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Abstract

Alcohol acts through numerous pathways leading to alcoholic liver disease (ALD). Cytochrome P450
(CYP2EL1), an ethanol-inducible enzyme, metabolizes ethanol-producing toxic reactive oxygen species
(ROS) and is regulated at the posttranslational level. Small ubiquitin-like modifier (SUMO)ylation is a
posttranslational modification that involves the addition of SUMOs, which modulate protein stability,
activity, and localization. We demonstrated that ubiquitin-conjugation enzyme 9, the SUMO-conjugating
enzyme, is induced in the livers of an intragastric ethanol mouse model. Our aim is to examine whether
SUMOylation could regulate ethanol-induced CYP2E1 expression in ALD and to elucidate the molecular
mechanism(s). CYP2E1 and UBC9 expression in vitro and in vivo was detected by real-time PCR and
immunoblotting/immunostaining. SUMOylation was assayed by mass spectrometry and
coimmunoprecipitation. Ubc9 expression was induced in ethanol-fed mouse livers, and silencing inhibited
ethanol-mediated CYP2E1 microsomal retention and enzymatic activity. CYP2E1 SUMOylation was
found to be induced by ethanol ir vitro and in vivo. Ubc9 silencing prevents ethanol-induced lipid
accumulation and ROS production. UBC9 was highly expressed in human ALD livers. Finally, we found
that lysine 410 is a key SUMOylated residue contributing to CYP2E1 protein stability and activity
preventing CYP2E1 SUMOylation. Ethanol-mediated up-regulation of CYP2E1 via SUMOylation
enhancing its protein stability and activity and may have important implications in ALD.—Tomasi, M. L.,
Ramani, K., Ryoo, M., Cossu, C., Floris, A., Murray, B. J., Iglesias-Ara, A., Spissu, Y., Mavila, N.
SUMOylation regulates cytochrome P450 2E1 expression and activity in alcoholic liver disease.
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Cytochrome P450 2E1 (CYP2EL1) belongs to a family of heme-containing proteins that regulate the hepatic
metabolism of a variety of endogenous substrates, such as steroids, fatty acids, and xenobiotics including
drugs, toxins, and carcinogens (1, 2). Among the various CYP family members, CYP2EI1 is characterized
by its broad spectrum of substrates and generation of large amounts of reactive oxygen species (ROS),
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such as the superoxide anion radical and H,O», which facilitates adduct formation, activates stress
proteins, induces endoplasmic reticulum stress, and affects lysosomal function and autophagy, leading to
mitochondrial injury and cell death (2, 3). CYP2E] is an inducible enzyme, and many of its substrates can
induce their own metabolism. This was initially observed with ethanol. Alcohol stabilizes the enzyme by
protecting it from degradation and, at higher concentrations, increases the rate of gene transcription (4, 5).
During liver injury, hepatocytes are exposed to exogenous ROS produced by macrophages and neutrophils
activated as part of the accompanying inflammatory reaction (2, 6). The role of CYP2EI in hepatocyte
injury has been elucidated using HepG2 cells overexpressing CYP2E1, CYP2E1 knockout mice, and
transgenic mice (7). Because ethanol-activated CYP2E1 generates ROS, CYP2E1 has been suggested to
play a major role in ethanol-induced oxidant stress production and in ethanol-induced liver injury
development (8).

Posttranslational modification by small ubiquitin-like modifiers (SUMOs) has been identified as an
important regulatory event implicated in several cellular processes, such as transcriptional regulation,
protein stability, stress-induced response, cell cycle progression, and DNA repair (9). There are 4 SUMO
genes (SUMO1-04) that encode SUMO proteins distantly related to ubiquitin (10, 11). Despite a similar
conjugation mechanism, ubiquitin and SUMO generally direct their targets to very different fates (12).
During SUMOylation, SUMO proteins are activated by the El-activating enzyme and then passed on to
the active site cysteine residue of the E2-conjugating enzyme or the ubiquitin-conjugating enzyme 9
(UBC9), which works in conjunction with an E3 enzyme in transferring SUMO to the target protein (13).
UBC9 is the sole E2-conjugating enzyme, without which SUMOylation reactions cannot occur in the cell
(13). Attachment of SUMO can induce relocalization of the target protein within the cell, cause a
conformational change, increase protein stability, or alter protein-protein interactions, but often its mode of
action remains poorly understood (9, 14). SUMOylation has been reported to be induced by oxidative
stress (15). Cellular stress arising from imbalances in genotoxic metabolites, osmolarity, and ROS are
robust stimuli for protein SUMOylation (16, 17).

We previously demonstrated that the level of UBCO is induced in the livers of intragastric ethanol-
infusion—treated mice (18). However, the underlying mechanism by which dysregulated SUMOylation
influences ethanol-induced liver injury development is unknown. We initially performed a proteomics
analysis of SUMOylated proteins from normal and ethanol-fed mouse livers. From this screening, we
identified CYP2E] to be highly SUMOylated after ethanol exposure. The aim of the current work is to
determine whether dysregulated SUMOylation could influence ethanol-induced CYP2E1 expression in
alcoholic liver disease (ALD) and to elucidate the molecular mechanism(s) involved. Here, we report that
ethanol-mediated up-regulation of CYP2E1 via SUMOylation induction leads to increased CYP2E1
protein stability and enzymatic activity. Our findings have important implications in the regulation of
ethanol-induced CYP2E1 expression in ALD.

MATERIALS AND METHODS

Materials

Ethanol (200 proof), cyclohexamide, and actinomicin D were purchased from Sigma-Aldrich (St. Louis,
MO, USA). H2DCFDA (2 2.9.2 2',7'-dichlorodihydrofluorescein diacetate) was purchased from Invitrogen
(Carlsbad, CA, USA). CYP2EI recombinant protein was purchased from GenWay Biotech (San Diego,
CA, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture and treatment

Mouse hepatocytes from 3-mo-old male C57/B6 mice were isolated by collagenase perfusion as described
by the Cell Culture Core of the USC Research Center for Liver Diseases (19). Cells were plated at a
density of 0.5 x 10° cells per well in 6-well plates unless indicated otherwise. Cultures were maintained in
DMEM supplemented with 10% fetal calf serum, 2 mM glutamine, 50 mM penicillin, and 50 mg/ml
streptomycin sulfate. After 2 h, the medium was changed to contain 2.5% fetal calf serum (20), and the
hepatocytes were treated with 100 mM ethanol for 24 h. Human hepatoblastoma cell line HepG2 was
purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM
containing 10% serum according to the manufacturer.
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Human liver specimens

Three deidentified normal and 3 ALD liver tissues that were pathologically alcoholic cirrhosis were
obtained through collaboration with the Internal Medicine and Liver Center at the University of Kansas
Medical Center. The samples were received in frozen state and stored at —80°C until analysis.

Animal study

Three-month-old male C57/B6 mice (Harlan, Indianapolis, IN, USA) were fed a standard diet ad libitum
(Harland irradiated mouse diet 7912; Teklad, Madison, WI, USA) and housed in a temperature-controlled
animal facility with 12-h light-dark cycles. Animals were treated humanely, and all procedures complied
with our institution’s guidelines for the use of laboratory animals.

Mice were divided into 4 groups, with 6 mice in each group: Scrambled, EtOH treatment, siUbc9, and
EtOH/siUbc9 treatment. The animals received 2 intraperitoneal injections of RNAi against Ubc9 or
scrambled RNA1 (once every 12 h; 100 pg small interfering RNA/mouse) (Genepharma, Shanghai, China)
using LIPID-based /n Vivo Transfection Reagent (Altogen Biosystems, Las Vegas, NV, USA). After the
injections, ethanol or water was administered by oral gavage every 12 h for a total of 3 doses (5 g/kg body
weight). Control mice received an isocalorical maltose solution. At 4 h after the last dose, the mice were
anesthetized and euthanized, and the liver tissues were removed, snap frozen in liquid nitrogen, and stored
at —80°C until analysis.

An additional ethanol-fed mouse model was used. Mouse binge ethanol-feeding liver tissue was kindly
provided by Dr. Bin Gao [National Institutes of Health, National Institute on Alcohol Abuse and
Alcoholism (NIAAA); Bethesda, MD, USA] (21).

RNA isolation and gene expression analysis

Total RNA isolated from primary mouse hepatocytes, HepG2 cells, and mouse liver tissues was subjected
to RT by using M-MLV Reverse Transcriptase (Invitrogen) as described in Yang et al. (22). One microliter
of RT product was subjected to quantitative real-time PCR analysis. The primers and TagMan probes for
human UBC9 and CYP2E1, murine Ubc9 and Cyp2E1, and Universal PCR Master Mix were purchased
from Applied Biosystems (Foster City, CA, USA). 18SrRNA was used as housekeeping gene as described
in Chen et al. (23). The AC, obtained was used to find the relative expression of genes according to the
formula: relative expression = 27AACE Where AAC; = AC, of respective genes in experimental groups, AC;
of the same genes in control group.

Western blots and coimmunoprecipitation

Protein extracts from primary mouse hepatocytes, HepG2, and mouse livers were prepared as described in
Ramani ef al. (19) and immunoprecipitated by specific SUMO-1 antibody and processed as reported (24).
Immunoprecipitated proteins were subjected to Western blotting following standard protocols (Amersham
BioSciences, Piscataway, NJ, USA), and the membranes were probed with the anti-CYP2E1 antibody
(Origene, Rockville, MD, USA). The Clean-Blot IP Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) was used to eliminate detection interference from heavy-chain (~50 kDa) and light-chain (25 kDa)
IgG fragments of antibodies used for the initial immunoprecipitation assay. Blots were developed using
enhanced chemiluminescence.

Preparation of hepatic microsomes and determination of microsomal proteins

Microsomal fractions were prepared from primary mouse hepatocytes and liver homogenate using
differential centrifugation as previously described (25). Pellets were resuspended in 50 mM potassium
phosphate buffer (pH 7.4) and snap frozen. Levels of CYP2E1 protein were determined by Western
immunoblot analysis as described previously.

SUMOylation profiling using mass spectrometry
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Total proteins from control and ethanol binge mouse livers were immunoprecipitated with SUMO-1 and
SUMO-2/3 antibodies using a Pierce Crosslink IP Kit (Thermo Fisher Scientific) and then separated on
10% SDS-PAGE followed by silver staining (SilverQuest Silver Staining Kit; Invitrogen). Ethanol-fed
mouse protein bands between 35 and 75 KDa were submitted for mass spectrometry at the proteomics core
of Cedars-Sinai Medical Center.

Overexpression of wild-type and mutant CYP2E1

Myc-DDK-tagged CYP2E1 overexpression vector (CYP2E1-pCMV6) and negative control empty vector
(pCMV6) were purchased from Origene. Mutation of CYP2E1 predicted SUMO-binding Lysine site
(K410) to Alanine (A410) was performed by Quick Change II Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA, USA) with pCMV¥6 as the template. PAGE-purified primers were synthesized by Valuegene
(San Diego, CA, USA) (forward: 5'-
GACTTCTGCTTCACAGAAACGCCCATCCGCAGGAATCCCAACC-3'; reverse: 5'-
GGTTGGGATTCCTGCGGATGGGCGTTTCTGTGAAGCAGAAGTC-3"). HepG?2 cells were cultured in
6-well plates (0.3 x 10° cells/well) and transfected using 5 pl of JetPrime (Polyplus, New York, NY, USA)
with 2 pg of target plasmid per well. After 4 h, the transfection medium was changed to normal medium.
The cells were cultured for an additional 20 h for mRNA and protein expression analysis as indicated.

Immunohistochemistry

Formalin-fixed liver tissues embedded in paraffin were cut and stained with hematoxylin and eosin for
routine histology. Immunohistochemistry staining of CYP2E1, UBC9, and IgG was performed with a kit
from Abcam (Cambridge, United Kingdom) according to the manufacturer’s instructions. Control with
normal mouse IgG showed no staining (not shown).

CYP2E1 activity assay

Microsomal pellets from liver and hepatocyte homogenates as described previously was resuspended in
125 mM KCI and10 mM KPi (pH 7.4). The catalytic activity of microsomal CYP2E1 was measured by the
p-nitrocatechol hydroxylation method (3). The molar extinction coefficient of 9.53 x 10°M ' em ! was

used to calculate the amount nitrocatechol formed in the samples. Results were expressed as nanomole of
product per hour per microgram of microsomal protein.

SUMO prediction and in vitro SUMOylation of CYP2E1

Protein sequences of human (P05181) and mouse (Q05421) CYP2E1 were aligned using Clustal Omega
SUMOplot Analysis Program and GPS-SUMO (26) were used to identify possible SUMOylation sites. A
search using the protein data bank (www.rcsb.org) was done to obtain a crystal structure of human
CYP2E1 (27). Pymol was used to generate Fig. 68. Recombinant CYP2EI (1 pg) was SUMOylated in
vitro using the SUMOylation kit (Enzo Life Sciences, Farmingdale, NY, USA) in a final volume of 10 pul
containing 55 mM Tris (pH 7.5), 5.5 mM MgCly, 2.2 mM ATP, and 5.5 mM DTT. SUMOylation reactions
were incubated at 37°C for 4 h, after which proteins were analyzed by Western blotting with SUMO-1 and
SUMO-2/3 antibodies.

Fluorescence microscopy

For studies of the subcellular localization of CYP2E1 and SUMO-1, hepatocytes were plated at a density
0f 0.5 x 10° cells in a 4-well chamber slide and pretreated with collagen I for 8 h. The cells were fixed,
made permeable, and processed for direct immunofluorescence microscopy by the ICC Abcam protocol
(Abcam) to detect cellular CYP2E1 and SUMO-1 localization. Cells were counterstained with Vectashield
mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and viewed by confocal
microscopy.

ROS detection
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To assess ROS produced by ethanol, 0.5 x 10° primary mouse hepatocytes per well were grown in 6-well
plates and treated with 100 mM ethanol for 24 h in DMEM with 10% serum. After 23 h of ethanol
treatment, H2DCFDA (30 uM) was added, and fluorescence intensity of the cells was detected at 485 nm
excitation and 520 nm emission using confocal microscopy. Ethanol-treated mouse hepatocyte HyO»
concentration was measured using the ROS-Glo HyO, Assay Kit (Promega, Madison, WI, USA).

Protein stability assay and half-life determination

CHX (5 pg/ml) was added to HepG2 cells after transfection with 2 pg of wild-type (WT) CYP2E1-
pCMV6 or CYP2E1 SUMOylation mutant plasmids per well for 0, 12, and 24 h. Protein levels were
determined at the indicated time points by Western blotting as described previously using anti-CYP2E1
antibody. The relative amount of CYP2E1-DDK protein was evaluated by densitometry and normalized to
actin. Endogenous and DDK-tagged CYP2E1 bands were separately analyzed. Protein half-life was
determined for each experiment using linear regression analysis as described in Tomasi et al. (18).

Statistical analysis

Data are expressed as means + SEM. Statistical analysis was performed using ANOVA and Fisher’s tests.
For mRNA and protein levels, the ratios of genes and proteins to respective housekeeping densitometric
values were compared. Significance was defined as P < 0.05.

RESULTS

UBC9 regulates CYP2E1 expression and cellular localization

UBC9 expression and SUMOylation are increased in response to oxidative stress (28). Ethanol-fed mouse
livers exhibit increased oxidative stress and UBC9 expression (6, 18). Proteomics analysis identified
CYP2E] to be highly SUMOylated in alcohol-fed mouse livers (Supplemental Table 1). To determine
whether deregulation of UBC9 by ethanol influences CYP2E1, we examined its expression in primary
mouse hepatocytes. Real-time PCR analysis indicated that Cyp2E [ and Ubc9 mRNA levels were induced
by 1.4- and 1.2-fold, respectively, upon ethanol exposure compared with control (Fig. 14). Ubc9
knockdown did not affect the mRNA level of Cyp2E1 (Fig. 14). Because the microsomal ethanol
oxidation system was shown to contain the CYP2EI activity responsible for ethanol oxidation (29), we
measured the effect of Ubc9 silencing on microsomal CYP2E1 protein level and cellular localization (

Fig. 1B). Ethanol treatment increases microsomal the CYP2E1 protein level by 3.1-fold compared with
control, whereas nonmicrosomal CYP2E]I is induced marginally by 1.3-fold after ethanol treatment (

Fig. 1B). Knockdown of Ubc9 inhibited CYP2E1 protein level by 60% compared with control in the
microsome and correspondingly raised the nonmicrosomal CYP2E1 by 3-fold compared with control,
indicating that UBC9 was required to retain CYP2EI in the microsome. Ethanol was less efficient in
retaining microsomal CYP2EI1 in cells lacking Ubc9 (1.8-fold in ethanol + siUbc9 vs. 3-fold in ethanol
alone) (Fig. 1B), indicating that ethanol-mediated CYP2E1 microsomal accumulation was enhanced by
UBC9 or SUMOylation. Although the knockdown efficiency of Ubc9 was 90% in both microsomal and
nonmicrosomal fractions, ethanol treatment appeared to retain more microsomal UBC9 protein even under
conditions of Ubc9 silencing (Fig. 1B).

UBC9 regulates ethanol-mediated ROS production

Because ethanol-mediated CYP2E]1 induction is a key mechanism to produce toxic metabolites and ROS
(3), we measured ROS production upon Ubc9 silencing in the presence of ethanol. Based on
bioluminescent assay, we measured the level of HyO», an endogenous ROS form, and demonstrated that
Ubc9 silencing prevents ethanol-induced ROS production (Fig. 1C). The nonfluorescent H2ZDCFDA probe
was used to measure the oxidative stress level in cells by its conversion to the highly fluorescent 2',7'-
dichlorofluorescein, and we found that UBC9 expression is required by ethanol to induce ROS production
(Fig. 1D). We also found that Ubc9 silencing protects against ethanol-induced triglyceride accumulation (
Fig. 1F).

CYP2E1 is SUMOylated by SUMO-1
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Posttranslational stabilization of CYP2E] is the principle mechanism for induction by most xenobiotics
and is one of the main mechanisms of CYP2EI regulation (30). Our results show that Ubc9 knockdown
lowers CYP2EI protein level in primary mouse hepatocytes (Fig. 18). SUMOylation by SUMO-1 has
been shown to control protein stability of protein target (31). Using SUMOplot, SUMOsp2.0, and GSP-
SUMO-1 SUMOylation prediction software, we identified 4 highly scored potential SUMOylated sites
(K317, K342, K410, and K428) on the CYP2E1 protein sequence (Table 1). To investigate whether
CYP2E1 is SUMOylated in vitro, we carried out in vitro SUMOQylation assays using highly purified
CYP2E1 recombinant protein and a commercially available SUMOylation Assay Kit (32). SUMOylated
proteins have been found showing higher MW compared with their non-SUMOylated counterparts (33).
Figure 24 shows that recombinant CYP2E1 is SUMOylated by SUMO-1, SUMO-2, and SUMO-3.
CYP2E1 was preferentially modified by SUMO-1, showing 5 slower migrating forms instead of 3 and 1
by SUMO-2 and SUMO-3, respectively. Figure 2B shows differentially silver-stained bands whose
expression resulted in increased microsomal proteins from ethanol-fed vs. control mouse liver. Collected
gel bands from 35 to 75 KDa were analyzed by mass spectrometry, and CYP2E1 was identified as
SUMOylated only by SUMO-1 (Supplemental Table 1). Additional evidence of CYP2E1 SUMOylation by
SUMO-1 was provided by coimmunoprecipitation analysis in primary human and mouse hepatocytes (
Fig. 2C). Colocalization of SUMO-1 and CYP2E1 was observed in mouse hepatocytes by confocal
microscopy (Fig. 2D).

SUMOylation regulates CYP2E1 protein trafficking in ethanol-fed mice

As expected, CYP2E1 and UBC9 proteins were induced in the liver of the NIAAA ethanol-binge model
compared with pair-fed controls (Fig. 34). To investigate whether SUMOylation plays a role in CYP2E1
cellular trafficking in vivo, we measured the conjugation level of CYP2E1 with SUMO-1 in microsomal
and nonmicrosomal compartments. Compared with WT mice, ethanol-fed mice exhibited higher
SUMOylated and total CYP2E1 in the microsomal fraction. However, the ratio of SUMOylated form to
total CYP2E]1 in the microsomes was significantly higher in the ethanol groups compared with control (
Fig. 3B). On the other hand, SUMOylated CYP2EL1 fell drastically in ethanol-fed mice in nonmicrosomal
compartments compared with control (Fig, 3B).

UBC9 regulates CYP2E1 expression and triglyceride accumulation in acute ethanol-fed
mice

We next investigated whether CYP2E1 protein sustenance during ethanol feeding was dependent on its
SUMOylation status in the liver. Figure 44, B shows that silencing of Ubc9 prevents ethanol-mediated
induction of liver CYP2E1 protein levels. In addition, Ubc9 knockdown blocks ethanol-induced fat
accumulation (Fig. 44). Using this acute model, we were able to confirm the role of SUMOylation in
CYP2EI microsomal retention observed in vitro (Fig. 1B). These results suggest that Ubc9-mediated
SUMOylation of CYP2E1 may contribute to higher CYP2E1 protein levels during ethanol feeding.
Moreover, CYP2EL1 activity was induced 1.73-fold by ethanol compared with control and was completely
inhibited when Ubc9 was silenced (Fig. 4C).

UBC?9 is overexpressed in human ALD specimens

We investigated the correlation between CYP2E1 expression and UBC9 in human liver samples from
patients with ALD. Five liver samples from patients with ALD and 5 liver samples from normal patients
exhibited a 2.2-fold induction in CYP2E1 protein compared with normal (Fig. 54, C) despite a drop in
mRNA level (Fig. 5B). This finding was confirmed using the Gene Expression Omnibus Profiles database
in human alcoholic hepatitis (National Center for Biotechnology Information, Bethesda, MD, USA;
https.//www.ncbi.nlm.nih.gov/geo/tools/profileGraph.cgi?ID=GDS4389:209976 _s_at). UBC9 mRNA and
protein were induced by 1.6- and 2.7-fold, respectively, compared with normal (Fig. 5).

SUMOylation of K410 is critical for CYP2E1 protein stability and activity in HepG2 cells

A sequence alignment of mouse and human CYP2EI reveals that 3 of the 4 lysine residues are conserved
between the 2 species, with the exception of K342 (Fig. 64). Only K410 contains the classic
SUMOylation site sequence W-K-x-E, where v is a bulky aliphatic amino acid and x is any residue (

Fig. 64). Visualizing the candidate residues on the 3-dimensional crystal structure of CYP2E1 shows that
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all 4 lysine are located on the surface of the protein and are accessible to modification (Fig. 6B8). A closer
view of K317 and K342 shows that both are situated on a helical structures (which are not suited for
SUMOylation), whereas K410 and K428 lie on unstructured areas (Fig, 68). Because knockdown of Ubc9
lowered the CYP2E1 protein level (Figs. 1B and 4B), we examine whether the predicted SUMO binding
site (Table 1) at lysine 410 is critical for SUMO-1-regulated CYP2E1 protein stability in HepG2 cells. For
this purpose, we created a mutation in the overexpression vector hCYP2E1 DDK tagged at K410 (to
A410) and examined the total CYP2E1 protein level using Western blot analysis. Mutation of K410 to
A410 did not affect the mRNA level of the mutant compared with WT (Fig. 6C). Figure 6D shows that
mutation at K410 resulted in a less stable CYP2E1, as demonstrated by measurement of protein half-life in
HepG?2 cells. Moreover, we confirmed that mutated CYP2E1 A410 cannot be immunoprecipitated and
SUMOylated by SUMO-1 compared with WT (Fig. 6F). However, overexpression of the K410A mutant
caused a 40% reduction in CYP2E]1 activity compared with WT CYP2E1 in HepG2 cells (Fig. 6F).

DISCUSSION

It is well known that the level of CYP2E1 expression is regulated at all stages of protein biosynthesis from
the initiation of transcription to the posttranslational stabilization of this enzyme (34). Posttranslational
substrate-dependent stabilization is one of the main mechanisms that regulates the intracellular amount of
CYP2E1 (34, 35). It has been shown that the stabilization of CYP2E1 by ethanol increases its half-life
from 6 to 37 h (36). Binding of a ligand to the active site of CYP2E1 protects the protein from
degradation, allowing it to accumulate as a consequence of unaltered synthesis (37). It is believed that
substrates, while in the active site of enzyme, change and stabilize protein structure, thus preventing its fast
degradation with proteasomes (30). SUMOylation plays a major role in regulating protein stability,
localization, protein-protein interaction, and enzymatic activity (9, 12). We recently demonstrated that
UBC9 is induced in an intragastric ethanol-fed mouse model (18). However, the functional significance of
this finding remains unknown. Many SUMOylated proteins have been identified in the liver after ethanol
administration and other injury models. A notable example is the enzyme methionine adenosyltransferase
II o (MAT0a2), which has been shown to increase upon ethanol exposure (38), is SUMOylated. This
modification likely plays a critical role in its stability (39—41).

In this study, we report that the SUMOylation regulates CYP2E1 expression. Using primary mouse
hepatocytes, we found that knockdown of Ubc9 lowered CYP2E1 protein expression. In this work, we
have examined SUMOylation as a mechanism for stabilizing CYP2E1. SUMOylation is commonly
associated with changes in subcellular localization (42). Here, we show that UBC9-mediated
SUMOylation is responsible for retaining CYP2E1 in the microsomal fraction and that ethanol-mediated
microsomal retention of CYP2EL is facilitated by its SUMOylation. Further confirmation of microsomal
retention of CYP2E1 comes from our colocalization studies showing UBC9 and CYP2EI1 to be
colocalized. In vivo analysis of total liver clearly establishes that the ratio of SUMOylated CYP2EI to total
protein is significantly higher in the microsomal fraction of ethanol-fed livers compared with control.
Induction of CYP2E1 by ethanol is a key mechanism by which it induces oxidative stress via the
production of toxic metabolites and ROS (3). Ubc9 knockdown in primary mouse hepatocytes prevents
ethanol-induced ROS level blocking the oxidation of H2ZDCFDA on 2’,7'-dichlorofluorescein and the
hydrogen peroxide production, suggesting that aberrant SUMOylation signaling is evoked by oxidative
stress. Also, it has been clearly demonstrated that CYP2E1 promotes lipid accumulation and is responsible
for experimental alcoholic fatty liver in mice (43). Because CYP2E1 and lipid accumulation are clearly
correlated, we examined whether SUMOYylation was responsible for ethanol-mediated lipid accumulation
and CYP2EI induction. /n vivo Ubc9 silencing in mice clearly demonstrated that UBC9 not only promoted
ethanol-mediated CYP2EI induction but was also required for ethanol-mediated lipid accumulation in the
liver. The correlation between UBC9, CYP2EI, and lipid accumulation was also observed in livers of
patients with ALD.

Mapping possible SUMOylation sites onto the structure of human CYP2E1 provided a tool whereby
candidate residues could be further selected not just based on sequence but also on position within the 3-
dimensional structure. All 4 possible SUMOylation sites (K317, K342, K410, and K428) are located on
the surface of the protein and are accessible for modification, but K410 was the only candidate on
CYP2EI1 that adhered to the classic SUMO motif W-K-x-E, where v is a bulky aliphatic amino acid and x
is any residue (Fig. 64, B). UBC9 is unable to recognize the SUMO motif on a target protein if it is located
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in stable helical structure (44). Two of the predicted SUMOylated residues, K317 and K342, form parts of
a helical structures. Due to these findings and the fact that these lysine residues lack the complete SUMO
motif, they were not pursued for experimental analysis. Also, K342 was not conserved between mouse and
human. It has been shown that UBC9 recognition of a consensus site motif is only possible if the lysine
residue is located as part of an unstructured region or extended loop (45, 46), and K410 and K428 reside
on extended loop regions. K410 was selected as the candidate residue to pursue because it is located in an
extended loop and satisfies the SUMO motif. The other predicted residues lacked the E residue of the
motif and were not used for further analysis. Our mutagenesis studies demonstrated that the K410
SUMOylation site contributes to CYP2E]1 stabilization and promotes its activity.

Our cumulative results identify SUMOylation of the K410 site of CYP2E1 as a novel mechanism that
stabilizes microsomal CYP2E1 and enhances its activity during ethanol exposure. Based on our Ubc9
silencing analysis, it appears that SUMO-conjugated CYP2E1 may be highly potent in facilitating ethanol-
induced liver injury and hence serve as a potential therapeutic target.

Supplementary Material
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UBC9 regulates CYP2E]1 protein level and cellular localization modulating ethanol-induced ROS production
hepatocytes were plated at a density of 0.5 x 100 cells per well in 6-well plates and transfected with siUbc9 (

. Mouse
10 nM) or

scrambled small interfering RNA (Sc) for 48 h and/or treated with ethanol (100 mM) for the last 24 h. 4) The mRNA

levels of Cyp2E1 and Ubc9 were compared with Sc using real-time PCR. Results represent mean + sg from 3 experiments

in duplicate. *P < 0.04 vs. Sc, TP <0.03 vs. ethanol. B) Western blotting of microsomal fractions and nonmic

components. Results are expressed as fold of Sc (mean + sg) from 3 independent experiments. *P < 0.03 vs. Sc, TP <0.05
vs. ethanol. C) Hydrogen peroxide was measured by bioluminescence reading. Values are expressed as means + SEM (n =
3). *P < 0.02 vs. Sc, "P < 0.02 vs. ethanol. D, E) Hepatocytes treated with 100 mM ethanol for 24 h were incubated with

H2DCFDA or Nile Red for 30 min to detect ROS and triglycerides production, respectively.
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TABLE 1.
SUMOylation prediction of CYP2E1

SUMOylation regulates cytochrome P450 2E1 expression and activity in alcoholic liver disease

Prediction software Sites (n) Position

Site name

GPS-SUMO 1.0 4 17-21
237
312-316
410
SUMOsp 2.0 2 342
410
SUMOplot 6 415
321
434
425
55
189
PCI SUMO 6 87
342
410
422
428
467

LLVWAAFLLLVSMWRQVHS
GSHRKVIKNVAEVKE
STTLRYGLLILMKYPEIEE
FPDPEKFKPEHFLNE
PAIKDRQ

EKFKPEH

PDPEK FKPEHFLNE
GLLILMKYPEIEEK
KYSDYFKPFSTGKR
FLNENGKFKYSDY
ELKNIPKSFTRLAQ
ADILFRKHFDYNDE
VMHGYKAVKEALLDYKD
GPSRIPAIKDRQEMPYM
EFPDPEKFKPEHFLNEN
FLNENGKFKYSDYFKPF
KFKYSDYFKPFSTGKRV
NLKPLVDPKDIDLSPIH

Open in a separate window

Predicted SUMO binding site sequences are italic and underlined.
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Figure 2.
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CYP2E1 is SUMOylated by SUMO-1. 4) SUMOylation of CYP2E1 by SUMO-1, SUMO-2, and SUMO-3 recombinant
protein system. SUMOylation was measured using anti—-SUMO-1, anti-SUMO-2, and anti-SUMO-2 antibodies in
Western blotting. Black arrows indicate SUMOylated CYP2E1. B) Liver microsomal proteins were immunoprecipitated
by SUMO-1 and SUMO-2/3 antibodies and separated by 10% SDS-PAGE. The protein bands were detected in the gels by
silver staining. C) SUMOylation of CYP2E!1 in human and mouse primary hepatocytes. Protein was extracted, and 700 pg
of cell extracts were used to immunoprecipitate SUMO-1 and then loaded on 12% SDS-PAGE followed by Western blot
against CYP2EI1. D) Confocal microscopy of CYP2E1 and SUMO-1 colocalization. CYP2E1 and SUMO-1 proteins
appear green and red, respectively, on fluorescence microscopy.
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Figure 3.
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SUMOylation regulates CYP2E1 protein trafficking in NIAAA ethanol-binge mouse model. 4) Immunohistochemical
analysis of CYP2E1 and UBC9 expression in ethanol-fed mice. Note positive staining in the centrilobular region. Original
magnification, x20. B) Coimmunoprecitation of SUMO-1 and CYP2E] in ethanol-fed binge mice using 700 pg

microsomal and nonmicrosomal proteins. Densitometric ratios normalized to actin are shown in the lower panel. Results

are expressed as fold of control (mean + sem) from 3—4 mice per group. *P < 0.05 vs. Sc (microsomal proteins), *P < 0.04

vs. control (nonmicrosomal proteins).
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Figure 4.
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UBC?9 regulates CYP2E1 protein level, CYP2EI activity, and triglyceride accumulation in acute ethanol-fed mice. 4)
Immunohistochemical analysis of CYP2E1 and UBC9 expression in acute ethanol-fed mice. Oil red was used to analyze
triglycerides. Note positive staining of CYP2E1 and UBC9 in the centrilobular region; ethanol increased their protein

levels. Original magnification, X20. B) Microsomal and nonmicrosomal proteins were extracted from liver, and Western
blot was performed to measure CYP2E1 protein level. Results are expressed as fold of control (mean + sem) from 5-6
mice per group. *P < 0.04 vs. Sc, TP <0.03 vs. ethanol for microsomal proteins, *P < 0.05 vs. Sc; TP <0.05 vs. ethanol

for nonmicrosomal proteins. C) Liver microsomal CYP2EI activity was calculated by nitrophenol formation by the

incubation time and microsomal protein content (nmol/min/mg). Values are expressed as means + SeM (n = 6). *P < 0.02

vs. Sc, TP <0.02 vs. ethanol
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Figure 5.
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UBC?Y is overexpressed in human ALD specimens. 4) Immunohistochemical staining of triglycerides by Oil Red,
CYP2EL, and UBC9 proteins in human liver tissues. All hematoxylin and eosin staining or immunochemical staining
were shown as typical fields from 5 cases of human normal and 5 alcoholic cirrhosis liver tissues. ALD tissues showed
higher levels of UBC9 and CYP2EI compared with normal tissues. B, C) CYP2E1 and UBC9 expression. Results are
expressed as fold of normal (means + sem) from 5 cases of human normal and 5 alcoholic cirrhosis liver tissues. B) *P <
0.03 vs. normal. C) *P < 0.02 vs. normal.
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Figure 6.
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SUMOylation of K410 is critical for CYP2E1 protein stability and activity in HepG2 cells. 4) Human and mouse
sequence alignment of CYP2E1. Amino acid residues are colored (gray) based on sequence conservation and similarity
between the 2 species. B) Three-dimensional crystal structure of CYP2E1 showing all 4 candidate lysine residues for
SUMOylation. C) HepG2 cells were transfected with CYP2E1-WT or CYP2E1-MUT (A410 mutant) for 12 and 24 h.
RNA was extracted and subjected to quantitative real-time PCR analysis with CYP2E TagMan probe, using /8S¥RNA as
housekeeping. Results are expressed as fold of empty vector (EV) (mean + seEm) from 3 independent experiments. *P <
0.001 vs. EV. D) Cells were transfected as in (C), and CYP2E]1 protein stability was determined by Western blot analyses
of DDK tag after cycloheximide (CHX, 5 pg/ml) pretreatment. Representative blots are shown. Protein stability was
determined using linear regression (D, right panel). Results represent mean + sem from 3 independent experiments
expressed as percentage of respective 0 h level (P < 0.03 between WT and MUT). £) SUMO-1 immunoprecipitation of
microsomal HepG2 proteins overexpressing WT and mutant CYP2E1 A410 for 24 h. Results are expressed as fold of WT
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(means + sEm) from 3 independent experiments. *P < 0.01 vs. WT. F) HepG2 cell microsomal CYP2E1 activity was
calculated by nitrophenol formation incubation time and microsomal protein content (nmol/min/mg). Values are expressed
as means + SEM (n = 3). *P < 0.001 vs. EV, TP<0.01 vs. CYP2E1 WT.

Articles from The FASEB Journal are provided here courtesy of The Federation of American Societies for
Experimental Biology
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