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Abstract
There is clinical evidence that chronic liver diseases in which MDBs (Mallory Denk Bodies) form
progress to hepatocellular carcinoma. The present study provides evidence that links MDB formation
induced by chronic drug injury, with preneoplasia and later to the formation of tumors, which develop
long after drug withdrawal. Evidence indicated that this link was due to an epigenetic cellular memory
induced by chronic drug ingestion. Microarray analysis showed that the expressions of many markers
of preneoplasia (UBD, Alpha Fetoprotein, KLF6 and Glutathione-S-Transferase mu2) were
increased together when the drug DDC was refed. These changes were suppressed by S-
adenosylmethionine feeding, indicating that the drug was affecting DNA and histones methylation
in an epigenetic manner. The link between MDB formation and neoplasia formation was likely due
to the over expression of UBD (also called FAT10), which is up regulated in 90% of human
hepatocellular carcinomas. Immunohistochemical staining of drug primed mouse livers showed that
FAT10 positive liver cells persisted up to 4 months after drug withdrawal and they were still found
in the livers of mice, 14 months after drug withdrawal. The refeeding of DDC increased the percent
of FAT10 hepatocytes.

INTRODUCTION
There is mounting evidence that liver neoplasms develop as a result of the modification of
genes and changes in gene expression due to changes in epigenetic cellular memory (Santos-
Rosa, Calsada, 2005). The focus of the present study is on epigenetic changes that occur in
liver cells when Mallory Denk bodies (MDB) form. MDBs are formed in hepatocytes of mice
fed drugs such as DDC, griseofulvin or dieldrin. Liver tumors develop subsequently suggesting
that the MDB forming phenotype is a preneoplastic change, which leads to liver cell tumor
formation(Roomi et al, 2006; Nan et al, 2006a; Nagao et al, 1999; Nagao et al, 1998a; Cadrin
et al, 1990, Tazawa et al, 1983; Meierhenry et al, 1983; Meierhenry et al, 1981). Refeeding the
drug or thioacetamide after drug withdrawal, stimulates MDB forming liver cells to proliferate
at a growth rate that exceeds the neighboring normal hepatocytes (Roomi et al, 2006; Nagao
et al, 1998b).

The markers for the MDB associated preneoplastic phenotype include A2 macroglobin, gamma
glutamyl transpeptidase, alpha fetoprotein, GSTmu2, fatty acid synthase, Glypian-3, p38, and
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Akt (Roomi et al, 2006; Nan et al, 2006a; Nagao et al, 1999; Tazawa et al, 1983; Nagao et al,
1998b; Nan et al, 2006b) 2,3,4,7,10,11.

Microarray analysis of gene expression by livers from drug-primed mice showed that when
MDB forming cells increased after feeding or refeeding DDC, many of the genes’ preneoplastic
marker were up regulated (Bardag-Gorce et al, 2007)12. The most up regulated gene, however,
was UBD (116 fold up regulated). UBD (FAT10) was over expressed in 90% human
hepatocellular carcinomas (HCC) (Canaan et al, 2006; Lee et al, 2003; Liu et al, 1999). The
expression of a large number of genes was changed when MDB cells formed, including genes
for enzymes that make epigenetic modifications like DNA methylation and/or acetylation and
methylation of histones. These are the enzymes that regulate many epigenetic events (Santos-
Rosa, Calsada, 2005). In the present paper, the changes were documented in FAT10 expression
by MDB forming hepatocytes in vivo and in vitro. FAT10 expression, in liver tumors which
formed after DDC withdrawal for 8–14 months, was also studied. FAT10 postive cell
proliferation was induced by DDC refeeding. The inhibitory effects of S-adenosyl methionine
feeding on this phenomenon were studied. The effect of DNA methylation and histone
acetylation of genes on MDB formation was also studied. The inhibitors 5-Aza-cytidine and
TSA were used here in vitro. MDBs formed spontaneously in primary liver cell cultures derived
from drug withdrawn mice (Nan et al, 2006a; Nan et al, 2006b; Wu et al, 2005).

MATERIAL AND METHODS
Animals

One-month-old C3H male mice (Harlan Sprague-Dawley, San Diego, CA) were fed DDC
(0.17% diethyl 1,4-dihydro-2, 4, 6-trimethyl-3, 5-pyridinedicarboxylate (Sigma-Aldrich, St
Louis, MO) for 10 weeks to induce MDB formation in vivo. The mice were then withdrawn
from the drug for 1 month (n=4), 9 weeks (n=4), 11 weeks (n=4), 4 months (n=4) in order to
determine the length of time the cellular memory lasted in MDB forming cells. These mice
were then refed DDC with or without S-adenosylmethionine (SAMe), 4g/kg body wt/day by
gavage (Sigma Aldrich, St Louis, MO) for 7 days. DDC withdrawn mice were sacrificed at 8–
9 months (n=11) or 13–14 months (n=11) to access persistence of UBD positive hepatocytes.
They were viewed as scattered single cells or within liver cell tumors, which had formed. Some
of the livers examined here were used in previous studies (Nan et al, 2006a; Li et al, in
press). All mice were treated in a humane manner as approved by the Animal Care Committee
at Harbor-UCLA Laboratory BioMedical Research Institute according to the Guidelines of the
National Academy of Science. RNA was extracted from some livers for microarrays and
Quantitative RT-PCR. Portions of each liver were frozen in liquid nitrogen and stored at
−80oC. In addition, samples from each liver were fixed in 10% zinc buffered formalin for 4
hours then stored in 80% alcohol. They were embedded in paraffin for light and
immunofluorescence microscopy.

Tissue Culture
Mice which were withdrawn 1 month from DDC feeding were used for the primary tissue
culture studies (n=3). Control mice livers were studied in parallel (n=3). The livers were
perfused to isolate hepatocytes for use in primary cultures. (the model used to study
spontaneous MDB formation in vitro) (Wu et al, 2005).

Hepatocyte Isolation
The mice were anesthetized with 33% ketamine (Phoenix, St Joseph’s, MD) and a catheter was
inserted into the hepatic vein. The livers were perfused in a retrograde manner with calcium
perfusion buffer containing 100 U/ml collagenase type 1 (Sigma-Aldrich, St Louis, MO) and
0.1 U/ml elastase (Worthington, Lakewood, NJ). After perfusion, the livers were removed and
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the cells were dispersed in William’s E medium (Sigma-Aldrich, St. Louis, MO) containing
fatty acid free bovine albumin (5 mg/ml), insulin (2.4 U/L), dexamethasone (3.9 μg/ml) and
ornithine (67 μg/ml). The cell suspension was monitored for the presence of MDBs and
phenotype. The hepatocytes were plated at a density of 105 cells per well on 6 well plates with
fibronectin (Biochemical technologies Inc., Stroughton, MA) – coated glass coverslips. The
cells were incubated for 6 days as untreated controls, vehicle, Trichostatin A (TSA) (500 nM)
and 5-Aza-cytidine, (2.5 μM), and combined TSA and 5-Aza-cytidine (n=9).

Immunofluorescence staining
The cover slips and liver biopsy sections were double stained with ubiquitin rabbit polyclonal
antibody (DAKO, Carpinteria, CA), mouse monoclonal anti CK8 (RD1, 7 Landers, NJ) or
rabbit polyclonal anti UBD (Fat10). Binding of antibodies and double staining with two
antibodies from different species were detected with Texas-Red conjugated and FITC-
conjugated secondary antibodies (Jackson, West Grove, PA). DAPI was used for nuclear
staining.

The slides were examined using a Nikon-400 fluorescent microscope with a triple color band
cube to detect simultaneously FITC, Texas Red and DAP1 staining. UBD (FAT10) positive
hepatocytes were detected and quantitated using Nikon morphometric software. Using an
antibody to 5-methyl cytosine (Calbiochem, San Diego, CA) methylation of nuclear DNA was
measured in normal and MDB forming hepatocytes using Nikon morphometric software.

Microarray analysis
Liver tissue from the mice of each treatment group was subjected to microarray analysis. Total
liver RNAs were extracted with Ultraspec™ RNA Isolation Systemic (Biotecx Laboratories,
Houston, TX) and cleaned with Rneasy columns (Qiagen, Valencia, CA). Five micrograms of
total RNA were used for preparing biotin-labeled cRNA. Labeled and fragmented cRNA was
subsequently hybridized to Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA).
Labeling, hybridization, image scanning and initial data analysis were performed by the
Microarray Core at Los Angeles Biomedical Research Institute. Sample preparation and
loading, hybridization, staining and microarray data analysis were carried out (Bardag-Gorce
et al, 2007).

Quantitative real-time RT-PCR assay
Total liver RNAs were extracted with Trizol Plus RNA Purification Kit (Invitrogen, Carlsbad,
CA). Synthesis of cDNAs was performed with 5 μg total RNA, and 50 ng random hexamer
primers using SuperSriptIII RNase H− Reverse Transcriptase (Invitrogen, Carlsbad, CA). PCR
primers were designed with the assistance of the Primer Express software (Applied Biosystems,
Foster City, CA). The primers for mouse liver UBD, KLF6 and AFP were:

Ubiquitin D NM_023137 FmUBD 5 GATTGACAAGGAAACCACTATCCA

Ubiquitin D NM_023137 RmUBD 5 ACAAGGGCAGCTCTTCATCAC

KLF6 NM_011803.2 FmKLF6 5 CTCGGACTCCTGATCGTTCAC

KLF6 NM_011803.2 RmKLF6 5 CCGTTTCGTGCACAATCTGTA

AFP NM_007423 FmAFP 5 AGCTCAGCGAGGAGAAATGGT

AFP NM_007423 RmAFP 5 GAGTTCACAGGGCTTGCTTCAT

Sense and anti-sense: Quantitative PCR was achieved using the SYBR Green JumpStart™ Tag
ReadyMix (Sigma, St. Louis, MO) on an ABI PRISM 7700 Sequence Detector System
(Applied Biosystems, Foster City, CA). The thermal cycling consists of an initial step at 50°
C for 2 min, followed by a denaturation step at 95°C for 10 min, then 40 cycles at 95°C for 15

Oliva et al. Page 3

Exp Mol Pathol. Author manuscript; available in PMC 2010 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



s and 60°C for 1 min. Single PCR product was confirmed with the heat dissociation protocol
at the end of the PCR cycles. Quantitative values were obtained from the threshold PCR cycle
number (Ct) at which point the increase in signal associated with an exponential growth for
PCR product starts to be detected. The target mRNA abundance in each sample was normalized
to its 18S level as ΔCt = Cttarget gene − Ct18S. For each target gene, the highest ΔCt was assigned
as ΔCtmax.

Cellular fractionation
Mice liver homogenates were prepared by homogenizing 100mg of frozen liver tissue in 2 ml
of 20mM Tris-HCl pH 7.5; glycerol 10%; EGTA 1mM; DTT 1mM; NaFluoride 50 mM;
proteases and phosphatases inhibitor cocktail (Sigma). The tissues were homogenized using
the Ultra-Turrax T25 homogenizer. Protein concentrations were determined using the Bradford
method (Bradford, 1976).

Western Blot Analysis
Proteins (50 μg) from liquid nitrogen frozen stored livers were separated by SDS-PAGE gels
and transferred to a PVDF membrane (Bio-Rad, Hercules, CA) for 1 h in 25 mM Tris-HCl (pH
8.3), 192 mM glycine and 20% methanol. The membranes were stained using the polyclonal
rabbit antibody Dnmt3b (Abcam, Cambridge, MA), OGG1 (Novus Biologicals, Littleton, CO)
and FAT10 (BioMol, Plymouth, PA). Appropriate species anti polyclonal and monoclonal
HRP-conjugated antibodies were used as the secondary antibodies. The membranes were
subjected to chemiluminescence detection using luminal, according to the manufacturer’s
instructions (Amersham Pharmacia Biotech, Piscataway, NJ).

Statistical Analysis
P values were determined by ANOVA and student-Newman-Keuls for multiple group
comparisons (Sigma-Stat software, San Francisco, CA). Microarrays were analyzed using
Wilcoxon’s signed rank test comparison analysis to derive biologically significant results from
the raw probe cell intensities on expression arrays. For comparison analysis, each probe set on
the experiment array was compared with its counterpart on the control array to calculate the
change in P value that was used to generate the difference call of increase (I; P<0.04), marginal
increase (MI; P<0.04 to P<0.06), decrease (D; P>0.997), marginal decrease (MD; P>0.992 to
P>0.997), or no change (NC: P>0.06 to P<0.997). Comparison analysis was used to generate
a signal log ratio for each probe prior to the experimental array to the corresponding probe pair
on the control array. This strategy cancels out differences resulting from different probe finding
coefficients. Signal log ratio was computed by using a one-step Tukey’s biweight method by
taking a mean of the log ratio of probe pair intensities across the two arrays. Functional pathway
of gene expression changes were accessed using KEGG software.

Results
The Heatmap comparing mice refed DDC, with mice refed DDC with SAMe showed that
SAMe largely prevented the changes in gene expression induced by DDC refeeding (Fig 1A).
When the microarray analysis was organized according to changes in functional categories
using KEGG software it was found that SAMe treatment inhibited the up regulation of gene
expression in almost all functional categories (Fig 1B). The changes in gene expression
inhibited by SAMe, included UBD (FAT10) KLF6 (Kruppel-like factor 6), GSTmu2
(glutathione S transferase 2) and AFP (alpha fetoprotein). The expression of these genes is also
up regulated in liver preneoplasia. DDC refeeding up regulated UBD (187±1.7 fold) and SAMe
reduced the up regulation (−34±1.3 fold). DDC refeeding up regulated AFP by 53±1.8 fold
and SAMe decreased the increase by −12±1.4 fold. DDC refeeding up regulated GST mu2 112
±1.2 fold and SAMe reduced the increase −11±1.2 fold. DDC refeeding up regulated KLF6 7
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±1.2 fold and SAMe reduced the increase −4.5±1.1 fold. KLF6, AFP and UBD expression,
measured by RT-PCR, confirmed the increased expression of these genes by DDC refeeding
and the decreased expression of them by SAMe (Fig 2). As indicated by Western Blot, DDC
increased the expression of FAT10 protein (Fig 2). The smear under the FAT10 band probably
represents FAT10 protein degradation products.

Immunofluoresence antibody detection of UBD in hepatocytes showed a marked increase in
UBD positive hepatocytes in the livers of mice refed DDC (Fig 3C) compared to the livers of
mice refed DDC with SAMe (Fig 3D). Even after 1 month DDC withdrawal, scattered liver
cells expressed FAT10 (Fig 3B) compare to the control (Fig 3A), indicating a cell memory and
heritable epigenetic modification which persisted for one month. Morphometric quantitation
of UBD positive cells was performed on the livers used in a previous study16 combined with
those used in the present study. The results showed that SAMe prevented these changes and
that the UBD positives cells were increased by DDC refeeding (Fig 3E).

The expression of OGG1 (enzyme repairing oxidized purines) was quantified by Western blot.
This expression was down regulated by DDC refeeding and SAMe prevented the down
regulation (Fig 4). The down regulation of DNA repair enzyme expression indicated that the
rate of mutation during replication of liver cells might increase (Efrati et al, 1999), and lead to
the formation of tumors (Frosina, 2007).

The nuclei of hepatocytes which had formed MDBs fluoresced less intensely using an antibody
to 5-methyl cytosine, when compared to the neighboring normal liver cell nuclei (Fig 5A/B).
DNA methylation was visualized and measured morphometrically in the nuclei of cells that
had formed MDBs compared with neighboring cells which had not formed MDBs. The liver
tissue used for this was from mice which had been used in a previous study (Li et al, in
press;Oliva et al, 2007) (Fig 5C). The level of 5-methyl cytosine was reduced in the nuclei of
hepatocytes forming MDBs whether or not SAMe was given to the mice refed DDC (Fig 5C).
The reduction of DNA methylation could be explained by the decrease in the expression of
Dnmt3b observed in mice refed DDC (Fig 5D). SAMe treatment didn’t change the decrease
in the expression of Dnmt3b induced by DDC, nor did it restore the DNA methylation of the
MDB forming cells compared with the normal hepatocytes.

To determine whether methylation of DNA or histone acetylation were involved in the
mechanism of MDB formation in vitro, mice were fed DDC for 10 weeks, withdrawn for 1
month, and then used to prepare primary liver cell cultures. Previous studies showed that MDBs
spontaneously formed in tissue culture over a 6 day culture period (Wu et al, 2005). The cultures
were divided in 6 well plates and treated with TSA or 5-Aza-cytidine (Christman, 2002), or
the combination of TSA and 5-Aza-cytidine (Fig 6). Fig 6A shows the cell suspension of the
isolated hepatocytes from a DDC Wd mouse. The liver cells were viable and stained positive
for CK8, (green) but a few extracellular MDBs (yellow) were also present using a double stain
(CK8 green, ubiquitin red, colocalized yellow) (Fig 6A). After 6 days culture, the DDC
withdrawn mouse liver cells spontaneously formed numerous MDBs, which also stained
yellow (double stained colocalized CK8 and ubiquitin) (Fig 6B, C). TSA prevented MDB
formation (Fig 6D, F) whereas 5-Aza-cytidine did not (Fig 6E). The results indicated that
regulation of acetylation was involved in MDB formation, since TSA is a deacetylase inhibitor.
5-Aza-cytidine did not inhibit MDB formation.

Cell, that formed MDBs in tissue culture, stained positive for UBD after 6 days in culture (Fig
7A), as did liver cells that had forming MDBs in vivo (Fig 7B). The MDB forming hepatocytes
during DDC refeeding, out grew the normal hepatocytes in vivo, as indicated by the frequent
mitosis observed in the MDB forming hepatocytes (Fig 7C). The cells forming MDBs had a
growth advantage compared to the neighboring cells. Fig 7D showed an over expression of
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UBD in the liver cells from mice refed DDC. A marker for proliferation, PCNA (Moldovan et
al, 2007), was expressed predominantly in the nuclei of the cells which were over expressing
UBD. This provided a link between UBD expression and the proliferation of the UBD positive
liver cells (white arrows). There were also cells present which were in telophase (arrow head)
(Fig 7D).

Previous studies have shown that DDC withdrawn mouse liver cells retained the epigenetic
cellular memory to form MBDs when refed DDC (Li et al, in press; Oliva et al, 2007). The
memory lasted for at least 4 months. These mice developed numerous tumors in the liver after
many months of DDC withdrawal (Nan et al, 2006a). In the present study, the cellular memory
in the form of UBD positive hepatocytes was present in the livers of mice which were
withdrawn from DDC for 8–14 months (Fig 8A/B). Most of the livers showed scattered UBD
positive hepatocytes, which were located mostly around the central veins (Fig 8A). However,
small tumor-like clusters of UBD positive hepatocytes were also present (Fig 8A). Hepatic cell
tumors of various sizes were also UBD positive (Fig 8). Some of the tumor cells formed MDBs
(Fig 8C).

DISCUSSION
There is a clinical link between MDB formation in chronic hepatitis with cirrhosis and
hepatocellular carcinoma formation (Nakanuma, Ohta, 1985). In the present study, drug-
induced MDB forming cells and tumor formation were linked as an epigenetic phenomenon.
The results supported the concept that MDB formation was the result of a change in the cellular
memory of liver cells as a result of epigenetic changes in gene expression regulation. These
changes were global in nature and included changes in gene expression in all functional
categories. This would likely be the result of a heritable modification of histones and DNA,
since the changes in FAT10 expression persisted for 14 months. At this time, FAT10 positive
tumors had formed. The epigenetic memory of MDB formation is a nonspecific response to a
large variety of different types of liver cell injury (French et al, 2001) that are linked to
proliferation response signaling (Roomi et al, 2006; Nan et al, 2006b; Wu et al, 2005).

The evidence that methylation and acetylation of histones and methylation of DNA are
responsible for the phenotypically changed MDB forming hepatocytes is as follows: 1. MDBs
persisted for at least 4 months after drug withdrawal indicating the cellular memory of the gene
expression response to refeeding the drug (Li et al, in press; Oliva et al, 2007). 2. The formation
of MDBs and the gene expression response to drug refeeding was inhibited by S-
adenosylmethionine (SAMe) (Li et al, in press; Oliva et al, 2007). 3. SAMe prevented MDB
formation in vitro (Li et al, in press; Oliva et al, 2007). 4. TSA prevented MDB formation in
vitro. 5. SAMe reversed the up regulation of Dnmt3a and HDAC9 expression, induced by drug
refeeding (Li et al, in press; Oliva et al, 2007) but not for Dnmt3b. 6. Drug feeding and refeeding
increased the acetylation of H3K9 when MDBs formed (Bardag-Gorce et al, 2007) 7.

The MDB forming hepatocytes invariably expressed tumor marker proteins, including UBD
(Fat10), gamma glutamyl transpepidase ( Tazawa et al, 1983), GST mu2 (Roomi et al, 2006)
and AFP (Nan et al, 2006a) consistent with a preneoplastic phenotype. 8. SAMe feeding
prevented an increase in FAT10 positive cells induced by drug refeeding. 9. 5-Aza-cytidine
did not prevent MDB formation in vitro. 10. MDB forming cell nuclei had reduced levels of
DNA methylation as indicated by morphometric analysis and this did not change with SAMe
treatment. 11. Liver tumor formation developed beginning at 8 months of drug withdrawal
associated with the persistence of FAT10 positive hepatocytes. The tumor cells stained UBD
positive and sometimes formed MDBs. 12. MDB forming cells had a proliferation advantage
over adjacent normal hepatocytes (Nan et al, 2006a).
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The expression of FAT10 was increased in the livers of the DDC refed mice in the present
study and in previous studies and the over expression of FAT10 was prevented by feeding
SAMe with DDC (Bardag-Gorce et al, 2007; Li et al, in press; Oliva et al, 2007). FAT10 was
known to interact with NEDD8 (Hipp et al, 2004) and MAD2 (Liu et al, 1999). FAT10 belongs
to the family of ubiquitin-like proteins, with 2 glycines at the C-terminal similar to ubiquitin,
indicating that FAT10 is covalently linked to the lysines of target proteins (Raasi et al, 2001).
FAT10 expression was associated with MDB forming cells in vivo and in vitro, including
tumors formed after prolonged withdrawal of DDC. This strong association with MDBs and
neoplasia indicated that FAT10 was a marker for preneoplastic change. FAT10 was over
expressed in 90% of human hepatocellular carcinomas (Lee et al, 2003). FAT10 was also
localized within some nuclei in the tumor forming mouse livers and in human hepatocellular
carcinomas. FAT10 played a role in regulation of chromosomal stability, where it interacted
with MAD2 at the kinetochore during the prometaphase stage of the cell cycle (Ren et al,
2006). When FAT10 was over expressed it caused variability in chromosome number in
vitro (Ren et al, 2006) However, in the present study, the incidence of aneuploidy was not
changed at any stage, including tumor formation (data not shown).

KLF6 was over expressed when DDC was refed and this change was inhibited by feeding
SAMe with DDC refeeding. KLF6 is a zinc finger tumor suppressor gene that is frequently
mutated in several human cancers (Song et al, 2006), and forms splicing isoforms (KLF6 SV1)
which could act as a dominant negative. The role played and the mechanisms of the isoform
formation are not well understood. However, the isoform is known to block KLF6 function
and plays a role in the progression of the tumor (Difeo et al, 2006; Narla et al, 2005).
Hepatocellular carcinoma cell lines express KLF6 and when this expression was inhibited by
RNA intereference in vitro, the following changes were observed: impaired cell proliferation
induced G (1)-phase arrest, inhibited cyclin-dependent kinase 4 and cyclin D1 expression, up
regulated p53 expression and inhibition of Bcl-Xi expression inducing apoptosis (Sirach et al,
2007).

5-Aza-cytidine did not inhibit MDB formation in vitro, suggesting that DNA methylation was
already reduced in the MDB forming cells. 5-Aza-cytidine is a potent inhibitor of Dnmt3a
(Schneider-Stock et al, 2005). Dnmt3a was up regulated by DDC refeeding when MDBs
formed, and down regulated by SAMe when MDB formation was prevented in vivo (Li et al,
in press; Oliva et al, 2007).. The decrease in global methylation of DNA is an early event in
tumorigenesis (Christman, 2002). The hypomethylation of some regulatory DNA sequences
can activate the transcription of protooncogenes such as c-myc, N-Ras, and retrotransposon,
as well as genes encoding proteins involved in genomic instability and tumor cell metastasis
(Luczak, Jagodzinski, 2006).

TSA, with or without 5-Aza-cytidine, inhibited MDB formation in vitro, suggesting that
histone acetylation may prevent MDB formation in vitro. HDAC levels were increased when
DDC was fed and MDBs formed in vivo. H3K9 acetylation was increased both after feeding
and refeeding DDC in vivo (Bardag-Gorce et al, 2007). Similarly, HDAC9 and 7a gene
expression was up regulated when DDC was refed (Li et al, in press; Oliva et al, 2007). SAMe
feeding reduced the expression of HDAC9 when MDB formation was inhibited in vivo (Li et
al, in press; Oliva et al, 2007). Since TSA inhibited HDAC activity and MDB formation in
vitro, it is possible that deacetylase reduction of histone acetylation may be one factor that is
involved in the mechanism of the epigenetic cellular memory of MDB formation. Recently,
Roomi et al (2002) showed that the cells forming MDB had a proliferative advantage over
normal hepatocytes. The cells forming MDBs over expressed FAT10, similar to the liver
tumors (Lee et al, 2003). The hypomethylation of DNA, the over expression of FAT10, the
decrease in the expression of OGG1 and the proliferation advantage are all involved in the
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induction of the formation of tumors in the livers observed over 8 to 14 months of DDC
withdrawal.

Both post translational acetylation and methylation of histones (the histone code) determined
the epigenetic phenotype of cells. The perturbation of the histone code balance may change
the gene expression, phenotype and ultimately tumor formation (Santos-Rosas, Caldasa,
2005). Furthermore, trimethylation of histones, in particular, are regarded as the most robust
signal for the establishment of long term epigenetic memory (Jenuwein, 2006). Trimethylation
of H3K9, among others, is stable and can persist through mitoses without demethylation over
several cell generations (Lachner et al, 2004). H3K9me3 sets the molecular stage for DNA
methylation (Volkel, Angrad, 2007).
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Fig 1.
(A) Heat map comparing the changes in gene expression after DDC refeeding vs DDC
refeeding + SAMe feeding Mouse MDB Model In vivo (n=2). (B) Functional pathways where
the expression of 442 genes changed when DDC refeeding treated mouse were compared with
the DDC refeeding + SAMe feeding mouse, using KEGG software. (n=2)
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Fig 2.
Changes in the expression of A) KLF6 B) AFP C) UBD (Fat10).. SAMe treatment reduces the
induction by DDC refeeding of the expression of the 3 genes, suggesting that the expression
of these genes is controlled by epigenetic modifications (n=3,3,5). UBD levels in total protein
extract from mice liver tissue, determinated by Western Blot (D).
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Fig 3.
Expression of UBD and UB in the tissue sections. A) FAT10 positives hepatocytes lightly
marked x200. B) Fat10 forming hepatocytes persist in the liver after one month withdrawal of
DDC x200. C) Fat10 positive hepatocytes markedly increased in number in DDC/Refed Mice
x200. D) Fat10 positive hepatocytes did not increase in DDC Refed mice when SAMe was
added to the diet x200. E) Quantitation of the number of FAT10 positive liver cells as
determinated by using morphometric analysis. (N=3,7,6,2)
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Fig 4.
Expression of 8-oxoguanine DNA-glycosylase 1 by Western blot. Refeeding DDC decrease
the expression of OGG1. SAMe refeeding restores the expression of OGG1. (C vs DDC R
p=0.019, DDC R vs DDC R SAMe p=0.011, N=3)
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Fig 5.
A/B) Liver double stained for 5 methyl cytosine and ubiquitin. Normal liver cells nuclei (long
arrow) and MDB forming liver cell nuclei (short arrow) showing that the DNA methylation
was reduced in MDB forming hepatocytes (x200). C) Quantitation of DNA methylation in
normal and MDB forming hepatocytes. Methylation was reduced in the nuclei of MDB forming
hepatocytes whether or not SAMe was fed with DDC (n=4,5,5,8,8,3) (NL: Normal cells. MB:
cells forming MDB). D) Dnmt3b levels in nuclear extracts from mice liver tissue, determinated
by Western Blot.
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Fig 6.
Tissue culture showing MDB formation in vitro using primary cultures from 1 month DDC
withdrawn (wd) mice n=9 CK8/UB double immunostain (x800). A) Cell suspension of DDC
Wd mouse. B) 6 day primary culture from a DDC Wd mouse where numerous MDBs (arrows)
had spontaneously formed in large multinucleated hepatocytes. C) DDC Wd hepatocytes with
DMSO vehicle added where MDBs formed. D) DDC Wd hepatocytes where TSA was added.
No MDBs were formed. E) DDC Wd hepatocytes where Aza was added, MDBs formed
(arrow). F) DDC Wd hepatocytes with both TSA and Aza were added, residual tiny MDBs
had persisted in the middle hepatocyte (x800).
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Fig 7.
A) Drug primed tissue culture UB/FAT10. Spontaneous formation of MDB after 6 days in
primary culture x800. B) Mouse refed DDC plus SAMe. Note: the red MDB within a Fat10
Positive Cell x800 (Arrow). C) Liver cell in mitosis which had formed a MDB (Arrow) in the
liver tissue from a mouse refed DDC 7 Days. Note: The UB positive immunostained MDB
forming hepatocytes have a growth advantage (are proliferating) compared to neighboring
normal hepatocytes (x800). D) Liver cell from DDC refed mouse double stained with UBD
(Green) and PCNA (White) (white arrows). One cell is in telophasis (arrow head) (x800).
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Fig 8.
Immunohistochemical stain of UBD of a mice liver tissue. A) Early liver tumors forming in a
background of scattered UBD positive preneoplastic hepatocytes in a mouse withdrawn from
DDC 11 months (x200). B) Two Fat10 positive tumors T-1 and T-2 after 8 months DDC
withdrawal. C) Mouse liver tumor that stained positive for UBD from a mouse withdrawn from
DDC for 8 Months (x80). The tumor cells have formed MDBs. Scaterred single UBD positive
hepatocytes are present in the surrounding liver (white arrows).
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