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Figure 5. ASMdinduced AKT phosphoryla-
tion is suppressed in SphK1~™/~ hepatocytes.
A) Primary cultured mouse hepatocytes iso-
v ] et o o lated from SphK1*/* or SphK1™/~ mice
-acting . DM were infected with Ad5GFP or Ad5ASM (10
CFP ASM GFP ASM SOS1P GFP NCD PFU/cell). Protein extracts from the hepato-
cytes were subjected to immunoblot for phosphorylated (p)-AKT, AKT, p-GSK3B, GSK383, pAMPK, AMPK, and B-actin. B)
[PH]Serinelabeled hepatocytes from SphK1*/* or SphK1™"~ mice were infected with Ad5GFP or AdSASM. Radiolabeled S1P was
measured (left panels). Primary cultured rat hepatocytes were treated with or without SIP (1 uM) for 8 h (middle top panel). Primary
cultured rat hepatocytes were infected with AASGFP or adenovirus expressing human neutral ceramidase (AdSNCD) (middle bottom
panel). Protein extracts from the hepatocytes were subjected to immunoblot for p-AKT, p-AMPK, and B-actin. C) Primary
cultured rat hepatocytes were infected with Ad5GFP or AdSASM (10 PFU/cell), and incubated for 2 h. Then, cells were treated
with or without the indicated concentration of PTX for 24 h. Top panel: protein extracts from hepatocytes were subjected to
immunoblot for p-AKT and AKT. Relative densitometric intensity of p-AKT and p-AMPK was determined for each protein band
of the sample and normalized to AKT and AMPK, respectively (4, B, right panels; C, bottom panel). Results shown are
representative of =3 independent experiments. Data are means * sp from =4 independent experiments. *P < 0.05.
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cytes. In contrast, ASM deficiency inhibits glucose uptake,  the livers of ASM ™/ mice (Fig. 94). Reduction of AMPK
glycogen deposition, and lipid accumulation, resulting in ~ phosphorylation and induction of GLUT2 by high-dose
glucose intolerance. In ASM™" mice, similar levels of glucose were inhibited in ASM™/~ hepatocytes (Fig. 9B),
GSK3B phosphorylation were induced by food intake, ~ whereas high-dose glucose did not affect AKT phosphor-
whereas GLUT2 induction was reduced in comparison to  ylation (data not shown). These results suggest that glu-
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Figure 6. ASM-induced glycogen deposition and lipid accumulation are suppressed in SphK1~™/~ hepatocytes. A) Primary
cultured hepatocytes isolated from SphK1*/* or SphK1™/~ mice were infected with Ad5GFP or Ad5ASM. Glycogen content in
hepatocytes was determined. B) Lipid droplets in SphK1*/*or S}JhKl‘/ ~ hepatocytes infected with AA5GFP or AdPASM were
assessed by Oil Red O staining (original view X800). C) SphK1™/™ or SphK1~/ " mice were infected with Ad5GFP or Ad5ASM,
followed by assessment for hepatic lipid content by Oil Red O staining (left panel; original view X200) and triglyceride
measurement (right panel) in food-deprivation conditions at 7 d after the infection (original view X200). Results shown are
representative of =3 independent experiments. Data are means *+ sp from =4 independent experiments. *P < 0.05.
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80 IPGTT 80000 5. Perr " Figure 7. ASM™/~ mice were glucose intolerant.
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D 6o E 0000 = food for 18 h, and IPGTT was performed by
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g 40 i %40000: E weight. Serial glucose (left panel) and insulin
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o - Results shown are representative of =3 indepen-
0 0 . | dent experiments. Data are means * sp from =4
o e((:mng)o 10 ASMH - AS ° (min) * independent experiments. *P < 0.05.

cose intolerance in ASM ™/~ mice was due, at least in part,
to insufficient reduction of AMPK activity and induction
of GLUT2.

DISCUSSION

The present study addresses the contributions of ASM
to glucose and lipid metabolism in the liver. The
sphingomyelin/ceramide/S1P pathway is involved in
glucose metabolism (6-9, 12-14, 21). Food intake
reduced most sphingomyelin species in the mouse liver
(Supplemental Table S2). Likewise, high-dose glucose
reduced sphingomyelin species in primary cultured
hepatocytes (Supplemental Table S2), suggesting that
this pathway is related to glucose metabolism in hepa-
tocytes. In our study using hepatocytes, ASM induced
insulin-like effects such as glucose uptake, glycogen
deposition, and lipid accumulation via S1P-mediated
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ASM REGULATES GLUCOSE AND LIPID METABOLISM

AKT activation. Ceramide attenuates insulin signaling,
including AKT activation (14-16), thereby contribut-
ing to insulin resistance through multiple pathways (13,
15). In primary cultured hepatocytes, the effect of ASM
introduction on ceramide level was smaller than that in
sphingomyelin degradation, suggesting that the gener-
ated ceramide is further converted to S1P. Ceramide
and S1P often exert opposing effects; thus, the balance
between these two sphingolipids may be important for
AKT activation. During ASM activation, the balance is
inclined toward S1P, resulting in AKT activation. In-
deed, ASM did not activate AKT in SphK1™/~ hepato-
cytes, suggesting that ASM mediates insulin-like effects
via S1P formation. S1P acts as a ligand for the SIPRs
and also as an intracellular second messenger (31, 32).
Among S1PRs, Gyassociated SIPR1 (33) is mainly ex-
pressed in the liver (34), and PTX pretreatment inhib-
ited exogenous S1P-induced AKT phosphorylation in

Cc
Control
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*

)
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Glucose
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Figure 8. Inhibition of ASM impairs glucose uptake and glycogen deposition
in primary cultured hepatocytes. A) Primary cultured rat hepatocytes were
treated with normal (200 mg/dl) or high-dose glucose (600 mg/dl) with or
without imipramine for the indicated periods of time. B) Primary cultured
mouse hepatocytes from ASM™/* and ASM™/~ mice were treated with
normal or high-dose glucose for 8 h. Glycogen content in hepatocytes was
measured. C) Primary cultured rat hepatocytes were treated with normal or
high-dose glucose with or without im'?ramine for 24 h. D) Primary cultured
hepatocytes from ASM™/* or ASM™/~
high-dose glucose for 24 h. Lipid droplets were assessed by Oil Red O staining
in hepatocytes (original view X800). Results shown are representative of =3
independent experiments. Data are means * sp from =4 independent
experiments. *P < 0.05.

mice were treated with normal or
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Figure 9. Inhibition of ASM suppresses GLUT2 induction. A) ASM™/™ and ASM™/~ mice were killed in both nonfeeding
(fasting; 18 h food deprivation) and feeding conditions. Protein extracts from liver tissue were subjected to immunoblot for
phosphorylated (p)-GSK3(, GSK3B, GLUT2, and B-actin (left panel). Relative densitometric intensity of p-GSK38 (middle
panel) and GLUT?2 (right panel) was determined for each protein band of the liver tissue sample and normalized to GSK3f and
B-actin, respectively. B) Primary cultured hepatocytes from ASM™/* and ASM ™/~ mice were treated with normal (200 mg/dl)
or high-dose glucose (600 mg/dl) for 8 h. Protein extracts from hepatocytes were subjected to immunoblot for p-AMPK, AMPK,

GLUTZ, and B-actin. Results shown are representative of =3 independent experiments. *P < 0.05.

primary cultured hepatocytes (data not shown), sug-
gesting that S1P may activate AKT through predomi-
nantly S1PR1. PTX treatment partially inhibits ASM-
induced AKT activation, suggesting that the generated
S1P activates AKT at least partially via SIPRs and may
also activate AKT through receptor-independent mech-
anisms.

In addition to AKT, AMPK also contributes to glu-
cose metabolism. AMPK is a serine/threonine protein
kinase that senses the immediate availability of cellular
energy. Activated AMPK switches on catabolic pathways
and switches off protein, carbohydrate, and lipid bio-
synthesis (anabolic pathways; ref. 35). Activation of
AMPK in the liver reduces glycogen synthesis and
lipogenesis as well as expression of GLUT2 (3). Activa-
tion of AMPK by 5-amino-4-imidazolecarboxamide ri-
boside diminishes GLUT2 expression in primary cul-
tured hepatocytes (36). Indeed, DN-AMPK increased
glycogen deposition and lipid accumulation in primary
hepatocytes and HepG2 cells (data not shown and ref.
37). Thus, in addition to increased AKT activation,
reduced AMPK activation may be associated with an-
other anabolic effect of ASM. Ceramide decreases (38)
but SIP increases (39) AMPK phosphorylation in en-
dothelial cells. In our study, ASM-induced AMPK inhi-
bition in hepatocytes was independent of S1P. Thus,
the decrease in AMPK activity may be due to ceramide
processed by ASM.

AdbASM-infected mice showed improved glucose
tolerance. Because adenovirus preferentally infects
hepatocytes, the decrease in blood glucose was due to a
variation of hepatic glucose metabolism, although sph-
ingolipids have roles in glucose metabolism in muscle
(40) and adipocytes (6-8). The ASM-induced decrease
in blood glucose may be attributed to increased uptake
of hepatic glucose rather than decreased production,
because introduction of ASM did not affect the activity
of adenylate cyclase, the glucagon target enzyme, in
primary cultured rat hepatocytes (data not shown). The
effects of ASM on hepatocytes are comparable to those
of insulin. However, the introduction of hepatic ASM
improved hyperglycemia in db/db mice with type 2
diabetes without increasing insulin levels (data not
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shown), indicating that ASM may reduce blood glucose
regardless of the presence of insulin resistance. Instead
of decreasing blood glucose, ASM increased hepatic
triglyceride content, suggesting that ASM stimulates
lipogenesis, in which transported glucose is converted
to triacylglycerol (41). The effects of exogenous ASM in
the liver are similar to the effects of deletion of hepatic
phosphatase and tension homolog on chromosome 10
(PTEN), which is a negative regulator of AKT. Deletion
of PTEN in the liver results in hyperphosphorylation of
hepatic AKT and improves glucose tolerance but in-
duces fatty liver in mice (42).

ASM ™/~ mice are glucose intolerant. The abnormal-
ity is not due to inactivation of the AKT/GSK3p path-
way but is due, in part, to insufficient reduction of
AMPK activity and induction of GLUT2. In addition,
crosstalk may occur between ASM and various signaling
pathways, including those of glucose and lipid metab-
olism, because ASM regulates sphingolipids in lipid raft
microdomains that function as platforms for signal
transduction and protein sorting (18). For example,
disruption of lipid raft microdomains or chronic etha-
nol exposure inhibits localization of TC10 to lipid rafts,

Insulin

Glucose S1P receptor

@ Insulin receptor
AN
I

I
iy

y
Glycogen synthesis

LUT. i
GLUTZ xpression Fatty acid synthesis

Figure 10. Hypothetical signals induced by ASM. Acid sphin-
gomyelinase regulates glucose and lipid metabolism through
AKT activation and AMPK suppression in hepatocytes. AKT
activation is induced through S1P formation. AMPK suppres-
sion increases GLUT2 expression.
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which induces GLUTH4 translocation and glucose intake
without affecting phosphatidylinositol-3 kinase/AKT
signaling in adipocytes (43, 44). Pretreatment with
imipramine inhibited high-dose glucose-induced lipid
accumulation in rat hepatocytes, as did the knockout of
ASM in mouse hepatocytes. As reported previously, the
ASM inhibitor desipramine attenuates triglyceride in-
crease by high-dose palmitic acid treatment in HepG2
cells (9). Moreover, a high-fat, high-cholesterol diet
does not induce hepatic triacylglyceride accumulation
in ASM™/~ mice under LDL receptor-deficient condi-
tions (9). These observations further support the role
of ASM as a regulator of triglyceride synthesis in
addition to glucose uptake. Further studies will deter-
mine the precise mechanism underlying the anabolic
effects of ASM and its activation and ceramide/S1P
regulation (45). The hypothetical roles of ASM are
schematically summarized in Fig. 10.

In conclusion, overexpression of ASM in the liver
improves glucose tolerance in both wild-type and
diabetic db/db mice. ASM stimulates glucose uptake,
glycogen deposition, and lipid accumulation in hepa-
tocytes via AKT and GSK3B phosphorylation, which
requires S1P formation. In addition, ASM decreases
AMPK phosphorylation through ceramides, leading
to GLUT2 up-regulation. Indeed, inactivation of
ASM produces glucose intolerance in hepatocytes.
Targeting ASM may become a new therapeutic strat-
egy in type 2 diabetes.
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Abstract

Background Treatment of genotype 1b chronic hepatitis
C virus (HCV) infection has been improved by extend-
ing peg-interferon plus ribavirin combination therapy to
72 weeks, but predictive factors are needed to identify those
patients who are likely to respond to long-term therapy.
Methods We analyzed amino acid (aa) substitutions in
the core protein and the interferon sensitivity determining
region (ISDR) of nonstructural protein (NS) 5A in 840
genotype 1b chronic hepatitis C patients with high viral
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load. We used logistic regression and classification and
regression tree (CART) analysis to identify predictive
factors for sustained virological response (SVR) for
patients undergoing 72 weeks of treatment.

Results When patients were separately analyzed by
treatment duration using multivariate logistic regression,
several factors, including sex, age, viral load, and core aa70
and ISDR substitutions (P = 0.0003, P = 0.02, P = 0.01,
P = 0.0001, and P = 0.0004, respectively) were signifi-
cant predictive factors for SVR with 48 weeks of treatment,
whereas age, previous interferon treatment history, and
ISDR substitutions (P = 0.03, P = 0.01, and P = 0.02,
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respectively) were the only significant predictive factors
with 72 weeks of treatment. Using CART analysis, a
decision tree was generated that identified age, cholesterol,
sex, treatment length, and aa70 and ISDR substitutions as
the most important predictive factors. The CART model
had a sensitivity of 69.2% and specificity of 60%, with a
positive predictive value of 68.4%.

Conclusions Complementary statistical and data mining
approaches were used to identify a subgroup of patients
likely to benefit from 72 weeks of therapy.

Keywords CART analysis - Core protein - Decision tree -
ISDR - LDL cholesterol

Abbreviations

HCV  Hepatitis C virus

ISDR  Interferon sensitivity determining region
CART Classification and regression tree analysis
SVR Sustained virological response

NR Non-viral response

Introduction

Chronic hepatitis C virus (HCV) infection is a major global
cause of chronic hepatitis, liver cirrhosis, and hepatocel-
lular carcinoma [1-3]. The treatment of chronic hepatitis C
has improved with the advent of peg-interferon (IFN) plus
ribavirin combination therapy [4-7], but fewer than half of
the patients with high viral loads of genotype 1b show a
sustained virological response (SVR), defined as testing
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negative for HCV RNA 24 weeks after cessation of the
therapy. To overcome this limitation, recent therapeutic
regimens have extended the treatment period to 72 weeks
[8-11]. This extension is especially effective in patients
whose HCV RNA declines relatively slowly [9-11].
Accordingly, recent treatment protocols have recom-
mended extending the treatment period to 72 weeks in
patients who become negative for HCV RNA after 12
weeks of treatment but before 24 weeks [10, 11]. This
response-guided decision-making approach to therapy has
resulted in improvements of the SVR rate [10, 11]. Fol-
lowing this approach, patients with a non-viral response
(NR), i.e., patients who show very poor response to the
therapy (defined as less than 2-log decline of HCV RNA
during 12 weeks of treatment), should be advised to dis-
continue therapy because SVR is rare in such patients.
While response-guided therapy is useful in determining the
appropriate duration of treatment for patients who are
likely to respond eventually, predictors that can be assessed
before the start of therapy will aid in differentiating which
difficult-to-treat patients are likely to achieve an SVR with
extended therapy and which may be better served by
considering alternative therapy options.

To predict NR, recent studies recommend analysis of
amino acid (aa) substitutions in the HCV core protein at
positions 70 and 91 [12, 13]. The substitution of arginine
with glutamine or other amino acids at core protein aa 70
has been reported to be associated with NR, and this
finding was confirmed by several other groups [14-16].
Analysis of core aa 70 has also been shown to be useful to
predict the outcome of 72 weeks of combination therapy
[17]. While many factors have been reported to be useful
predictors of the effect of combination therapy [18-26],
many of these factors are mutually interdependent. Fur-
thermore, because almost all of these factors have been
reported under conditions in which a majority of patients
were receiving 48 weeks of treatment, it is necessary to
consider the effect of the treatment period.

In this study, we compiled a database of clinical data
from 840 patients from 16 national centers in Japan. We
used logistic regression and classification and regression
tree analysis (CART) to identify factors predictive of SVR
for 48- and 72-week therapy and to assess which patients
are most likely to benefit by long-term 72-week therapy.

Methods
Study subjects
In this retrospective study, data from 840 patients with

chronic hepatitis C treated at 16 different hospitals in Japan
were analyzed for predictive factors for SVR based on
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Table 1 Patient characteristics for 48- and 72-week treatments

All patients (n = 840)

48-Week therapy (n = 619)
73.69%

72-Week therapy (n = 221)
25.12%

Age (years) 54.4 £+ 10.73
Gender (male/female) 449/391
Body weight (kg) 60.9 + 10.8
Height (cm) 162.2 + 9.1

BMI 23.0 & 3.05

HCV core protein aa 70 (wild/mutant) 539/301
HCYV core protein aa 91 (wild/mutant) 504/336
ISDR (0-1/>2) 714/126
Hypertension (present/absent/ND) 538/113/189
Diabetes (present/absent/ND) 634/47/159
Transfusion (present/absent/ND) 505/227/108
Fibrosis stage (0-2/3-4/ND) 604/128/108
Activity stage (0-1/2-3/ND) 382/343/115
Steatosis (present/absent/ND) 158/344/338
AST (UM 65 + 49
ALT (IU/) 68 £ 56
White blood cell count (/mm?) 4832 £ 1455
Hemoglobin (g/dl) 142 &£ 1.36
Platelets (x 10%/mm?) 169 £ 5.18
yGTP (IU/D) 56 + 59
Albumin (g/dl) 4.02 £ 0.348
Uric acid (mg/dl) 541 £ 1.29
Tron (pg/dl) 147.0 £ 69.65
Ferritin (ug/l) 173.9 + 167.9
Fasting blood sugar (mg/dl) 99.8 = 19.8
Alpha-fetoprotein (ng/t) 16.3 &+ 50.4
Total cholesterol (mg/dl) 175 £ 32.3
LDL cholesterol (mg/dl) 100.8 + 29.8
HDL cholesterol (mg/dl) 52.1 £ 15.5
Triglycerides (mg/dl) 103.2 4 48.8
HCV-RNA (KIU/ml) 3239 +£ 4669
Response to treatment (SVR/TR/NR) 465/246/129

53.8 &£ 11.21 56.2 £+ 9.03
3577262 92/129

61.3 + 10.6 59.8 + 114
1627 £ 9.1 160.7 &£ 9.0
23.0 +2.92 23.0 £ 34
396/223 143/78
369/250 135/86
513/106 201720
395/78/146 143/35/43
457/38/124 177/9/35
379/162/78 126/65/30
448/90/81 156/38/27
287/245/87 95/98/28
119/250/250 39/94/88

66 £ 47 63 £ 53

68 £ 56 66 £ 55
4882 £ 1488 4693 &+ 1352
143 £ 1.39 14.1 £ 1.29
17.0 £ 5.11 16.8 & 5.35
59 + 64 49 4 42
4.01 £ 0.350 4.03 & 0.343
546 £ 1.27 5.25 £ 1.35
151.0 £ 75.71 136.1 4 47.45
181.7 £ 175.7 153.0 & 143.7
99.3 £ 19.1 101.2 £ 21.5
142 £ 448 22.0 & 62.7
173 £ 31.8 179 & 334
100.2 = 30.3 102.5 4 28.4
514 4+ 15.0 53.9 & 16.6
103.8 £+ 46.1 101.7 £ 55.1
3170 + 4828 3427 £ 4205
341/164/114 124/82/15

BMI body mass index, HCV hepatitis C virus, aa amino acid, ISDR interferon sensitivity determining region, AST aspartate aminotransferase,
ALT alanine aminotransferase, yGTP y-glutamyl transpeptidase, LDL low-density lipoprotein, HDL high-density lipoprotein, SVR sustained
virological response, TR transient response/relapsers, NR non-viral response, ND not determined

treatment duration. Inclusion criteria included testing
positive for HCV RNA for longer than 6 months and
testing negative for both hepatitis B virus surface antigen
and anti-HIV antibody. Patients with confounding condi-
tions such as hemochromatosis, Wilson’s disease, primary
biliary cirrhosis, alcoholic liver disease, and autoimmune
liver disease were excluded. We excluded patients who
were lost for follow up and those who did not show a high
level of viremia for genotype 1b, as well as patients for
whom we failed to determine both core and IFN sensitivity
determining region (ISDR) of nonstructural protein
(NS) 5A sequences; 385 patients were treatment-naive. All

subjects gave their written informed consent to participate
in the study according to the process approved by the ethics
committee of each hospital and conforming to the ethical
guidelines of the 1975 Declaration of Helsinki. Patient
profiles are listed in Table 1.

All patients initially received weekly injections of peg-
IFN-alpha-2b for 48 weeks (60 pg for body weight (BW)
3545 kg, 80 pg for BW 46-60 kg, 100 pg for BW
61-75 kg, 120 pg for BW 76-90 kg, and 150 pg for
BW 91-120 kg). Ribavirin was administered orally, and
the dosage was determined based on the patient’s BW
(600 mg for <60 kg, 800 mg for 60-80 kg, and 1,000 mg
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for >80 kg). Ribavirin dosage was reduced when
hemoglobin levels were reduced to 10.0 g/dl and stop-
ped if hemoglobin levels reached 8.5 g/dl. Successful
treatment was ascertained based on SVR, defined as
HCV RNA-negative 6 months after cessation of therapy.
Using response-guided therapy, slow viral responders,
i.e., patients for whom HCV RNA levels became neg-
ative after 12 weeks of therapy but before 24 weeks, and
some non-responders were recommended for extension
of therapy to 72 weeks.

Biochemical tests were performed at the individual
hospitals, and pathological diagnosis was made by
pathologists in each hospital according to the criteria of
Desmet et al. [27]. Fibrosis and activity data were com-
pared among hospitals to ensure that there were no sys-
tematic differences.

Analysis of viral titer and amino acid sequences
in the core and ISDR region

The HCV RNA level was analyzed using reverse tran-
scription polymerase chain reaction (RT-PCR)-based
methods (Amplicor™ high-range test; Roche Diagnostics,
Basel, Switzerland, or TagMan RT-PCR test; Applied
Biosystems, CA). The measurement ranges of these assays
were 5-5000 KIU/ml and 1.2-7.8 log IU/ml, respectively.
For values exceeding the measurable range, the limit
value was used as an approximation. The values obtained
by the Amplicor test were converted to logarithmic values
[28].

Nucleotide and amino acid sequences of the core and the
ISDR region were determined by direct sequencing of
c¢DNA fragments amplified by PCR. Arginine and leucine
were considered wild-type for core protein aa 70 and aa 91,
respectively [12, 13]. The number of aa substitutions in the
ISDR was determined by comparison with the reference
sequence reported by Kato et al. [29] using the method of
Enomoto et al. [30, 31].

Statistical analysis

Statistical analysis was performed using the R software
package (http://www.r-project.org). The y* or Fisher’s
exact and Mann-Whitney U-tests were used to detect sig-
nificant associations. All statistical analyses were two-
sided, and P < 0.05 was considered significant. Simple and
multiple logistic regression analyses were used to examine
the association between viral substitutions and clinical
factors, using P < 0.05 as the criterion for inclusion in the
initial multivariate model. Multivariate logistic regression
analysis was performed using forward/backward stepwise
selection based on the akaike information criterion (AIC)
score and validated by bootstrapping, using the rms

@_ Springer

package in R. Odds ratios (ORs) and 95% confidence
intervals (CIs) were calculated for each factor.

CART analysis

CART analysis was used to generate a decision tree by
classifying patients by SVR, based on a recursive parti-
tioning algorithm with minimal cost-complexity pruning to
identify optimal classification factors. The SimpleCart
classifier in the WEKA data mining package [32] was used
with a minimal terminal node size of 4 and trained with the
variables listed in Table 1. Performance was assessed using
tenfold cross-validation, and the sensitivity, specificity, and
precision of the model were calculated. Receiver operating
characteristic (ROC) curves were generated and results
were compared with the logistic regression model.

Results
Patient characteristics

Patients were partitioned into two groups based on whether
they received 48 or 72 weeks of therapy (Table 1). In this
study 465 patients achieved an SVR, whereas 375 patients
were either non-responders or relapsers, yielding an overall
SVR rate of 55.4%. The rate of SVR did not differ sig-
nificantly between the 48- and 72-week treatment groups
(55.3 vs. 56.4%, respectively; P = 0.81), but the NR rate
was significantly lower in patients who were treated for
72 weeks (18.3 vs. 6.4%; P = 9.3 x 107°).

Predictive factors for SVR

The association between SVR and individual clinical fac-
tors was assessed using logistic regression. A number of
factors were significant at the P < 0.05 level, including
age, sex, viral load, aa70/ISDR substitutions, hypertension,
fibrosis, steatosis, prior IFN treatment, low-density lipo-
protein (LDL) cholesterol, total cholesterol, white blood
cell count, platelet count, hemoglobin, y-glutamyl trans-
peptidase (yGTP), and albumin (Table 2). On multivariate
logistic regression, only age, sex, core aa70, ISDR,
LDL, and yGTP were identified as significant independent
predictors of SVR. Although length of treatment was
not identified as a significant predictor in this analysis,
exploratory analysis suggests the presence of potential
interactions between treatment length and age and/or sex
that are not captured by the first-order terms in the model.
When second-order terms were selected a posteriori,
however, a significant interaction was found between sex
and treatment length (P = 0.0034). When analyzed sepa-
rately, independent predictive factors for SVR for 48 weeks
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Table 2 Factors associated with sustained virological response to combination therapy

Variable Simple Multiple
n OR P n OR (95% CI) P
Age 840 0.393 3.16 x 107 e 517 0.386 (0.27-0.56) 5.08 x 1077wk
Sex (male vs. female) 840 0.521 3.61 x 107 xw 517 0.52 (0.35-0.78) 0.001459**
BMI (kg/m?) 834 0.8 0.1094
Viral load (Log IU/ml) 840 0.761 0.001828%**
Core aa70 substitution 840 0.537 1.98 x 1075w 517 0.507 (0.35-0.74) 0.000521 ***
Core aa91 substitution 840 0.818 0.1568
ISDR (0-1 vs. >=2) 840 2.36 5.19 x 1073w 517 2.12 (1.19-3.77) 0.01037*
Hypertension 651 0.625 0.02389*
Diabetes 681 0.794 0.4464
Blood transfusion 732 1 0.9788
Fibrosis (FO-1 vs. F2-4) 732 0.674 0.008287%*
Activity (AO-1 vs. A2-4) 725 0.779 0.09567
Steatosis 502 0.645 0.03413*
Prior IFN treatment 830 1.37 0.02648*
HDL cholesterol (mg/dl) 493 0.761 0.1333
LDL cholesterol (mg/dl) 529 1.46 0.03223* 517 1.61 (1.10-2.38) 0.01521*
Triglyceride (mg/dl) 726 0913 0.5412
Total cholesterol (mg/dl) 814 1.25 0.11
AST (U 783 0.933 0.6316
ALT (1U/) 840 0.972 0.837
WBC (/mm?) 836 1.55 0.001831%*
Hemoglobin (g/dl) 838 1.34 0.00276%*
Platelets (x 10%/mm?) 838 1.74 7.92 x 107w
Gamma-GTP (1U/1) 823 0.735 0.0288* 517 0.656 (0.43-0.99) 0.04588*
Albumin (g/dl) 809 1.41 0.01699*
Ferritin (pg/1) 532 0.898 0.5404
Treatment period (weeks) 840 1.02 0.6095

Simple and multiple logistic regression was used to examine the association between SVR and patient and viral factors. Factors with P < 0.05
were considered for inclusion in the multiple regression model and the best model selected by backwards stepwise selection using AIC

wk P < 0.001, ** P < 0.01, * P <0.05

IFN interferon, OR odds ratio, CI confidence interval, AIC akaike information criterion

of treatment included age, sex, viral load, core aa70, LDL,
platelets, and white blood cell counts, whereas for 72
weeks of treatment only age, ISDR, and prior IFN treat-
ment were significant, although LDL cholesterol was
marginally significant (Table 3).

Among patients who underwent 48 weeks of therapy,
61% of patients with core aa 70 wild-type achieved an
SVR compared to only 44% of patients with mutant core
aa 70 (P = 1.8 x 1073, Fig. la), whereas for 72-week
patients, the ratio was 1:1 (Fig. 3a). Conversely, in the
48-week group, 71% of patients with two or more
mutations in the ISDR were able to achieve an SVR
compared to 52% with the wild-type ISDR, and in the
72-week group (Fig. 1b), 80% of patients with two or

more ISDR mutations achieved an SVR compared to
54% with zero or one ISDR mutations (Fig. 3b). Median
baseline viral load was significantly lower in 48-week
SVR patients compared to that in non-SVR patients
(P = 0.001, Fig. 1c), whereas there was no significant
difference between viral load and SVR in 72-week
therapy patients (P = 0.625, Fig. 4c). There was a sig-
nificant effect of age and treatment outcome among
48-week patients (P = 9.3 x 107%, Fig. 2), but the dif-
ference was not significant among 72-week therapy
patients. However, the proportion of patients achieving
an SVR tended to decrease with age in both groups,
particularly in females over age 70 years in the 72-week
group (Figs. 2, 4).
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Table 3 Independent factors associated with sustained virological response to 48- and 72-week peg-interferon plus ribavirin combination

therapy
Variable 48 Weeks 72 Weeks

n OR P n OR (95% CI) P
Age 535 0.642 0.0165%* 133 04 (0.176-0.91) 0.02877*
Sex (male vs. female) 535 0.481 0.000284%**
Viral load (Log IU/ml) 535 0.738 0.01033*
Core aa70 substitution 535 0.454 9.95 x 107>#=
ISDR (0—1 vs. >2) 535 2.75 0.000358** 133 7 (1.35-36.2) 0.02047*
Fibrosis (FO-1 vs. F2-4) 535 0.66 0.03954*
Prior IFN treatment 133 2.67 (1.22-5.85) 0.01431*
LDL cholesterol (mg/dl) 133 2.04 (0.952-4.35) 0.06673
WBC (/mm®) 535 1.53 0.03342%
Platelets (x10%/mm>) 535 1.54 0.03707*

Simple and multiple logistic regression analysis was used to examine the association between SVR and patient/viral factors separately for

patients receiving 48 and 72 weeks of treatment
** P <0.001, * P < 0.05

Fig. 1 Viral factors for

48 week therapy n=619
48-week treatment.

5
a P=1.8x10 b
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a core amino acid 70
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TagMan PCR (Log 1U/ml)
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CART analysis

Figure 5 shows the decision tree generated by CART
analysis. All variables were included during model con-
struction, and the SimpleCart algorithm generated a tree
based on the following fields: age, cholesterol, sex, yGTP,
48 versus 72 weeks of treatment, and aa substitutions in
the ISDR and at core aa70. Age was used as the first
cutoff, and patients younger than 46.5 years were clas-
sified as having a high probability for SVR (78%). Total
cholesterol was identified as the next decision point, and
patients with cholesterol higher than 211.5 mg/dl were

@ Springer

non-SVR

classified as SVR if they were younger than 62.5 years
(84%) and NR (65%) otherwise. Patients with cholesterol
lower than 211.5 mg/dl were subdivided next by sex.
Females who received 48 weeks of treatment were clas-
sified as NR (71%), whereas females receiving 72 weeks
of treatment were classified as SVR if they were younger
than 58.5 years (71%) or NR otherwise (64%). Males who
were infected with aa70 wild-type were classified as SVR
(62%), whereas males with aa70 substitutions were clas-
sified as NR if total cholesterol was less than 130 mg/dl
(97%). Males with ISDR substitutions were classified as
SVR (75%), and those with wild-type ISDR were classified
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as SVR if yGTP was less than 48.5 IU/l (57%) and NR
otherwise (77%).

All factors selected during tree construction were found
to be significant in univariate analysis, except for treatment
length and cholesterol, and each remained significant in
multivariate logistic regression. Although LDL was inclu-
ded in the multivariate logistic model, it was not selected

during tree construction. Tenfold cross-validation resulted
in 65.2% correctly classified instances with a kappa sta-
tistic of 0.29. The true positive rate was 69.2%, the false
positive rate was 39.7%, and precision was 68.4%.

To compare the performance of SVR prediction between
the logistic and CART models, the WEKA Logistic clas-
sifier was used to perform tenfold validation based on the
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Fig. 4 Relationship between 72-week therapy (n=221)
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Fig. 5 Decision tree for SVR
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branch points based on cutoff
values for factors determined by
the tree generation algorithm.
Each branch contains two
choices, and each path ends in a
prediction for either SVR or NR
with an associated probability.
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multivariate logistic regression model above. The true
positive rate for the logistic classifier was somewhat
higher, at 73.1%, but with a slightly worse false-positive
rate of 48%, and 63.7% correctly classified instances with a
kappa statistic of 0.25 and precision 0.65. Receiver oper-
ating characteristic (ROC) curves were very similar, and
the area under the curve was 0.677 for the CART model
and 0.696 for the logistic model.
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Discussion

Using two complementary approaches we identified several
pretreatment factors predictive for SVR in patients treated
for 48 and 72 weeks. Logistic regression and CART
analysis both suggest that sex, age, cholesterol, and sub-
stitutions at core aa70 and ISDR are associated with SVR
in patients with a high viral load of genotype 1b. Based on
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the decision tree topology and a significant interaction
between sex and treatment duration, it appears that 72
weeks of treatment may be most beneficial in women
between the ages of 46 and 58 years who have low cho-
lesterol. In general, patients who are younger, male, have
cholesterol over 130 mg/dl, or who have wild-type core
aa70 or mutant ISDR are the most likely to achieve an
SVR.

Because each of the above values can be determined
prior to treatment and are interpretable by clinicians, they
may be useful as a guide when establishing a treatment
regimen in the case of potentially difficult-to-treat patients.
Once IFN treatment has been started, early and/or rapid
viral response is likely to be the strongest predictor of SVR
[33], and slow responders have been shown to be the most
likely to benefit from extended treatment [34, 35]. How-
ever, because of the expense, low success rate, and
potential side effects of IFN-based therapy, predictors
available prior to treatment are also needed. Factors pre-
dictive of NR may help guide the decision to avoid or
discontinue IFN therapy in patients with a low probability
of SVR, and factors predictive of SVR may help identify
subsets of patients who are likely to achieve an SVR if
treated longer than the standard 48-week regimen.

Several other recent studies have examined predictors
for SVR for 72 weeks of treatment, although nearly all
focus on on-treatment predictors and conclude that 72-week
therapy significantly improves SVR rates in slow
responders [9, 10, 35]. Ferenci et al. [11] also showed that
extension to 72 weeks decreased the relapse rate among
early viral responders. In a large retrospective cohort study,
Watanabe et al. [36] dissected a complex relationship
between SVR and age, sex, and viral load similar to that
reported here, although results are difficult to compare
because they did not measure cholesterol or viral substi-
tutions. While they recommend 72-week therapy for all
slow-responding patients regardless of sex or age, they note
that the SVR rate was surprisingly high among elderly
female patients following 72-week treatment, noting that
the SVR for 48-week treatment was typically low among
older female patients in Japan, which they suggest could be
related to the development of insulin resistance associated
with menopause [36]. Other studies discourage the use of
72-week therapy for all patients except in the specific case
of slow responders [8]. Moreover, in a large prospective
study, Buti et al. [34] conclude that 48-week combination
therapy should remain the standard of care even for slow
responders, due to the increased cost and incidence of
adverse events relative to a modest increase in the SVR
rate. They clarify, however, that patients with a less than 2
log decline at week 8 and undetectable HCV RNA at week
24 are the most likely to benefit from 72-week treatment.
Unfortunately they did not examine other predictors in a

multivariate analysis. Because each of these studies hinges
on rapid versus slow viral response and an on-treatment
predictor requiring up to 24 weeks of treatment to estab-
lish, pretreatment predictors of early viral kinetics,
including those presented here (e.g., viral substitutions and
baseline cholesterol levels [12]), may be useful for pre-
dicting the outcome of extended therapy prior to treatment
[171.

The combination of multiple approaches to identify
predictive factors should help improve confidence in the
results and partially protect against the bias inherent in any
single approach. Comparing the results of a standard
analysis with an alternative technique may reveal which
variables are robust and which are sensitive to methodo-
logical differences. There are many different classification
tools, including neural networks, Bayesian networks, and
support vector machines, but models based on these may be
more difficult to interpret or apply in clinical practice. On
the other hand, decision tree approaches such as C4.5 and
CART are widely used in biomedical studies [37-39] and
provide a simple and intuitive hierarchical format that in
many cases can be used without a computer.

The lack of randomized assignment of patients to
duration of treatment limits the conclusions that can be
drawn from the present study, and additional predictive
factors, particularly interleukin (IL) 28B single-nucleotide
polymorphism (SNP) genotype and viral kinetics, should
be included in future prospective studies. Comparison of
ROC curves suggests that the performance of the two
models in the present study is similar, although neither is
sufficiently sensitive or specific for accurate clinical pre-
diction based on the number of patients analyzed. None-
theless the strong overlap between the variables selected by
each method suggests that several patient factors, including
age, sex, and cholesterol level, as well as several viral
factors, including core aa70 and ISDR substitutions, are
robust predictors for SVR. Differences in the variables
selected between the two approaches suggest that several
models with similar predictive ability are also possible. In
the regression model, LDL cholesterol but not total cho-
lesterol was an independent factor associated with SVR,
whereas in the CART analysis total cholesterol was
selected instead. This may be due to the hierarchical nature
of decision tree models, which may yield better results in
the face of missing data, higher-order interactions, or non-
linear relationships. Comparison of separate models for 48
and 72 weeks also suggests that age and ISDR substitutions
are important predictors of SVR for patients undergoing 72
weeks of treatment, whereas the decision tree suggests that
the 72-week treatment length is important mainly for a
subgroup of female patients. Without greater understanding
of the role of HCV core and ISDR substitutions, it is dif-
ficult to interpret the role of these predictors, as well as
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potential interactions with cholesterol level and other
clinical factors. Further studies should be performed to
investigate these interactions and to better characterize the
subgroup of patients who are most likely to respond to
long-term IFN therapy.
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Abstract

understood.

Background: Hepatocellular carcinoma has a high mortality rate due to its rate of recurrence. Acyclic retinoid
prevents recurrence of hepatocellular carcinoma in patients after surgical removal of their primary tumors by
inducing apoptosis in hepatocellular carcinoma cells, although the molecular mechanisms of action are not

Methods: Human hepatocellular carcinoma cells in culture, as well as nude mice transplanted with hepatocellular
carcinoma cells and rats given with N-diethylnitrosamine were treated with acyclic retinoid. Changes in activated

caspase 3 and transglutaminase 2 (TG2) levels, Sp1 cross-linking and its activities, expression of epidermal growth

factor receptor, and apoptotic levels were measured.

Results: Acyclic retinoid simultaneously stimulated the activation of caspase 3, and the expression, nuclear
localization and crosslinking activity of TG2, resulting in crosslinking and inactivation of the transcription factor, Sp1,
thereby reducing expression of epidermal growth factor receptor and cell death in three hepatocellular carcinoma
cell lines. These effects were partially restored by a caspase inhibitor, transfection of antisense TG2, restoration of
functional Sp1, or an excess of epidermal growth factor. Nuclear expression of TG2 and crosslinked Sp1, as also
activated caspase 3 were found in both hepatocellular carcinoma cells transplanted into nude mice and cancerous
regions within the liver in N-diethylnitrosamine-induced hepatocarcinogenesis model in rats, following treatment of
animals with acyclic retinoid.

Conclusions: Treatment with acydlic retinoid produces a dual activation of caspase 3 and TG2 induced apoptosis

epidermal growth factor receptor.

of hepatocellular carcinoma cells via modification and inactivation of Sp1, resulting in reduced expression of

Background

Hepatocellular carcinoma (HCC) has high mortality rate
because of it frequent rate of recurrence [1]. Acyclic
retinoid (ACR), a synthetic retinoid, prevents the recur-
rence and development of HCC in patients after surgical
removal of the primary tumors by inducing apoptosis in
HCC cells [2,3]. Retinoid X receptor (RXR)  is highly
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Group, Chemical Biology Department, RIKEN Advanced Science Institute,
Wako, Saitama 351-0198, Japan

Full list of author information is available at the end of the article
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phosphorylated and loses its activity as a transcriptional
factor during carcinogenesis in HCC [4]. ACR prevents
this aberrant hyper-phosphorylation of RXRa by sup-
pressing the Ras-extracellular signal regulated kinase
(Erk) pathway, thereby restoring RXRa's activity in
response to physiological concentrations of 9-cis retinoic
acid (9-cis RA) [5]. We therefore proposed that this
restoration of RXRa transcriptional activity is a basis for
ACR’s activity to control aberrant cell growth and
induce apoptosis. However, the possibility that genes
under the control of RARa/RXRv are upregulated by

© 2011 Tatsukawa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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ACR, thereby mediating ACR’s effect in suppressing
aberrant growth and/or inducing apoptosis, has not
been fully elucidated. ACR downregulates epidermal
growth factor receptor (EGFR) signals due to suppres-
sion of transforming growth factor (TGF) o in both
HCC cells and human squamous cell carcinoma cells
undergoing apoptosis [6,7]. ACR induces the expression
of interferon receptor, and also the expression and activ-
ity of signal transducer and activator of transcription
(STAT) 1 during suppression of cell growth and induc-
tion of HCC cell apoptosis [8]. However, it is unclear
whether these phenomena are dependent on the restora-
tion of RARa/RXRa.

Transglutaminase 2 (TG2) is a member of a family of
crosslinking enzymes that catalyze a post-translational
modification of proteins by a calcium-dependent cross-
linking reaction that forms N-¢ (y-glutamyl) lysine
bonds [9-12]. TG2 has been implicated in apoptosis,
although the mechanisms are unknown. Recently, we
demonstrated that TG2 induces caspase-independent
apoptosis in ethanol-treated hepatocytes by crosslinking
and inactivation of the general transcription factor, Sp1,
thereby reducing Spl-dependent expression of growth
factor receptors [9,13]. However, whether TG2-induced
apoptosis pathway is involved in apoptotic signaling in
other cell types or is induced by stimulation with anti-
cancer reagents remains unclear.

Piedrafita et al. [14] reported that retinoid-induced
apoptosis of T cells accompanies degradation of Spl
downstream of the caspase pathway. Shao et al. [15]
found that ACR inhibits the growth of HCC cells by
reducing the expression of an Spl-transactiviable gene,
fibroblast growth factor receptor 3 (FGFR3) [16].

These reports suggest that Spl and/or its regulating
genes are important in ACR-induced apoptosis pathway
in HCC cells. We have therefore tested the hypothesis
that ACR can restore the expression of TG2 by prevent-
ing phospho-inactivation of RXRa, and downregulate
the expression of growth factor receptors by inactivating
Spl due to both caspase-dependent degradation and
TG2-dependent crosslinking. We have used HCC cells
in culture and in vivo models of both transplantation of
HCC into nude mice and N-diethylnitrosamine (DEN)-
induced rat hepatocarcinogenesis.

Methods

Materials

ACR (NIK-333) was supplied from Kowa Company, Ltd.
(Tokyo, Japan). Anti-TG2 monoclonal antibody (TGase II,
Ab-1) was purchased from NeoMarkers (Fremont, CA).
Anti-TG2 polyclonal antibody was produced as previously
described [13]. Mouse anti-Sp1 (IC6), rabbit anti-Spl
(PEP2), anti-EGEFR, anti-c-Met, anti-FGFR1 antibodies were
bought from Santa Cruz Biotechnology (Santa Cruz, CA).
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Mouse anti-GAPDH antibody was from Millipore
(Billerica, MA). Anti-Bcl-X; and anti-cleaved caspase 3
antibodies were from Cell Signaling Technology (Dan-
vers, MA). Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit or mouse IgG was from Jackson Immu-
noResearch Laboratories (West Grove, PA). Viable cells
were measured using a cell counting kit-8 (Dojindo;
Tokyo, Japan). 5-(biotinamido) pentylamine, a biotiny-
lated primary amine substrate for TG2 was provided by
Pierce Biotechnology (Rockford, IL). A caspase-3 specific
inhibitor, zDEVD-fmk, and Hoechst 33258 came from
Calbiochem-Novabiochem (La Jolla, CA). Anti-cross-
linked Spl (CLSpl) antibody was made in rabbits, and
purified as previously described [13].

Cells and plasmids

A HCC cell line, JHH-7 cells kindly supplied by
Dr. Matsuura (Jikei University School of Medicine,
Tokyo, Japan) [17] were maintained in ASF104 med-
ium (Ajinomoto, Tokyo, Japan). HC cells, a normal
human hepatocyte cell line purchased from Cell Sys-
tems (Kirkland, WA), were cultured in CS-C complete
medium (Kirkland, WA) [4]. HuH-7, HepG2, and
HelaS3 cells were maintained in RPMI 1640 medium
containing 10% FBS. The expression vector for human
Spl (Spl-pClneo) was constructed as previously
described [18]. The TG2, Spl, and EGFR siRNA-
expressing lentiviral vectors were constructed in the
pSIH-H1 shRNA vector (SBI System Biosciences, CA).
A GC3-Luc vector, containing 3 sequential repeats of
GC box motifs derived from the EGFR promoter [19]
and its TATA box sequence upstream of the luciferase
cDNA, was generated by inserting a synthesized oligo-
deoxynucleotide cassette into the pGL3 vector (Pro-
mega Corp., WI).

Transient transfection

Transfections and assays of luciferase activity were per-
formed with a combination of UNIFECTOR lipofection
reagent (B-Bridge International, Inc.; Mountain View,
CA) and luciferase reporter genes (firefly- and Renilla-
Luc) as previously described [20], with further details
being provided in the Additional file 1.

TG2 knockdown

Knockdown of TG2 was performed by transfection of
anti-sense (AS) or siRNA to TG2 in JHH-7 cells, sup-
pressing the expression of TG2 protein ~50% and ~70%,
respectively (Additional file 2 Figure S1)

Preparation of whole lysates and nuclear extracts

Whole lysates were prepared in Hepes buffer containing
10 mM CHAPS and protease inhibitors. Nuclear
extracts were prepared as previously described [20].
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Western blotting

Western blotting was carried out as previously described
[20], using combinations of 1 pg/ml each of anti-Spl,
anti-CLSpl, or anti-TG2 antibody and HRP-conjugated
goat anti-rabbit/mouse IgG (1:1,000 dilution). Reactants
were detected with Enhanced Chemiluminescence
reagents (GE Healthcare, Buckinghamshire, UK).

Reverse transcriptase-polymerase chain reaction (RT-PCR)
RT-PCR was done as before [18], using sets of specific
primers summarized in Additional file 3 Table S1.

Staining of cells

Cells grown on cover slips were fixed with 10% formalin
in culture medium. They were permeabilized with 0.3%
Triton X-100 in TBS (pH 7.4), and stained with the anti-
bodies given in each figure legend. Apoptosis was
detected by the terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) method
with the In Situ Cell Death Detection Kit (Roche Diag-
nostics GmbH; Mannheim, Germany). Digital images of
cells were obtained by confocal microscope (Carl Zeiss,
Inc. Germany), and digital images recorded.

Animal experiments

One week after JHH-7 cells (2 x 10° /50 pl) had been
transplanted into the spleens of nude mice aged 6 weeks
(Balb/c Slc-nu/nu, Japan SLC Inc., Shizuoka, Japan), ACR
(100 mg/kg/day) or vehicle (soybean oil) was admini-
strated by gavage at 10 pl/g body weight once a day on
consecutive days for 3 weeks. The DEN-induced rat hepa-
tocarcinogenesis model was used as previously described
[21]. Briefly, 6-week old rats (F344/N SLC; Japan SLC Inc.,
Shizuoka, Japan) were given drinking water containing 40
ppm DEN (Tokyo Kasei Kogyo Co., Tokyo, Japan) for 15
weeks to produce liver neoplasms. ACR (40 and 80 mg/
kg) or vehicle (soybean oil) was administered orally with a
stomach tube at 5 pl/g body weight for 14 weeks. Experi-
ments were performed in accordance with protocols
approved by the RIKEN Institutional Animal Use and the
Care Administrative Advisory Committees.

Immunohistochemistry

Immunohistochemistry were performed as before [13].
Livers were removed, fixed in 10% formalin, and
embedded in paraffin wax. Sections were prepared and
stained with anti-CLSp1, anti-TG2, anti-cleaved caspase
3, and anti-EGFR polyclonal antibodies. Staining signals
were enhanced using an ABC kit (VECTASTAIN) and
developed with DAB substrate.

Statistical analysis
Quantitative data are given as means + SD. Student’s ¢
test was used to evaluate differences between 2 groups.
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In comparing data from the vehicle group with those
from groups treated with ACR at doses of 25, 50, and
100 mg/kg body weight, the level of serum AFP and the
number of AFP-positive mice were analyzed by
Dunnett’s multiple comparison and Fisher’s exact prob-
ability test, respectively. A p-value of <0.05 was consid-
ered statistically significant.

Results

ACR induces both caspase- and TG2-dependent apoptosis
pathways

ACR induced TUNEL-positive apoptosis of JHH-7 cells,
but not normal hepatocyte HC cells (Figure 1A, left
panel). Apoptotic JHH-7 cells were also positive for
crosslinked Sp1 (CLSp1; Figure 1A, right panel). Strong
immunofluorescent spots were obvious in cells under-
going severe apoptosis (Figure 1A, right panel, arrows).
JHH-7 cells were the most sensitive to ACR of the 3
HCC cell lines (JHH-7, HuH-7, HepG2) and HelaS3
cells (Figure 1B). They showed similar TG2/TUNEL/
CLSpl-positive apoptosis following ACR treatment
(data not shown). Consistent with previous findings with
another HCC cell line (HuH-7) [6], ACR treatment of
JHH-7 cells, but not HC cells, suppressed phosphoryla-
tion of RXRa without affecting the expression of RXRa.
(Additional file 4 Figure S2A), prevented phospho-inac-
tivation of RXRa., and enhanced the expression of TG2
(Additional file 4 Figure S2B).

Reciprocally in parallel with a dose- and time-depen-
dent decrease in cell number (Figure 1C, left panels),
both TUNEL (Figure 1C, middle panels) and TG2 posi-
tivity (Figure 1C, right panels) increased in ACR-treated
JHH-7 cells undergoing apoptosis. ACR-induced apopto-
sis was partially blocked by either the inclusion of the
caspase inhibitor, z-DEVD (Figure 1D and 1E, sample 3)
or knocking down by 50% TG2 expression with anti-
sense (AS) TG2 (Figure 1D and 1E, sample 4; Additional
file 2 Figure S1A), whereas apoptosis was almost com-
pletely blocked by their combined inhibition (Figure 1D
and 1E, sample 5). These results suggest that ACR-
induced apoptosis is dependent on both caspase 3 and
TG2 activation.

In ACR-treated JHH-7 cells ACR had markedly
increased levels of CLSpl (Figure 1A, right panel and
Additional file 5 Figure S3A, lane 4), whereas levels of
the Sp1 monomer decreased (Additional file 5 Figure
S3A, lane 2), thereby reducing its DNA binding activity
(Additional file 5 Figure S3B) and transactivation activity
(Additional file 5 Figure S3C), as previously seen in
ethanol-induced hepatocyte apoptosis [13]. Impaired
Spl activity was partially improved either by inhibition
of caspase or TG2 knockdown by transfection of ASTG,
and almost completely restored by their combination, as
also by overexpression of Spl. These results suggest that
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Figure 1 Induction of caspase 3 and TG2- dependent apoptosis by ACR in JHH-7 cell cultures. A, JHH-7 and HC cells were seeded in
35 mm dishes containing glass coverslips at 2 x 10°/dish, and treated with 10 uM ACR or vehicle (0.1% ethanol) for 24 h. Cells were fixed and
stained combination with Hoechst 33258, and TUNEL (left panels) or anti-CLSp1 antibody (right panel). Scale bar, 50 um. 8, JHH-7, HuH-7, HepG2
and HelaS3 were seeded at 1 x 10* cells/96 well microplates and treated with the indicated concentrations of ACR or vehicle for 24 h. Viable
cell counts are plotted as percentages of each control culture treated with vehicle. C, JHH-7 cells were seeded as before and treated either with
the indicated concentrations of ACR for 48 h, or with 10 uM ACR for the indicated times. Cells were fixed and stained with Hoechst 33258,
TUNEL, and anti-TG2 antibody. The numbers of total and apoptotic cells with TUNEL or TG2 positivity in each dish were counted and plotted. D,
JHH-7 cells were seeded as before and transfected with either pSG5 or anti-sense (AS) TG2-pSG5. The next day cells were treated with either
vehicle or 10 uM ACR for 24 h in the presence or absence of 100 pM zDEVD-fmk, with 1 mM 5-(biotinamido)-pentylamine being included
during the last 2 h incubation. Cells were fixed and stained with Hoechst 33258 (upper panels), TRITC-conjugated streptavidin (middle panels), and
TUNEL (bottorn panels). Arrowheads indicate apoptotic cells with chromatin condensation. Scale bar, 50 um. £, JHH-7 cells were treated as in (0.
The numbers of total and apoptotic cells with TUNEL (green colors) or TG2 (orange colors) positivity in each dish were counted and plotted as
bar graphs. Their percentages relative to total cell number are given on the right hand-side of each bar graph. Panels A-£ show representative
results from 3 different experiments with similar results.
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