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Abstract

Hepatocellular carcinoma (HCC) is one of the most aggressive human cancers. The rising 

incidence of HCC worldwide and its resistance to pharmacotherapy indicate that the prevention of 

HCC development may be the most impactful strategy to improve HCC-related morbidity and 

mortality. Among the broad range of chemopreventive agents, the use of dietary and nutritional 

agents is an attractive and promising approach; however, a better understanding of the mechanisms 

of their potential cancer suppressive action is needed to justify their use. In the present study, we 

investigated the underlying molecular pathways associated with the previously observed 

suppressive effect of butyrate-containing structured lipids (STLs) against liver carcinogenesis 

using a rat “resistant hepatocyte” model of hepatocarcinogenesis that resembles the development 

of HCC in humans. Using whole transcriptome analysis, we demonstrate that the HCC suppressive 

effect of butyrate-containing STLs is associated with the inhibition of the cell migration, 

cytoskeleton organization, and epithelial-to-mesenchymal transition (EMT), mediated by the 

reduced levels of RACGAP1 and RAC1 proteins. Mechanistically, the inhibition of the Racgap1 
and Rac1 oncogenes is associated with cytosine DNA and histone H3K27 promoter methylation. 

Inhibition of the RACGAP1/RAC1 oncogenic signaling pathways and EMT may be a valuable 

approach for liver cancer prevention.
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1. Introduction

Hepatocellular carcinoma (HCC) is the primary histological type of liver cancer, which 

accounts for 70 - 90% of primary liver tumors and is the second most lethal cancer 

worldwide [1, 2]. The global incidence of HCC is rising and projected to continue in the 

near future, surpassing 1 million cases per year [2]. Etiological factors associated with HCC 

include chronic viral hepatitis B and C infections, nonalcoholic fatty liver disease, alcohol 

drinking, and exposure to chemicals [3]. HCC is a multistep and long-term disease process 

characterized by the progressive evolution of preneoplastic lesions (chronic liver injury, 

necro-inflammation and regeneration, small cell dysplasia, and dysplastic nodules) into full-

fledged HCC [4]. The molecular pathogenesis of HCC is a complex and involves genetic, 

genomic, and epigenetic alterations, including mutation-driven activation of the telomerase 

reverse transcriptase (TERT) gene, viral integration, focal amplifications, mutations in β-

catenin (CTNB1) and tumor suppressor TP53 genes, and numerous transcriptomic 

aberrations [2, 5, 6]. Unfortunately, most of these abnormalities are not yet druggable targets 

[2], which substantially limits the pharmacological options for treating this devastating 

disease. Only 20 - 30% of patients are diagnosed at early stages of HCC, where the 5-year 

survival rate is approximately 70%; however, patients with advanced HCC have less than a 

10% 5-year survival [2, 7]. Early detection and prevention of HCC are the most impactful 

strategies in reducing the incidence and mortality of HCC [8, 9].

Two strategies have been suggested for the prevention of HCC, both of which aim to halt or 

impede the development of HCC. Primary prevention focuses on the elimination of the 

etiological factors associated with the HCC; such approaches include vaccination against 

viral HBV and HCV infections, modification of the lifestyle and diet (e.g., reduction in the 

consumption of alcohol and aflatoxin-contaminated grains, and environmental interventions) 

[8, 9]. Secondary prevention aims to suppress the development of preneoplastic liver lesions 

or attenuate their progression to low-grade dysplastic nodules and carcinomas [7]. For this 

latter approach, identification of the molecular targets relevant to liver tumor progression 

that can be targeted with chemopreventive pharmacotherapy is of great importance.

The use of dietary and nutritional agents as secondary chemopreventive agents is an 

attractive and promising approach for liver cancer prevention? [8]; however, a better 

understanding of the mechanisms of their potential chemopreventive action is needed to 

justify their use. In a previous study, using a rat “resistant hepatocyte” model of 

hepatocarcinogenesis [10] that resembles the development of HCC in humans [11], we 

demonstrated that butyrate-containing structured lipids (STLs), synthesized by enzymatic 

interesterification of flaxseed oil using tributyrin, inhibited the formation of hepatic 

preneoplastic foci [12]. In this study, we have focused on the identification and investigation 

of the underlying molecular pathways associated with the previously observed suppressive 

effect of butyrate-containing STLs against experimental liver carcinogenesis. We now show 

that the chemopreventive action of butyrate-containing STLs is mediated by the inhibition of 

Rac1 and epithelial-to-mesenchymal transition (EMT) markers.
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2. Materials and Methods

2.1 Experimental design

To investigate the molecular mechanisms associated with the chemopreventive activity of 

butyrate-containing STLs, we performed transcriptomic, proteomic, and epigenetic analysis 

in the liver samples of male Wistar rats submitted to a model of hepatocarcinogenesis and 

treated with butyrate-containing STLs [12]. Briefly, Heidor et al., [12] used the resistant 

hepatocyte model of hepatocarcinogenesis to demonstrate the chemopreventive activity of 

butyrate-containing STLs. This model consists of a short-term in vivo assay that allows 

studying the mechanism of development of liver cancer in vivo, because it reproduces the 

multistage carcinogenic process observed in humans, i.e. from hepatic preneoplastic lesions 

to development of HCC [10, 11]. Thus, male Wistar rats that were submitted to the “resistant 

hepatocyte” cancer model and treated for 8 weeks with 1.65 g/kg bw butyrate-containing 

STLs daily by gavage (butyrate-containing STLs group) displayed an inhibition in the 

development of hepatic preneoplastic lesions when compared to rats submitted to the 

“resistant hepatocyte” cancer model and treated with 3.0 g/kg body weight (bw) 

maltodextrin (control group). The dose of maltodextrin was isocaloric to a dose of butyrate-

containing STLs [12]. Additional details of this study can be found elsewhere [12].

To confirm the relevance of our findings, we analyzed liver tumor samples of mice submitted 

to a model of fibrosis- and inflammation-associated HCC described by Uehara et al. [13]. 

Briefly, male C57BL/6J mice were subjected to fibrosis- and inflammation-associated 

hepatocarcinogenesis induced by N,N-diethylnitrosamine (DEN) and carbon tetrachloride 

(CCl4) [13].

2.2 RNA extraction and gene expression analysis using microarray technology

Total RNA was extracted from rat liver tissue samples (n = 4) using miRNeasy Mini kits 

(Qiagen, Valencia, CA). The whole-genome gene expression in the livers was determined by 

using a SurePrint G3 Unrestricted Gene Expression 8x60K Microarray (Agilent 

Technologies, Santa Clara, CA). Sample labeling, microarray processing, and data analysis 

were performed as described in de Conti et al. [14]. The raw data were uploaded into 

ArrayTrack [15]. To identify genes that were differentially expressed between control and 

butyrate-containing STLs-treated rats, Benjamini-Hochberg adjusted p-values were 

calculated [16]. Genes that changed by more than 1.5-fold and had Benjamini-Hochberg 

adjusted P-value < 0.05 were considered statistically significant. The microarray gene 

expression data have been deposited in the NCBI’s Gene Expression Omnibus (GEO) 

database (accession number GSE109685).

2.3 Pathway analysis of differentially expressed genes

The list of differentially expressed genes in the livers of rats treated with butyrate-containing 

STLs was uploaded into Ingenuity Pathway Analysis (IPA, version 28820210; Ingenuity, 

Qiagen) and g:Profiler (Functional Profiling of Gene List from large-scale experiments, 

version 2016; [17]). The IPA “core analysis” function was used to interpret the differentially 

expressed genes and categorize them into molecular pathways and gene networks. For each 

molecular pathway, a P-value was calculated based on a right-tailed Fisher’s exact test that 
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indicated whether a pathway was overrepresented by calculating overlap of the predicted 

genes in a given pathway with experimental significantly differentially expressed genes. 

Only those pathways with a P-value < 0.05 and with > 10 genes in the data set were 

considered further. The g:Profiler was used to generate a network of enriched pathways, with 

the following criteria being applied: (i) a minimum and maximum size of a functional 

category of 3 and 500 genes, respectively, and (ii) a minimum size of an intersection of 2 

genes. For each molecular pathway, a P-value was calculated based on a cumulative 

hypergeometric probability that determined whether a pathway was over-represented by 

calculating overlap of the predicted genes in a given pathway with experimental significantly 

differentially expressed genes and using a Benjamini-Hochberg false discovery rate (FDR) 

as a multiple testing correction algorithm. The networks of enriched pathways were 

visualized using Cytoscape [18] and Enrichment Map [19]. Clusters of nodes functionally 

related to the same biological process were identified and annotated using AutoAnnotate 

[20].

2.4 Methylated DNA immunoprecipitation assay

Methylated DNA immunoprecipitation (MeDIP) was performed using MethylMiner 

Methylated DNA Enrichment kits (Invitrogen, Carlsbad, CA). The methylation status of the 

CpG islands located within the promoter region of the Rac GTPase-activating protein 1 

(Racgap1) and Rac family small GTPase 1 (Rac1) genes was determined by quantitative 

PCR (qPCR) of DNA from immunoprecipitated and unbound DNA. The results were 

normalized to the amount of unbound DNA and presented as fold change for each DNA in 

the liver of rats from experimental groups relative to that in control rats.

2.5 Chromatin immunoprecipitation assay

Formaldehyde cross-linking and chromatin immunoprecipitation (ChIP) assays, with 

primary antibodies against histone H3K9me3 and H3K27me3 (Abcam, Cambridge, MA), 

were performed by using a Chromatin Immunoprecipitation Assay Kit (Millipore 

Corporation, Billerica, MA). Purified DNA from immunoprecipitated and input DNA was 

analyzed by qPCR with the same primer sets for Racgap1 and Rac1 that was used in the 

MeDIP assay. The results were normalized to the amount of input DNA and presented as 

fold change for each DNA in the liver of rats from experimental groups relative to that in 

control rats.

2.6 Western blot analysis

Whole liver tissue lysates containing equal quantities of proteins from control and butyrate-

containing STLs-treated rats were separated by 7 - 15% SDS-PAGE and transferred to 

PVDF membranes. The levels of RACGAP1, RAC1, SRY (sex-determining region Y)-box 9 

(SOX-9), SRY-box 2 (SOX2), Yes-associated protein 1 (YAP1), matrix metallopeptidase 2 

(MMP2), snail family transcriptional repressor 1 (SNAIL1), snail family transcriptional 

repressor 2 (SLUG; SNAI2), vimentin (VIM), β-catenin (CTNNB1), NOTCH, E-cadherin 

(CDH1), N-cadherin (CDH2), extracellular regulated MAP kinase (ERK1/2), 

phosphorylated extracellular regulated MAP kinase (p-ERK1/2), p38 kinase (p38), mitogen-

activated protein kinase 9, stress-activated protein kinases (SAPK)/Jun amino-terminal 

kinases (JNK) and β-actin (ACTB) proteins were determined by Western blot analysis as 
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described previously [14]. Primary antibodies and their dilutions used for Western blotting 

are listed in Supplementary Table 1. IRDye 800CW-labeled anti-rabbit or IRDye 680RD-

labeled anti-mouse secondary antibodies (LI-COR Biosciences, Lincoln, NE) were used for 

visualization. Fluorescence was measured using the Odyssey CLx Infrared Imager (LI-COR 

Biosciences). The images were quantified using ImageStudio 4.0 Software (LI-COR 

Biosciences). For equal loading control, the relative amount of the protein of interest was 

normalized against β-actin.

2.7 Analysis of human RACGAP1, RAC1, and SOX9 gene expression data from the online 
database

RACGAP1, RAC1, and SOX9 gene expression and clinical human HCC data were 

downloaded from The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov) 

database. All samples were median-centered, and Benjamini-Hochberg adjusted P-values 

[16] were calculated to control the FDR.

2.8 Transfection of Hep3B cells with RAC1 siRNA

SK-Hep-1, Hep3B, SNU448, PLC/PRF/5, and HepG2 human liver cancer cell lines were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured 

according to the ATCC’s recommendations. Hep3B cells were transfected with 50 nM of 

either Silencer® Select RAC1 siRNA (n = 3; Life Technologies) or Silencer® Select 

negative control siRNA (n = 3) using Lipofectamin™ 3000 transfection reagent (Life 

Technologies). Seventy-two hours post-transfection, adherent cells were harvested by mild 

trypsinization, re-seeded in 100 mm dishes, and the transfection was repeated. Adherent 

cells were harvested 48 hours after the second transfection and the RNA and proteins were 

extracted. The experiments were repeated two times in triplicate.

2.9 Statistical analyses

Results are presented as mean ± SD, n = 3 - 4. Significant differences between groups for 

non-genomic data were evaluated using an unpaired 2-tailed Student’s t-test (p < 0.05 was 

considered significant). When necessary, data were natural log-transformed before 

conducting the analyses to maintain equal variance or normal data distribution. RACGAP1, 

RAC1, and SOX9 expression data in human HCC were analyzed by a non-parametric 

Wilcoxon-signed rank test.

3. Results

3.1 Global gene expression alterations in the livers of rats treated with butyrate-
containing STLs

In our previous study [12], we demonstrated that the administration of butyrate-containing 

STLs during the initiation and promotion stages of liver carcinogenesis inhibited the 

hepatocarcinogenic process in male Wistar rats subjected to a “resistant hepatocyte” cancer 

model [12]. This HCC-suppressing activity of butyrate-containing STLs was associated with 

the inhibition of major hepatocarcinogenesis-related oncogenes, including Bcl2, Ccnd1, Fos, 

Kras, Src, Stat3, Tnf2, and Myc [12]. To investigate further the underlying molecular 
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mechanisms of the tumor-suppressing activity of butyrate-containing STLs, we analyzed the 

transcriptomic profiles in the livers of control and butyrate-containing STLs treated animals.

Compared to control animals, 1583 differentially expressed genes (920 up-regulated and 663 

down-regulated) were found in the livers of rats treated with butyrate-containing STLs 

(Supplementary Table 2). Pathway enrichment analysis of these genes demonstrated a strong 

effect of butyrate-containing STLs, based on the significance and numbers of differentially 

expressed genes, on canonical molecular pathways associated with the deregulation of 

nuclear receptor signaling, activation of hepatic stellate cells, gap junction signaling, 

adhesion and diapedesis, and production of reactive oxygen species (Figure 1A). Further 

analysis of the molecular functions of the differentially expressed genes showed their 

involvement in the regulation of several biological functions, among which cell migration 

was the most prominent (Figure 1B). These findings were confirmed by a parallel analysis of 

the differentially expressed genes using g:Profiler that demonstrated alterations in pathways 

related to cell migration, such as cytoskeleton organization, cell motility, and calcium 

signaling (Figure 1C). Detailed analysis of the differentially expressed genes in selected 

pathway clusters showed that several cancer-related genes were over-represented, among 

which the oncogenes Racgap1 and Sox9 were among the most down-regulated (Table 1). A 

gene network interaction analysis identified Racgap1 and Sox9 as key down-regulated genes 

associated with the inhibition of cell migration and cytoskeleton organization in the livers of 

butyrate-containing STLs-treated rats (Figure 1D).

3.2 Butyrate-containing STLs down-regulate RACGAP1 and RAC1

Next, we sought to confirm whether changes in mRNA transcripts of the identified genes 

corresponded to changes in the levels of proteins. Protein levels of RACGAP1, SOX9, and 

RAC1, a downstream target of RACGAP1 and a well-known oncogene [21], were 

investigated. Figure 2A shows that the treatment of rats undergoing liver carcinogenesis with 

butyrate-containing STLs resulted in a decrease of protein levels for RACGAP1 and RAC1 

by 65% and 54%, respectively, whereas no effect was observed on the level of SOX9.

Because RACGAP1, RAC1, and SOX9 are oncogenes involved in the regulation of 

cytoskeleton function and cytokinesis, cell differentiation, and migration [21–23], we used 

the TCGA Research Network database (http://cancergenome.nih.gov) to analyze their 

expression in paired HCC tissue samples and non-tumor liver tissue samples obtained from 

the same patients. We found a higher level of the RACGAP1 and RAC1 transcripts in HCC, 

whereas no changes were detected in SOX9 expression (Figure 2B). Additionally, we found 

that RACGAP1 and RAC1 proteins were also elevated in a mouse model of fibrosis- and 

inflammation-associated HCC (Figure 2C), another human-relevant model of liver 

carcinogenesis [13].

3.3 Mechanism of butyrate-containing STLs-mediated down-regulation of RACGAP1 and 
RAC1

To determine the mechanism of Racgap1 and Rac1 down-regulation by butyrate-containing 

STLs, we investigated the status of cytosine DNA methylation and histone H3K9 and 

H3K27 trimethylation in the promoter regions of the Racgap1 and Rac1 genes. Figure 3 
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shows that in the livers of rats treated with butyrate-containing STLs, the levels of cytosine 

DNA methylation and histone H3K27me3 were increased by 3.2- and 1.8 -fold, respectively, 

in the promoter region of Racgap1. Likewise, histone H3K27me3 was increased by 4.7-fold 

in Rac1.

3.4 Effect of butyrate-containing STLs on EMT

Recent studies have shown a fundamental role of RACGAP1 and RAC1 in the regulation of 

YAP1 [24,25], a key effector of the Hippo signaling pathway [25, 26]. The Hippo pathway is 

essential for tumor initiation and progression of HCC [27, 28], due to its critical role in 

cancer stem biology, especially in EMT. Hence, the levels of YAP1 and several other key 

EMT-related proteins were analyzed by Western blotting in the livers of control rats and rats 

treated with butyrate-containing STLs. Figure 4A shows the concurrent expression of 

protein-markers of epithelial (e.g., E-cadherin) and mesenchymal (e.g., SNAIL1, MMP2, 

and VIM) phenotypes in the livers of rats submitted to the “resistant hepatocyte” liver 

carcinogenesis model (control group), indicating the presence of hybrid epithelial/

mesenchymal phenotypes in liver cells. It has been suggested that these hybrid epithelial/

mesenchymal cells may possess a high tumor-initiating, cell migrating, and metastatic 

potential [29]. Treatment of rats undergoing liver carcinogenesis with butyrate-containing 

STLs resulted in a decrease in YAP1 protein levels by 70% and mesenchymal phenotype 

markers SNAIL1, MMP2, and VIM by 40%, 64%, and 56%, respectively, while no changes 

were observed in the epithelial marker E-cadherin (Figure 4A). Additionally, butyrate-

containing STLs significantly decreased the levels of proteins related to EMT-inducing 

signaling pathways [30–32], especially CTNNB1 and NOTCH by 63% and 67%, 

respectively.

RACGAP1 and RAC1 are also known to control the mitogen-activated protein kinase 

pathway [33, 34]. Figure 4B shows that contrary to the pronounced effect of butyrate-

containing STLs on EMT, there was no effect on key players (ERK1/2, p-ERK1/2, p38, and 

SAPK/JNK) in the ERK/MAPK pathway.

3.5 Inhibition of RAC1 decreases EMT in human Hep3B HCC cells

Next, we sought independent confirmation of the hypothesis that inhibition of RAC1 gene 

decreases EMT in liver cancer. First, we evaluated the status of RAC1 in five human liver 

cancer cell lines, SK-Hep-1, SNU448, PLC/PRF/5, Hep3B, and HepG2. Figure 5A shows 

that the Hep3B cell line exhibited the highest level of RAC1. We then knocked down 

expression and protein for RAC1 by transfection of Hep3B cells with siRNA (Figures 5B 

and 5C). Silencing of RAC1 resulted in the reduction of mesenchymal phenotype proteins 

YAP1, SNAIL1, and N-cadherin (CDH2), by 49%, 34%, and 44%, respectively (Figure 5D).

Recent studies have demonstrated a tight connection between RACGAP1/RAC1-YAP1 

pathways and suggested the existence of a functional regulatory feedback loop [24,35]. To 

confirm further that inhibition of YAP1 is mediated through RAC1 signaling, we utilized 

PLC/PRF5 cells, a cell line that highly expresses YAP1. The PLC/PRF5 cells were 

transfected with microRNA miR-375, which directly targets YAP1 [36]. Figure 5E shows 

that the level of RAC1 protein in miR-375-transfected cells did not differ from that in mock-
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transfected cells, while the level of YAP1 was markedly reduced. This further supports a 

causative role for RAC1 in butyrate-containing STLs-associated downregulation of YAP1.

4. Discussion

The rising incidence of HCC globally and its resistance to pharmacotherapy indicate that 

primary and secondary prevention of HCC development may be the most impactful 

strategies to improve HCC-related morbidity and mortality [2, 7]. Among several secondary 

prevention factors, the importance of nutrition, including bioactive food components, is 

widely recognized [37]. One of the key aspects in developing effective cancer prevention is 

the identification of molecular drivers that can be used as targets to inhibit the carcinogenic 

process. Recent advances in large-scale omics-related technologies, combined with 

bioinformatics tools, have revolutionized our ability to interrogate cancer-related pathways 

to identify chemopreventive targets [38]. In the present study, using whole transcriptome 

analysis, we demonstrate that the chemopreventive effect of butyrate-containing STLs 

against liver carcinogenesis is associated with the inhibition of the cell migration and 

cytoskeleton organization pathways mediated by the down-regulation of RACGAP1 and 

RAC1 proteins.

Up-regulation of RACGAP1 [39, 40] and RAC1 [41] has been reported in human HCC. 

Moreover, the over-expression of RACGAP1 and RAC1 is associated with the poor 

prognosis in HCC patients [39, 41, 42] and the early recurrence of human HCC [43]. 

Similarly, our results showed the over-expression of RACGAP1 and RAC1 genes in human 

HCC. Furthermore, our data, showing that similar molecular pathways are affected in 

human-relevant rat [12] and mouse [13] models of liver cancer, indicate that findings in the 

rodent models of liver cancer are informative for human disease and chemoprevention 

strategies.

One of the pathophysiological consequences of the up-regulation of RACGAP1 and RAC1, 

which promotes oncogenic progression, is the activation of the EMT program. In the present 

study, we showed that treatment of rats undergoing liver carcinogenesis with butyrate-

containing STLs reduced levels of RACGAP1 and RAC1 proteins, and inhibited EMT 

markers, as evidenced by marked down-regulation the mesenchymal phenotypic markers 

VIM, SNAIL1, MMP2, and especially YAP1.

YAP1 has emerged as a key regulator of normal liver development and normal liver 

physiology [27]; however, its overexpression has been documented in HCC in humans [44]. 

Several studies have shown that YAP1 is a key driver in the development of HCC, as 

evidenced by the fact that induction of YAP1 leads to the rapid development of liver tumors 

in experimental animals [45–48]. In the present study, we demonstrated that butyrate-

containing STLs down-regulated YAP1 and inhibited EMT markers in the livers of rats 

undergoing hepatocarcinogenesis and that this is mediated through the RACGAP1/RAC1 

signaling pathway. This was evidenced down-regulation of YAP1, SNAIL1, and N-cadherin 

in Hep3B HCC cells transfected with RAC1 siRNA. In contrast, transfection with 

microRNA miR-375, which targets directly YAP1 [36], did not affect the levels of RAC1. 

This indicates that the inhibitory activity of butyrate-containing STLs on EMT markers is 
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associated with down-regulation RAC1. These findings are in agreement with the results of 

previous studies showing that inhibition of RACGAP1 and RAC1 reduced cell migration 

and invasion, induced cytokinesis failure, and increased cell death [35, 42, 49, 50]. 

Mechanistically, down-regulation of YAP1 by a low level of RACGAP1 may be attributed to 

RACGAP1-mediated inhibition of the Hippo pathway [35], or in case of RAC1, to impaired 

nuclear localization of YAP1 [24].

Recently, two small-molecule inhibitors of RAC1, MDQ-167 and EHop-016, have been 

tested as potential anticancer drugs. Humphries-Bickley et al. [51] reported that treatment of 

metastatic MDA-MB-231 breast cancer cells with MDQ-167 inhibited RAC1 activity. This 

resulted in the reduction of the aggressive cancer cell phenotype, evidenced by lower 

viability of cancer cells and spheroid formation in vitro. More importantly, MDQ-167 

inhibited the progression of GFP-HER2-BM xenograph tumors by 90% in 

immunocompromised mice [51]. Similar findings of the reduction of spheroid formation and 

cancer stem cell phenotype in vitro were demonstrated in HCCLM3 and SMMC7721 HCC 

cell lines treated with EHop-016 [50]. In light of this, the results of our study showing the 

ability of butyrate-containing STLs to inhibit the RAC1 pathway and prevent the progression 

of liver carcinogenesis indicate that targeting RACGAP1/RAC1 signaling may have utility in 

liver cancer prevention.

Of particular interest is that the down-regulation of RACGAP1 and RAC1 oncogenes by 

butyrate-containing STLs is mediated by cytosine DNA and histone H3K27 promoter 

methylation. This finding corresponded to a recent report showing that demethylation of 

histone H3K4me2, the functionally opposite to H3K27me3 histone modification, at the 

RACGAP1 promoter decreased expression of RACGAP1 and was accompanied by reduced 

HCC cell migration and inhibition of tumor growth in vivo [52]. This indicates that targeting 

the RACGAP1 and RAC1 oncogenes, using dietary factors with the unique epigenome 

modulating abilities, may be a promising strategy to prevent HCC development. Consistent 

with this suggestion, it has been shown that S-adenosylmethionine, a universal methyl donor 

for all cellular methylation reactions, inhibits proliferation, adhesion, migration, and 

invasion of activated hepatic stellate cells by RAC1 promoter cytosine DNA methylation 

[53, 54].

In conclusion, the results of this study demonstrate that the inhibitory effect of butyrate-

containing STLs on rat liver carcinogenesis is associated with the epigenetically-mediated 

inhibition of the RACGAP1/RAC1 oncogenic signaling pathway and EMT markers, which 

is one of the key events in the development of HCC.
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Figure 1. Pathway analysis of differentially expressed genes in the livers of rats treated with 
butyrate-containing STLs.
(A) Canonical pathway analysis of differentially expressed genes. (B) Biological functions 

enriched by differentially expressed genes. (C) Pathway networks of differentially expressed 

genes related to cell migration. (D) The molecular network of differentially expressed genes 

related to down-regulated Racgap1 and Sox9. Z-scores were calculated using IPA to predict 

activation or inhibition of biological functions. Genes in red color are up-regulated, genes in 

green color are down-regulated, and pathways in blue are inhibited.
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Figure 2. Expression of the RACGAP1, RAC1, and SOX9 oncogenes in HCC.
(A) Level of RACGAP1, RAC1, and SOX9 proteins in the livers of rats treated with 

butyrate-containing STLs. The Western blot results are presented as an average fold change 

in the level of each protein in the livers of rats treated with butyrate-containing STLs relative 

to that in the livers of rats submitted to a “resistant hepatocyte” model of 

hepatocarcinogenesis, which were assigned a value 1. Representative Western blot images of 

three different samples are shown. Values are mean ± SD, n=3. Asterisks (*) denotes a 

statistically significant difference between the groups. (B) Expression of RACGAP1, RAC1, 
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and SOX9 in paired HCC tissue samples and non-tumor liver tissue samples obtained from 

the same HCC patient. Asterisks (*) denote a statistically significant difference between 

groups as determined by a Wilcoxon-signed rank test, n = 50. (C) Level of RACGAP1, 

RAC1, and SOX9 proteins in HCC from mice. The Western blot results are presented as an 

average fold change in the level of each protein in HCC relative to that in the livers of 

control mice, which were assigned a value 1. Representative Western blot images of three 

different samples are shown. Values are mean ± SD, n = 3. Asterisks (*) denote a 

statistically significant difference between groups.
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Figure 3. DNA methylation and histone H3K9 and H3K27 trimethylation in the promoter region 
of Racgap1 and Rac1 genes in the livers of rats treated with butyrate-containing STLs.
Values are mean ± SD, n = 3. Asterisks (*) denote a statistically significant difference 

between groups.
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Figure 4. Level of proteins related to (A) EMT and (B) MAP kinase pathways in the livers of rats 
treated with butyrate-containing STLs.
The Western blot results are presented as an average fold change in the level of each protein 

in the livers of rats treated with butyrate-containing STLs relative to that in the livers of rats 

submitted to a “resistant hepatocyte” model of hepatocarcinogenesis, which were assigned a 

value 1. Representative Western blot images of three different samples are shown. Values are 

mean ± SD, n = 3. Asterisks (*) denote a statistically significant difference between groups.
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Figure 5. In vitro analysis of RAC1 down-regulation in human HCC cells.
(A) RAC1 expression in SK-Hep-1, Hep3B, SNU448, PLC/PRF/5, and HepG2 human liver 

cancer lines. (B) Level of RAC1 mRNA and (C) RAC1 protein in Hep3B cells transfected 

with RAC1 siRNA. Values are mean ± SD, n = 3. Asterisks (*) denote a statistically 

significant difference between groups. (D) Level of YAP1, SNAIL1, SNAI2, N-cadherin, 

VIM, and E-cadherin proteins in Hep3B human liver cancer cells transfected with RAC1 
siRNA. Values are mean ± SD, n = 3. Asterisks (*) denote a statistically significant 

difference between groups. (E) Level of RAC1 and YAP1 proteins in PLC/PRF5 human 
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liver cancer cells after transfection of microRNA miR-375. The results are presented as an 

average fold change in the level of each protein in miR-375-transfected PLC/PRF/5 cells 

relative to that in the mock group, which were assigned a value 1. Values are mean ± SD, n = 

3. Asterisks (*) denote a statistically significant difference between groups.
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