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Abstract
Mallory-Denk Bodies (MDBs) form in the liver of alcoholic patients. This occurs because of the
accumulation and aggregation of ubiquitinated cytokeratins, which hypothetically is due to the
ubiquitin-proteasome pathway’s (UPP) failure to degrade the cytokeratins. The experimental
model of MDB formation was used in which MDBs were induced by refeeding DDC to drug-
primed mice. The gene expression and protein levels of LMP2, LMP7 and MECL-1, the catalytic
subunits in the immunoproteasome, as well as FAT10, were increased in the liver cells forming
MDBs but not in the intervening normal hepatocytes. Chymotrypsin-like activity of the UPP was
decreased by DDC refeeding, indicating that a switch from the UPP to the immunoproteasome had
occurred at the expense of the 26S proteasome. The failure of the UPP to digest cytokeratins
would explain MDB aggregate formation. SAMe prevented the decrease in UPP activity, the
increase in LMP2, LMP7, and MECL-1 protein levels and MDB formation induced by DDC.
DDC refeeding also induced the TNFα and IFNγ receptors. SAMe prevented the increase in the
TNFα and IFNγ receptors, supporting the idea that TNFα and IFNγ were responsible for the up
regulation of LMP2, LPM7, and FAT10. These results support the conclusion that MDBs form in
FAT10 over-expressing hepatocytes where the up regulation of the immunoproteasome occurs at
the expense of the 26S proteasome.
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INTRODUCTION
The ubiquitin-proteasome pathway (UPP) is an ATP-dependent proteolytic pathway and is
responsible for the degradation and removal of short-lived functional proteins and
oxidatively damaged molecules. Following ubiquitination catalyzed by the ubiquitin
activating enzyme (El), a ubiquitin-carrier protein (E2), and one of the cell's many ubiquitin-
protein ligases (E3s), the protein substrates are targeted to the 26S proteasome for
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degradation into small peptides (Liu et al., 2007). The ubiquitination system and the 26S
proteasome constitute the UPP. The UPP plays a critical role in cellular homeostasis because
it is implicated in the regulation of the cell cycle (cyclins) (Coux et al., 1996), transcriptional
regulators (i.e., p53, NFκB, HIF-1α) (Paul, 2008), and inflammation (Donohue et al., 2002;
Fuchs, 2002; Starkova et al., 2000). The regulatory control of cellular protein levels by the
UPP is essential as shown by the fact that the inhibition of 26S proteasome activities leads to
the loss of cellular regulation, with the development of many pathological consequences
(Schwartz et al., 2009). For instance, it has been shown that chronic ethanol feeding causes
significant inhibition of the 26S proteasome in liver cells (Bardag-Gorce et al., 2000;
Bardag-Gorce et al., 2004), which results in the accumulation of oxidatively damaged and
ubiquitinated proteins. Aggregates of ubiquitinated proteins accumulate and form MDB-like
bodies (Bardag-Gorce et al., 2006). MDBs are a characteristic of alcoholic and non alcoholic
chronic liver disease and form in alcoholic hepatitis (Zatloukal et al., 2007).

The mechanism involved in MDB formation is still not fully defined. When microarray
analysis was done on the liver of these mice fed DDC, it was found that FAT10, a ubiquitin-
like modifier, was markedly up regulated in hepatocytes that had formed MDBs. FAT10 was
induced 119 fold by refeeding DDC (Bardag-Gorce et al., 2007). These MDB-forming and
FAT10 positive liver cells increased in number when the drug was refed for 7 days (Bardag-
Gorce et al., 2007). These MDB forming liver cells showed a growth advantage over the
neighboring normal hepatocytes when DDC was refed (Oliva et al., 2008) or when
thioacetamide was administrated intraperitoneally (Roomi et al., 2006). The ability of drug-
primed hepatocytes to form FAT10 and MDB by DDC refeeding persisted for at least 4
months after DDC withdrawal (Li et al., 2008). The response to DDC refeeding was
prevented by feeding S-adenosylmethionine (SAMe) (Li et al., 2008). FAT10 positive
hepatocytes persisted for up to 15 months after DDC withdrawal (Oliva et al., 2008). At this
time, liver tumors formed, indicating that the epigenetic cellular memory of the change in
FAT10 expression was heritable (Oliva et al., 2008). 90% of human hepatocellular
carcinomas also over express FAT10 (Lee et al., 2003).

FAT10 expression is down regulated by p53 but the reverse is also true because FAT10 up
regulation down regulates p53 expression (Zhang et al., 2006). This reciprocal relationship
may be involved in liver tumors genesis.

FAT10 belongs to a family of ubiquitin-like (UBL) proteins and is an 18 kDa protein,
originally named diubiquitin (UbD) (Fan et al., 1996). FAT10 is 29% identical to ubiquitin
at its N-terminus and 36% identical at its C-terminus. Like ubiquitin, it has C-terminus Gly-
Gly residues, which are used to form isopeptide covalent linkages to target proteins (Chiu et
al., 2007; Raasi et al., 2001). It has a lysine 48 residue analogous to ubiquitin. However,
unlike ubiquitin, this site cannot be used to form polyubiquitin-like chains of FAT10 and
cannot be removed by deubiquitinase enzymes from proteins to which it had become
conjugated. Proteins, which are covalently bound by FAT10, are digested along with FAT10
by the 26S proteasome via a pathway which is independent of the ubiquitin pathway (Hipp
et al., 2005; Schmidtke et al., 2009).

The FAT10 gene is present at the HLA-F human genomic locus of the major
histocompatibility complex (MHC) class 1 (Hipp et al., 2005). Heat shock protein 90
(HSP90) and FAT10 are involved in the generation of peptides by the immunoproteasome.
Immunoproteasomes are used in antigen presentation by MHC-1 at the cell surface (Yamano
et al., 2008).

FAT10 is induced by IFNγ or by TNFα and synergistically (Raasi et al., 1999) together with
the induction of LMP2 and the immunoproteasome (Lukasiak et al., 2008). FAT10 plays an
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important role in regulating cell growth of malignant tumors. These tumors express a high
level of LMP2 (Ho et al., 2007; Lukasiak et al., 2008). The other immunoproteasome
subunits, LMP7 and MECL-1, are also induced by IFNγ and TNFα (Kloetzel et al., 2001).
These catalytic subunits of the immunoproteasome replace the 3 catalytic subunits of the
26S proteasome, i.e., chymotrypsin-like (β5), trypsin-like (β1), and peptidylglutamyl
peptide-hydrolase(PGPH), recently called caspase-like activity (β2) (Aki et al., 1994; Belich
et al., 1994; Kloetzel et al., 2001; Oliva et al., 2009).

Thus, FAT10 and the catalytic subunits of the immunoproteasome may play a role in the
pathogenesis of MDB-associated liver preneoplasia and tumor formation in the DDC mouse
model (Oliva et al., 2008). To investigate this possibility, gene microarray data from the
DDC refed mice were mined (Bardag-Gorce et al., 2007). DDC refeeding caused the up
regulation of the immunoproteasome subunits, FAT10, TNFα, TNFα receptors and IFNγ
receptors, as well as the other catalytic subunits of the immunoproteasome. These changes
were prevented by feeding SAMe. Previous studies showed that SAMe prevented the
formation of MDBs and FAT10 expression, which was induced by DDC refeeding in drug
primed mice (Bardag-Gorce et al., 2007; Li et al., 2008; Roomi et al., 2006).

In the present study, drug primed mice were refed DDC after DDC withdrawal. The activity
of the 26S proteasome, the formation of the immunoproteasome, and the induction of MDBs
were investigated. The results supported the concept that the shift of the 26S proteasome to
form the immunoproteasome leads to MDB formation because the shift is at the expense of
the 26S proteasome. The results of this study have been reported in part in an abstract (Oliva
et al., 2009a).

MATERIAL AND METHOD
Animals

One-month-old C3H male mice (Harlem Sprague Dawley, San Diego, CA) were divided
into 4 groups. Group 1: 3 control mice were fed a protein rich semi-synthetic, complete
standard control diet (Teklad, Madison, WI). Group 2: 5 mice were fed the control diet
containing 0.1% diethyl 1, 4-dihydro-2,4,6,-trimethyl-3,5-pyridinedicarboxylate (DDC,
Aldrich, St. Louis, MO), for 10 weeks to induce MDB formation in vivo. Group 3: 5 mice
were fed DDC for 10 weeks, then withdrawn from DDC for 4 weeks, at which time the
MDBs had mostly disappeared (drug primed mice). Group 4: 6 mice were fed DDC for 10
weeks, and withdrawn 4 weeks. Then 3 mice were refed DDC (Yuan et al., 1996), and 3
mice were refed DDC+SAMe (4 g/kg/d) for 7 days. Additional group 1 and 4 mice were
used for primary tissue culture studies.

The DDC refeeding over 6–7 days is a pulse from the base line model. It is used to start
MDB formation in the liver of mice that were primed to form MDBs by feeding DDC
previously. The same approach is used for the primary tissue culture in vitro study. All mice
were treated in a humane manner, as approved by the Animal Care Committee at Harbor-
UCLA LABioMed Research and Education Institute, according to the Guidelines of the
National Academy of Science.

Liver Homogenates
Mouse liver homogenates were prepared by homogenizing 100 mg of liquid nitrogen frozen
liver in 2 ml of 20 mM Tris-HCl pH 7.5; glycerol 10%; EGTA 1 mM; DTT 1 mM; sodium-
fluoride 50 mM; protease and phosphatases inhibitor cocktail (Sigma, St Louis. MO). The
livers were homogenized using the Ultra-Turrax T25 homogenizer. Protein concentrations
were quantitated using the Bradford method (Bradford, 1976).
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Microarray analysis
Data mining was done using data derived from microarray performed and analyzed in a
previous publication (Bardag-Gorce et al., 2007).

Proteasome Chymotrypsin-like Activity
1 µg of total protein from the cytosol fraction was used. The reaction mixture contained 50
mM Tris–HCl pH 8, 1 mM DTT, and 40 µM Suc-LLVY-AMC substrate for chymotrypsin-
like activity or 40 µM of Boc-Leu-Ser-Thr-Arg-AMC for trypsin-like activity. To
distinguish the 26S proteasome activity from the 20S proteasome activity, 5 mM ATP was
added to the reaction mixture. The mixture was then incubated for 30 min at 37°C, and then
stopped by adding 100 µM monochloroacetate and 30 mM sodium acetate pH 4.3.
Fluorescence was determined by measuring the release of AMC (λ excitation: 355 nm, λ
emission: 430 nm), using a Perkin Elmer LS 30 spectrofluorometer.

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 hr. in 25 mM Tris-
HC1 (pH 8.3), 102 mM glycine and 20% methanol. The membranes were stained using
primary antibodies against LMP2, LMP7 and MECL-1 (Santa Cruz, Biotechnology, Inc.,
Santa Cruz, CA). Primary antibody against poly-ubiquitinated proteins was obtained from
BIOMOL (Plymouth Meeting, PA). Appropriate species antipolyclonal and monoclonal
HRP-conjugated antibodies were used as the second antibodies. The membranes were
examined for chemiluminescence using luminal, according to the manufacturer’s
instructions (Amersham Pharmacia Biotech, Piscataway, NJ). The results were normalized
by stripping the membranes and staining for GAPDH (Santa Cruz, Biotechnology, Inc.,
Santa Cruz, CA).

Quantitative Real-time RT-PCR
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). RT-PCR primers were designated using Primer Express software (Applied Biosystems,
Foster City, CA).

Sense and anti-sense: Quantitative PCR was done 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 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 at ΔCt= Cttarget gene −Ct 18S. For each target gene, the
highest ΔCt was assigned as ΔCtmax. The relative mRNA levels were calculated as a 2ΔΔCt,
ΔΔCt = ΔCtmax − ΔCt.

List of Primer Sequences Used for RT-PCR

1-LMP2 (PSMB9): NM_013585, Forward: TGGAGCTACACGGGTTGGA,
Reverse: AGATGTTCTTCACCACGTTTGC
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2-LMP7 (PSMB8): NM_010724, Forward: GGCTCTCGGGACAGATGTTTT,
Reverse: ACCACTGTCCATCACCCCATA

3-MECL1: NM_013640, Forward: TTGTGTTCCGAGATGGAGTCAT,
Reverse: GCCACAACCGAATCGTTAGTG

4-IFNGR1: NM_010511, Forward: GTAGTAACCAGTCAGGCCCTTGTAG,
Reverse: CCACGAGGCCACTGTCAGA

5-IFNGR2: NM_008338, Forward: TCCTCGCCAGACTCGTTTTC,
Reverse: ATCTGCTCATCATTGTACAGGTGAA

6-TNFR21: NM_178589, Forward: CCCTGACTCCCACCCAGAA,
Reverse: CTGCTACAAGCTTCAAGATGTCAATAC

7-TNFR12a: NM_013749, Forward: GAGAGAAAAGTTTACTACCCCCATAGAG
Reverse: GGGTGCTCCTCACTGGATCA

8-TNFR1a: NM_011609, Forward: GTCCATTCTAAGAACAATTCCATCTG,
Reverse: GCTCGGACAGTCACTCACCAA

Liver Cell Isolation and Tissue Cultures
Livers from DDC primed mice and controls were used to isolate liver cells for primary
cultures of hepatocytes. The mice were anesthetized with 33% ketamine (Phoenix, St.
Joseph, MD). Surgery was performed to insert a catheter into the hepatic vein. The livers
were then perfused in a retrograde manner with PBS containing 100 U/ml collagenase type 1
(Sigma, St Louis, MO) and 0.1 U/ml elastase (Worthington, Lakewood, NJ). After
perfusion, the livers were removed, and the cells dispersed in William’s E serum-free
medium (Sigma, St. Louis, MO) containing fatty acid free bovine serum albumin (5 mg/ml),
insulin (24 U/ml), dexamethasone (3.9 µg/ml), ornithine (67 µg/ml), and streptomycin/
penicillin 10 ml/L. The hepatocytes were plated at a density of 105 cells per well on six-well
plates containing fibronectin-coated glass coverslips. The cells were cultured for 6 days with
or without IFNγ (100 U/ml) added. The cells on the coverslips were fixed with 100%
ethanol for morphology analysis.

Immunohistochemistry and Confocal Microscopy
Liver sections, cell suspensions and tissue culture on coverslips were immunostained with
primary antibodies. Liver tissue was fixed in 10% buffered zinc formalin. Cell suspensions
were fixed in cold acetone for 10 min., and were then kept at 4°C until they were stained.
Tissue cultures on coverslips were fixed in 100% ethanol, and kept at 4°C. The liver sections
were incubated with primary antibodies to CK-8 (Fitzgerald Industries International,
Concord, MA) LMP2, LMP7, and MECL1 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) and double stained with a mouse monoclonal antibody to ubiquitin to stain MDBs
(CHEMICON, Millipore, Billerica, MA). They were also stained with an antibody to FAT10
(BIOMOL International, L.P., Plymouth Meeting, PA). Texas-red and FITC-conjugated
secondary antibodies were used. DAPI was used as the nuclear stain. Fluorescent antibody
stains were viewed using a Nikon 400 fluorescent microscope with a FITC filter cube and a
triple color band filter cube to detect FITC and Texas-red labeled antibodies. Confocal
microscopy was used to show colocalization of antibodies using a Leica confocal
microscope.

Statistical Analysis
Data were obtained from 3 animals for each group. Bars represent mean values ± SEM. P
values were determined by one-way ANOVA and Student-Newman Keuls for multiple
group comparisons (Sigma-Stat software, San Francisco, CA). p= < 0.05 was used for
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establishing a significant difference. Correlation of data was done by linear regression
analysis using Pearson’s period momentum method.

RESULTS
It well known that the induction of proinflammatory cytokines, such as TNFα and IFNγ,
causes the catalytic beta subunits β1, β2 and β5 of the constitutive 20S proteasome to be
replaced by the LMP2, MECL-1 and LMP7 subunits (28–31), thus forming the
immunoproteasome (Figure 1(a)). Microarray analysis data mining of control vs. DDC refed
comparisons on 3 mice per group showed that DDC refeeding caused up regulation of
various immunoproteasome catalytic subunits (Figure 1(b)). In addition, the PA28 alpha
subunit, which is part of the regulatory complex 11S in the immunoproteasome (Figure
1(a)), was up regulated. It is postulated that there was a proinflammatory response
associated with DDC refeeding that stimulated the formation of the immunoproteasome at
the expense of the 26S proteasome. MDBs formed because of the loss of the turnover of the
cytokeratins by the 26S proteasome.

It has been shown that FAT10 is significantly induced in the liver of mice fed DDC for 10
weeks, as well as in the liver of mice refed DDC for 1 week (Oliva et al., 2008). To analyze
the effect of DDC on the immunoproteasome subunits, liver sections were double stained for
ubiquitin and FAT10, as well as for ubiquitin and LMP2. FAT10 and LMP2 were found to
be highly over expressed in hepatocytes, forming MDBs when mice were refed DDC
(Figure 2). There was some colocalization of LMP2 and FAT10 in the MDB aggregates
(Figures 2). The confocal microscopy analysis showed that LMP2 and FAT10 co-localized
in the cytoplasm of hepatocytes (Figure 3B, merged yellow photograph) in a DDC primed
mouse liver. Individual hepatocytes over expressed both LMP2 and FAT10 (Figure 3B:
FITC for FAT10 and Texas Red for LMP2). Note that intervening normal hepatocytes that
did not form MDBs, and did not over express either LMP2 nor FAT10. Confocal analysis
also showed that DDC feeding caused the increase of the other immunoproteasome subunits
LMP7 and MECL-1 (Figure 3C and D), along with the induction of FAT10. Therefore,
DDC feeding for 10 weeks, as well as DDC refeeding for 1 week, caused an up regulation of
FAT10, as well as an up regulation of each immunoproteasome subunit, LMP2, LMP7, and
MECL-1, in hepatocytes forming MDBs. To test the hypothesis that DDC feeding causes a
switch from the 26S proteasome to the immunoproteasome, the function of the 26S
proteasome and the catalytic subunits of the immunoproteasome were measured in MDB
forming livers of drug primed mice. Figure 4 illustrates the effects of both DDC feeding and
DDC refeeding. It shows that there was no difference between DDC feeding and DDC
refeeding. The immunoproteasome subunits were up regulated and the beta 5 subunits that
carry the chymotrypsin-like activity for the 26S proteasome was down regulated, whereas
there was no significant change in the alpha type subunits. The rationale of using DDC
refeeding was to demonstrate that the hepatocytes have a memory, and that the same
phenotype, obtained in 10 weeks of DDC feeding, was again obtained in 1 week of re-
exposure to the drug. These results indicated that an epigenetic memory is formed in the
hepatocytes following the first exposure, and that SAMe is a powerful modulator of this
memory (Bardag-Gorce et al., 2007; Li et al., 2008).

Western blot analysis and RT-PCR showed that LMP2 (Figure 5(a)) and LMP7 (Figure
5(b)) were up regulated in the livers of mice refed DDC. SAMe supplementation in the diet
prevented the up regulation of the immunoproteasome subunits (Figures 5(a) and (b)).
MECL-1, the 3rd immunoproteasome catalytic subunit, was also up regulated by DDC
refeeding, and SAMe also prevented this up regulation (Figure 5(c)).
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The gene expression of TNFα was also analyzed by RT-PCR. It was up regulated by DDC
refeeding. This up regulation was prevented by adding SAMe to the DDC diet (Figure 6).
Likewise, TNFα and IFNγ receptors were up regulated, which could enhance the response to
TNFα and IFNγ.

The above results suggested that DDC refeeding caused an up regulation of the
proinflammatory cytokine response, which induces the formation of the immunoproteasome.
Therefore, to further investigate the effects of DDC feeding on the proteasome activity,
proteasome chymotrypsin-like activity was measured, and the results showed that the 26S
proteasome activity was significantly decreased by DDC refeeding (Figure 7(a)), while the
20S proteasome activity showed no change. These results indicated that DDC refeeding
specifically affected the polyubiquitin 26S proteasome pathway responsible for the
degradation of ubiquitinated proteins (Figure 7(b)). In addition, when mice were withdrawn
from the DDC treatment, 26S proteasome activity recovered. However, when the mice were
re-exposed to DDC for 7 days, the 26S proteasome activity was, again, significantly
decreased (Figure 7(a and b)). These results indicated that there was a cellular memory of
the first DDC exposure in the hepatocytes. An epigenetic mechanism was involved in the
DDC-induced proinflammatory response and accumulation of polyubiquitinated proteins.
Figure 7(b) shows that the addition of SAMe to the DDC diet, a major methyl donor in the
remethylation pathway, prevented the inhibition of the 26S proteasome. It also prevented the
accumulation of polyubiquitinated proteins caused by the inhibition of the 26S proteasome
both by feeding DDC (Figure 7 c) and by refeeding DDC (Figure 7(d)), as determined by
Western blot analysis. The proteasome subunit composition strongly influences the
proteolytic functions of the proteasome complex. The types of proteins digested by the two
types of proteasome are different.

To determine the mechanism of MDB formation and test the role of IFNγ induction in MDB
formation, primary cell cultures, isolated from 1 month withdrawn DDC primed mice, were
treated with IFNγ (200 U/ml) (Shenandoah, Warwick, PA) (Figure 8). The cultures were
incubated for 6 days, and the cells were double stained for ubiquitin (Texas red) and FAT10
(FITC green). MDBs formed in gigantic hepatocytes (120 µm in diameter) after IFNγ
treatment, and stained positive for ubiquitin (red) (Figure 8). The number of the MDBs in
the hepatocytes treated with IFNg was 4 fold higher than the number of MDBs in the
hepatocytes with no treatment (Figure 8 D).

DISCUSSION
SAMe has been shown to prevent MDB formation when added to the DDC refeeding diet
(Li et al., 2008). The mechanism by which SAMe prevents MDBs is an epigenetic
mechanism, because DDC drug refeeding caused a decrease in trimethylation of histone 3
lysine 4 and histone 3 lysine 9 (H3K4 and K9) (Bardag-Gorce et al., 2008), and SAMe
prevented this decrease (Bardag-Gorce et al., 2008). In addition, the DDC diet caused a
significant down regulation of SAMe metabolizing enzymes, i.e. Mat2α, AMD, AHCY and
Mthfr, and particularly GNMT; The later is responsible for SAMe methyl transfer. SAMe
treatment prevented the decreased expression of all these enzymes caused by DDC feeding
(Bardag-Gorce et al., 2008). Betaine treatment, which generates methionine synthesis from
homocysteine by increasing the activity of betaine homocysteine methyltransferase
(BHMT), also prevented the decreased expression of these enzymes as well as BHMT,
which is also decreased by DDC refeeding (Oliva et al., 2009b).

The disruption of the remethylation pathway is a major cause of changes in gene expression.
A previous report, using microarray analysis, showed dramatic changes in the expression of
a large number of genes when DDC was fed or refed. When SAMe was added to the DDC
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diet, the changes in gene expression were prevented (Bardag-Gorce et al., 2008). Of
importance here is that FAT10 up regulation by DDC was also prevented by SAMe
treatment (Oliva et al., 2008).

Since FAT10 was reported to be jointly over expressed with the IFNγ and TNFα induced
immunoproteasome subunit LMP2 (Lukasiak et al., 2008), the focus became the effect of
DDC on proteasome activity where it was shown that DDC decreased the activity of the 26S
proteasome.

The induction of the immunoproteasome catalytic subunits caused the immunoproteasome
formation and decreased the formation of the 26S proteasome. These changes would lead to
a reduction in the rate of degradation of ubiquitinated proteins by the 26S proteasome and an
increase in the formation of the immunoproteasome. A reduction in the turnover of CK-8
and CK-18 could result in aggregation of accumulating cytokeratins leading to MDB
formation in these cells. The cleavage site specificity of the immunoproteasomes is required
for efficient antigen processing and presentation by major histocompatibility complex
(MHC) class I molecules (Groettrup et al., 1996; Groettrup et al., 1997; Busse et al., 2008).

The results showed an increase in gene expression of the TNFα and IFNγ receptors in the
liver of DDC refed mice. Since the immunoproteasome subunits LMP2, LMP7, and
MECL-1, have all been shown to be up regulated by TNFα and IFNγ (Kloetzel, 2001), it
was postulated that DDC refeeding caused an enhancement of proinflammatory cytokines,
which trigger the switch of the constitutive 26S proteasome to the immunoproteasome. The
immunoproteasome does not degrade damaged and ubiquitinated proteins, such as the
cytokeratins. The 26S proteasome activity responsible for ATP-ubiquitin degradation of
proteins was significantly inhibited when the mice were fed or refed DDC. This would cause
an accumulation of altered and ubiquitinated proteins, which would aggregate to form
MDBs. Indeed, a striking increase in ubiquitinated proteins was induced by DDC and this
change was blocked by SAMe feeding. TNFα was increased in the liver by DDC refeeding
and this was prevented by SAMe feeding. NFκB is activated by TNFα to activate gene
expression including proinflammatory genes (38). NFκB activation in the drug primed mice
model has been previously described (Nan et al., 2005; Yuan et al., 2000; Nagao et al.,
1998).

When SAMe was added to the DDC diet, the proinflammatory proteins were not up
regulated, and the 26S proteasome activity was preserved. Moreover, the number of MDBs
was significantly lowered (Li et al., 2008), and the accumulation of polyubiquitinated
proteins with high molecular weight was also decreased. SAMe prevented the DDC up
regulation of TNFα and IFNγ receptors, which correlates positively with the reported results
by Veal et al. (Veal et al., 2004). The beneficial effects of SAMe in reducing the
inflammatory response has also been reported by Ara et al. (Ara et al., 2008). It is reported
here, for the first time, that SAMe supplementation preserved the ubiquitin 26S proteasome
activity. Since the activation of the IFNγ gene expression has been demonstrated to be
controlled by the methylation levels of IFNγ promoter (Dong et al., 2007), the effects of
SAMe treatment may be the result of stimulating the global remethylation of histone and
DNA to include the IFNγ promoter. This would lead to silencing the gene expression of
IFNγ (Dong et al., 2007). Nevertheless, in vitro experiments need to be done using siRNA to
determine the specific role of the 26S proteasome switch to the immunoproteasome where
MDB are formed.
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List of Abbreviations

LMP2 and LPM7 Large Multifunctional Protease 2 and 7

MECL-1 Multicatalytic Endopeptidase Complex-Like 1

MDBs Mallory-Denk Bodies

DDC Dihydro-2,4,6,-trimethyl-3,5-pyridinedicarboxylate (DDC)

UPP ubiquitin-proteasome pathway

SAMe S-adenosylmethionine

UBL ubiquitin-like

Acknowledgments
The authors would like to thank Mr. Emmanuel J. Gorce who worked on the word processing and the illustrations
of the manuscript. This study was supported by the grant from NIH/NIAAA 8116 and the Alcohol Center grant to
study liver and pancreas, PA50-1991.

REFERENCES
Aki M, Shimbara N, Takahina M, Akiyama K, Kagawa S, Tamura T, Tanahashi N, Yoshimura T.

Interferon-gamma induces different subunit organizations and functional diversity of proteasomes. J
Biochem (Tokyo). 1994; 115:257–269. [PubMed: 8206875]

Ara AI, Xia M, Ramani K, Mato JM, Lu SC. S-adenosylmethionine inhibits lipopolysaccharide-
induced gene expression via modulation of histone methylation. Hepatology. 2008; 47(5):1655–
1666. [PubMed: 18393372]

Bardag-Gorce F, Venkatesh R, Li J, French BA, French SW. Hyperphosphorylation of rat liver
proteasome subunits: the effects of ethanol and okadaic acid are compared. Life Sci. 2004; 75(5):
585–597. [PubMed: 15158368]

Bardag-Gorce F, Yuan QX, Li J, French BA, Fang C, Ingelman-Sundberg M, French SW. The effect
of ethanol-induced cytochrome P4502E1 on the inhibition of proteasome activity by alcohol. Bioch
and Biophys Res Comm. 2000; 279:23–29.

Bardag-Gorce F, French BA, Nan L, Song H, Nguyen SK, Yong H, Dedes J, French SW. CYP2E1
induced by ethanol causes oxidative stress, proteasome inhibition and cytokeratin aggresome
(Mallory body-like) formation. Exp Mol Pathol. 2006; 81(3):191–201. [PubMed: 17034788]

Bardag-Gorce F, Dedes J, French BA, Oliva JV, Li J, French SW. Mallory body formation is
associated with epigenetic phenotypic change in hepatocytes in vivo. Exp Mol Pathol. 2007;
83:160–168. [PubMed: 17531972]

Bardag-Gorce F, Oliva J, Villegas J, Fraley S, Amidi F, Li J, Dedes J, French B, French SW.
Epigenetic mechanisms regulate Mallory Denk body formation in the livers of drug-primed mice.
Exp Mol Pathol. 2008; 84(2):113–121. [PubMed: 18281034]

Belich MB, Glynne RJ, Senger G, Sheer D, Trowsdale J. Proteasome components with reciprocal
expression to that of the MHC-encoded LMP proteins. Curr Biol. 1994; 4:769–776. [PubMed:
7820546]

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities protein
utilizing the principle of protein-dye binding. Anal Biochem. 1976; 72:248–254. [PubMed: 942051]

Busse A, Kraus M, Na IK, Rietz A, Scheibenbogen C, Driessen C, Blau IW, Thiel E, Keilholz U.
Sensitivity of tumor cells to proteasome inhibitors is associated with expression levels and
composition of proteasome subunits. Cancer. 2008; 112(3):659–670. [PubMed: 18181098]

Chiu YH, Sun Q, Chen ZJ. E1–E2 activates both ubiquitin and FAT10. Mol Cell. 2007; 27:1014–
1023. [PubMed: 17889673]

Coux O, Tanaka K, Goldberg AL. Structure and functions of the 20S and 26S proteasomes. Annu Rev
Biochem. 1996; 65:801–847. [PubMed: 8811196]

Bardag-Gorce et al. Page 9

Exp Mol Pathol. Author manuscript; available in PMC 2012 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dong J, Ivascu C, Chang H-D, Wu P, Angeli R, Maggi L, Eckhardt F, Tykocinski L, Haefliger C,
Mowes B, Sieper J, Radbruch A, Annunziato F, Thiel A. IL-10 is excluded from the functional
cytokine memory of human CD4 memory T lymphocytes. J Immuno. 2007; 179(4):2389–2396.

Donohue TM Jr. The ubiquitin-proteasome system and its role in ethanol-induced disorders. Addict
Biol. 7(1):15–28. 202. [PubMed: 11900619]

Fan W, Cai W, Parimoo S, Lennon GG, Weissman SM. Identification of seven new human MHC class
I region genes around the HLA-F locus. Immunogenetics. 1996; 44:97–103. [PubMed: 8662070]

Fuchs SY. The role of ubiquitin-proteasome pathway in oncogenic signaling. Cancer Biol Ther. 2002;
1(4):337–341. [PubMed: 12432242]

Groettrup M, Kraft R, Kostka S, Standera S, Stohwasser R, Kloetzel PM. A third interferon-gamma-
induced subunit exchange in the 20S proteasome. Eur J Immunol. 1996; 26(4):863–869. [PubMed:
8625980]

Groettrup M, Standera S, Stohwasser R, Kloetzel PM. The subunits MECL-1 and LMP2 are mutually
required for incorporation into the 20S proteasome. Proc Natl Acad Sci USA. 1997; 94(17):8970–
8975. [PubMed: 9256419]

Hipp MS, Kalveram B, Raasi S, Groettrup M, Schmidtke G. FAT10, a ubiquitin-independent signal for
proteasomal degradation. Mol Cell Biol. 2005; 25:3483–3491. [PubMed: 15831455]

Ho YK, Bargagna-Mohan P, Wehenkel M, Tanaka K, Ichihara A. LMP2-specific inhibitors: chemical
genetic tools for proteasome biology. Chem Biol. 2007; 14:419–430. [PubMed: 17462577]

Kloetzel PM. Antigen processing by the proteasome. Nat Rev Mol Cell Biol. 2001; 2:79–187.
Ko K, Yang H, Noureddin M, Iglesia-Ara A, Xia M, Wagner C, Luka Z, Mato JM, Lu SC. Changes in

S-adenosylmethionine and GSH homeostasis during endotoxemia in mice. Lab Invest. 2008;
88(10):1121–1129. [PubMed: 18695670]

Lee CG, Ren J, Cheong ISY, Ban KHK, Ooi LLPJ, Tan SY, Kan A, Nuchprayoon I, Jin R, Lee K-H,
Choti M, Lee LA. Expression of the FAT10 gene is highly upregulated in hepatocelllar carcinoma
and other gastrointestinal and gynecological cancers. Oncogene. 2003; 22:2592–2603. [PubMed:
12730673]

Li J, Bardag-Gorce F, Dedes J, French BA, Oliva J, Amidi F, French SW. S-adenosylmethionine
prevents Mallory Denk body formation in drug-primed mice by inhibiting epigenetic memory.
Hepatology. 2008; 47:613–624. [PubMed: 18098314]

Liu CH, Goldberg AL, Qiu XB. New insights into the role of the ubiquitin-proteasome pathway in the
regulation of apoptosis. Chang Gung Med J. 2007; 30(6):469–479. [PubMed: 18350730]

Lukasiak S, Schiller C, Oehlschlaeger P, Schmidtke G, Krause P, Legler DF, Autschbach F,
Schermachei P, Breuhahn K, Groettrup M. Pro inflammatory cytokines cause FAT10 upregulation
in cancers of liver and colon. Oncogene. 2008; 27(46):6068–6074. [PubMed: 18574467]

Nagao Y, French BA, Cai Y, French SW, Wan YJ. Inhibition of PPAR alpha/RXR alpha-mediated
direct hyperplasia pathways during griseofulvin-induced hepatocarcinogenesis. J Cell Biochem.
1998; 69(2):189–200. [PubMed: 9548566]

Nan L, Wu Y, Bardag-Gorce F, Li J, French BA, Wilson LT, French SW. The p105/50 NF-kB
pathway is essential for Mallory body formation. Exp Mol Pathol. 2005; 78(3):198–206. [PubMed:
15924871]

Oliva J, Bardag-Gorce F, French BA, Li J, McPhaul L, Amidi F, Dedes J, Habibi A, Nguyen S, French
SW. Fat10 is an epigenetic marker for liver preneoplasia in a drug-primed mouse model of
tumorigenesis. Exp Mol Pathol. 2008; 84:102–112. [PubMed: 18280469]

Oliva J, Bardag-Gorce F, Li J, French BA, French SW. Mallory Denk body formation is associated
with an increase of the immunoproteasome and a decrease of the 26S proteasome. FASEB J.
2009a; 23:741.2.

Oliva J, Bardag-Gorce F, Li J, French BA, Nguyen SK, Lu SC, French SW. Betaine prevents Mallory-
Denk body formation in drug-primed mice by epigenetic mechanisms. Exp Mol Pathol. 2009b;
86(2):77–86. [PubMed: 19073172]

Paul S. Dysfunction of the ubiquitin-proteasome system in multiple disease conditions: therapeutic
approaches. Bioessays. 2008; 30(11–12):1172–1184. [PubMed: 18937370]

Rassi S, Schmidtke G, deGiuli R, Groettrup M. A ubiquitin-like protein which is synergistically
inducible by interferon-γ and tumor necrosis factor-α. Eur Immunol. 1999; 9:4030–4036.

Bardag-Gorce et al. Page 10

Exp Mol Pathol. Author manuscript; available in PMC 2012 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Raasi S, Schmidtke G, Groettrup M. The ubiquitin-like protein FAT10 forms covalent conjugates and
induces apoptosis. J Biol Chem. 2001; 276:35334–35343. [PubMed: 11445583]

Roomi MW, Gaal K, Yuan QX, French BA, Fu P, Bardag-Gorce F, French SW. Preneoplastic liver
cell foci induced by thioacetamide toxicity in drug primed liver. Exp Mol Pathol. 2006; 81:8–14.
[PubMed: 16729998]

Schmidtke G, Kalveram B, Groettrup M. Degradation of FAT10 by the 26S proteasome is independent
of ubiquitylation but relies on NUB1L. FEBS Lett. 2009; 583(3):591–594. [PubMed: 19166848]

Schwartz AL, Ciechanover A. Targeting proteins for destruction by the ubiquitin system: implications
for human pathobiology. Annu Rev Pharmacol Toxicol. 2009; 49:73–96. [PubMed: 18834306]

Starkova NN, Koroleva EP, Rotanova TV. Intracellular proteolysis: signals of selective protein
degradation. Bioorg Khim. 2000; 26(2):83–96. [PubMed: 10808404]

Veal N, Hsieh CL, Xiong S, Mato JM, Lu S, Tsukamoto H. Inhibition of lipopolysaccharide-
stimulated TNF-alpha promoter activity by S-adenosylmethionine and 5′- methylthioadenosine.
Am J Physiol Gastrointest Liver Physiol. 2004; 287:G352–G362. [PubMed: 15064230]

Yamano T, Mizukami S, Murata S, Chiba T, Tanaka K, Udono H. Hsh90-mediated as assembly of the
26s proteasome is involved in the major histocompatability complex Class I antigen. J Biol Chem.
2008; 283:28060–28065. [PubMed: 18703510]

Yuan QX, Marceau N, French BA, Fu P, French SW. Mallory body induction in drug-primed mouse
liver. Hepatology. 1996; 24(3):603–612. [PubMed: 8781332]

Yuan QX, Nagao Y, French BA, Wan YJ, French SW. Dexamethasone enhances Mallory body
formation in drug-primed mouse liver. Exp Mol Pathol. 2000; 69(3):202–210. [PubMed:
11115361]

Zatloukal K, French SW, Stumptner C, Strnad P, Harada M, Toivola DM, Cadrin M, Omary MB.
From Mallory to Mallory-Denk bodies: what, how and why? Exp Cell Res. 2007; 313(10):2033–
2049. [PubMed: 17531973]

Zhang DW, Jeang K-T, Lee CGL. P53 negatively regulates the expression of FAT10, a gene
upregulated in various cancers. Oncogene. 2006; 25:2318–2327. [PubMed: 16501612]

Bardag-Gorce et al. Page 11

Exp Mol Pathol. Author manuscript; available in PMC 2012 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
A: Diagram showing the location of the immunoproteasome subunits, which substitute for
the catalytic β1, β 2, and β 5 subunits of the 20S proteasome (26S proteasome); B: Gene
microarray data mining showed that the immunoproteasome subunits LMP2, LMP7, and
MECL 1, were up regulated by DDC drug refeeding. Note that the subunit PA28a of the 11S
regulatory complex of the immunoproteasome was also induced.
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Figure 2.
Antibodies to FAT10 (green) and Ubiquitin (red) (A, B and C) were used to double stain
hepatocytes from DDC treated mice. Note that the MDB forming cells cytoplasm stained
positive for FAT10 (green). MDBs were stained with ubiquitin (red). Normal hepatocytes
are scattered between FAT10 over expressing cells. D, E and F : LMP2 (green) and
Ubiquitin (red) double staining of hepatocytes from DDC treated mice. Note that the MDB
forming cells cytoplasm stained positive for LMP2 (green). MDBs were stained with
ubiquitin (red). Some LMP2 over expressing cells that formed MDBs showed colocalisation
with ubiquitin (yellow). MDBs showed colocalisation of ubiquitin and LMP2 at the border
of the MDBs (yellow). Magnifications are written on each photograph.
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Figure 3.
Confocal microscopic analysis of LMP2-FAT10 (A and B), LMP7-FAT10 (C), and
MECL-1-FAT10 (D) double antibody staining of hepatocytes from a DDC primed mouse
liver. The merged photo (yellow) showed colocalisation of LMP2, LMP7 and MECL-1 with
FAT10 in the cytoplasm and nuclei indicating that the hepatocytes forming MDBs had
shown an up regulation of the immunoproteasome subunits. Control liver confocal images
are shown for comparison (A), magnification bar is 10–20 um).
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Figure 4.
DDC feeding for 10 weeks and DDC refeeding for 1 week caused a significant up regulation
of the immunoproteasomes subunits LMP2, LPM7 and MECL-1. However the level of 26S
proteasome beta5 subunit was decreased indicating there was a switch of the 26S
proteasome to form the immunoproteasome. The proteasome alpha subunits did not change.
(Mean +\− SEM, n=3).
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Figure 5.
Immunoproteasome LMP2, LMP7, and MECL-1 subunits induction in the liver
homogenates of mice refed DDC and mice refed DDC + SAMe, as shown by Western blot
((a) and (c), left), and by RT-PCR ((b) and (c), right). (d) is the loading control. The striped
membranes were stained for GAPDH antibody. When SAMe was fed to the mice along with
DDC, there was a significant decrease in the levels of these subunits when compared to
DDC refed mice livers. Mean ± SEM, n=3.
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Figure 6.
The gene expression of the receptors for IFNγ, analyzed by PCR, showed a significant
increase of both IFN receptor isoforms R1 and R2 (a,b). They form the IFN heterodimer in
the liver of mice refed DDC. SAMe prevented this increase. Tumor necrosis factor (TNF)
gene expression analyzed by PCR, showed a significant increase in TNFα, as well as the
TNF receptors mRNA (c,d, and e), in the liver of mice refed DDC. SAMe prevented this
increase. Mean ± SEM, n=3.
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Figure 7.
(a) 26S proteasome activity in the cytosolic fraction from liver homogenates of mice fed
DDC for 1 month (DDC), mice fed DDC 1 month, then withdrawn for 1 month (DDC Wd),
and mice fed DDC, withdrawn, and then refed DDC for 7 days (Refed DDC). Control mice
were fed the control diet. DDC feeding caused a significant 26S proteasome inhibition
[control vs. DDC p=0.003, control vs. DDC Refed p=0.008, control vs. DDC Wd p=0.108,
DDCWd vs. DDC p=0.018, DDCWd vs. DDC Refed p=0.049]. (b) 26S proteasome
inhibition, induced by DDC, was prevented by the addition of SAMe in the DDC diet. (c)
Accumulation of polyubiquitinated high molecular weight proteins due to DDC and to DDC
refeeding (d), 26S proteasome inhibition, which causes the accumulation of
polyubiquitinated proteins was prevented by SAMe supplementation. Mean ± SEM, n=3.
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Figure 8.
Double stain for ubiquitin (Red) and CK-8 (Green) was performed on primary liver cells
cultures grown for 6 days with or without IFNγ (100 U/ml) added. The cells were isolated
from the liver from a DDC-primed mouse and a normal control mouse. A : Cell suspension
of a control mouse showing a smear of isolated hepatocytes suspension. B: Control liver
cells after 6 days in culture. C is the hepatocytes from the DDC drug-primed mouse. D is the
DDC drug primed mouse hepatocytes treated with IFNg. E, F, G and H: Double stain for
ubiquitin (Red) and FAT10 (Green) was performed on cover slips of primary liver culture
cells grown for 6 days in the presence of 100 U/ml of IFNγ. The confocal microscopy
analysis of a giant hepatocyte (120 µm in diameter), which had formed a Mallory-Denk
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body (MDB, arrow), is illustrated in the merged picture (magnification bar is 20 um) (G).
Note that the nucleus stained positive for ubiquitin (Red) and FAT10 (Green) with
colocalisation (orange). MDBs that formed in the giant liver cell (arrows) were best seen
using a Nikon triple color filter (H). The nucleus stained blue with DAPI.
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