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The identification of cellular proteins that interact with the human immunodeficiency virus type 1
(HIV-1) long terminal repeat (LTR) provides a basic understanding of HIV-1 gene expression, which
is the major determinant regulating virus replication. We show that ZBRK1 negatively regulates the
HIV-1 LTR. Ectopic expression of ZBRK1 represses transcriptional activity of the HIV-1 LTR, whereas
the depletion of endogenous ZBRK1 leads to activation of the HIV-1 LTR. The repressor activity of
ZBRK1 is required for TRIM28 binding. Furthermore, ZBRK1 is bound to the HIV-1 LTR in vivo. These

results indicate that ZBRK1 could be involved in a potent intrinsic antiretroviral defense.
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1. Introduction

The binding of host factors to long terminal repeats (LTRs) of
proviral DNA tightly regulates retroviral gene expression. Recent
reports have shown that TRIM28 (tripartite motif-containing pro-
tein 28; also known as KRAB-associated protein 1 (KAP1)), a
well-characterized transcriptional repressor, suppresses endoge-
nous retroviruses by recruiting the H3K9 methyltransferases ESET
(also called SETDB1 or KMT1E) and heterochromatin protein 1
(HP1) in mouse ES cells [1-2]. Exogenous retroviruses, such as
moloney murine leukemia virus (M-MLV), are also silenced by
TRIM28 in ES cells [3]. TRIM28-mediated gene-specific transcrip-
tional repression requires a Kriippel-associated box (KRAB)-zinc
finger protein, such as ZFP809, to directly recognize integrated vir-
al DNA [4]. Allouch et al. have proposed that TRIM28 inhibits HIV-1
replication by suppressing IN acetylation during integration [5].

KRAB-zinc finger proteins have the potential to regulate HIV-1
gene expression. Several groups have reported that artificially engi-
neered KRAB domain-containing zinc finger proteins that bind to
HIV-1 sequences also induce proviral silencing [6,7]. By contrast,
endogenous OTK18, which contains 13 C;H,-type zinc finger motifs
and a KRAB domain and was identified by differential display of
mRNA from HIV type 1-infected macrophages, was shown to inter-
act with and suppress the NRE within the HIV-1 LTR [8]. Thus, some
KRAB-zinc finger proteins efficiently inhibit HIV-1 replication.

ZBRK1, which is also known as KRAB-zinc finger protein, binds
to the GGGxxxCAGxxXTTT DNA recognition motif within intron 3

* Corresponding authors. Fax: +81 47 478 0407.
E-mail addresses: hironori.nishitsuji@it-chiba.ac.jp (H. Nishitsuji), hiroshi.takaku
@it-chiba.ac.jp (H. Takaku).

of the DNA damage-responsive gene GADD45 following cellular
DNA damage. Previously, breast cancer susceptibility genel
(BRCA1), which has been shown to interact physiologically with
ZBRK1 [9], was identified through large-scale screening as a host
factor for HIV-1 replication [10].

ZBRK1 has been implicated in the tumorigenesis of several hu-
man cancers. BRCA1, CtIP, and ZBRK1 form a repressor complex at
a ZBRK1 recognition site within the ANG1 promoter, and a defect
in the formation of this repressor complex de-represses ANG1
expression. This complex promotes the survival of neighboring
endothelial cells [11]. Moreover, ZBRK1 and the ATXN2 complex
regulate SCA2 gene transcription and have been linked to cellular
RNA metabolism and endocytotic processes.

We report here the molecular characterization of ZBRK1-
mediated HIV-1 LTR repression. ZBRK1 acts as a transcriptional
repressor of the HIV-1 LTR in a TRIM28-dependent manner. These
data shed further light on the mechanistic role of ZBRK1 in HIV-1
gene expression.

2. Materials and methods
2.1. Plasmids

The details of the plasmid constructs used in this study are pro-
vided in the Supplementary Materials and methods section.

2.2. Preparation of lentiviral vectors

293T cells (1 x 10%) were plated in 60-mm dishes and
co-transfected with the appropriate lentiviral-shRNA expression

0014-5793/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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vector (1.6 nug), the vesicular stomatitis virus G expression vector
pMD.G (0.5 ug), the rev expression vector pRSV-Rev (0.5 ug), and
the gag-pol expression vector pMDLg/pRRE (1.2 ug) using Lipofect-
amine 2000 (Invitrogen). At 48 h post-transfection, the culture
supernatants were harvested and filtered through 0.45-um pore
size filters.

2.3. CHIP assay

The CHIP assay was performed using the ChIP-IT Express kit
according to the manufacturer's recommendations (Active Motif,
Carlsbad, California, USA). Briefly, 293T LTR-Luc cells (5 x 10°)
were plated in 100-mm dishes, washed with phosphate-buffered
saline, and treated with 1% formaldehyde for 10 min. After the
reaction was quenched with 0.1 M glycine, the cross-linked mate-
rial was sonicated for ten pulses of 20 s each, with a 30-s rest on ice
between each pulse. Immunoprecipitations were performed with
protein G magnetic beads and 5 pg of either the control antibody
or the anti-ZBRK1 antibody. The chromatin solution was pre-
cleared by adding protein G magnetic beads for 2 h at 4 °C. The pro-
tein G magnetic beads were blocked with 1 pg/ul of salmon sperm
DNA and 1 pg/ul of bovine serum albumin overnight at 4 °C and
then incubated with the chromatin and antibody for 2 h. The
immunoprecipitated material was washed 3 times with the wash
buffer. The cross-linking was reversed by incubating the samples
for 5 h at 65 °C in 200 mM NaCl with 10 pg of RNase A to eliminate
any RNA. The recovered material was treated with proteinase K
and extracted using the Wizard SV Gel PCR Clean-Up System (Pro-
mega). The DNA was analyzed by quantitative PCR with StepOne
(Applied Biosystems) and the following primers: 5-TGA CCT TIG
GAT GGT GCT TC-3’ and 5'-TCC ACA CTA ATA CTT CTC CC-3".

2.4. Immunoprecipitation

293T cells were transfected with 0.5 pg of pNFLAG-ZBRK1 or
PNFLAG-ZBRK1-DV12,13AA using Lipofectamine 2000. At 48 h
post-transfection, the transfected cells were harvested and sus-
pended in 0.5ml of lysis buffer (20mM Tris-HCl, pH 7.5;
250 mM NaCl; 1 mM EDTA; 5% glycerol; 1% Triton X-100). The cell
lysates were centrifuged at 15,000xg for 20 min at 4 °C. The super-
natants were incubated with 1 pg of anti-TRIM28 antibody and
40 ul of protein G-magnetic beads for 2 h at 4 °C. The beads were
washed with PBS containing 0.02% Triton X-100. The immunocom-
plex was eluted by boiling with 20 pl of 5x sample buffer and was
analyzed by SDS-PAGE and Western blotting.

2.5. MAGI assay

MAGI cells were plated in 96-well plates at 1 x 10* cells per
well in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum. The next day, the cells were infected with dilutions of the
virus in a total volume of 50 ul in the presence of 20 ug/ml of
DEAE-dextran for 2 h. At 2 days post-infection, the cells were fixed
with 100 pl of fixative (1% formaldehyde/0.2% glutaraldehyde in
PBS) at room temperature for 5 min and then washed twice with
PBS. The cells were incubated with 100 pl of staining solution
(4mM potassium ferrocyanide, 4 mM potassium ferricyanide,
2 mM MgCl,, and 0.4 mg/ml X-Gal) for 50 min at 37 °C. The reac-
tion was halted by removing the staining solution, and the blue
cells were then counted using a microscope.

2.6. Real-time RT-PCR
Total RNA was extracted from shControl- or shZBRK1-trans-

duced cells using RNeasy Mini kits (Qiagen), and cDNA was
prepared with Revatra Ace (Toyobo) using oligo(dT) primers.

Quantitative real-time PCR was performed with the Power SYBR
Green PCR Master Mix (Applied Biosystems), and fluorescent
signals were analyzed with the StepOne RT-PCR system (Applied
Biosystems). The PCR primer pairs used were as follows: ZBRK1-
F, 5'-AGA AAC AAG AGG CAG CCA AG-3'; ZBRK1-R, 5-GGC TGT
CCC ACA AGG ACT AC-3’; beta-actin-F, 5'-GTA CCA CTG GCA TCG
TGA TGG ACT-3’; and beta-actin-R, 5-CCG CTC ATT GCC AAT GGT
GAT-3'.

2.7. Luciferase assay

The details of the luciferase assay are provided in the
Supplementary Materials and methods section.

2.8. Measurement of HIV-1 p24 antigen

The details of the measurement of the p24 antigen are provided
in the Supplementary Materials and methods section.

2.9. Electrophoresis mobility shift assay (EMSA)

The details of the EMSA are provided in the Supplementary
Materials and methods section.

3. Results and discussion
3.1. ZBRK1 suppresses HIV-1 LTR promoter activity

We initially determined whether ZBRK1 could inhibit HIV-1 LTR
promoter activity. To do this, we co-transfected 293T cells with the
ZBRK1 expression vector and the HIV-1 LTR-driven luciferase re-
porter plasmid. Ectopic expression of ZBRK1 reduced the luciferase
activity (Fig. 1A). Additionally, ZBRK1 reduced the LTR-driven lucif-
erase mRNA level (Fig. 1B). To investigate whether ZBRK1 could re-
press full-length HIV-1 transcription, the viral titer of an HIV-1
molecular clone (NL4-3) produced from 293T cells expressing
ZBRK1 was determined in MAGI cells. We observed that expression
of ZBRK1 significantly reduced the viral titer (Fig. 1C). Moreover,
we determined whether ZBRK1 could affect p24 antigen expres-
sion, which would result in a loss of viral titer. The expression of
ZBRK1 resulted in a decrease in HIV-1 p24 antigen production in
intracellular and culture supernatants (Fig. 1D). These results sug-
gest that ZBRK1 represses not only the HIV-1 LTR-driven luciferase
reporter plasmid but also full-length HIV-1 transcription. Next, to
evaluate the function of ZBRK1 in chromatin-mediated repression
of the HIV-1 LTR, we ectopically expressed ZBRK1 in Hela cells
containing an integrated LTR-luciferase reporter gene (Hela-
LTR-Luc). We then expressed HIV-1 Tat in HeLa-LTR~Luc cells, as
these cells have a low basal level of luciferase activity. Expression
of ZBRK1 in HeLa-LTR-Luc cells reduced the level of luciferase
activity (Fig. 1E, left). To ensure that the effect observed was not
due to ZBRK1-mediated suppression of Tat gene transcription, we
analyzed Tat expression by Western blotting and found that ZBRK1
had no effect on the Tat expression level (Fig. 1E, right). This result
demonstrates that ZBRK1 plays a significant role in chromatin-
mediated repression of the HIV-1 LTR. To investigate the function
of endogenous ZBRK1 in transcriptional repression of the LTR, we
utilized a lentiviral vector encoding an shRNA corresponding to
the ZBRK1 sequence. The expression level of endogenous ZBRK1
was reduced upon introduction of the shZBRK1-expressing lentiv-
iral vector in 293T cells, as measured by qRT-PCR (Fig. 1F). The
knockdown of ZBRK1 expression enhanced the transcriptional
activity of the LTR (Fig. 1G). To further confirm the effect of endog-
enous ZBRK1 in HIV-1-integrated cells, 293T cells were infected
with an HIVyi43.1uc pseudotyped virus and then transduced with
the shControl or shZBRK1 vectors. ZBRK1 knockdown significantly
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Fig. 1. ZBRK1 inhibits HIV-1 LTR-driven transcription. (A) 293T cells were transfected with 1 ng of pLTR-Luc, 1 ng of pCMV-Renilla-Luc and 200 ng of pNFLAG or pNFLAG-
ZBRK1. At 48 h post-transfection, the levels of luciferase gene expression were determined by measuring the luciferase activity. Firefly luciferase activity was normalized to
Renilla Iuciferase activity. (B) 293T cells were transfected with 200 ng of pNFLAG or pNFLAG-ZBRK1 along with 5 ng of pLTR-Luc. At 48 h post-transfection, the levels of
luciferase mRNA were determined by gRT-PCR. Quantification of the beta-actin gene was performed as an internal control to correct for sample-to-sample variations in mRNA
levels. (C, D) 293T cells were transfected with 200 ng of pNL4-3 and 300 ng of pNFLAG or pNFLAG-ZBRK1. At 48 h post-transfection, the virus titer (as shown, TCIDS0/ml (C))
were measured by MAGI assay. The amounts of p24 antigen in the intracellular compartments (D, left panel) and culture supernatants (D, right panel) were measured by a
chemiluminescent enzyme immunoassay (CLEIA). (E) HeLa-LTR-Luc cells were transfected with 500 ng of pCMV-Tat-V5 and 500 ng of pNFLAG or pNFLAG-ZBRK1. At 48 h
post-transfection, the cell lysates were analyzed for luciferase activity (left panel), and Tat-V5, FLAG-ZBRK1 and tubulin expression by Western blotting (right panel). (F, G)
293T cells were infected with the indicated lentiviral vectors. At 48 h post-infection, the cells were transfected with 5 ng of pLTR-Luc. At 48 h post-transfection, the levels of
ZBRK1 mRNA (F) and luciferase activity (G) were determined by quantitative RT-PCR and a luciferase assay, respectively. Quantification of the beta-actin gene was performed
as an internal control to correct for sample-to-sample variations in mRNA levels. (H) The pseudotyped virus was generated by co-transfection of 293T cells with 1 pg of the
pNLIucAenv and 1 pg of pMD.G. The culture supernatants were harvested at 48 h post-transfection and filtered through 0.45-um pore size filters. 293T cells were infected
with VSV-G pseudotyped NL-Luc [12]. At 1 h post-infection, 293T cells were infected with the lentiviral vectors expressing shControl or shZBRK1. At 48 h post-shRNA
transduction, the levels of luciferase gene expression were determined by measuring luciferase activity. (1) MT-4 cells were infected with the lentiviral vectors expressing
shControl or shZBRK1. At 5 days post-infection, the cells were infected with 2 ng of NL4-3 p24. Virus replication was monitored every 3 days after infection by measuring p24
viral antigen in the culture supernatant. The results are representative of three independent experiments, and error bars show the standard deviation of the mean values.
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induced HIV-1 gene expression in the HIV-1-integrated cells
(Fig. 1H). To evaluate the effect of ZBRK1 in T cells, MT-4 cells were
transduced with the control or ZBRK1-specific shRNA vectors and
then infected with HIV-1. Virus replication was monitored by mea-
suring the production of p24 in the supernatant every 3 days post-
infection. The depletion of ZBRK1 in MT-4 cells conferred a 2-fold
enhancement on HIV-1 replication at 6 and 9 days post-infection
(Fig. 11). These results suggest that ZBRK1 inhibits HIV-1 gene
expression through transcriptional repression of the LTR.

3.2. Identification of potential ZBRK1 response elements in the HIV-1
LTR

To determine the LTR sequence responsible for the suppressive
function of ZBRK1, we generated deletion mutants of the LTR
(Fig. 2A). The expression of ZBRK1 repressed transcription from
the —335 to +282 LTR segment (Fig. 2C), the —~245 to +282 LTR seg-
ment (Fig. 2D), and the full-length LTR (Fig. 2B). By contrast, repres-
sion of the LTR by ZBRK1 was abolished by the deletion of LTR
sequences corresponding to —454 to —107 (Fig. 2E). These results
suggest that the —454 to —107 region within the LTR contains

3565

essential elements for transcriptional repression by ZBRK1. To
further define the ZBRK1-responsive region of the LTR, we con-
structed several more precise deletion mutants of the LTR
(Fig. S1A). Similar to the wild type LTR, transcription from the LTR
deletion corresponding to —205 to —146 was decreased by expres-
sion of ZBRK1 (Fig. S1B). However, deletion of the LTR corresponding
to —145 to —126 partially impaired the suppressive effect of ZBRK1.
These results indicate that the —145 to —126 rejoin of the LTR is a
candidate for transcriptional repression by the ZBRK1.

A previous study has shown that transcriptional silencing of the
HIV-1 LTR by HP1-gamma requires Sp-1, P-TEFb (which leads to
the phosphorylation of RNA polymerase IICTD by recruiting HIV-
1 Tat to the TAR) and PCAF (which is known to possess histone
acetyl transferase activity) [13].

To further determine the role of cis-elements of the LTR in ZBRK1
repression, we introduced mutations into the NF-xB or Sp-1 binding
sites of the LTR. However, mutations of the NF-xB and Sp-1 binding
sites within the LTR did not affect ZBRK1 repression (Fig. 2F and G).
In addition, HIV-1 Tat was also not required for the repressive activ-
ity of ZBRK1 (Fig. 2H). These results suggest that ZBRK1 directly re-
presses transcriptional activity of the HIV-1 LTR.
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Fig. 2. The region of ZBRK1 responsible for transcriptional repression of the HIV-1 LTR. (A) A schematic representation of HIV-1 LTR-driven expression of firefly luciferase, The
numbers are relative to the transcription start site nucleotide +1. (B-G) 293T cells were transfected with 1 ng of pCMV-Renilla-Luc and 200 ng of pNFLAG or pNFLAG-ZBRK1
along with 5 ng of pLTR-Luc (B) or its corresponding mutants (C-G). The luciferase assay was performed as described in Fig. 1A. (H) 293T cells were transfected with 1 ng of
pCMV-Renilla-Luc, 5 ng of pLTR-Luc and 100 ng of pCMV-Tat along with 200 ng of pNFLAG or pNFLAG-ZBRK1. The luciferase assay was performed as described in Fig. 1A. The
results are representative of three independent experiments, and error bars show the standard deviation of the mean values.
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3.3. Transcriptional repression of the HIV-1 LTR by ZBRK1 requires cant effect on the ZBRK1-mediated repression of LTR transcription
TRIM28 (Fig. 3C and D, 2.5-fold and 2.7-fold, respectively). By contrast, no
repressive activity of ZBRK1 was observed in the siTRIM28-trans-

KRAB-zinc finger proteins interact with TRIM28 through their duced cells (Fig. 3E). To further verify the TRIM28 requirement
KRAB box [14]. This interaction represses the target gene by for the repressive activity of ZBRK1, we introduced two substitu-
recruiting the histone methyltransferases SETDB1 and HP1 [15]. tion mutations (DV to AA) within the KRAB domain that have
To investigate the mechanism involved in ZBRK1-mediated repres- previously been shown to disrupt the repressive function of KRAB
sion of the LTR, we used siRNAs specific for TRIM28, HP1-gamma domain-containing proteins. Relative to wild-type ZBRK1,
or SETDB1 in either empty plasmid-transfected or ZBRK1 expres- ZBRK1-DV12,13AA was significantly defective in repression of
sion plasmid-transfected cells. The introduction of each specific LTR activity (Fig. 3F). Furthermore, FLAG-ZBRK1 was found to
siRNA induced the efficient knockdown of that particular protein interact with endogenous TRIM28, but this interaction was less
(Fig. 3A). The expression of ZBRK1 in siControl-transduced cells efficient with FLAG-ZBRK1-DV12,13AA (Fig. 3G). These results
conferred a 2.4-fold repression of LTR-driven transcription indicate that TRIM28 plays an essential role in the repressive
(Fig. 3B). The depletion of HP1-gamma or SETDB1 had no signifi- function of ZBRK1.
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Fig. 3. TRIM28 is required for the repressive activity of ZBRK1. (A) HelLa cells were treated with 70 nM of the indicated siRNA for 24 h, prior to transfection with 5 ng of pLTR-
Luc, 1 ng of pCMV-Renilla-Luc and 300 ng of pNFLAG or pNFLAG-ZBRK1. At 48 h post-transfection, the protein lysates were run on SDS-PAGE gels and probed for the
indicated protein. (B-E) The protein lysates in Fig. 3A were analyzed for luciferase activity. Firefly luciferase activity was normalized to Renilla luciferase activity. The values
within the graph represent the fold change of luciferase activity. (F) 293T cells were transfected with 1 ng of pCMV-Renilla-Luc and 5 ng of pLTR-Luc along with 200 ng of
pNFLAG, pNFLAG-ZBRK1 or pNFLAG-ZBRK1-DV12,13AA. The luciferase assay was performed as described in Fig. 1A. (G) 293T cells were transfected with 500 ng of pNFLAG-
ZBRK1 or pNFLAG-ZBRK1-DV12,13AA. At 48 h post-transfection, the cell lysates were immunoprecipitated using an anti-FLAG antibody, followed by Western blotting
analysis with an anti-TRIM28 antibody. The results are representative of three independent experiments, and error bars show the standard deviation of the mean values.
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Fig. 4. ZBRK1 binds to the HIV-1 LTR in vivo. (A) An EMSA was performed by using a biotin-labeled probe corresponding to the LTR sequence (—174 to —-95) and nuclear
extracts from 293T cells transfected with empty plasmid or pNFLAG-ZBRK1 in the presence of control antibody or anti-ZBRK1 antibody. (B) Chromatin immunoprecipitations
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stained with SYBER Green. (C) Immunoprecipitated DNA was subjected to real-time PCR using primers specific to the U3 region of the HIV-1 LTR, as described in the materials
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TRIM28 at the LTR in ZBRK1 knockdown cells.

3.4. ZBRK1 repression is histone deacetylase-dependent

As previously described, TRIM28 interacts with Mi-2alpha and
other components of the NuRD complex. Additionally, TRIM28-
mediated silencing requires association with NuRD and HDAC activ-
ity. By contrast, trimethylation of histone H3 on lysine 9 by SETDB1
creates high-affinity genomic binding sites for the TRIM28-HP1
complex, suggesting that SETDB1 may play an important role in
TRIM28-mediated repression. However, our data indicated that
SETDB1 and HP1-gamma did not affect ZBRK1-induced repression
of LTR transcription (Fig. 3C and D).

To test whether histone deacetylases play a role in the repres-
sion of LTR activity by ZBRK1 in HeLa~LTR-Luc cells, we used the
pan-HDAC inhibitor trichostatin A (TSA). Treatment with 400 nM
of TSA significantly reversed ZBRK1-mediated repression in
HeLa-LTR-Luc cells (Fig. S2A). Moreover, the repressive activity
of ZBRK1 decreased in HDAC2-depleted cells (Fig. S2B). These
results indicate that ZBRK1-mediated suppression of LTR activity
requires HDAC2 activity.

3.5. ZBRK1 is enriched at the HIV-1 LTR

To investigate whether ZBRK1 could bind to the LTR, we per-
formed a gel mobility shift assay using nuclear extracts from 293T
cells ectopically expressing FLAG-ZBRK1. A shift of the LTR probe
corresponding to LTR sequence (—175 to —95) was observed after
incubation with nuclear extracts prepared from 293T cells transfec-
ted with empty plasmid or pNFLAG-ZBRK1 (Fig. 4A). However, a
supershift of the labeled probe could not detect in the presence of

anti-ZBRK1 antibody. This can be attributed to low levels of ZBRK1
expression in 293T cells (data not shown). In contrast, coincubation
of the nuclear extracts from 293T cells expressing FLAG-ZBRK1 with
anti-ZBRK1 antibody but not control antibody caused a supershift of
the labeled probe. These results indicated that ZBRK1 can form a
complex with HIV-1 LTR. If ZBRK1 is indeed critical for transcrip-
tional repression of the HIV-1 LTR, it should be bound to the HIV-1
LTR in vivo. To test whether the HIV-1 LTR is bound by endogenous
ZBRK1, LTR-integrated cells were analyzed by chromatin immuno-
precipitation assay (CHIP assay) using an anti-ZBRK1 antibody.
ZBRK1 enrichment was detected in the LTR (Fig. 4B). The level of
CHIP enrichment was determined by CHIP-qPCR (Fig. 4C). In parallel,
the level of binding to the housekeeping GAPDH gene was not de-
tected by ZBRK1 enrichment (data not shown). To investigate
whether ZBRK1 is required for recruitment of TRIM28 to the LTR,
ZBRK1-depleted cells were analyzed by the CHIP assay using an
anti-TRIM28 antibody. TRIM28 can bind to the LTR (Fig. 4D). More-
over, the depletion of ZBRK1 results in a 25% reduction in the level of
TRIM?28 at the LTR. These results indicate that ZBRK1 can bind to the
HIV-1 LTR and partially influence recruitment of TRIM28 to the LTR.
In conclusion, our data demonstrate that ZBRK1, in conjunction with
TRIM28 and HDAC2, suppresses HIV-1 LTR-driven gene expression.
The results of this study suggest that stimulation of KRAB-zinc finger
proteins may aid in the development of antiviral therapies.
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Novel 2’-fluoro-6'-methylene-carbocyclic adenosine (FMCA) monophosphate prodrug (FMCAP) was syn-
thesized and evaluated for its in vitro anti-HBV potency against a lamivudine-entecavir resistant clone
(L180M + M204V + S202G). FMCA demonstrated significant antiviral activity against wild-type as well
as lamivudine-entecavir resistant triple mutant (L180M + M204V + S202G). The monophosphate prodrug
(FMCAP) demonstrated greater than 12-fold (12x) increase in anti-HBV activity without increased cellu-
lar toxicity. Mitochondrial and cellular toxicity studies of FMCA indicated that there is no significant tox-
icity up to 100 pM. Mode of action studies by molecular modeling indicate that the 2'-fluoro moiety by
hydrogen bond as well as the Van der Waals interaction of the carbocyclic ring with the phenylalanine
moiety of the polymerase promote the positive binding, even in the drug-resistant mutants.

© 2012 Elsevier Ltd. All rights reserved.

The chronic HBV infection is strongly associated with liver dis-
eases like chronic hepatic insufficiency, cirrhosis and hepatocellu-
lar carcinoma (HCC).! According to the World Health Organization
(WHO), currently about 2 billion people world-wide have been in-
fected with HBV and more than 350 million live with chronic infec-
tion. Acute or chronic outcomes of HBV infection are estimated to
cause the deaths of 600,000 people worldwide every year.?

Currently, there are several nucleos(t)ide analogues available to
treat chronic hepatitis B virus infection.>® The major target of
these drugs is to inhibit the viral reverse transcriptase (RT)/DNA
polymerase, which is responsible for the synthesis of the minus-
strand DNA. Although the currently used agents are well tolerated
and effective in suppressing the viral replication for extended
periods, the significant rate of virological relapse caused by drug
resistance remains a critical issue.

Lamivudine (LVD) was first introduced as the orally active
anti-HBV agent in 1998. Lamivudine profoundly suppresses HBV
replication in patients with chronic hepatitis B infection; however,
lamivudine-resistant HBV (LVDr) was isolated from a significant
numbers of patients during the treatment with lamivudine.
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Currently, there are several antiviral options exist for these pa-
tients viz., to use adefovir or high dose (1.0 mg/day) of entecavir,
or more recently tenofovir. However, this resulted in also the
development of resistance mutants during the long term therapy.
At present, entecavir is the most prescribed drug, and is
recommended for patients with the wild-type as well as for those
harboring adefovir and lamivudine-resistant strains. However,
recent clinical studies by Tanaka and his co-workers suggested
that the entecavir mutant in the lamivudine-resistant patients
(L180M + M204V + S202G) causes a viral breakthrough: 4.9% of pa-
tients at baseline increases to 14.6%, 24% and 44.8% at weeks 48, 96
and 144, respectively.” Therefore, it is of great interest to discover
novel anti-HBV agent, which is effective against lamivudine- and
entecavir-resistant triple mutants (L180M + M204V + S202G).

The potency of a nucleos(t)ide analogue is determined by its
ability to serve as a competitive inhibitor of the HBV polymerase
relative to that of the natural substrate, the nucleotide triphos-
phate.® However, host cellular kinases limit the pharmacological
potency of nucleoside analogues by phosphorylation to their corre-
sponding triphosphates. Particularly, the initial kinase action on the
nucleoside to the monophosphate is the rate-limiting step. How-
ever, many synthetic nucleosides are not phosphorylated or the
rate of phosphorylation is very slow due to the structural require-
ment of the kinases, resulting in only generating a low quantity of
the triphosphate. To overcome this phosphorylation issue, nucleo-
side phosphoramidate prodrugs have been introduced,®® which
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Figure 1. Structures of 2’-fluoro-6'-methylene-carbocyclic adenosine (FMCA; 3)
and its prodrug (FMCAP; 4).

can bypass the rate-limiting first step of monophosphorylation.
Phosphoramidate prodrugs have demonstrated to enhance the
nucleoside potency in cell culture as well as in patients.'®!! This
methodology greatly increases the lipophilicity of the nucleotide
to increase the cell penetration as well as to target the liver cells
in vivo.

In this communication, we present that a FMCA phosphorami-
date prodrug is such an agent, which can potentially be used for
the treatment of patients who experience viral breakthrough due
to the triple mutants caused by the use of lamivudine and
entecavir.

In our previous report, we have demonstrated that the novel
carbocyclic adenosine analog 3 (FMCA Fig. 1) exhibits significant
anti-HBV activity against wild type as well as adefovir/lamivudine
resistant strains.'? The present study describes the synthesis and
antiviral evaluation of a phosphoramidate of FMCA (FMCAP),
which demonstrated the significantly improved in vitro potency.
Additionally, we studied its mechanism of action how FMCA-TP
can effectively bind to the HBV polymerase by molecular modeling
and still exerts the antiviral activity against the lamivudine-ente-
cavir triple mutant (L180M + M204V + $202G).

FMCAP (4, Scheme 1)'* was synthesized using a known method
in the literature,'*'> in which the phosphorylation of phenol with
phosphorus oxychloride generates phenyl dichlorophosphate 1,
which was coupled with i-alanine methyl ester in the presence
of tri-ethyl amine in dichloromethane to give chlorophosphorami-
date reagent 2, which, in turn, was coupled with FMCA 3 in the
presence of 1-methyl imidazole in THF to furnish the phosphoram-
idate 4 in good yield.
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Figure 2. Mitochondrial toxicity of FMCA 3, AZT and 3TC through lactate
dehydrogenase release (LDH) assay.

FMCA 3 and FMCAP 4 were evaluated in vitro against the wild-
type as well as the lamivudine-entecavir resistant clone
(L180M + S2021 + M202V). The FMCA 3 and FMCAP 4 demon-
strated significant anti-HBV activity (ECso 0.548 £0.056 &
0.062 + 0.011 uM, respectively) against the wild-type virus, while
lamivudine and entecavir also demonstrated potent anti-HBV
activity (ECso 0.056 + 0.003 & 0.008 nM, respectively) (Table 1). It
is noteworthy to mention that the anti-HBV potency of FMCAP
(4) was increased to eight-fold (8 x) in comparison to that of FMCA
3, which indicates the importance of the initial phosphorylation of
the nucleoside.

FMCA 3 and FMCAP 4 were further evaluated for their in-vitro
antiviral potency against a lamivudine—entecavir resistant clone
(L180M + M204V + S202G). It was observed that the anti-HBV po-
tency of both FMCA 3 and FMCAP 4 (ECs 0.67 & 0.054 uM, respec-
tively) were maintained against the resistant clone, and
furthermore, the anti-HBV activity of FMCAP 4 was enhanced a
12-fold (12x) with respect to that of FMCA without significant
enhancement of cellular toxicity. It was also noteworthy to men-
tion that the anti-HBV potency of entecavir against the mutant
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N
<1 )
(b) Q NTON
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. HO
o) "G 4
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Scheme 1. Reagent and conditions: (a) L-alanine methyl ester hydrochloride, EtsN, CH,Cly; (b) FMCA (3), NMI, THF, rt overnight.

Table 1
In vitro anti-HBV activity of FMCA 3, FMCAP 4, lamivudine and entecavir against wild-type and entecavir drug-resistant mutant (L180M + M204V + S202G) in Huh7 cells
Compounds HBV Strains
wild-type L180M + M204V + S202G
EC, M
ECso (uM) ECoo (HM) CCso (1M) 5o (WM)
FMCA 3 0.548 +0.056 6.0 +0.400 >300 0.67
FMCAP 4 0.062 +0.011 0.46 + 0.060 >300 0.054
Lamivudine 0.056 +0.003 0.142 £ 0.008 >300 >500'7
Entecavir 0.008 0.033 28 1.20'¢
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Figure 3. (a) FMCA-TP binding mode in ETVr (L180M + M204V + S202G); and (b) ETV-TP binding mode in ETVr (L180M + M204V + S202G) and there is a steric hindrance.
Yellow dotted lines are hydrogen bonding interactions (<2.5 A). The Van der Waals surface of L180M is colored yellow. The Van der Waals surface of M204V is shown in spring
green. The Van der Waals surface of S202G is colored orange. The exocyclic double bond is shown blue color.

Table 2

MBAE (multi-ligand bimolecular association with energetics) calculation of FMCA-TP and ETV-TP after Glide XP docking®' and energy minimization®?

Strains Compounds Energy difference results (AE, kcal/mol)
Total energy vdw? Electrostatic
Wild-type FMCA-TP —588.05 375.78 —-6341.08
ETV-TP -597.25 350.35 ~6009.65
ETVr FMCA-TP -591.54 359.91 —6245.68
(L180M + M204V + 5202G) ETV-TP -320.28 248.82 -4831.12

? Van der Waals interaction.

was reduced by 150-fold (ECse 1.2 M) in comparison to wild
type.!®

In the preliminary mitochondrial toxicity studies in HepG2 cells
by measuring the lactic dehydrogenase release,'® FMCA 3 did not
exhibit any significant toxicity up to 100 uM like lamivudine
(3TC), while azidothymidine (AZT) shows the increase of toxicity
(Fig. 2).

In our previous report, we described molecular modeling stud-
ies for favorable anti-HBV activity of FMCA-TP in wild-type as well
as in N236T adefovir resistant (ADVr) mutant.'? In the current
studies, it was of interest to know how the FMCA and its prodrug
maintain the anti-HBV activity against ETVr triple mutant
(L180M + M204V + S202G) in comparison to entecavir. Therefore,
molecular modeling studies were conducted to obtain the insight
of the molecular mechanism of FMCA-TP by using the Schrodinger
Suite modules.'® A previously described homology model was used
to further explore the impact of the ETVr to the HBV-RT.!2 The
homology model of HBV-RT was constructed based on the pub-
lished X-ray crystal structure of HIV reverse transcriptase (PDB
code: 1RTD).?®

The binding mode of FMCA-TP and ETV-TP in ETVr
(L180M + M204V + S202G) HBV-RT are depicted in Figure 3a and
b, respectively. Their MBAE (multi-ligand biomolecular association
with energetics)?? calculations of FMCA-TP (total energy, wt
—588.05 & ETVr —591.54 kcal/mol) and ETV-TP (total energy, wt
~597.25 & ETVr —320.28 kcal/mol) after glide XP (extra precision)
docking?' and energy minimization in ETVr HBV-RT are shown in

Table 2. The triphosphate of FMCA-TP forms all the network of
hydrogen bonds with the active site residues (Fig. 3a), K32, R41,
$85 & A87 in the similar manner as in wild-type,’®> whereas ETV-
TP lose the hydrogen bonding with R41 & S85. The y-phosphate
of FMCA-TP maintains a critical H-bonding with the OH of S85 with
connection of hydrogen bonds between S85 and N236 in ETVr
HBV-RT also. However, y-phosphate ETV-TP does not maintain this
critical H-bonding with S85 and N236 (Fig. 3b).

The carbocyclic ring with an exocyclic double bond of FMCA-TP
and ETV-TP makes the favorable Van der Waals interaction with
F88 in ETVr HBV-RT (Fig. 3a and b). There is no steric clash in be-
tween exocyclic double bond of FMCA-TP and M204V residue,
whereas ETV-TP exocyclic double bond has steric clash with
M204V residue in ETVr HBV-RT. The 2’-fluorine substituent in
the carbocyclic ring of FMCA-TP appears to promote an additional
binding with the NH of R41 guanidino group as shown in Figure 3a,
which is in agreement with the antiviral activity of FMCA-TP
shown in Table 1. Overall, the modeling studies can qualitatively
explain the favorable anti-HBV activity of FMCA-TP against ETVr
mutant (L180M + M204V + S202G) in comparison to entecavir as
shown in Table 1.

In conclusion, 2’-fluoro-6'-methylene-carbocyclic adenosine
phosphoramidate prodrug (FMCAP) was synthesized, which dem-
onstrated the significantly increased anti-HBV potency relative to
the parent compound, FMCA in vitro. Molecular modeling studies
delineated the mechanism of FMCA-TP and how it can effectively
bind to the lamivudine-entecavir resistant triple mutant resulting
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in maintaining the anti-HBV activity against the mutant. Further-
more, FMCA has been studied for the release of lactic dehydroge-
nase for potential mitochondrial toxicity and found that no
significant increase of toxicity of FMCA compared with other com-
monly used anti-HIV nucleoside drugs. Very recently, a preliminary
in vivo study in chimeric mice harboring the triple mutant, FMCAP
was found to reduce HBV viral load while entecavir did not (data
not shown). In view of these promising anti-HBV activities and
non-toxicity of FMCAP as well as the interesting mechanism of
antiviral activity, the chiral synthesis of FMCAP and its mitochon-
drial toxicity studies for preclinical investigation are warranted.
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Introduction

Hepatocellular carcinoma (HCC) reveals a very high mortality
rate that is ranked the third among all cancers in the world [1].
HCC is known to develop in a multistep process which has been
related to various risk factors such as genetic factors, environment
toxins, alcohol and drug abuse, autoimmune disorders, elevated
hepatic iron levels, obesity, and hepatotropic viral infections [2].
Among them, chronic infection with hepatitis B virus (HBV) is one
of the major etiological factors for developing HCC with
considerable regional variations ranging from 20% of HCC cases
in Japan to 65% in China [3].

Interestingly, clinical outcome after the exposure to HBV
considerably varies between individuals. The great majority of
individuals infected with HBV spontaneously eliminate the viruses,
but a subset of patients show the persistent chronic hepatitis B
infection (CHB), and then progresses to liver cirrhosis and HCC
through a complex interplay between multiple genetic and

PLOS ONE | www.plosone.org

environmental factors [4]. In this regard, genome wide association
studies (GWAS) using single nucleotide polymorphisms (SNPs)
have highlighted the importance of genetic factors in the
pathogenesis of various diseases including CHB as well as HBV-
induced HCC [5,6,7,8,9,10,11,12,13]. Recently, we identified a
genctic variant located at 4.7 kb upstrcam of the MHC class 1
polypeptide-related chain A (MICA) gene to be strongly associated with
hepatitis C virus (HCV) -induced HCC development [14].
MICA is highly expressed on viral-infected cells or cancer cells,
and acts as ligand for NKG2D to activate antitumor effects of
Natural killer (NK) cells and CD8" T cells [15,16]. Our previous
results indicated that a G allele of SNP 152596542 was significantly
associated with the Jower cancer risk and the higher level of soluble
MICA (sMICA) in the serum of HCV-induced HCC patients,
demonstrating the possible role of MICA as a tumor suppressor.
However, elevation of serum sMICA was shown to be associated
with poor prognosis in various cancer patients [17,18,19,20].
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Matrix metalloproteinases (MMPs) can cleave MICA at a
transmembrane domain [21] and release sMICA proteins from
cells. Since sMICA was shown to inhibit the antitumor effects of
NK cells and CD8" T cells by reduction of their affinity to binding
to target cells [22,23], the effect of MICA in cancer cells would be
modulated by the expression of MMPs. To elucidate the role of
MICA in HBV-induced hepatocellular carcinogenesis, we here
report analysis of the MICA polymorphism and serum sMICA
level in HBV-induced HCC cases.

Materials and Methods

Study participants

The demographic details of study participants are summarized
in Table 1. A total of 181 HCC cases, 597 CHB patients, and
4,549 non-HBV controls were obtained from BioBank Japan that
was initiated in 2003 with the funding from the Ministry of
Education, Culture, Sports, Science and Technology, Japan [24].
In the Biobank Japan Project, DNA and serum of patients with 47
diseases were collected through collaborating network of 66
hospitals throughout Japan. List of participating hospitals is shown
in  the following  website  (http://biobankjp.org/plan/
member_hospital.html). A total of 226 HCC cases, 102 CHB
patients, and 174 healthy controls were additionally obtained from
the University of Tokyo. The diagnosis of chronic hepatitis B was
conducted on the basis of HBsAg-seropositivity and elevated
serum aminotransferase levels for more than six months according
to the guideline for diagnosis and treatment of chronic hepatitis
(The Japan Society of Hepatology, http://www.jsh.or.jp/
medical/gudelines/index.html). Control Japanese DNA samples
(n=934) were obtained from Osaka-Midosuji Rotary Club,
Osaka, Japan. All HCC patients were histopathologically
diagnosed. Overall survival was defined as the time from blood
sampling for sMICA test to the date of death due to HCC. Patients
who were alive on the date of last follow-up were censored on that
date. All participants provided written informed consent. This
rescarch project was approved by the ethics committee of the
University of Tokyo and the ethics committee of RIKEN. All
clinical assessments and specimen collections were conducted
according to Declaration of Helsinki principles.

SNP genotyping

Genotyping platforms used in this study were shown in Table 1.
We genotyped 181 HCC cases and 5,483 non-HBV control
samples using either lumina Human Hap610-Quad or Human
Hap350v3. The other samples were genotyped at SNP rs2596542

Table 1. Demographic details of subjects analyzed.

MICA and HBV-Induced Hepatocellular Carcinoma

by the Invader assay system (Third Wave Technologies, Madison,
WI).

MICA variable number tandem repeat (VNTR) locus
genotyping

Genotyping of the MICA VNTR locus in 176 HBV-induced
HCC samples was performed using the primers reported
previously by the method recommended by Applied Biosystems
(Foster City, CA) [14]. Briefly, the 5’ end of forward primer was
labeled with 6-FAM, and reverse primer was modified with
GTGTCTT non-random sequence at the 5’ end to promote Plus
A addition. The PCR products were mixed with Hi-Di
Formamide and GeneScan-600 LIZ size standard, and separated
by GeneScan system on a 3730x] DNA analyzer (Applied
Biosystems, Foster City, CA). GencMapper software (Applied
Biosystems, Foster City, CA) was employed to assign the repeat
fragment size (Figure S1).

Quantification of soluble MICA

We obtained serum samples of 111 HBV-positive HCC
samples, 129 HCV-positive HCC samples, and 60 non-HBV
controls from Biobank Japan. Soluble MICA levels were measured
by sandwich enzyme-linked immunosorbent assay, as described in
the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

Statistical analysis

The association between an SNP rs2596542 and HBV-induced
HCC was tested by Cochran-Armitage trend test. The Odds ratios
were calculated by considering a major allele as a reference.
Statistical comparisons between genotypes and sMICA levels were
performed by Kruskal-Wallis test (if more than two classes for
comparison) or Wilcoxon rank test using R. Overall survival rate
of the patients was analyzed by Kaplan-Meier method in
combination with log-rank test with SPSS 20 software. The
period for the survival analysis was calculated from the date of
blood sampling to the recorded date of death or the last follow-up
date. Differences with a P value of <0.05 were considered
statistically significant.

Results

Association of SNP rs2596542 with HBV-induced HCC

In order to examine the effect of rs2596542 genotypes on the
susceptibility to HBV-induced HCC, a total of 407 HCC cases
and 5,657 healthy controls were genotyped. The Cochran
Armitage trend test of the data revealed a nominal association

Invader assay

. Unsversuty of Toky

Subjects Source Genotyping platform Number of Sample Female (%) Age (mean+/—sd)
Liver Cancer = = 'BloBank Japan : illlumi'na"l'-l’uman kHa:p'kt’51kO'-Qﬁad : 1:81, S . o790 = 52.94£‘9;42 )
o University of Tokyo Invader assay o ’ 226 . k
Control : kBuoBank Japan - Illumlna Human Hap550v3 4549 4795 ' 55,19112.5“; o
o ’ Osaka** k k Hlumina Human Hap550v3 934 k
s r5|ty of Tokyo o :Invader assay o : 174 o 1
Chranic aepatitis B* ’ BloBank Japan Invader assay k 61.31%£12.6

45.66

**Healthy volunteers from Osaka Midosuji Rotary Club, Osaka, Japan.
doi:10.1371/journal.pone.0044743.t001

PLOS ONE | www.plosone.org

*Chronic hepatitis B patients without liver cirrhosis and liver cancer during enroliment.
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between HBV-induced HCC and rs2596542 in which a risk allele
G was more frequent among HBV-induced HCC cases than an A
allele (P=0.029, OR=1.19, 95% CI: 1.02-1.4; Table 2). To
further investigate the effect of rs2596542 on the progression from
CHB to HBV-induced HCC, we genotyped a total of 699 CHB
cases without HCC. Although the progression risk from CHB to
HBV-induced HCC was not statistically significant with
rs2596542 (P=0.197 by the Cochran Armitage trend test with
an allelic OR = 1.3 (0.94—1.36); Table 2), we found a similar trend
of association in which the frequency of a risk-allele G was higher
among HBV-induced HCC patients than that of CHB subjects.
Since we previously revealed that an A allele was associated with a
higher risk of HCV-induced HCC with OR of 1.36 [14], the
52596542 alleles that increased the risk of HCC were opposite in
HBV-induced HCC and HCV-induced HCC.

Soluble MICA levels are associated with SNP rs2596542

We subsequently performed measurement of soluble MICA
(sMICA) in serum samples using the ELISA method in 176 HBV-
positive HCC cases and 60 non-HBV controls. Nearly 30% of the
HBV-induced HCC cases revealed the serum sMICA level of
>5 pg/ml (defined as high) while the all control individuals except
one showed that of =5 pg/ml (defined as low) (P=4.5x10"%
Figure 1A). Then, wec cxamined correlation between SNP
32596542 genotypes and serum sMICA levels in HBV-positive
HCC cases. Interestingly, rs2596542 genotypes were significantly
associated with serum sMICA levels (P = 0.009; Figure 1B); 39% of
individuals with the GG genotype and 20% of those with the AG
genotype were classified as high for serum sMICA, but only 11%
of those with the AA genotype were classified as high (AA+AG vs
GG; P=0.003) (Figure 1B). These findings were similar with our
previous reports in which a G allele was associated with higher
serum sMICA levels in HCV-induced HCC patients [14].

Negative association of variable number of tandem
repeat (VNTR) with sMICA level

The MICA gene harbors a VN'TR locus in exon 5 that consists
of 4, 5, 6, or 9 repeats of GCT as well as a G nucleotide insertion
into a five-repeat allele (referred as A4, A5, A6, A9, and A5.1,
respectively). The insertion of G (A5.1) causes a premature
translation termination and results in loss of a transmembrane
domain, which may produce the shorter form of the MICA
protein that is likely be secreted into serum (25]. However, the
association of this VNTR locus with serum sMICA level was
controversial among studies [14,26,27,28]. Therefore, we exam-
ined the association between the VNTR locus and sMICA level in
HBV-induced HCC patients, and found no significant association
(Figure S1 and S2), concordant with our previous report for HCV-
induced HCC patients [14].

Table 2. Association between HCC and rs2596542.

MICA and HBV-Induced Hepatocellular Carcinoma

Soluble MICA levels are associated with survival of HCC.
patients

In order to evaluate the prognostic significance of serum sMICA
levels in HCC patients, we performed survival analysis of HCC
patients. A total of 111 HBV-infected HCC patients and 129
HCV-infected HCC patients were included in this analysis. The
mean survival period for HBV- and HCV-infected patients with
less than 5 pg/ml of serum sMICA were 67.1 months (95% CI:
61.1-73.1, n=283), and 58.2 months (95% CI: 51.4-65.0, n = 85),
respectively. On the other hand, for patients with more than 5 pg/
ml of serum sMICA, the mean survival periods were 47.8 months
(95% CIL: 34.8-30.9, n = 28) for HBV-induced HCC patients and
59.5 months (95% CIL: 51.9-67.1, n = 44) for HCV-induced HCC
patients. The Kaplan-Maier analysis and log-rank test indicated
that among HBV-induced HCC subjects, the patients in the high
serum sMICA group showed a significantly shorter survival than
those in the low serum sMICA (P =0.008; Figure 2). In addition,
we performed multi-variate analysis to test whether sSMICA is an
independent prognostic factor by including age and gender as
covariates. The results revealed significant association of sMICA
levels with overall survival (P =0.017) but not with age and gender
(Table S1).However, we found no association between the serum
sMICA level and the overall survival in the HCV-induced HCC
subjects (P = 0.414; Figure S3). Taken together, our findings imply
the distinct roles of the MICA variation and sMICA between
HBV- and HCV-induced hepatocellular carcinogenesis.

Vascular invasion in HBV-related HCC patients is
associated with soluble MICA levels

Since sMICA levels were associated with the overall survival of
HBV-rclated HCC patients, we tested whether sMICA levels
affect survival through modulating invasive properties of tumors or
size of the tumors. We tested the association between sMICA
levels and vascular invasion in 35 HBV-related HCC cases, among
whom 7 cases were positive and 21 cases were negative for
vascular invasion. We found significant association between
sMICA levels and vascular invasion (Figure 3; P =0.014) in which
7 cases with positive vascular invasion showed high levels of
sMICA (mean=54 pg/ml) than 21 cases without vascular
invasion {mean = 7.5] pg/ml). However, we found no association
between tumor size and sMICA levels (P = 0.56; data not shown).
These results suggest that sMICA may reduce the survival of
HBV-related HCC patients by affecting the invasive propertics of
tumors.

Discussion

Several mechanisms such as HBV-genome integration into host
chromosomal DNA [29] and effects of viral proteins including
HBx [30] are shown to contribute to development and progression
of HCC, while the immune cells such as NK and T cells function
as key antiviral and antitumor effectors. MICA protein has been

SNP Comparison Chr Locus Case MAF  Control MAF pP* OR* 95% CI
a2 HCCws eahyconwol 6 WA o o032 oms 1o ozi4
1s2596542 HCC vs. CHB 6 MICA 0.294 0.320 0.197 113 0.94-1.36

*Obtained by Armitage trend test.
doi:10.1371/journal.pone.0044743.t002
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Note: 407 HCC cases, 699 CHB subjects and 5,657 non-HBV controls were used in the analysis.
Chr.,chromosome; MAF, minor allele frequency; OR, odds ratio for minor allele; Cl, confidence interval.

September 2012 | Volume 7 | Issue 9 | e44743



MICA and HBV-Induced Hepatoceliular Carcinoma

Kruskal-wallis test ; P = 0.009

S A
o P=4.5x10% 9 °
o
]
=3 ¢ °
o
0y o
o
o
—_— [=]
€ S .
E ’ e
& o -
8 £
- =
o
S
o o
§ ° o o
e o
i : :
o
! ’ g §
Healthy HBV-induced HCC AA AG GG
Mean=9.59  Mean=54.09 Mean=18.44 Mean=89.38 Mean= 33.54
N=60 N=176 N=18 N=69 N=89

Figure 1. Soluble MICA levels are associated with HBV-related HCC. (A) Correlation between soluble MICA levels and HBV-induced HCC
subjects. The y-axis displays the concentration of soluble MICA in pg/ml. The number of independent samples tested in each group is shown in the x-
axis. Each group is shown as a box plot and the mean values are shown in the x-axis. The difference between two groups is tested by Wilcoxon rank
test. The box plots are plotted using default settings in R. (B) Correlation between soluble MICA levels and rs2596542 genotype in HBV-positive HCC
subjects. The x-axis shows the genotypes at rs2596542 and y-axis display the concentration of soluble MICA in pg/ml. Each group is shown as a box
plot. P=0.027 and 0.013 for AA vs. GG and AA vs. AG, respectively. The association between genotypes and sMICA levels was tested by Kruskal-wallis
test, whereas the difference in the sMICA levels between AA and GG is tested by Wilcoxon rank test. The box plots are plotted using default settings
in R.

doi:10.1371/journal.pone.0044743.g001

considered as a stress marker of gastrointestinal epithelial cells we examined the association of rs2396542 and serum sMICA
because of its induced expression by several external stimuli such levels with HBV-induced HCC. Like in HCV-induced HCC [14],
as heat, DNA damage, and viral infections [31,32,33,34]. Here, our results from ELISA revealed a significantly higher proportion
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Figure 2. Kaplan-Meier curves of the patients with HBV-  vascular invasion in HBV-induced HCC subjects. The y-axis
induced HCC. The patients were divided into two groups according displays the concentration of soluble MICA in pg/ml. The number of
to their sMICA concentration (high: >5 pg/ml and low: =<5 pg/ml). independent samples tested in each group is shown in the x-axis. Each
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of high serum sMICA cases (nearly 30%) in the HBV-induced
HCC group, compared to non-HBV individuals (1.7%). More-
over, the serum sMICA level was significantly associated with
rs2596542, but not with the copy number differences of the
VNTR locus, as concordant with our previous report [14].

Several studies have already indicated the roles of sMICA as
prognostic markers for different types of malignant discases
[17,18,19,20]. Therefore, it is of medical importance to test
whether serum sMICA levels can be used as a prognostic marker
for patients with HCC. To our best knowledge, this is the first
study to demonstrate the prognostic potential of sMICA for HBV-
positive HCC: patients; we found 19.3 months of improvement in
survival among patients carrying less than 5 pg/ml of serum
sMICA, compared to those having more than 5 pg/ml.

On the contrary, we found no significant correlation between
sMICA levels and the prognosis of HCV-induced HCC cascs.
These opposite effects of MICA variation could be explained by the
following mechanism. The individuals who carry the G allele
would express high levels of membrane-bound MICA upon HCV
infection and thus lead to the activation of immune cells against
virus infected cells. On one hand, HBV infection results in
increased expression of membrane-bound MICA as well as MMPs
through viral protein HBx [35], which would result in the
clevation of sMICA and the reduction of membrane-bound
MICA. Since sMICA could block CD8+T cells, NK-CTL, and
NK cells, higher sMICA would cause the inactivation of immune
surveillance system against HBV infected cells. In other words,
HBYV may use this strategy to evade immune response and hence,
higher levels of sMICA could be associated with lower survival rate
among HBV-associated HCC. On the other hand, since HCV is
not known to induce the cleavage of membrane bound MICA,
individuals with low level membrane bound MICA expression
(carriers of 132596542-allele A) could be inherently susceptible for
HCV-induced HCC. Thus, HBx-medicated induction of MMPs
could partially explain the intriguing contradictory effect of MICA
between HBV-induced HCC and HCV-induced HCC. Since we
observed significant correlation of sMICA levels with vascular
invasion, it may be the casc that high levels of sMICA cause poor
prognosis of HBV-related HCC cases by making tumors more
aggressive and invasive. However it is important in future to
determine the ratio of membrane-bound MICA to sMICA in case
of HCV- and HBV-related HCC.

Interestingly, the immune therapy against melanoma patients
induced the production of auto-antibodies against MICA [36].
Anti-MICA antibodies would exert antitumor effects through
antibody-dependent cellular cytotoxicity against cells expressing
membrane-bound MICA and/or activation of NK cells by
inhibiting the sMICA-NKG2D interaction. However, further
studies are necessary, using well-defined HBV-related HCC
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cohort, to investigate whether sMICA levels could be included
as an additional factor to predict the survival rate among HBV-
related HCC subjects. Taken together, our results indicate the
potential of MICA variant and sMICA as prognostic biomarkers.
Thus, MICA could be a useful therapeutic target for HBV-
induced HCC.
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ABSTRACT

The role of hepatitis B virus (HBV) genetics in the clinical manifestations of infection is being
increasingly recognized. Genotype D is one of eight currently recognized major HBV genotypes. The
virus is ubiquitous worldwide, but shows different features in different regions. One hundred and
ninety-eight patients with chronic HBV infection were enrolled in this study, 38 of whom had been
diagnosed with cirrhosis of the liver and/or hepatocellular carcinoma. HBV DNA was isolated from the
patients' blood samples and the entire genome and/or the basal core promoter/core promoter region
sequenced. Phylogenetic analysis of the complete genomes revealed that subgenotype D1 is the most
prevalent subgenotype in Turkey, but there was no definite phylogenetic grouping according to
geography for isolates from different regions within Turkey, or for isolates in Turkey relative to other
parts of the world. Turkish isolates tended to be genetically similar to European and central Asian
isolates, Overall, HBV-infection in Turkey appears to be characterized by early HBeAg seroconversion, a
high incidence of the A1896 core promoter mutation and a small viral load. Genotype D characteristic
mutations A1757 and T1764/G1766 were found in the BCP region. T1773 was associated with T1764/
G1766 and a larger viral load. In conclusion, infection with HBV genotype D in Turkey has a similar
clinical outcome to that of Europe and central Asia. Genotypic mutations in genotype D may be linked
with disease prognosis in Turkey, but further studies with higher sample numbers and balanced clinical
groups are needed to confirm this.

Key words basal core promoter, genotype D, hepatitis B virus, Turkey.

Hepatitis B virus infection is a global public health ~ HCC (1, 2). An accumulating body of evidence indicates
problem, affecting more than 350 million people  thatthe viral genotype (3, 4) and specific mutations in the
worldwide. The clinical manifestations of this infection  viral genome (5, 6) are important viral factors contribut-
vary greatly and include acute self-limiting disease, an  ing to the development of HCC. The main eight
inactive carrier state and CH with progression to LCand  genotypes of HBV (A-H) have been identified based
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HBV infection in Turkey

on comparison of complete genomes, most genotypes
having a distinct geographic distribution (7). There are
some indications of correlations between HBV genotypes
and clinical manifestations of this infection; one study
showing that HBV genotype D is more strongly
associated with severe liver disease and HCC than is
genotype A (8). However, other studies found no
association between genotype and clinical manifestations
of this infection (9, 10). Specific mutations in the HBV
genome reportedly affect both translation of the HBeAg
and replication of HBV, thereby influencing the clinical
manifestations of HBV infection and contributing to
development of HCC (11, 12).

The aim of the current study was to investigate the
distribution of HBV genotypes and subgenotypes in
chronic hepatitis B patients in different regions of Turkey
and to compare these distributions with those of HBV
genotypes from other parts of the world. Our aim was to
make it possible to draw inferences about disease
transmission within Turkey, and between Turkey and
other countries. This topic is particularly interesting,
given Turkey's location at the crossroads of Europe and
Asia. We also investigated the prevalence of BCP/CP
mutations in patients with and without LC and/or HCC.

MATERIALS AND METHODS
Patients

In all, 198 patients with CHB were enrolled in the study.
All were attendees at four clinical centers in geographi-
cally distinct parts of Turkey, namely Samsun (north),
Ankara (center), Gaziantep (south) and Istanbul (west).
The patients' ages ranged from 16 to 73 years. In 38 of the
patients, LC or HCC had been diagnosed before
enrollment (Table 1).

Diagnoses based on HBsAg seropositivity for longer
than 6 months, clinical findings and liver biopsies were
used to classify the patients into two clinical groups: (i) CH
patients with persistently high serum ALT concentrations
but no evidence of LC or HCC; and (ii) LC and/or HCC
patients (hereafter referred to as LC/HCC patients) with
clinical evidence of cirrhosis (e.g., coarse liver architecture,
nodular liver surface and blunt liver edge) based on

Table 1. Summary of samples collected

City (location) N (%)

Samsun (north) 63 (31.8)
Ankara (center) 76 (38.4)
Gaziantep (south) 20 (10.1)
Istanbul (west) 39 (19.7)
Total 198 (100)

© 2012 The Societies and Wiley Publishing Asia Pty Ltd

evidence of hypersplenism (e.g., splenomegaly demon-
strated by ultrasonography or computed tomography and
platelet counts of < 100,000 platelets mm?) and comple-
mentary clinical information (e.g., ascites, jaundice,
encephalopathy or esophageal varices), and/or HCC
diagnosed on the basis of results of imaging studies
together with high serum AFP concentrations (> 400 ng/
mL). Sera were collected from each individual and stored
immediately at —70°C until use. The serological and
biochemical tests were performed at Ondokuz Mayis
University (Kurupelit, Turkey). Molecular analyses were
performed at the Department of Virology, Liver Unit,
Nagoya City, University Graduate School of Medical
Science, Nagoya, Japan. The study was approved by the
Ethics Committee of the School of Medicine, Ondokuz
Mayis University. Informed consent was obtained from all
subjects and the study was conducted in accordance with
the declaration of Helsinki (as revised in Tokyo 2004).

Serological analysis

Hepatitis B surface antigen, anti-HBs, HBeAg, anti-HBe,
anti-HBc IgG, anti-Delta, and anti-HCV in patient serum
samples were detected by ARCHITECT (Abbott Diag-
nostics, Lake Forest, IL, USA). Biochemical markers,
including concentrations of anti-HCV, HBeAg, TP, Alb,
Glob, PT-INR, AST, ALT, y-GTP, ALP, TB, DB, and HBV
DNA and PLT counts in all samples were measured at the
local hospitals.

Genotyping of hepatitis B virus

Hepatitis B surface antigen-positive samples were sub-
jected to HBV genotyping using commercially available
EIA kits (Institute of Immunology, Tokyo, Japan). This
method allows discrimination among the seven major
HBV genotypes (A-G) by monoclonal antibodies
targeted to the pre-S2 epitopes (2). HBV genotype H
was not determined in this study because the EIA kit is
unable to identify it.

Sequencing and phylogenetic analysis

Nucleic acids were extracted from 100 pL of serum using a
QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany). Complete genomes were amplified using
primer sets as described previously (13). Partial HBV
genomes were also amplified in enhancer Il/core promoter
and precore regions as described previously (13).

PCR products were directly sequenced with the ABI
PRISM BigDye v3.1 kit (Applied Biosystems, Foster City,
CA, USA) on an ABI 3100 DNA automated sequencer. All
sequences were analyzed in both forward and reverse
directions. Complete and partial genomes were assembled
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