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See editorial on page 1502.

ackground & Aims: Despite high morbidity and
ortality of alcoholic liver disease worldwide, the
olecular mechanisms underlying alcohol-induced

iver cell death are not fully understood. Transglu-
aminase 2 (TG2) is a cross-linking enzyme impli-
ated in apoptosis. TG2 levels and activity are in-
reased in association with various types of liver
njury. However, how TG2 induces hepatic apoptosis
s not known. Methods: Human hepatic cells or pri-

ary hepatocytes from rats or TG2�/� and TG2�/�

ice were treated with ethanol. Mice were adminis-
ered anti-Fas antibody or alcohol. Liver sections
ere prepared from patients with alcoholic steato-
epatitis. Changes in TG2 levels, Sp1 cross-linking
nd its activities, expression of hepatocyte growth
actor receptor, c-Met, and hepatic apoptosis were

easured. Results: Ethanol induced apoptosis in he-
atic cells, enhanced activity and nuclear accumula-

ion of TG2 as well as accumulation of cross-linked
nd inactivated Sp1, and reduced expression of the
p1-responsive gene, c-Met. These effects were rescued
y TG2 knockdown, restoration of functional Sp1, or
ddition of hepatocyte growth factor, whereas ap-
ptosis was reproduced by Sp1 knockdown or TG2
verexpression. Compared with TG2�/� mice, TG2�/�

ice showed markedly reduced hepatocyte apoptosis
nd Sp1 cross-linking following ethanol or anti-Fas
reatment. Treatment of TG2�/� mice with the TG2
nhibitors putrescine or cystamine blocked anti-Fas–
nduced hepatic apoptosis and Sp1 silencing. More-
ver, enhanced expression of cross-linked Sp1 and
G2 was evident in hepatocyte nuclei of patients
ith alcoholic steatohepatitis. Conclusions: TG2
nduces hepatocyte apoptosis via Sp1 cross-linking
nd inactivation, with resultant inhibition of
he expression of c-Met required for hepatic cell
iability.

lcohol-induced liver damage is a major cause of
morbidity and mortality worldwide. Ethanol-in-

uced hepatocyte death is believed to result from a com-
ination of oxidative stress and a cytotoxic cytokine cas-
ade, with injury being secondary to apoptosis and
ecrosis. However, the mechanisms involved remain in-
ompletely defined.1

Transglutaminase 2 (TG2) is a member of a family of
ross-linking enzymes that catalyze posttranslational
odification of proteins by calcium-dependent cross-

inking to form N�(�-glutamyl) lysine bonds.2– 4 In addi-
ion, it has many other functions, such as serving as a
uanosine triphosphate binding protein involved in re-
eptor signaling2– 4 and as a scaffolding protein involved
n stabilizing fibronectin binding by �-integrins.2– 4

TG2 has been implicated in the regulation of cell
rowth and differentiation, and its cross-linking activity
as been associated with apoptosis.2– 4 For example, ac-
umulating evidence suggests a link between enhanced
ransamidating activity of TG2 and neuronal cell death,
or example, enhanced expression of TG2 in patients with
lzheimer’s disease and enhanced TG activity observed in
atients with Huntington’s disease.2– 4 We showed previ-
usly that TG2 cross-linking activity was significantly

ncreased with carbon tetrachloride–induced liver injury

Abbreviations used in this paper: 5-BAPA, 5-(biotinamido)pen-
ylamine; CL-Sp1, cross-linked Sp1; HGF, hepatocyte growth factor;
iRNA, small interfering RNA; TG2, transglutaminase 2.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2009.01.007



i
i
a
s
s
i
a
b
p
p
d
p
e
i
e
t
t
l
a
t
T
i
a
t
a

T
T
d
m
c
T
r
e
c
t
o

p
(
h
f
m
u
A
B
(
r
1
V
g
r

f
P
p
f
a
H
J

w
S
v
R
C
G
t
i
p
s
(

m
T
C
e
a
c
e
1

t

a
t
r
f
v

v
p
w

o
d
M

B
A

SIC
–LIV

ER
,

P
A

N
C
R
EA

S,
A

N
D

B
ILIA

R
Y

TR
A

C
T

1784 TATSUKAWA ET AL GASTROENTEROLOGY Vol. 136, No. 5
n rats and in acute human liver injury.5 However, its
nvolvement in apoptosis remains incompletely defined
nd controversial. For example, enhanced expression of a
hort form of TG2, which is encoded by an alternatively
pliced transcript, lacks guanosine triphosphatase activ-
ty, has poor cross-linking activity, and is proapoptotic,6

lthough, thus far, short-form TG2 expression has only
een reported in the human brain.7,8 We also observed
reviously that enhancing �1-adrenergic receptor– cou-
led signaling via the G protein activity of TG2 results in
ecreased TG2 cross-linking and enhanced hepatocyte
roliferation. Moreover, activation of TG2 cross-linking
ither by ethanol treatment or by Fas activation resulted
n increased apoptosis and decreased hepatocyte prolif-
ration.9 Mice with homozygous inactivation of Tgm2,
he TG2 gene (TG2�/� mice),10,11 are more susceptible to
oxin-induced hepatobiliary injury12 and CCl4-induced
iver injury.13 Moreover, TG2 has been reported to be
ntiapoptotic, an effect linked both to its guanosine
riphosphate binding and transamidating activity.13–16

hus, it is still unclear if TG2 is causative for apoptosis
nduction or antiapoptotic, or if its apparent involvement in
poptosis is merely an epiphenomenon, and clarification of
he molecular mechanism by which TG2 induces hepatic
poptosis will help answer these questions.

By using loss- and gain-of-function approaches for
G2 and Sp1 in in vitro and in vivo models, we show that
G2 plays a causative role in hepatocyte apoptosis in-
uced by ethanol and Fas. As an underlying molecular
echanism, we show that the transcription factor Sp1 is

ross-linked, oligomerized, and inactivated by nuclear
G2, resulting in reduced expression of growth factor

eceptors, such as c-Met, required for cell integrity. These
ffects define a novel proapoptotic pathway resulting in
aspase-independent apoptosis accompanied by chroma-
in condensation, responses that can be rescued by Sp1
verexpression or by growth factor receptor activation.

Materials and Methods
Materials
Recombinant human Sp1 and guinea pig TG2 were

urchased from Promega (Madison, WI) and Oriental Co
Osaka, Japan), respectively. Histidine-tagged recombinant
uman Sp1 was made using Rapid Translation System

rom Roche Molecular Biochemicals (Mannheim, Ger-
any) by coupled transcription/translation and purified

sing Ni-NTA agarose (Qiagen, Hilden, Germany) at 4°C.
nti-Sp1 and c-Met antibodies were from Santa Cruz
iotechnology (Santa Cruz, CA). Anti– cross-linked Sp1

CL-Sp1) and anti-TG2 polyclonal antibody was made in
abbits and purified as detailed in Supplementary Figure

and text. Anti-TG2 monoclonal antibody was from Lab
ision (Fremont, CA). Cy5-/horseradish peroxidase–conju-
ate anti-rabbit immunoglobulin (Ig) G and tetramethyl-

hodamine isothiocyanate–conjugate streptavidin were u
rom Jackson ImmunoResearch Laboratories (West Grove,
A). 5-(biotinamido) pentylamine (5-BAPA), a biotinylated
rimary amine substrate for TG2, was from Pierce (Rock-
ord, IL). A broad-spectrum caspase inhibitor, zVAD-fmk,
nd caspase-3 specific inhibitor, zDEVD-fmk, as well as
oechst 33258 were from Calbiochem-Novabiochem (La

olla, CA).
The expression vector for human Sp1 (Sp1-pCIneo)

as constructed as described previously.17 A TG2 and
p1 small interfering RNA (siRNA)-expressing lentiviral
ector was constructed in the pSIH-H1 short hairpin
NA vector (SBI System Biosciences, Mountain View,
A) as detailed in Supplementary Figure 2 and text. A
C3-Luc vector, which contains 3 sequential repeats of

he GC box motifs derived from the c-Met promoter and
ts TATA box sequence18 upstream of the luciferase com-
lementary DNA, was generated by inserting a synthe-
ized oligodeoxynucleotide cassette into the pGL3 vector
Promega Corp).

Transient Transfection and Luciferase Assays
Cells were cultured as described in the Supple-

entary text (see Supplementary Material and Methods).
ransfections using Lipofectamine 2000 (Invitrogen,
arlsbad, CA) and luciferase assays using the Dual-Lucif-

rase Reporter Assay System (Promega) were performed
s described previously.19 Transfection of 5 � 105 HepG2
ells with 50 ng of Sp1-expressing vector, Sp1-pCIneo, or
mpty vector was performed using a microporator, MP-
00, from AR Brown (Tokyo, Japan).

Preparation of Nuclear Extracts
Nuclear proteins were isolated and nuclear ex-

racts prepared from liver tissue as previously described.19

Immunoprecipitation
Reaction mixtures of Sp1, TG2, and 5-BAPA, as well

s nuclear extracts from TG2-transfected and 5-BAPA–
reated cells, were incubated with 40 �L of nonimmune
abbit IgG-conjugated agarose beads (Sigma, St Louis, MO)
or 16 hours at 4°C on a rotating mixer as described pre-
iously.17

Western Blotting
Western blotting was performed as described pre-

iously.19 Detailed conditions are described in the Sup-
lementary text. (see supplemental material online at
ww.gastrojournal.org).

Assays of TG2 Activity
Assays of total TG2 enzymatic capacity (activity)

f extracts and in situ TG2 activity were performed as
escribed in the Supplementary text (see Supplementary
aterial and Methods).

Gel Shift Assays
Gel shift assays were performed as described19
sing end-labeled oligonucleotides (consensus GC box,

http://www.gastrojournal.org
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May 2009 APOPTOSIS BY TG VIA SP1 CROSS–LINKING 1785
=-ATTCGATCGGGGCGGGGCGAGC-3=; or AP-1 con-
ensus sequence, 5=-CGCTTGATGACTCAGCCGGAA-3=)
nd nuclear proteins (6 �g) or Sp1 (25 ng), preincubated
ith or without TG2.

Staining of Cells and Liver Sections
Primary hepatocytes and HepG2 cells on cover-

lips were fixed with 10% formalin in culture medium.
ells were permeabilized and stained with various anti-
odies as detailed in the figure legends. Apoptotic cells of

iver sections were detected using a DeadEnd Colorimet-
ic TUNEL System (Promega). Digital images of cells and
iver sections were obtained by confocal microscopy (Carl
eiss, Inc, Oberkochen, Germany) and digital images
ere recorded.

Flow Cytometry and Cell Image Analysis
Ethanol-treated hepatocytes and HepG2 cells were

tained with fluorescein isothiocyanate–labeled Annexin
using Annexin V-FITC Kit (Beckman Coulter, Mar-

eille, France). They were analyzed with a fluorescence
ctivated cell sorter (Epics Elite ESP; Beckman Coulter)
r using a cell-based imaging system (Celaview RS-100;
lympus, Tokyo, Japan) after fixing and staining with

oth Hoechst 33258 and anti-TG2 polyclonal antibody
10 �g/mL) plus Cy5-conjugate anti-rabbit IgG (1:1000).

Animals
Sprague–Dawley rats (200 –250 g) and C57BL/6 �

29 SvJ mice were purchased from Japan SLC Inc
Hamamatsu, Sizuoka, Japan) or Charles River Labora-
ory (Wilmington, MA). TG2�/� mice and their TG2�/�

ittermates derived from heterozygous crosses10 were used
or the isolation of hepatocytes and in vivo liver injury
xperiments. All animal experiments were performed in
ccordance with protocols approved by the University of
alifornia Davis, University of Southern California, and
IKEN Institutional Animal Use and Care Administrative
dvisory Committees. Detailed conditions for each animal
xperiment are described in Supplementary text.

Human Resource
Human alcohol steatohepatitis and control liver

amples were obtained after informed consent and ap-
roval by the Ethics Committee for Biomedical Research,

ikei University School of Medicine (Tokyo, Japan).

Statistical Analysis
Quantitative data are shown as mean � SD or

EM. Statistical analyses were evaluated by single-fac-
or analysis of variance test. Newman–Keuls test was
sed for multiple comparisons among groups. The
-tailed Student t test was used to evaluate differences
etween 2 groups. P � .05 was considered statistically

ignificant. C
Results
Ethanol Increases Hepatocyte Nuclear TG2
Activity
Treatment of primary rat hepatocytes with etha-

ol overnight increased total TG2 enzymatic capacity
activity) both in whole cell extracts (1.5-fold, P � .01)
nd in nuclear fractions (2.1-fold, P � .01) (Figure 1A).
ccumulation of TG2 to the nucleus was also observed,
s evidenced by the appearance of dense clumps of fluo-
escent material (Figure 1A, lower panels) and Western
lot analysis (Supplementary Figure 3A). Similar effects
ere observed with ethanol-treated or TG2-overexpress-

ng human hepatocyte cell lines (Supplementary Figure
B and C). Ethanol-treatment dose-dependently in-
reased the number of Annexin V– and nuclear TG2-
ositive cells (Figure 1B). Acetaldehyde, an ethanol me-
abolite, mimicked the effect at 1/1000 concentration
Supplementary Figure 4). Ethanol also enhanced TG2

essenger RNA expression and the expression of impor-
in-�3 (Supplementary Figure 5), which has been impli-
ated in TG2 nuclear translocation.20 Furthermore,
hereas apoptosis was readily apparent in ethanol-

reated hepatocytes from TG2�/� mice (12% of cells
howing fragmented nuclei), it was not observed in
G2�/� hepatocytes (Figure 1C). Consistent with this
orphological evidence of apoptosis, active caspase-3

evels increased in ethanol-treated TG2�/� hepatocytes
Figure 1C, lower panels).

TG2 Cross-links and Inactivates Sp1 in
Cell-Free Systems
We next attempted to identify the nuclear sub-

trate(s) that could mediate TG2-induced apoptosis. Mi-
roarray analysis of hepatocytes isolated from ethanol-
reated TG2�/� and TG2�/� mice showed that ethanol
ncreased the expression of 248 genes by �2.5-fold in a
G2-dependent manner, whereas that of 157 genes was
G2-dependently decreased (Supplementary Figure 6A).
ecause the latter included genes, such as c-Met,18 that are

egulated by the transcription factor Sp1, a glutamine-
ich protein, we investigated if Sp1 is a target of TG2
ross-linking. Incubation of human Sp1 with guinea pig
iver TG2 resulted in large CL-Sp1 complexes, as detected
y Western blot analysis using a commercial anti-Sp1
ntibody (Figure 2A, lanes 2– 4). Further evidence for Sp1
eing a TG2 substrate was its ability to modify Sp1 by

ncorporation of 5-BAPA (Figure 2A, lanes 7–10). In this
tudy, an anti-biotin antibody recognized not only the
igh-molecular-weight CL-Sp1 complex identified with an
nti-Sp1 antibody (lane 8) but also a 184-kilodalton band
orresponding to Sp1 dimer and a fainter 92-kilodalton
and corresponding to Sp1 monomer (lane 10). We at-
ribute the greater sensitivity of the anti-biotin antibody to
he incorporation of multiple 5-BAPA molecules into Sp1.
nterestingly, with prolonged incubation of Sp1 with TG2,

L-Sp1 was no longer apparent with the anti-Sp1 antibody
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1786 TATSUKAWA ET AL GASTROENTEROLOGY Vol. 136, No. 5
lane 5), suggesting that heavy cross-linking masks the
pitope identified by this antiserum.

Consistent with the ability of TG2 to mediate cross-
inking of both the activation and DNA-binding domains
f Sp1 (data not shown), after incubation with TG2, Sp1
ost both its ability to bind to its target DNA motif, the

C box (Figure 2B, column 3), and to drive GC box-
ependent transcription (Figure 2C, lane 5).
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May 2009 APOPTOSIS BY TG VIA SP1 CROSS–LINKING 1787
Ethanol-Induced Hepatic Cell Apoptosis Involves
Cross-linking and Inactivation of Sp1
To test if TG2-induced Sp1 cross-linking and in-

ctivation are responsible for ethanol-induced apoptosis,
e next studied the HepG2 human hepatoma cell line.
thanol dose-dependently induced apoptosis coincident
ith enhanced TG2 expression and activity, accumula-

ion of CL-Sp1, enhanced Annexin V positivity, and Sp1
ranscriptional inactivation (Figure 3A–C). Apoptosis was
aspase independent as it was observed even in the pres-
nce of the caspase inhibitor z-DEVD (Figure 3D, lane 3)
nd was mimicked by siRNA-mediated Sp1 knockdown
Figure 3D, lane 7). Moreover, whereas ethanol treatment
esulted in a marked increase in Sp1 cross-linking and
mpaired DNA binding in hepatocytes from TG2�/� mice
r control HepG2 cells, these effects were minimal in cells
rom TG2�/� mice or HepG2 cells overexpressing an
iRNA to knockdown TG2 (Figure 3B and C and Supple-

entary Figure 2A).

TG2-Mediated Sp1 Cross-linking and
Inactivation Causes Hepatic Apoptosis In Vivo
To confirm the biological relevance of these in

itro findings, we evaluated Fas-mediated hepatocellular
poptosis in vivo, because this mode of apoptosis induc-
ion contributes importantly to alcohol-induced liver
amage.21 In these studies, administration of the anti-Fas

CD95) antibody Jo2 caused liver injury in TG2�/� but
ot in TG2�/� mice, as evidenced by marked increases in
erum alanine aminotransferase (ALT) levels from 45 U/L
n untreated TG2�/� animals (Figure 4A, lane 1) to

10,000 U/L at 1 day postinjection (Figure 4A, lane 2).
retreatment with either putrescine or cystamine, having
n inhibitory activity against TG2, attenuated this in-
rease in serum ALT level (lanes 3 and 4, respectively). In
G2�/� mice, Jo2 caused only a very minor increase in

erum ALT level from 45 U/mL in untreated animals to
43 U/mL (Figure 4A, lane 6). Consistent with these ALT
hanges, in situ terminal deoxynucleotidyl transferase–
ediated deoxyuridine triphosphate nick-end labeling

taining of livers from Jo2-treated TG2�/� mice showed
bundant apoptotic cells (Figure 4B, panel a), as well as
assive cell death and extensive infiltration of inflamma-

ory cells (Figure 4B, panel c), which appeared to be

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 1. Augmented production and nuclear translocation of TG2 in e
mol/L ethanol overnight and total TG2 enzymatic capacity (activity) in

ompared with controls. Representative confocal images of parallel c
onimmune IgG plus Alexa 488 conjugate anti-rabbit IgG. Scale bar
vernight. After staining using Annexin V/fluorescein isothiocyanate (mid
nti-TG2 polyclonal antibody (right panels). The intensity of cell imaging m
he percentage of apoptotic (Annexin V–positive) and nuclear TG2-po
epatocytes from either TG2�/� or TG2�/� mice were treated with
rrowheads show fragmented nuclei. Scale bar � 50 �m. The percent

s indicated. Lower panels indicate the levels of cleaved caspase-3 and

how representative findings from 3 different experiments.
ostly F4/80-positive mononuclear cells (Supplementary
igure 7A). These effects were not evident in TG2�/� mice

Figure 4B, panels b and d) and were largely prevented by
retreatment with putrescine or cystamine (data not
hown). Pretreatment with an inhibitor to the protein
isulfide isomerase, bacitracin, did not affect serum ALT

evel (18,517 � 3371 U/L).
Next, we investigated if TG2-mediated CL-Sp1 was

ccompanied by hepatic apoptosis. After treatment of
G2�/� animals with increasing doses of Jo2, the amount
f Sp1 monomer present in liver extracts decreased (Fig-
re 4C, lanes 1–3), whereas Sp1 oligomers increased (Fig-
re 4C, lanes 4 – 6, 7, and 8). In contrast, the amount of
p1 multimers remained unchanged or decreased in the

ivers of Jo2-treated TG2�/� mice (Figure 4C, lanes 9 and
0). Furthermore, hepatic Sp1 DNA binding activity was
ost with Jo2 treatment of TG2�/� but not TG2�/� mice
Figure 4D). Consistent with these findings, increased
epatic nuclear TG2 and CL-Sp1 were also observed in a
ouse model in which alcoholic steatohepatitis was in-

uced by forced intragastric administration of ethanol
nd a high-fat diet (Figure 4E and Supplementary Figure
B) and in liver specimens from patients with alcoholic
teatohepatitis (Figure 4F). In normal mice, Sp1 knock-
own induced by injection of a lentiviral vector encoding
n Sp1 siRNA, but not lentivirus alone, resulted in he-
atic apoptosis (Supplementary Figure 7C, arrows).

TG2-Dependent Apoptosis Accompanies
Reduced Expression of Sp1 Transcriptional
Targets
Finally, to obtain insights into the molecular

echanisms by which cross-linking of Sp1 results in
poptosis, we investigated if the expression of several
enes whose transcription is controlled by Sp1, including
cl-2, Bcl-xL, p21, and growth factor receptors, is altered

n ethanol-treated HepG2 cells. Expression of Bcl-2 and
cl-XL remained unchanged (data not shown), and in
ontrast to a previous report,22 transactivation of a p21
esponsive reporter gene did not increase with ethanol
reatment (Supplementary Figure 8A). Additionally, the
uclear localization of apoptosis-inducing factor, whose
elease from mitochondria was implicated in TG2-in-
uced apoptosis, as well as induction of activating

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
ol-treated hepatocytes. (A) Rat hepatocytes were treated with 0 or 100
e cell lysates and in nuclear protein extracts was determined. **P � .01
s fixed and stained with either anti-TG2 polyclonal antibody or rabbit

�m. (B) Rat hepatocytes were treated with 0–200 mmol/L ethanol
nels), cells were fixed and stained with Hoechst 33258 (left panels) and

han 3 � 103 was quantified by the cell-based imaging system Celaview.
cells are indicated under each micrograph. Scale bar � 50 �m. (C)
mol/L ethanol for 4 hours and nuclei stained with Hoechst 33258.
f nuclei undergoing fragmentation or condensation versus total nuclei

eraldehyde-3-phosphate dehydrogenase in TG2�/� hepatocytes. A–C
™™™
than
whol
ulture
� 50
dle pa
ore t
sitive
50 m
age o
glyc
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igure 2. Inactivation of Sp1 by TG2-mediated cross-linking in vitro. (A) Sp1 and guinea pig TG2 (400 nmol/L each) were incubated at 37°C for the
imes indicated in the presence or absence of 10 mmol/L Ca2� (lanes 1–6) or mixed and incubated with 100 �mol/L 5-BAPA for 3 hours in the
bsence or presence of 10 mmol/L Ca2� in HEPES-buffered saline followed by immunoprecipitation of 5-BAPA–incorporated proteins with
nti-biotin antibody–conjugated agarose beads (lanes 7–10). Changes in the molecular size of Sp1 were analyzed by Western blotting with either
nti-Sp1 antibody (�Sp1, lanes 1–8) or anti-biotin antibody (�biotin, lanes 9 and 10). Molecular weight markers (kilodaltons) are indicated. (B) After

ncubating Sp1 for 1 hour with or without TG2 as described in A, and in the absence or presence of 10 mmol/L Ca2�, as indicated, changes in DNA
inding activity were examined by gel shift assays using the consensus GC box oligonucleotide as a probe. (C) Sp1 (0–50 ng) was incubated with
0 nmol/L TG2 in the absence or presence of 10 mmol/L Ca2� overnight in HEPES-buffered saline. The reaction mixture was dialyzed and incubated

90 minutes at 30°C) with 20 �L of the TNT T7 Quick Master Mix solution and GC3-Luc vector. Sp1-dependent transcription was determined by
onitoring luciferase activity. Lanes 1–4, increase in reporter activity with increasing Sp1 amount; lanes 5 vs 6, disappearance of Sp1 (50

g)-dependent transactivation activity following preincubation with TG2. Results shown are means � SD (n � 3). A–C show representative findings

rom 3 different experiments.
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May 2009 APOPTOSIS BY TG VIA SP1 CROSS–LINKING 1789
ranscription factor 6, which regulates glucose-regulated
rotein genes encoding endoplasmic reticulum chaper-
nes, were unchanged or minimally altered, respectively
Supplementary Figure 8B). Of several growth factor re-

igure 3. Ethanol induces TG2-dependent apoptosis via cross-linking
mol/L ethanol plus both 0.2 mmol/L 5-BAPA and 100 �mol/L aminogu

nti-TG2 polyclonal antibody (second row), tetramethylrhodamine isothi
ow). The results of merging the 4 images are shown in the bottom panel
nd expressed a percent of control, are indicated under each column.
r TG2�/� (lanes 4 and 5) mice were treated with 0–100 mmol/L ethan
nd in situ incorporation of 5-BAPA into CL-Sp1 was assessed by Weste
reen fluorescent protein (control; lanes 1–3) or TG2 siRNA (lanes 4–6
ctivity of nuclear extracts was determined by gel shift assay using a con
f unlabeled probe (cold); lane 8, � nonimmune (NI) IgG; lane 9, � an
upplementary Figure 2A (see supplemental material online at www.g

anes 1–3) or Sp1-pCIneo (lanes 4 and 5), or HepG2 cells stably overexp
n 1 � 105 cells/3.5-cm dishes and treated with 0 or 200 mmol/L ethan
esults shown are the number of viable cells relative to the controls expr
). Detailed information about the cells used is described in Supplemen
–D show representative findings from 3 different experiments.
eptors examined, steady state messenger RNA expres- m
ion of c-Met (the receptor for hepatocyte growth factor
HGF]) decreased significantly with ethanol (100

mol/L) treatment. This was confirmed ex vivo in etha-
ol-treated hepatocytes from TG2�/� but not TG2�/�

inactivation of Sp1 in HepG2 cells. (A) HepG2 cells treated with 0–200
ne for 24 hours were fixed and stained with Hoechst 33258 (upper row),
ate–conjugate streptavidin (third row), or anti–CL-Sp1 antibody (fourth

rge). Apoptotic (Annexin V–positive) cells, determined by flow cytometry
bar � 50 �m. (B) Hepatocytes isolated from TG2�/� (WT; lanes 1–3)
24 hours in the presence of 5-BAPA. Nuclear extracts were prepared

otting with an anti-Sp1 antibody. (C) HepG2 cells stably overexpressing
e treated with 0–200 mmol/L ethanol for 24 hours. Sp1 DNA binding
s GC box as a probe. Lane 7, mixed nuclear extracts � 50-fold excess
IgG (�Sp1). Detailed information about the cells used is described in

ournal.org). (D) HepG2 cells transfected with pCIneo vector (controls,
g green fluorescent protein (lane 6) or Sp1 siRNA (lane 7), were seeded

he absence or presence of the caspase inhibitor Z-DEVD for 48 hours.
as percent � S.D. *P � .05, **P � .01 compared with control cells (lane
igure 2B (see supplemental material online at www.gastrojournal.org).
and
anidi
ocyan
s (Me
Scale
ol for
rn bl
) wer
sensu
ti-Sp1
astroj
ressin
ol in t
essed
tary F
ice; the former but not the latter showing reduced c-Met
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essenger RNA expression (Figure 5A), and in vivo in
epatocytes prepared from Jo2-treated animals, which
howed reduced expression of c-Met protein only in
G2�/� cells (Figure 5B and Supplementary Figure 8C).
urther, microarray analysis showed a 27-fold reduction

n c-Met expression by ethanol treatment in TG2�/� but
ot TG2�/� hepatocytes, whereas TG2-dependent inhibi-
ion of tumor necrosis factor receptor and epidermal
rowth factor receptor expression by ethanol were only 4-
nd 2-fold, respectively (Supplementary Figure 6B).

To determine if reduced expression of c-Met was due to
p1 inactivation, we monitored transactivation of a chi-
eric reporter gene construct in which expression was

riven by 3 tandem functional GC box motifs in the c-Met
romoter. As shown in Figure 5C, ethanol-treatment
ose-dependently decreased luciferase activity from this
eporter gene (lanes 1–3) in HepG2 cells, this cell line
eing used to obviate the need to transfect primary hepa-
ocytes, which is problematic. This reduced transactiva-
ion of the c-Met promoter was not prevented by caspase
nhibition (lanes 4 –9), but was prevented by overexpres-
ion of Sp1 (lanes 10 –12), and was mimicked by Sp1
nockdown with siRNA (lanes 13–15; see also Figure 5B,

anes 5 and 6, which confirm Sp1 siRNA-induced reduc-
ion of c-Met expression). In contrast, AP-1 luciferase
ctivity decreased only marginally with ethanol treatment
lanes 16 –18). Finally, we found that HGF treatment not
nly increased phospho-c-Met levels (Figure 5D) but
arkedly inhibited ethanol-induced death of rat hepato-

ytes (Figure 5E), indicating that reduced Sp1-mediated
ranscription of c-Met may at least in part directly mediate
thanol-induced apoptosis.

Discussion
Using TG2�/� and TG2�/� mice, we provide evi-

ence that TG2 plays a primary role in hepatic injury-
nduced hepatocyte apoptosis in vivo and that this effect

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 4. TG2�/� mice are resistant to hepatic injury due to reduce
dministered to TG2�/� (lanes 2–4) and TG2�/� (lane 6) mice. Some an
0 minutes before Jo2 administration, as indicated. Serum ALT levels w
reatment. *P � .05, **P � .01 compared with Jo2 treatment alone in TG2
and c) and TG2�/� (panels b and d) mice, livers were sectioned and
ediated deoxyuridine triphosphate nick-end labeling and hematoxylin

poptotic cells observed for each sample was indicated. Scale bars �
o2 to TG2�/� (lanes 1–8) or TG2�/� mice (lanes 9 and 10), liver extra
L-Sp1 using the antisera indicated. Polyvinylidene difluoride membra
wenty-four hours after administration of Jo2 to TG2�/� (lanes 1 and 2)
ssessed by gel shift assay using a consensus GC box as the probe. L
nlabeled probe (cold); lane 6, � nonimmune antibody (NI IgG); lan
teatohepatitis were stained with anti–CL-Sp1 (30 �g/mL), anti-Sp1 (5
nhanced using an ABC kit and developed with DAB substrate. Sectio
� 5) were 14 � 2 U/L (controls) and 299 � 121 U/L (ethanol treated

tained with anti–CL-Sp1 (30 �g/mL), monoclonal anti-TG2 (30 �g/mL),
ith hepatic metastases were used as the controls. Staining signals wer

Dako, Carpinteria, CA) and developed with DAB substrate. Sections w

ere used for each experiment in A–E. A–F show representative findings fro
s mediated by accumulation of TG2 in the nucleus
Figure 6). This results in cross-linking and transcrip-
ional inactivation of Sp1 and, as a consequence, impairs
xpression of Sp1-regulated target genes, such as the
GF receptor c-Met, which is critical for cell growth and

urvival (Figure 6). These conclusions are supported by
everal lines of evidence including that (1) TG2 overex-
ression results in apoptosis, Sp1 cross-linking, and in-
ctivation, effects that can be mimicked by siRNA-in-
uced Sp1 knockdown and rescued by TG2 knockout or
nockdown, or by Sp1 overexpression, (2) apoptosis in-
uced by ethanol or Jo2 treatment is accompanied by
G2-dependent Sp1 cross-linking and inactivation, and

3) treatment with HGF markedly decreases cell death.
Sarang et al15 reported that TG2 protects against high-

ose (1 �g/g body wt) Jo2-induced liver injury, based on
he finding that TG2�/� mice were more sensitive to
o2-mediated necrosis than TG2�/� animals. In those
tudies,15 FVB mice were used as the wild-type controls.
n our hands, using wild-type littermates from heterozy-
ous TG2�/� crosses, the high dose of Jo2 used by Sarang
t al15 caused massive hepatic necrosis, both in TG2�/�

nd TG2�/� mice (data not shown). Thus, the different
enetic backgrounds of the TG2�/� versus TG2�/� mice
sed by Sarang et al15 could have contributed to the
iscrepancy in our findings. However, we believe Jo2
osage is another important factor, because we can re-
roduce the protective effect of TG2 silencing on hepatic

njury caused by low-dose Jo2 (ie, the dose used in the
resent study: 0.1 �g/g body wt) in the exact same
G2�/� mice used by Sarang et al15 (Supplementary Fig-
re 9). Thus, TG2 may promote hepatic apoptosis caused
y relatively low doses of Jo2, but not by higher doses.
he detailed mechanisms underlying these distinct ef-

ects remain to be elucidated.
Using the same TG2 knockout mice as used by Sarang

t al,15 Nardacci et al13 reported that TG2 was protective

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
mation of cross-linked and inactivated Sp1. (A) Jo2 (0.1 �g/g) was
intraperitoneally received putrescine (5 mg/kg) or cystamine (18 �g/kg)
determined as described in Materials and Methods 24 hours after Jo2
ice. (B) Twenty-four hours after administration of Jo2 to TG2�/� (panels
r frozen for double staining of terminal deoxynucleotidyl transferase–

xed, embedded in paraffin, and stained with H&E. The percentage of
m. (C) Twenty-four hours after administration of the indicated doses of
ere prepared and assessed by Western blotting for Sp1 monomer or

from the studies in lanes 1–10 were reprobed with anti-lamin B1. (D)
2�/� mice (lanes 3–7), DNA binding activity of Sp1 in liver extracts was

1, 3, and 5–7, controls; lanes 2 and 4, Jo2; lane 5, �50-fold excess of
� anti-Sp1 IgG (�Sp1). (E) Liver sections from mice with alcoholic
L), or polyclonal anti-TG2 (30 �g/mL) antibodies, and the signals were
ere counterstained with hematoxylin. Serum ALT levels (mean � SD,
ale bar � 50 �m. (F) Human alcoholic liver and control samples were
E. Noncancerous regions of the liver from a patient with uterine cancer
anced using the Envision� system, horseradish peroxidase, detection
unterstained with hematoxylin. Scale bar � 50 �m. More than 6 mice
™™™
d for

imals
ere

�/� m
eithe
or fi

50 �
cts w
nes
or TG
anes
e 7,
�g/m
ns w
). Sc
or H&
e enh
ere co
m 3 different experiments that all gave similar results.
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n CCl4-mediated liver injury and speculated that the
bserved increase in TG2 expression during the initial
tages of liver fibrosis in hepatitis C virus–infected pa-
ients may protect against liver injury. However, another
xplanation may be that high levels of TG2 contribute to
iver injury in these patients, in which case, as we have
hown here in an animal model (Figure 4A), TG2 inhib-
tors may be a useful treatment for the prevention of
epatic apoptosis.

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 5. Ethanol impairs the expression of Sp1-regulated growth fac
ice (lanes 3 and 4) were treated with 0 or 100 mmol/L ethanol for 15 h
olymerase chain reaction. Values show mean � SD. **P � .01 compare

lanes 3 and 4) were treated with 0 or 100 mmol/L ethanol for 48 hours
ane 5) or Sp1 siRNA (lane 6) and incubated for 48 hours. Hepatocyte
ours after administration of either saline (-) or Jo2 (�) to TG2�/� (lanes 7
repared. c-Met, glyceraldehyde-3-phosphate dehydrogenase, and Sp
y Western blotting. (C) One day after transfection of HepG2 cells with
ells were treated with either 0–200 mmol/L ethanol for 24 hours in the

lanes 7–9) or cotransfected with Sp1-pCIneo (lanes 10–12) or Sp1 siR
*P � .01 compared with controls. (D) After treatment of HepG2 cells
resence of 10 ng/mL HGF (lanes 3 and 4), cell lysates were prepar
lyceraldehyde-3-phosphate dehydrogenase (bottom row) expression
–200 mmol/L ethanol for 24 hours in the absence (open circles) or pre
etermined after trypsinization by Trypan blue dye exclusion. Results sh

igure 6. Schematic showing
he molecular mechanism by
hich ethanol causes hepatic ap-
ptosis via TG2-mediated cross-

inking and silencing of Sp1,
hereby reducing c-Met–medi-
ted HGF signaling.
–E show representative findings from 3 different experiments that all gave s
Han and Park reported that 293T cells overexpressing
G2 showed increased binding of Sp1 to its target DNA,
s measured by gel electrophoretic mobility shift assay
nd p21 reporter construct.22 We speculate that differ-
nces in cell types and experimental conditions, includ-
ng the extent of Sp1 cross-linking, could account for
hese contradictory results.

Expression of a number of major apoptotic and anti-
poptotic genes, such as those for caspase family mem-

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
ceptor genes. (A) Hepatocytes from TG2�/� (lanes 1 and 2) or TG2�/�

and c-Met messenger RNA in cell lysates was quantitated by real-time
controls. (B) Hepatocytes from TG2�/� (lanes 1 and 2) or TG2�/� mice

epG2 cells were transfected with scrambled Sp1 siRNA oligo (control,
pG2 total cell extracts were then prepared. Lanes 7–10: Twenty-four
) or TG2�/� mice (lanes 9 and 10), animals were killed and liver extracts
ein expression in total cell extracts or liver whole extracts was assessed
t promoter GC3-Luc (lanes 1–15) or AP-1 Luc reporter (lanes 16–18),
nce (lanes 1–3) or presence of 50 �g/ml z-VAD (lanes 4–6) or z-DEVD
nes 13–15) vector. Results shown are means � SD (n � 3). *P � .05,
–100 mmol/L ethanol for 24 hours in the absence (lanes 1 and 2) or

nd c-Met (upper row), phospho (Pi)-c-Met protein (middle row), and
determined by Western blotting. (E) Rat hepatocytes were treated with
e (closed circles) of 10 ng/mL HGF and the number of viable cells were
are means � SD (n � 3). **P � .01 for HGF-treated vs untreated cells.
™™™
tor re
ours,
d with
, or H
or He
and 8

1 prot
c-Me
abse
NA (la
with 0
ed a
were
senc
own
imilar results.
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ers, Bcl proteins, apoptosis-inducing factor, and activat-
ng transcription factor 6, was unchanged or only

inimally (�2-fold) altered (Supplementary Figure 8B),
ndicating hepatocyte apoptosis induced by TG2-medi-
ted CL-Sp1 is a novel cell death pathway basically inde-
endent from apoptosis-inducing factor and caspase. In-
enuity pathway analysis of genes determined by
icroarray analysis to be up-regulated or down-regulated

n a TG2-dependent manner by �2.5-fold following eth-
nol treatment showed highly significant activation (P �
� 10�6) of both hepatic cell death and disease path-

ays, including TG2-dependent inhibition of c-Met ex-
ression. Our finding that inactivation of Sp1 by TG2-
ediated cross-linking impairs transcription of Sp1-

egulated target genes, such as those for growth factors
hat are required for normal cell functioning, is consis-
ent with the finding that inactivation of Sp1 in neuronal
ells down-regulates both dopamine and nerve growth
actor receptor expression,23–25 and that down-regulation
f c-Met induces apoptosis.26 Further, in rat hepatocytes,
hich are less sensitive than HepG2 cells or mouse hepa-

ocytes to the inhibitory effects of ethanol on c-Met ex-
ression (�50% reduction in c-Met), excess HGF induces
ignificant c-Met phosphorylation of residual c-Met re-
eptors (Figure 5D) and limited ethanol-induced apopto-
is (Figure 5E). We cannot explain why Sp1 cross-linking
own-regulates c-Met expression, while other Sp1-depen-
ent genes are much less affected. We speculate that
ifferences in Sp1 dependence may depend on the cell
ype and culture conditions used and that other mem-
er(s) of Sp/KLF family may compensate for the function
f Sp1 in the transactivation of less affected genes. In-
eed, we recently found that in TG2- and CLSp1-depen-
ent apoptosis of acyclic retinoid-induced hepatocarci-
oma, the putative target was epidermal growth factor
eceptor rather than c-Met (Tatsukawa et al, unpublished
ata, February 2008). The result of pathway analysis also
uggested potential modulation of the PI3K/Akt, Toll-
ike receptor, and pTEN signaling pathways.

In summary, our findings in liver cells, in in vivo
odels of hepatic apoptosis, and in patients with alco-

olic steatohepatitis indicate that TG2 enhances apopto-
is and may, indeed, underlie its initiation. The transcrip-
ion factor Sp1 is cross-linked, oligomerized, and
nactivated by nuclear TG2, leading to activation of a
aspase-independent apoptotic process as a result of re-
uced expression of critical growth factor receptor genes,
uch as c-Met. It would also be of interest to evaluate the
ontribution of TG2 and Sp1 in ethanol/FasL-induced
poptosis of stellate cells in the context of liver fibrosis.

Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:

0.1053/j.gastro.2009.01.007.
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Supplementary Materials and Methods

Microarray Analysis
After treatment of TG2�/� and TG2�/� mice with

thanol for 15 hours, total RNA was isolated from hepa-
ocytes. Conversion to complementary RNA and biotin
abeling were performed according to manufacturers’
rotocols. Calculation of signal intensities in each array

Affymetrix Mouse Genome 430 2.0 Array, Santa Clara,
A) and comparative analyses were performed using
eneSpring GX software (Agilent Technologies, Santa
lara, CA). After fragmentation of complementary RNA,
icroarray studies were performed by the RIKEN Re-

earch Resource Center.

Cell Culture
Hepatocytes, isolated from both rats and mice by

-step collagenase digestion, were purified and cultured
s described.1 HepG2 cells were grown in RPMI 1640
edium and Dulbecco’s modified Eagle medium (Sigma–
ldrich, Inc, St Louis, MO) supplemented with 10% fetal
alf serum, respectively.

Detailed Condition of Western Blotting
Western blotting was performed as described pre-

iously2 using anti-TG2 monoclonal (1:200 dilution),
nti-TG2 polyclonal (final 2.5 �g/mL), anti-Sp1 (1:200
ilution), anti– cross-linked Sp1 (final 2.5 �g/mL), and
nti-cleaved caspase-3 antibody (1:1000 dilution; Cell
ignaling, Beverly, MA) that were probed with either
orseradish peroxidase– conjugated goat anti-rabbit/
ouse IgG (1:1000 dilution; Jackson ImmunoResearch

aboratories) or horseradish peroxidase– conjugated anti-
iotin antibody (1:1000 dilution; Sigma). Anti-lamin B1
ntibody (1:500 dilution; Santa Cruz Biotechnology) and
nti– glyceraldehyde-3-phosphate dehydrogenase anti-
ody (1:2000 dilution; Chemicon International, Teme-
ala, CA) were used to normalize for sample loading.
eactants were detected using enhanced chemilumines-
ence reagents (GE Healthcare, Buckinghamshire, UK).

Detailed Conditions for Assays of TG Activity
Hepatocytes seeded on 6-well Costar plates were

ysed and used to determine total TG2 enzymatic capac-
ty (activity), with 1 U defined as the incorporation of 1
mol of [1,4-14C]-putrescine (GE Healthcare) into 1 mg
f dimethylcasein (Sigma) per minute as previously de-
cribed.3 In situ TG2 activity was detected by incorpora-
ion of 5-BAPA into the cells. Hepatocytes were incubated
ith 0.2 mmol/L 5-BAPA and 100 �mol/L aminoguani-
ine for 24 hours. After washing with culture medium,
ells were lysed to perform the Western blotting using
nti-biotin antibodies, or cells were fixed, permeabilized,
nd stained with tetramethylrhodamine isothiocyanate–

onjugate streptavidin (1:500 dilution). �
TG2 and Sp1 siRNA Stable Cell Line
A TG2 siRNA stable cell line was made by infection

f lentivirus, which expresses the pSIH-H1 short hairpin
NA vector containing TG2 short hairpin RNA (SBI System
iosciences). The siRNA oligonucleotide or a lentivirus-
ased short hairpin RNA construct was used to silence Sp1
nd TG2. The sequence of siRNA oligonucleotides is as
ollows: Sp1 siRNA, 5=-TGTACCAGTGGCCCTGAAT-3=;
G2 siRNA, 5=-GATGGGATCCTAGACATCT-3=. The lenti-
irus-based vector was prepared in 293T cells and used to
nfect HepG2 cells. Forty-eight to 72 hours after infection,

epG2 cells were used for several experiments.

Anti–CL-Sp1 Antibody Production
Anti–CL-Sp1 antibodies were elicited by immuniza-

ion of a rabbit and the antiserum purified using protein
/agarose. The cross-linked antigen used for immunization
as produced by incubating purified Sp1 with guinea pig

iver TG2 and then separating the resultant highly cross-
inked product from Sp1 monomer and TG2 by preparative
odium dodecyl sulfate/polyacrylamide gel electrophoresis.
he bands were excised, homogenized, and mixed with
PL�TDM�CWS Emulsion (Ribi Adjuvant System). Im-
unization and bleeding were continued every week for 3
onths. IgGs in the resulting immune serum that recog-

ized un–cross-linked Sp1, as well as TG2, were removed by
assing the IgG fraction through an Sp1-Sepharose column
nd then a TG2-Sepharose column. The concentration of
gG remaining, which specifically recognized only cross-
inked Sp1, was determined using a BCA Assay Kit (Pierce,
ockford, IL).

Anti-TG2 Polyclonal Antibody
Anti-TG2 antibodies were elicited by immuniza-

ion of a rabbit and the antiserum purified using protein
/agarose. TG2 from guinea pig liver used for immuni-
ation was from Oriental Co and then was separated by
reparative sodium dodecyl sulfate/polyacrylamide gel
lectrophoresis. The bands were excised, homogenized,
nd mixed with MPL�TDM�CWS Emulsion (Ribi Ad-
uvant System). Immunization and bleeding were contin-
ed every week for 3 months. IgG fraction was purified by
rotein A/agarose (Sigma) from serum. The concentra-
ion of IgG was determined using a BCA Assay Kit
Pierce).

Jo2-Induced Acute Liver Apoptosis
Jo2, an anti-Fas antibody (0.1 �g/kg in normal

aline; Pharmingen Corp, San Diego, CA4), was given
ntravenously to wild-type (C57 BL/6 � 129 SvJ) or
G2�/� mice. Some animals were treated intraperito-
eally with putrescine (5 mg/kg) or cystamine (18

g/kg) 30 minutes before Jo2 injection. Animals were
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nesthetized 24 hours after Jo2 injection. More than 6
ice were used for each experiment, and all animals
ere fed a commercial diet (CE2, Clea Japan; or Purina
how 5001, Rodent Laboratory) and water ad libitum.
lood was collected for ALT assays by a kit from Sigma
iagnostics (St Louis, MO), and liver samples were
xed for frozen sectioning in a cryostat or for prepa-
ation of paraffin-embedded sections.

Alcohol Liver Injury Model
The alcohol-induced liver injury model for the

arly stage of steatohepatitis was made as described pre-
iously.5 Briefly, mice were implanted with gastrostomy
atheters under general anesthesia. The animals received
ontinuous intragastric infusion of a high-fat (35% calo-
ies as corn oil; Dyets Inc, Bethlehem, PA) diet plus
thanol for 9 weeks. More than 6 mice were used for each
xperiment. Intragastric ethanol feeding was performed
y the Animal Core of the Southern California Research
enter for ALPD and Cirrhosis at the University of
outhern California. Livers were removed, fixed in 10%
ormalin, and embedded into paraffin. Sections were

ade and stained with anti-CLSp1 antibody, anti-Sp1
ntibody, and anti-TG2 polyclonal antibody before he-
atoxylin staining. Staining signals were enhanced using

n ABC kit (Vectastain; Vector Laboratories, Burlingame,

A) and developed with DAB substrate.
Reverse-Transcription Polymerase Chain
Reaction
Reverse-transcription polymerase chain reaction

as performed as described6 using sets of specific primers
ummarized in Supplementary Table 1.
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upplementary Figure 2. Measurement of protein levels in TG2 and
p1 siRNA stable cell lines. (A) TG2 siRNA stable cell lines were made
y lentivirus infection as described in Supplementary Materials and
ethods. Cell lysates were used 48 hours later for Western blot. The

alues in parentheses indicate TG2 protein levels. (B) Sp1 siRNA stable
ell lines were also made by lentivirus infection as described in Supple-
entary Materials and Methods. Sp1-pCIneo was transfected using

ipofectamine (Invitrogen). Cell lysates were used 48 hours later for
estern blot. The values in parentheses indicate Sp1 protein levels.

xpression of lamin B1 is shown as a control for loading. (C) Western
lot of nuclear extracts of TG2�/� and TG2�/� hepatocytes, developed
ith anti-Sp1 antibody, showing few changes of protein levels in the
ucleus. Expression of lamin B1 is shown as a control for loading.
upplementary Figure 1. Characterization of homemade anti–
ross-linked Sp1 (CL-Sp1) and anti-TG2 polyclonal antibodies. (A) Sp1
200 nmol/L) and guinea pig TG2 (5 nmol/L) were mixed and incubated
or 48 hours in the absence (lanes 1, 3, and 5) or presence (lanes 2, 4,
nd 6) of 10 mmol/L Ca2� in HEPES-buffered saline containing 100
mol/L dithiothreitol and subjected to Western blot analysis using the

ntisera indicated. Monomeric Sp1 identified with an anti-Sp1 antibody
lane 1) is no longer evident after incubation of Sp1 with TG2 (lane 2).
L-Sp1 was not detected with this anti-Sp1 antibody (lane 2). A rabbit
olyclonal antiserum was developed that specifically recognizes highly
L-Sp1. This CL-Sp1–specific antibody was isolated from the crude
ntiserum, the latter recognizing both monomeric and cross-linked Sp1
lanes 3 and 4, respectively). After purification of the anti–CL-Sp1—
pecific fraction, the antiserum barely detected monomeric Sp1 mono-
er (lane 5) but readily detected CL-Sp1 (lane 6). Comparison of the

ndings shown in lanes 2 and 6 indicates that the antigenic determi-
ants recognized by the commercial anti-Sp1 antibody are masked by
G2-mediated cross-linking. Molecular weight markers (kD) are shown
n the left. (B) Western blot of TG2 protein from guinea pig liver and
hole cell lysates of hepatocytes, developed with polyclonal anti-TG2
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upplementary Figure 3. Induction of apoptosis in ethanol-treated or TG2-overexpressing human hepatocyte cell lines. (A) Western blot of
uclear extracts of untreated or ethanol-treated (100 mmol/L for 18 hours) hepatocytes, developed with monoclonal anti-TG2 antibody, showing

ncreased TG2 protein in the nucleus. Expression of lamin B1 is shown as a control for loading. (B) Hc cells were incubated for 48 hours in CS-C
edium containing 1% serum, followed by treatment with either 0 or 200 mmol/L ethanol overnight in serum-free medium. Replicate samples of fixed

ells were stained with anti-TG2 polyclonal antibody (upper panels), terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate
ick-end labeling (middle panels), and Hoechst 33258 (bottom panels). Scale bar � 50 �m. (C) HepG2 cells were transfected with either control or
TG2-expressing vector. After 48 hours, cells were fixed and stained with anti-TG2 polyclonal antibody (upper panels), terminal deoxynucleotidyl

ransferase–mediated deoxyuridine triphosphate nick-end labeling (middle panels), and Hoechst 33258 (bottom panels). Scale bar � 50 �m. Cells

verexpressing TG2 fell into apoptosis.
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upplementary Figure 4. Flow cytometric analysis and immunostaining of rat hepatocytes treated with acetaldehyde. (A) Rat hepatocytes were
reated with 0–200 �mol/L acetaldehyde overnight. After staining using Annexin V/fluorescein isothiocyanate (middle panels), cells were fixed and
tained with Hoechst 33258 (left panels) and anti-TG2 polyclonal antibody (right panels). The intensity of cell imaging was quantitated using a
ell-based imaging system (Celaview RS-100). The percentages of apoptotic (Annexin V–positive) cells and nuclear TG2-positive cells are indicated
elow each micrograph. Scale bar � 50 �m. (B) HepG2 cells treated with 200 �mol/L acetaldehyde plus both 0.2 mmol/L 5-BAPA and 100 �mol/L
minoguanidine for 24 hours were fixed and stained with Hoechst 33258 (left column), anti-TG2 polyclonal antibody (second column), tetrameth-
lrhodamine isothiocyanate–conjugate streptavidin (third column), or anti–CL-Sp1 antibody (fourth column). The results of merging the 4 images are

hown in the right most panel (Merge). Scale bar � 50 �m.
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upplementary Figure 5. Increased expression of TG2 and importin-
in ethanol (EtOH)-treated hepatocytes. (A) HepG2 cells were treated
ith 0 or 200 mmol/L ethanol for 24 hours and expression of TG2,

mportin-�3, and glyceraldehyde-3-phosphate dehydrogenase mes-
enger RNA determined by reverse-transcription polymerase chain re-
ction. Values in parentheses show densitometrically determined rela-
ive messenger RNA abundance. (B) HepG2 cells were treated with 0 or
00 mmol/L ethanol for 24 hours and cell lysates used for Western blot.
alues in parentheses show densitometrically determined protein levels
f importin-�3. Expression of glyceraldehyde-3-phosphate dehydroge-

ase is shown as a control for loading.
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™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
upplementary Figure 6. Microarray analyses of genes whose expression was altered in mouse hepatocytes with ethanol treatment. After
epatocytes from TG2�/� or TG2�/� mice had been treated with 0 or 100 mmol/L ethanol for 15 hours, cell lysates were prepared, RNA was
xtracted, and changes in whole gene expression were analyzed using the Affymetrix Mouse Genome 430 2.0 Array. (A) Numbers of genes whose
xpression levels were up-regulated or down-regulated by at least 2.5-fold are presented. (B) Receptor-related genes whose expression was
onsistently altered by at least 2.5-fold with ethanol treatment are listed. (C) Apoptosis-related genes whose expression was consistently altered by
t least 2.5-fold with ethanol treatment are listed. B and C list genes whose expression was down-regulated or up-regulated in a TG2-dependent
anner after 100 mmol/L ethanol treatment of hepatocytes. The result showed that c-Met expression was selectively down-regulated in TG2�/�
ice but not in TG2�/� mice.
upplementary Figure 7. Infiltration of mononuclear cells following Jo2 administration, formation of CL-Sp1 in an alcohol steatohepatitis model,
nd hepatic apoptosis mimicked by Sp1 knockdown with siRNA. (A) Infiltration of mononuclear cells following Jo2 administration. Twenty-four hours
fter administration of Jo2 to wild-type mice, livers were sectioned, fixed, embedded in paraffin, and stained with F4/80 antibodies (1:50; BMA
iomedicals AG, Augst, Switzerland) and H&E (HE). Scale bars � 50 �m. The results suggest that leukocytes accumulated in Jo2-treated mouse

iver are mostly mononuclear cells. (B) Formation of CL-Sp1 in alcohol steatohepatitis model. Nuclear extracts were prepared from livers of control
lane 1) and steatohepatitis (lane 2) mice, and the amounts of CL-Sp1 present in each sample were determined semiquantitatively by immunoblotting
ith anti-CL Sp1 antibody, as before. (C) Hepatic apoptosis mimicked by Sp1 knockdown with siRNA. Forty-eight hours after administration of
ontrol green fluorescent protein–expressing lentiviral vector or Sp1 siRNA-expressing lentiviral vector to TG2�/� mice, livers were harvested and
xed in Tissue-Mount frozen sectioning solution. Frozen sections were prepared and stained with Hoechst 33258, terminal deoxynucleotidyl
ransferase–mediated deoxyuridine triphosphate nick-end labeling, or anti-Sp1. Arrowheads indicate terminal deoxynucleotidyl transferase–medi-

ted deoxyuridine triphosphate nick-end labeling –positive cells with diminished Sp1 expression and chromatin condensation. Scale bar � 50 �m.
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upplementary Figure 8. Transactivation and protein levels of sev-
ral factors related to induction of apoptosis in ethanol-treated hepato-
ytes. (A) One day after transfection of HepG2 cells (culture in 35-mm
ishes) with p21 promoter, pp21-Luc reporter (a generous gift from Dr
riedman7; 0.75 �g/dish) cells were treated with 0–200 mmol/L ethanol

n serum-free Dulbecco’s modified Eagle medium for 24 hours. Cell
ysates were prepared and luciferase activity was determined as de-
cribed in Materials and Methods. Results shown are means � SD (n �
). *P � .05. (B) Rat hepatocytes were treated without or with 100
mol/L ethanol for 24 hours. Nuclear extracts (left panels) and whole

ell lysates (right panels) were prepared and nuclear localization of
poptosis-inducing factor (AIF) as well as induction of activating
ranscription factor 6 (ATF6) were determined by Western blotting with
nti-AIF antibodies (1:1000; Santa Cruz Biotechnology) or anti-ATF6
ntibodies (1:200; Santa Cruz Biotechnology). Expressions of lamin B1
nd glyceraldehyde-3-phosphate dehydrogenase are shown as re-
pective controls for loading. (C) Rat hepatocytes were treated with 0 or
00 mmol/L ethanol for 24 hours and cells fixed, permeabilized, and
tained with Hoechst 33258 and anti–c-Met antibody. Scale bar � 50

m.



S
T
5

S

H

H

H

M

M

May 2009 APOPTOSIS BY TG VIA SP1 CROSS–LINKING 1795.e10
upplementary Figure 9. Reproduction of the protective effect of TG2 silencing on hepatic injury caused by Jo2 in mice used by Sarang et al.
wenty-four hours after administration of Jo2 to TG2�/� and TG2�/� mice, livers were fixed, embedded in paraffin, and stained with H&E. Scale bars �

0 �m.
upplementary Table 1. Primers for RT-PCR experiments

Gene Sequence Nucleotide no.

uman TG2
Sense AACCCCAAGTTCCTGAAG 597–614
Antisense AGGTTGCTGTTCTGGTC 916–932

uman importin-�3
Sense TGGGCATTGGGAAATATCAT 685–704
Antisense CAATGTTGCCCACAGCTCTA 1065–1084

uman GAPDH
Sense GCAGGGGGGAGCCAAAAGGG 395–414
Antisense TGCCAGCCCCAGCGTCAAAG 942–961
ouse c-Met
Sense TTGGTGCGGTCTCAATATCA 2803–2822
Antisense GACCAGCTCTGGATTTAGAG 3164–3183
ouse GAPDH
Sense AACTTTGGCATTGTGGAAGG 493–512

Antisense ACACATTGGGGGTAGGAACA 696–715


	Role of Transglutaminase 2 in Liver Injury via Cross-linking and Silencing of Transcription Factor Sp1
	Materials and Methods
	Materials
	Transient Transfection and Luciferase Assays
	Preparation of Nuclear Extracts
	Immunoprecipitation
	Western Blotting
	Assays of TG2 Activity
	Gel Shift Assays
	Staining of Cells and Liver Sections
	Flow Cytometry and Cell Image Analysis
	Animals
	Human Resource
	Statistical Analysis

	Results
	Ethanol Increases Hepatocyte Nuclear TG2 Activity
	TG2 Cross-links and Inactivates Sp1 in Cell-Free Systems
	Ethanol-Induced Hepatic Cell Apoptosis Involves Cross-linking and Inactivation of Sp1
	TG2-Mediated Sp1 Cross-linking and Inactivation Causes Hepatic Apoptosis In Vivo
	TG2-Dependent Apoptosis Accompanies Reduced Expression of Sp1 Transcriptional Targets

	Discussion
	Supplementary Data
	Acknowledgments
	References
	Supplementary Materials and Methods
	Microarray Analysis
	Cell Culture
	Detailed Condition of Western Blotting
	Detailed Conditions for Assays of TG Activity
	TG2 and Sp1 siRNA Stable Cell Line
	Anti–CL-Sp1 Antibody Production
	Anti-TG2 Polyclonal Antibody
	Jo2-Induced Acute Liver Apoptosis
	Alcohol Liver Injury Model
	Reverse-Transcription Polymerase Chain Reaction

	References




