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Hepatitis B virus X (HBx) protein is suspected to participate in oncogenesis during chronic
hepatitis B progression. Transforming growth factor B (TGF-B) signaling involves both
tumor suppression and oncogenesis. TGF- activates TGF-B type I receptor (TBRI) and
c-Jun N-terminal kinase (JNK), which differentially phosphorylate the mediator Smad3 to
become C-terminally phosphorylated Smad3 (pSmad3C) and linker-phosphorylated Smad3
(pSmad3L). Reversible shifting of Smad3-mediated signaling between tumor suppression
and oncogenesis in HBx-expressing hepatocytes indicated that TBRI-dependent pSmad3C
transmitted a tumor-suppressive TGF-B signal, while JNK-dependent pSmad3L promoted
cell growth. We used immunostaining, immunoblotting, and iz vitre kinase assay to com-
pare pSmad3L- and pSmad3C-mediated signaling in biopsy specimens representing chronic
hepatitis, cirrhosis, or hepatocellular carcinoma (HCC) from 90 patients chronically in-
fected with hepatitis B virus (HBV) with signaling in liver specimens from HBx transgenic
mice. In proportion to plasma HBV DNA levels, early chronic hepatitis B specimens showed
prominence of pSmad3L in hepatocytic nuclei. HBx-activated JNK/pSmad3L/c-Myc onco-
genic pathway was enhanced, while the TBRI/pSmad3C/p21¥AF! tumor-suppressive path-
way was impaired as human and mouse HBx-associated hepatocarcinogenesis progressed. Of
28 patients with chronic hepatitis B who showed strong oncogenic pSmad3L signaling, six
developed HCC within 12 years; only one of 32 patients showing little pSmad3L developed
HCC. In contrast, seven of 30 patients with little Smad3C phosphorylation developed HCC,
while no patient who retained hepatocytic tumor-suppressive pSmad3C developed HCC
within 12 years. Conclusion: HBx shifts hepatocytic TGF-f signaling from the tumor-
suppressive pSmad3C pathway to the oncogenic pSmad3L pathway in early carcinogenic
process. Hepatocytic pSmad3L and pSmad3C assessment in HBV-infected liver specimens
should prove clinically useful for predicting risk of HCC. (HepaTOLOGY 2009549:1203-1217.)

epatocellular carcinoma (HCC) is the fifth
most common cancer worldwide and one
of the most deadly, causing approximately

600,000 deaths yearly.! The overall incidence of
HCC continues to rise, especially in western Europe

and the United States.? During the past 20 years, strik-
ing advances have enhanced our understanding of
HCC. More than 85% of HCC cases are related to
known hepatitis B virus (HBV) and hepatitis C virus
(HCV).
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A strong correlation between chronic HBV infection
and HCC occurrence has long been apparent according
to epidemiologic evidence and the finding of integrated
HBV DNA sequences in virtually all HBV-related
HCC.3 Hepatitis B virus X (HBx) oncoprotein has been
implicated in HBV-mediated hepatocarcinogenesis,
and persistent high-level expression of HBx protein in
transgenic mouse liver results in hyperplasia leading to
HCC, with no preceding inflammation.® Although HBx
does not bind DNA directly, HBx activates Ras/mitogen-
activated protein kinase pathways including extracellular
signal-regulated kinase and c-Jun N-terminal kinase
(NK),” resulting in tumor cell growth and survival.

Transforming growth factor 8 (TGF-B) can inhibit
epithelial cell growth, acting as a tumor suppressor. Dur-
ing carcinogenesis, however, cancer cells gain advantage
by selective reduction of the tumor-suppressive activity of
TGF-B together with augmentation of its oncogenic ac-
tivity.® This led us to hypothesize that alterations in the
TGF-B signal transduction pathway could be involved in
the development of HCC in long-standing HBV infec-
tion.

Smads are central mediators of signals from the recep-
tors for TGF-B superfamily members to the nucleus.’
Smads are modular proteins with conserved Mad-homol-
ogy 1, intermediate linker, and Mad-homology 2 do-
mains.'® The catalytically active TGF-f type I receptor
(TBRI) phosphorylates the C-terminal serine residues of
receptor-activated Smads, which include Smad2 and the
highly related protein Smad3. The linker domain can
undergo regulatory phosphorylation by other kinases in-
cluding mitogen-activated protein kinases and cyclin-de-
pendent kinases.!!"*# In contrast to the clearly activating
role of the C-terminal phosphorylation events, the regu-
lation of Smad activity by phosphorylation of the linker
region is complex. Linker phosphorylation of Smad2 dur-
ing human colorectal carcinogenesis results in cytoplas-
mic retention of Smad2 and inhibition of tumor-
suppressive TGF-B signaling.!""> However, Smad3
phosphorylated at the linker region (pSmad3L) is local-
ized predominantly to cell nuclei in actively growing
Ki-67~immunoreactive colon cancer with distant metas-
tasis.!> Reversible shifting of Smad-dependent signaling
between tumor suppression and oncogenesis in hyperac-
tive Ras-expressing cells indicates that Smad3 phosphor-
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ylated at the C-terminal region (pSmad3C) transmits a
tumor-suppressive TGF- signal, whereas oncogenic ac-
tivities such as cell proliferation and invasion are pro-
moted by the pSmad3L pathway.!¢ In addition, Roberts’
group!” has recently reported that Smad3 is critical for
Ras/JNK-mediated transformation. Taken together,
these findings indicate that oncogenic TGF-f signaling
results from the functional collaboration of Ras and
Smad3 rather than from Ras-mediated inhibition of the
Smad3 pathway. Linker phosphorylation of Smad3 indi-
rectly inhibits C-terminal phosphorylation, minimizing
tumor-suppressive  pSmad3C  signaling.!® Notably,
pSmad3L-mediated signaling in activated hepatic stellate
cells (HSCs) promotes liver fibrosis by stimulating extra-
cellular matrix deposition,!?18

The role of HBV and HCV in tumor formation ap-
pears to be complex and may involve both direct and
indirect mechanisms.! Integration of HBV DNA into
the host genome occurs at early steps of clonal tumor
expansion. Alternatively, chronic liver inflammation and
hepatic regeneration induced by host cellular immune
responses can increase the risk of HCC development.
During progression of HCV-related chronic liver disor-
ders, hepatocytes affected by chronic inflammation un-
dergo a transition from the tumor-suppressive pSmad3C
pathway to the JNK/pSmad3L pathway.?0 Our present
studies extend the previous observations to HBV-related
hepatocarcinogenesis. We study Smad3 phosphorylation
profiles in HBV-infected human liver and HBx trans-
genic mouse liver, concluding that HBx oncoprotein in
early stages of chronic hepatitis B contributes directly to
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis.

Patients and Methods

Patients, Follow-up, and Detection of HCC.
Ninety patients with HBV-related chronic liver disease
underwent liver biopsy at the Department of Gastroen-
terology and Hepatology of Kansai Medical University
Hospital between 1992 and 1994. All patients were sero-
positive for hepatitis B surface antigen (Abbott Laborato-
ries, North Chicago, IL) and were seronegative for anti-
HCV antibody (Ortho Diagnostics, Tokyo, Japan).
Patients included 70 with chronic hepatitis, 10 with cir-
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thosis, and 10 with HCC. Sixty of the chronic hepatitis
patients were enrolled in a program for early diagnosis of
HCC; the other 10 were lost to follow-up. HBV DNA
(Roche Diagnostics, Tokyo, Japan) and hepatitis B enve-
lope antigen (Abbott Laboratories) were measured at the
time of liver biopsy. During the surveillance period, pa-
tients were followed up with abdominal ultrasonography
and plasma alpha-fetoprotein determinations every 3 to 6
months. We also made a random choice of 20 chronic
hepatitis B specimens with little fibrosis (F1) and litdle
inflammation (A1) from the liver biopsy specimens of the
patients showing high plasma HBV DNA levels.

Necroinflammatory activity and fibrotic stage were
graded histologically according to the classification of
Desmet and colleagues.?! We counted and scored pS-
mad3, HBx, and ¢-Myc positivity in hepatocytes as fol-
lows: 0, no positivity; 1, <25%; 2, 25% to 50%; 3, 50%
to 75%; 4, >75%.% Written informed consent was ob-
tained from each patient according to the Helsinki Dec-
laration. We also obtained approval for this study from
our institutional ethics committee.

Reverse-Transcription Polymerase Chain Reaction.
Reverse-transcription  polymerase chain reaction of
TGF-B type II receptor (TBRID), Smad2, and Smad4
genes was performed as described. !?

Domain-Specific Antibodies Against the Phosphor-
ylated Smad3. Two polyclonal anti-phospho—Smad3
sera—a pSmad3L (Ser 208/213) and & pSmad3C (Ser
423/425)—were raised against the phosphorylated linker
and C-terminal regions of Smad3 by immunization of
rabbits with synthetic peptides. Relevant antisera were
affinity-purified using phosphorylated peptides as de-
scribed.!?

Transgenic Animals. HBx transgenic mice were de-
rived by microinjection of a 1151-bp HBV DNA frag-
ment containing the HBx gene with its own regulatory
elements and polyadenylation signal into fertilized eggs of
CD-1 mice. An independent line (H9) was derived from
founders.

Immunohistochemical and Immunofluorescence
Analyses. Immunohistochemical and immunofluores-
cence analyses were performed as described.!® Primary
antibodies (Abs) used in this study included mouse
monoclonal anti-HBx Ab (2 ug/mL; Abcam, Cambridge,
UK), mouse monoclonal anti-c-Myc Ab (10 ug/mL;
Santa Cruz Biotechnology, Santa Cruz, CA), and mouse
monoclonal anti-p21¥AFl Ab (0.5 pg/mL; DAKO,
Glostrup, Denmark), in addition to the affinity-purified
rabbit polyclonal anti-pSmad3L (2 pg/mL) and and-
pSmad3C (0.5 ug/mL) as described above. Anti-
pSmad3C Ab cross-reacted weakly with C-terminally
phosphorylated Smad2: to block binding of anti-
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pSmad3C Ab to phosphorylated domains in Smad2, anti-
pSmad3C Ab was adsorbed with 1 ug/mL C-terminally
phosphorylated Smad2 peptide.

For immunohistochemical analyses, sections exposed
to primary Abs were then incubated with peroxidase-la-
beled polymer conjugated to goat anti-mouse or anti-
rabbit immunoglobulin G (IgG) (DAKO). Finally,
sections were developed with 3,3’-diaminobenzidine tet-
rahydrochloride (DAB; Vector Laboratories, Burlingame,
CA), counterstained with Mayer’s hematoxylin (Merck,
Darmstadt, Germany), and mounted under coverslips.

For double-labeling immunofluorescence analyses,
sections exposed to a pair of primary Abs (rabbit plus
mouse) were then incubated in a 1:500 dilution of goat
anti-rabbit IgG conjugated with a red fluorophore (Alexa
Fluor 594; Molecular Probes, Eugene, OR) and goat anti-
mouse IgG conjugated with a green fluorophore (Alexa
Fluor 488; Molecular Probes). Images were obtained with
a fluorescence microscope (Carl Zeiss Microimaging,
Oberkochen, Germany).

Immunoprecipitation and Immunoblotting. pSmad3L
and pSmad3C immunoblots on Smad3 immunoprecipi-
tates of cell extracts from frozen tissues representing either
HCC or underlying liver diseases were performed as de-
scribed.?0

In Vitro Kinase Assay. In vitro kinase assay was per-
formed as described.!2

Statistical Analyses. The Kaplan-Meier method was
used to determine the cumulative probability of appear-
ance of HCC during the 12-year follow-up period. HCC
occurrence curves were compared between patients with
abundant (scores 3 to 4) and those with sparse (scores 0 to
2) Smad3L/C phosphorylation, by means of the log-rank
test. For continuous variables, the optimal cutoff thresh-
old for defining groups was established using receiver op-
erating characteristics curves. All parameters with Pvalues
less than 0.10 in the univariate analysis were selected for
multivariate analysis, which was performed using the Cox
proportional hazards model.?? P values less than 0.05
were considered significant. The Mann-Whitney U test
was used to identify significant differences in hepato-
cytic pSmad3L and pSmad3C positivity among fibrotic
stages.

Results

Two Distinct Hepatocytic Smad3 Signaling Path-
ways in Human Chronic Hepatitis B: pSmad3L- and
pSmad3C-Dominant Types. We initially analyzed mu-
tations of TBRII, Smad2, and Smad4 genes in 10 HCC

and six cirrhotic liver samples, finding no mutations in
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Table 1. Clinicopathologic Features, Smad3L/C Phosphorylation, and HBx and c-Myc Positivitles In Specimens from Patlents
with HBV-Related Chronic Liver Disease

Fibrotic Stage*

Nomal F1 F2 F3 Fa HCC

Patients, n 2 20 27 23 10 10
Sex (male/female), n 2/0 13/7 19/8 17/8 5/5 10/0
Age (years), mean = SD 57.0+99 355 + 143 343 + 139 43.1 +13.7 59.6 + 7.6 540 + 15.1
pSmad3L staining, nf

0 2 0 0 0 0 0

1 0 8 6 2 1 0

2 0 6 6 7 1 4]

3 0 3 11 11 2 5

4 0 3 4 3 6 5
pSmad3C staining, nt

0 0 0 0 0 0 0

1 0 0 4 4 2 4

2 0 4 9 12 7 3

3 2 11 7 5 1 3

4 0 5 7 2 0 0
Activity, n*

A0 2 1 0 0 0 0

Al 0 17 6 1 0 1

A2 0 2 19 11 3 7

A3 0 0 2 11 7 2
HBx staining, nt

0 2 0 0 0 1 1

1 0 6 5 3 2 3

2 0 7 11 8 3 3

3 0 3 7 6 2 2

4 0 4 4 6 2 1
¢-Myc staining, nt

0 2 0 0 0 0 0

1 0 2 4 1 1 0

2 0 9 10 8 3 1

3 0 6 8 8 3 3

4 0 3 5 6 3 6
Histology of HCC (well/moderate)! 6/4
TNM stage (I/11/1lI/ V) 4/4/2/0
Size of tumor (cm), mean = SD 22+03
AST (IU/L), mean = SD 22.5*35 68.6 + 56.1 92.8 + 65.8 79.7 £ 51.8 82.0 £ 53.1 71.0 = 364
ALT (U/L), mean = SD 24028 104 + 835 141 £ 975 84.5 = 83.1 68.2 +52.3 59.1 = 32.2
Platelet count (X 10%L1), mean %= SD 25.0 = 4.2 171+ 386 15849 141+ 71 9.7 6.7 8.0 +£3.7
AFP {ng/ml), mean = SD 21+13 6.8 = 4.6 14,8 + 12,2 66.2 + 138 132 + 208 164 = 184

Abbreviations: AFP, alpha-fetaprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; pSmad3L, linker-phosphorylated Smad3; pSmad3C,
C-terminally phosphorylated Smad3; SD, standard deviation; TNM, tumor-node-metastasis.

*Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

tHepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,
50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation. Extent of HBx and ¢-Myc expression is indicated as that of pSmad3L positivity.

HHistological grading of HCC is classified according to the criteria of the Intemational Working Party.

FINM is classified by the intemational Union Against Cancer and American joint Committee on Cancer,

any sample. This confirms the low probability of muta-
tions in HCC tissues, which has been reported recently.??

To investigate domain-specific phosphorylation medi-
ating Smad3 signaling /» vive, we generated two Abs spe-
cific to each phosphorylation site, and determined the
distribution of pSmad3L and pSmad3C in chronic hepa-
titis B and C specimens. Table 1 shows clinical back-
ground and positivity for pSmad3L and pSmad3C in 90

patients with HBV-related chronic liver diseases. We also
studied HCC occurrence over 12 years in 60 patients with
chronic hepatitis B who were enrolled in a program for
early diagnosis of HCC (Table 2). We recently reported
that Smad3 was phosphorylated at the linker region, par-
ticularly in groups of hepatocytes adjoining collagen fi-
bers in portal tracts in chronic hepatitis C.2° In contrast,
the distribution of pSmad3L and pSmad3C in chronic

-419 -



HEPATOLOGY, Vol. 49, No. 4, 2009 MURATA ET AL. 1207

Table 2. Clinlcopathologic Features, Smad3L/C Phosphorylation, and HCC Incidence In Specimens from Patlents with HBV-
Related Chronlc Hepatitls

Patient Incid pSmad3L pSmad3C Fibrotic Inflammatory HBV DNA
No. Sex Age of HCC Staining* Staining* Staget Activityt {log coples/mlL) HBeAg

1 M 62 @] 4 2 3 3 5.4 +
2 F 44 @] 4 2 2 2 5.5 -
3 M 22 O 4 2 2 2 5.2 -
4 F 20 4 4 3 3 3.0 -
5 M 43 4 4 2 2 4.5 -
6 M 30 4 2 2 3 4.0 -
7 M 30 4 2 2 3 5.8 -
8 M 65 O 3 2 3 3 4.0 +
9 F 56 Q 3 2 3 2 37 +
10 M 52 O 3 1 1 1 6.4 -
11 F 40 3 1 1 1 6.9 -
12 M 44 3 1 3 3 5.1 -
13 M 45 3 1 3 3 3.8 -
14 M 28 3 2 3 1 3.0 -
15 M 60 3 2 3 2 2.8 -
16 M 44 3 2 3 3 5.2 +
17 M 44 3 2 3 3 3.2 +
18 M 44 3 2 3 3 4.4 -
19 F 26 3 2 2 1 4.9 -
20 M 20 3 2 2 1 2.9 +
21 M 59 3 2 2 2 4.4 -
22 M 43 3 3 2 2 3.2 +
23 M 29 3 3 3 2 6.2 -
24 M 29 3 3 3 2 3.0 -
25 M 25 3 4 1 1 3.5 -
26 F 33 3 4 2 2 4.6 +
27 M 19 3 3 3 2 5.6 -
28 M 63 3 4 2 2 5.1 -
29 M 52 O 2 1 3 2 3.7 -
30 M 44 2 2 3 3 5.2 -
31 M 29 2 2 3 2 39 +
32 F 46 2 4 3 3 32 -
33 M 25 2 2 1 2 5.0 -
34 F 23 2 3 1 1 2.1 -
35 F 31 2 3 2 2 39 +
36 F 26 2 3 1 1 2.4 -
37 M 35 2 3 1 1 5.6 -
38 M 20 2 3 2 1 32 +
39 F 56 2 3 3 2 5.1 +
40 F 36 2 3 3 2 2.6 -
41 F 25 2 3 2 1 5.1 -
42 F 23 2 4 2 1 35 -
43 F 41 2 4 1 1 2.0 +
44 M 29 2 4 2 2 4.5 -
45 M 31 2 4 1 1 59 +
46 M 42 2 1 2 2 3.7 -
47 M 24 1 1 2 2 39 +
48 M 28 1 2 3 2 3.8 -
49 F 11 i 2 2 2 3.0 +
50 M 40 1 1 2 2 3.2 -
51 M 37 1 2 2 2 3.0 -
52 F 10 1 2 2 2 23

53 M 16 1 3 1 1 5.1 -
54 M 41 1 3 1 1 4.3 -
55 M 40 1 3 1 1 2.2 -
56 M 53 1 3 1 1 2.7 -
57 M 2 1 3 1 1 4.6 -
58 M 53 1 4 1 1 33 -
59 M 30 1 4 2 2 2.1 -
60 F 22 1 4 1 0 3.7 -

Abbreviations: F, female; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; M, male; pSmad3C, C-terminally phosphorylated
Smad3; pSmad3L, linker-phosphorylated Smad3.

*Hepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,
50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.
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hepatitis B specimens was divided into two distinct pat-
terns. In one liver specimen with moderate fibrosis and
inflammation from patient 2 in Table 2 who was diag-
nosed with HCC 9 years later, intense pSmad3L immu-
nostaining was present in the nuclei of all hepatocytes
throughout the liver lobules; C-terminal phosphorylation
of Smad3 was strongly suppressed in hepatocytic nuclei
(Fig. 1A and Supplementary Fig. 1). In another specimen
with similar fibrotic stage and necroinflammatory activity
from patient 44 in Table 2 who had not developed HCC,
many hepatocytes retained phosphorylation at Smad3C
but showed scarce phosphorylation at Smad3L (Fig. 1B).
Among 37 patients with chronic hepatitis B who had
strong pSmad3L positivity, 24 patients showed little
Smad3C phosphorylation, and only 13 patients

apSmad3L [X) a pSmad3C

o pSmad3C

c pSmad3L staining
»
— T
100
, 0
N ]
3 ?
g a0 g
® 8
20 ;
0 I =
N F1 F2 F3 F4 HCC
(N2 (N=20) (NI YN=2IXN=10)(N=19) (R=2)(N=28) (N=2T)(N=2UN=10) (N=10)
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Table 3. Correlatlon Between pSmad3L and pSmad3C In
Chronlc Hepatitls B Specimens

pSmad3C Paositivity *

Low (1 and 2) High (3 and 4) Total
pSmad3L positivity *
Low (1 and 2) 11 22 33
High (3 and 4) 24 13 37
Total 35 35 70

Abbreviations: pSmad3C, C-terminally phosphorylated Smad3; pSmad3l, link-
er-phosphorylated Smad3. :

*Hepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphary-
fation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphoryla-
tion; 3, 50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

showed abundant Smad3C phosphorylation (64.9%
versus 35.1% [P = 0.03]) (Table 3). In contrast, 22
patients with little Smad3L phosphorylation (scores 0
to 2) versus only 13 patients with abundant Smad3L
phosphorylation (scores 3 to 4) showed strong
pSmad3C positivity (62.9% versus 37.1% [P = 0.04]).
Because the extent of Smad3L phosphorylation in-
creased as fibrotic stage and necroinflammatory activity
progressed in chronic hepatitis C, Smad3L showed little
phosphorylation in early chronic hepatitis C.%° In contrast,
degree of linker phosphorylation of Smad3 in hepatocytic
nuclei remained high (staining scored as 3 or 4) in 21 of 47
patients with chronic hepatitis B (F1 to F2) (Fig. 1C). These
results indicate differential mechanisms of HBV-and HCV-

Fig. 1. Two distinct hepatocytic Smad3 signaling pathways in early
chronic hepatitis B: pSmad3L- and pSmad3C-dominant types. (A)
Smad3 in the nuclei of hepatocytes was phosphorylated sparsely at the
C-terminal region (a pSmad3C column) but intensely at the linker region
{a pSmad3L column). The liver specimen showing moderate fibrosis and
inflammation was obtained from patient 2 in Table 2 diagnosed with HCC
9 years later. Bar = 50 um. (B) in patient 44 in Table 2 who had not
developed HCC, hepatocytes retained phosphorylation at Smad3C (a
pSmad3C column) but showed little phosphorylation at Smad3L (a
pSmad3L column). The specimen showed degrees of fibrosis and necro-
inflammatory activity similar to those in (A). Formalin-fixed, paraffin-
embedded liver sections were stained with anti-pSmad3L Ab (a
pSmad3L column) and anti-pSmad3C Ab (a pSmad3C column). The
pSmad3C section was paired with an adjacent section stained using
anti-pSmad3L Ab. Abs were then bound by goat anti-rabbit IgG conju-
gated with peroxidase-labeled polymer. Peroxidase activity was detected
with 3,3-diaminobenzidine tetrahydrochloride. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity. Bar = 50 um. (C) Degrees of Smad3 phosphorylation were
stable in hepatocytic nuclei in early chronic hepatitis B specimens (F1 to
F2), whereas pSmad3L increased and pSmad3C decreased as chronic
hepatitis B (F3) progressed through cirthosis to HCC. Smad3 phosphor-
ylation in hepatocytes did not change between F1 and F2 stages.
Phosphorylation of Smad3L and Smad3C in hepatocytes of cirrhotic liver
(F4) and HCC was greater and less than that in livers with grade F1 and
F2 fibrosis, respectively. Extent of Smad3 phosphorylation: O, 0; OJ, 1;
B 2,0 3K 4 *p <005
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associated carcinogenesis, especially in the early stages of
chronic hepatitis.

pSmad3L Prominence in Hepatocytic Nuclei in
Proportion to Plasma HBV DNA Levels. Because
HCC risk is related to plasma HBV DNA levels and
chronic inflammation,? we next investigated the correla-
tion of hepatocytic pSmad3L positivity with plasma HBV
DNA levels and necroinflammatory activity in chronic
hepatitis B patients (Fig. 2). Positivity of hepatocytic nu-
clei for pSmad3L in chronic hepatitis B specimens grad-
ually increased in proportion to amounts of HBV DNA.
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Sixteen sera samples of 35 patients with abundant
Smad3L phosphorylation (scores 3 to 4) but only seven
sera samples of 35 patients with little Smad3L phosphor-
ylation (scores 0 to 2) contained more than 5.0 log cop-
ies/mL (45.7% versus 20.0% [P = 0.02]) (Fig. 2A).
However, 23 of 35 chronic hepatitis B patients with
abundant Smad3L phosphorylation and 22 of 35 patients
with little Smad3L phosphorylation showed a high level
of inflammatory activity (A 2 to 3) (65.7% versus 62.9%
[2 = 0.80]) (Fig. 2B). These results indicated that HBV
itself could up-regulate the hepatocytic phosphorylation
at Smad3L, but inflammation could not strongly affect
linker phosphorylation.

To further confirm the direct effects of HBV, besides
chronic inflammation, on phosphorylation at Smad3L in
early chronic hepatitis B, we examined the degrees of
pSmad3L and pSmad3C in a group of patients with little
fibrosis (F1), little inflammation (A1), and high plasma
HBV DNA. Smad3L was highly phosphorylated in hepa-
tocytic nuclei, whereas the phosphorylation at Smad3C
was suppressed (Fig. 2C). Of 20 chronic hepatitis B sam-
ples, 12 samples showed abundant Smad3L phosphoryla-
tion (scores 3 to 4), but only five samples had abundant
Smad3C phosphorylation (60.0% versus 25.0% [P
0.03]) (Table 4).

HBx Protein Involvement in c-Myc—-Mediated On-
cogenic Activity via the pSmad3L Pathway in Human
Chronic Hepatitis B. Integrated viral sequences pro-
duce HBx protein, which brings about up-regulation
of c-Myc oncoprotein.? We therefore investigated
whether HBx protein affected Smad3L phosphoryla-
tion and expression of c-Myc in biopsy specimens from
HBV-infected livers by immunostaining sections for

Fig. 2. In proportion to plasma HBV DNA levels, JNK-dependent
pSmad3L became prominent in the nuclei of hepatocytes in human early
chronic hepatitis B. (A) Positivity for pSmad3L in hepatocytic nuclei in
chronic hepatitis B specimens was greater in proportion to plasma HBV
DNA levels, Patients with strong pSmad3L positivity in hepatocytic nuclei
(staining scored as 3 or 4) had more HBV DNA in plasma than patients
with weak pSmad3L positivity (staining scored as O to 2). Hepatocytic
Smad3 phosphorylation in chronic hepatitis B specimens is scored as
foliows: 0, no phosphotylation; 1, <25%; 2, 25% to 50%; 3, 50% to
75%; 4, >75%. (B) Degree of Smad3 phosphorylation at the linker
region did not strongly cormelate with necroinflammatory activity of
chronic hepatitis B. Hepatocytic Smad3 phosphorylation at the linker
region in livers with necroinflammatory activities of A2 to A3 was
essentially similar to phosphorylation in those with activities of AD to A1.
Extent of necroinflammatory activity: (1, 0; [, 1; &, 2; B, 3. (C) Smad3
in the nuclei of hepatocytes was phosphorylated intensely at linker region
(a pSmad3L column) but sparsely at the C-terminal region (« pSmad3C
column). The liver specimen showing minimal fibrosis (F1) and inflam-
mation (A1) was obtained from patient 10 in Table 2 who showed high
plasma HBY DNA and was diagnosed with HCC 4 years later.
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Table 4. Clinicopathologlc Features, Smad3L/C Phosphorylation, and Plasma HBV DNA Levels In Speclmens from Patlents
with Early Chronic Hepatitls B

Patient pSmad3L pSmad3C Fibrotic Inflammatory HBV DNA (log
No. Sex Age staining* staining* Staget Activity? coples/mL)
1 M 46 4 2 i 1 5.6
2 M 45 4 2 1 1 5.4
3 F 38 3 1 1 1 6.2
4 F 49 3 1 1 1 5.2
5 F 52 3 1 1 1 6.1
6 F 40 3 2 1 1 5.8
7 F 28 3 2 1 i 5.6
8 M 38 3 2 1 1 5.5
9 M 44 3 2 1 1 5.3
10 F 40 3 2 1 1 5.4
i1 M 55 3 2 1 1 5.1
12 F 43 3 3 1 1 5.8
13 M 34 2 i 1 1 5.2
14 M 28 1 1 1 1 5.2
15 F 35 1 2 1 1 5.1
16 M 30 1 2 1 1 5.3
17 M 45 1 3 1 1 52
18 M 38 1 4 1 1 5.6
19 M 54 1 4 1 1 5.2
20 M 48 1 4 1 1 5.4

Abbreviations: F, female; HBV, hepatitis B virus; M, male; pSmad3C, C-terminally phosphorylated Smad3; pSmad3L, linker-phosphorylated Smads3.
*Hepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,

50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

pSmad3L, paired with sections immunostained for
HBx and ¢-Myec.

In specimens from patient 3 in Table 2 with chronic
hepatitis B, pSmad3L, HBx, and c-Myc were distributed
in hepatocytes throughout liver lobules (Fig. 3A and Sup-
plementary Fig. 2). Double immunofluorescence studies
in chronic hepatitis B specimens confirmed that
pSmad3L was colocalized in HBx- and c-Myc~immuno-
reactive hepatocytes (Fig. 3B). HBx and c-Myc expression
increased in hepatocytes of hepatitis B specimens as
Smad3 showed more phosphorylation at the linker region
(Fig. 3C).

Increased JNK/pSmad3L/c-Myc Oncogenic Signal-
ing and Impaired pSmad3C/p21 VAL Tumor-Sup-
pressive Signaling as Chronic Hepatitis B Progresses
From Cirrhosis to HCC., We further investigated tu-
mor-suppressive and oncogenic Smad3 signaling in biopsy
specimens during HBV-related hepatocarcinogenesis by
staining sections using anti-pSmad3L Ab and anti-
pSmad3C Ab, paired with sections stained for anti—c-Myc
Ab and anti-p21WAF! Ab, Although pSmad3L accelerates
tumor growth by up-regulating c-Myc, pSmad3C partici-
pates in tumor suppression by up-regulating p21 YAF! tran-
scription. 1620

In specimens from a patient with chronic hepatitis B,
the distribution of pSmad3L fit well with the pattern
shown by c-Myc immunolabeling (Fig. 4A, chronic hep-

atitis panel): both were strong in hepatocytes throughout
liver lobules. Linker phosphorylation and c-Myc staining
increased further as chronic liver disease progressed
through cirrhosis to HCC (Fig. 4A, cirrhosis and HCC
panels).

Distribution of pSmad3C resembled the pattern ob-
tained by p21WAF! staining in chronic hepatitis B speci-
mens (Fig. 4B, chronic hepatitis panel). As with
pSmad3C distribution, hepatocytes showed increased
p21WAF! staining in nuclei. In contrast to intense staining
for pSmad3L and c-Myc, pSmad3C and p21¥AF! stain-
ing decreased in hepatocytic nuclei in cirrhotic liver (Fig,
4B, cirrhosis panel). Nuclear pSmad3C and p21W¥AF! jm-
munostaining showed only a scattered distribution
throughout HCC specimens (Fig. 4B, HCC panel).
Semiquantitative analyses of positivity for pSmad3L,
pSmad3C, and c-Myc in HBV-related chronic liver dis-
ease showed increasing pSmad3L/c-Myc and decreasing
pSmad3C as chronic hepatitis B progressed from cirrhosis
(F4) to HCC (Table 1).

We next quantified the extent of phosphorylation at
Smad3L and Smad3C by immunoblotting with do-
main-specific Abs against phosphorylated Smad3 in
tissue samples representing various stages of HBV-re-
lated chronic liver disorders. The linker region of
Smad3 showed very little phosphorylation in normal
liver (Fig. 4C, @ pSmad3L panel). Remarkable up-
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Fig. 3. HBx might be involved in c-Myc-mediated oncogenic activity in
human chronic hepatitis B via the pSmad3L. pathway. (A) Hepatocytes of
chronic hepatitis B specimens from patient 3 in Table 2 showed diffuse
immunostaining for pSmad3L, HBx, and ¢-Myc. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity. Bar = 50 um. (B) pSmad3L in hepatocytic nuclei of chronic
hepatitis B specimens was colocalized with HBx and c-Myc proteins.
Sections of chronic hepatitis B tissues were stained for immunofluores-
cence to simultaneously detect pSmad3L (red) and HBx or ¢-Myc
(green). Yellow color indicates overlap of proteins. Hepatocytes immu-
noreactive for pSmad3L showed colocalization of HBx (upper column)
and c-Myc (lower column), Bar = 50 um. (C) HBx and c-Myc expression
increased in hepatocytes of chronic hepatitis B specimens as Smad3
was increasingly phosphorylated at the linker region. HBx and c-Myc
expression was greater in hepatocytes with high phosphorylation at
Smad3L (staining scored as 3 or 4) than in hepatocytes with staining
scored as O to 2. The extent of HBx and ¢-Myc expression is indicated as
that of pSmad3L positivity: (J, 0; (3, 1; 8, 2; B, 3; &, 4. *P < 0.05.
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regulation of pSmad3L was seen with progression of
hepatic fibrosis and carcinogenesis. In cirrhotic liver
and HCC, pSmad3L was far more abundant than in
chronic hepatitis. In contrast, pSmad3C gradually de-
creased as disease stages progressed toward HCC (Fig.
4C, a pSmad3C panel).

We previously reported that Smad3L served as a sub-
strate for JNK.1? To address the functional relationship
between activated JNK and Smad3L phosphorylation
during hepatocarcinogenesis, we presently assayed kinase
activity in vitro. Although JNK from normal liver showed
little ability to phosphorylate Smad3 at the linker region,
JNK from livers involved by chronic hepatitis B, cirrhosis,
and HCC could directly phosphorylate Smad3L (Fig,
4D). These results suggested that JNK in preneoplastic
liver tissues and HCC directly phosphorylated the linker
region of Smad3.

Collectively, JNK/pSmad3L/c-Myc onogenic sig-
naling in hepatocytes came to predominate while the
tumor-suppressive pSmad3C/p21VAF! pathway became
quiescent as chronic hepatitis B progressed to cirrhosis and
then HCC,

Selective Blockade of Linker Phosphorylation Abol-
ishes pSmad3L-Mediated Cell Growth in HBx-Ex-
pressing Hepatocytes. pSmad3L, HBx, and c-Myc were
colocalized in preneoplastic lesions including chronic
hepatitis and cirrhosis (Fig. 3). These findings suggest that
HBx oncoprotein might alter hepatocytic TGE-J3 signal-
ing in chronic hepatitis B. We investigated this hypothesis
using HBx-expressing hepatocytes. Selective blockade of
linker phosphorylation by a mutant Smad3 lacking the
JNK-dependent linker phosphorylation sites abolished
pSmad3L-mediated cell growth in HBx-expressing hepa-
tocytes (Supplementary Figs. 3-5). These results suggest
that HBx activated the JNK/pSmad3L pathway, further
promoting cell proliferation by up-regulating c-Myc tran-
scription (Fig. 5).

Activation of the pSmad3L/c-Myc Pathway as HBx
Transgenic Mouse Livers Progress Through Hyperpla-
sia to HCC. We further investigated localization of
pSmad3L, HBx, and c¢-Myc during HBx-induced
hepatocarcinogenesis in HBx transgenic mouse livers.
Beginning at the age of 2 months, HBx transgenic
mouse liver showed centrilobular foci of cellular alter-
ation with cytoplasmic vacuolation surrounding the
central veins where bromodeoxyuridine was uptaken
into the hepatocytes.®

In this hyperplastic mouse liver, phosphorylation at
Smad3L was observed in hepatocytic nuclei in the centri-
lobular region, and distribution of pSmad3L was similar

to those of HBx and c-Myc (Fig. 6A). pSmad3L, HBx,
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Fig. 4. As chronic hepatitis B progressed through cirthosis to HCC, JNK/pSmad3L/c-Myc ongogenic signaling started to increase, whereas the
tumor-suppressive pSmad3C/p2 1WAt pathway decreased. (A) pSmad3L and ¢c-Myc increased as human chronic hepatitis B progressed through
cirrhosis to HCC. (B) pSmad3C and p21¥#! decreased as human chronic hepatitis B progressed through cirthosis to HCC. All sections in A and B
were counterstained with hemotoxylin (blue). Brown staining indicates specific Ab reactivity. Bar = 50 um. (C) Immunoblotting of pSmad3L and .
pSmad3C in HBV-related chronic liver diseases. Cell lysates obtained from hepatocellular carcinoma (HCC) and surrounding nonneoplastic liver
tissues including chronic hepatitis B (CH) or liver cirrhosis (LC) as well as uninvolved normal liver tissues from a patient with a metastatic liver tumor
were subjected to anti-Smad3 immunoprecipitation (IP) and were then immunoblotted with each anti-pSmad3 Ab (upper panels). Relative amounts
of endogenous Smad3 were determined via immunoblotting using anti-Smad3 Ab (bottom panel). (D) JNK in human HBV-related chronic liver tissue
directly phosphorylated Smad3 at the linker region. Cell lysates obtained from HCC and surrounding nonneoplastic liver tissue including chronic
hepatitis (CH) and liver cirrhosis (LC) from HBV-infected patients, as well as uninvolved normal liver tissue from a patient with a liver metastasis, were
subjected to anti-phospho-INK1/2 immunoprecipitation (IP), and were then mixed with bacteriaily expressed GST-Smad3 and GST-Smad2. After in
vitro kinase assay, phosphorylation of Smad3L was analyzed via immunoblotting using anti-pSmad3L antibody (upper panel). Total Smad3 and

Smad2 were determined via immunoblotting using anti-Smad2/3 Ab (lower panel).

and c-Myc were distributed diffusely in HCC specimens
(Fig. 6B, HCC panel). Semiquantitative analyses of pos-
itivity for these molecules in HBx transgenic mouse livers
also revealed that hepatocytic pSmad3L, HBx, and c-Myc
increased as mouse liver progressed through hyperplasia
to HCC (Fig. 6C). Double immunofluorescence studies
in hyperplastic specimens confirmed that pSmad3L was
colocalized in HBx- and c-Myc-immunoreactive hepato-
cytes (Fig. 6D).

Success in comparative study of HBx, pSmad3L, and
c-Myc positivity during human and mouse hepatocarci-
nogenesis identified pSmad3L as a key regulatory element

that offers a general framework for understanding the
origins of HBV-related HCC.

Chronic Hepatitis B Patients with Hepatocytes Pos-
itive for pSmad3L and Negative for pSmad3C In-
creased Risk of HCC Development. We finally
investigated whether phosphorylation levels of Smad3
could affect the risk of neoplastic evolution in the patients
with chronic hepatitis B (Table 2). To compare HCC
incidence, patients were classified into those with abun-
dant (scores 3 to 4) and limited (scores 0 to 2) Smad3
phosphorylation in hepatocytic nuclei. HCC developed
in six of 28 patients with abundant Smad3L phosphory-
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Fig. 5. Reversibility of Smad3-dependent signaling between tumor
suppression and oncogenesis in HBx-expressing hepatocytes. Hepato-
cytes exhibit TGF-B~ dependent Smad3 phosphorylation at the C-terminal
region, which results in growth inhibition by repression of ¢-Myc. High
expression of HBx protein in hepatocytes tends to shut down pSmad3C-
mediated signaling and favor acquisition of constitutively active JNK-
mediated pSmad3L signaling, which fosters cell growth by up-regulating
¢c-Myc. Selective blockade of finker phosphorylation by a mutant Smad3
lacking the JNK-dependent linker phosphorylation sites (Smad3EPSM)
restores the TGF-B-dependent tumor-suppressive response involving
pSmad3C that is shown by parental hepatocytes.

lation, but in only one of 32 patients with limited
Smad3L phosphorylation (log-rank = 0.03) (Fig. 7A). In
contrast, HCC developed only in the patients with lim-
ited Smad3C phosphorylation, and no patients with
abundant hepatocytic pSmad3C developed HCC (log-
rank = 0.009) (Fig. 7B).

Several studies have analyzed risk factors for HCC oc-
currence in patients with HBV-related chronic liver dis-
ease, including elevated plasma HBV DNA? and
seropositivity for hepatitis B e antigen.?6 In the univariate
analysis, HCC occurrence in high pSmad3L positivity
(P = 0.01), low pSmad3C positivity (P = 0.03), and
plasma HBV-DNA levels of more than 5.0 log copies/mL
(P = 0.05) showed P values less than 0.10, thus being
significantly associated with HCC (Table 5). All variables
with statistical significance in the univariate analysis were
entered in the multivariate analysis, and high pSmad3L
and low pSmad3C positivity were considered signifi-
cantly predictive of HCC development within 12 years.
Hepatocytic positivitiy for pSmad3L and pSmad3C
should allow us to distinguish chronic hepatitis B patients
at high and low risk for the development of HCC in near
future.

Discussion

In patients with chronic heparitis B, persistent HBV
infection is clearly the primary inducer of HCC.!7 Com-
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parative studies that seek to identify conserved oncogenic
signaling common to HCC in both humans and experi-
mental animals will help to eventually identify the molec-
ular pathways that drive the development of HCC.#
Much is known about the morphologic changes of cells
and tissues that precede and accompany development of
HCC in humans, allowing earlier diagnosis in some in-
stances.?® A variety of molecular alterations have been
detected in fully developed HCC and to a lesser extent in
morphologically defined preneoplastic precursor le-
sions.?? Our current studies compared pSmad3L- and
pSmad3C-mediated signaling in biopsy specimens of
chronic hepatitis, cirrhosis, or HCC from 90 patients
with chronic HBV infection versus signaling in preneo-
plastic and neoplastic liver lesions of HBx transgenic
mice. Taken together with the results of in vitro experi-
ments using HBx-expressing hepatocytes, our findings in-
dicate that the HBx oncoprotein participates directly in
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis
in patients with early chronic hepatitis B (Fig. 7C). Ac-
cording to the two-step model of carcinogenesis (initia-
tion and promotion), tumor formation can be explained
by permanent HBx-dependent activation of the JNK/
pSmad3L cascade that has a tumor promoter-like action.

HCC is a human neoplasm associated with viral infec-
tion.1:3 At present, hepatitis virus—associated carcinogen-
esis can be seen as a multifactorial process that includes
both direct and indirect mechanisms.!® A major factor in
the process of HCC development is the host immune
system.3? Chronic inflammation, degeneration, and re-
generation induced by the host cellular immune response
are common to a variety of human liver diseases, and
subsequent cellular proliferation might increase the risk of
cancer. We previously reported that increased phosphor-
ylation of Smad3L and decreased phosphorylation of
Smad3C were associated with an increased risk of HCV-
related HCC.2 Similarly to HCV-related chronic liver
disease, strong pSmad3L positivity was observed in the
late stages of HBV-related chronic liver disease (F3 to
F4) (Fig. 1C). Considering the development of HCC
in HCV core gene-transgenic mice,?! hepatitis viruses
themselves together with the host immune response
might promote human hepatocarcinogenesis via the
JNK/pSmad3L pathway during the late stage of the
carcinogenic process in both HBV- and HCV- related
chronic liver disease.

However, HBV and HCV have different roles in hu-
man hepatocarcinogenesis when early chronic hepatitis
(F1 to F2) is considered. The histological severity of-
HCV-related liver disease correlates closely with the risk
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Fig. 6. The pSmad3L/c-Myc pathway was activated as HBx transgenic mouse liver progressed through hyperplasia to HCC. (A) Distribution of
pSmad3L, HBx, and c-Myc in hyperplastic specimens from HBx transgenic mouse liver. (B) Distributions of pSmad3L, HBx, and ¢c-Myc in normal liver,
hyperplasia, and HCC specimens from HBx transgenic mice. Immunostaining for pSmad3L, HBx, and c-Myc was present in hyperplastic hepatocytes
surrounding central veins in HBx transgenic mouse liver [(A) and (B), hyperplasia panels], and was distributed diffusely in HCC specimens [(B), HCC
panel]. All sections were counterstained with hemotoxylin (blue). Brown color indicates specific Ab reactivity. Bar = 50 um. (C) Hepatocytic
pSmad3L, HBx, and c-Myc increased as HBx transgenic mouse liver progressed from hyperplasia to HCC. Staining for pSmad3L, HBx, and ¢c-Myc was
detected minimally in normal mouse livers, but was strongly up-regulated in neoplastic livers. In HCC, pSmad3L, HBx, and ¢c-Myc were significantly
greater than in livers with hyperplasia. *P < 0.05. Extent of pSmad3L, HBx, and ¢-Myc: (1, 0; {7, 1; B8, 2; W, 3; B, 4. (D) Hepatocytic pSmad3L
in hyperplastic specimens from HBx transgenic mouse liver was colocalized with HBx and ¢c-Myc. Hyperplasia sections of HBx transgenic mouse livers
were stained for immunofluorescence to simultaneously detect pSmad3L (red) and HBx or c-Myc (green). Yetlow color indicates overlap of proteins.
Hepatocytes immunoreactive for pSmad3L showed colocalization of HBx (upper column) and ¢-Myc (lower column). Bar = 50 um.

of HCC.*? In contrast, HCC occasionally develops in
healthy HBV surface antigen carriers, who are persistently
infected with HBV but have normal liver function param-
eters and no necroinflammation.?® This indicates that
HBYV iself has a direct influence on hepatocarcinogenesis
in early chronic hepatitis B. Although integration of the
viral genome into chromosomal DNA has not been re-
ported in patients with HCV infection, integration of
HBV has been detected in almost all cases of chronic
hepatitis B,® leading to activation of the HBx-mediated
oncogenic pathway.4 It is noteworthy that HCC devel-
oped in patient 10 (Table 2), who showed strong
pSmad3L positivity of hepatocytic nuclei but had mini-
mal necroinflammatory activity (A1) or fibrosis (F1). In
summary, HCV contributes indirectly to the develop-
ment of HCC through chronic inflammation in early

chronic hepatitis C. In contrast, HBV directly triggers the
JNK/pSmad3L oncogenic pathway in early chronic hep-
atitis B, thus playing a role beyond mere stimulation of
the host immune response.

Our findings also open up a new avenue to understand-
ing the development and progression of hepatic fibrogen-
esis.3¥ Whereas HSCs have traditionally been considered
as the principal source of liver fibrosis, mature hepatocytes
can acquire a mesencymal phenotype and perform the
functions of activated HSC——that is, they can contribute
to fibrogenesis.3>36 In support of this notion, pSmad3L-
mediated signaling promotes liver fibrosis by hepatocytes
as well as activated HSCs during long-standing carcino-
genesis.!>1820 In this manner, either HBV- or HCV-re-
lated chronic hepatitis progresses through fibrogenesis to
HCC.
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Fig. 7. Chronic hepatitis B patients with hepatocytes positive for
pSmad3L and negative for pSmad3C increased risk of HCC development. (A)
HCC occurred subsequently among patients whose hepatocytes in chronic
hepatitis B specimens were strongly positive for pSmad3L. Incidence of HCC
was significantly higher in patients with abundant Smad3L phosphotylation
(scores 3 to 4, solid line) in hepatocytic nuclei versus those with sparse
Smad3L phosphorylation (scores O to 2, dotted line). (B) HCC did not occur
subsequently among patients whose hepatocytes in chronic hepatitis B
specimens were strongly positive for pSmad3C. HCC occurred only in
patients with sparse Smad3C phosphoryfation (scores 0 to 2, solid ling) in
hepatocytic nuclei, while no patients with abundant Smad3C phosphoryla-
tion (scores 3 to 4, dotted line) have developed HCC. Cumulative rates of
HCC occurrence from chronic hepatitis B were compared between cases with
high and low phosphorylation of Smad3L and Smad3C (Kaplan-Meier
analysis and log-rank test). (C) HBx protein shifted hepatic TGF-S signaling
from the tumor-suppressive pSmad3C pathway to the oncogenic JNK-de-
pendent pSmad3L pathway in early stages of chronic hepatitis B. Normal
hepatocytes exhibited TGF-B-dependent Smad3 phosphorylation at the
C-terminal regjon, which is related to growth inhibition by up-regulation of
p21WAfL HBx protein activates JNK, promoting the oncogenic pSmad3L
signaling, which fosters cell growth by up-regulating ¢-Myc, in a mean time
reducing tumor-suppressive pSmad3C-mediated signaling.
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The general biomedical approach to HCC is shifting
away from population risk assessment and empirical
treatment of patients to predictive personalized medi-
cine based on molecular classification and targeted
therapy.? Better knowledge of the risk factors associ-
ated with the occurrence of HCC can improve the
effectiveness of surveillance programs. Our approach
has identified pSmad3L and pSmad3C as prognostic
markers that may prove to be clinically useful. Such
predictive markers could allow us to select patients
with chronic hepatitis B who have a high or low risk of
developing HCC. Although the latter group could be
followed up on an annual basis, the patients with a high
risk require targeted surveillance measures to allow
early diagnosis of HCC.

Phosphorylation of many transcription factors is con-
trolled by the dynamic interplay between kinases and
phosphatases. In this regard, we studied the kinetics of
both linker and C-terminal phosphorylation of Smad3 in
parental and HBx-expressing hepatocytes in response to
TGF-B (unpublished observation). In parental hepato-
cytes, the levels of linker and C-terminal phosphorylation
peaked at 30 minutes after the start of exposure to TGF-8
and then gradually declined. However, HBx-expressing
hepatocytes showed constitutive phosphorylation at
Smad3L during continuous exposure to TGF-B. Several
lines of evidence have identified small C-terminal domain
phosphatase (SCP1-3) and protein phosphatase magne-
sium 1A (PPM1A) as the linker and C-terminal phospha-
tases, respectively.’738 Accordingly, SCP1-3 and PPM1A
may reverse domain-specific phosphorylation in normal
hepatocyes. In contrast, HBx-expressing hepatocytes may
not show induction or activation of SCP1-3. Alterna-
tively, linker phosphorylation in HBx-expressing heparo-
cytes might be resistant to SCP1-3.

Many researchers have been seeking key transcription
factors regulating tumor-suppressive pathways that are al-
tered in cancer. Our current model of JNK/pSmad3L
signaling during HBV-related chronic liver disease sug-
gests that specific inhibitors of the JNK/pSmad3L path-
way might inhibit the progression of HCC. With respect
to molecular targeting therapy for human HCC,
pSmad3L and pSmad3C should be assessed as biomarkers
to evaluate the benefit from specific inhibition of the

JNK/pSmad3L pathway.
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Table 5. Variables with Independent Predictive Value for HCC In Univarlate and Muitivarlate Analyses

Univariate Analysis

] Multivariate Analysis

No. of Patients Hazard Ratio Hazard Ratio
Characteristics n with HCC (%) {95% Ch) P Value {(95% CI) P Value

pSmad3L positivity*

Low (1 and 2) 32 1(3) 1.00 1.00

High (3 and 4) 28 6(21) 3.8(1.4-10.6) 0.01 14.8 (1.8-118.5) 0.01
pSmad3C positivity*

High (3 and 4) 30 0(0) 1.00 1,00

Low (1 and 2) 30 7(23) 2.8(0.001-7.0) 0.03 16.4 (1.0-125.0) 0.04
Fibrotic staget

Low (F1 and F2) 39 4 (10) 1.00 1.00

High (F3) 21 3(14) 1.9 (0.7-5.4) 0.24 3.9 (0.4-38.6) 0.24
Inflammatory activity!

Low (AO and A1) 23 1(4) 1.00 1.00

High (A2 and A3) 37 6(16) 1.8(0.7-4.8) 0.27 0.2 (0.02-1.1) 0.06
HBV DNA {copies /mL)

<105 42 3N 1.00 1.00

>105 18 4(22) 1.9 (1.0-3.5) 0.05 2.5(0.9-6.9) 0.08
HBeAg

Negative 42 4 (10) 1.00 1.00

Positive 18 3(17) 2.1 (0.5-9.5) 0.32 9.9 (1.1-89.3) 0.03

Abbreviations: Ci, confidence interval; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; pSmad3C, C-terminally phosphorylated
Smad3; pSmad3L, linker-phosphorylated Smad3.

*Hepatocytic Smad3 phosphorylation in chronic hepatitis B specimens is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to

50% Smad3 phosphorylation; 3, 50% to 75% Smad3 phosphoryltation; 4, >75% Smad3 phosphorylation.
tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.
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Toll-like receptor 4 (TLR4) is essential for recognizing a
Gram-negative bacterial component, lipopolysaccharide
(LPS). A single amino acid mutation at position 712 of murine
TLR4 leads to hyporesponsiveness to LPS. In this study we
determined that an amino acid, a leucine at position 815 of
human TLR4, is also pivotal for LPS responsiveness and sub-
cellular distribution. By replacing the leucine with alanine,
the mutant TLR4 lost responsiveness to LPS and did not
localize on the plasma membrane. In addition, it does not
coprecipitate with myeloid differentiation-2, an accessory
protein that is necessary for TLR4 to recognize LPS. These
results suggest that the leucine at position 815 is required for
the normal maturation of TLR4 and for formation of the
TLR4-MD-2 complex.

Toll-like receptors (TLRs)? play essential roles in both
innate and adaptive immunity (1). Thirteen members of the
TLR family have been identified in mammals. TLRs have
leucine-rich-repeats in their extracellular domains and a
Toll/Interleukin-1 receptor (TIR) in their cytoplasmic
domains, the latter of which mainly mediates intracellular
signaling. Signaling pathways of TLRs, except for TLR3,
depend on an adapter protein, MyD88 (myeloid differentia-
tion factor 88), which interacts with the TIR domain of TLRs.
This pathway leads to the activation of the transcription fac-
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tor NF-«B and production of cytokines such as tumor necro-
sis factor-@ and interleukin-6. Another important signaling
pathway mediated by TLR3 and TLR4 that exploits the TIR
domain is the MyD88-independent pathway. This pathway
involves different adapter proteins, such as the TIR domain-
containing adaptor inducing interferon-8 (TRIF) and TRIF-
related adaptor molecule (2—4), and is essential for produc-
tion of type I interferon through activation of interferon
regulatory factor-3.

TLRs recognize as ligands several microbial pathogen-asso-
ciated molecular patterns. One such pathogen-associated
molecular pattern is lipopolysaccharide (LPS), which is recog-
nized by TLR4. LPS triggers severe immunologic reactions by
the host in Gram-negative bacterial infections and has drawn
attention in many clinical situations. TLR4 is the first mamma-
lian TLR to be discovered in the context of immunology. TLR4
was identified in the search for the genes responsible for LPS
hyporesponsiveness (5, 6). The defect was found to stem from a
single amino acid mutation, replacement of proline with histi-
dine at position 712, in the cytoplasmic tail of murine TLR4.
The study led to the discovery of the importance of TLR4 in
innate immunity.

A variety of cells are activated by LPS stimulation through
TLR4. TLR4 forms a receptor complex with an accessory pro-
tein, myeloid differentiation-2 (MD-2). MD-2 first associates
with TLR4 in the endoplasmic reticulum (ER) and cis-Golgi,
and both proteins move together to the plasma membrane (7,
8). Upon recognition of LPS, the TLR4-MD-2 complex receives
LPS on the cell surface and initiates intracellular signaling. The
expression of TLR4 in the absence of MD-2 does not confer full
responsiveness to LPS stimuli in experimental cell lines (9). An
analysis of MD-2 knockout mice revealed that MD-2 is impor-
tant not only for LPS sensing but also for cellular distribution of
TLR4.

In this study we hypothesized that the cytoplasmic tail of
TLR4 contains regions that control both localization and sig-
naling. Using truncation and mutation analysis, and paying par-
ticular attention to the TIR domain, we identified a single
amino acid that is pivotal for both TLR4 signaling and subcel-
lular distribution. The site we found was on the C-terminal
portion of the TIR domain for which no specific function has
been yet determined.
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EXPERIMENTAL PROCEDURES

Reagents and Other Materials—Lipopolysaccharide (LPS)
from Escherichia coli O55:B5 was purchased from Sigma-Aldrich
and applied without repurification. FLAG- and hexa-histidine
(His,)-tagged human TLR4 expression plasmid (pEFBOS/
humanTLR4flaghis) and FLAG- and His,-tagged human MD-2
expression plasmid (PEFBOS/humanMD-2flaghis) were gener-
ous gifts from Dr. Kensuke Miyake (Institute of Medical Sci-
ence, University of Tokyo, Japan). Human CD14 cDNA plasmid
(pCMV6-XL5/humanCD14) was purchased from OriGene
(Rockville, MD). Fluorescent protein expression vector
pEGFP-N3 was purchased from Clontech (Mountain View,
CA). Anti-TLR4 monoclonal antibody (clone HTA125) was
purchased from Abcam (Cambridge, MA). Anti-FLAG mono-
clonal antibody (clone M2) was purchased from Sigma-Aldrich.
Anti-A.v. (GFP) monoclonal and polyclonal antibodies were
purchased from Clontech. Control immunoglobulins for
immunoprecipitation were purchased from BD Biosciences
{San Jose, CA). Horseradish peroxidase-labeled anti-immuno-
globulins antibodies were purchased from Dako (Glostrup,
Denmark). BlockAce (DS Pharma Biomedical, Osaka, Japan)
solution was used as blocking buffer for Western blotting.

Cell Culture—Human embryonic kidney (HEK) 293T cells
were maintained in Dulbecco’s modified Eagle’s medium (Sig-
ma-Aldrich) containing 10% heat-inactivated fetal bovine
serum supplemented with penicillin-streptomycin solution
(Invitrogen). FuGENE 6 transfection reagent (Roche Applied
Science) was used for transient cotransfection according to the
manufacturer’s instructions. Culture dishes or plates were pre-
pared to 70% confluence prior to transfection. Cells were used
for experiments 36 h later. The transfection conditions were
optimized for microscopic observation of the expressed fluo-
rescent protein and were kept unchanged in other experiments.

Expression Vector Subcloning and Mutagenesis—Wild-type
TLR4 cDNA was excised from pEFBOS/humanTLR4flaghis
and subcloned into pEGFP-N3 so that when expressed
enhanced green fluorescent protein (EGFP) would be fused at
the C terminus of TLR4 (pEGFP-N3/humanTLR4). All muta-
tions were introduced into pEFBOS/humanTLR4flaghis and
pEGEP-N3/humanTLR4 using the QuikChange site-Directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions and were confirmed by sequenc-
ing. For the truncation analysis, two identical unique restriction
sites were prepared in the TLR4-coding region of pEFBOS/
humanTLR4 using a QuikChange kit, and the DNA fragment to
be removed, which was a part of the C terminus of TLR4, was
excised enzymatically. After agarose gel purification, the linear
double-stranded DNA was ligated to re-form a circular plas-
mid. Restriction sites were designed so as not to cause a frame-
shift between TLR4 and EGFP.

Confocal Laser Scanning Microscopy of Cells—Samples were
fixed in 3% paraformaldehyde-phosphate-buffered saline at
37°C for 10 min. Fluorescence images of fixed samples were
recorded using a FluoView FV1000 Confocal Microscope (an
inverted confocal laser scanning microscope, Olympus, Tokyo,

Japan).
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Immunoprecipitation—Transfected cells were lysed in lysis
buffer (50 mm Tris-HCl, pH 7.5, 100 mm NaCl, 0.1% Triton
X-100, 1 mm 1,4-dithiothreitol, and proteinase inhibitor mix-
ture), sonicated, and centrifuged at 4 °C. Antibody was added to
the supernatant, and the sample was rotated 1 h at 4 °C followed
by the addition of protein G-Sepharose (GE Healthcare Life
Sciences, Piscataway, NJ) and an additional 8-h incubation at
4°C. Bound protein was washed three times in lysis buffer. Pro-
teins were eluted by boiling in SDS sample buffer.

Biotinylation and Purification of Cell Surface Proteins—Prior
to surface biotinylation, HEK 293T cells plated in a 100-mm
dish were transiently transfected as described above. Surface
biotinylation and subsequent purification of biotinylated pro-
teins were performed using a Cell Surface Protein Biotinylation
and Purification Kit (Pierce) following the manufacturer’s
instructions. Briefly, membrane-impermeable sulfosuccinimi-
dyl-2-(biotinamido)ethyl-1,3-dithiopropionate  (Sulfo-NHS-
SS-Biotin) was added to cell monolayers in the culture dishes
and covalently bound to amines in proteins exposed on the cell
surface. The affinity resin that binds to the biotin end of Sulfo-
NHS-SS-Biotin was used to collect the biotinylated proteins.
Reduction by 1,4-dithiothreitol causes cleavage of the disulfide
bond in Sulfo-NHS-SS-Biotin, and the elute contains the bio-
tinylated cell surface proteins. Each final sample obtained was
considered to contain proteins from an equal amount of cells,
because all culture plates were treated equally and grown to full
confluence. All samples were sonicated and subjected to SDS-
PAGE and Western blotting. The membrane to which protein
was transferred was blocked in blocking buffer for 1 h. Then the
membrane was incubated with a primary antibody, followed by
incubation with horseradish peroxidase-labeled anti-immuno-
globulins antibody. The protein bands were then visualized by
using a chemiluminescence reagent, Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA),
according to the manufacturer's instructions.

Cell Stimulation Assays—HEK293T cells were plated and
transiently transfected for assays. Thirty-six hours after the
transfection, LPS was added to fresh culture medium in each
well of the culture plates at the stated concentration. The dura-
tion of LPS stimulation was 7 h.

Dual Luciferase Reporter Assays for NF-kB Activation—
HEK293T cells were plated in 12-well culture plates (4 X 10*
cells/well), and experimental cDNA plasmids were transiently
transfected 36 h later using the FuGENE 6 transfection reagent
with 0.5 pg of NF-kB reporter plasmid expressing firefly lucif-
erase (pNF-«B-Luc, Stratagene) and 0.05 ug of constitutively
active Renilla luciferase reporter plasmid (pRL-TK, Promega,
Madison, W1) in addition to 0.5 ug each of TLR4-EGFP plasmid
and MD-2 plasmid. Stimulation experiments were performed
36 hlater. Firefly luciferase and Renilla luciferase activities were
measured using the Dual-Luciferase Reporter Assay System
(Promega) and the Genelight55 luminometer (Microtech,
Chiba, Japan). Relative luciferase activity (RLA) was obtained as
the ratio of firefly luciferase activity to Renilla luciferase activ-
ity. Results are expressed as the ratio of RLA with LPS stimula-
tion to RLA without LPS stimulation ([RLA LPS+]}/[RLA
LPS—1). This ratio should ideally approach 1 when no response
to LPS stimulation is observed.
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both signal transduction and sub-

TLRA(WT) 711 DFIPGVAIAANITHEGFHRSRRVIVYVSQHEFIQSRWCIFRYEIAQTIWQFLSSRAGIIFIV
DFIPGVAIAANITHEGFRESRRVIVVVSQRFIQSRWCIFEYEIAQTWQFLSSRAGIIFIV
DFIPGVAIAANIIHEGFHBKSRRVIVVVSQHFIQSRWCIFEYEIAQTHWOFLSSRAGIIFLIV
DEIFPGVAIAANIIHEGFHESRRVIVVVSQHFIQSRWNCIFEYBIAQTWQFLSSRAGIIFLY
DYIPGVAIAANI IHEGFHKSRKVIVVVSQHFIQSRWCIFEYRTAQTWOFLSSRAGIIFIV
DFIPCGVALAANI IRBGFHKSRRVIVYVSQHFIQSRHCIFEYRIAQTWQFLSSRAG~~~~~

TLR4 (826¢tr)
TLR4 (815tr)
TLR4 (802¢r)
TLR4 {788tr)
TLR4(766tr)

dileucine-lik
ileucine-like &u‘ence EXXXLL

L YXx@

TIR domain == digcidic

dileucine-like sequence
RRRXR Tt

cellular distribution, first we gener-
ated five truncation mutants of
TLR4 with a fluorescent protein
(EGFP) at the C terminus of TLR4.

Although there are no known
definite sorting signal motifs in the
cytoplasmic tail of TLR4, some

TLR4 (WT) 771 LOKVEKTLLROQVELYRLLSRNTYLEWEDSVLGRHIFWRRLREKALLDGKSWNPEGTVETG

amino acid sequences are similar or

TLR4 (826tr) LOKVERTLLRQQVELYRLLSRNTYLEWEDSVLGRHIFWRRLRKALLDGRSWNPEG- =~~~ identical to k al sorti
TLR4 (815tz) LOKVEKTLLRQQOVELYRLLSRNTYLEWEDSYLGREIFWRRLRRKA=m-rmmmmemeen— identical to known general sorting
TLR4 {802¢tr) LOKVERTLLRQQVELYRLLSRNTYLEWEDSV=~onrmome e mmmsmm s oo ommmomon signal motifs as shown in Fig. 1.
TLR4(788tr) LOQKVERTLLRQQVELYR= == mmmmm st oo m e e e m e o YXX®, a form of tyrosine-based
TLRA (7EBEE) === m mmmmmmm e N
sorting signal, and EXXXLI, a form
TLR4 (WT) 831 CNWQEATSI----——— GSIATMVSKGRELFTGYVY..... of dileucine (LL)-based sorting sig-
TLRA (B26LX) === = mmm e S IATMVSRGRELFTGVVE. . ... e
TLR& (B158r) —mm-=m-mmmmmmmoe GSIATMVSRGEELETGVVE. . ... nal, both control protein internal-
TLR4 (BO2Lr) ~mommwmcmwmmenn PGSIATMYSRGEELETGVVE..... ization, lysosomal targeting, and
TLR4 (788tx) -—--mmm-m AHGTAGPGS IATMVSKGEELFTGVVE. .. .. . wy
TLRA(T66Lr) ----=mmm=cmm TAGPGSIATMYSRGEELETGVVE, basolateral targeting FlO), wl'ler € X: i
T e represents any amino acid, ‘@

FIGURE 1. Alignment of the cytoplasmic domains of EGFP fusion TLR4 truncation mutants used in this
study. TLR4 (766tr) signifies the mutant truncated at position 766. Others are named in the same manner. The
amino acids are colored based on their physicochemical properties: pink, basic; blue, acidic; green, polar and
neutral; and orange, hydrophobic. The black overline represents the TIR domain. Colored overiines indicate
amino acid sequences identical to known sorting signal motifs except for two LLs, which are dileucine motif-
like sequences in that they consist of solely two consecutive leucines without preceding aspartate or gluta-
mate. Capital letters on the line signify the single-letter code for amino acids: £, glutamic acid; L, leucine; R,
arginine; and Y, tyrosine. X signifies any amino acid, and @ signifies an amino acid residue with a bulky hydro-

phobic side chain.
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FIGURE 2. LPS responsiveness measured by NF-«B luciferase assay.
HEK293T cells were transfected with plasmids containing the gene for wild-
type TLR4 or a truncated human TLR4-EGFP fusion protein, in addition to a
luciferase reporter and human MD-2 plasmid (A) or unmodified plasmids
(control) {B). After 36 h, cells were stimulated with LPS {10 ng/ml) for 7 h, and
luciferase reporter gene activity was measured. All results were expressed as
the ratio of relative luciferase activity with LPS stimulation to that without
stimulation. The data were from three independent experiments. Small bars
indicate 95% confidence intervals of the mean (p values for * are: TLR4 (WT)-
EGFP/MD-2 (+), p = 0.002; TLR4 (8261tr)-EGFP/MD-2 (+), p = 0.016).
Statistical Analyses—All quantitative experiments were
repeated three times, and each experiment was done in tripli-
cate. The ratio of relative luciferase activity of LPS+ to LPS—
was calculated as the index of the responsiveness to the stimuli
as explained above. When positive response is observed, the
ratio should significantly exceed one. The means of the ratio
were represented in bar graphs. The 95% confidence interval of
the mean of the ratio was calculated and indicated on each bar
in the graph, and p values were calculated using Student’s ¢

distribution compared with the hypothetical mean, one.

RESULTS

Truncation Analysis of TLR 4—To identify amino acid
sequences in the cytoplasmic tail of TLR4 that are involved in
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stands for an amino acid residue
with a bulky hydrophobic side
chain, and other letters are single-
letter abbreviations for the amino
acids. “Diacidic” signals such as
DXE mediate export from the ER
(11). RR or RXR is another example
of an ER export signal (12). Trunca-
tion sites were chosen so that some of these amino acid
sequences were deleted in each mutant. Because the TIR
domain, which is essential in TLR4 signaling and possibly sub-
cellular localization (13), spans most of the cytoplasmic domain
of TLR4, four out of five mutants have involvement in the TIR
domain, which we hypothesized could result in impaired signal
transduction and a change in subcellular distribution. Part of
the cytoplasmic portion of the amino acid sequence of the trun-
cation mutants is shown in Fig. 1. The five truncation mutant
proteins lost their C-terminal tails at positions 826, 815, 802,
788, and 766, respectively, and were conjugated with EGFP in
vitro. Actual truncation and ligation sites of all actual mutants
were confirmed to have the designed DNA alignment by
sequencing.

We utilized the luciferase reporter assay to assess NF-xB
transcription activity as an indicator of TLR4 response to LPS
stimuli. MD-2 is reported to be essential for this response (9).
However, because it is not known whether MD-2 is necessary
for transduction of the truncated TLR4 signal as well, we per-
formed the assays with and without MD-2. The index of cell
responsiveness to the stimulation was measured as the ratio
between RLA with LPS stimulation and RLA without LPS stim-
ulation, Only cells transfected with TLR4 (826tr)-EGFP in com-
bination with MD-2 retained responsiveness to LPS stimula-
tion. One exception was wild-type TLR4-EGFP (Fig. 24).
HEK293T cells transfected with TLR4 but without MD-2 did
not respond to LPS stimuli regardless of the TLR4-EGFP gen-
otype (Fig. 2B).

Next, we compared the localization of wild-type and trun-
cated mutants of TLR4-EGFP in HEK293T by fluorescence
microscopy (Fig. 34). The wild-type TLR4 cotransfected with
MD-2 was expressed on the plasma membrane and also in the

JOURNAL OF BIOLOGICAL CHEMISTRY 3515

433 -

6002 ‘g Arenuge- uo Areigr ofjo Jo Ausisalun Je Biorogl mmm woly papeojumog



o

el

o,

The Journal of Biological Chemistry

An Important Amino Acid of TLR4 for Its Function

A MD-2 (+)

MD-2 (-)

TLR4 (WT)

TLR4 (826tr)

TLR4 (815tr) |

TLR4 (802tr)

TLR4 (788tr)

TLR4 (766tr)

B biotinylated cell surface protein
250 kDa>" | blot anti-GFP
150kDa> .. —TLR4(826tr)-
100 kDa > EGFP
75 kDa >
MD-2: (+) ()

FIGURE 3. Residues 815-826 of TLR4 contain a region necessary for plasma
membrane localization. A, cells were cultured on coverslips in 12-well plates
and transfected as in Fig. 2. EGFP-tagged TLR4 was visualized by laser confocal
microscopy. Fluorescence from EGFP was observed in green. Each genotype of
TLR4-EGFP was cotransfected with a human MD-2 plasmid or empty vector. Bar,
20 pm. B, TLR4 (826tr)-EGFP with or without coexpression of MD-2 were tagged
by biotinylation of the cell surface proteins and affinity-purified. TLR4 was visual-
ized by immunoblotting using an anti-GFP monoclonal antibody. Samples from
both combinations of DNAs were prepared from the same number of cells.
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perinuclear area. These findings were consistent with observa-
tions by others (14, 15). TLR4 is reported to localize in the Golgi
apparatus as well as on the plasma membrane. Our observation
of TLR4-EGFP accumulation in the perinuclear area does not
contradict the report that TLR4 partly localizes in the Golgi
apparatus (14).

TLR4-EGFP truncation mutants, 815tr, 802tr, 788tr, and
766tr apparently did not localize at the plasma membrane. No
particular fluorescence pattern that might be characteristic of
localization to a specific intracellular compartment was
observed. Only TLR4 (826tr)-EGFP, which has the shortest
truncation, was expressed on the plasma membrane and in the
perinuclear area, and the fluorescence pattern was similar to
that of wild-type (Fig. 34). No TLR4 genotypes, including wild-
type TLR4-EGFP, clearly localized on the plasma membrane in
the absence of MD-2 (Fig. 34). MD-2 is reported to be neces-
sary for localization of wild-type TLR4 at the plasma membrane
(15), which is consistent with our observation. Intracellular dis-
tribution of mutant TLR4 varied depending on the genotype,
but no particular cellular structure was identified as an alterna-
tive target site. Furthermore, we examined the plasma mem-
brane expression of TLR4 (826tr)-EGFP by cell surface protein
biotinylation. The expression level of TLR4 (826tr)-EGFP was
markedly decreased without coexpression of MD-2 (Fig. 3B),
which is compatible with the microscope observation.

Removal of the C-terminal segment of TLR4 at residue 826
does not qualitatively affect LPS responsiveness and subcellular
distribution. However, when more residues, up to position 815,
were removed, both signal transduction and plasma membrane
localization were impaired. These results suggest that residues
815-826 of TLR4 contain at least one segment that is critical
for those functions.

Amino Acid Sequence Replacement Analysis—To identify
critical amino acid sequences in this region, we generated an
amino acid replacement mutant of TLR4 instead of truncation
mutants. As shown in Fig. 1, although it is not a canonical
sequence, leucine-leucine at 815-816 partially fits a known
sorting signal motif, a dileucine motif, (D/E)XXXL(L/I) or
DXXLL, which plays an important role in internalization of
plasma membrane protein or sorting from the trans-Golgi net-
work (10). Thus, as has been done in a similar study (16), a
mutant was generated in which alanines were substituted for
both leucines at positions 815 and 816.

We measured the NF-xB activity of TLR4 (L815AL816A)-
EGFP, the mutant in which both leucines were replaced with
alanines, under LPS stimulation (Fig. 44). This mutant protein
did not respond to LPS stimuli. Microscopic observation
revealed that TLR4 (L815AL816A)-EGFP was not expressed on
the plasma membrane regardless of whether MD-2 was
cotransfected (Fig. 4B). The phenotype of this doubly substi-
tuted mutant appeared to be the same as that of the truncation
mutants. These results imply that the leucines in positions 815
and 816 play an important role in TLR4 plasma membrane
localization.

Analysis of Single Amino Acid Substitution Mutants—As pre-
viously mentioned, the amino acid sequence leucine-leucine at
positions 815 and 816 does not completely match the dileucine
motif, i.e. it lacks a preceding acidic amino acid. Therefore it
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FIGURE 4. Leucines at positions 815-816 of TLR4 are responsible for
impairment of LPS responsiveness and plasma membrane expression.
A, the LPS stimulation assay was done for TLR4 (L815AL816A)-EGFP as in Fig.
2. The data were from three independent experiments. Small bars indicate
95% confidence intervals of the mean (p value for *are: TLR4 (WT)-EGFP/MD-2
(+), p = 0.002). B, TLR4 {L815AL816A)-EGFP expression in HEK293T cells was
observed by laser confocal microscopy. Bar, 20 um.

AnImportant Amino Acid of TLR4 for Its Function

was reasonable to explore whether leucines 815 and 816 need to
be adjacent to each other. We created five genotypes of single
amino acid mutants of TLR4: TLR4 (K813A)-EGFP, TLR4
(L815A)-EGFP, TLR4 (L816A)-EGFP, and TLR4 (D817A)-
EGFP. We excluded the amino acid at position 814 from the
analysis, because the amino acid in position 814 of wild-type
TLR4 is alanine. The amino acid sequence alignment of wild-
type TLR4 and the single amino acid replacement mutants is
shownin Fig. 5. DNA sequences were confirmed by sequencing.

As was done with truncation mutants, we measured NF-xB
activity of wild-type TLR4-EGFP, TLR4 (K813A)-EGFP, TLR4
(L815A)-EGFP, TLR4 (L816A)-EGFP, and TLR4 (D817A)-
EGFP in response to LPS stimulation. All mutants except TLR4
(L815A)-EGFP showed responsiveness to LPS stimulation with
coexpression of MD-2 (Fig. 6A4). Without MD-2, no genotype of
TLR4-EGEFP responded to LPS stimulation (Fig. 6B). LPS stim-
ulation was performed in an identical manner as with trunca-
tion mutants.

We analyzed the subcellular distribution of single amino acid
mutants of TLR4-EGFP with and without MD-2 coexpression
by fluorescence microscopy. TLR4 (K813A)-EGFP and TLR4
(D817A)-EGFP showed a similar fluorescence pattern to the
wild-type, which localized at the plasma membrane when coex-
pressed with MD-2. No genotypes of TLR4-EGFP localized on
the plasma membrane without MD-2 (Fig. 7). The cells trans-
fected with TLR4 (L815A)-EGFP coexpressed with MD-2 did
not show plasma membrane fluorescent pattern, Also, TLR4
(L815A)-EGFP showed comparatively weaker fluoresce than
other mutants, possibly due to lower expression of the protein.
Fluorescence of TLR4 (L816A)-EGFP with MD-2 was ambigu-
ous as for the plasma membrane expression. Some kind of
membranous structure was observed in the cytoplasmic area,
but the intensity of the plasma membrane green fluorescence

was obscure. Together with the
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TIRA(LBISA)EGFP  vYKSYFHLMLLAGCIKYGRGENTYDAFVIYSSODEDWYRNELVKNLEEGY PR FQI.CLEYR

TIRA(LBLEA)EGFP  VYRFIFHINLLAGCIKYGRGENIYDAFVIYSSODEDWYRNELVANLEEGVEFIFQLCLEYR

TLR4 (DSLTA)EGFP  VYKFYFHLMLLAGCIKYGRGENIYDAFYIYSSODEDWVRNELVENLERGVEREQLCLHYR

ma’xszmi)m VYKFEFHLELLAGCIKYGRGENI YDAFV 1Y SSODEDWVRNE LVRN LEEGVESFOLCLHYR

TLRA (WT) EGEP

TIRA {K813R) BGEP

TLRA (L815A) BGFP JSQHF IQSRWCIFEYE {AQTUQFLSSRAGT]

TIRA(LBIGA)EGEP DFIFGVAIAANTIHRGFHRSRKYVIVVVEQErIQSRWCIFEYETAQTHWYFLSSRAGITF

TILR4(DBL7TA)EGFP  DFIPGVAIAANTIHRGFHKSREY IVVYSQUFIQSRWCT FEYE IRQTIWOFLSSRAGITFIV
aﬁ%)m DFTPGUAIAANITHEGFHRSRKV IVYVSQHF IQSRWCIFEVEIAQTHOFLSSRAGIIFLY

TIR4(WD)EGFP 771 LQKVERTLLRQQVELYRLLSRNTYLEWEDSVIGREI FWRRLRRALLDGRSWNPEGTVETG

TILR4 (KB13A) EGEFP LORYVERTLLRQOCVELYRLULSRNTYLEWEDSYILGRRIFWRRLRASLIDGKSWNEFEGTVGETG

TLRA (L815A) BEGFP LORKVERTLLRQOVELYRLLSRNTYLEWEDSYLGRAI FWRRLRKAALDGRSWNPEGTVAETG

TLRA (LB16A) EGFP LORKYERTLIAQOVEL YR LSRNTYLEWEDSVLGRHIFWRRLRKA LADGXSWNEEGTYGTS

TLR4 (D17A)EGFP  LOKVEKTLLRQQVELYRLLSRNT{LEVEDSVLGRHISWRRLRRALLAGKSWNFEGTYGTG

maﬁiﬁ’m LQKVEKTLLRQOVELYRLLSRNTYLEWEDS Y LGRHI FWRRLRRAAADGKSHNYEGTVGTE

TLRA (WI)EGFP B31CNWQEATS LGS LATHVSKGERLFTGVYE. ...,

TIR4 (KBL13A)EGEP  CNWQERTSIGS[ATHY SKRGEELITGVYVE,,,..

TIRA (LB1SA)BGEP  CNWQEATSiGSIATMVSKGEELFTGYVY. ...,

TIRA (I816A)BGFP  CNWQEATSIGSIATHVSKGEELFTGVVE.....

TIRA{DSLTAYEGEF  CNWQEATSIGSIATHVSKGEELITGVVE.....

Wﬂgmm CNWQERTS1GS IATHVSKGEELFTGUVE,, ...

TLR4 EGFP a

FIGURE 5, Alignment of the cytoplasmic domain of EGFP fusion TLR4 amino acid-replacement mutants
used in this study. TLR4 (L813A) signifies a mutant with leucine replaced with alanine at position 813. Others
are named in the same manner. The amino acids are colored as in Fig. 1. All amino acids are designated using
the single-letter code.
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results from the LPS stimulation
experiment, the leucines at posi-
tions 815 and 816 are considered to
play important roles in signal trans-
duction and/or subcellular distribu-
tion of TLR4.

Because EGFP consists of 239
amino acids, which is about one-
third the size of the complete TLR4
protein, the experimental results
obtained using TLR4-EGFP could
have been influenced by the pres-
ence of the EGFP fused at the C ter-
minus of TLR4. To rule out this pos-
sibility, we tested the functional
integrity of both TLR4 (L815A) and
TLR4 (L816A) with and without
EGFP at the C terminus. Reporter
assays were performed under the
same conditions except that the
shorter tag, FLAG-His,, which has
only 21-amino acid tags at the C ter-
minus, was fused to TLR4 in place
of EGFP. There was no difference
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