance of lipid accumulation and glucose and insulin 

sensitivity under High Fat Diet (HFD) condition. 

8. Hsp70i-deflcient mice show increased glucose and insulin tolerance. 

9. Muscle is responsible for the glucose hypersensitivity observed in hsp70r1-mice. 

10. Deletion of hsp70i induces lower glucose levels, less glycogen storage, and impaired 

gluconeogensis. 

11. Hsp70t1- mice have highly activated glycolysis that is connected with mitochondrial 

TCA cycles and produces heat through UCP2. 
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12. PES, HSP70i inhibitor, treatment of wild-type mice exposed to DEN delays HCC 

development. Therefore, HSP70i may be a great clinical target in HCC. 
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