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ABSTRACT 

Chronic infection with hepatitis B virus (HBV) is a primary risk factor for the 

development of hepatocellular carcinoma (HCC). HCC is the fifth most common cancer 

type worldwide with few treatment options. The hepatitis B encoded x antigen (HBx) 

plays a crucial role in the pathogenesis of HCC through several mechanisms. HBx alters 

signaling pathways shown to promote carcinogenesis and mediates epigenetic changes 

that silence tumor suppressor genes and activate host oncogenes.  

Short chain fatty acids (SCFAs) are made by selected gut bacteria with largely 

anti-inflammatory properties. They alter gene expression by functioning as histone 

deacetylase inhibitors (HDACi) and can bind to G protein coupled receptors (GCPR) to 

stimulate signaling pathways. Due to the documented anti-cancer properties of SCFAs, 

experiments were designed to test the hypothesis that SCFAs delay the development of 

HCC in HBx transgenic (HBxTg) mice. 

A diet of SCFAs was fed to HBxTg for three months prior to the expected 

appearance of dysplastic nodules and HCC.  The results showed a statistically significant 

reduction in the number of dysplastic nodules as well as the presence and frequency of 

HCC. The effect of SCFAs on tumor growth was also evaluated in nude mice 

subcutaneously injected with human HCC cells. Tumor size in SCFA-treated mice was 

statistically smaller compared to the controls. The effect of SCFAs on cell viability of 

cancer and primary human hepatocytes was evaluated. SCFAs were shown to reduce cell 

viability in cancer cells only, with no effect on primary hepatocytes.  

Proteomics was performed on SCFA-treated compared to control livers from 

HBxTg to investigate changes on the molecular level that are associated with reduced 
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preneoplastic and neoplastic nodule formation. Pathway analysis showed a decrease in 

important cancer-promoting pathways altered by HBx in HCC, including inflammation, 

oxidative stress, PI3K, VEGF, EGF, and Ras. These pathways are involved in biological 

processes central to carcinogenesis such as cell proliferation, survival, and angiogenesis. 

The ability of SCFAs to decrease these pathways has never been demonstrated. Further 

investigation confirmed that Ras activity was decreased in 12-month old livers treated 

with SCFAs. 

Taken together, these results show that SCFAs are capable of delaying the rate of 

tumor growth and tumor frequency in two mouse models of HBV-associated HCC, as 

well as reduce cell viability in cancer cells specifically. This data suggests that SCFAs 

may be a novel treatment option for HBV-associated HCC. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Hepatitis B Virus (HBV) Associated Hepatocellular Carcinoma 

(HCC) 

1.1.1 HCC and HBV prevalence and relationship 

Liver cancer is the fifth most commonly diagnosed and third most lethal cancer 

worldwide8. HCC is the most common form of primary liver cancer, accounting for 

approximately 80% of global liver cancer diagnoses5. Major risk factors for HCC include 

infection with the hepatitis B virus (HBV) or hepatitis C virus (HCV), excessive alcohol 

use, non-alcoholic fatty liver disease (NAFLD), and nonalcoholic steato-hepatitis 

(NASH)13. A great majority of HCC cases occur in sub-Saharan Africa and Eastern Asia, 

reflecting a similar geographical distribution to chronic HBV infection82 (Fig 1.0). 

However, the incidence is rising in traditionally low incidence countries, with rates 

tripling in the U.S9 in the past twenty years. 

HBV is one of the most common human pathogens4, infecting approximately 2 

billion people globally, with an estimated 250 million17 becoming chronically infected 

carriers at an increased risk of developing hepatitis, cirrhosis (end stage liver disease), 

and HCC2. The rate of new HBV infections in the U.S increased by 20% in 2015, with 

most new cases occurring in places hit particularly hard by the opioid epidemic. Over the 

past ten years, states including Kentucky, Tennessee, and West Virginia have 

experienced a staggering surge of 114% in new HBV infections83. Alarmingly, the 

Massachusetts Department of Public Health issued an advisory about the rise in HBV 
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outbreaks in this state, citing an increase of 78%125. Most of these cases are occurring in 

30-49 year olds, adults who were likely not vaccinated as children. Given the high 

likelihood of a mother infecting her newborn during childbirth, this population is 

particularly worrisome as they may unknowingly transmit the virus to vulnerable 

individuals, resulting in a high likelihood of developing chronic infection. 

In 1988, Beasley et al published a seminal study of Taiwanese male government 

employees that effectively showed that HBV is a major etiologic agent for HCC6. 

Chronic HBV infection is responsible for more than 55% of global HCC cases, 89% of 

cases in endemic areas15, and virtually all of childhood HCC9. The risk of developing 

HCC in chronically infected individuals has been reported to be more than 100 fold 

greater than non-infected individuals, justifying its classification as a major risk factor for 

the disease5, 82. 
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Fig 1.0. Epidemiology of chronic HBV infection, HCC, and HBV-induced 

HCC. The prevalence of HBV is classified according to the percentage of the population 

that tests positive for HBsAg. More than 8% of the population has chronic HBV in high 

prevalence areas, between 2-7% in intermediate areas, and less than 2% in low areas 

(129). 

1.1.2 HBV transmission, prevention, and treatment options 

HBV is a blood-borne pathogen readily transmitted through blood to blood 

contact. Common routes of transmission include the use of nonsterile needles, sexual 

intercourse, and childbirth involving an infected mother and her newborn. It remains 

infectious up to 7 days outside the body and is transmissible even when blood is not 

visible. HBV is 100 times more infectious than the human immunodeficiency virus 

(HIV), making it one of the most contagious viruses known. An infection may be acute, 

defined as resolving within 6 months, or chronic meaning that virus antigens and virus 

particles persist in the blood for more than 6 months57.  

From 1981 through 1991, the U.S. vaccinated only individuals deemed at high 

risk for infection, such as health care workers. However, this recommendation had little 

impact on the rate of new HBV infections. In 1992, the World Health Organization 

(WHO) recommended universal vaccinations for all newborns. To date, 184 out of 193 

countries have adopted this recommendation83.  

The most common vaccine given is a recombinant yeast vaccine against the 

hepatitis B surface antigen, or HBs, the protein that studs the viral envelope. The HBV 

vaccine has a very high response rate, inducing an antibody response in 95% of 

individuals and lasting up to twenty years. The HBV vaccine is given as a series of three 
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doses; the first dose is given within 24 hours of birth, the second dose is given 1-2 

months following birth, and the third dose is given 6 months after birth. The prophylactic 

vaccine has no impact on chronic HBV carriers, and despite its existence, there are still 

roughly 40,000 new infections in the U.S. each year3,4, and 10-30 million globally17. An 

estimated 5-10%1 of adults who contract the virus will become asymptomatic chronic 

carriers, a majority of whom are unaware of their ability to transmit the disease. 

Chronic HBV infection is incurable, but effective antivirals exist that are capable 

of reducing viral replication. There are presently nine drugs approved for HBV treatment, 

two of which are interferon-α, and seven are nucleoside analogues. The main function of 

interferon-α is to enhance the patient’s own immune system in order to more effectively 

attack the virus. However, this method is not without its drawbacks. Few patients respond 

to this treatment, some show viral breakthrough while undergoing treatment, and it is not 

safe for long term use, limiting its effectiveness5. Nucleo(t)(s)ide analogs (NA) are the 

most common antivirals prescribed. They function to inhibit the viral encoded 

polymerase, which is responsible for HBV replication, showing high specificity for the 

virus and limited specificity for human enzymes, thus reducing side effects. All NA 

antivirals are long term treatments, requiring the patient to be compliant and committed 

to long periods of dependency in order to lower viral titer. 

Hepatitis B immune globulin (HBIG) can be given to individuals exposed to HBV 

with no immunity against it. These individuals include those that are exposed to the virus 

but are immunocompromised in some way, or newborns born to an infected mother. 

HBIG contains antibodies that can provide protection against infection, and has been 

found to be effective when given within 14 days of exposure to the virus85. 
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1.1.3 HCC prognosis and treatment options 

HCC results from repeated injury to the liver most often brought on by viral 

infection, although aflatoxin B1, NAFLD, NASH and excessive alcohol intake are also 

risk factors (Fig 1.1). HCC is often diagnosed at a late stage, and is consequently 

associated with poor survival rates. The median survival rate for unresectable or 

metastatic HCC is 6-20 months post diagnosis8. In the U.S., the two year survival rate is 

less than 50%, and 5 year survival rate is only 8.9% despite aggressive conventional 

therapy, marking this malignancy as the third most lethal cancer8. The lethality of HCC 

stems in part from its resistance to existing anticancer agents, a lack of early detection 

biomarkers, and underlying liver disease that compromises liver function, limiting the use 

of chemotherapeutic drugs13. Majority of HCC cases appear on a background of chronic 

inflammation, suggesting the latter contributes to the pathogenesis of this cancer. 

Few treatment options exist for HCC sufferers. Surgical resection and liver 

transplantation are the primary treatment methods, but only about 15% of patients 

qualify, as a majority are diagnosed at a late stage when these options are not viable7. For 

nearly 10 years, sorafenib was the sole drug approved for treatment of advanced HCC. 

Additional drugs have been approved over the past few years but are associated with 

severe side effects and minimal improvement in quality of life68. 
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Fig 1.1. Chronic HBV infection results in liver disease including fibrosis, 

cirrhosis, and eventual HCC. Chronic HBV infection triggers the liver to undergo 

cycles of hepatocyte apoptosis and proliferation which leads to accumulation of 

mutations, genetic instability, loss of important tumor suppressors, and HCC (13). 

1.1.4 HBV genome 

HBV is a member of the hepadnaviridae family of small, enveloped viruses with a 

propensity for infecting hepatocytes. It is a partially double-stranded DNA virus that 

consists of four overlapping open reading frames (ORF) that produce seven different 

proteins (Fig 1.2).  The S ORF encodes the surface antigens (HBs) which gives rise to 

small (S), medium (M), and large (L) viral envelope proteins. The Core ORF encodes 

either the core antigen (HBc) or e antigen (HBe), depending on where translation is 

initiated. HBc has the intrinsic ability to self-assemble into the viral nucleocapsid, which 

encapsidates the viral genome. HBe is believed to serve as an immune tolerogen that 

facilitates persistent infection11. The P ORF encodes the polymerase which is central to 

replication, and can be functionally divided into three domains: terminal protein domain, 
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reverse transcriptase domain, and ribonuclease H domain11. The terminal protein domain 

is involved in encapsidation and initiation of minus-strand synthesis. The reverse 

transcriptase domain catalyzes genome synthesis as HBV replicates via an RNA 

intermediate, termed pregenomic RNA (pgRNA). The ribonuclease H domain degrades 

pgRNA and facilitates plus strand DNA synthesis11. PgRNA is the template for reverse 

transcription, and serves as the mRNA for core protein and polymerase. It encompasses 

the entire length of the genome and serves as the template for genome replication. Lastly, 

the x ORF encodes the Hepatitis B x antigen (HBx) which has an established role in viral 

replication and gene expression66, and a more insidious role in the pathogenesis of liver 

disease.  

Chronic HBV infection may be accompanied by repeated bouts of hepatitis that 

trigger the liver to undergo cycles of hepatocyte apoptosis and regeneration in an effort to 

clear the virus. The recurrent cycles of cell death and regeneration are associated with 

increased integration of HBV DNA, with most integration events retaining the ORF 

encoding HBx18, leading to the alteration of host gene expression19, chromosomal 

instability20, and increased risk of HCC. 
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Fig 1.2. HBV genome. HBV has a partially double stranded DNA genome 

consisting of four overlapping open reading frames (ORF); S, P, C, and X (130). 

1.1.5 HBV replication 

HBV specifically infects hepatocytes by binding to the sodium taurocholate co-

transporting polypeptide (NTCP) receptor present on the surface of cells. Once inside of 

the cell, the nucleocapsid disintegrates, and the virus DNA enters the nucleus (Fig 1.3). 

Once inside the nucleus, the partially double stranded genome is converted into covalently 

closed circular DNA (cccDNA). Host RNA polymerases are used to transcribe the 

cccDNA, and the generated transcripts are exported into the cytoplasm where translation 

occurs. The pgRNA and the viral polymerase are encapsidated within the nucleocapsid 

composed of core protein. pgRNA is then reverse transcribed first into the minus strand, 

followed by partial synthesis of the plus strand. Heterogeneous partial plus strand synthesis 

is believed to be due to a lack of deoxyribonucleotide triphosphates (dNTPs) present in the 

nucleocapsid at the time of enclosure by the dNTP impenetrable envelope11. The progeny 

nucleocapsids have one of two fates. They can be recycled back into the nucleus where 
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plus strand synthesis will be completed, converting the genome into cccDNA, effectively 

contributing to the persistence of a cccDNA reservoir in the nucleus. Alternatively, the 

nucleocapsids can bud into the lumen of the endoplasmic reticulum (ER) where the 

nucleocapsid will associate with viral surface proteins that have been accumulating in the 

ER membranes. The enveloped virus will then move through the Golgi apparatus, into a 

secretory vesicle that fuses with the plasma membrane releasing the mature virion into the 

bloodstream where it will travel to infect more hepatocytes. Infectious virions are 42 nm 

in diameter and consist of a lipid envelope containing surface antigen proteins surrounding 

an inner nucleocapsid composed of core proteins, complexed with virally encoded 

polymerase and the DNA genome. 
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Fig 1.3. HBV replication cycle. Key events include receptor-mediated entry into 

the cell, conversion of the partially double stranded DNA (dsDNA) into covalently closed 

circular DNA (cccDNA), formation of the nucleocapsid, recycling of some virus particles 

back into the nucleus to accumulate as cccDNA reservoirs, and release of mature enveloped 

virions from the cell (131). 

1.1.6 The natural progression of HBV infection 

Of the two billion people exposed to HBV, roughly 10% are expected to develop 

chronic infection. The propensity to develop chronic HBV infection includes both host 

and viral factors. The two most important host factors are gender and state of the immune 

system. Males are three times139 more likely to develop chronic HBV than females, and 

an individual with a compromised, weak immune system is less capable of successfully 
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combating HBV infection. However, most carriers are not immunocompromised.  

Outcome of infection depends upon the robustness of the immune response.  If immunity 

is narrow against only one or two virus proteins, delayed, and/or not robust, chronicity 

may set in.  If immunity is broad, rapid, and strong, the outcome is often acute, resolving 

virus infection.  Viral factors include the size of inoculum, viral mutations, and viral 

genotype123.  

In the case of an acute infection, HBV DNA is quickly detectable in patient’s 

serum, followed shortly by HBs and HBe. Levels of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST), enzymes released in response to liver damage, begin 

rising several weeks after the appearance of viral markers, and a yellowing of the skin, 

referred to as jaundice, may develop. HBe is usually cleared at the peak of clinical illness, 

whereas levels of HBs and HBV DNA persist and will be cleared during recovery9. HBe 

seroconversion to anti-HBe and HBs sero-clearance are the two most important events in 

the natural resolution of acute HBV infection124. Loss of HBs, defined as undetectable 

levels in serum on two occasions at least 6 months apart, signals clearance of the virus.  

The persistence of HBs in serum for more than 6 months defines chronicity. 

Chronic HBV infection consists of four phases: immune tolerance, immune clearance, an 

inactive carrier stage, and the reactivation stage (Fig 1.4). The immune tolerance phase is 

marked by high HBV DNA and HBe expression, with normal ALT levels. During the 

immune clearance phase, HBV DNA levels decline, ALT spikes, and hepatitis occurs. 

HBe may or may not seroconvert to anti-HBe during this stage. The inactive carrier phase 

is characterized by the presence of anti-HBe, low to undetectable HBV DNA, normal 

ALT levels, and minimal hepatitis. Finally, the reactivation stage consists of spikes in 
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both HBV DNA and ALT, as well as active hepatitis consisting of recurrent cycles of 

inflammation, cell apoptosis, and cell regeneration124.  

 

Fig 1.4. The four stages of chronic HBV infection. These stages include 

immune tolerance, immune clearance, inactive carrier, and reactivation. Levels of HBV 

DNA, ALT, and seroconversion from HBe to anti-HBe are important events in chronic 

infection. Cycles of reactivation often lead to HCC (124). 

1.1.7 HBx structure, localization, and function 

HBx is a relatively small polypeptide consisting of 154 amino acids and 

measuring 16.5 kDa. Little is known about its three-dimensional structure as its intrinsic 

disorder has caused it to defy high resolution crystallization and nuclear magnetic 

resonance66. Comparative analyses of HBx gene sequences from mammalian 

hepadnaviruses of different species revealed areas of high conservation, including 

presumptive helical domains located in the amino- and carboxy-terminal regions, and a 

potential coiled-coil motif66. The transactivation domain is found in the C-terminal and 

spans amino acids 51-14496. Site-directed mutagenesis and subsequent functional 
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analyses identified nine cysteine residues believed to be critical for the biological and 

transactivation function of HBx. Additional studies demonstrated Cys61, Cys69, and 

Cys137 mutations abrogated the transactivation potential of HBx on multiple cellular and 

viral promoters86.  

HBx is most often localized to the cytoplasm but has also been observed in the 

nucleus. The transport of HBx into the nucleus is controversial but may be context 

dependent. One group found that HBx shuttles between the nucleus and cytoplasm 

through a Crm-1 dependent nuclear export pathway66. Another group found that HBx 

contains a functional nuclear export signal (NES) in its C-terminus, mutational 

substitution of which resulted in nuclear distribution of HBx86.  

HBx does not bind DNA directly, and is classified as a trans-activating protein. 

Instead HBx interacts with other proteins, such as transcription factors, to mediate its 

effects. In the viral life cycle, HBx functions to promote virus gene expression and virus 

genome replication15. Its ability to stimulate virus replication and transcription likely 

involves transactivation of enhancer/promoter complexes in the virus genome, interaction 

with the proteasome66, and alterations of host cell gene expression patterns that promote 

the survival and growth of infected cells. Many of the changes in host cell gene 

expression mediated by HBx not only protect infected cells from immune mediated 

killing, but also award these same cells with properties integral to carcinogenesis.  

1.1.8 HBx and its role in HCC pathogenesis 

 HBx is a trans-activating protein largely responsible for the carcinogenic 

potential of HBV14, 15, 16. It mediates the pathogenesis of HCC by altering signaling 

pathways crucial to cell survival, inflammation, angiogenesis, and immune responses13. 
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All mammalian hepadnaviruses are associated with the development of HCC (e.g. human 

hepatitis, woodchuck hepatitis, and ground squirrel hepatitis) while the duck hepatitis B 

virus, which lacks HBx, is not12.  It is strongly and directly correlated with the 

progression of chronic liver disease (CLD), and mice transgenic for HBx successfully 

recapitulate the pathogenesis of the disease, providing further evidence of an oncogenic 

role of HBx12. 

HBx activity is promoted by the chronic inflammatory environment16 preceding 

more than 80% of HCC diagnoses21. Chronic HBV infection is accompanied by repeated 

bouts of hepatitis which trigger hepatocytes to undergo apoptosis and regeneration in an 

attempt to clear the virus from the liver.  Given that HBx protects infected cells from 

immune mediated destruction, regeneration following a bout of hepatitis often involves 

expansion of virus infected cells. The recurrent cycles of cell death and regeneration are 

also associated with increased integration of HBV DNA fragments, with most integration 

events retaining the ORF encoding HBx18, leading to the alteration of host gene 

expression14, chromosomal instability20, establishment of chronic infection, and HCC. 

While not directly mutagenic, HBx is known to compromise DNA repair in 

response to oxidative stress137, 138, which permits the propagation of mutations. HBx can 

also alter the expression of growth-control genes like the SRC tyrosine kinases; Ras, Raf, 

Mapk, Erk13, as well as trans-activate several transcription factors including AP-1, 

CREB, and NF-κB87 (Fig 1.5). These pathways are known to contribute importantly to 

HCC through increased cellular proliferation, migration, and cell survival110, 112. HBx has 

also been shown to bind and inactivate tumor suppressors, such as p53, deregulating cell 

cycle checkpoints and leading to accumulation of oncogenic mutations13.  
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Fig 1.5. The pleiotropic effects of HBx. HBx alters various signaling pathways 

and biological processes to promote carcinogenesis (134). 

1.1.9 HBx alters the epigenome to promote tumorigenesis 

HBx is capable of mediating epigenetic changes that silence tumor suppressors 

and activate host oncogenes to promote carcinogenesis88 (Fig 1.6). DNA methylation is 

associated with gene silencing and occurs in islands of cytosine-guanine dinucleotides 

(CpGs). Methylation of these CpG islands is characterized by the addition of a methyl 

group to the 5-carbon of cytosine and is carried out by a family of DNA 

methyltransferases (DNMTs). These DNMTs can be recruited to the promoters of tumor 

suppressor genes resulting in hyper-methylation and reduced gene expression. HBx has 

been shown to mediate these changes through different mechanisms including 

upregulation of expression of DNMTs through transcriptional trans-activation or through 



16 

 

recruitment of DNMTs to specific genes. The resultant silencing of hypermethylated 

genes by HBx has been shown to alter expression of tumor suppressors such as p16, a 

negative regulator of the cell cycle, and glutathione S-transferase P1 (GSTP1)88, a gene 

that protects cells from oxidative damage. Hypomethylation caused by HBx increases 

expression of host oncogenes such as retinal dehydrogenase 1 (ALDH1) and cadherin 6 

(CDH6)88. 

HBx is also able to induce aberrant histone modifications to alter the epigenome. 

Histone modifications include acetylation, methylation, phosphorylation, and 

ubiquitination of chromatin histones. Acetylation of histone lysine residues is the best 

understood histone modification mediated by HBx. Typically, histone acetylation is 

associated with increased gene expression, while histone methylation is more complex. 

When the lysine residue on the N-terminal tail of a histone is deacetylated, the positive 

charge of the lysine interacts with the negatively charged phosphate groups of DNA, 

leading to a closed chromatin structure. Upon acetylation of the lysine residue, the 

positive charge is neutralized, relaxing the interaction between DNA and histones, 

leading to an open, accessible chromatin structure. Histone acetylation is controlled by 

histone deacetylases (HDACs), histone deacetylase inhibitors (HDACi), and histone 

acetyltransferases (HATs). Both HDACi and HATs increase histone acetylation and are 

therefore associated with active transcription. Similar to its effect on DNA methylation, 

HBx can induce histone acetylation and subsequent expression of oncogenes and promote 

the deacetylation and silencing of tumor suppressors88. 

Epigenetics also extends to the altered expression of microRNAs (miRNAs). 

miRNAs are short, single stranded, non-coding RNAs that regulate gene expression. 
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miRNAs bind to the targeted mRNA preventing protein production either by inducing 

cleavage of the mRNA or repressing protein synthesis. HBx can upregulate miRNAs that 

eliminate tumor suppressors, such as miR-602 which targets and degrades the tumor 

suppressor RASSF1A89. Alternatively, HBx can downregulate miRNAs that eliminate 

oncogenes, such as let-7a which targets STAT3, an inducer of cell proliferation90. 

Through these epigenetic mechanisms, HBx has been shown to be capable of promoting 

the development of liver cancer. 

 

 

Fig 1.6. Epigenetic changes mediated by HBx that promote tumorigenesis. 

HBx promotes histone hypoacetylation of tumor suppressor genes, and hyperacetylation 

of tumor promoting genes to promote HCC (88). 

1.2 Short Chain Fatty Acids (SCFAs): their potential as anti-inflammatory and 

anti-neoplastic drugs. 

1.2.1 SCFAs production and natural concentration in the human body 
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SCFAs are produced by the anaerobic fermentation of dietary fiber carried out by gut 

microorganisms. They are free fatty acids consisting of one polar carboxylic acid group 

and 1-6 hydrophobic hydrocarbon chains among which butyrate, propionate, and acetate 

are the most abundant22, and so henceforth the term ‘SCFAs’ will be used to refer to 

butyrate, propionate, and acetate. Once produced, SCFAs are released into the intestinal 

lumen where they will be absorbed in the colon and either utilized as an energy source for 

colonocytes, diffused through the intestinal epithelium to be released into the 

bloodstream, or transported through the portal vein to reach other organs, including the 

liver92. SCFAs exist in concentrations of 70-140 mM in the proximal colon and decrease 

to 20-70 mM in the distal colon as they are utilized as energy for intestinal cells91. 

Outside of the colon, SCFAs reach concentrations of 375 μM in portal blood, 148 μM in 

hepatic blood, and 79 μM in peripheral blood93. 

1.2.2 SCFAs toxicity and side effects 

SCFAs have a very short half-life of 6 minutes and so large doses are required for 

therapeutic effect. Since unabsorbed SCFAs are excreted, high doses are well tolerated 

with the primary side effect reported being drowsiness. In fact, concentrations up to 300 

mM have been given in drinking water with no adverse side effects94, 95.  

1.2.3 SCFAs function through three main mechanisms 

SCFAs mediate their pleiotropic effects by three primary mechanisms (Fig 1.7): acting 

as ligands for G-protein coupled receptors (GPCRS), altering cell metabolism, and 

inhibition of histone deacetylases (HDACi). They bind to GPR43, GPR41, and GPR109a, 

present on the surface of cells, with varying affinity. Receptor engagement by SCFAs alters 

the activity of selected downstream signaling pathways, which ultimately impact cell 
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phenotype. SCFAs regulate cell metabolism by being converted into acetyl-CoA, an 

important energy storing molecule, in the mitochondria, which then enters the Krebs cycle. 

Finally, they can function as HDACi to alter gene expression. Their anti-carcinogenic 

properties are widely believed to result from their ability to function as HDACi27 (Fig 1.8).  

SCFAs can enter cells by passive diffusion or with the help of selected transporter 

molecules140. 

SCFAs, acting as HDACi, can activate gene expression by creating a more open 

chromatin structure105. Butyrate has the highest capacity for HDACi, even more so than 

the well-established HDACi trichostatin A105, while acetate has the lowest. The ability of 

butyrate to inhibit HDACs is believed to be due to competitive inhibition, as two molecules 

of butyrate can occupy the hydrophobic cleft of the active site of HDACs, rendering them 

ineffective106.  

Cancer cells produce energy primarily through aerobic glycolysis instead of 

oxidative phosphorylation. This characteristic switch, termed “The Warburg Effect” is 

likely due to the fact that the mitochondria of cancer cells are often damaged and 

inefficient. In normal cells, butyrate is primarily used as an energy source. In cancer cells 

however, butyrate is not metabolized in the damaged mitochrondria, but instead 

accumulates in the nuclei where it is able to competitively inhibit HDACs107. This 

mechanism is believed to be largely responsible for the different effects of SCFAs on 

cancer cells versus normal cells, i.e. the induction of apoptosis in cancer cells and lack of 

effect on normal cell survival. 
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Fig 1.7. SCFAs act through three primary mechanisms. They are capable of binding G 

protein coupled receptors (GPCRs) to alter signaling cascades, utilized as an energy source 

to alter cell metabolism, and function as HDAC inhibitors to influence gene expression 

(56). 
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Fig 1.8. The ability of butyrate to inhibit HDACs contributes largely to its anti-cancer 

properties. By blocking HDACs 8, 3, and 6, butyrate inhibits important oncogenic 

pathways resulting in reduced cell proliferation, survival, and migration (135).
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1.2.4 SCFAs, disease treatment, and cancer prevention 

SCFAs regulate inflammatory disease by tightly controlling the migration of immune 

cells toward inflammatory sites as well as modulating their activation state, thereby 

influencing the balance between pro- and anti-inflammatory cells23. They stimulate the 

differentiation of naïve T cells into T regulatory cells in order to resolve inflammation120. 

To facilitate this, SCFAs inhibit the NF-κB pathway, a key regulator of the inflammatory 

response97. Due to their immunomodulatory nature, SCFAs were found to be efficacious 

in the treatment of several autoimmune disorders including lupus98 and inflammatory 

bowel disease99 (Fig 1.9).  

SCFAs have been shown to regulate cell growth and differentiation, prevent 

inflammation, inhibit cell proliferation and induce apoptosis in cancer cells while showing 

no toxicity to normal cells from which tumors arise26, 27. Acetate is able to activate the 

tumor suppressor PTEN leading to inhibition of the PI3K/Akt pathway and reduced cell 

proliferation100. SCFAs induce cell cycle arrest by activating p21WAF1 and down-regulating 

cyclins D1 and E1 in several cancer cell lines including colon, breast, and liver101. Studies 

in gastric cancer found that butyrate triggers apoptosis by downregulating Ras and Akt 

signaling102, 103 and upregulating pro-apoptotic proteins such as p53104. SCFAs have been 

used in the treatment of colitis-associated colorectal cancer (CRC)25, 121, 122, a cancer 

mechanistically similar to HBV-associated HCC in that they both develop on a background 

of chronic inflammation. SCFAs have been found to reduce angiogenesis in colon cancer 

through repression of pro-angiogenic factors, including HIF-1α and VEGF29. They have 

also been shown to stimulate the production of glutathione-S-transferase, a tumor 
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suppressor that mitigates oxidative damage28, and modulate oxidative stress through 

reduction of H2O2-induced DNA damage29.  

 

Fig 1.9. SCFAs are anti-inflammatory. They are small enough to diffuse through the 

intestinal epithelial and mediate their anti-inflammatory and chemo preventive effects on 

distant organs, including the liver (132). 

1.2.5 The use of SCFAs in the prevention of HBV-associated HCC 

Although SCFAs have anti-cancer and anti-inflammatory effects24, their use in HCC 

treatment has never been investigated. The rationale behind using a mixture of the SCFAs 

acetate, propionate, and butyrate originally came from a study showing that this mixture 

stimulated the differentiation of T regulatory cells (Tregs), leading to increased numbers 

of circulating Tregs and reduced inflammation120.   Given the immune-mediated nature of 

HCC, as evidenced by chronic inflammation preceding most diagnoses, SCFAs were 

originally hypothesized to rein in the immune response and prevent disease progression. 
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In addition, the complex nature of cancer requires a multi-mechanistic approach to 

prevent, halt, or delay its progression. These three SCFAs bind three GPCRs with varying 

affinity leading to diverse cell signaling effects. Butyrate is a more effective HDACi than 

acetate or propionate, whereas all three are effective stimulators of Tregs. Each SCFA 

has its own individual benefit, and the use of all three would afford us the greatest 

opportunity to target multiple stages of carcinogenesis and impact the pathogenesis of 

HBV-associated HCC.
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Treatment of mice 

HBx transgenic (HBxTg) used herein were created as previously described12, 32. 

Six month old and nine month old mice were treated five days per week with SCFAs by 

oral gavage or drinking water for three months. Concentrations of each SCFA was 40mM 

of butyrate, 67.5mM of acetate, and 25.9mM of propionate as reported previously120.   

After three months of treatment, the mouse was perfused using PBS, and the livers were 

removed and examined for disease stages. The diameter of macroscopic tumors were 

measured using a ruler, small tumors had diameters (d)<0.5cm, medium tumors had 

diameters between 0.5-1.0cm, and large tumors had diameters greater than 1cm. For 

xenograft experiments, male nude mice (Athymic nude-Foxn1nu, Charles River) 4-5 

weeks old, were injected subcutaneously with 0.2 ml of 1 x 107 Huh7x cells in PBS. 

Treatment with SCFAs was started after tumor dimensions reached about 0.6 cm in 

length and width. Tumor volumes were measured by caliper measurements and 

calculated according to the formula (Length x (Width 2))/2 as described34. The low dose 

of SCFAs was the same as given to the HBxTg (40mM butyrate, 67.5mM acetate, 

25.9mM propionate). The high dose group received 140mM butyrate, 67.5mM acetate, 

and 25.9mM propionate. At the end of all experiments, tumors were removed and 

sections were paraffin-embedded and flash frozen for long-term storage. Mice were 

housed in a pathogen-free room under controlled temperature and humidity. All animal 
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protocols have been approved by the Temple University Institutional Animal Care and 

Use Committee. 

2.2 Immunohistochemistry (IHC), Hemotoxylin and Eosin (H&E) staining 

HBxTg were sacrificed at 12 months, livers removed, fixed in formalin, and 

embedded in paraffin. Slides were prepared from these paraffin blocks. HBxTg slides 

were then deparaffinized, dehydrated, incubated for 30 minutes in Unitrieve antigen 

retrieval solution (Innovex) heated to 60°, and stained using the UltraVision detection 

system (Thermoscientific). Antibodies used were anti-HBx (anti-99) and anti-Dab2 

(Abcam). Normal mouse immunoglobulin G (anti-IgG. Santa Cruz) was used as a control 

for anti-Dab2 while prebleed rabbit serum from the same animal that generated anti-99 

was used as a control for HBx staining. Staining intensity was recorded as +, ++, and +++ 

according to the presence of positively stained cells. One plus (+) is noted when less than 

20% of cells are stained, two pluses (++) are recorded when between 20-70% of cells are 

stained, and three pluses (+++) are recorded when greater than 70% of cells are stained. 

Liver morphology and pathology stage was evaluated using hematoxylin and eosin 

(Fisher Scientific Company) staining. Slides were observed for morphology 

independently by two investigators. The presence of a disease stage was indicated by a 

plus sign, and when possible, lesions were counted.  

2.3 Western blots (WB)  

Liver tissues were homogenized in lysis buffer (Abcam) with protease inhibitor 

cocktail (Abcam). Cell debris was removed by double centrifugation at 14,000 x g for 15 

minutes. Protein extracts from cells were prepared using the same lysis buffer. For WB, 

100 μg of protein extracts from liver tissues were separated on SDS-polyacrylamide gels 
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and transferred to nitrocellulose membranes (GE Healthcare Life Sciences). Membranes 

were incubated with antibodies against anti-Dab2 (Abcam) or anti-Shoc2 (Abcam), and 

β-actin (Sigma). The blots were developed using the Odyssey western blotting kit (Li-

Cor). Visualization was performed by OdysseyFc imaging system and quantification by 

Image studio 5.x software (www.licor.com). 

2.4 Ras activity assay 

A GST pulldown assay (Abcam) was performed on control (n=7) and SCFA-

treated (n=7) HBxTg to isolate GTP bound Ras. The Ras binding domain (RBD) of Raf-1 

was used as the bait. 100 μg of protein extracts from liver tissues were homogenized in 

lysis buffer (Abcam) with protease inhibitor cocktail (Abcam). Cell debris was removed 

by double centrifugation at 14,000 x g for 15 minutes. The protocol was followed 

according to manufacturer’s instructions. 40µl of resuspended beads were added to each 

sample, and tubes were incubated for 2 hrs at 4ºC with gentle rotation. The beads were 

pelleted by centrifugation at 140000 x g for 10 seconds and the supernatant was 

aspirated. The beads were washed 3 times with 0.5ml buffer, centrifuged, and supernatant 

aspirated. The beads were resuspended in 40 µl of 2x SDS-PAGE sample buffer (Abcam) 

and boiled for 10 minutes at 90ºC. Once isolated, the samples were separated on SDS-

polyacrylamide gel and transferred to nitrocellulose membrane. Membrane was incubated 

with anti-ras (cell signaling).  The blots were developed using the Odyssey western 

blotting kit (Li-Cor). Blots were visualized using OdysseyFc imaging system and 

quantified by Image studio. 

2.5 Primary cells and cell lines 

http://www.licor.com/
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Huh7 and Hep3B cells were stably transduced with HBx gene by recombinant 

retroviruses (referred to as Huh7x and Hep3Bx, respectively) and cultured without the 

selection of individual clones as previously described33. These cell lines have been used 

in previously published work32. Primary human hepatocytes were purchased from Zen-

Bio, Inc. and cultured according to manufacturer’s instructions. 

2.6 MTS cell viability assay 

The survival of cells was measured by the ability of live cells to convert the 

tetrazolium salt into purple formazan. Cells were plated in 96 well plates in complete 

DMEM and incubated in 5% CO2 overnight. The cells were then treated with different 

concentrations of SCFAs (0mM, 1mM, 5mM, and 10mM) for 24 hours. After incubation 

for 24 hours.  CellTiter 96 Aqueous One Solution Reagent (Promega) was added to each 

well and the plates were further incubated according to manufacturer’s instructions. Once 

incubation was complete, the purple color was quantified by measuring absorbance at 

490nm using a calorimetric microplate reader. All measurements were performed in 

triplicate. Results are expressed as the percentage of proliferation with respect to control 

cells. 

2.7 Mass spectrometry-based proteomics 

Liver tissues from 9- and 12-month old treated and control mice were homogenized 

in guanidine hydrochloride (GdmCl) lysis buffer. Samples were centrifuged at 14,000g for 

10 minutes. After protein concentration was determined using the Bradford assay, 100μg 

protein was cleaved into smaller peptide components using trypsin. Three controls and 

three treated samples were analyzed from each age group. In order to maximize the number 

of detected proteins, three fractions were created from each sample. Samples were 
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fractionated and desalted according to in-StageTip processing protocol as previously 

described65.  

Label-free proteomic analysis was performed on these fractions (i.e. nine fractions 

from three treated mice and nine fractions from three control mice, in each age group) using 

Q exactive mass spectrometer (Thermoscientific) in three biological replicates per group. 

Electrospray ionization (ESI) was delivered with an emitter (ID 30 μM, 40 mm length) at 

a spray voltage of −1800 V. MS/MS fragmentation was performed on the ten most 

abundant ions in each spectrum using collision-induced dissociation with dynamic 

exclusion (excluded for 10.0 s after one spectrum), with automatic switching between MS 

and MS/MS modes. The complete system was entirely controlled by Xcalibur software. 

Mass spectral data processing was performed using MaxQuant software v1.6.2.3, the 

criteria was set as follows: peptide false discovery rate (FDR) 0.01, protein FDR 0.01, 

minimum peptide length: 7 amino acids, minimum razor and unique peptides: 1, min. 

Minimum ratio for LFQ: 1. The generated peak list was processed through the Andromeda 

software and searched against the SwissProt mouse database (release 2018_01; 16,950 

sequences). The Andromeda search parameters were set as follows: species, Mus 

musculus; enzyme, trypsin; fixed modification, carbamidomethyl on Cys; variable 

modifications, methionine oxidation and acetyl (protein N-term); 7 ppm mass tolerance for 

precursor peptide ions and 20 ppm mass tolerance for product ions. Data were filtered at 

1% protein and peptide spectrum matches (PSMs) FDR. A t-test was performed on 

quantified proteins to select proteins with low variance within a group and significantly 

differentially expressed between groups. Those proteins that were differentially expressed 

to statistical significance (greater than two-fold difference in magnitude compared with 
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control mice and p < 0.05) were selected for pathway analysis using publically available 

pathway analysis software and literature searches. Additionally, those proteins that were 

detected in the majority or every member of one group (i.e. 2 of 3 mice, or all 3 mice)35 

but undetected in every member of the opposing group were selected for pathway analysis 

and literature searches. The term ‘undetected’ is used to refer to proteins that, if present, 

fall below the limit of detection of the mass spectrometer. The ‘infinite ratio’ is used to 

refer to proteins that are detected in one sample but not another, and results form 

imputation. The process of imputation fills gaps with values simulating the detection limit 

of the machine, and so these proteins are said to be 100-fold above the detection limit55. 

The Q exactive is capable of detecting proteins present in as little as 1ng of sample147 

making it a very sensitive mass spectrometer with a low limit of detection. 

2.8 Statistical tests 

Chi square analysis was used to determine significance between pathology stage 

in treated vs control HBxTg. Student’s t test was used to evaluate significance in 

dysplastic nodule development in 9-month old treated vs control HBxTg, tumor 

development in 12-month old treated vs control HBxTg, and tumor growth in nude mice. 

Statistical significance was considered when p < 0.05. The significance between 

microscopic tumor development in the 9-month old group was determined using Fisher’s 

exact test. The difference in staining intensity of Dab2 between treated vs controls was 

evaluated by chi square analysis. The difference in dose response in Huh7x and Hep3Bx 

cell lines was determined by one-way anova.
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CHAPTER 3 

SCFAs DELAY THE PATHOGENESIS OF HBV-ASSOCIATED HCC 

 

3.1 HBxTg closely recapitulate HBV pathogenesis observed in people  

HBxTg mice harbor only the HBx ORF without any of the other HBV ORFs. These 

mice recapitulate the pathogenesis of chronic HBV infection similar to that which is seen 

in human carriers, meaning these mice develop hepatitis, steatosis, dysplastic nodules, 

microscopic HCC and macroscopic HCC as is observed in humans infected with HBV. It 

has been previously shown128, and confirmed in this study, that these mice do express the 

HBx protein (Fig 3.2). 

In these mice, hepatitis and steatosis develop by 4 months of age, dysplastic cells 

appear at 6 months of age, dysplastic nodules and microscopic (micro) HCC develop by 9 

months of age, and macroscopic (macro) HCC develops by 12 months of age (Figs 3.0, 

3.1). Given the anti-tumor and anti-inflammatory properties of SCFAs, experiments were 

designed to test the hypothesis that SCFAs could be effective in the treatment of HBV-

associated HCC.  

Fig 3.0. Timeline of HBxTg disease stages reflecting pathogenesis. HBxTg develop 

hepatitis and steatosis around 4 months of age, dysplastic hepatocytes at 6 months of age, 
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dysplastic nodules and microscopic HCC at 9 months of age, and macroscopic HCC at 12 

months of age. 

Fig 3.1. Pathogenesis of chronic HBV infection. (a) normal liver architecture showing 

characteristic octagon shaped lobules with central vein in middle (b) hepatitis 

surrounding the central vein (200x) (c) steatosis shown as clear droplets (200x) (d) 

dysplastic cells marked by high nuclear/cytoplasmic ratio shown next to nondysplastic 

cells for comparison (400x), white arrow moves from nondysplastic cells pointing to 

dysplastic cells (e) microscopic HCC (200x) (f) macroscopic HCC observed as three 

tumors on the underside of a liver lobe, white arrows are pointing to tumors. 
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Fig 3.2. HBxTg express HBx. (a) Immunohistochemical staining of HBx positive mouse 

liver tissue (b) IgG staining of HBx positive mouse liver tissue (c) HBx staining of HBx 

negative mouse.  

3.2 Results 

3.2.1 SCFAs delayed progression of disease pathology 

 Treatment began at 6 months of age, when HBxTg develop dysplastic 

hepatocytes, and continued until 9 months of age (9-month old group), when HBxTg 

develop microscopic HCC. Either drug or vehicle was delivered by oral gavage 5 days per 

week for three months. Controls (n=9) received PBS only while treated (n=9) mice 

received a mixture of butyrate, propionate, and acetate. At the end of three months, mouse 

livers were perfused to remove blood from the liver in order to avoid contaminating 

proteins present in the blood with those present in the liver. Once removed, the liver was 

examined for pathology stage. Given the age of these mice, it was predicted and confirmed 

that neither treated nor control mice had macroscopic tumors. H&E staining of the liver 

was performed in order to observe microscopic morphology. There was no difference in 

the number of mice with hepatitis between control and treated groups. Unexpectedly, more 

treated mice developed steatosis vs control mice although not significantly. Treatment with 

SCFAs reduced the number of mice that developed dysplasia and microscopic HCC (Fig 

3.3b, p < 0.01). Livers from treated mice were found to have developed significantly fewer 
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dysplastic lesions (Fig 3.3a, b, Tables 3.0, 3.1, p < 0.01). These results support the 

hypothesis that SCFAs delay progression of HCC pathogenesis. 
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Table 3.0 Pathology profile for 9-month old control HBxTg. 

Mouse Sex Hepatitis Steatosis Dysplasia Micro HCC 

HC107 ♀ + + +(1) +(1)  
HC112 ♂ - - - - 
HC106 ♂ + - +(2) - 
HC109 ♂ - - +(3) - 
HC110 ♀ + - +(5) - 
HC111 ♀ + - +(1) +(2)  
HC988 ♀ + + +(5) +(1) 
HC989 ♂ + + - - 
HC990 ♀ + + +(5) - 

A plus sign indicates observation of pathology. Minus sign indicates absence of pathology. 

When possible, number of lesions was recorded. 

 

Table 3.1 Pathology profile of 9-month old SCFA-treated HBxTg. 

Mouse Sex Hepatitis Steatosis Dysplasia Micro HCC 

HC969 

 

♂ - + +(1)  - 

HC971 ♂ + + +(1) - 
HC974 ♀ +  - - - 
HC975 ♂ + - - - 
HC999 ♀ + + +(1) +(1) 
HC100 ♂ + + +(1) - 
HC101 ♂ - - - - 
HC102 ♀ + + - - 
HC108 ♀ + + +(1) +(1) 

A plus sign indicates observation of pathology. Minus sign indicates absence of pathology. 

When possible, number of lesions was recorded. 



36 

 

a.   

b.  c.  

Fig 3.3. Pathology of 9-month old group. (a) Stage of pathology is recorded. 

Black bars indicate percentage of control mice that developed each stage, blue bars indicate 

percentage of treated mice that developed each stage. (b) SCFAs reduced the number of 

mice that developed dysplasia and microscopic HCC (p < 0.01). (c) Fewer treated mice 

developed dysplastic nodules (*p < 0.01). Each dot represents a mouse, and the y axis 

depicts the number of nodules present in the liver of that mouse. Control n=9, Treated n=9.  

3.2.2 SCFAs decreased macroscopic tumor development in the 12-month old 

group 

Treatment began at 9 months of age, when HBxTg had developed dysplastic 

nodules and microscopic HCC and continued until 12 months of age (12-month old group), 
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when these mice develop macroscopic HCC. After three months of treatment, HBxTg 

livers were perfused and examined both macroscopically and microscopically for disease 

stage (Tables 3.2, 3.3). Fewer treated mice developed hepatitis, dysplasia, microscopic and 

macroscopic HCC. However, as seen in the 9-month old group, more treated mice 

developed steatosis compared to controls. SCFAs reduced the number of mice that 

developed dysplasia, microscopic HCC, and macroscopic HCC (Fig 3.4e, p < 0.05). 

HBxTg treated with SCFAs had statistically fewer and smaller tumors compared to 

controls (Fig 3.4b). Those treated mice that did bear tumors developed, on average, smaller 

tumors than did the controls (Fig 3.4b, d). These results demonstrated that SCFAs are 

capable of delaying tumor progression. 

Table 3.2 Pathology profile of 12-month old control HBxTg. 

Mouse Sex Hepatitis Steatosis Dysplasia Micro HCC Macro HCC 

HC972 ♂ + - + + +(1) 

HC973 ♀ + - + + +(1) 

HC976 ♂ + + + + +(1) 

HC977 ♂ - - + + - 

HC980 ♀ + + +  + +(1) 

HC987 ♂ - - + - - 

HC998 ♂ + - + - - 

HC822 ♀ + + + + +(9) 

HC845 ♀ + + + - - 

HC851 ♀ + + + + +(6) 

HC853 ♀ + + + + +(3) 

HC855 ♀ + + + + +(5) 

HC863 ♀ - + + + - 

HC864 ♀ - + + - - 

HC866 ♀ - + + + +(1) 

HC867 ♀ - + + + - 

HC868 ♀ + + + + +(2) 

HC869 ♂ + - + - - 

HC871 ♂ - + + + +(1) 

HC874 ♀ - + - - - 

A plus sign indicates observation of pathology. Minus sign indicates absence of 

pathology. When possible, number of lesions was recorded. 
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Table 3.3 Pathology profile of 12-month old SCFA-treated HBxTg. 

Mouse Sex Hepatitis Steatosis Dysplasia Micro HCC Macro HCC 

HC962 ♀ - + + - - 
HC968 ♀ + - - + - 
HC970 ♀ + + + - - 
HC978 ♀ + + + + - 
HC983 ♂ + + + + +(1) 
HC995 ♀ - + + + - 
HC992 ♀ + + + - - 
HC828 ♀ - - + +  - 

HC831 ♀ - - + + +(1) 

HC832 ♀ + + + + +(1) 

HC833 ♀ - - + - - 

HC834 ♀ - + + + +(4) 

HC829 ♀ + + + + +(4) 

HC836 ♀ + + + - - 

HC839 ♀ + + + + - 

HC840 ♀ - - - - - 

HC841 ♀ - + + + +(2) 

HC844 ♀ + + + + +(2) 

HC846 ♀ + + + - - 

A plus sign indicates observation of pathology. Minus sign indicates absence of 

pathology. When possible, number of lesions was recorded. 

a.  
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b.  

c. d.  

e.  

Fig 3.4. Pathology of 12-month old group. (a) Blue bars indicate percentage of 

control mice that developed each stage, treated mice are indicated by orange bars. (b, c) 

SCFA-treated HBxTg developed fewer and smaller tumors. HBxTg treated with SCFAs 

beginning at 9 months and ending at 12 months, developed smaller and fewer tumors 

compared to controls. These differences were statistically significant (p < 0.05). Small 
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tumors had diameters (d)<0.5cm, medium tumors had diameters between 0.5 and 1.0cm, 

and large tumors had diameters greater than 1cm. (d) Representative images showing that 

treated mice developed fewer and smaller tumors compared to controls. (e) Treatment 

reduced the percent of mice that developed dysplasia, microscopic HCC, and macroscopic 

HCC (p < 0.05). 

 

Table 3.4 SCFA-treated HBxTg developed fewer tumors than control mice by 12-months 

of age. 

Number of mice Group Total No. of Tumors Mean tumor/mouse 

20 Control 34 1.55 

19 SCFA 15 0.79 

 

3.3 Discussion 

SCFAs reduced the number of dysplastic nodules and macroscopic tumors that 

developed in HBxTg. In the 12-month old group, treatment beginning at the onset of 

microscopic HCC and concluding at the expected onset of macroscopic HCC, resulted in 

a statistically significant decrease in tumor size and number. In the 9-month old group, 

microscopic HCC was indeed reduced, although this result failed to reach significance.  It 

is possible that the 9-month old group lacked statistical significance due to the inherent 

sample bias in observing microscopic HCC. In order to preserve tissue for other assays, 

only portions of the liver are designated for microscopic observation. It is possible that 

microscopic tumors existed in portions of the liver that were not designated for morphology 

staining, and thus were not observed. This experimental design may also have suffered 
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from low power. By increasing the sample size, we have a more robust ability to detect a 

true effect. Taken together, it is possible that both the small sample size used in this 

experiment, as well as the inherent sample bias, prevented us from detecting a significant 

decrease in microscopic tumor formation among the 9-month old group.  

In both groups, treatment lowered the number of mice that developed hepatitis, 

dysplasia, and HCC. The incidence of steatosis was increased in both treated groups, 

although not significantly. This unexpected increase may be due to a higher intake of fatty 

acids in the treated group, as has been previously reported144. Alternatively, this may be 

indicative of delayed pathogenesis. SCFAs may have slowed the progression from steatosis 

to the formation of dysplastic nodules and HCC, causing more mice to be observed at this 

specific disease stage, and less to be observed at later stages. 
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CHAPTER 4 

PROTEOMIC ANALYSIS OF SCFA-TREATED AND CONTROL HBxTg 

LIVERS 

 

4.1 Introduction 

Proteomics is the large-scale study of proteins and their functions in the cell, tissue, 

or organism. Given that the product of the gene is more complex and reflects the actual 

function of the gene, proteomics is widely considered to give better insight into the 

functionality of the genome and disease states. Proteomics is used to detect disease 

biomarkers, understand disease processes, and observe the effect of drug treatment on 

proteins in the target tissue. Proteomics was used in this analysis to investigate the proteins, 

as well as the pathways in which they function, altered by SCFAs that may provide some 

understanding of the observed delay in pathogenesis. 

Proteomics was performed on both the 9-month old and 12-month old groups in 

order to observe the effect of SCFAs on protein expression. Both statistically significant 

differentially expressed and binary (as defined previously) expressed proteins were 

included in the final pathway analysis. Among the more than three thousand proteins 

identified, two hundred twenty-two (222) proteins in the 9-month old group met this 

criteria, and one hundred twenty-six (126) proteins in the 12-month old group.  

4.2 Results 

4.2.1 Differentially expressed proteins in 9-month old livers 

Of the two hundred and twenty-two proteins analyzed, one hundred and sixty-four 

(164) proteins were increased after treatment in the livers of 9-month old mice. This 
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includes proteins detected in only the treated group, and proteins significantly increased 

compared to controls. SCFAs increased expression of the tumor suppressor ubiquitin 

carboxyl-terminal hydrolase 7 (USP7, Table 4.1), an enzyme involved in the 

deubiquitination and subsequent stabilization of the tumor suppressor p53 and the PI3K 

inhibitor, PTEN30. USP7 was demonstrated to be epigenetically silenced in human HCC117. 

Glutathione S-transferase P1, an important regulator of oxidative damage, was increased 

11-fold following treatment (Table 4.0). Increased expression of GSTP1 was associated 

with reduced AKT phosphorylation, decreased cell proliferation, and better prognosis in 

HCC patients118. A total of fifty-seven (57) proteins were decreased by SCFAs. This 

includes proteins detected only in the control group, and those significantly decreased 

compared to the treated group. Transcription factor p65, a component of the NF-κB family, 

was among the decreased proteins in treated mice (Table 4.2). NF-κB is a key pro-

inflammatory regulator of inflammation which is also constitutively activated in HCC and 

known to be up-regulated by HBx in the pathogenesis of HCC. 

Panther (Protein ANnotation Through Evolutionary Relationship) classification 

system was used to assign proteins into classes. Protein and pathway connections are 

manually curated from the literature by expert biologists108. Most of the increased proteins 

(about 13%) were found to be nucleic acid binding proteins (Fig 4.0a). This class includes 

mRNA splicing factors, ribosomal proteins, and translation initiation factors. Of the 

proteins decreased by SCFAs, most of them (about 11%) belonged in the oxidoreductase 

class (Fig 4.0b). Interestingly, proteins involved in the immune response were both up and 

downregulated.  This result may be due to the immunomodulatory capability of SCFAs. 

Given that the pathogenesis of HCC is immune mediated, modulation of the immune 



44 

 

system has been investigated as a treatment option119. By balancing pro- and anti-

inflammatory mediators, SCFAs function as immunomodulators to reign in the 

inflammatory response. 

4.2.2 Pathway analysis of altered liver proteins in 9-month old group 

An obstacle encountered when analyzing large datasets is understanding how 

molecules work together in biologically relevant ways. Grouping proteins into pathways 

may give better insight into the functionality of the data. Panther classification system was 

used to assign proteins into their functional pathways. Pathway analysis revealed that 

treatment down-regulated the expression of several pathways associated with HCC 

including Wnt, Ras, phosphoinositide 3-kinase (PI3K), fibroblast growth factor (FGF), 

epidermal growth factor (EGF), and vascular endothelial growth factor (VEGF) as well as 

several immune-related pathways including transforming growth factor beta (TGF-β), 

interferon signaling, and inflammation (Fig 4.2). Inflammation and oxidative stress are 

intertwined and have been shown to promote carcinogenesis. The induction of oxidative 

stress by HBx is associated with increased risk for neoplastic transformation in the liver79, 

80. One of the key mediators of inflammation, NF-κB, was found to be decreased by 

SCFAs. The constitutive activation of NF-κB by HBx was shown to be causal to disease 

pathogenesis81, and inhibition of this pathway was associated with reduced proliferation 

and invasion of HCC cell lines67. This pathway also cross-talks with many of the other 

cancer-related pathways decreased by SCFAs including Wnt104, Ras72, PI3K74, VEGF75, 

EGF74, and FGF71. These same pathways are all activated by HBx in human HCC1, 77, 78, 52. 

Given the importance of NF-κB to HCC as well as its relationship with other crucial 
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pathways, its inhibition may be partly responsible for the reduction in disease pathogenesis 

observed in the treated 9-month old group. 

        

Protein Classes Increased by SCFAs in the 9-Month Old Group 

a.  

Protein Classes Decreased by SCFAs in the 9-Month Old Group 
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b.  

Fig 4.0. Effect of SCFAs on Protein Class in the 9-month old group. (a) shows 

the protein classes increased by SCFAs and (b) shows protein classes decreased by SCFAs. 

The orange bars indicate the number of proteins analyzed that belong to each group. The 

black bars indicate the percentage of proteins belonging to each class out of the total 

proteins analyzed. Total proteins analyzed in (a) was 164 and (b) was 57. 
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Table 4.0 Differentially expressed proteins in 9-month old livers. 

Protein Name Protein ID Gene Name Fold Change 

(Treated vs Control) 

Major urinary protein 1 A2BIM8 Mup9 36.8 

Haptoglobin Q61646 Hp 31.6 

Cytochrome P450 2F2 P33267 Cyp2f2 18.8 

40S ribosomal protein S5 P97461 Rps5 14.0 

Glutathione S-transferase P 1 P19157 Gstp1 11.5 

Aldehyde oxidase 3 G3X982 Aox3 11.0 

Small glutamine-rich tetratricopeptide 

repeat-containing protein alpha Q8BJU0 

Sgta 10.4 

Carboxylesterase 3B Q8VCU1 Ces3b 7.8 

U1 small nuclear ribonucleoprotein A Q62189 Snrpa 7.7 

Epiplakin Q8R0W0 Eppk1 7.6 

Phosphoacetylglucosamine mutase Q9CYR6 Pgm3 6.9 

O-phosphoseryl-tRNA(Sec) selenium 

transferase Q6P6M7 

Sepsecs 5.5 

GDH/6PGL endoplasmic bifunctional 

protein Q8CFX1 

H6pd 5.2 

Signal peptidase complex catalytic 

subunit SEC11A Q9R0P6 

Sec11a 5.0 

Murinoglobulin-1 P28665 Mug1 5.0 

Surfeit locus protein 4 Q64310 Surf4 4.9 

Epidermal growth factor receptor 

substrate 15 P42567 

Eps15 4.6 

2-oxo-4-hydroxy-4-carboxy-5-

ureidoimidazoline decarboxylase Q283N4 

Urad 4.6 

Splicing factor U2AF 35 kDa subunit Q9D883 U2af1 4.5 

Immediate early response 3-interacting 

protein 1 Q9CR20 

Ier3ip1 4.5 

ATP-dependent Clp protease proteolytic 

subunit, mitochondrial O88696 

Clpp 4.4 

Cingulin P59242 Cgn 3.8 

LanC-like protein 1 O89112 Lancl1 3.7 

Thyroid hormone receptor-associated 

protein 3 Q569Z6 

Thrap3 3.6 

Chloride intracellular channel protein 4 Q9QYB1 Clic4 3.6 

Histidine--tRNA ligase, cytoplasmic Q61035 Hars 2.9 

60S ribosomal protein L12 P35979 Rpl12 2.8 

Twinfilin-1 Q91YR1 Twf1 2.7 

Cytochrome P450 2C70 Q91W64 Cyp2c70 2.7 

Alanine--tRNA ligase, cytoplasmic Q8BGQ7 Aars 2.6 
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Cytochrome c oxidase subunit NDUFA4 Q62425 Ndufa4 2.4 

Protein ERGIC-53 Q9D0F3 Lman1 2.4 

60S ribosomal protein L18 P35980 Rpl18 2.3 

Peroxisomal targeting signal 1 receptor O09012 Pex5 2.1 

Ras-related protein Rab-32 Q9CZE3 Rab32 0.2 

Cytochrome P450 2C40 P56657 Cyp2c40 0.2 

Cytochrome P450 2A4 P15392 Cyp2a4 0.1 
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Table 4.1 Proteins detected in treated and undetected in control 9-month old liver. 

Protein Name Protein ID Gene Name 

Flotillin-1 O08917 Flot1 

cAMP-dependent protein kinase catalytic subunit alpha P05132 Prkaca 

AP-2 complex subunit sigma P62743 Ap2s1 

Heterogeneous nuclear ribonucleoprotein H2 P70333 Hnrnph2 

Coxsackievirus and adenovirus receptor homolog P97792 Cxadr 

Major urinary protein 20 Q5FW60 Mup20 

25-hydroxycholesterol 7-alpha-hydroxylase Q60991 Cyp7b1 

E3 ubiquitin/ISG15 ligase TRIM25 Q61510 Trim25 

3 beta-hydroxysteroid dehydrogenase type 5 Q61694 Hsd3b5 

N-alpha-acetyltransferase 15, NatA auxiliary subunit Q80UM3 Naa15 

Complement component C8 alpha chain Q8K182 C8a 

Cytosolic acyl coenzyme A thioester hydrolase Q91V12 Acot7 

Protein unc-45 homolog A Q99KD5 Unc45a 

Alcohol dehydrogenase 4 Q9QYY9 Adh4 

Toll-interacting protein Q9QZ06 Tollip 

Transmembrane emp24 domain-containing protein 2 Q9R0Q3 Tmed2 

Histone deacetylase 6 Q9Z2V5 Hdac6 

Solute carrier organic anion transporter family member 1A1 Q9QXZ6 Slco1a1 

Inositol-3-phosphate synthase 1 Q9JHU9 Isyna1 

15 kDa selenoprotein Q9ERR7 15-Sep 

NIF3-like protein 1 Q9EQ80 Nif3l1 

Protein Hikeshi Q9DD02 L7rn6 

Unconventional myosin-Ie E9Q634 Myo1e 

Plasma membrane calcium-transporting ATPase 1 G5E829 Atp2b1 

GTP-binding protein 1 O08582 Gtpbp1 

Exocyst complex component 4 O35382 Exoc4 

39S ribosomal protein L23, mitochondrial O35972 Mrpl23 

Transcription elongation factor SPT5 O55201 Supt5h 

Peripheral plasma membrane protein CASK O70589 Cask 

Baculoviral IAP repeat-containing protein 6 O88738 Birc6 

Serum amyloid A-1 protein P05366 Saa1 

Low affinity immunoglobulin gamma Fc region receptor II P08101 Fcgr2 

Dystrophin P11531 Dmd 

Tyrosine-protein kinase JAK1 P52332 Jak1 

Phosphatidylinositol transfer protein alpha isoform P53810 Pitpna 

Transport and Golgi organization 2 homolog P54797 Tango2 

Small nuclear ribonucleoprotein G P62309 Snrpg 
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Serine/threonine-protein phosphatase 2B catalytic  

subunit alpha isoform 

P63328 Ppp3ca 

55 kDa erythrocyte membrane protein P70290 Mpp1 

Rho-related GTP-binding protein RhoG P84096 Rhog 

Sodium/potassium-transporting ATPase subunit beta-3 P97370 Atp1b3 

Protein FAM98A Q3TJZ6 Fam98a 

RNA demethylase ALKBH5 Q3TSG4 Alkbh5 

Heparan-alpha-glucosaminide N-acetyltransferase Q3UDW8 Hgsnat 

Echinoderm microtubule-associated protein-like 4 Q3UMY5 Eml4 

Protein PRRC1 Q3UPH1 Prrc1 

Protein odr-4 homolog Q4PJX1 Odr4 

RNA-binding protein 3 O89086 Rbm3 

Syntaxin-binding protein 3 Q60770 Stxbp3 

Protein arginine N-methyltransferase 1 Q9JIF0 Prmt1 

Ribosomal protein S6 kinase beta-2 Q9Z1M4 Rps6kb2 

Eukaryotic translation initiation factor 2 subunit 3, Y-linked Q9Z0N2 Eif2s3y 

Signal transducer and activator of transcription 2 Q9WVL2 Stat2 

Histone-arginine methyltransferase CARM1 Q9WVG6 Carm1 

Mitochondrial import inner membrane translocase subunit Tim8 A Q9WVA2 Timm8a1 

Translation initiation factor eIF-2B subunit delta Q61749 Eif2b4 

Pleckstrin homology-like domain family A member 1 Q62392 Phlda1 

Complement component receptor 1-like protein Q64735 Cr1l 

E3 ubiquitin-protein ligase HECTD1 Q69ZR2 Hectd1 

Ubiquitin carboxyl-terminal hydrolase 7 Q6A4J8 Usp7 

Cleavage and polyadenylation specificity factor subunit 6 Q6NVF9 Cpsf6 

GPI transamidase component PIG-S Q6PD26 Pigs 

Nuclear pore complex protein Nup98-Nup96 Q6PFD9 Nup98 

Calcium/calmodulin-dependent protein kinase type II subunit delta Q6PHZ2 Camk2d 

Coiled-coil domain-containing protein 93 Q7TQK5 Ccdc93 

Putative adenosylhomocysteinase 2 Q80SW1 Ahcyl1 

Nischarin Q80TM9 Nisch 

Coagulation factor XII Q80YC5 F12 

Nuclear-interacting partner of ALK Q80YV2 Zc3hc1 

ATP-dependent RNA helicase DDX42 Q810A7 Ddx42 

N-acetylglucosamine-6-sulfatase Q8BFR4 Gns 

Complement component C8 beta chain Q8BH35 C8b 

Dephospho-CoA kinase domain-containing protein Q8BHC4 Dcakd 

Derlin-2 Q8BNI4 Derl2 

DmX-like protein 2 Q8BPN8 Dmxl2 

Prostaglandin E synthase 2 Q8BWM0 Ptges2 

Serine/threonine-protein phosphatase PGAM5, mitochondrial Q8BX10 Pgam5 
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Protein disulfide-isomerase TMX3 Q8BXZ1 Tmx3 

Small integral membrane protein 4 Q8C1Q6 Smim4 

WD repeat-containing protein 26 Q8C6G8 Wdr26 

E3 UFM1-protein ligase 1 Q8CCJ3 Ufl1 

Protein arginine N-methyltransferase 5 Q8CIG8 Prmt5 

ATP-binding cassette sub-family A member 8-B Q8K440 Abca8b 

Protein Z-dependent protease inhibitor Q8R121 Serpina10 

Coiled-coil domain-containing protein 58 Q8R3Q6 Ccdc58 

Phosphoribosyl pyrophosphate synthase-associated protein 2 Q8R574 Prpsap2 

Anamorsin Q8WTY4 Ciapin1 

FERM, RhoGEF and pleckstrin domain-containing protein 2 Q91VS8 Farp2 

Protein FAM3C Q91VU0 Fam3c 

Cytochrome P450 4A12A Q91WL5 Cyp4a12a 

Importin-9 Q91YE6 Ipo9 

Mannose-1-phosphate guanyltransferase alpha Q922H4 Gmppa 

DNA-directed RNA polymerases I, II, and III subunit RPABC3 Q923G2 Polr2h 

Mitotic checkpoint protein BUB3 Q9WVA3 Bub3 

Histone deacetylase 6 Q9Z2V5 Hdac6 

Transmembrane emp24 domain-containing protein 2 Q9R0Q3 Tmed2 

Alcohol dehydrogenase 4 Q9QYY9 Adh4 

Toll-interacting protein Q9QZ06 Tollip 

Translation initiation factor eIF-2B subunit alpha Q99LC8 Eif2b1 

ATP-binding cassette sub-family F member 2 Q99LE6 Abcf2 

Lipoyl synthase, mitochondrial Q99M04 Lias 

Carbohydrate-responsive element-binding protein Q99MZ3 Mlxipl 

Group XIIB secretory phospholipase A2-like protein Q99P27 Pla2g12b 

Nucleoplasmin-3 Q9CPP0 Npm3 

CDGSH iron-sulfur domain-containing protein 2 Q9CQB5 Cisd2 

Density-regulated protein Q9CQJ6 Denr 

RWD domain-containing protein 1 Q9CQK7 Rwdd1 

Microtubule-associated proteins 1A/1B light chain 3B Q9CQV6 Map1lc3b 

Golgi phosphoprotein 3 Q9CRA5 Golph3 

Ran-binding protein 3 Q9CT10 Ranbp3 

28S ribosomal protein S28, mitochondrial Q9CY16 Mrps28 

H/ACA ribonucleoprotein complex subunit 1 Q9CY66 Gar1 

Guanosine-3,5-bis(diphosphate) 3-pyrophosphohydrolase MESH1 Q9D114 Hddc3 

V-type proton ATPase subunit F Q9D1K2 Atp6v1f 

Protein FAM45A Q9D8N2 Fam45a 

Oligoribonuclease, mitochondrial Q9D8S4 Rexo2 

Gasdermin-D Q9D8T2 Gsdmdc1 

Protein Hikeshi Q9DD02 L7rn6 
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NIF3-like protein 1 Q9EQ80 Nif3l1 

15 kDa selenoprotein Q9ERR7 15-Sep 

Inositol-3-phosphate synthase 1 Q9JHU9 Isyna1 

Protein arginine N-methyltransferase 1 Q9JIF0 Prmt1 

Cullin-3 Q9JLV5 Cul3 

Solute carrier organic anion transporter family member 1A1 Q9QXZ6 Slco1a1 

Mitochondrial import inner membrane translocase subunit Tim8 A Q9WVA2 Timm8a1 

Mitotic checkpoint protein BUB3 Q9WVA3 Bub3 

Histone-arginine methyltransferase CARM1 Q9WVG6 Carm1 

Signal transducer and activator of transcription 2 Q9WVL2 Stat2 

Eukaryotic translation initiation factor 2 subunit 3, Y-linked Q9Z0N2 Eif2s3y 

Ribosomal protein S6 kinase beta-2 Q9Z1M4 Rps6kb2 
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Table 4.2 Proteins detected in control and undetected in treated 9-month old livers. 

 

Protein Name Protein ID Gene Name 

Phosphoinositide 3-kinase adapter protein 1 Q9EQ32 Pik3ap1 

Amine sulfotransferase O35403 Sult3a1 

Cytochrome P450 4A10 O88833 Cyp4a10 

Phosphatidylcholine transfer protein P53808 Pctp 

Dimethylaniline monooxygenase [N-oxide-forming] 3 P97501 Fmo3 

Platelet glycoprotein 4 Q08857 Cd36 

5-AMP-activated protein kinase catalytic subunit alpha-1 Q5EG47 Prkaa1 

ATP-binding cassette sub-family D member 2 Q61285 Abcd2 

Kinectin Q61595 Ktn1 

DNA-binding protein Rfx5 Q9JL61 Rfx5 

Acyl-coenzyme A thioesterase 3 Q9QYR7 Acot3 

Acyl-coenzyme A thioesterase 2, mitochondrial Q9QYR9 Acot2 

U8 snoRNA-decapping enzyme Q6P3D0 Nudt16 

Dimethylaniline monooxygenase [N-oxide-forming] 4 Q8VHG0 Fmo4 

Dimethylaniline monooxygenase [N-oxide-forming] 2 Q8K2I3 Fmo2 

Cytochrome P450 3A41 Q9JMA7 Cyp3a41a 

Catenin alpha-2 Q61301 Ctnna2 

5-nucleotidase Q61503 Nt5e 

Serine/threonine-protein phosphatase 4 regulatory subunit 2 Q0VGB7 Ppp4r2 

Alpha-1B-glycoprotein Q19LI2 A1bg 

Phosphatidate cytidylyltransferase, mitochondrial Q3TUH1 Tamm41 

Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat 

subunit A 

Q505D1 Ankrd28 

Phosphatidylglycerophosphatase and protein-tyrosine 

phosphatase 1 

Q66GT5 Ptpmt1 

Protein HEATR9 Q5QNV8 Heatr9 

UDP-glucuronosyltransferase 1-9 Q62452 Ugt1a9 

Cytochrome P450 3A16 Q64481 Cyp3a16 

Dual serine/threonine and tyrosine protein kinase Q6XUX1 Dstyk 

PERQ amino acid-rich with GYF domain-containing protein 2 Q6Y7W8 Gigyf2 

Lysosomal Pro-X carboxypeptidase Q7TMR0 Prcp 

Mitogen-activated protein kinase 9 Q9WTU6 Mapk9 

Caspase-6 O08738 Casp6 

Putative hydrolase RBBP9 O88851 Rbbp9 

Beta-glucuronidase P12265 Gusb 

Ubiquitin-like protein 4A P21126 Ubl4a 

Guanine nucleotide-binding protein G(q) subunit alpha P21279 Gnaq 

Glutathione S-transferase Mu 5 P48774 Gstm5 

Bile salt sulfotransferase 2 P50236 Sult2a2 
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Choline/ethanolaminephosphotransferase 1 Q8BGS7 Cept1 

Rho-associated protein kinase 1 P70335 Rock1 

60S ribosomal protein L36a P83882 Rpl36a 

UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase 110 kDa subunit 

Q8CGY8 Ogt 

Disabled homolog 2 P98078 Dab2 

Transcriptional repressor protein YY1 Q00899 Yy1 

Transcription factor p65 Q04207 Rel a 

O-acetyl-ADP-ribose deacetylase 1 Q8R5F3 Oard1 

Protein FAM114A2 Q8VE88 Fam114a2 

Paxillin Q8VI36 Pxn 

Protein FAM49B Q921M7 Fam49b 

N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 Q99LD8 Ddah2 

Nucleolar protein 16 Q9CPT5 Nop16 

UPF0235 protein C15orf40 homolog Q9CRC3 Pik3ap1 

Syntaxin-17 Q9D0I4 Sult3a1 

Protein MANBAL Q9D8X0 Cyp4a10 

Protein phosphatase 1 regulatory subunit 12A Q9DBR7 Pctp 
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Fig 4.1. Pathways decreased by SCFAs as analyzed by Panther pathway analysis in 

the livers of 9-month old mice. Downregulated pathways include those involved in 

carcinogenesis and the immune response. 

 

Fig 4.2. SCFAs combat many pathways activated by HBx in the pathogenesis of HCC. 

HBx promotes inflammation, oxidative stress, Wnt, Transforming Growth Factor beta 

(TGF-β), Vascular Endothelial Growth Factor (VEGF), Epidermal Growth Factor (EGF), 

Fibroblast Growth Factor (FGF), PI3K, and Ras pathways in the development of HCC. 
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These pathways were also found to be decreased by SCFAs in the livers of HBxTg mice. 

Red lines indicate inhibition and green arrows indicate activation. 

4.2.3 Differentially expressed proteins in 12-month old livers 

A total of thirty-five (35) proteins were increased after treatment. This includes 

proteins detected only in the treated group, and those significantly increased compared to 

controls. This group included several chromatin remodelers such as transcription and 

mRNA export factor ENY2, SWI/SNF complex subunit SMARCC2, and Actin-like 

protein 6A (Act16a), another component of the SWI/SNF complex (Table 4.4). Treatment 

was also found to increase expression of the tumor suppressor, Dab2 (Table 4.4). A total 

of ninety (90) proteins were decreased after treatment including those detected only in the 

control group, and proteins significantly decreased compared to the treated group. Proteins 

involved in ubiquitination were decreased by SCFAs including ubiquitin carboxyl-terminal 

hydrolase 19 (USP19), ubiquitin-conjugating enzyme E2 J1 (Ube2j1), and E3 ubiquitin-

protein ligase ZNRF2 (Table 4.5). Treatment was also found to decrease MEK2 (also called 

MAP2K2), a downstream effector in the Ras/Raf/Mek/Erk, and Shoc2, an adaptor protein 

in the Ras pathway (Table 4.5). 

Protein classification analysis showed that most of the proteins increased by SCFAs 

were nucleic acid binding proteins (about 14%). This class includes the chromatin 

remodelers (SMARCC2), splicing factors, and transcription co-factors. Most decreased 

proteins belonged to the hydrolase class (about 11%). This includes the ubiquitin 

hydrolases (USP19), glutathione hydrolases, and nuclear pore complex subunits. Given the 

range of proteins altered by SCFAs, pathway analysis software was used to identify 

signaling pathways affected by treatment.  
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4.2.4 Pathway analysis of altered liver proteins in 12-month old group 

Results from Panther analysis showed that SCFAs downregulated pathways known 

to be altered by HBx in hepatocarcinogenesis, including inflammation, Wnt52, PI3K109, 110, 

PDGF111, VEGF112, and Ras36, 64, 116 (Fig 4.5). These pathways drive cell proliferation and 

growth, block apoptosis, and promote angiogenesis, all are important processes in the 

pathogenesis of HCC. Several proteins directly associated with Ras were found to be 

decreased by treatment such as the upstream Ras-Raf scaffold protein Shoc2, and 

downstream activator dual specificity mitogen-activated protein kinase kinase 2 

(MAP2K2). The tumor suppressor and Ras inhibitor, Disabled homolog 2 (Dab2), was 

found to be increased upon treatment. Since HBx is known to activate Ras to drive HCC 

pathogenesis36, 64, 116 and the observation that Ras related proteins were altered by SCFAs 

(Tables 4.4 and 4.5), the Ras pathway was chosen for further analysis. The results of 

proteomics suggest that the ability of SCFAs to delay the development of neoplastic lesions 

involves the downregulation of important cancer-promoting pathways activated by HBx in 

HCC. 
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Table 4.3. Differentially expressed proteins in 12-month old livers. 

Protein Name Protein ID Gene Name Fold Change 

(Treated vs 

Control) 

Epsin-1 Epn1 Q80VP1 2.8 

Asialoglycoprotein receptor 1 Asgr1 P34927 2.4 

Gamma-butyrobetaine dioxygenase Bbox1 Q924Y0 2.0 

Serine/arginine-rich splicing factor 3 Srsf3 P84104 0.5 

Ubiquitin fusion degradation protein 

1 homolog Ufd1l P70362 0.5 

Glycine N-acyltransferase Glyat Q91XE0 0.5 

V-type proton ATPase catalytic 

subunit A Atp6v1a P50516 0.4 

Oxysterol-binding protein-related 

protein 9 Osbpl9 A2A8Z1 0.3 

Kynurenine/alpha-aminoadipate 

aminotransferase, mitochondrial Aadat Q9WVM8 0.3 

Haloacid dehalogenase-like 

hydrolase domain-containing protein 

2 

Hdhd2 Q3UGR5 0.3 

Prenylcysteine oxidase Pcyox1 Q9CQF9 0.3 

Cytochrome b-c1 complex subunit 8 Uqcrq Q9CQ69 0.2 

NFU1 iron-sulfur cluster scaffold 

homolog, mitochondrial 

Nfu1 Q9QZ23 0.2 

Bile acid-CoA:amino acid N-

acyltransferase 

Baat Q91X34 0.2 
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Table 4.4. Proteins detected in treated and undetected in control 12-month old livers. 

Protein Name Gene Name Protein ID 

Cochlin Coch Q62507 

Heterogeneous nuclear ribonucleoprotein L-like Hnrnpll Q921F4 

Acetylcholinesterase collagenic tail peptide Colq O35348 

Baculoviral IAP repeat-containing protein 6 Birc6 O88738 

Cytochrome c oxidase subunit 1 Mtco1 P00397 

Crooked neck-like protein 1 Crnkl1 P63154 

Disabled homolog 2 Dab2 P98078 

Gap junction beta-2 protein Gjb2 Q00977 

BRISC complex subunit Abro1 Fam175b Q3TCJ1 

Leucine-rich repeat flightless-interacting protein 1 Lrrfip1 Q3UZ39 

SWI/SNF complex subunit SMARCC2 Smarcc2 Q6PDG5 

ATP-dependent RNA helicase Dhx29 Dhx29 Q6PGC1 

Dual serine/threonine and tyrosine protein kinase Dstyk Q6XUX1 

Choline/ethanolaminephosphotransferase 1 Cept1 Q8BGS7 

Derlin-2 Derl2 Q8BNI4 

Protein ITFG3 Itfg3 Q8C0Z1 

Vacuolar fusion protein CCZ1 homolog Ccz1 Q8C1Y8 

RNA-binding protein 12 Rbm12 Q8R4X3 

CDP-diacylglycerol--inositol 3-phosphatidyltransferase Cdipt Q8VDP6 

Galectin-related protein Lgalsl Q8VED9 

Protein C19orf12 homolog -------- Q8WUR0 

NAD-dependent malic enzyme, mitochondrial Me2 Q99KE1 

28S ribosomal protein S18b, mitochondrial Mrps18b Q99N84 

Nucleoplasmin-3 Npm3 Q9CPP0 

Probable ATP-dependent RNA helicase DDX47 Ddx47 Q9CWX9 

Torsin-1A Tor1a Q9ER39 

Junctional adhesion molecule B Jam2 Q9JI59 

Transcription and mRNA export factor ENY2 Eny2 Q9JIX0 

Small acidic protein Smap Q9R0P4 

6-pyruvoyl tetrahydrobiopterin synthase Pts Q9R1Z7 

Protein sel-1 homolog 1 Sel1l Q9Z2G6 

Actin-like protein 6A Actl6a Q9Z2N8 
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Table 4.5 Proteins detected in controls and undetected in treated 12-month old livers. 

  

Protein Name Gene Name Protein ID 

Golgi SNAP receptor complex member 2 Gosr2 O35166 

Cyclin-dependent-like kinase 5 Cdk5 P49615 

Dual specificity protein phosphatase 23 Dusp23 Q6NT99 

Protein MON2 homolog Mon2 Q80TL7 

28S ribosomal protein S7, mitochondrial Mrps7 Q80X85 

Dynactin subunit 4 Dctn4 Q8CBY8 

Alpha/beta hydrolase domain-containing protein 11 Abhd11 Q8K4F5 

Monoacylglycerol lipase ABHD12 Abhd12 Q99LR1 

ELKS/Rab6-interacting/CAST family member 1 Erc1 Q99MI1 

UPF0235 protein C15orf40 homolog -------- Q9CRC3 

Beta-catenin-like protein 1 Ctnnbl1 Q9CWL8 

Ubiquitin-conjugating enzyme E2 J1 Ube2j1 Q9JJZ4 

Exportin-7 Xpo7 Q9EPK7 

Centromere/kinetochore protein zw10 homolog Zw10 O54692 

Leucine-rich repeat protein SHOC-2 SHOC2 O88520 

Ensconsin Map7 O88735 

Complement C5 C5 P06684 

Protein S100-A4 S100a4 P07091 

Nck-associated protein 1 Nckap1 P28660 

Protein S100-A11 S100a11 P50543 

Importin subunit alpha-1 Kpna2 P52293 

Cryptochrome-1 Cry1 P97784 

RNA pseudouridylate synthase domain-containing protein 3 Rpusd3 Q14AI6 

Protein phosphatase 1 regulatory subunit 21 Ppp1r21 Q3TDD9 

Exocyst complex component 5 Exoc5 Q3TPX4 

Phosphatidate cytidylyltransferase, mitochondrial Tamm41 Q3TUH1 

Ubiquitin carboxyl-terminal hydrolase 19 Usp19 Q3UJD6 

N-acetylgalactosamine-6-sulfatase Galns Q571E4 

Protein jagunal homolog 1 Jagn1 Q5XKN4 

Dual specificity mitogen-activated protein kinase kinase 2 Map2k2 Q63932 

N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase Aga Q64191 

Nuclear pore complex protein Nup98-Nup96 Nup98 Q6PFD9 

E3 ubiquitin-protein ligase ZNRF2 Znrf2 Q71FD5 

Interferon-induced very large GTPase 1 Gvin1 Q80SU7 

Coagulation factor XII F12 Q80YC5 

Proteasome inhibitor PI31 subunit Psmf1 Q8BHL8 

Protein prune homolog Prune Q8BIW1 

Importin-5 Ipo5 Q8BKC5 

Beta-arrestin-1 Arrb1 Q8BWG8 

Fibronectin type-III domain-containing protein 3A Fndc3a Q8BX90 

Tetratricopeptide repeat protein 39B Ttc39b Q8BYY4 

Transcription initiation factor TFIID subunit 5 Taf5 Q8C092 
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Peroxisomal N(1)-acetyl-spermine/spermidine oxidase Paox Q8C0L6 

Dedicator of cytokinesis protein 8 Dock8 Q8C147 

WASH complex subunit strumpellin Kiaa0196 Q8C2E7 

NHL repeat-containing protein 3 Nhlrc3 Q8CCH2 

39S ribosomal protein L38, mitochondrial Mrpl38 Q8K2M0 

DCC-interacting protein 13-alpha Appl1 Q8K3H0 

Pantothenate kinase 1 Pank1 Q8K4K6 

Endophilin-B2 Sh3glb2 Q8R3V5 

Rho guanine nucleotide exchange factor 12 Arhgef12 Q8R4H2 

Protein SCO2 homolog, mitochondrial Sco2 Q8VCL2 

Programmed cell death protein 10 Pdcd10 Q8VE70 

WD repeat-containing protein 13 Wdr13 Q91V09 

Peroxisomal membrane protein PEX16 Pex16 Q91XC9 

Protein FAM49B Fam49b Q921M7 

Chitinase domain-containing protein 1 Chid1 Q922Q9 

LETM1 domain-containing protein 1 Letmd1 Q924L1 

Probable histidine--tRNA ligase, mitochondrial Hars2 Q99KK9 

Charged multivesicular body protein 1b-1 Chmp1b1 Q99LU0 

RNA-binding protein with serine-rich domain 1 Rnps1 Q99M28 

39S ribosomal protein L3, mitochondrial Mrpl3 Q99N95 

Microtubule-associated proteins 1A/1B light chain 3B Map1lc3b Q9CQV6 

ORM1-like protein 2 Ormdl2 Q9CQZ0 

Growth arrest and DNA damage-inducible proteins-

interacting protein 1 

Gadd45gip

1 Q9CR59 

COMM domain-containing protein 8 Commd8 Q9CZG3 

39S ribosomal protein L53, mitochondrial Mrpl53 Q9D1H8 

Protein Noxp20 Fam114a1 Q9D281 

Exocyst complex component 2 Exoc2 Q9D4H1 

Gamma-glutamylcyclotransferase Ggct Q9D7X8 

Syndecan-4 Sdc4 O35988 

ATP-binding cassette sub-family B member 10, 

mitochondrial Abcb10 Q9JI39 

28S ribosomal protein S34, mitochondrial Mrps34 Q9JIK9 

Aquaporin-9 Aqp9 Q9JJJ3 

Kinesin-like protein KIF21A Kif21a Q9QXL2 

Protein quaking Qki Q9QYS9 

Cytosolic Fe-S cluster assembly factor NUBP2 Nubp2 Q9R061 

Ribosomal protein S6 kinase beta-2 Rps6kb2 Q9Z1M4 

Gamma-glutamyltransferase 5 Ggt5 Q9Z2A9 
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Protein Classes Increased by SCFAs in the 12-Month Group 

a.  

 

 
Protein Classes Decreased by SCFAs in the 12-Month Group 

b.  

Fig 4.3 Effect of SCFAs on Protein Class in the 12-Month Old Group. (a) shows the 

protein classes increased by SCFAs and (b) shows protein classes decreased by SCFAs. 

The blue bars indicate the number of proteins analyzed that belong to each group. The 

gray bars indicate the percentage of proteins belonging to each class out of the total 

proteins analyzed. Total proteins analyzed in (a) was 35 and (b) was 90. 
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Fig. 4.4. Pathways decreased by SCFAs as analyzed by Panther pathway analysis in 

the livers of 12-month old mice. Panther Pathway analysis revealed that SCFAs 

downregulated pathways important to cancer including insulin pathway, Ras, and 

inflammation. 
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Fig 4.5 SCFAs downregulate many pathways upregulated by HBx in the 

pathogenesis of HCC. HBx is known to increase inflammation and deregulate Wnt 

signaling, Epidermal Growth Factor (EGF), Insulin Growth Factor (IGF), Platelet Derived 

Growth Factor (PDGF), Phosphoinositide 3-Kinase (PI3K), Vascular Endothelial Growth 

Factor (VEGF), and Ras pathways to promote the development of HCC. Pathway analysis 

revealed these same pathways were downregulated by SCFAs. The decreased activity of 

these crucial cancer pathways is likely most relevant to the delay in HCC pathogenesis 

mediated by SCFAs. Green arrows indicate activation and red lines indicate inhibition. 

4.2.5 Pathways downregulated by SCFAs in both age groups 

 A total of seven overlapping cancer-related pathways were decreased in both the 9 

and 12-month old groups (Fig 4.6). The decrease in inflammation, Wnt, EGF, FGF, 

VEGF, PI3K, and Ras pathways was associated with fewer preneoplastic and neoplastic 

nodule formation. These pathways are also active in human HCC52, 146, 70, 69. Given the 

overlap between groups, these pathways appear to be targeted by SCFAs and important to 

the pathogenesis of HCC. This gives insight into the early changes occurring in the 9-

month old liver that trigger tumor initiation and that persist in the 12-month old liver. 

These results suggest that earlier intervention with SCFAs would reduce the appearance 

of tumors by targeting some of the pathways known to be altered by HBx and important 

to the development of human HCC. 
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Fig 4.6. Summary of Cancer-related Pathways Decreased by SCFAs in Both 

Age Groups. SCFAs persistently decreased inflammation, EGF, FGF, PI3K, VEGF, Wnt, 

and Ras pathways in both the 9- and 12-month old groups. Grey dumbbells indicate the 9-

month old group, blue dumbbells indicate the 12-month old group. These changes are 

associated with decreased development of dysplastic lesions and macroscopic HCC. 

4.3 Discussion 

Proteomics was performed on the 9- and 12-month old groups in order to observe the 

effect of SCFAs on protein expression. Those proteins that were differentially expressed 

to achieve statistical significance, as well as those that demonstrated binary group 

expression, were further characterized by pathway analysis. Increased expression of 

tumor suppressors known to be epigenetically silenced in the progression of HCC were 

detected in both groups. In the 9-month old group, treatment was found to increase 

expression of GSTP1, a tumor suppressor responsible for mitigating oxidative damage 

and protecting cells from injury. In the 12-month old group, treatment increased 

expression of the tumor suppressor Dab2, a Ras inhibitor. Interestingly, both groups 

showed an effect on the ubiquitin proteasome system (UPS), as well as chromatin 

remodelers. The role of the UPS in HBx-mediated HCC is well studied51, 103, however, 
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the ability of SCFAs to interfere with this mechanism has not been. Future projects will 

seek to elucidate the effect of SCFAs on the UPS and how that relates to delayed 

pathogenesis. 

SCFAs may be able to recover expression of epigenetically silenced genes through 

their function as HDACi in two conceivable ways. SCFAs may block HBx itself 

preventing it from mediating its alterations. Indeed butyrate has been shown to block 

HBx expression by inhibiting the HDAC, SIRT-1127. Alternatively, SCFAs may render 

HDACs ineffective by competitively binding to their active site of HDACs, thus 

preventing the silencing of tumor suppressors.  HBx expression and activity is potentiated 

in an oxidative environment, and since SCFAs attenuate this environment by being anti-

inflammatory, this could also result in decreased HBx expression. 

Pathway analysis of the 9-month old group revealed the downregulation of several 

pathways associated with HCC including Ras, PI3K,Wnt, and VEGF as well as several 

immune-related pathways such as TGF-β, interferon signaling, and inflammation (Fig 4.5). 

Majority of HBV-associated HCC diagnoses are preceded by a state of chronic 

inflammation. One of the key mediators of inflammation, NF-κB, was found to be 

decreased by SCFAs in the 9-month old group. This pathway has been shown to be 

constitutively activated by HBx145, and crucial for HCC pathogenesis146, 147. Oxidative 

stress and inflammation are closely related. Oxidative stress refers to the imbalance of 

generated reactive oxygen species without their neutralization by antioxidants, an 

environment known to trigger chronic inflammation. The induction of oxidative stress by 

HBx is important for neoplastic transformation in the liver79, 80. Of the cancer-related 

pathways, Wnt, Ras, PI3K, VEGF, FGF, and EGF are all activated by HBx in HCC, and 
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crosstalk with NF-κB76. These pathways were found to be downregulated by SCFAs. 

SCFAs have previously been shown to decrease inflammation, specifically through 

inhibition of NF-κB56, as well as inhibit oxidative stress73. However, this has never been 

studied in the context of HBV-associated HCC nor has the effect of SCFAs on Wnt, Ras, 

PI3K, VEGF, FGF, and EGF been previously shown. 

Experiments were designed to investigate early changes occurring in the liver that 

precede the development of cancer. In both the 9- and 12-month old groups, seven 

cancer-related pathways were consistently found to be decreased. These include 

inflammation, Wnt, EGF, FGF, VEGF, PI3K, and Ras. As previously stated, these 

pathways are known to be important in human HBV-associated HCC. Chronic 

inflammation precedes a great majority of HCC diagnoses, and the targeting of the other 

six pathways in the treatment of HCC is under clinical investigation69, 70, 76. The finding 

that the downregulation of these pathways is associated with fewer dysplastic lesions and 

macroscopic HCC suggests that they are important to the pathogenesis of this cancer. The 

ability of SCFAs to affect these pathways demonstrates the therapeutic potential of these 

bacterial metabolites in the treatment of HBV-associated HCC. 

In summary, SCFAs were found to reduce the number of dysplastic lesions in 9-

month old livers, and the number and frequency of tumors in 12-month old livers. 

Proteomics performed on liver tissue revealed the downregulation of several pathways 

known to be important to HBV-associated HCC including PI3K, PDGF, VEGF, IGF, 

TGF-β, and Ras. Persistent activation of TGF-β is associated with accelerated malignant 

growth in neoplastic nodules, and inhibition of this pathway resulted in blocked tumor 

invasion and migration141. Aberrant activation of PI3K, PDGF, VEGF, Wnt and IGF-I 
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have all been implicated in HCC initiation and progression134.  In fact, the inhibition of 

these pathways by sorafenib, the standard of care for late stage HCC, is largely regarded 

as responsible for the drug’s chemotherapeutic effect143. HBx was found to gain 

protection from apoptosis by promoting activity of the PI3K and Ras pathways142. This 

deregulation also led to HCC progression through unrestrained cell proliferation, 

invasion, and metastasis. Studies have shown that HBx is essential for the activation of 

Wnt signaling in HCC31, 52, and inhibition of this pathway is under investigation10. Given 

the centrality of these pathways to HBV-associated HCC, it is likely that the observed 

delay in tumor development and growth is due to the ability of SCFAs to downregulate 

these cancer promoting pathways.   

The 12-month old group garnered the most immediate interest due to the significant 

reduction in tumor frequency and size observed after 3 months of SCFA-treatment and 

the effect on cancer-related pathways detected by proteomics. Thus, the question arose: 

what are the changes in protein expression in the 12-month old mouse liver that are 

associated with malignant transformation and are targeted by SCFAs?  The increased 

expression of Dab2 coupled with decreased expression of Shoc2 and MAP2K2 led to the 

hypothesis that SCFAs reduced activity of the Ras pathway.  
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CHAPTER 5 

SCFAs DECREASE ACTIVATION OF THE RAS PATHWAY 

 

5.1 The Ras pathway 

The Ras/Raf/MEK/ERK signaling cascade drives cell proliferation, differentiation, 

apoptosis, and tumorigenesis46,113. The activity of Ras is controlled by guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs). Ras genes code for 

GTPases that act as molecular switches by cycling between an inactive GDP-bound state 

and active GTP-bound state. GEFs trigger the conversion from the inactive GDP form to 

the active GTP form, and GAPs trigger the reversal. 

Activation of the Ras pathway begins when a ligand binds to a receptor tyrosine kinase 

(RTK) resulting in its auto-phosphorylation. This event most commonly triggers the 

signaling adaptor Grb2 to associate with the phosphorylated RTK through its SH2 domain. 

The GEF Sos1, contains a proline-rich domain that will bind strongly to the SH3 domain 

of Grb2, creating a Grb2/Sos1 complex. This Grb2/Sos1 complex, now located near the 

plasma membrane, allows for Sos1 to be in close proximity to Ras. Sos1 then triggers the 

conversion of GDP to GTP bound Ras leading to activation of the pathway (Fig 5.0). 

The replacement of GDP for GTP induces a conformational change that allows Ras to 

interact with downstream effectors and mediate its biological effects. Once in its GTP-

bound state, Ras activates Raf which then phosphorylates MEK1 and MEK2 (MAP2K2). 

The phosphorylation of MEK1/2 by Raf induces a conformational rearrangement that 

allows the correct alignment of ATP and ERK1/245, resulting in their phosphorylation. 

Once activated, ERK enters the nucleus and phosphorylates transcription factors (e.g. c-
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Fos, c-Jun, NF-κB and AP-1) resulting in their activation47. MEK1/2 specifically activates 

ERK1/2, and so are referred to as ‘ERK1/2 gatekeeper’ kinases45. Studies have shown that 

there is no preferential binding of either MEK to either ERK51. 

 

Fig 5.0. Effects of the Ras pathway. The conversion of Ras-GDP to Ras-GTP 

activates the Ras signaling cascade which results in cell proliferation, survival, 

differentiation, and blocked apoptosis (133). 

5.2 The Ras pathway and HBV-associated HCC 

Many cancers harbor activating mutations in genes encoding Ras, Raf, and MEK1/2, 

which act as oncogenes and drive deregulated activation of Ras signaling45. ERK 

overexpression has been reported in several human cancers including breast, colon, and 
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liver. Many cancer types driven by Ras are sensitive to MEK1 and MEK2 inhibition, and 

so clinical trials investigating the potential of MEK1/2 inhibitors are ongoing. The 

aforementioned trials have found that MEK1/2 inhibition is capable of decreasing cancer 

cell proliferation and tumor growth45. In a mouse model of colon cancer, an MEK inhibitor 

was able to reduce tumor growth by 80%47. 

 The Ras pathway is activated in 50-100% of human HCCs113. This constitutive 

activation may result from mutations within Ras itself, or alterations to upstream or 

downstream signaling components. HBx was found to activate Ras and both its upstream 

(e.g. Shc, Grb2, Sos), and downstream effectors (e.g. Raf, MEK, and map kinases)36 

leading to increased cell proliferation, blocked apoptosis, and HCC114. Specifically, HBx 

increases cytosolic calcium which results in the autophosphorylation of pyk2. 

Phosphorylated pyk2 then associates with Src, forming a pyk2/src complex148. This 

complex phosphorylates Shc, allowing for Grb2 to bind to the phosphorylated domain of 

Grb2 bringing Sos with it. This Shc/Grb2/Sos complex results in the activation of Ras. 

HBx-transfected mice were found to have a significant increase in levels of phosphorylated 

ERK (p-ERK), and this increase occurred in an HBx-dose dependent manner63. The 

increase of p-ERK was abrogated upon addition of a specific MEK inhibitor, suggesting 

that the HBx-mediated increase in phosphorylated ERK is dependent on MEK. HBx has 

also been shown to stimulate Ras-GTP cycling, leading to activation of the Ras/Raf/MEK 

signaling cascade36, 64. HBx was found to stimulate Ras activation by inducing the 

formation of the Shc-Grb2-Sos complex, an upstream event necessary for Ras signaling36. 

Levels of p-ERK as well as its downstream target, c-Fos, were found to be higher in HCC 

tissue compared to surrounding normal tissue48, 49. MEK inhibitors were tested in the HCC 
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cell lines Hep3B and HepG2 and found to reduce p-ERK1/2 and MEK. This inhibition was 

associated with decreased cell proliferation, tumor incidence, and increased rates of 

apoptosis50. These results suggest that targeting the Ras/Raf/MEK pathway may prove 

effective in the treatment of HBV-associated HCC. 

5.3 The Ras pathway and SCFAs 

Butyrate is the best studied SCFA out of the combination used in this study and so its 

effects on the Ras pathway are better known than propionate and acetate. Butyrate was 

shown to decrease activation of the Ras pathway through reduced ERK1/2 phosphorylation 

in rat liver epithelial cells26. This effect on Ras was associated with decreased cell 

proliferation, increased apoptosis, and increased expression of cell cycle regulators such as 

p53 and p21Cip1/Waf1. In addition to decreased ERK1/2 phosphorylation, AKT 

phosphorylation and activation was also diminished.  

The downregulation or silencing of tumor suppressors in cancer is a major event in 

pathogenesis126. While the expression of the tumor suppressor, Dab2, has never been 

studied in the presence of SCFAs, there is evidence that butyrate is able to upregulate the 

expression of epigenetically silenced tumor suppressors. Butyrate was shown to upregulate 

the tumor suppressor, DIRAS1, in a renal cell carcinoma cell line. This increase in 

expression occurred in a manner similar to the HDACi, Trichostatin A , suggesting that 

expression of this tumor suppressor is epigenetically regulated126. Treatment of these cells 

with butyrate was also associated with decreased cell proliferation demonstrating its anti-

cancer effects.   

5.4 Results 

5.4.1 Dab2 increased in SCFA-treated livers 
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Dab2, previously referred to as downregulated in ovarian cancer 2 (DOC2), is a 

phosphoprotein originally classified as a tumor suppressor due to its downregulation in 

several human cancers including prostate, breast, esophageal, and HCC53. Its function as a 

negative regulator of Ras was found to contribute to its tumor suppressor activity. 

Structurally, Dab2 possesses a PTB/PID domain at its N-terminus that can bind an NPXY 

(Asn-Pro-X-Tyr) motif found in a subset of cell surface receptors38. The C-terminal part 

contains a proline-rich domain that mediates the association of Dab2 with additional 

proteins, such as the Ras-related proteins Grb2 and Src38. In addition to its role in Ras 

inhibition, it has been shown to act as a negative regulator in other signaling pathways 

including Wnt53 and NF-κB57, and to play a role in the differentiation of T regulatory 

cells55. Ras activation requires Sos binding to the signaling adaptor Grb2, and this Sos/Grb2 

complex mediates the exchange of GDP to GTP that is required for active Ras. Dab2 

negatively regulates the Ras pathway by competing with Sos binding to Grb2, disrupting 

the formation of the Sos/Grb2 complex, and suppressing consequent activation of Ras38 

(Fig. 5.1). Overexpression of Dab2 was found to suppress the MEK downstream effector, 

c-Fos115, demonstrating that Dab2 effects downstream targets of Ras. 

Given the established role of Dab2 as a Ras inhibitor, it was chosen for further 

analysis. Western blot confirmed a two-fold increase of Dab2 in SCFA-treated HBxTg 

livers (Fig. 5.2, Table 5.0, p<0.05). Additionally, the differential expression of Dab2 was 

analyzed by immunohistochemistry and shown to be increased in treated tissue (Fig 5.1 a 

and b, Table 5.1, p < 0.001). 
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Fig. 5.1. Dab2 functions as a Ras inhibitor. By competing with Sos to for G4b2 

binding, Dab2 blocks the formation of the Sos/Grb2 complex. Without this complex, the 

guanine exchange factor, Sos, cannot trigger the conversion of Ras-bound GDP to GTP 

that is necessary for Ras activation (38). 
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d.  

e.  

f.  
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Fig 5.2. SCFAs increase Dab2 expression. Immunohistochemical staining of 

Dab2 showing increased expression in SCFA-treated livers (a) and decreased expression 

in controls (b) (Fig 5.2c. p < 0.001), antibody specificity is shown in (c) with IgG used as 

the negative control. The results shown here are representative of stained samples from 19 

control mice, and stained samples from 20 SCFA-treated mice.  Western blot showed a 

2.6-fold increase in Dab2 expression (e & f, p < 0.05) in treated HBxTg livers compared 

to controls, β-actin was used as the loading control. Control (n=12), Treated (n=12). Signal 

density was measured in arbitrary units (a.u.). 

Table 5.0. Dab2 expression as measured by western blot. 

Signal Density (a.u.) 

Control 0.6 0.9 0.5 0.9 0.8 7.6 3.7 0.5 0.4 1.2 -1.3 4.4 

Treated 1.9 5.4 1.5 2.5 4.9 4.7 1.5 1.8 16.6 1.7 1.9 4.2 
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Table 5.1 Dab2 immunohistochemistry staining results. 

Group Mouse Staining 

Intensity 

Localization Distribution 

Control HC973 ++ C, N D 

 HC976 + C, N D 

 HC980 +++ C D 

 HC972 +++ C, N D 

 HC977 + C, N D 

 HC987 + C D 

 HC998 +++ C, N D 

 HC866 +++ C, N D 

 HC867 ++ C D 

 HC869 + C L 

 HC871 ++ C, N D 

 HC874 +++ C, N D 

 HC822 +++ C L 

 HC851 + C D 

 HC853 + C D 

 HC855 + C, N L 

 HC863 + C L 

 HC864 + C L 

Treated HC962 ++ C, N L 

 HC968 ++ C, N D 

 HC970 +++ C, N D 

 HC978 ++ C, N D 

 HC983 ++ C D 

 HC992 +++ C D 

 HC995 +++ C D 

 HC828 ++ C, N L 

 HC831 ++ C D 

 HC832 ++ C D 

 HC833 +++ C D 

 HC834 +++ C D 

 HC829 +++ C D 

 HC836 +++ C, N D 

 HC839 +++ C, N D 

 HC840 +++ C D 

 HC841 +++ C D 

 HC844 +++ C, N L 

 HC846 ++ C, N D 

Staining intensity was scored according to the following metrics; +1 = less than 20% of 

cells stained, +2 = between 20-70% of cells stained, and +3 = more than 70% of cells 
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stained.  Staining localization and distribution are also indicated. Staining distribution is 

described as (L) lobular (islands of cells stained), (D) diffuse (most cells in a section are 

stained).  The localization of staining is indicated as (C) cytoplasmic and/or (N) nuclear. A 

total of 18 control HBxTg livers and 19 HBxTg SCFA-treated livers were analyzed. 

5.4.2 Shoc2 decreased in SCFA-treated livers 

Shoc2, also known as Sur8, functions as a scaffolding protein to tether activated 

Ras to Raf in order to enhance ERK1/2 signaling41. Through yeast two-hybrid screenings, 

Shoc2 was found to interact with Ras but not with other related small GTPases62. Numerous 

studies have shown Shoc2 to be essential for Ras-GTP signaling to ERK through 

accelerating Ras interaction with Raf59, 60, 61, and required for efficient Ras-MEK 

signaling62 (Fig. 5.3). Through its scaffolding function, Shoc2 promotes Ras-GTP binding 

to Raf, forming a ternary complex and resulting in the activation of Raf62. Once activated, 

Raf then phosphorylates and activates MEK1/2 which then phosphorylates and activates 

ERK1/2. Recently, Shoc2 has been shown to interact with the catalytic subunit of protein 

phosphatase 1 (PP1) forming a holoenzyme which then stimulates Raf activity through 

dephosphorylation of the s259 inhibitory site of Raf43. In addition to its activating role in 

Ras/ERK signaling, a recent study found that Shoc2 also interacts with the p110α subunit 

of PI3K to positively regulate the PI3K/Akt pathway affecting cell growth and survival42. 

RNA-mediated knockdown of Shoc2 reduced MEK and ERK phosphorylation60, 61.  

The relationship between Shoc2 overexpression and cancer has been investigated 

in some human cancers, including melanoma and CRC. Increased Shoc2 is associated with 

activation of ERK and Rac, and enhanced M-ras mediated oncogenic Akt activation in 

melanoma cells42, and activation of PI3K/Akt and ERK in CRC45. Increased Shoc2 in both 
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cancer types led to increased cell growth, transformation, and migration. Shoc2 knockdown 

attenuated the metastatic potential of highly invasive melanoma cells42, and decreased cell 

proliferation as well as regression in tumor growth as observed in a CRC xenograft 

model45. Although never studied in the context of liver cancer, human tumors with 

constitutive Ras activation were found to require shoc2 cooperation, highlighting the 

therapeutic potential of shoc2 inhibitors for the treatment of cancers with aberrant Ras 

activation, such as HBV-associated HCC. 

Western blot confirmed that Shoc2 was indeed decreased in treated HBxTg livers. 

The observed increase of Shoc2 in controls was 1.6-fold (Fig 5.4, Table 5.0), slightly lower 

than the typical significance threshold of two-fold. This fold change is less than expected 

given the results of proteomics, but the difference may be due to the increased sensitivity 

of the western blot assay. This assay is often referred to as the ‘gold standard’ for protein 

identification and quantification due to its low threshold of detection. The western blot 

achieves its high degree of sensitivity by separating proteins by molecular weight, and then 

incubating with an antibody specific for the protein of interest. Although a smaller fold 

change than expected, the decrease of Shoc2, an adaptor protein shown to be required for 

downstream activation of the Ras pathway, further suggests that SCFAs may downregulate 

the Ras pathway. 
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Fig. 5.3. Shoc2 functions as a tethering protein in the Ras pathway. Shoc2 brings Ras 

and Raf in close proximity in order to facilitate the phosphorylation and subsequent 

activation of Raf and downstream effectors of the Ras pathway (41). 

a.  

b.  

Fig 5.4. SCFAs decrease Shoc2 expression. Western blot measured a 1.6 fold decrease in 

expression of Shoc2 (p < 0.01), β-actin was used as the loading control. Control (n=12), 

Treated (n=12). Signal density was measured in arbitrary units (a.u.). 
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Table 5.2 Shoc2 expression as measured by western blot. 

Signal Density (a.u.) 

Control 0.6 0.8 0.4 0.3 0.8 1 1 0.8 1 0.5 0.5 1.3 

Treated 0.5 0.5 0.4 0.3 0.6 0.7 0.8 0.4 0.3 0.4 0.5 0.7 

 

5.4.3 SCFAs decrease active Ras 

Ras is a small GTPase that cycles between its active, GTP-bound form, and its inactive, 

GDP-bound form. The role of Ras in carcinogenesis has gained considerable interest after 

it was discovered that a great number of human tumors, including HCC, have increased 

Ras-GTP leading to constitutive activation of this pathway. Since there is no Ras antibody 

that can differentiate between the GTP and GDP bound state, Ras-GTP must first be 

isolated from samples. In order to do this, a GST pulldown assay utilizing the Ras binding 

domain (RBD) of Raf-1 as the bait was performed. Ras-GTP has a much greater affinity 

for Raf-1 RBD, three orders of magnitude greater than Ras-GDP126, and so was used to 

capture the active form of Ras present in the samples. Once Ras-GTP was isolated, a 

western blot was performed with a Ras antibody in order to compare the levels of Ras-GTP 

in SCFA-treated and control HBxTg liver samples.  

Results of the Ras pulldown assay confirmed that SCFAs decrease Ras activation. 

Control HBxTg tissue showed a fourfold increase in expression of Ras-GTP compared to 

SCFA-treated samples (Fig 5.5, Table 5.3, p < 0.001) demonstrating that SCFAs decrease 

levels of active Ras. Reduced active Ras is associated with decreased cell proliferation and 

tumor growth. These results strongly suggest that the delay in pathogenesis mediated by 

SCFAs was in part due to inhibition of the Ras pathway. 
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Fig 5.5 SCFAs reduce active Ras. A Ras pulldown assay confirmed that SCFAs decreased 

active Ras nearly fourfold compared to control samples (p < 0.001). Control (C), treated 

(T), and positive control (+C). Control n=7, Treated n=7. Signal density was measured in 

arbitrary units (a.u.). 

Table 5.3 Ras activity as measured by western blot. 

Signal Density (a.u.) 

Control 4.73 2.54 1.59 4.54 2.67 3.93 2.4 

Treated 0.41 1.2 0.02 1.1 0.61 0.94 2.6 

 

5.5 Discussion 

Proteomic analysis of the 12-month old group revealed an effect on several proteins 

directly related to the Ras pathway including Dab2, Shoc2, and MAP2K2 (MEK2). 

Expression of the Ras inhibitor and tumor suppressor Dab2 was increased after treatment, 

whereas the adapter protein, Shoc2, and downstream activator, MEK2 were decreased after 
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treatment. Given the relationship of these proteins to the Ras pathway, it was predicted and 

confirmed that Ras-GTP, the active form of Ras, would be downregulated in treated 

samples. 

Dab2 is known to be epigenetically silenced in several human cancers, including 

HCC37,39. A study evaluating tumor suppressor genes silenced in HCC found that several 

Ras inhibitors were epigenetically silenced, including Dab2, and this silencing resulted in 

unrestrained Ras activation associated with HCC initiation and progression37. The ability 

of SCFAs to upregulate expression of the tumor suppressor and Ras inhibitor, Dab2, 

validates their anti-cancer potential.  

A CpG island is located at the 5’ end of the Dab2 gene, suggesting that transcriptional 

silencing of Dab2 might occur via aberrant promoter methylation53. The HDACi TSA 

treatment alone or in combination with the DNA methyltransferase inhibitor (DNMTi) 5-

azacytidine was able to restore Dab2 expression in squamous cell carcinoma cells, 

indicating that HDAC-mediated chromatin modulation may play a role in Dab2 

downregulation53. Treatment with HDACi restored expression of Dab2 in nasopharyngeal 

carcinoma, and transitional carcinoma cells (TCC). Histone acetylation of the 5’ upstream 

regulatory sequence of Dab2 was determined to be crucial to its expression in transitional 

carcinoma cells (TCC)58, thus providing insight into the mechanism by which HDACi led 

to recovery of expression.  

In addition to loss of Dab2 via promoter methylation and histone acetylation, a 

relationship between miRNA silencing and Dab2 loss was investigated in HCC. MiR-

106b silencing of Dab2 resulted in increased HCC proliferation and invasion. 

Importantly, HBx silences tumor suppressor genes via epigenetic mechanisms, including 
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altered expression of DNMTs, HDACs, and miRNAs, such as miR-106b40. Dab2 was 

shown to be decreased by miR-106b in HCC and this decrease was correlated with 

increased cell proliferation and metastasis39. Butyrate was found to decrease expression 

of miR-106b and this was associated with decreased cell proliferation54. It is quite 

possible that the increase in Dab2 expression occurs through either miR-106b blockade 

and/or HDACi.  The mechanism by which expression of Dab2 was recovered will be a 

focus of future projects. 
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CHAPTER 6 

SCFAs REDUCE TUMOR GROWTH AND HCC CELL VIABILITY 

6.1 Introduction 

Nude mouse xenograft tumor models are one of the most commonly used models 

in cancer research. In a subcutaneous xenograft model, tumor cells are injected under the 

skin of an immunocompromised mouse. These mice are usually athymic, meaning they 

do not produce any T cells, and are much less likely to reject engraftment. Once tumor 

cells settle and begin growing and dividing, tumor growth can be easily observed and 

measured, and the potency of chemotherapeutics investigated.  

6.2 Results 

6.2.1 SCFAS delay tumor growth in a subcutaneous xenograft immunocompromised 

mouse model: direct anti-tumor properties. 

In this study, immunocompromised nude mice were subcutaneously injected with 

Huh7x cells. SCFAs or sucralose, serving as the control, were added to the drinking 

water of tumor bearing mice once tumors grew to approximately 6 mm in length and 

width, and continued for 4 weeks. Control tumors grew to an average volume of 10200 

mm3, compared to an average tumor volume of 4100 mm3 and 3700 mm3 in the low dose 

and high dose groups, respectively (Figure 6.0, p < 0.05). Tumors of mice fed a high dose 

of SCFAs demonstrated the greatest reduction in tumor growth, growing to less than half 

the size of control tumors during the same time period. Both doses of SCFAs differed 

significantly from controls, but were not significantly different than each other. These 

results demonstrate that SCFAs are capable of partially blocking tumor growth in the 
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presence of HBx and should be explored as a treatment option for human HBV-

associated HCC. 

 

d.  

Fig 6.0. SCFAs delayed HCC tumor growth. Representative images showing the 

difference in size between control (a), low dose (b), and high dose (c) SCFA fed Huh7x 

subcutaneous xenograft mice. (d) Mice fed a high dose of SCFAs in the drinking water 

for 4 weeks developed smaller tumors compared to controls.  The differences were 

statistically significant (p < 0.05). 

6.2.2 SCFAs reduce viability of malignant hepatocytes specifically 
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Since SCFAs were able to delay tumor progression, it was hypothesized that they 

reduced cell proliferation by affecting the viability of cells.  There have been several 

publications stating that SCFAs specifically induce apoptosis in cancer cells136, but this 

has never been investigated in the context of HBV-associated HCC. Primary human 

hepatocytes, Huh7x, and Hep3Bx were treated with increasing concentrations of SCFAs 

(0mM, 1mM, 5mM, and 10mM), and incubated for 24 hours. After 24 hours, both 

Hep3Bx and Huh7x cells showed reduced cell viability as measured by the MTS cell 

viability assay (Fig 6.1, p<0.001). This reduction in cell viability occurred in a dose 

dependent manner. Remarkably, SCFAs had no effect on the viability of normal human 

hepatocytes (Fig. 6.1). 

While Hep3Bx showed a steady decline in viability with each increasing 

concentration, Huh7x cells showed a decline from 0mM to 1mM, almost no difference 

between 1mM and 5mM, and a decline from 5mM to 10mM concentration. This is 

consistent with the results of the Huh7x xenografted mouse experiment in which the low 

and high dose SCFAs group did not differ very much from each other but differed greatly 

from the control group.  
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Fig 6.1. SCFAs reduced cell viability of malignant cells while leaving normal cells 

unharmed. Huh7x and Hep3bx showed a decrease in cell viability in a dose dependent 

manner (p < 0.001) while human hepatocytes showed no reduction in viability. 

6.3 Discussion 

SCFAs have been shown to reduce cell proliferation and induce apoptosis in cancer cells, 

but they have never been investigated in the context of HBV-associated HCC. We have 

demonstrated that SCFAs slow tumor growth in an immunocompromised nude mouse 

model of HCC and reduce cell viability of HCC cell lines. Remarkably, SCFAs had no 

effect on the viability of normal hepatocytes, proving that they specifically kill malignant 

cells and leave normal cells unharmed. Given these in vivo and in vitro results, SCFAs 

have been demonstrated to impact the pathogenesis of liver cancer and show potential as 

new therapeutic options in the treatment of HBV-associated HCC. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

SCFAs alter signaling pathways crucial to carcinogenesis through several 

mechanisms. They have anti-inflammatory properties that render them efficacious in the 

treatment of autoimmune and inflammatory disorders, such as psoriasis and inflammatory 

bowel disease. HBV-associated HCC is a cancer that, in a great majority of cases, arises 

in the presence of a chronic inflammatory environment. Given the ability of SCFAs to 

inhibit processes known to be important to the development of HCC, their potential in the 

treatment of HBV-associated HCC was investigated here. 

In HBxTg, SCFAs were found to delay the progression of tumorigenesis most 

significantly when treatment began at the onset of microscopic HCC. A delay in 

microscopic HCC was also observed when treatment began at the onset of dysplastic 

nodules, although this effect was less pronounced. Proteomics revealed an effect on 

signaling pathways known to be altered by HBx in the pathogenesis of HCC, including 

PI3K, VEGF, IGF, and Ras. The inhibition of these pathways by SCFAs is likely to be 

responsible for the observed delay in pathogenesis, given their importance in driving 

tumor initiation and progression. Most proteins detected by proteomics functioned in the 

Ras pathway, and so this pathway was the focus of further analysis. Upon closer 

examination of the proteins affected by SCFAs, the tumor suppressor Dab2 was 

discovered to be increased upon treatment. This tumor suppressor functions in the 

inhibition of the Ras pathway by blocking the formation of active Ras and further 

downstream events. Given the increased expression of a Ras inhibitor, it was 
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hypothesized that levels of the active form of Ras would be decreased, thus activity of the 

Ras pathway would be reduced. Results of a Ras activity assay confirmed that the active 

form of Ras was indeed decreased after treatment with SCFAs.  

HBx is known to drive activation of the Ras pathway resulting in unrestrained cell 

proliferation and reduced apoptosis. By inhibiting activation of Ras, SCFAs decrease 

activation of a pathway crucial to carcinogenesis and consequently meaningfully impact 

the course of pathogenesis. Although the exact mechanism by which SCFAs increased 

expression of Dab2 was not explored, there is evidence in the literature that this may be 

due to HDACi or microRNAs. HBx stimulates HDACs resulting in the silencing of tumor 

suppressors. SCFAs, functioning as HDACi, may block the HDACs increased by HBx, 

rescuing tumor suppressor silencing. Alternatively, SCFAs may block expression of HBx 

directly by HDACi, averting its carcinogenic effects. Finally, HBx has been demonstrated 

to increase miR-106b levels leading to silencing of Dab2, conversely SCFAs were shown 

to decrease levels of miR-106b. Although never studied, this mechanism of reducing 

miR-106b expression may lead to increased levels of Dab2. 

In addition to SCFAs delaying pathogenesis in an animal model of HBV-

associated HCC, their ability to delay tumor growth in a xenografted nude mouse model 

was also demonstrated. A colony of mice bearing HCC-derived tumors was fed either a 

high dose of SCFAs, a low dose of SCFAs, or vehicle for four weeks. Tumor growth was 

monitored each week and those mice receiving the high dose of SCFAs were found to 

have tumors grow to be half the size of the control group. This result demonstrates that 

SCFAs are indeed capable of significantly impacting tumor progression. 
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Tumor growth requires unimpeded cell proliferation and inhibition of apoptosis, 

in addition to other factors. Given the effects of SCFAs on tumor growth, the results of 

the work herein showed their ability to reduce the viability of HCC cells. Major side 

effects of chemotherapy derive from their inability to differentiate between malignant and 

nonmalignant cells, leading to death of both types of cells. Remarkably, the data herein 

have shown that SCFAs are capable of this distinction and do not affect the viability of 

primary hepatocytes, only malignant hepatocytes. Taken together, these results show that 

SCFAs are capable of delaying HBV-associated HCC and may prove to be a better 

therapeutic alternative than what is currently available. 

Future work will more deeply investigate the proteins altered by SCFAs in the 9- 

month old group. As briefly discussed above, tumor suppressors as well as proteins 

involving the UPS and immune system were found to be differentially expressed.  

Projects working with this data will be continued.  The potential here is to eventually 

bring these non-toxic compounds into clinical use to treat patients with chronic liver 

disease, thereby reducing the risk for the development of HCC.  Furthermore, the HDACi 

potential of SCFAs will be explored in order to gain insight into their mechanism of 

action. 

This work proposes that SCFAs be considered as therapeutically viable in the 

treatment of HBV-associated HCC. Currently, there are few drugs approved for late stage 

HCC treatment. Those drugs that are approved are associated with significant severe side 

effects, with minimal increase in quality and extension of life. This work has 

demonstrated the anticancer potential of SCFAs as well as their ability to target 
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malignant cells. No adverse side effects were reported in any of the in vivo experiments, 

and few severe side effects have been reported in the literature.  

The ultimate goal of this research is to use SCFAs to delay HBV-associated HCC 

in human sufferers. This work has led to several patents that will allow us to continue 

into the next phase beyond basic research, i.e. clinical trials. We believe that SCFAs 

target important mechanisms hijacked by HBx and important to carcinogenesis and are 

safer, more efficacious than drugs currently used to treat HCC. The research outlined 

above supports the hypothesis that SCFAs delay the pathogenesis of HBV-associated 

HCC.
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