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Ethanol induces the development of hepatic steatosis,
increasingly recognized as causing vulnerability to subsequent
liver injury. Ethanol has been shown to activate SREBP-1 (sterol
regulatory element-binding protein) processing through the
conventional cholesterol-sensitive pathway (1). The present
study demonstrates that ethanol can also bring about SREBP-1
cleavage and activation through a novel pathway dependent on
the endoplasmic reticulum-localized caspases-4 and -12. Evi-
dence is presented that tumor necrosis factor can stimulate
caspase-4 and -12 activation in ethanol-exposed cells, which
cleaves SREBP-1 to a transcriptionally active form to induce the
synthesis of lipogenic enzymes and triglycerides. Moreover, the
caspase-4 and -12-dependent activation of SREBP-1 is insensi-
tive to the normal negative feedback exerted by cholesterol and
is mediated by the translocation of the scaffolding protein,
TRAF-2, to the endoplasmic reticulum.

Hepatic steatosis is a frequent complication of excessive
ethanol consumption. The etiology is due to the dual effects
of decreasing fatty acid �-oxidation and increasing fatty acid
synthesis (2–4). Steatosis was once thought to be a benign
condition, but recent reevaluation has uncovered that
hepatic steatosis can predispose the liver to more progres-
sive and serious forms of liver injury such as alcoholic ste-
atohepatitis and cirrhosis.
The etiology of the steatosis caused by ethanol was thought

to typically involve an increase in the concentration of NADH
caused by the metabolism of ethanol. Although this may be an
important contributory factor, additional effects of ethanol
abet in the surplus lipid accumulation. For instance, ethanol
exposure activates sterol response element-binding proteins
(SREBP)2 that elevate the levels and activities of lipogenic

enzymes such as acetyl-CoA carboxylase (ACC) and fatty acid
synthase (3).
Three isoforms of SREBP exist, SREBP-1a, -1c, and 2.

SREBP-1a and 1c are transcribed from a common gene but
utilize differing transcription start sites that result in alternate
forms of exon 1 (5, 6). SREBP-1a regulates fatty acid and cho-
lesterol synthesis, whereas SREBP-1c andSREBP-2 are involved
mainly in regulating fatty acid and cholesterol synthesis,
respectively. The SREBPs reside in the endoplasmic reticulum.
SREBP is organized into an amino-terminal domain that con-
tains the basic helix-loop-helix leucine zippermotif for binding
to sterol response elements (SRE) in the promoter regions of
SREBP responsive genes. For SREBP to perform its function as
a transcription factor, the amino-terminal domain must be
released from the intermembrane portion of the protein and
translocate to the nucleus. This is accomplished by the proteo-
lytic cleavage of the amino-terminal domain from the carboxyl-
terminal domain by the sequential action of two proteases:
site-1 protease (S1P) and site-2 protease (S2P) located in the
Golgi apparatus. SREBP must first be escorted from its site in
the ER to the Golgi by SREBP cleavage activating protein
(SCAP). SCAP possesses a cholesterol sensing domain. When
cholesterol levels are low, SCAP escorts SREBP from the ER to
the Golgi where S1P initially cleaves the precursor form of
SREBP in the luminal loop, producing a membrane-bound
intermediate. S2P then cleaves the intermediate to release the
transcription factor domain from the membrane. When the
cholesterol level of the cell rises, SCAP undergoes a conforma-
tional change that causes it to bind to the ER resident proteins,
Insig-1 or -2, which hinders the incorporation of the SCAP-
SREBP complex into ER transport vesicles. In this instance,
SREBP cannot be transported to the Golgi to undergo activa-
tion by S1P and S2P. In this way the activation of SREBP is
suppressed when cholesterol levels are elevated.
Recent studies have uncovered that ethanol exposure can

provoke the endoplasmic reticulum stress response (7). A num-
ber of adverse conditions are known to induce ER stress and
provoke the unfolded protein response (8, 9). Ethanol brings
about a myriad of alterations in cell function, any of which sep-
arately or in tandemmay help promote ER stress. For instance,
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an increase in the levels of homocysteine brought about by eth-
anol has been shown to induce ER stress (10, 11). The homo-
cysteine-induced response is associated with activation of
SREBPs. The ER stress response entails the mobilization and
synthesis of a number of proteins such as CHOP and activation
of caspases-4 and -12 (10, 12). Indeed, ethanol exposure has
been shown to bring about the ER-localized activation of
caspase-12 in the liver of micropigs (13).
The present report demonstrates that sublethal concentra-

tions of TNF can bring about the activation of caspases-4 and
-12 in ethanol-exposed cells that in turn is capable of cleaving
and activating SREBP-1. Moreover, the caspase-4 and -12-de-
pendent cleavage and activation of SREBP-1 in ethanol-ex-
posed cells is insensitive to the normal negative feedback of
cholesterol, thus resulting in disengagement in the activation of
SREBP-1 from the intracellular levels of cholesterol and causing
an inappropriate induction of lipogenic enzymes in the face of
cholesterol excess.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—HepG2 cells and McA-RH
7777 cells were maintained in Dulbecco’s modified Eagle’s
mediumcontaining 25mMglucose, 10% fetal bovine serum, 100
units/ml penicillin, and 100 �g/ml streptomycin under an
atmosphere of 95% air, 5%CO2 at 37 °C. Cells were subcultured
1:5 once a week. The cells were treated with 25 mM ethanol for
48 h.Where indicated, cellswere first exposed to 25mMethanol
for 24 h and then treated with TNF at a concentration of 1
ng/ml for an additional 24 h in the presence of 25 mM ethanol.
Where indicated in the figure legends, cultures were supple-
mented with a combination of cholesterol and 25-hydroxycho-
lesterol at concentrations of 10 and 1 �g/ml, respectively. The
culture medium was replaced every 24 h with fresh medium
containing ethanol. To prevent evaporation of ethanol, the
flasks or plates were placed in a plastic dessicator in the incu-
bator containing a mixture of water and ethanol. The level of
ethanol in the culture medium was monitored spectrophoto-
metrically by an alcohol dehydrogenase assay. The level of
NADH was measured by an increase in absorbance at 340 nm.
After 24 h of ethanol exposure, the cells (control or ethanol-
treated) were trypsinized, counted in a hemocytometer, and
plated into 6-well 9.3-cm2 plates at 1.0 � 106 cells for determi-
nation of caspase-4 and -12 activities. The cells were allowed to
attach and spread for 24 h. When present, ethanol was added
back to the cells during this time. On the day of the experiment,
the cells werewashed and placed inDulbecco’smodified Eagle’s
medium in the presence of 25 mM ethanol. Where indicated,
TNF was dissolved in phosphate-buffered saline and added to
the wells in a 0.2% volume to give a final concentration of 1
ng/ml (22 units/ml) and incubated for an additional 24 h (total
ethanol exposure of 48 h).
Detection of Caspase-4 and -12 Activity and Triglyceride

Assay—The caspase-4 and -12 assays are based on the ability of
the active enzyme to cleave the fluorophore AFC from enzyme
substrates LEVD-AFC and ATAD-AFC, respectively. Cell
extracts were prepared and diluted 1:1 with 2� reaction buffer
(10 mM Tris, pH 7.4, 1 mM dithiothreitol, 2 mM EDTA, 0.1%
CHAPS, 1mMphenylmethylsulfonyl fluoride, 10�g/ml pepsta-

tin, 10 �g/ml leupeptin). Caspase-4 or -12 substrate was added
to a final concentration of 50 �M, and the reaction was incu-
bated for 1 h at 37 °C. Samples were then transferred to a
96-well plate, and fluorescence measurements were made in a
96-well plate reader at 400 nm excitation and 505 nm emission.
For measurement of triglyceride levels, cells where harvested
and the level of triglycerides determined enzymatically with
absorbance of the reactionmeasured spectrophotometrically at
540 nm (Sigma).
RNA Interference—The Dharmacon SMART selection and

SMARTpooling technologies are utilized for RNA interference
studies. The SMART selection uses an algorithm composed of
33 criteria and parameters that attempt to limit nonfunctional
small interfering RNAs (siRNAs). SMART pooling combines
four SMART-selected siRNA duplexes in a single pool to
increase the probability of reducing mRNA levels by at least
75%. The siRNAs targeting SREBP-1, caspases-4, -12, or -3, and
tumor necrosis factor-associated factor 2 (TRAF-2) were deliv-
ered by a lipid-based method supplied from a commercial ven-
dor (Gene Therapy Systems) at a final siRNA concentration of
100 nM. After formation of the siRNA-liposome complexes, the
mixture was added to the McA-RH 7777 or HepG2 cells in
serum-free medium for 4 h. Afterward, the medium was aspi-
rated, and complete medium was added back with or without
the addition of 25 mM ethanol for 48 h.
Isolation of Cytosolic andMicrosomal Fractions andWestern

Blotting—Cells were plated in 25-cm2 flasks at 5.0 � 106 cells/
flask. After treatments, the cells were harvested by trypsiniza-
tion followed by centrifugation at 600 � g for 10 min at 4 °C.
The cell pellets were washed once in phosphate-buffered saline
and then resuspended in 3 volumes of isolation buffer (20 mM

HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium/
EDTA, 1 mM dithiothreitol, 10 mM phenylmethylsulfonyl fluo-
ride, 1.0 �g/ml leupeptin, and 1.0 �g/ml aprotinin in 250 mM

sucrose). After being chilled on ice for 3 min, the cells were
disrupted by 40 strokes of a glass homogenizer. The homoge-
natewas centrifuged twice at 2,500� g at 4 °C to remove unbro-
ken cells and nuclei. The mitochondria were then pelleted by
centrifugation at 12,000� g at 4 °C for 30min. The supernatant
was re-centrifuged at 200,000 � g (Beckman Coulter Optima
TLXUltracentrifuge) for 1 h for the preparation ofmicrosomes.
The resulting supernatant contains the soluble cytosolic frac-
tion and the microsomal pellet represents the ER and Golgi.
Various fractions, as indicated in the figure legends (25 �g of
protein) were separated on 12% SDS-polyacrylamide gels and
electroblotted onto nitrocellulose membranes. Full-length and
cleaved SREBP-1 were detected with a polyclonal antibody to
SREBP-1 at a dilution of 1:500 (Affinity Bioreagents). TRAF-2
was detected with a rabbit polyclonal antibody at a dilution of
1:1000 (Cell Signaling Technologies). Acetyl-CoA carboxylase
was detected with a rabbit monoclonal antibody at a dilution of
1:1000 (Cell Signaling Technologies). Caspase-4 was detected
with amousemonoclonal antibody at a dilution of 1:1,000 (4B9;
MBL International). Caspases-3 and -9 were detected with rab-
bit polyclonal antibodies that recognize the activated cleavage
products at a dilution of 1:500 (Calbiochem). In each case, the
relevant protein was visualized by staining with the appropriate
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secondary horseradish peroxidase-labeled antibody (1:10,000)
and was detected by enhanced chemiluminescence.
SREBinding andReporter Assay—After 24 h of ethanol expo-

sure in the presence or absence of cholesterol supplementation,
cells were transiently transfected with a native luciferase
reporter construct or a luciferase reporter driven by an SRE
promoter containingmultiple SRE elements upstreamof amin-
imal TA promoter derived from the TATA box of the herpes
simplex virus-thymidine kinase promoter (Panomics). The
transfected cells were incubated for a further 24 h in 25 mM
ethanol in the absence or presence of cholesterol supplementa-
tion and/or TNF treatment. The cells were then lysed (25 mM
Tris phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM 1,2-diami-
nocyclohexane-N,N,N�,N�-tetraacetic acid, 10% glycerol, 1%
TritonX-100) and luciferase activitymeasuredwith a luciferase
activity assay kit (Stratagene) utilizing a single tube luminome-
ter (Berthold). Luciferase activity measured in cells lysates was
normalized to �-galactosidase expression and is expressed rel-
ative to values obtained using the empty luciferase reporter
vector. For the SRE binding assay, nuclei were isolated from
McA-RH 7777 or HepG2 cells exposed to the conditions indi-
cated. Cleaved and active SREBP-1 binds specifically to a dou-
ble-stranded DNA sequence containing the SREBP response
element immobilized to the wells of a 96-well plate. The
SREBP-1 was detected by the addition of a SREBP-1 antibody.
Following washes, a secondary antibody conjugated to horse-
radish peroxidase was added and a colorimetric signal was
detected at 450 nm on a plate reader.
Generation of Recombinant SREBP-1 and in Vitro Cleavage

Assay—Knock-down and rescue experiments were performed
onHepG2 andMcA-RH 7777 cells. First, endogenous SREBP-1
expression was repressed by siRNA transfection targeting
SREBP-1 as described above. SREBP-1 expression was then
restored by transfection with a pcDNA3.1 plasmid containing a
cDNA for the expression of the caspase site mutants SREBP-
1(D460A) for the humanHepG2 cells and SREBP-1(D451A) for
the mouse McA-RH 7777 cells, respectively. Note that the
human and mouse proteins differ slightly in their location of
the caspase cleavage site and the S2P protease cleavage site.
Arginines 527 and 524 for the human and mouse proteins,
respectively, are crucial for S2P cleavage. Therefore mutants
SREBP-1(R527A) and SREBP-1(R524A) were generated and
expressed in HepG2 cells and McA-RH 7777 cells, respec-
tively. Purified SREBP-1 containing a histidine tag was gen-
erated by in vitro transcription and translation followed by
purification on a nickel resin. The purified SREBP-1 was
incubated with 5 units of recombinant caspase-3, -4, or -2
(EMD Biosciences) in caspase reaction buffer (50 mM
HEPES, pH 7.2, 50 mMNaCl, 0.1% CHAPS, 10 mM EDTA, 5%
glycerol, and 10 mM dithiothreitol).

RESULTS

TNF� Provokes a Cholesterol-independent Activation of
SREBP-1 in Ethanol-exposed Cells—Exposure of the rat hepa-
toma cell line McA-RH 7777 to ethanol has been shown to
activate SREBP-1 (1). Indeed, as shown in Fig. 1A, top panel,
exposure of McA-RH 7777 cells to 25 mM ethanol for 48 h
results in the appearance of the cleaved form of SREBP-1 (sec-

ond lane). The antibody used detects both SREBP-1a and -1c
isoforms. Similarly, exposure of the human cell line HepG2 to
25 mM ethanol also resulted in cleavage of SREBP-1 (Fig. 1A,
bottom panel, second lane). As expected and demonstrated pre-
viously, the cleavage of SREBP-1 elicited by ethanol exposure
was prevented by the addition of exogenous cholesterol in both
instances (Fig. 1A, third lane). We have previously shown that
ethanol exposure sensitizes hepatocytes to TNF-induced cyto-
toxicity at a dose of 10 ng/ml. Importantly, in the present study,
a 10-fold lower concentration of TNF (1 ng/ml) is utilized that
did not bring about any significant cell death in the presence or
absence of ethanol. The addition of TNF at a concentration of 1
ng/ml had no effect on SREBP-1 cleavage in control cells (Fig.
1A, fourth lane). However, in ethanol-exposed cells, TNF ren-
dered the cleavage of SREBP-1 insensitive to inhibition by cho-
lesterol. As shown in Fig. 1A, fifth lane, the addition of 1 ng/ml
TNF to ethanol-exposed cells resulted in the appearance of two
cleavage fragments of SREBP-1. Moreover, in contrast to the
ability of cholesterol supplementation to suppress SREBP-1
cleavage in ethanol-exposed cells, it is demonstrated in Fig. 1,
sixth lane, that the addition of sublethal doses of TNF made
cleavage of SREBP-1 in ethanol-exposed cells insensitive to
inhibition by cholesterol. Importantly, in this instance choles-
terol supplementation suppressed the appearance of the
68-kDa fragment while having no effect on the 65-kDa frag-
ment. It thus appears that the cholesterol-insensitive cleavage
of SREBP-1 results in a product that migrates at 65 kDa com-
pared with 68 kDa for the cholesterol-sensitive pathway, indi-
cating differing sites of cleavage.
TNF�Activates Caspase-4 or -12 in Ethanol-exposedCells That

Mediates the Cholesterol Insensitive Cleavage of SREBP-1—
Caspases-4 and -12 are resident in the ER of human andmouse
cells, respectively, and are activated by agents that incite the ER
stress response such as ethanol (14–16). As shown in Fig. 1B,
exposure ofMcA-RH 7777 orHepG2 cells to 25mM ethanol for
48 h did cause a slight increase in the activity of caspases-4 or
-12. Similarly, treatment of control cells with 1 ng/ml TNF
caused a minor increase in caspase-4 or -12 activity. However,
when ethanol-exposed cells were treated with TNF� (1 ng/ml),
there was a robust increase in caspase-4 and -12 activities,
reaching 3.5–4-fold above control levels. Moreover, the TNF-
induced activation of caspases-4 and -12 was not prevented by
the addition of cholesterol, but was inhibited by the presence of
the selective caspase-4 or -12 inhibitors, LEVD-FMK and
ATAD-FMK, respectively.
Caspase-3 has been shown to cleave and activate SREBP-1,

however, it is unknown if caspases-4 or -12 share this property
(17–19). Therefore we wanted to determine whether the ER-
localized caspase-4 and -12 could be responsible for the choles-
terol-insensitive cleavage of SREBP-1 in ethanol-exposed cells
treated with TNF. As shown in Fig.1C, first lane, addition of the
caspase-4 or -12 inhibitors did not prevent cleavage of SREBP-1
in ethanol-exposed cells, indicating this is mediated by the con-
ventional SCAP-mediated pathway. As shown in Fig. 1C, sec-
ond lane, cholesterol was unable to prevent cleavage of
SREBP-1 in ethanol-exposed cells in the presence of TNF (Fig.
1B, second lane). However, preincubation with caspase-4 or -12
inhibitors prevented the cholesterol-insensitive cleavage of
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FIGURE 1. Cleavage of SREBP-1 in ethanol-exposed cells treated with TNF is insensitive to inhibition by cholesterol but is dependent on activation of
caspase-4 or -12. A, McA-RH 7777 and HepG2 cells were exposed to 25 mM ethanol for 48 h in the presence or absence of cholesterol and 25-hydroxycholesterol at
concentrations of 10 and 1 �g/ml, respectively. Where indicated, TNF (1 ng/ml) was added to the cell culture medium after 24 h of ethanol exposure and the cells were
then incubated for a further 24 h. The cells were then harvested and assessed for cleavage of SREBP-1 by Western blotting as described under “Experimental
Procedures.” B, McA-RH 7777 or HepG2 cells were plated into 6-well 9.3-cm2 plates at 1.0 � 106 cells. Cells were exposed to 25 mM ethanol in the presence or absence
of cholesterol and 25-hydroxycholesterol at concentrations of 10 and 1 �g/ml, respectively. TNF (1 ng/ml) was added to the cell culture medium after 24 h of ethanol
exposure and the cells incubated for a further 24 h. Where indicated, 10 �M caspase-4 or -12 inhibitors, LEVD-FMK or ATAD-FMK, respectively, were added in tandem
with the TNF. Caspase-4 or -12 activity was measured as detailed under “Experimental Procedures.” C, first lanes, McA-RH 7777 or HepG2 cells were exposed to 25 mM

ethanol for 48 h in the presence of 10�M of the caspase-4 or -12 inhibitors. In the second lane, the cells were first exposed to 25 mM ethanol in the presence of cholesterol
and 25-hydroxycholesterol at concentrations of 10 and 1 �g/ml, respectively. TNF (1 ng/ml) was added to the medium after 24 h of ethanol exposure and the cells
incubated for a further 24 h, whereas, in the third lane, 10 �M caspase-4 or -12 inhibitors were added in tandem with TNF.
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SREBP-1 induced by TNF in ethanol-exposed cells (Fig. 1B,
third lane).

The activation of ER-localized caspases was selective in eth-
anol-exposed cells treatedwithTNF (1 ng/ml). As shown in Fig.
2A (third and fourth lanes), caspase-4 was cleaved to an active
form in ethanol-exposed cells treated with TNF in the absence
or presence of cholesterol. By contrast caspases-9 and -3 were
not cleaved in ethanol-exposed cells treated with TNF. How-
ever, treatment with staurosporine caused the cleavage of
caspases-4, -9, and -3 (Fig. 2A, fifth lane). Importantly, stauro-
sporine resulted in significant cell killing, whereas TNF at 1
ng/ml did not cause a loss of cell viability in the ethanol-ex-
posed cells. Next, the ability of caspase-4 to directly cleave
SREBP-1 was determined. As shown in Fig. 2B, recombinant
caspase-4 was able to cleave SREBP-1 in cell extracts as was
caspase-3. By contrast, caspase-2 did not result in significant
SREBP-1 cleavage.
SREBP-1 possesses a consensus caspase cleavage site at

aspartate 460 in the human protein or aspartate 474 in the
mouse, a site very close to arginine 527 or 524 cleavage sites
utilized by S2P in the human and mouse SREBP-1, respec-
tively. Knock-down and rescue experiments were then per-
formed wherein native SREBP-1 expression was first sup-
pressed with siRNA followed by transfection with a plasmid
construct that induced the expression of SREBP-1 where the
caspase cleavage site at aspartate 460 or 474 in the human
and mouse SREBP-1, respectively, were mutated to an ala-
nine residue (SREBP(D460A) or -(D474A)). As shown in Fig.
2C, top panels, second lanes, ethanol exposure was able to
induce the cleavage of SREBP-1 caspase site mutants. This is
consistent with the asparagine 527 or 524 cleavage sites uti-
lized by S2P in the human or mouse proteins, respectively,
remaining intact in SBERP(D460A) or SREBP(D474A). In addi-
tion, the SREBP(D460A) and SREBP(D474A) cleavage induced
by ethanol was prevented by supplementation with cholesterol
(Fig. 2C, top panels, third lane). However, in contrast to native
SREBP-1, TNF was unable to initiate cleavage of the caspase
consensus site mutants, SREBP(D460A) or SREBP(D474A), in
ethanol-exposed cells in the presence of cholesterol supple-
mentation (Fig. 2C, top panels, fourth lane). By distinction, res-
cue of SREBP-1 expression with mutants where the S2P site of
cleavage at arginine 527 or 524 in the human ormouse proteins,
respectively, is mutated to alanine (SREBP(R527A) or
-(R524A)) confirms that caspases-4 and -12 utilize different
sites from S2P. As shown in Fig. 2C, bottom panels, second lane,
ethanol exposure alone was unable to initiate cleavage of the
S2P site mutants, SREBP(R527A) or SREBP(R524A). However,
the S2P site mutants, SREBP(R527A) and SREBP(R524A),
remained sensitive to cleavage induced by TNF in ethanol-ex-
posed cells in the presence of cholesterol supplementation. As
demonstrated in Fig. 2C, bottom panels, fourth lane,
SREBP(R527A) or SREBP(R524A) were cleaved in ethanol-ex-
posed cells treated with TNF in the presence of cholesterol
supplementation. Together these data indicate that the cleav-
age sites of SREBP-1 utilized in ethanol-exposed cells are dis-
tinct depending on the absence or presence of TNF and choles-
terol supplementation.

Suppression of caspase-4 and -12 expression was carried out
utilizing siRNA. As shown in Fig. 3A, non-targeting siRNA had
no effect on the expression of caspases-4 or -12 in HepG2 and
McA-RH 7777 cells, respectively. By contrast siRNA targeting
caspase-4 in HepG2 cells down-regulated the expression of
caspase-4, whereas having no effect on the level of caspase-3. By
contrast, siRNA targeting caspase-3 decreased the expression
of caspase-3 significantly, whereas having no effect on
caspase-4 levels. Similar results were obtained utilizing siRNA
targeting caspase-12 in McA-RH 7777 cells (Fig. 3A, right
panel). As can be seen in Fig. 3B, left panel, knock-down of
caspase-4 prevented the cholesterol-insensitive cleavage of
SREBP-1 in ethanol-exposed cells treated with TNF. However,
knock-down of caspase-3 had no effect on SREBP-1 cleavage.
Identical results were obtained with caspase-12 suppression in
McA-RH 7777 cells (Fig. 3C, right panel).
Caspase-cleaved SREBP-1 Is Functional—Wenext wanted to

determine whether the cleavage product of SREBP-1 produced
by caspase-4 or -12 activities in ethanol-exposed cells treated
with TNF are transcriptionally active and can bind the SRE
promoter. McA-RH 7777 and HepG2 cells were transfected
with a luciferase reporter vector that contains a sterol response
element in the promoter. As shown in Fig. 4A and reported
previously, exposure of the cells to 25 mM ethanol for 48 h
markedly induced luciferase reporter activation that was inhib-
ited by cholesterol supplementation (1). TNF alone produced
little activation of the luciferase reporter. However, the addi-
tion of TNF to ethanol-exposed cells rendered the increase in
luciferase reporter activation insensitive to suppression by cho-
lesterol supplementation. Importantly, the cholesterol-insensi-
tive activation of the luciferase reporter by TNF in ethanol-
exposed cells was repressed by the caspase-4 inhibitor in
HepG2 cells and the caspase-12 inhibitor in the McA-RH 7777
cells (Fig. 4A).
Similarly, an increase in the binding of SREBP-1 to the SRE

was detected in ethanol-exposed cells treated with TNF, in the
presence or absence of cholesterol. As shown in Fig. 4B,
there was a 3-fold increase of SREBP-1 binding to the SRE in
ethanol-exposed cells that was prevented by cholesterol.
TNF alone produced no increase in SREBP-1 binding. How-
ever, in ethanol-exposed cells, TNF at 1 ng/ml caused a
5-fold stimulation of SREBP-1 binding to the SRE. This was
not altered by the presence of cholesterol but was prevented
by caspase-4 and -12 inhibitors is HepG2 and McA-RH 7777
cells, respectively (Fig. 4B).
Expression of the lipogenic protein, ACC, is induced by acti-

vation of SREBP-1. As shown in Fig. 4C, second and third lanes,
exposure to 25 mM ethanol for 48 h increased the expression of
ACCand thiswas repressed by cholesterol supplementation. By
contrast, cholesterol was unable to prevent the induction of
ACC in ethanol-exposed cells treated with TNF (Fig. 4C, fourth
and fifth lanes). However, inhibition of caspase-4 or -12 activity
by incubation with the respective caspase inhibitors prevented
the cholesterol-insensitive induction of ACC expression in eth-
anol-exposed cells treated with TNF (Fig. 4C, sixth lane).
Triglyceride synthesis induced by exposure of the cells to

ethanolwas also differentially sensitive to cholesterol inhibition
in the absence and presence of TNF. As shown in Fig. 4D, expo-
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FIGURE 2. SREBP-1 can be cleaved in vitro by caspases-4 and -12 with mutation of the caspase cleavage site preventing the cholesterol-insensitive process-
ing of SREBP-1 in ethanol-exposed cells treated with TNF. A, HepG2 cells were plated into 6-well 9.3-cm2 plates at 1.0 � 106 cells. Cells were exposed to 25 mM

ethanol in the presence or absence of cholesterol and 25-hydroxycholesterol at concentrations of 10 and 1 �g/ml, respectively. TNF (1 ng/ml) was added to the cell
culture medium after 24 h of ethanol exposure and the cells incubated for a further 24 h. For the fifth lane, cells were treated with 100 nM staurosporine for 24 h. The
cells were then harvested and the cleavage of caspases-4, -9, and -3 were determined by Western blotting. B, purified SREBP-1 containing a histidine tag was generated
by in vitro transcription and translation followed by purification on a nickel resin. The purified SREBP-1 was incubated with 5 units of either recombinant caspases-2, -3, or
-4 (EMD Biosciences) in reaction buffer, as indicated under “Experimental Procedures.” Cleavage of SREBP-1 was detected by Western blotting. C, McA-RH 7777 or HepG2 cells
were transfected with siRNA targeting SREBP-1. After 48 h, the cells were transfected with an expression plasmid (pcDNA3.1) containing a cDNA for the caspase site mutants;
SREBP-1(D460A) and SREBP-1(D474A) for the HepG2 and McA-RH 7777 cells, respectively, or the S2P site mutants; SREBP-1(R527A) and SREBP-1(R524A) for the HepG2 and
McA-RH 7777 cells, respectively, which were all insensitive to siRNA suppression though the introduction of a “silent” mutation in the open reading frame of the gene where it
is targeted by the siRNA. The cells were incubated for 24 h, then harvested, re-plated, and exposed to 25 mM ethanol for 24 h in the absence or presence of cholesterol. Where
indicated, TNF was then added and the cells incubated for an additional 24 h. The cells were then harvested and the cleavage of SREBP-1 determined by Western blotting.
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sure to 25 mM ethanol for 48 h provoked a 50–55% increase of
triglyceride levels inMcA-RH 7777 cells andHepG2 cells. Cho-
lesterol supplementation prevented the accumulation of
triglycerides in the cells exposed to ethanol for 48 h and even
decreased triglyceride levels below that of controls. Treat-
ment with TNF (1 ng/ml) alone provoked a modest accumu-
lation of triglycerides. By contrast, ethanol-exposed cells
treated with TNF demonstrated a robust 60% elevation of
triglycerides (Fig. 4D). However, in distinction to ethanol-
exposure alone, the triglyceride accumulation induced in
ethanol-exposed cells in the presence of TNF was insensitive
to inhibition by cholesterol but was prevented by the
caspase-4 and -12 inhibitors (Fig. 4D). Thus these data dem-
onstrate that SREBP-1 cleaved by caspases-4 and -12 in eth-
anol-exposed cells treated with TNF is functional and can
bind to and activate SRE containing promoters, stimulating
the expression of lipogenic proteins such as ACC with a
resultant accumulation of triglycerides.
Ethanol Induces an ER Stress Response That Modifies TNF

Signaling—Inositol-requiring protein 1� (IRE-1�) dimerizes
and undergoes autophosphorylation upon induction of ER

stress. As can been seen in Fig. 5A,
ethanol exposure induced the phos-
phorylation of IRE-1� in HepG2
cells. Likewise, TNF (1 ng/ml) in
control cells produced modest
IRE-1� phosphorylation. However,
ethanol-exposed cells treated with
TNF (1 ng/ml) exhibited a synergis-
tic stimulation of IRE-1� phospho-
rylation (Fig. 5A, fourth lane). The
TNFaugmented phosphorylation of
IRE-1� in ethanol-exposed cells was
not modified by cholesterol (fifth
lane). Similar results were obtained
with McA-RH 7777 cells.
JNK has been shown to be acti-

vated at the ER through mediation
of TRAF-2. Because TNF can acti-
vate TRAF-2, we determined the
degree of JNK activation under the
present conditions. As shown in Fig.
5B, ethanol exposure alone pro-
duced a slight increase of active
phosphorylated JNK. Likewise, TNF
treatment of control cells did cause
some degree of JNK activation. By
contrast, treatment of ethanol-ex-
posed cells with TNF resulted in a
synergistic stimulation of JNK activ-
ity that was not modified by choles-
terol supplementation. Such results
indicate that TNF enhances signal-
ing at the ER in cells exposed to eth-
anol. Similar results were observed
in McA-RH 7777 cells.
The TNF-induced Activation of

Caspase-4 and -12 in Ethanol-ex-
posed Cells Is Dependent on TRAF-2 Expression—IRE-1 is
phosphorylated and oligomerizes during ER stress and forms
a complex with TRAF-2 to activate caspase-12 or JNK (20).
TRAF-2 also becomes activated by engagement of the TNF
receptor by TNF (21). Therefore we wanted to explore the
possibility that the augmentation of caspase-4 and -12 acti-
vation by TNF in ethanol-exposed cells is dependent on
TRAF-2. TRAF-2 is a cytosolic protein that translocates to
its site of action upon stimulation (22). Therefore micro-
somes that represent the ER fraction were isolated from
HepG2 andMcA-RH 7777 cells and assessed for their level of
TRAF-2. As shown in Fig. 6A, first lane, control cells had
little TRAF-2 binding to the ER. Cells exposed to ethanol or
TNF alone exhibited a modest elevation of TRAF-2 in the ER
fraction (Fig. 6A, second and third lanes). By contrast, in cells
first exposed to ethanol for 24 h and then treated with TNF,
there was a dramatic increase in the levels of TRAF-2 at the
ER (Fig. 6A, fourth lane). Importantly, there was no increase
or decrease of TRAF-2 in whole cell lysates under any of the
conditions examined, indicating that the increased levels of
TRAF-2 in the ER fraction of ethanol-exposed cells treated

FIGURE 3. Suppression of caspase-4 but not caspase-3 by siRNA prevents the cholesterol-insensitive
cleavage of SREBP-1 in ethanol-exposed cells treated with TNF. A, McA-RH 7777 or HepG2 cells were
transfected with siRNAs targeting caspase-4, -12, or -3 or a non-targeting control. After 48 h, the cells were
harvested and the levels of caspase-4, -12, or -3 were determined by Western blotting. B, McA-RH 7777 or
HepG2 cells were transfected with siRNAs targeting caspase-4, -12, or -3 or a non-targeting control. After 24 h,
the transfected cells were then incubated for a further 24 h in 25 mM ethanol with TNF (1 ng/ml) in the presence
of cholesterol supplementation. The cells were then harvested and assessed for cleavage of SREBP-1 by West-
ern blotting as described under “Experimental Procedures.”
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with TNF cannot be accounted for by a generalized elevation
of TRAF-2 expression.
TRAF-2 has been shown to form a complex with IRE-1�.

Therefore, immunoprecipitation experiments were conducted
to determine whether TRAF-2, which is localized to the ER in
ethanol-exposed cells treated with TNF, associates with IRE-
1�. As shown in Fig. 6B (fourth lane), IRE-1� co-immunopre-
cipitated with TRAF-2 only in ethanol-exposed cells treated
with TNF in bothMcA-RH7777 andHepG2 cells. Importantly,
caspase-4 inHepG2 cells and caspase-12 inMcA-RH 7777 cells
also co-immunoprecipitated with TRAF-2 in ethanol-exposed
cells treated with TNF (Fig. 6B, second panel). Such data indi-
cate the possibility that a complex forms betweenTRAF-2, IRE-
1�, and caspase-4 or -12 in ethanol-exposed cells when they are
treated with TNF.

We next wanted to determine whether TRAF-2 expression
was necessary for the activation of caspases-4 or -12 seen in
ethanol-exposed cells treated with TNF. As shown in Fig. 7A,
TRAF-2 expression was suppressed in McA-RH 7777 cells and
HepG2 cells with siRNAs targeting TRAF-2, whereas the non-
targeting control had no effect. Therefore TRAF-2 expression
was suppressed in control and ethanol-exposed cells and its
effect on caspase-4 and -12 activity was determined. As shown
in Fig. 7B, exposure toTNFor ethanol alone caused only a slight
increase in caspase-4 or -12 activity that was prevented in cells
transfected with the siRNA targeting TRAF-2 but not the non-
targeting control. By contrast, treatment of ethanol-exposed
cells with TNF in the presence or absence of cholesterol
resulted in a robust 3-fold stimulation of caspase-4 or -12 activ-
ity. Importantly, suppression of TRAF-2 expression prevented

FIGURE 4. Caspase-4 and -12 cleaved SREBP-1 is functional. A, McA-RH 7777 or HepG2 cells were plated into 6-well 9.3-cm2 plates at 1.0 � 106 cells
and were transiently transfected with a native luciferase reporter construct or a luciferase reporter driven by an SRE promoter. After 24 h, the transfected
cells were then incubated for a further 24 h in 25 mM ethanol in the absence or presence of cholesterol supplementation. Where indicated, TNF (1 ng/ml)
was added alone or in tandem with the caspase-4 or -12 inhibitors (10 �M) and incubated for another 24 h. The cells were then harvested and luciferase
activity measured and normalized as described under “Experimental Procedures.” B, cells were treated as described in A and nuclei were then isolated
from cells and the binding of SREBP-1 to the SRE consensus sequence was detected by enzyme-linked immunosorbent assay with absorbance measured
at 450 nm. C, McA-RH 7777 or HepG2 cells were exposed to 25 mM ethanol for 48 h in the presence or absence of cholesterol and 25-hydroxycholesterol
at concentrations of 10 and 1 �g/ml, respectively. Where indicated, TNF (1 ng/ml) was added to the cell culture medium after 24 h of ethanol exposure,
alone or in tandem with 10 �M of the caspase-4 or -12 inhibitors. The cells were then harvested and assessed for the levels of acetyl-CoA carboxylase by
Western blot. D, McA-RH 7777 or HepG2 cells were exposed to 25 mM ethanol for 48 h in the presence or absence of cholesterol and 25-hydroxycho-
lesterol at concentrations of 10 and 1 �g/ml, respectively. Where indicated, TNF (1 ng/ml) was added to the cell culture medium after 24 h of ethanol
exposure, alone or in tandem with 10 �M of the caspase-4 or -12 inhibitors. The cells were then harvested and assessed for triglyceride levels
enzymatically as described under “Experimental Procedures.”
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the activation of caspases-4 and -12 in ethanol-exposed cells
treated with TNF, with the non-targeting control having no
effect.
Inhibition of caspase-4 and -12 activity afforded by suppres-

sion of TRAF-2 levels prevented the TNF-induced activation of
SREBP-1 in ethanol-exposed cells treated with TNF. As shown
in Fig. 7C, left panel, siRNA suppression of TRAF-2 expression
prevented the increase in binding of SREBP-1 to the SRE seen in
ethanol-exposed cells treated with TNF in the presence of cho-
lesterol. Importantly, suppression of TRAF-2 did not prevent
the activation of SREBP-1 induced by ethanol exposure alone
and only partially lowered SREBP-1 binding in ethanol-exposed
cells when treated with TNF in the absence of cholesterol.
These results indicate that TRAF-2 is not required for the con-
ventional cholesterol-sensitive pathway of SREBP-1 activation
mediated by S1P and S2P proteases but is required for SREBP-1
cleavage and activation by caspase-4 or -12. This is further
demonstrated in Fig. 7D. The inhibition of caspase-4 or -12
activation in ethanol-exposed cells treated with TNF afforded
by suppression of TRAF-2 levels was accompanied by preven-
tion of SREBP-1 cleavage. As expected, in cells exposed to eth-
anol alone or subsequently treated with TNF in the absence of
cholesterol, SREBP-1 was cleaved (Fig. 7D, second and third
lanes), indicating that TRAF-2 expression is not necessary for
the conventional processing of SREBP-1.Note that suppression
of TRAF-2 expression in ethanol-exposed cells treated with
TNF in the absence of cholesterol prevented the appearance of
the 65-kDa cleavage product of SREBP-1 that is caspase

dependent, as noted in Fig. 1A, fifth lane. In this instance due to
the inhibition of caspase-mediated cleavage brought about by
suppressing TRAF-2 levels, only the sterol-sensitive cleavage
product is generated (Fig. 7D, third lane). However, in the pres-
ence of cholesterol supplementation and TRAF-2 suppression,
neither sterol-regulated or caspase-dependent cleavage occurs
(Fig. 7D, fourth lane). Non-targeting siRNAs had no effect on
SREBP-1 processing in either instance (result not shown).

DISCUSSION

The present study demonstrates that TNF� can trigger the
cleavage and activation of SREBP-1 in cells exposed to ethanol.
Moreover, the induction of SREBP-1 cleavage and activation in
ethanol-exposed cells treated with TNF is insensitive to inhibi-
tion by cholesterol feedback and relies on a TRAF-2-dependent
activation of ER resident caspases-4 or -12, rather than the con-
ventional processing mediated by the S1P and S2P proteases.
Inhibition of caspase-4 or -12 prevented the cholesterol-insen-
sitive processing of SREBP-1, along with induction of the SRE
promoter, binding of SREBP-1 to the SRE, expression of a lipo-
genic enzyme, and accumulation of triglycerides.

FIGURE 5. TNF synergistically stimulates indications of ER stress in etha-
nol-exposed cells. A and B, HepG2 cells were exposed to 25 mM ethanol in
the presence or absence of cholesterol and 25-hydroxycholesterol at concen-
trations of 10 and 1 �g/ml, respectively. TNF (1 ng/ml) was added to the cell
culture medium after 24 h of ethanol exposure and the cells incubated for a
further 24 h. The cells were then harvested and the level of phosphorylated
and total IRE-1� or JNK was determined by Western blotting.

FIGURE 6. TRAF-2 translocates to the ER in ethanol-exposed cells treated
with TNF and forms a complex with IRE-1� and caspase-4 or -12.
A, McA-RH 7777 or HepG2 cells were either untreated (first lane), exposed to 25
mM ethanol for 48 h (second lane) or treated with TNF (1 ng/ml) alone for 24 h
(third lane). Alternatively, cells were first exposed to 25 mM ethanol for 24 h
and then treated with TNF (1 ng/ml) in the presence of 25 mM ethanol for a
further 24 h (fourth lane). The cells were then harvested and the microsomal
fraction isolated as described under “Experimental Procedures.” The level of
TRAF-2 in the microsomal fraction and whole cell lysates was assessed by
Western blotting. B, McA-RH 7777 or HepG2 cells were either untreated (first
lane), exposed to 25 mM ethanol for 48 h (second lane) or treated with TNF (1
ng/ml) alone for 24 h (third lane). Alternatively, cells were first exposed to 25
mM ethanol for 24 h and then treated with TNF (1 ng/ml) in the presence of 25
mM ethanol for a further 24 h (fourth lane). Association of TRAF-2 with IRE-1�
and caspase-4 or -12 was determined by immunoprecipitation (IP) assay with
TRAF-2 antibody followed by Western blotting (IB) with anti-IRE-1� or anti-
caspase-4 or -12 antibody.
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An initial manifestation of excessive alcohol consumption
is the development of hepatic steatosis. Ethanol metabolism
results in an increase in the levels of NADH, which hinders
fatty acid oxidation. This was the mechanism thought to
account for the development of alcoholic steatosis. However,
recent studies have uncovered that the transcription factor
SREBP-1 actuates a battery of lipogenic enzymes in ethanol-
exposed cells (3, 4, 23). These observations were confirmed
in vivo, where feeding mice an ethanol containing diet
resulted in an increase in the mature form of SREBP-1 (24).
As has been reported and seen in the present study, the
cleavage and activation of SREBP-1 in ethanol-exposed cells

is sensitive to the negative feed-
back regulation exerted by choles-
terol, indicating that in this
instance, SREBP-1 processing is
mediated by S1P and S2P.
In addition to its effects on lipo-

genesis, ethanol exposure can also
activate the endoplasmic reticulum
stress response (7). The ER stress
response is engaged under condi-
tions where an increasedmalfolding
of proteins occurs. Ethanol expo-
sure is conductive to such an
environment. This may be pro-
voked in part by an elevation in the
levels of homocysteine and acetal-
dehyde brought about by ethanol.
Homocysteine-induced endoplas-
mic reticulum stress activates
SREBPs resulting in a dysregulation
of cholesterol and triglyceride syn-
thesis (10). The elevation of homo-
cysteine caused by ethanol is
thought to be mediated by a
derangement in methionine metab-
olism induced by ethanol exposure.
Indeed, chronic ethanol feeding to
micopigs revealed a correlation
between liver homocysteine levels
and the accumulation of ER stress
markers such as GRP78 and
increase in the synthesis of lipogenic
enzymes such as acetyl-CoA car-
boxylase. Importantly, the ER stress
response induced by ethanol was
accompanied by activation of
caspase-12 (13).
Caspases-4 and -12 are expressed

in human and rodents, respectively,
and reside on the exterior of
the endoplasmic reticulum (25).
Caspase-12 is activated in a path-
way involving the IRE-1� (20).
IRE-1� is a ER stress transducer
that oligomerizes when malfolded
proteins accumulate (26, 27). The

activation of caspase-12 by IRE-1� oligomerization is
bridged by TRAF-2. TRAF family proteins possess a TRAF
domain, containing a coiled-coil motif (21). The TRAF do-
main mediates the self-association exhibited by TRAF pro-
teins and their interactions with receptors and downstream
signaling proteins such as IRE-1�. In addition to mediating
the activation of caspase-12, the interaction of TRAF-2 with
IRE-1� couples stimulation of JNK to ER stress (28, 29).
However, it has been shown that TRAF-2 can alsomediate an
anti-apoptotic effect through the activation of NF�B at the
ER by its interaction with IRE-1� (30). This is similar to the
ability of TRAF-2 to activate NF�B by acting as a scaffolding

FIGURE 7. The cholesterol-insensitive processing of SREBP-1 by caspase-4 or -12 in ethanol-exposed cells
treated with TNF is prevented by suppressing TRAF-2 expression. A, McA-RH 7777 or HepG2 cells were
transfected with siRNA targeting TRAF-2 or a non-targeting control. After 48 h, the cells were harvested and the
levels of TRAF-2 expression determined. B, McA-RH 7777 or HepG2 cells were untreated, treated with TNF (1
ng/ml) alone for 24 h, or exposed to 25 mM ethanol for 48 h. Alternatively, cells were first exposed to 25 mM

ethanol for 24 h in the presence or absence of cholesterol and then treated with TNF (1 ng/ml) for a further 24 h.
The cells were then harvested and assayed for caspase-4 or -12 activity as described under “Experimental
Procedures.” C, McA-RH 7777 or HepG2 cells were transfected with siRNA targeting TRAF-2. After 48 h, the cells
were either left untreated or exposed to 25 mM ethanol for 24 h in the presence or absence of cholesterol
(Chol.). Where indicated, the cells were then treated with TNF (1 ng/ml) for an additional 24 h. The binding of
SREBP-1 to the sterol response consensus DNA sequence was determined by enzyme-linked immunosorbent
assay and measured at 450 nm. D, McA-RH 7777 or HepG2 cells were transfected with siRNA targeting TRAF-2.
After 48 h, the cells were either left untreated or exposed to 25 mM ethanol for 24 h in the presence or absence
of cholesterol. Where indicated, the cells were then treated with TNF (1 ng/ml) for an additional 24 h in the
presence of 25 mM ethanol with or without cholesterol supplementation. The cells were then harvested and
the cleavage of SREBP-1 assessed by Western blotting.
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protein for the so called death inducing signaling complex,
which forms at the TNF receptor (21–31). In both instances,
TRAF-2 that is initially localized in the cytosol translocates
to its respective site of action upon stimulation. In the pres-
ent study, we demonstrate a robust increase in the associa-
tion of TRAF-2 with the ER when ethanol-exposed cells are
treated with TNF, indicating a translocation of TRAF-2 to
the ER. Moreover, suppression of TRAF-2 expression pre-
vented the TNF-induced activation of caspases-4 and -12 in
ethanol-exposed cells along with the cholesterol-insensitive
cleavage and activation of SREBP-1. It is also demonstrated
that TRAF-2, IRE-1�, and caspase-4 or -12 form a complex
in ethanol-exposed cells treated with TNF. However, the
precise signaling pathway leading from engagement of the
TNF receptor to the translocation of TRAF-2 to the ER is
presently unclear.
The present study demonstrates that caspase-4 and -12 are

capable of cleaving SREBP-1 to generate an active transcription
factor. Caspase-3 also possesses the ability to cleave SREBP-1
and -2, generating transcriptionally active fragments that trans-
locate to the nucleus and activate sterol-responsive genes (17,
19). Indeed it has been demonstrated in human hepatocytes
that TNF is capable of stimulating the maturation of SREBP-1
in a cholesterol-independent fashion (32). This was dependent
on the action of neutral sphingomyelinase and was recapitu-
lated by ceramide, a product of sphingomyelinase. Even though
the enzymemediating the cleavage of SREBP-1 in this studywas
not definitively determined, the dose of TNFutilized (10 ng/ml)
and the known ability of ceramide to activate caspase-3, lead
the authors to conjecture that caspase-3 was the responsible
mediator of the SREBP-1 cleavage. SREBP-2 is also activated by
ER stress but in a caspase-independent mechanism (33). In the
present study, no caspase-dependent cleavage or activation of
SREBP-2 was detected (results not shown). Because SREBP-2
also contains a caspase consensus cleavage site, the reason for
this is unclear. It may be speculated that the caspase cleavage
site is inaccessible in SREBP-2 or there is a selective interaction
between the activation complex composed of TRAF-2 and
caspase-4 or -12 with SREBP-1 that does not occur with
SREBP-2.
The pleiotrophic cytokine TNF stimulates hepatic lipogene-

sis mediated in part by an increase in the levels of the lipogenic
enzymes, acetyl-CoA carboxylase and fatty acid synthase (34,
35). Additionally, TNF has recently been demonstrated to
increase the expression of SREBP-1 (36). Indeed, in the present
study, TNF alone provoked an increase of triglyceride levels.
However, this was not accompanied by a detectable processing
of SREBP-1. Ethanol is know to increase the plasma level of
TNF (37–39). Through the ER stress promoted by ethanol, the
lipogenic effects of TNF may be amplified by facilitating a cho-
lesterol-insensitive mechanism of SREBP-1 activation. This
would render ethanol-exposed cells insensitive to the normal
negative feedback regulation exerted by cholesterol. This
uncoupling of SREBP-1 activation by TNF in ethanol-exposed
cells would greatly potentiate the synthesis of lipogenic
enzymes and SREBP-1 itself, because the SREBP-1 gene con-
tains a SRE in its promoter. This would thus create a self-rein-
forcing positive feedback, resulting in a runaway synthesis of

lipids that wouldmake the cell vulnerable to subsequent insults
(Fig. 8).
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