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Abstract

Promoter CpG island hypermethylation is an important mechanism for inactivating key cellular 

enzymes that mediate epigenetic processes in hepatitis-related hepatocellular carcinoma (HCC). 

The ubiquitin-fold modifiers 1 (Ufm1) conjugation pathway (Ufmylation) plays an essential role 

in protein degradation, protein quality control and signal transduction. Previous studies showed 

that the Ufmylation pathway was down regulated in alcoholic hepatitis (AH), non alcoholic 

steatohepatitis (NASH) and in mice fed DDC, resulting in the formation of Mallory-Denk bodies 

(MDBs). In this study, we further discovered that betaine, a methyl donor, fed together with DDC 

significantly prevents the increased expression of Ufmylation in drug-primed mice fed DDC. 

Betaine significantly prevented transcript silencing of Ufm1, Uba5 and UfSP1 where MDBs 

developed and also prevented the increased expression of FAT10 and LMP7 caused by DDC re-

fed mice. Similar down regulation of Ufmylation was observed in multiple AH and NASH 

biopsies which had formed MDBs. The DNA methylation levels of Ufm1, Ufc1 and UfSP1 in the 

promoter CpG region were significantly increased both in AH and NASH patients compared to 

normal subjects. DNA (cytosine-5-)-methyltransferase 1 (DNMT1) and DNA (cytosine-5-)-

methyltransferase 3 beta (DNMT3B) mRNA levels were markedly up regulated in AH and NASH 

patients, implying that the maintenance of Ufmylation methylation might be mediated by DNMT1 

and DNMT3B together. These data show that MDB formation results from Ufmylation expression 

epigenetically in AH and NASH patients. Promoter CpG methylation may be a major mechanism 

silencing Ufmylation expression.
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Introduction

The ubiquitin-fold modifier 1 (Ufm1) is a crucial post-translational modifier that belongs to 

the ubiquitin-like protein (UBL) family. The Ufm1 cascade (Ufmylation) has been 

implicated in endoplasmic reticulum (ER) homeostasis (Lemaire et al., 2011; Zhang et al., 

2012) and cell cycle control (Kwon et al., 2010; Shiwaku et al., 2010). The Ufm1 cascade is 

also involved in various diseases including cancer (Kwon et al., 2010; Lemaire et al., 2011; 

Kim et al., 2013). Recently, we reported that the Ufmylation pathway is down regulated 

both in the livers of DDC re-fed mice and in the livers of human alcoholic hepatitis (AH), 

non alcoholic steatohepatitis (NASH) with Mallory-Denk Bodies (MDBs) present, and 

cirrhosis, where protein quality control was down regulated (Liu et al., 2014). MDBs are 

found in various hepatic diseases such as hepatitis B and C, chronic cholestasis, 

nonalcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC) 

(Basaranoglu et al., 2011). This pathological phenomenon, the Mallory body consists of 

abnormally ubiquitylated, misfolded proteins, and cross-linked keratins or non-keratin 

components in ballooned hepatocytes (Caldwell et al., 2010; Basaranoglu et al., 2011). In 

the DDC fed mouse model where liver cells proliferate, MDBs form and later, after DDC 

withdrawal (DDC primed hepatocytes), HCC develops (Oliva et al., 2008). The MDBs 

mostly disappear after 1 month of DDC withdrawal (Li et al., 2008). SAMe, a methyl donor, 

prevents MDB formation by preventing the switch of SAMe metabolism from the 

methylation pathway to the decarboxylating methylthioadenosine pathway, thus preventing 

the demethylation of histones (Bardag-Gorce et al., 2008). SAMe prevents the induction of 

the immunoproteasome and preserves the 26S proteasome in the DDC induced MDB mouse 

model, leading to the accumulation of undigested proteins and MDB formation (Bardag-

Gorce et al., 2010). Betaine, another methyl donor, also prevents MDB formation and 

FAT10 positive hepatocyte proliferation in drug-primed mice by epigenetic mechanism 

(Oliva et al., 2009).

Epigenetic mechanisms are important for human carcinogenesis. Epigenetic abnormalities 

are involved in the early stages of tumorigenesis and may trigger genetic events leading to 

tumor development (Dumitrescu, 2009). DNA methylation is the most commonly studied 

epigenetic mechanism and is crucial in the development of nearly all types of cancer 

(Jaenisch & Bird, 2003). CpG island hypermethylation, histone modification, and 

transmitted chromatin structure are the underlying mechanisms for epigenetic transmission. 

CpG island hypermethylation is a key component for altered gene expression associated 

with human cancers (Kang, 2012). Promoter CpG island hypermethylation is found in 

virtually all human cancer tissue types and acts as an important mechanism for the 

inactivation of tumor suppressor genes and tumor-related genes (Esteller et al., 2001). DNA 

methylation does not change genetic information, but alters the readability of the DNA and 

results in the inactivation of genes by subsequent repression of transcription (Dong & Wang, 
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2014). Tumors often possess decreased genomic DNA methylation levels and 

hypermethylated CpG islands (Liu et al., 2012).

Methylation of DNA at the 5-position of cytosine, catalyzed by DNA methyltransferases 

(DNMTs), is the predominant epigenetic modification in mammals. In mammals, five 

members of the DNMT family have been reported, DNMT1, DNMT2, DNMT3A, 

DNMT3B and DNMT3L (Ren et al., 2011). Among these proteins, only DNMT1, 

DNMT3A and DNMT3B exhibit methyltransferase activity (Kim et al., 2009). DNMT1 is 

the most abundant DNMT involved in the maintenance of methylation (Miremadi et al., 

2007). DNMT3 functions as a de novo methyltransferase and consists of two related proteins 

encoded by distinct genes, DNMT3A and DNMT3B (Ferguson-Smith & Greally, 2007). In 

human hepatocarcinogenesis, DNMT1, DNMT3A and DNMT3B show a progressively 

increasing expression from normal liver, to chronic hepatitis/cirrhosis, to HCC (Oh et al., 

2007). In the early and late stages of HCC development, global DNA hypomethylation and 

aberrant expression of DNMT1 and DNMT3B were identified in a glycine N-

methyltransferase gene knockout mouse model for HCC (Liao et al., 2009). Recently, a 

novel target of DNMT3B, metastasis suppressor 1 (MTSS1), was found to act as a tumor 

suppressor in HCC (Fan et al., 2012).

In this study, we found that betaine, a methyl donor, can significantly prevent the down 

regulation of Ufmylation in the livers of DDC re-fed mice. We further showed a good 

correlation between promoter methylation with transcriptional silencing of Ufmylation in 

multiple AH and NASH biopsies. Importantly, DNMT1 and DNMT3B mRNA levels were 

significantly up regulated in these biopsies.

Materials and Methods

Biopsies

Human archived formalin-fixed paraffin-embedded (FFPE) liver biopsies from patients who 

had alcoholic hepatitis (AH; n=3–5) and non-alcoholic steatohepatitis (NASH; n=3–5) were 

obtained from Harbor UCLA hospital archives. In all the cases liver forming MDBs were 

present except in the normal control livers (Control; n=3). The biopsy sections were cut 4 

µm thick.

Mouse livers

Diethyl 1, 4-dihydro-2, 4, 6-trimethyl-3, 5-pyridine-dicarboxylate (DDC) was used as a 

model to induce the formation of Mallory-Denk bodies (MDBs) in mice. One-month-old 

C3H male mice were fed 0.1% DDC added to the control diet and a second group (n=4) 

were fed control diet for 10 weeks (Li et al., 2008). The mice were then withdrawn from the 

drug for 1 month, as withdrawn controls and then re-fed DDC with or without betaine (2% 

in the drinking water) for 7 days as was previously done (Oliva et al., 2009). Three mice 

were used in each of three groups as follows: 1) control, 2) DDC+2% Betaine. 3) DDC 

withdrawal. Mice livers were placed in isopentane and were then fast frozen with liquid 

nitrogen and stored at −80°C. The livers used had been used in a prior study (Oliva et al., 

2009). All mice were treated in a humane manner as approved by the Animal Care 
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Committee at Harbor UCLA Laboratory Bio Medical Research Institute according to the 

Guidelines of the National Academy of Science.

Tissue sectioning

Archived mice liver frozen sections (control, DDC+2% Betaine, DDC withdrawn) were 

performed as standard protocol. Mice liver frozen sections were cut (4 µm thickness) at 

−20°C and immediately transferred to a micro slide box kept on dry ice and stored at −80°C. 

These slides were placed under the hood to dry for 1–2 hour and subsequently stored in a 

micro slide box at −80°C.

DNA isolation

For DNA isolation of FFPE tissue sections, paraffin was first removed from tissue samples 

when human liver biopsies were assayed. The paraffin-embedded tissues sections were 

mounted on a glass slide and dried at 60°C for 30 minutes. The slides were then submerged 

in xylene at room temperature for 30 minutes changing the xylene once after 30 minutes. 

The samples were hydrated by washing progressively for 2 minutes in 100%, 70%, 50% 

ethanol, and then pure DNase-free water before air-drying the samples on the slides for 

approximately 10 minutes. DNA isolation was processed using the Pinpoint™ Slide DNA 

isolation System (ZYMO, Irvine, CA) by adding Pinpoint Solution directly to the region of 

the tissue section to allow the solution to dry completely at the room temperature. The 

embedded tissue was then removed from the slide using a sterile blade or scalpel to scrape 

tissues from the slides followed by transferring the tissues to a micro-centrifuge tube for 

subsequent proteinase K digestion. The DNA was then extracted and purified according to 

the manufacturer’s protocol (ZYMO, Irvine, CA).

Bisulfite Conversion (C to T conversion) and Methylation-Specific PCR (MSP)

Bisulfite conversion was performed with the above mentioned DNA (600ng) for C to T 

conversion using EZ DNA Methylation™ Kit following the instruction (ZYMO, Irvine, 

CA). Then the bisulfite treated DNA was used as a template for methylation-specific PCR 

(MSP). Several pairs of MSP primers targeting the methylated or unmethylated alleles of the 

promoter region were designed to amplify promoter CpG sites containing possible 

methylation sites as previously described (Li & Dahiya, 2002). MSP was performed, and the 

reaction condition consisted of 95°C for 5 min, followed by 40 cycles of 95°C for 30 sec, 60 

°C for 30 sec, 72 °C for 1 min, and extended at 72 °C 10 min. MSP primer sequences and 

related gene Accession Number are listed in Table I Methylation ratio of biopsies in each 

MSP was calculated with Methylated intensity/ (Methylated intensity+Unmethylated 

intensity) %.

RNA isolation and cDNA synthesis

RNA isolation of FFPE sections of human liver biopsies were performed as we previously 

described (Liu et al., 2014). The process described above was also followed for mice frozen 

liver tissues, except for the deparaffinization step. The quality and yield of the resulting total 

RNAs were assessed with an absorbance reading at 260 nm (A260) using a 

spectrophotometer (Thermo, Waltham, MA). Synthesis of first-strand cDNAs was 
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performed with the above mentioned total RNA (250ng), and random hexamer primers 

using SuperSript III First-Strand Synthesis SuperMix following the instruction (Invitrogen, 

San Diego, CA).

Quantitative Real-time PCR analysis

Real-time PCR was performed using the Fast SYBR Green Master Mix on a StepOnePlus™ 

Real-time PCR System (Applied Biosystems) with a primer concentration of 200 nM. 

Primer sequences of Ufmylation components including Ufm1, Uba5, Ufc1, Ufl1, UfSP1 and 

UfSP2 in mice used had been used in a prior study (Liu et al., 2014). Primer sequences of 

human DNMT1, DNMT3A and DNMT3B are as followed: DNMT1 (NM_001379): 

Forward Primer 5’-CGA GTT GGT GAT GGT GTG T-3’ and Reverse Primer: 5’-GTG 

GAC TTG TGG GTG TTC TC-3’. DNMT3A (NM_175629): Forward Primer 5’-CTG TGA 

TGA TTG ATG CCA AA-3’ and Reverse Primer: 5’-GAC TGG GAA ACC AAA TAC 

CC-3’. DNMT3B (NM_006892): Forward Primer 5’-ATA AGA CAC CCC CTC AAA 

CC-3’ and Reverse Primer 5’-TTC CCG TTC TCC CTA AAA AC-3’. Reaction conditions 

consisted of 95°C for 20 sec, followed by 40 cycles of 95°C for 3 sec, 60 °C for 30 sec. 

Single PCR product was confirmed with the heat dissociation protocol at the end of the PCR 

cycles. Human α-tubulin and mice β-actin was used as control to normalize the starting 

quantity of RNA. The target mRNA abundance in each sample was normalized to its 

endogenous control level and the relative mRNA expression levels were analyzed using the 

ΔΔCT method. Reaction of each sample was performed in triplicate.

Western blot

For protein isolation of FFPE tissue sections, paraffin was first removed from tissue samples 

as we previously described (Liu et al., 2014). Tissues samples were further pelleted and 

washed five times with RIPA buffer for 10 minutes at room temperature. The washed pellets 

were then suspended with reducing sample buffer quickly and denatured by heating at 

100°C for 10 min. Then 50 µg of each cell lysate was used for PAGE. Proteins were 

fractionated by electrophoresis through 10% SDS-PAGE and electrophoretically transferred 

onto a PVDF blot membrane (Bio-Rad, Hercules, CA). Membranes were blocked with 5% 

BSA and TBST at room temperature for 2 h and washed three times with TBST. Anti-Ufm1 

polyclonal antibodies were diluted according to the company’s recommendation in TBST 

and incubated with the membranes overnight at 4°C. After washes three times with TBST, 

the membranes were incubated with the corresponding secondary antibody. Proteins were 

visualized using the enhanced chemilumines-cence (ECL) detection system.

Statistical analysis

All data were presented as the mean ±S.E.M and were representative of at least two-

independent experiments done in triplicate. Statistical differences were carried out using t-

test with SigmaStat software. P < 0.05 indicated a statistically significant difference.
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Results

Betaine restores the Ufmylation expression in the livers of drug-primed mice

Epigenetic changes can be reversed by pharmacological intervention (Subramaniam et al., 

2014). Betaine, a methyl donor, can prevent MDB formation and FAT10 positive hepatocyte 

proliferation in drug-primed mice by epigenetic mechanisms (Oliva et al., 2009). Mallory 

body forming cells express the pre-neoplastic hepatocyte phenotype in the DDC fed model 

(Nan et al., 2006). Our recent study showed that the Ufmylation pathway was down 

regulated in alcoholic hepatitis (AH) and non alcoholic steatohepatitis (NASH) patients’ 

liver biopsies in which MDBs (Liu et al., 2014). The down regulation of Ufmylation results 

in MDB formation by causing accumulation of undigested proteins in the cell. The mRNA 

expression of Ufmylation components were further investigate in the livers of DDC re-fed 

mice plus betaine compared with the controls and DDC withdrawal groups. Several mRNAs 

of Ufmylation components were restored in DDC re-fed plus betaine group (Fig. 1A) when 

compared to the prominent down regulation in the DDC refed group as was previously 

reported (Liu et al., 2014). This prevented the DDC refed group from forming MDBs (due 

to the reduced protein quality control mechanism). mRNA expression of Ufm1 and Uba5 

were induced to approximately 3- and 5-fold levels respectively (p<0.05) in this test when 

compare to other mRNAs. UfSP1 showed a 3-fold increased expression (Fig. 1A). Other 

components of the Ufm1 cascade including Ufc1, Ufl1 and UfSP2 were also slightly up 

regulated in this test (Fig. 1A) compared to previous observations. The expression of other 

mRNAs were down regulated in the livers of DDC re-fed mice (Liu et al., 2014). In parallel, 

the mRNA expression of Ufmylation was not different from the control levels and after 1 

month withdrawal (Fig.1A).

FAT10 mRNA was increased in the DDC re-fed plus betaine group compared to the control 

group and the DDC withdrawn group (Fig. 1B). The catalytic subunit LMP7 was increased 

compared to control group (Fig.1C). This data clearly shows that betaine prevents the down 

regulation of Ufmylation expression in the livers of drug-primed mice.

Promoter CpG methylation of Ufmylation was significantly increased in AH and NASH

Sequence analysis revealed that almost all members of the Ufmylation pathway contained 

CpG islands (CGI) in the promoter region except Uba5, indicating CpG methylation may be 

a major mechanism in silencing its expression in MDB-forming liver tissue. Ufm1 has a 

small CGI and a bigger CGI in the promoter region, which is located in −426bp to −248bp 

and −90bp to +272bp sites respectively (Fig. 2A). MSP analysis showed that the Ufm1 

promoter had increased methylated levels in the AH and NASH biopsies examined (Fig. 

2B), with a 7% and 30% (respectively) increase of the methylation ratio in AH and NASH 

patients compared to normal liver tissues (Fig. 2C). The protein level of Ufm1 was 

frequently silenced or reduced in multiple AH and NASH biopsies by western blot analysis 

(Fig. 2D and Fig. 2E).

Ufc1, an E2 enzyme of Ufmylation, with a CpG island (−287bp to −117bp) in the promoter 

region (Fig. 3A) also was detected (an 8% increased methylation ratio) in NASH patients by 
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MSP analysis (Fig. 3B), while no obvious methylation was detected in AH biopsies (Fig. 

3C) compared to normal subjects.

UfSP1, another member of Ufm1-specific proteases, can cleave both the C terminus of pro-

Ufm1 and several Ufm1 conjugates. It had a large CpG island (−376bp to +539bp) in its 

promoter site (Fig. 4A). MSP showed that there was an increase in promoter methylation 

both in AH and NASH biopsies (Fig. 4B). Among these, the methylation ratio of UfSP1 was 

increased by 40% in AH biopsies, and a nearly 3-fold increase in NASH biopsies (Fig. 4C). 

These results clearly indicated that promoter methylation of Ufmylation was increased, and 

it was a common event in multiple AH and NASH biopsies.

DNMT1 and DNMT3B are significantly up regulated in the livers of AH and NASH

Methylation of mammalian genomic DNA is catalyzed by DNMTs. Among these proteins, 

only DNMT1, DNMT3A and DNMT3B exhibit methyltransferase activity (Dong & Wang, 

2014). The mRNA expression of DNMT1, DNMT3A and DNMT3B were analyzed by real-

time PCR. The mRNA levels of DNMT1, DNMT3A and DNMT3B were all up regulated to 

various degrees (Fig. 5). DNMT1 mRNA in AH and NASH liver biopsies was induced to 

60% and 80% levels (respectively), while DNMT3B mRNA was significantly up regulated 

in AH and NASH biopsies with a 4.5- and 2.2 fold induction respectively (Fig. 5). The 

DNMT3A mRNA, however, was not increased (Fig. 5). These results suggested that the 

maintenance of methylation in AH and NASH was mainly mediated by both DNMT1 and 

DNMT3B.

Discussion

Aberrant epigenetic modification of tumor cells is important in initiating carcinogenesis 

(Herman, 1999). Promoter CpG methylation causes the loss of key cellular enzyme 

functions, which occur frequently during tumor development and progression (Jones & 

Baylin, 2002). Currently, it is accepted that epigenetic alterations can precede genetic 

changes during tumorigenesis (Jones & Baylin, 2002). In this report, it has been shown that 

betaine, a methyl donor, can restore the down regulation of the Ufm1 conjugation pathway 

in the livers of DDC re-fed mice where betaine had also prevented MDB formation. This 

supported the concept that MDB formation is an epigenetic phenomenon. It was also found 

that there was a good correlation between promoter methylation and transcriptional silencing 

of Ufmylation in multiple AH and NASH biopsies where MDBs had formed. This is the first 

clinical evidence of direct involvement of the Ufm1 conjugation system with promoter CpG 

methylation in liver MDB formation.

Post-translational modifications are cellular mechanisms that enable a rapid response to 

internal and external changes. The Ufm1 conjugation system was recently identified as an 

Ubl system which seems to be involved in various human diseases development including 

cancer (Daniel & Liebau, 2014). It was reported by our group that the Ufmylation pathway 

is down regulated both in the livers of DDC re-fed mice and in the livers of AH and NASH 

patients with MDBs present (Liu et al., 2014). However, the molecular mechanism resulting 

in transcript down regulation of the Ufmylation pathway is still unknown. By bioinformatics 

we discovered that almost all members of Ufmylation have CpG islands in their promoter 
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region, indicating that CpG methylation might be a major mechanism of silencing 

Ufmylation expression in the liver of AH and NASH patients. Promoter CpG island 

hypermethylation is an important mechanism for inactivation of tumor suppressor genes or 

tumor-related genes in human cancers and occurs in virtually all human cancer types (Baylin 

& Chen, 2005). Our MSP analysis further revealed that the promoter methylation levels of 

Ufm1, Ufc1 and UfSP1 involved in Ufmylation were increased in AH and NASH patients 

when compared to normal subjects. It has been observed that the methylation ratio of UfSP1 

in its promoter region was significantly increased both in AH and NASH patients. UfSP1 

plays an important role in the reversal of protein modification by Ufm1 as well as in the 

processing of the Ufm1 precursor (Kang et al., 2007). A series of CpG island methylation 

alterations have been observed in the HCC cell lines such as Hep3B, HepG2, 

PLC/RPF/5/RPF/5, SMMC-7721, BEL-7402, MHCC97-H, MHCC97-L, HCCLM3 and 

HCCLM6. CpG island hypermethylation of tumor suppressor genes leads to a decrease in 

their expression (Liu et al., 2010). Interestingly, we found that the methylation levels of 

Ufm1, Ufc1 and UfSP1 in NASH patients are all higher than that in AH patients, suggesting 

a progressive increase of promoter methylation compared to normal liver.

Aberrant DNA methylation of CpG islands is catalyzed by DNA methyltransferases 

(DNMTs). Thus, abnormal variations of DNMTs can contribute to hepatocarcinogenesis. 

The human DNMT1, DNMT3A and DNMT3B coordinate mRNA expression in normal 

tissues and over expression in tumors (Robertson et al., 1999). The expression levels of 

these DNMTs are reportedly elevated in HCC (Oh et al., 2007). The role of altered 

expression of DNMTs in DNA hypomethylation and hypermethylation in cancer is uncertain 

and may involve changes in mRNA or protein expression. In human fibroblasts, sustained 

over expression of DNMT1 leads to the processive time- dependent hypermethylation of a 

number of CpG islands (Vertino et al., 1996). Conversely, reduction of DNMT1 levels 

appears to have protective effects. Reduction of DNMT1 through an antisense approach also 

blocks tumorigenesis (Ramchandani et al., 1997; Rountree et al., 2001). Like DNMT1, the 

aforementioned DNMT3A and DNMT3B enzymes also appear to be modestly over 

expressed in cancer (Li et al., 2006).

In the present study, the mRNA levels of DNMT1 and DNMT3B were all up regulated to 

various degrees. DNMT1 mRNA was induced by up to a 2- and 4-fold (respectively) in the 

liver of AH and NASH biopsies, and DNMT3B mRNA was induced by up to 4.5- and 2.3 

fold in AH and NASH respectively. This result suggested that the maintenance of 

methylation in AH and NASH with MDBs present was mediated by DNMT1 and 

DNMT3B. These observations point to a complicated network of connections between 

DNMTs and Ufmylation involved in gene regulation and epigenetic signaling during liver 

MDB formation. However, we did not observe an increase in DNMT3A mRNA. It is 

possible that this enzyme appears to function as a de novo methyltransferase with a 

dispersed distribution throughout the nucleus (Xu et al., 1999).

Currently, epigenetic alterations are increasingly recognized as valuable targets for the 

development of cancer therapies. In the DDC re-fed mouse model, betaine, a methyl donor, 

can prevent MDB formation and FAT10 positive hepatocyte proliferation in drug-primed 

mice by an epigenetic mechanism (Oliva et al., 2009). FAT10 over expression is induced in 
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DDC fed mice by interferon gamma binding to the interferon stimulating response element 

on the FAT10 promoter (Oliva et al., 2010). FAT10 is a marker for liver preneoplasia 

change in the DDC mouse model (Oliva et al., 2008). Betaine may function through 

removing homocysteine and S-adenosylhomocysteine (SAH) in the liver (Purohit et al., 

2007). Betaine feeding can also prevent the blood alcoholic cycle seen in rats fed ethanol 

intragastrically (Li et al., 2011). The transcription expression of Ufmylation (Ufm1, Uba5, 

Ufc1, Ufl1, UfSP1 and UfSP2) was further investigated by real-time PCR analysis in the 

livers of DDC re-fed mice, plus betaine fed and DDC withdrawal groups. As expected, 

almost all mRNAs expression of Ufmylation components were normalized in the DDC re-

fed plus betaine group compared to the prominent down regulation seen in the DDC re-fed 

group (Liu et al., 2014). The mRNA expression of Uba5 was induced by approximately 5-

fold (p<0.05). However, we did not detect a CpG island in the promoter region of Uba5 by 

sequence analysis.

The mRNA expression of Ufmylation was similar to the control levels in the group of 1 

month DDC withdrawal. At the same time, we found that mRNA levels of LMP7 and 

FAT10 tended to decrease when betaine was added to the DDC re-fed group compared to 

the DDC re-fed group, indicating that betaine prevented the formation of MDBs 

epigenetically as previously reported (Oliva et al., 2009; French et al., 2010).

In summary, provided here for the first time is evidence of transcription down regulation of 

the Ufm1 conjugation due to hypermethylation of the promoter CpG in AH and NASH 

patients when MDBs form. The maintenance of Ufmylation methylation may be mediated 

by DNMT1 and DNMT3B together, which would explain the down regulation of 

Ufmylation observed in Nash and Ash liver biopsies.

Acknowledgments

This work was supported by grants from NIH (AAU01021898-02). We would like to thank Adriana Flores for 
typing this manuscript.

Abbreviations

AH alcoholic hepatitis

CGI CpG island

DDC diethyl 1, 4-dehydro-2, 4, 6-trimethyl-3, 5-pyridine-dicarboxylate

DNMT1 DNA (cytosine-5-)-methyltransferase 1

ER Endoplasmic reticulum

HCC hepatocellular carcinoma

MDB Mallory-Denk body

NASH non alcoholic steatohepatitis

Ubl Ubiquitin-like proteins

Ufm1 ubiquitin fold modifier 1
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Ufmylation Ufm1-conjugating system.
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Figure 1. 
Betaine prevents the down regulation of Ufmylation in the livers of DDC re-fed mice. (A) 

Gene expression levels of different Ufmylation components (B) FAT10 and (C) LMP7 in 

DDC refed plus betaine group and DDC withdrawal group. Data represent mean values 

±S.E.M. Statistical significance was determined using the SigmaStat software. * p<0.05 and 

***p<0.001 by One Way ANOVA test.
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Figure 2. 
A, The Ufm1 CGI. Transcription start site is indicated by an arrow. The CGI and MSP 

regions analyzed are indicated. B, Representative analyses of Ufm1 promoter methylation in 

two AH and NASH patients. M, methylated; U, unmethylated. C, The methylation ratio of 

Ufm1 in AH and NASH was normalized to that in normal liver tissues. D, Western blot 

analysis of Ufm1 protein in AH and NASH biopsies with MDBs present. E, Protein 

expression intensity of Ufm1 in AH and NASH. * p<0.05, * * p<0.01 and ***p<0.001 by t-

test with SigmaStat software.
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Figure 3. 
Analyses of Ufc1 methylation in normal liver tissues, AH and NASH by MSP. A, the Ufc1 

CGI. Transcription start site is indicated by an arrow. The CGI and MSP regions analyzed 

are indicated. B, Representative analyses of Ufc1 promoter CpG methylation in AH and 

NASH patients. M, methylated; U, unmethylated. C, The methylation ratio of Ufc1 in AH 

and NASH was normalized to that in normal liver tissues. * p<0.05 by t-test with SigmaStat 

software.
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Figure 4. 
Analyses of UfSP1 methylation in normal tissues, AH and NASH by MSP. A, the UfSP1 

CGI. Transcription start site is indicated by a curved arrow. The CGI and MSP regions 

analyzed are indicated. B, Representative analyses of UfSP1 promoter methylation in AH 

and NASH patients. M, methylated; U, unmethylated. C, The methylation ratio of UfSP1 in 

AH and NASH was normalized to that in normal liver tissues. * p<0.05 and **p<0.01 by t-

test with SigmaStat software.
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Figure 5. 
Transcriptional expression of human DNMT1, DNMT3A and DNMT3B in patient livers 

from archived biopsies including AH, NASH and normal liver tissue. Data represent mean 

values ±S.E.M. * p<0.05 and **p<0.01 by One Way ANOVA with SigmaStat software.
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Table I

Sequences of the left and right methylation specific PCR (MSP) primers. M, methylated; U, unmethylated

Gene name
(Species)

Accession
Number

Sequences of MSP primers

Ufm1
(Human)

NM_001256799 Left M Primer:: 5’- TAG GGT TAA TTT TTA GGT AGT GCG T -3’
Right M Primer: 5’- CGA CTT CCT CTA ATA TAC TAA AAA CCG -3’

Ufm1
(Human)

NM_001256799 Left U Primer: 5’- TAG GGT TAA TTT TTA GGT AGT GTG T -3’
Right U Primer: 5’- CAC AAC TTC CTC TAA TAT ACT AAA AAC CAC -3’

Ufc1
(Human)

NM_016406 Left M Primer: 5’- GGT TTA TTG TAA TTT TCG TTT TTC G -3’
Right M Primer: 5’- ACC AAC CTA ACT AAT AAA ACC CGT C -3’

Ufc1
(Human)

NM_016406 Left U Primer: 5’- GTT TAT TGT AAT TTT TGT TTT TTG G -3’
Right U Primer: 5’- ACC AAC CTA ACT AAT AAA ACC CAT C -3’

UfSP1
(Human)

NM_001015072 Left M Primer: 5’- GAG TTA GGG GTA GAG GTA GAA CGT C -3’
Right M Primer: 5’- TAA CCT ACC TAC GAA CCT CAT TAC G -3’

UfSP1
(Human)

NM_001015072 Left U Primer: 5’- AGT TAG GGG TAG AGG TAG AAT GTT G -3’
Right U Primer: 5’- ACC TAC CTA CAA ACC TCA TTA CAC A -3’

Exp Mol Pathol. Author manuscript; available in PMC 2015 December 01.


