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Ground glass hepatocyte (GGH) represents a histolog-
ical hallmark of chronic hepatitis B virus infection
and contains surface antigens in the endoplasmic re-
ticulum (ER). Several types of GGHs are recognized at
different hepatitis B virus replicative stages. The re-
cent identification of pre-S mutants from GGHs en-
courages us to investigate whether different GGHs
may harbor specific mutants and exhibit differential
biological activities. In this study, we applied laser
capture microdissection to isolate specific GGHs from
a total of 50 samples on eight resected liver speci-
mens. The surface genes in two major types of GGHs
were analyzed. Type I GGHs expressed an inclusion-
like pattern of hepatitis B surface antigens and har-
bored mutants with deletions over pre-S1 region,
whereas type II GGHs, distributed in clusters and
emerged at late replicative phase, contained mutants
with deletions over pre-S2 region that defines a cyto-
toxic T lymphocyte (CTL) immune epitope, and may
represent an immune escape mutant. Transfection of
pre-S mutants in Huh7 revealed decreased syntheses
of middle and small S proteins with accumulation of
large surface antigen in ER, which in turn led to the
activation of ER stress response with differential ac-
tivities for different mutants. This study therefore
demonstrates that different GGHs may contain spe-
cific mutants and exhibit differential biological activ-
ities. (Am J Patbol 2003, 163:2441-2449)

Heptatitis B virus (HBV) is a small DNA virus with a
partially double-stranded genome of 3.2 kb in size.” The
majority of HBV patients recover, although 10 to 20% of
young children will become chronic carriers and have a

high risk to develop cirrhosis and hepatocellular carcino-
ma.? A histopathological hallmark of chronic HBV infec-
tion is to recognize the characteristic, glassy or ground
glass hepatocytes (GGHSs) that represent hepatitis B sur-
face antigen (HBsAg)-containing liver cells.>” Ultrastruc-
turally, GGH is characterized by an abundance of smooth
endoplasmic reticulum (ER), among which HBsAg is ac-
cumulated. In the past years, many studies have at-
tempted to correlate the expression patterns of HBV an-
tigens with the replicative phases of chronic HBV
infection in the liver.2° The GGHs at different replicative
stages of chronic HBV infection are different in morphol-
ogy and distribution in the liver.87'° Two major types
(types | and 1) of GGHs have been recognized. Type |
GGHs usually scatter sporadically in liver lobules and
occur throughout the replicative phases. Typically, they
have slightly eccentric nuclei with accumulation of
ground glass substances or an inclusion-like expression
of HBsAg in the cytoplasm.®'° Distinct from type | GGHs,
type Il GGHs usually emerge at late nonreplicative stage
or in cirrhotic liver and are distributed in large clusters
with a marginal expression of HBsAg.2~'" Although the
morphological difference between type | and type |l
GGHs is readily apparent, their virological and biological
significance, however, remains to be elucidated.
Heptatitis B virus encodes three envelope proteins in
the pre-S/S open reading frame that are named large,
middle, and small (major) surface proteins. In the past
years, many investigators strive to elucidate the compo-
nents of surface antigens in GGHs at different replicative
stages. By immunohistochemical studies, GGHs are con-
sistently demonstrated to contain pre-S1 or large surface
antigen."" The characteristic ground glass appearance
of hepatocytes could be in vitro induced by the overpro-
duction of large surface antigen in ER.''3 Transgenic
mice that strongly overproduce large surface antigen can
also form GGHs in the liver.' Although GGHs are con-
sistently associated with large surface antigen, the mo-
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lecular mechanism leading to the accumulation of large
surface antigen and the formation of ground glass ap-
pearance remain to be clarified. Dienes and colleagues'®
speculate that the accumulation of large surface antigen
is associated with HBV integration that may increase the
expression of pre-S1 by a highly active cellular promoter.
Xu and colleagues'® ' proposed that the mutation over S
promoter is probably one contributing cause of GGHs
during chronic HBV infection, because the pre-S region
involves the binding sites for transcriptional factors such
as NF-1 and SP1. The deletion over these promoter re-
gions will totally or partially remove the binding sites and
affect the expression of middle and small surface pro-
teins,'®2° resulting in intracellular accumulation of
pre-S1 or large surface protein.?"#?

The direct confirmation of the existence of pre-S mu-
tants in GGHs in liver tissues, however, is difficult be-
cause of the technological limitation to specifically isolate
GGHs. In a previous study using manual dissection
method, we identified a pre-S2 deletion mutant in cir-
rhotic nodules that contained large clusters of type |
GGHs.'® This interesting finding encourages us to ex-
plore in depth the molecular and biological features of
different types of GGHs. In this study, we used a laser
capture microdissection (LCM) method to selectively iso-
late type | and type Il GGHs and sampled for molecular
analysis of the pre-S gene. Interestingly, we demon-
strated for the first time that different types of GGHs
consistently harbored specific pre-S mutants in ER, re-
sulting in the activation of ER stress signals such as
endoplasmic reticulum resident kinase (PERK), c+jun ami-
no-terminal kinase, glucose-regulated proteins (GRP) 78,
and GRP94,232% especially in type | GGHs.

Materials and Methods

Liver Histology, Immunohistochemical Staining,
and Monoclonal Antibodies

Liver histology was performed on eight surgically resected
specimens from hepatocellular carcinoma patients, in
which six were HBsAg-seropositive and two were HBsAg-
seronegative. The nontumorous liver tissues were sampled
for studies. For immunohistochemical staining, 5-um tissue
sections or transfected cells grown on chamber slides were
fixed with ice-cold acetone, and immunostained with pri-
mary antibodies. A biotinylated anti-mouse secondary anti-
body (DAKO Corp., Carpinteria, CA) was then applied. The
slides were then incubated with peroxidase-conjugated
streptavidin, chromogenized by 3-amino-9-ethylcarbazol,
and counterstained with Mayer’s hematoxylin. The mono-
clonal antibodies of surface antigens used were as follows:
anti-pre-S1, MA18/7, a generous gift from Professor Wol-
fram H. Gerlich,®® (Institute of Medical Virology, Justus
Liebig University Giessen, Giessen, Germany) that binds
specifically to gp42 and p39 of large surface proteins; anti-
pre-S2 (S26; Chemicon International, Inc., Temecula, CA), a
mouse monoclonal antibody that specifically recognizes
gp36 and p33 of middle surface protein, and anti-HBs
antibody, monoclonal mouse anti-HBsAg against the “a”

determinant of small surface antigen (M3506, DAKO) that
can identify gp27 and p24 of small surface proteins.

LCM of GGHs Expressing Different Patterns of
HBsAg

Tissue sections were first immunostained by anti-HBs
(M3506), dehydrated with ethanol and xylene, and sub-
sequently left air-dried. Different types of GGHs were
then selectively isolated and collected by the Arcturus
LCM system (Arcturus Engineering Inc., Mountain View,
CA). For type | GGHSs, a total of 20 hepatocytes were
LCM-isolated for analysis. Type Il GGHs usually clus-
tered in groups and could be easily isolated.

Sample Preparation, Polymerase Chain
Reaction (PCR) Amplification, and Sequencing
of the Pre-S and Major S Genes

The LCM-harvested samples were digested in 30 ul of
digestion buffer containing 0.04% proteinase K, 10
mmol/L Tris-HCI (pH 8.0), 1 mmol/L ethylenediaminetet-
raacetic acid, and 1% Tween 20. The reaction was per-
formed at 37°C overnight followed by incubation at 95°C
for 8 minutes to inactivate proteinase K. Two sets of
primers were designed to amplify the pre-S and major S
gene: the pre-S sense primer 5’-GCGGGTCACCATAT-
TCTTGG-3' (nucleotides 2818 ~ 2837); the pre-S anti-
sense primer 5'-GAGTCTAGACTCTGCGGTAT-3’ (nucle-
otides 236 ~ 255); the small S sense primer 5'-CATC-
TCGTCAATCTCCGCGA-3" (nucleotides 112 ~ 131); the
small S anti-sense primer 5-TCCTGTGGCAAAGTTC-
CCCA-3’ (nucleotides 898 ~ 927). The PCR products will
then cover the whole S gene. The BstEll and Xbal sites used
for subcloning are underlined.

In Vitro Expression, Synthesis, and Secretion of
the Cloned Pre-S Mutants in Huh7 Cell Line

Construction of the Expression Plasmids of Pre-S
Mutants

The pre-S mutants were constructed by using plasmid
P(3A)SAg'®2? as a template to amplify the representative
types of deletions. After double digestion by restriction
endonucleases BstEll and Xbal, the pre-S PCR fragments
were subcloned into p(3A)SAg. For the cassette ex-
change experiment, the digested products were substi-
tuted for the BstEll-Xbal fragment of surface gene carried
on p(3A)SAg. The detailed procedures have been de-
scribed in detail previously.'®22 The pre-S deletion mu-
tants were amplified by using pairs of primers designated
as pre-S sense primer and A1 anti-sense primer (5'-
AATTGTTGA-CACTGTTGCTCCCACTCCTACTTGGT-3");
pre-S anti-sense primer and A1 sense primer (5'-GTAGG-
AGTGGGA-GCAACAGTGTCAACA-ATTCCTCC-3'); pre-S
sense primer and A2 anti-sense primer (5'-CTGGAGC-
CACCAGCAGAATTCCA-CTGTATGGCCTG-3'); pre-S anti-
sense primer and A2 sense primer (5'-CCATAC-AGTG-



GAATTCTGCTGGTGGCTCCAGTTCAG-3").  After PCR
amplification, the products of both reactions were gel-puri-
fied and applied to further amplification by using pre-S
sense and anti-sense primers. The resulting PCR products
were further cloned into p(3A)SAg.

Western Blot Analyses of Surface Proteins in Huh7
Cells

The cells were first transiently transfected with Fu-
GENEG6 (Boehringer Mannheim GmbH, Mannheim, Ger-
many) for 48 hours. Protein lysates were harvested by
using freezing and thawing method. Twenty-five ug of
total proteins were resolved on polyacrylamide gels and
transferred to polyvinylidene difluoride membranes. The
membrane was incubated with the primary antibody and
then the second antibody conjugated to horseradish per-
oxidase. The proteins were detected by using ECL
chemiluminescence kit (Perkin-Elmer Life Science, Bos-
ton, MA). The primary antibodies used for Western blot
were as follows: anti-pre-S1, MA18/7; anti-pre-S2, S26;
anti-HBs, A10F1, kindly provided by Professor Shern-
Chun Lee (Institute of Molecular Medicine, National Tai-
wan University Medical College, Taiwan).

Extracellular Secretion of Mutant Surface Proteins in
Culture Supernatants

For the detection of surface proteins in culture super-
natants, the supernatants were collected 48 hours after
transfection. Cell debris in the medium was removed by
centrifugation. The proteins in the culture supernatant
were collected and concentrated by the phenol-ether
precipitation for a quantitative recovery from culture su-
pernatants.?® The Huh7 cells were then transfected with
p(BA)SAg and a B-galactosidase control plasmid. The
amounts of surface proteins in culture supernatants were
quantified by using the enzyme-linked immunosorbent
assay (ELISA) kit (Abott, Abott Park, IL). The superna-
tants were diluted to keep the amount of HBsAg within the
linear range of the assay and the result values were then
normalized to B-galactosidase activity. All transfections
and quantitations were repeated independently at least
three times.

Pon-A-Inducible Expression of the Cloned Pre-S
Mutants

Construction of an Inducible Gene Expression
System

The pre-S/S region (BstEll/EcoRV fragment) of the pre-
vious constructs were blunt-end ligated into the EcoRV
predigested pEGSH vector, which was an insect hor-
mone analog system (Stratagene, La Jolla, CA) contain-
ing ponasterone A (pon-A)-controlling elements. These
constructs were then co-transfected with vector pERV3
into Huh7 cells, and stable clones were selected by using
G418 and hygromycin B. The expression levels of mutant
surface antigens were assayed by reverse transcriptase
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(RT)-PCR with the defined pre-S primers 20 hours after
pon-A induction.

Assay of ER Stress Signals
ER Stress Signals on Inducible Huh7 Cells

Total RNAs were extracted from cells under 8 umol/L
of pon-A induction with REzol C&T (PROtech Technology,
Taipei, Taiwan). Cells treated with 2 mg/ml of Brefeldin A
(Sigma) as positive control of ER stress induction. Two ug
of total RNA were analyzed through a 1% MOPS/formal-
dehyde gel (1xX MOPS, 0.45 mol/L formaldehyde), fol-
lowed by transfer to nylon membrane. For hybridization,
biotin-labeled DNA probes were used for detection. The
probe for pre-S1 gene was PCR product-amplified from
the p(3A)SAg plasmid. The probes for ER stress signal
genes GRP78 and GRP94 were RT-PCR products ampli-
fied by specific primers as follows: GRP78 sense primer
5'-TCCTATGTCGCCTTCACTCC-3’, GRP78 anti-sense
primer 5’-GTTTTGCAGCTTTTCTCCAATC-3’, the GRP94
sense primer 5'-TCTCTCGTGTGTTTCTTCTTTC-3’,
GRP94 anti-sense primer 5'-GTTTGCAGTTTTCTC-
CAATC-3'. These gene transcripts were detected by
using the RNADetector Northern blotting Kit (Kirkeg-
gard & Perry Laboratories, Inc., Gaithersburg MD). The
expression levels of genes were expressed and nor-
malized by that of GAPDH mRNA. For detection of
PERK expression and JNK phosphorylation, polyclonal
goat anti-PERK antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) and mouse monoclonal phospho-JNK
antibody (Santa Cruz) were used. The actin expres-
sion, as an internal control of protein loading, was
detected by mouse monoclonal antibody (Santa Cruz).

ER Stress Signals on Hepatocytes in Liver Tissue

To analyze the ER stress, the expression of GRP78 was
performed on the LCM-harvested type | and type Il GGHs
and HBs-negative hepatocytes. RNA extraction from the
LCM-harvested hepatocytes was done according to the
manufacturer’'s instruction (Arcturus). The expression
level of GRP78 was assayed by RT-PCR as described
above.

Results

Liver Histology and HBsAg Immunostaining of
GGHs

Table 1 summarizes the status of HBsAg, liver histology,
and the presence of GGHs in the eight surgically re-
sected specimens. The nonneoplastic livers showed
chronic active hepatitis in two cases, chronic active hep-
atitis with early cirrhosis in three cases, and inactive
cirrhosis in three cases.

Morphologically, GGHs were characterized by a ho-
mogeneous glassy cytoplasm comparable to the window
glass with a granular surface appearance. Type | GGH
had an eccentric nucleus and a finely granular, faintly
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Table 1. Liver Histology and Pre-S Mutants Isolated from Laser Capture Microdissection (LCM)-Harvested Liver Samples in Six
HBsAg-Seropositive and Two Seronegative Cases with Hepatocellular Carcinoma

Case no. Liver histology Serum HBsAg Types of GGHs No. of samples No. of clones Types of pre-S deletion mutants

1 CAH - ND
2 Cirrhosis - ND
3 Early cirrhosis + N
|
Il
4 Early cirrhosis + N
|
Il
5 Cirrhosis + N
|
Il
6 Cirrhosis + N
|
Il
7 CAH + N
|
8 Early cirrhosis + N

3 0

3 0

3 1 WT

3 4 A3040~3111 (x2), A3041~3097,
wWT

2 3 A3218~53, Ad~57, WT

5 2 WT

1 2 A3040~3111, WT

2 3 A4~57(x2), WT

4 2 WT

3 4 A3040~3111 (x2), A2950~3090,
WT

2 3 A2~55 (x2), WT

5 2 WT

2 2 A3040~3111, WT

3 4 A2~55(x2), A3~56, WT

4 2 WT

2 1 A3040~3111, WT

3 1 WT

The samples were taken from nontumorous parts of the liver specimens. The numbers and types of pre-S clones identified were shown.
CAH, chronic active hepatitis; ND, not detectable; GGH, ground glass hepatocyte; N, negative for GGH, |, type | GGH; Il, type Il GGH; WT, wild-

type pre-S gene.

eosinophilic inclusion-like appearance (Figure 1A) and
could be identified in five of six HBsAg-seropositive
cases. Type | GGHs usually scattered singly throughout
the liver lobules. Type Il GGHs were characterized by the
clustering distribution of GGHs and the submembranous
or marginal localization of glassy substance (Figure 1B)
and were recognized in four of six HBsAg-seropositive
cases.

Immunohistochemically, type | GGHs were immuno-
stained strongly positive for pre-S1 or large S (Figure 1C)
and small or major S (Figure 1G). The immunostaining
intensity for middle S antigen is relatively weak (Figure
1E). Type Il GGHs showed a marginal expression pattern
of pre-S1 and small surface proteins (Figure 1, D and H).
Notably, the middle S or pre-S2 protein was either absent
or only faintly detectable in type Il GGH (Figure 1F). The
co-existence of two types of GGHs on liver samples of
case 3 (Figure 11) and case 4 (Figure 1J) were shown. In
this study, type Il GGHs consistently occurred in large
clusters with enhanced accumulation of surface proteins
at the periphery or margin of hepatocytes, much distinct
from that of type | GGHs. No GGHs could be detected in
one HBsAg-seropositive (case 8) and two seronegative
specimens (cases 1 and 2).

Type I and Type Il GGHs Contained Different
Pre-S Mutants with Deletions on Pre-S1 and
Pre-S2 Regions, Respectively

As shown in Table 1, a total of 50 samples were LCM-
harvested from the eight specimens: 11 from type | GGHs
(cases 3to0 7), 9 from type Il GGHs (cases 3to 6), and 24
from hepatocytes without HBsAg in the six HBsAg-sero-
positive cases. An additional six samples from HBsAg-
seronegative cases (cases 1 and 2) were included for
controls. The pre-S sequences were amplified and se-

quenced by the defined primers. In the 11 samples of
type | GGHSs, 13 distinct bands were identified. Nine of
them harbored deletions over pre-S1 regions (3040 to
3111 in seven, 3041 to 3097 in one, 2950 to 3090 in one)
(Figure 2), while four bands belonged to wild type. In the
nine samples obtained from type Il GGHs, 13 bands were
identified. Nine of them revealed deletions over pre-S2
regions (3218 to 53 in one, 2 to 55 in four, 3 to 56 in one,
and 4 to 57 in three). Among the deletion mutants at
nucleotides 2 to 55 and nucleotides 4 to 57, an additional
point mutation (ATG/ATA) was observed at the start
codon of middle surface gene. In the 24 samples har-
vested from hepatocytes without the expression of
HBsAg in the six HBsAg-seropositive specimens (cases
3 to 8), 10 bands could be detected and all 10 bands
belonged to wild-type pre-S. It is interesting to note that
wild-type pre-S gene co-existed with deletion mutants in
eight samples, either in type | or type Il GGHs. Notably,
multiple point mutations over the pre-S gene were noted
in wild-type bands without deletions (Table 1). Three
mutation hotspots on S region at codon 45 (S—T), codon
113 (T—A), and codon 143 (A—T) were detected in all
samples (data not shown). No PCR products could be
detected in the six HBsAg-seronegative samples from
cases 1 and 2.

Synthesis, Expression, and Secretion of the
Cloned Pre-S Mutants in Huh7

Construction of the Cloned Mutants

The plasmid p(3A)SAg, which harbors a large S pro-
moter, was used as an expression vector. Two deletions
over pre-S1 region (A1, nucleotides 3040 to 3111) and
pre-S2 region (A2, nucleotides 2 to 55) were further
cloned and analyzed (Figure 3A).
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Figure 1. The histology and expression patterns of surface antigens in two
distinct types (type I and type II) of GGHs. Sequential sections for H&E
histology and immunostaining studies on the nontumorous part of a HBsAg-
positive liver specimen. Histology of type I (A) and type II (B) GGHs. Type
I GGHs (arrows) have an inclusion-like glassy appearance and usually
scatter singly, whereas type II GGHs usually cluster in groups. Immunostain-
ing with anti-pre-S1 antibody (C and D) revealed an intense staining for both
types of GGHs. The immunostaining of anti-pre-S2 antibody revealed a weak
staining for type I GGHs (E) but negligible or absent for type II GGHs (F).
The immunostaining intensity for S was strong for both types of GGHs (G
and H) and could delineate better the different morphology of GGHs. The
tissue distributions of both types of GGHs in liver of case 3 (I) and case 4 (J)
were shown. Original magnifications: X400 (A=H); X100 (I, J).
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Western Blot Analysis of Surface Protein Synthesis
by the Cloned Mutants

The synthesis of surface proteins by the cloned mu-
tants was further analyzed by Western blot analysis (Fig-
ure 3B). Two distinct bands could be identified by anti-
pre-S1 antibody, corresponding to the unglycosylated
39-kd and glycosylated 42-kd major surface proteins
(P39 and gp42). The intracellular expression of large
surface protein was ~40% higher in levels in both dele-
tion mutants than that of the wild-type clone whereas the
molecular sizes were smaller for A1 and A2 mutants
because of the deletion of pre-S regions. An 80% de-
crease of pre-S2 or middle surface protein was observed
for A1 as assayed by pre-S2-specific antibody, whereas
no middle surface protein could be detected for A2-
transfected cells because of the presence of a point
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Figure 2. The pre-S mutant clones obtained from laser capture dissection-
harvested liver samples. A: Maps of wild-type § gene. The number shown
above the map indicates the nucleotide site of the defined genome. The
hatched boxes indicate two CD8 T-cell epitopes. B: The pre-S deletion
mutants isolated from type I and type II GGHs are shown. Three different
deletion clones were isolated from type I GGHs in cases 3 to 7 (nucleotides
3040 to 3111, 3041 to 3097, 2950 to 3090). Most of mutant clones isolated
from type I GGHs had pre-S1 deletion, mainly over nucleotides 3040 to 3111.
Four deletion mutants in pre-S2 region were isolated from type IT GGHs. The
deletion regions ranged from nucleotides 2 to 55, 3 to 56, 4 to 57, and 3218
to 53 in pre-S2 region with or without point mutation (arrowhead) (ATG to
ATA) at the start codon of middle S gene. Type I deletion mutant (nucleotides
3040 to 3111, A1) and type II deletion mutant (nucleotides 4 to 57, A2) were
further subcloned into p(3A)SAg expression plasmid as described in Mate-
rials and Methods. Several mutation hotspots were shown in the map (ar-
row). The solid boxes indicate the deletion sites.

mutation at the start codon of middle S gene. With A10F1
antibody, the small surface protein could be recognized
as two distinct bands as p24 and gp27. A 16% decrease
for A1 and a 25% decrease for A2 of small surface protein

A B wr a1 a2z cw
Pre-S81 Pre-52 5 CDB Teell apitope
P = EESSEE o
WT él TR U‘f
854 211 155 " [
A1 i xmﬁn!l : AT
— Tip24
VATGIATA A . ] opa7ip2
A2 T i m—
285 P WT a1 A2 Ctrl
: Bgps2
4 Op3e
C : ! E E
g0 ' .
gim [ S gpis
< 80 "= g i Dlgpa3
E = [~ r| A2 § [} — E— T
0 | ‘ i i ' Bgp?
0 Cirl L
1 Op24
€ 0 = L — 5 5 p

Figure 3. Synthesis and secretion of surface proteins by wild-type and
mutant constructs on Huh7 cells. A: The representative constructs of wild-
type (WT), A1, and A2 deletion. B: Western blot analysis of the intracellular
large, middle, and small surface proteins. Protein lysates were harvested in 48
hours after transfection and resolved on SDS-PAGE followed by antibody
hybridization. The top panels labeled by gp42/p39 represent glycosylated
and unglycosylated large surface proteins detected by anti-pre-S1 antibody,
MA18/7. The relative amount of large surface protein for pre-S mutants is
~40% higher than the wild type. The middle panels labeled by gp36/gp33
represent glycosylated, middle surface proteins detected by anti-pre-S2 an-
tibody. The bottom panels represent small surface proteins (gp27/p24). The
relative amounts of each study were shown below. C: Relative extracellular
secretion of HBsAg by the cloned wild-type and mutant constructs. The
culture medium was collected 48 hours after transfection and the superna-
tants containing HBsAg were assayed by enzyme-linked immunosorbent
assay test. The relative amounts of HBsAg secretion between different ex-
pression clones are shown.
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Figure 4. Immunohistochemical staining of pre-S1, pre-S2, and S proteins in wild-type and mutant pre-S-transfected cell lines. Huh7 cells were first seeded on
chamber slides and incubated at 37°C overnight. After transient transfection of p(3A)SAg wild-type (WT), Al, and A2 plasmids, the slides were stained with
monoclonal antibodies against pre-S1 (A, D, G), pre-S2 (B, E, H), and small S (C, F, D). Wild-type construct expressed a diffused pattern for large, middle, and
small surface proteins (A=C), whereas A1 construct expressed a high intensity of large and small surface proteins but a relatively weak expression of middle
surface protein, which is similar to the observation on tissue studies (Figure 1E). The A2 mutant construct expressed a distinct blot-like pattern with enhanced
expression at the margin or periphery of the hepatocytes. No middle surface protein was detectable (H). Original magnifications, X400.

expression were observed. The data represented a neg-
ative effect of pre-S deletions on the synthesis of small
surface protein.

The Secretion of Surface Proteins Was Affected by
the Pre-S Deletions

The secretion of surface proteins was observed to
decrease 48 hours after transfection. We monitored the
HBsAg secretion by enzyme-linked immunosorbent as-
say assay. As shown in Figure 3C, A2 showed a 50%
decrease of HBsAg secretion. This phenomenon could
result from the decrease of both middle and small surface
proteins as shown in Western blot assay. Construct A1
also revealed a 22% decrease of HBsAg secretion, prob-
ably because of the shortage of the synthesis and secre-
tion of middle surface protein. Such results were consis-
tent in three repeated experiments.

Based on the intracellular synthesis and extracellular
secretion of surface antigens by the mutant pre-S genes,

it is concluded that the deletions over pre-S regions
decreased the synthesis and secretion of small and mid-
dle surface proteins, leading to the intracellular retention
of large surface protein because the secretion of large
surface antigens requires an excess of small surface
antigen in normal conditions of HBV assembly and se-
cretion.

The Pre-S1 and Pre-S2 Mutant Transfectants
Showed a Similar Pattern to Type | and Type Il GGHs,
Respectively

Cells transfected with wild-type constructs showed a
diffuse cytoplasmic expression of large, middle, and
small surface proteins (Figure 4, A to C). A relatively
strong intensity was observed for A1 mutant-transfected
cells and the distribution of surface proteins was globular
or like an inclusion body in the cytoplasm (Figure 4, D to
F), simulating the expression pattern of type | GGH in liver
tissues (Figure 1, C and G). The immunostaining intensity



for pre-S2 was relatively weak, as compared to that of
anti-pre-S1 and anti-S antibodies in A1-transfected cells.
The results for A2-transfected cells were much different
from that of wild-type and A1 constructs. The expressions
of pre-S1 and small surface antigens showed a blot-like
or marginal expression pattern (Figure 4, G to I). No
pre-S2 expression was observed for A2 constructs. The
results are consistent with the data in Western blot anal-
ysis described above. By immunostaining of the ER
marker calregulin, the surface proteins were confirmed to
co-localize with calregulin in ER, similar to that observed
in liver tissues (data not shown).

ER Stress Responses Induced by the Pre-S
Mutants

The expression of mutant pre-S antigens and ER stress
signals in the pon-A-inducible system was analyzed by
RT-PCR and Northern blot hybridization. Pon-A induced
the surface protein expression in a dosage-dependent
manner (data not shown). The treatment with pon-A at 8
umol/L induced a subpeak level of surface gene expres-
sion comparable in intensity to that in liver tissues and it
was therefore used throughout this study (Figure 5A).
Cells treated with 2 ng/ml of Brefeldin A were used as a
positive control for ER stress induction. The ER stress
signal gene GRP78 was highly induced with Brefeldin A
treatment, whereas the induction of GRP94 was relatively
mild (Figure 5A). As compared to wild type, A1 showed
an obviously enhanced expression level of GRP78 and
GRP94 (sixfold and twofold, respectively). The A2 mutant
showed a comparable but slightly weak level of GRP78
as compared to A1, whereas the induction of GRP94 was
much weaker.

We next examined the possible activation of PERK and
JNK by the pre-S mutants using Western blot assay (Fig-
ure 5B). Both A1 and A2 showed enhanced, but not
significant, expression of PERK as compared to the con-
trol and wild-type constructs. However, the induction of
JNK activation by pre-S mutants, especially for pre-S1, is
particularly remarkable.

To compare ER stress signals in type | and type |l
GGHs in liver tissues, we next analyzed the GRP78 gene
expression level in GGHs. Of all the cases we have
checked from the LCM-harvested samples, the GRP78
expression was significantly higher in both type | and
type Il GGHs as compared to HBs-negative hepatocytes
(Figure 5C). These data indicated that GGHs in liver
tissues also revealed increased ER stress.

Discussion

Recent studies have demonstrated the prevalence of
pre-S mutants in patients with chronic HBV infection and
hepatocellular carcinoma.'®2227:28 With the application
of LCM, we demonstrated for the first time that different
type GGHSs harbor specific pre-S deletion mutants. Type
| GGHs consistently harbored mutant large surface pro-
teins with deletions over the pre-S1 region (A1), whereas
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Figure 5. Inducible expression of pre-S mutants and ER stress signals. A:
Northern blot analysis of two ER stress genes GRP78 and GRP94 initiated by
the wild-type and mutant pre-S genes. Cells were treated with 8 wmol/L of
ponA for 20 hours, RNAs were then harvested for Northern analysis. Tran-
scriptional activation of ER stress genes (GRP78 and GRP94) by mutant pre-S
genes was observed. Cells treated with 2 pg/ml of Brefeldin A were used as
positive control of ER stress induction. Ctrl represents vector control. GAPDH
was used as the internal loading control. The level of gene expression was
measured by a densitometer and is shown at the right. B: Western blot
analysis to demonstrate the expression of PERK and activation of JNK by
wild-type and mutant pre-S constructs. Large surface proteins (LHBs) were
detected by MA18/7 antibody. PERK expression was analyzed by goat poly-
clonal anti-PERK antibody. Activation of JNK was determined by the detec-
tion of phosphorylated JNK (p-JNK). Actin was used as the internal control of
protein loads. The protein expression was quantitated by a densitometer and
is shown at the right. A dramatic increase of the JNK activation was dem-
onstrated for both pre-S mutants, particularly for pre-S1. C: GRP78 expres-
sion on GGHs. LCM-harvested samples were next used for RT-PCR analysis
of GRP78 gene expression. The GRP78 expression levels were normalized
with actin expression and compared to GRP78 expression of Huh7 cells.

type Il GGHs contained mutants with deletions over the
pre-S2 region (A2). These results are consistent, al-
though with minor variations, in 50 samples obtained from
eight different specimens. It is unlikely to be nonspecific
or artificial. The observation was further supported by the
in vitro transfection studies in Huh7, which revealed an
expression pattern simulating that of type | and type |l
GGHs in liver tissues. Because there exists more than two
types of GGHs,'° additional studies are needed to clarify
whether all types of GGHs contain specific pre-S or S
mutants. In consistence with previous studies, '® the sur-
face proteins in both types of pre-S mutants are localized
in ER as observed by confocal microscopy, although
their morphology is remarkably different.
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The pre-S deletion mutants have been shown to be
competent for HBV replication although some of them
may lose the ability of viral secretion and subsequently
result in the accumulation of replicative intermediates in
the cytoplasm.?®?82° Qur previous demonstration of
pre-S mutants in serum of patients with chronic HBV
infection supports the competence of these mutants in
HBV replication and secretion.?? The sequence between
amino acids 3 and 77 in the pre-S1 region is involved in
virion secretion in the infection step.3° Because the de-
letion site of A1 (amino acids 63 to 86) partially overlaps
with the defined region, type | GGHs will have a mild
defect of HBsAg secretion. Besides, the pre-S region
involves the binding sites for transcriptional factors. The
deletion of these regions will therefore totally or partially
remove binding sites of these transcription factors and
affect the synthesis of middle and small surface pro-
teins.'®2° Moreover, the A2 mutant combines a point
mutation over the pre-S2 start codon (ATG—ATA), which
will abrogate the synthesis of middle surface protein. The
pre-S deletion mutants will therefore lead to a decreased
synthesis of middle and small surface proteins, as dem-
onstrated in this study. Because the secretion of large
surface protein can only be accomplished in the pres-
ence of excess amounts of small and middle surface
proteins,'®'” the reduced synthesis of middle and small
surface proteins in A1 and A2 will reasonably result in the
entrapping of large surface protein in the cytoplasm and
result in the formation of GGHs.®"3?

The occurrence of different pre-S mutants or GGHs at
different replicative stages may represent the emergence
of immune escape mutants during the longtime evolution
of chronic HBV infection. Various viral and bacterial
pathogens can manipulate ER function to escape im-
mune surveillance. Adenovirus E3-19K protein resides in
the ER, where it binds to MHC class | molecules, thereby
preventing their transport to the cell surface and inducing
an ER overload response.®® Human herpesvirus gene
products can block peptide translocation by TAP on ER
membrane, whereas Epstein-Barr virus protein EBNA 1
can block peptide degradation by the proteasome.®*
Therefore, the modulation of ER function may become an
important strategy for the immune escape in virus infec-
tion.®**> The ER retention of pre-S mutants may repre-
sent a potential mechanism of immune evasion adopted
by HBV proteins. Besides the ER retention mechanism
described above, the deletion over the pre-S2 region in
type Il GGH may lose the HLA-restricted cytotoxic T cell
epitope and constitutes one alternative mechanism of
immune escape in persons with specific HLA haplo-
types.®®738 |t is interesting to note that the GGHs harbor-
ing pre-S2 deletion mutants consistently occur at the late
replicative phase. By this sense, the emergence of
pre-S2 mutant in type || GGHs may escape the immune
surveillance and persist to replicate in cirrhotic lesions
during chronic HBV infection.°~*"

Besides the interference of immune surveillance, the
ER retention of mutant pre-S proteins may induce un-
folded protein response and activate ER stress and other
cellular signals, including apoptosis,*? activation of tran-
scription factor nuclear factor-«B,** and lipogenic

genes.** Some ER transmembrane protein kinases (IRE1
and PERK) have been implicated as proximal effectors of
the mammalian unfolded protein response,*>¢ protect-
ing cells from stress-induced apoptosis. Recent studies
also show that the unfolded proteins in ER could activate
JNKs by a mammalian homologue of yeast IRE1%7. In this
study, we demonstrated the induction of ER stress by the
retention of mutant pre-S proteins in ER, as revealed by
the enhanced expression and activation of GRP78/94,
PERK, and JNK in a pon-A inducible expression system.
To further confirm the ER stress condition did exist in
GGHs, we have checked GRP78 mRNA expression on
both types of GGHs in our liver samples. It revealed again
that the expression level of GRP78 was increased in
GGHs as compared to HBs-negative hepatocytes. Of
particular importance is the dramatic activation of the ER
stress signal JNK by pre-S mutants, much stronger for
pre-S mutants than controls or wild-type surface protein.
Whether the activation of JNK by pre-S mutants will lead
to apoptosis or other biological effects remains to be
clarified.

It is interesting to note, however, that there exist differ-
ent regulations of ER stress signals by specific pre-S
mutants, suggesting that different type GGHs may exhibit
differential biological activities. The existence of differen-
tial biological activities of these pre-S mutants can be
further reflected by the different distribution pattern of
GGHs in liver tissues at different replicative stages. Re-
cently, the large surface protein and a C-terminally trun-
cated middle surface protein (MHBs') have been recog-
nized as transactivators that share the same mechanism
for transcriptional activation.*®4° This group of activators
can trigger a protein kinase C (PKC)-dependent activa-
tion of the c-Raf-1/MAP1-kinase signal cascade, resulting
in an activation of transcription factors such as AP-1 and
nuclear factor-kB. The functional activity of these activa-
tors is dependent on the cytoplasmic orientation of the
pre-S2 region, which is also related to their intracellular
retention.>® Whether the pre-S deletion mutants identified
in this study may affect the protein folding and induce the
same signaling pathway remains to be further character-
ized.

In conclusion, the virological and biological features of
GGHs in chronic HBV infection are unraveled in this
study. Different types of GGHs contain specific pre-S
mutants that may represent an evolution of the immune
escape variants with the replicative stages of chronic
HBV infection. The retention of pre-S mutants in ER may
disrupt the immune surveillance and in turn initiate ER
stress signals, leading to differential biological effects.
The relationship between GGHSs, particularly for type Il
GGHs, and HBV-related tumorigenesis remains to be
investigated.
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