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human 7P53 gene Table2 Incidence of colonic tumors observed in IL-10-~AID*/+ and
1 50 100 150 200 250 300 350 393 IL-10~"-AID""~ mice
codon number | I I T ] ) I T 1 IL-10--AID+/+ IL-10--AID~-
structure DNA-binding domain __|—{Hevamer-8f (n=22) (n=23)
murine TipS3 gene Mean age (weeks) 54.5 51.2
1 50 100 150 200 250 300 350 380 Male/female 13/9 13/10
codon number 1 | I i 1 ] 1 i 1 Tumor formation
3 Adenoma 20 (90.9%) 21 (91.3%)
IL-10-AID* L H o e 0 Cecum® : 20 20
4 A4 a a Proximal colon® 1 1
Distal colon® 13 16
IL-10-+AID eEe a a Adenocarcinoma 6% (27.2%) 1* (4.3%)
Cecum® 6 0
A Trameshift Pr‘oximal colon® 0 0
™ point mutation with amino acid replacement Distal colon® 0 1

E ® point mutation withoutamino acid replacement

Figure 4 Distribution of murine Trp53 mutations found in the
cecal mucosa of IL-10-/~AID*/* ‘and IL-10~/-AID~/~ mice. Murine
p53 codon numbers are shown with equivalent human p53 domain
structure with transactivation (TAD), DNA-binding and tetra-
merization (tetramer) domains and nuclear localization signal
(NLS).

mice, 7 (58.3%) of 12 genetic changes were single-base
substitutions and 4 of these 7 alterations in the Trp53
coding sequences resulted in amino-acid replacements
with potential functional consequences. In contrast, the
mutation frequency of the Trp53 gene in the cecal
epithelial cells of IL-107/"AID~~ mice (0.71 substitu-
tions per 10* nucleotides) was significantly lower than
that of IL-107/"AID*/* mice (P<0.05, Table 1). On the
other hand, the Apc, Ctnnbl and Kras genes did not
have remarkable numbers of nucleotide alterations in
the inflamed cecal mucosa of IL-10~/~AID*/* mice, and
thus the incidence of nucleotide changes in the Apc,
Cinnbl and Kras genes was not significantly different
between IL-10-AID*/* and IL-107-AID~/~ mice
(Table 1). These findings suggest that the Trp53 gene
is a specific target gene in chronically inflamed cecal
mucosa in IL-107~ mice, and the accumulation of

genetic changes in the Trp53 gene of the inflamed

colonic mucosa was due to AID activity.

The incidence of colon cancer was reduced in IL-1071~
mice in the absence of endogenous AID

The findings that AID deficiency in IL-107/~ mice had
no significant impact on the levels of colonic inflamma-
tion but reduced the frequencies of somatic mutations in
the tumor-suppressor Trp53 gene led us to speculate that
the knockout of endogenous AID might reduce the
incidence of colonic cancer development irrespective of
ongoing colonic inflammation. Thus, we compared the
neoplastic phenotype of the IL-10~/"AID*/* mice with
that of IL-107"AID~~ mice. The frequency and
spectrum of colonic tumors that developed in IL-10~/-
AID*/* mice and IL-107/-AID/~ mice are summarized
in Table 2. Dysplastic changes in the mucosa of the large
intestine were equally observed in most of these mice.
These dysplastic lesions more frequently developed in
the cecum than in the proximal and distal colon.
Interestingly, invasive adenocarcinomas were detected
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Abbreviations: AID, activation-induced cytidine deaminase; IL-10,
interleukin-10.

*Number of animals that developed adenoma or adenocarcinoma is shown.
*P<0.05 (P-value is calculated using Fisher’s test).

Values in parentheses show percentages of animals that developed
adenoma or adenocarcinoma.

in 6 of 22 IL-107"AID*/* mice, and all the tumors
characteristically developed from the dysplastic mucosa
in the cecum (Table 2). Histopathological analysis of
colonic tumors revealed moderate to poorly differen-
tiated adenocarcinomas and invasive tumor cells beyond
the submucosa with strong B-catenin expression
(Figure 5a, Supplementary Figure 5). In contrast, IL-
10~-AID~/~ mouse developed no tumors in the inflamed
colonic mucosa except only one tumor in the distal
colon (Table 2). The colonic tumor that developed in the
IL-10--AID~~ mouse showed a trabecular pattern of
growth within the submucosa, consistent with the
morphologic appearance of well-differentiated adeno-
carcinoma (Figure 5b). These findings suggest that the
upregulation of endogenous AID in the cecal mucosa
driven by the inflammatory response contributes to the
development of colonic cancers.

Discussion

The causal association between colonic inflammation
and carcinogenesis is now well recognized (Eaden et al.,
2001; Podolsky, 2002). A recent genetic-linkage analysis
of patients with IBD revealed that loss-of function
mutations in genes encoding the IL-10 receptor proteins
are associated with severe, early-onset enterocolitis, a
finding that underscores the pivotal role of IL-10 in
mediating the signals that control inflammation in the
human gut (Glocker et al., 2009). Consistent with' the
clinical finding, 2 mouse model with targeted disruption
of the IL-10 gene invariably develops enterocolitis that
eventually progresses to colon cancer under conven-
tional housing conditions; this mouse model is thus
extremely useful as a disease model of human IBD
(Kuhn et al., 1993; Berg et al., 1996; Sturlan et al., 2001).
In the present study, expression of AID was most
prominent in the inflamed cecal mucosa of IL-107/-
mice. Moreover, we demonstrated that a deficiency of
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Figure 5 Colonic adenocarcinomas developed in IL-10-/~ mice. (a) Microscopic images (hematoxylin and eosin (H&E) stain) of
adenocarcinomas developed in the cecum of the IL-10-/-AID*/* mice (i-vi). Scale bars are 500 um. (b) Microscopic images (H&E
stain) of adenocarcinoma developed in the distal colon of the IL-10~/-AID~/~ mouse (i, ii). Scale bars are 500 pm.

endogenous AID reduces the incidence of both the
accumulation of somatic mutations in the Trp53 gene
and the development of colon cancer in inflamed colonic
mucosa. In vitro, we previously demonstrated that
aberrant AID expression is induced in response to
proinflammatory cytokine stimulation, and colonic
epithelial cells underlying chronic inflammation acquire
the genetic mutations achieved by AID genotoxic
activity (Endo er al., 2008). Together, these findings
suggest that inappropriate AID expression plays a
pivotal role in the development of colorectal cancers
via the accumulation of genetic alterations in the colonic
mucosa of IBD.

We revealed here that endogenous AID is upregulated
in inflamed colonic mucosa of elder IL-10~7~ mice and
the degree of AID expression paralleled extent of
colonic inflammation. This observation is consistent
with the findings that AID protein expression was
detected in the colonic epithelium of inflammatory
lesions from patients with IBD (Endo ez al., 2008).
Colonic mucosal inflammation is usually mediated by
either an excessive Thl T-cell response associated with
increased IFN-y and IL-12 secretion or an excessive Th2
T-cell response associated with increased IL-4, IL-5 and
IL-13 secretion (Fuss et al., 1996). We previously found
that the proinflammatory cytokine TNF-o, the Th2
cytokines IL-4 and IL-13 and Thl cytokine IL-12
enhanced aberrant AID expression in cultured colonic
epithelial cells (Endo et al., 2008). On the other hand,
TNF-o expression is elevated in colonic tissues of IL-
10/~ mice (Berg et al., 1996), and colitis in IL-10~/~ mice
is predominantly mediated by Thl-type T cells with
increased production of IL-12 (Berg et. al, 1996;
Davidson et al., 1996). Consistent with these previous
findings, in the present study, blockade of the activity of
TNF-o or IL-12 suppressed AID expression in association
with reduced production of various proinflammatory
cytokines in the inflamed colonic mucosa of IL-10-/-
mice. Thus, it is reasonable to assume that cytokine
signalings, especially those mediated by TNF-o and IL-
12, contribute to aberrant AID expression in the colonic
cells of IL-10"/~ mice.

A causal relationship between colonic inflammation
and the accumulation of TP53 tumor-suppressor gene
mutations has been reported in human IBD (Yin et al.,
1993; Kern et al., 1994; Hussain et al., 2000; Leedham
et al., 2009). Alterations in the TP53 gene, a late event in
the pathogenesis of sporadic colorectal cancers, occur in
dysplastic lesions with a background of ulcerative colitis
(Yin et al., 1993; Holzmann ez al., 1998) and are likely to
proceed to dysplasia (Lashner et al., 1999). Thus, the
increased 7P53 mutation load in inflamed colonic
epithelium of patients with IBD suggests that TP33
mutations in noncancerous colon tissue of IBD patients
specifically confer susceptibility to the development of
colorectal cancers in an inflammatory microenviron-
ment (Hussain et al., 2000). In the present study, we
found that high frequencies of nucleotide alterations had
accumulated in 7rp53 gene mutation in inflamed
mucosa of IL-107-AID*/* mice. In addition, we
demonstrated that a deficiency of endogenous AID in
inflamed colonic mucosa resulted in a significantly
reduced occurrence of somatic mutations in the Trp53
genes, whereas no significant accumulation of somatic
mutations appeared in the Apc, Ctnnbl and Kras genes
in the inflamed colonic mucosa of IL-10~/-AID*/* mice
compared with IL-107/~AID/~ mice. It is unclear why
the Trp53 gene was more sensitive to AlD-mediated
genotoxic activity than the Apc, Ctnnbl and Kras genes
in colonic epithelial cells of IL-10~/~ mice. The present
findings, however, are consistent with a previous
observation that target gene selection for AID-induced
somatic mutations varies among tissues and target cells
(Morisawa et al., 2008), and AID expression in cultured
human colonic epithelial cells preferentially targets the
TP53 gene in vitro (Endo et al., 2008). On the other
hand, alterations in the 4PC and KRAS genes are also
detected in dysplastic lesions and cancer tissues that
develop in human IBD (Redston et al., 1995). Therefore,
we assume that the mutations in APC, CTNNBI, and
KRAS genes were also present, but that their frequencies
were below the detection limits of the present study.
Further comprehensive sequencing analyses are required
to determine how the AID-mediated genotoxic effects
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achieve the target gene selection and whether IL-107/~
mice and human IBD share a similar process of
mutational accumulation in tumor-related genes.

It is noteworthy that AID deficiency resulted in the
reduced incidence of colitis-associated colon cancer
development. AID deficiency caused the development
of hyperplasia of isolated lymphoid follicles associated
with an expansion of anaerobic flora in the small
intestine (Fagarasan et al., 2002; Suzuki et al., 2004). We
found no significant differences in the production levels
of inflammatory cytokines in the colonic mucosa
between the IL-107/-AID*/* and IL-107/-AID~/~ mice.
This observation might be consistent with the previous
findings that activated B cells were not the primary
mediator of inflammatory response in the colon of IL-
10~ mice, as evidenced by their ability to transfer
colitis to immunodeficient RAG2~/~ mice (Davidson
et al., 1996). In contrast to the similar levels of colonic
inflammatory activity, the incidence of colon cancers
was significantly lower in IL-107/-AID~/~ mice com-
pared with the IL-10~/~AID*/* mice harboring endo-
genous AID. It may be emphasized that expression
levels of endogenous AID in the cecal mucosa was
significantly higher than those of the remaining sites of
the colon, and all the colon cancers that developed in
IL-107-AID*/* mice were located at the cecum,
whereas none of the I1L-107/-AID~/~ mice developed
cancers in their cecum. Only one IL-10-/-AID~~ mouse
developed a tumor in the distal colon. Histological
examination indicated that this tumor had the morpho-
logic appearance of well-differentiated adenocarcinoma
located within the submucosa, whereas all the cancers
developed in IL-10~7~AID*/* mice invaded the muscu-
laris propria or adventitia with the characteristics of
moderate to poorly differentiated adenocarcinomas.
Based on the above discussion, ectopic AID expression
in the inflamed colonic mucosa is an indispensable
factor for the development of colon cancers in IL-107/~
mice.

Recent studies revealed that AID is involved in
regulating DNA methylation in certain systems (Rai
et al., 2008; Bhutani et al., 2010; Guo et al., 2011).
Moreover, infiltrating leukocytes, including B cells,
might modulate tumor cell properties via the production
of certain chemokines or cytokines (Ammirante et al.,
2010). Therefore, further studies are necessary to
examine the incidence of inflammation-associated can-
cers in mice in which AID is specifically deficient in the
epithelial cells, and to clarify whether AID has a role
in inflammation-associated tumorigenesis through the
epigenetic modification of tumor-related genes.

In conclusion, we demonstrated that the proinflam-
matory cytokine TNF-o and the Th1 cytokine IL-12 are
responsible for aberrant AID expression in the colonic
mucosa of IL-10"~ mice with chronic inflammation.
Aberrant AID expression in the inflamed colon is
associated with the accumulation of somatic mutations
in tumor-suppressor Trp53 gene, and AID deficiency
resulted in a reduced incidence of colitis-associated
colon cancers. These findings may lead to a novel
strategy for preventing carcinogenesis by targeting AID

Oncogene

irrespective of the ongoing colonic inflammation in
patients with IBD.

Materials and methods

Animal experiments

The generation of AID~~ mice was described previously
(Fagarasan et al., 2001). IL-10~/~ mice (The Jackson Labora-
tory, Bar Harbor, ME, USA) and AID~/~ mice were crossed
on.a C57BL/6 background to generate IL-10~/-AID~/~ mice.
All mice were maintained in a specific pathogen-free facility at
Kyoto University Faculty of Medicine. Cecal and colonic
epithelium was purified as follows: cecum and colon were cut
into 2.0cm long and incubated with 2mmM EDTA in Hank’s
balanced salt solution without calcium and magnesium for
10min at room temperature. Then, the tissues were tumbled
for 6min and the mucosa was selectively stripped from the
submucosa. The stripped mucosa was washed with phosphate-
buffered saline three times and the supernatant containing
floating cells and debris were discarded. The obtained
epithelial tissue samples and nonepithelial tissue samples were
frozen in liquid nitrogen for nucleotide extraction. In some
experiments, IL-10-/- mice were intraperitoneally injected with
TNF antagonist etanercept and neutralizing antibody to
murine IL-12p40 (Watanabe et al., 2006). Accordingly, 40-
week-old IL-10~/~ mice were injected with etanercept at a dose
of 3mg/kg body weight over 5 days and killed on day 12.
Other 40-week-old IL-10~/~ mice were injected with IL-12p40
mAb at a dose of 0.5mg/body weight on days 1 and 8, and
killed at day 12. All animal experiments were approved by the
ethics committee for animal experiments and performed under
the Guidelines for Animal Experiments of Kyoto University.

Histopathological and immunohistochemical analyses

The entire colon was removed and washed with phosphate
buffered saline. The cecum, the proximal colon and the distal
colon were dissected transversely and fixed in 4% (w/v)
formaldehyde. The fixed tissue was embedded in paraffin and
sectioned at 3 pm in a random manner. In particular, two types
of histological preparations were sectioned from the tissues of
the cecum. These samples were stained with hematoxylin and
eosin and analyzed histologically in a blind fashion by three
readers. Immunohistochemical staining was performed accord-
ing to a previously described protocol (Toda et al., 1999).
The polyclonal antibodies for phospho-NF-kB p65 (Ser276)
and B-catenin were purchased from Cell Signaling Technology
(Danvers, MA, USA) and BD Biosciences (Franklin Lakes,
NJ, USA), respectively.

In situ hybridization

A digoxigenin-labeled RNA probe specific for murine AID was
transcribed with digoxigenin-11-UTP according to the manu-
facturer’s instructions (Roche, Basel, Switzerland) from a 1.7-
kb complementary DNA (¢cDNA) amplified using the following
primers: 5-ATGGACAGCCTTCTGGTGATGAA-3 and
5-CTTGTTCCCAAGGTCGCAAGGAAAGG-3'. Similarly, an
RNA probe for murine villinl was transcribed from a 1.6-kb
c¢DNA amplified using the following primers: 5-TGAATGCC
CAACTCAAAGGCTCTCTC-3' and 5-ACCTCAAAAGCC
TTGGTGTTATCAGC-3. In situ hybridization was per-
formed as described previously (Nakatani ef al., 2004). The
alkaline phosphatase chromogen reaction was performed using
Fast Red (Roche) as the substrate at room temperature for



48 h. The sections were then washed with distilled water and
mounted on glass slides in mounting medium.

Semiquantitative and quantitative RT-PCR

Total RNA was extracted from the tissues using QuickGene
RNA Tissue Kit (Fuji, Tokyo, Japan). cDNA was synthesized
using Transcriptor First-Strand ¢cDNA Synthesis Kit (Roche).
PCR amplification was performed using Takara Ex Taq DNA
polymerase (Takara, Tokyo, Japan). The oligonucleotide
primers for the semiquantitative RT-PCR are shown in
Supplementary Table 1. Gene expression was quantified by
quantitative real-time RT-PCR using LightCycler 480 System
IT (Roche). The oligonucleotide primers for the quantitative
RT-PCR are shown in Supplementary Table 2. To assess the
quantity of isolated RNA as well as the efficiency of cDNA
synthesis, target cDNAs were normalized to the endogenous
mRNA levels of the housekeeping reference gene 18S rRNA
(Matsumoto et al., 2007). For simplicity, ratios are represented
as relative values compared with expression levels in lysate
from control specimens.

Subcloning and sequencing analyses of tumor-related genes
The oligonucleotide primers for the amplification of the
murine 7¥p53, Ape, Citnnbl and Kras genes are shown in
Supplementary Table 3. Amplification of targeted sequences
was performed using high-fidelity Phusion Taq Polymerase
(Finnzymes, Espoo, - Finland), and the products were sub-
cloned using pGEM-T Easy Vector Systems (Promega,
Madison, WI, USA). The resulting plasmids were subjected
to sequence analysis using Applied Biosystems 3500 Genetic
Analyzer (Life Technologies, Carlsbad, CA, USA).
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Excessive activity of apolipoprotein B mRNA editing enzyme
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lung tumorigenesis
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The number of coding sequences in the genome is limited,
but the genomic information encoded in DNA or RNA
sequences can be manipulated to produce a wide range of
expression  products in cells." Apolipoprotein B mRNA edit-
ing ‘enzyme catalytic polypeptide (APOBEC) family members
are nucleotide-editing enzymes capable “of inserting somatic
mutations in DNA and/or RNA through their cytidine deam-
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inating activity.” The APOBEC family comprises APOBECI,
-2, -34, -3B, -3C, -3DE, -3F, -3G, -3H, -4, activation-induced
cytidine deaminase (AID) in humans, and APOBECI, -2, -3,
and AID in mice, and contribute to producing various physi-
ologic outcomes by modifying target gene sequences.*™ For
example, APOBECI participates  in. lipid metabolism by
deaminating a specific cytidine to uridine in Apolipoprotein
(Apo-) B transcript sequences. The nucleotide . change
induced by APOBECI activity results in the formation of a
termination. codon in an Apo-B48 mRNA, leading to the
production of molecules about half the size of a full-length
genomically encoded Apo-B100.%” APOBEC3G is a cytidine
deaminase that induces hypermutation in viral DNA sequen-
ces and acts as a host defense factor against various viruses,
including HIV-1 and hepatitis B viruses.>'® On the other
hand, AID is expressed in germinal center B-cells and indu-
ces somatic hypermutation and class switch recombination of
the immunoglobulin genes encoded in human DNA sequen-
ces, resulting in the amplification of immune diversity.'®"”
APOBECI, APOBEC3G and AID thus create nucleotide
changes in their preferential target DNA or RNA structures.
In contrast to these APOBEC proteins, little is known about
the function and editing activity of APOBEC2. Although pre-
vious reports. indicate that murine APOBEC2 mRNA and
protein are expressed exclusively in heart and skeletal muscle,
the substrate and function of APOBEC2 and whether APO-
BEC2 has nucleotide editing activity remain unknown.'*"
Accumulating evidence suggests that excessive or aberrant
activity of APOBEC family members leads to tumorigenesis
through their nucleotide editing of tumor-related genes.



Okuyama etal.

Transgene expression of APOBECI causes dysplasia and car-
cinoma in mouse and rabbit liver due to its aberrant editing
of the eukaryotic translation initiation factor 4 gamma 2
(Eif4g2).”>*" A more striking tumor phenotype is observed in
mice with constitutive and ubiquitous AID expression. We
previously demonstrated that AID transgenic (Tg) mice
developed tumors in various organs, including liver, lung,
stomach and lymphoid organs, accompanied by the accumu-
lation of somatic mutations on several tumor-related genes
such as Tp53 and Myc>>* Interestingly, we also found that
proinflammatory cytokine stimulation induces a substantial
upregulation of APOBEC2 transcription via the activation
of the transcriptional factor nuclear factor-xB (NE-xB) in
hepatoma-derived cells, whereas only trace amounts of
endogenous APOBEC2 expression are detectable in normal
hepatocytes.® On the basis of the fact that most human
hepatocellular carcinoma (HCC) arises in the setting of
chronic liver disease with the features of chronic hepatitis or
liver cirrhosis, we hypothesized that APOBEC2 enzyme activ-
ity has a role in the accumulation of genetic alterations in
tumor-related genes under conditions of hepatic inflamma-
tion, thereby contributing to the development of HCC. In
this study, we investigated the putative nucleotide editing
ability of APOBEC2 on the host genes in hepatocytes, and its
relevance to carcinogenesis by establishing Tg mice that con-
stitutively express APOBEC2.

iaterial and Methods

APOBEC2 Tg mice

Total RNA was extracted from murine liver using Sepasol-
RNA 1 Super (Nacalai Tesque, Kyoto, Japan) according to
the manufacturer’s protocol. Complimentary DNA (cDNA)
was synthesized from total RNA with random hexamer pri-
mers using a Transcriptor First Strand ¢cDNA Synthesis Kit
(Roche, Mannheim, Germany). After amplification of the
murine APOBEC2 gene using high-fidelity Phusion Taq poly-
merase (Finnzymes, Espoo, Finland) with oligonucleotide
primers, 5-GCAGAATTCCACCATGGCTCAGAAGGAAG
AGGC-3/(forward) and 5-ACTCTCGAGCCTACTTCAGGA
TGTCTGCC-3' (reverse), murine APOBEC2 cDNA (1.2 kbp)
was cloned downstream of the chicken B-actin (CAG) pro-
moter. The purified fragment of the CAG promoter and
APOBEC2 transgene was microinjected into fertilized eggs of
the Sle:BDF1, the hybrid of C57BL/6CrSlc and DBA/2CrSle
(Japan SLC, Shizuoka, Japan), to generate APOBEC2 Tg
mice. Tg mice were maintained in specific pathogen-free con-
ditions at the Institute of Laboratory Animals of Kyoto Uni-
versity. Control mice were littermates carrying no transgene.
Tissue samples from Tg mice were removed and fixed in 4%
(w/v) formaldehyde, embedded in paraffin, stained with he-
matoxylin and eosin and examined for histologic abnormal-
ities. Tissue samples were also frozen immediately in liquid
nitrogen for nucleotide extraction. The mice received humane
care according to the “Guide for the Care and Use of Labora-
tory Animals” prepared by the National Academy of Sciences
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and published by the National Institutes of Health, USA
(NTH publication 86-23).

Quantitative real-time reverse transcription PCR

Quantitative real-time reverse-transcription polymerase chain
reaction (RT-PCR) for murine APOBECI and APOBEC2
amplification was performed using a LightCycler® 480
instrument (Roche). ¢cDNA was synthesized from 1 pg of
total RNA isolated from the cells with random hexamer pri-
mers in a total volume of 20 uL using Transcriptor First
Strand ¢cDNA Synthesis Kit (Roche). Real-time PCRs were set
up in 20 pL of FastStart Universal SYBR Green (Roche) with
the RT product and the following oligonucleotide primers:
APOBECI, 5-CGAAGCTTATTGGCCAAGGT-3' (forward)
and 5-AAGGAGATGGGGTGGTATCC-3' (reverse); APO-
BEC2, 5-CCCTTCGAGATTGTCACTGG-3' (forward) and
5'-TGTTCATCCTCCAGGTAGCC-3' (reverse). Target cDNAs
were normalized to the endogenous RNA levels of the house-
keeping reference gene for 18S ribosomal RNA (185 rRNA).*
For simplicity, the expression levels of APOBEC2 are repre-
sented as relative values compared with the control specimen
in each experiment.

Immunoblotting

Homogenates of murine specimens were diluted in 2x
sodium dodecyl sulfate sample buffer (62.5 mM Tris-HCl,
pH 6.8; 2% SDS; 5% B-mercaptoethanol; 10% glycerol, and
0.002% bromophenol blue) and boiled for 5 min. Protein
samples were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 12% (w/v) polyacrylamide gels
and subjected to immunoblotting analysis.*® A polyclonal
antibody against human and murine APOBEC2 was gener-
ated using purified recombinant APOBEC2 protein as an im-
munogen. A mouse monoclonal antibody against a-tubulin
was purchased from Calbiochem (San Diego, CA).

Cell culture and transfection

Human hepatoma-derived cell lines HepG2 and Huh7 were
maintained in Dulbecco’s modified Eagle’s medium (Gibco-
BRL) containing 10% fetal bovine serum. Trans-IT 293 trans-
fection reagent (Mirus Bio Corporation, Madison, WI) was
used for plasmid transfection. To generate stable cell lines,
pcDNA3-ERT2 was made by inserting the ERT2 fragment,
which was cut out from pERT2” with BamHI and EcoRL
pcDNA3-APO2-ERT2 was made by inserting the PCR-ampli-
fied coding sequence of human APOBEC2, which was synthe-
sized by RT-PCR with the oligonucleotide primers 5'-ATAGG
TACCATGGCCCAGAAGGAAGAGGC-3' (forward) and 5'-
ATAGGATCCAGCTTCAGGATGTCTGCCAAC-3"  (reverse),
into the Kpul-BamHI site of pcDNA3-ERT2. HepG2 cells
were transfected with a Scal-linearized pcDNA3-APO2-ERT2
vector encoding the active form of APOBEC2 fused with the
hormone-binding domain of the human estrogen receptor
(ER), designated APOBEC2-ER, and cultured in medium
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containing G418 (Roche) until colonies of stably transfected
clones arose.

Subcloning and sequencing of the target genes

The oligonucleotide primers for the amplification of the
human EIF4G2, PTEN, and TP53, and murine Eif4G2, Pten,
Bel6 and Tp53, genes are shown in Supporting Information
Table S1. Amplification of the target sequences was per-
formed using high-fidelity Phusion Taq polymerase (Finn-
zymes, Espoo, Finland), and the products were subcloned
into a pcDNA3 vector (Invitrogen, Carlsbad, CA) using
pGEM®™ T Easy Vector System (Promega, Madison, WT)
according to the manufacture’s instruction. The resulting
plasmids were subjected to sequence analysis as described.®

Results

Detection of endogenous APOBEC2 protein

expression in hepatocytes

We previously reported that transcription of APOBEC2 is
induced by the proinflammatory cytokine tumor necrosis fac-
tor (TNF)-o through the activation of NF-xB. To confirm
whether endogenous APOBEC2 protein is elevated in
response to TNF-o stimulation in human hepatocytes, we
generated a rabbit polyclonal antibody against a common
amino-acid sequence to human and murine APOBEC2.
Using this anti-APOBEC2 antibody, we first confirmed that
plasmid-derived exogenous APOBEC2 protein was efficiently
detected by immunoblotting analysis (Fig. 1a). We then
examined whether endogenous APOBEC2 protein was upreg-
ulated by TNF-o stimulation in Huh-7 cells. Immunoblotting
analysis using the APOBEC2 antibody revealed that endoge-
nous APOBEC2 protein expression was strongly induced af-
ter TNF-o stimulation, suggesting that APOBEC2 protein has
a role in hepatocyte function under inflammatory conditions
(Fig. 1b).

Establishment of a Tg mouse model constitutively
expressing APOBEC2

To investigate the enzymatic activity of APOBEC2 in vivo,
we generated a Tg mouse model with constitutive and ubiq-
uitous expression of APOBEC2 under the control of CAG
promoter. APOBEC2 Tg mice were born healthy and with a
body weight similar to that of their wild-type littermates. The
expression level of APOBEC2 in various organs of the Tg
mice was examined by quantitative RT-PCR and compared
with that in the wild-type mice. In wild-type mice, endoge-
nous APOBEC2 transcript was expressed at high levels in
heart and skeletal muscle, whereas little or no APOBEC2
expression was detected in the liver, gastrointestinal tracts,
lung, spleen and kidney. In contrast, high expression of APO-
BEC2 mRNA was ubiquitously detected in the Tg mice, but
the expression levels of APOBEC2 in the liver or lung of the
Tg mice were relatively lower than those of the wild-type
heart or skeletal muscle (Fig. 2a). Immunoblotting analysis
using the specific antibodies against APOBEC2 also revealed
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APOBEC2

| CTR APO2
b
APOBEC2

B-actin

TNF-o e

Figure 1. Detection of human APOBEC2 protein in hepatocytes by a
specific-anti-xAPOBEC2 antibody: (a) Huh7 cells were transfected
with plasmid to induce the expression of human APOBEC2 (AP0O2)
or control vector (CTR). After 48 hr; lysateé of transfected cells
were immunoblotted with anti-APOBEC2 antibody (upper panel) or
anti-B-actin antibody (lower panel). (b) Huh7 cells were treated
with tumor.necrosis factor-a. (100 ng/ml) for 48 hr followed by
immunoblotting using anti-APOBEC2 ahtibody (upper panel) or
anti-B-actin antibody (lower panel). - '

widespread: expression of APOBEC2 protein in various epi-
thelial organs of the Tg mice, with relatively low expression
in kidney and spleen (Fig. 2b).

Constitutive expression of APOBEC2 resulted in the
accumulation of nucleotide alterations in RNA sequences

of Eif4g2 and Pten genes in hepatocytes

To clarify whether APOBEC2 targets DNA or RNA, we first
extracted total RNA from the nontumor liver tissues of 2
APOBEC2 Tg mice that developed HCC (described below)
and their 3 APOBEC2 Tg littermates without any tumor phe-
notypes, and subjected them to sequence analyses. We chose
2 representative tumor-suppressor genes that are frequently
mutated in human cancers, Pfen, and Tp53. The Bcl6 and
Eif4g2 genes were also included because they are the prefer-
ential targets for AID- and APOBEC1-mediated mutagenesis,
respectively. We first confirmed that the transcription levels
of the genes analyzed for RNA sequencing did not differ
between the liver tissues of APOBEC2 Tg mice and wild-type
littermates (Supporting Information Fig. S1). In addition,
there was no difference in the quantitative levels of APO-
BECI expression between the APOBEC2-expressing liver and

Int. J. Cancer: 130, 1294~1301 (2012) © 2011 UICC
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Figure 2. Expression analyses of APOBEC2 Tg mice. {a) Relative
expression levels of APOBEC2 transcripts calibrated by the amount
of 18S rRNA for indicated organs of adult APOBEC2 Tg mice (48-
week-old) and their wild-type littermates. Data shown are mean
results of quantitative real-time RT-PCR analyses for the indicated
mouse groups (n = 6). Filled bar, APOBEC2 Tg mice; open bar,
wild-type mice; sm.int, small intestine; sk.musc, skeletal muscle.
(b) Results of immunoblot analysis using anti-APOBEC2 (upper
panel) or anti-o-tubulin (lower panel) antibody for the lysates of
the indicated organs of 48-week-old APOBEC2 Tg mice and their
littermates.

normal liver of the wild-type mice (Supporting Information
Fig. S2). Sequence analysis revealed a mean of 98,000 and
55,400 base reads per each gene transcript derived from the
nontumor liver tissues of the APOBEC2 Tg and control
mice, respectively. The total number of amplified clones and
RNA sequence reads, and the frequency of nucleotide altera-
tions detected in the nontumor liver tissues of 2 APOBEC2
Tg mice with HCC and the wild-type littermate of the same
mouse line are shown in Table 1. The mutation frequencies
were highest in the Eif4g2 transcripts among the genes ana-
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lyzed in APOBEC2-Tg mice, and were significantly greater
compared with those in control tissues (mutation frequencies
were 2.75 and 2.36 vs. 0.58 substitutions per 1 x 10* nucleo-
tides; p < 0.05). Moreover, the nucleotide alteration fre-
quency was significantly higher in the Pfen gene transcripts
from a APOBEC2-expressing liver (Tg-1) than in the control
tissues (mutation frequencies were 2.43 vs. 0.44 substitutions
per 1 x 10" nucleotides, respectively; p < 0.01). The Pten
mRNA of a liver derived from another APOBEC2 Tg mouse
(Tg-2; mutation frequency was 1.36 substitutions per 1 x 10*
nucleotides) also had a higher nucleotide alteration frequency
than that in the control mice, although the difference was not
statistically significant (p = 0.16 vs. control). For the Eif4g2 and
Pten transcripts, nucleotide alterations were distributed over the
sequences examined and all the alterations detected were differ-
ent among clones (Fig. 3). Similar results were obtained from
the analyses on the liver of 3 APOBEC2 Tg mice that lacked
any tumor phenotypes. Indeed, several nucleotide changes had
accumulated in both Eif4g2 and Pten transcripts in the liver of
all 3 APOBEC2 Tg mice examined (Supporting Information
Table S2). In contrast, the mutation frequencies of Tp53 and
Bcl6 genes of the liver of the APOBEC2 Tg mice were compa-
rable with those of the wild-type mice.

APOBEC2 expression in the liver induced no nucleotide
changes in DNA sequences

To clarify whether the nucleotide alterations that emerged in
Eif4g2 and Pten transcripts were due to DNA or RNA
sequence changes, we determined the DNA sequences of
both genes derived from the liver tissues of APOBEC2 Tg
and control mice. DNA sequences with an average base
length of 0.7 k containing exonic and intronic sequences
were amplified, followed by sequence analyses. The total
number of amplified clones and DNA sequences read, and
the frequency of nucleotide alterations are shown in Support-
ing Information Table S3. In contrast to the analyses on the
RNA sequences, there were no significant differences between
the mutation frequency of APOBEC2 Tg mice and that of the
wild-type mice of the DNA sequences of the Eif4g2 and Pten
genes in the liver. Indeed, no nucleotide alterations were
observed in the DNA sequences of the Eif4g2 gene in the liver
of the APOBEC2 Tg mice. Similarly, no mutation was accu-
mulated in the Pten DNA sequences of the APOBEC2-express-
ing liver, suggesting that constitutive expression of the APO-
BEC2 transgene had no effect on the DNA sequences of the
examined regions in the Eif4g2 and Pten genes in hepatocytes.

APOBEC2 transgenic mice developed liver and lung tumors

Although most Tg mice were viable at 72 weeks, macroscopic
liver and lung tumors developed in some of the APOBEC2
Tg mice. At 72 weeks of age, liver tumors were observed in 2
of 20 Tg male mice, and lung nodules were detected in 7 Tg
mice. In confrast to the APOBEC2 Tg mice, none of the
wild-type mice developed any tumors at the same age, except
1 with a very small adenoma in the lung. Histopathologic
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Table 1. Summary of sequence analysis on the RNA extracted from the liver of the wild-type and APOBEC2 Tg mice

e reads

~ Nucleotide alterations
”‘Fr‘éq'uéhcy‘(/:l(y)?‘) "’

. Number _ APO2/Wtt

Abbreviations: Tg, APOBEC2 Tg mice; WT, wild type mice.

analysis of hepatic tumers developed in the APOBEC2 Tg
mice revealed nodular aggregates of neoplastic hepatocytes
and permeation of tumor cells into residual normal lobules
(Fig. 4). Tumor cells had enlarged and hyperchromatic nuclei
with chromatin' clumping and occasional prominent nucleoli,
which were similar to the morphologic characteristics of typi-
cal human HCC. On the other hand, lung tumors showed
various degrees of cellular atypia, from adenoma to adenocar-
cinoma (Fig.-5a). In addition, monotonous ‘atypical lympho-
cytes with cytologic features of lymphoblastic lymphoma,
such as enlarged round nuclei, irregular nuclear contours,
and frequent mitotic figures, massively invaded the spleens of
2 Tg mice (Fig. 5b). These findings suggest that constitutive
expression of APOBEC2 causes the development of neoplasia
in the epithelial organs, including the liver and the lung.

APOBEC2 induced the accumulation of nucleotide

alterations of specific target RNA sequences in

hepatocytes in vitro

To confirm. whether APOBEC2 exerts genotoxic effects on
RNA transcripts of the specific target genes, we investigated
the alteration frequencies of RNA sequences in cells with
constitutive APOBEC2 expression. For this purpose, we
established ‘a conditional expression system that allowed for
APOBEC2 activation in the cells in response to an estrogen
analogue, 4-hydroxytamoxifen (OHT). OHT treatment trig-
gered a posttranslational conformational change and ‘prompt
activation of APOBEC2 in APOBEC2-ER expressing cells.”
We analyzed 3 genes including PTEN, TP53 and EIF4G2 for
the sequence analysis of APOBEC2-mediated mutagenesis
in vitro. Total RNA was extracted from the APOBEC2-ER
expressing HepG2 cells treated with OHT for 8 weeks and
the coding RNA sequences of the selected genes were deter-
mined by sequence analyses. The total number of amplified

3 0.58
L 75
236

2.43
e

0.72

0.94
032

0.71
Ll

*Frequency of nucleotide alteration in APOBECZTkg mice /.in wild type mice. **p < 0.05, vs. Wt. ***p < 0.01, vs. Wt.

clones and RNA sequence reads, and the frequency of nucle-
otide alterations are shown in Supporting Information Table
S4. We found that the emergence of nucleotide alterations in
the PTEN and EIF4G2 transcripts was detected at higher fre-
quencies in the cells with APOBEC2 activation compared
with control cells treated with OHT, while these differences
were not statistically significant (p = 0.23 vs. control, and
p = 0.39 vs. control, respectively). In contrast, the frequency
of nucleotide alterations in the transcripts of the TP53 in the
cells with APOBEC2 activation was comparable with that in
the control cells. Similar to the findings obtained from the
APOBEC2 Tg mice liver tissues, there were no significant dif-
ferences between APOBEC2-expressing hepatocytes and control
cells in the incidence of nucleotide alterations in the PTEN and
EIF4G2 genes (Supporting Information Table S5). These data
further suggest that APOBEC2 exerts mutagenic activity in he-
patocytes and preferentially achieves nucleotide substitutions in
the coding sequences of the specific target genes.

Discussion

Among the APOBEC family members, APOBEC2 and AID
homologs can be traced back to bony fish, whereas APO-
BECI and APOBEC3s are restricted to mammals.***' The
broad preservation of the APOBEC2 homolog among verte-
brates suggests that APOBEC2 has a critical role in the phys-
iology of many species. Little is currently known, however,
about the biologic activity of APOBEC2 in any type of cells.
Moreover, it is not known whether APOBEC2 possesses nu-
cleotide editing activities like other APOBEC family member
proteins. In the present study, we demonstrated for the first
time that APOBEC2 expression triggered nucleotide altera-
tions in RNA sequences of the specific genes in hepatocytes.
In addition, our findings suggest that APOBEC2 could

Int. J. Cancer: 130, 1294-1301 (2012) © 2011 UICC
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Figure 3, Distribution of nucleotide alterations in the Eif4g2 and
Pten trascripts in the APOBEC2-expressing hepatocytes. The mRNA
sequences between exon 18 and exon 21 of the Eif4g2 gene (a),
and the mRNA sequences between exon 5 and exon 8 of the Pten
gene (b) were determined in the nontumor liver tissues of 2
APOBEC2 Tg mice. The nucleotide positions of the mutations
emerged in the Eif4g2 and Pten mRNA of APOBEC2-expressing liver
are shown.

contribute to tumorigenesis via the nucleotide alterations of
RNA sequences of the target genes.

On the basis of the close sequence homology of APO-
BEC2 with other APOBEC proteins, APOBEC2 is thought to
exhibit deamination activity to achieve nucleotide editing.
Indeed, crystal structure analysis indicates that APOBEC2
contains amino acid residues with 4 monomers in each
asymmetric unit that form a tetramer with an atypical elon-
gated shape, and this prominent feature of the APOBEC2 tet-
ramer suggests that the active sites are accessible to large
RNA or DNA substrates.”” In the present study, in a mouse
model with constitutive APOBEC2 expression, nucleotide
alterations were induced in RNA sequences of the Eif4g2 and
possibly the Pfenr genes in hepatocytes. Similar to its effect
in vivo, aberrant APOBEC2 expression in cultured hepato-
cyte-derived cells induced nucleotide alterations in the
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Wild-type

Figure 4. Tumors developed in the liver of APOBEC2 Tg mice.
Macroscopic (b) and microscopic (haematoxylin and eosin) images
(e, f) of the HCC that developed in a 72-week-old APOBEC2 Tg
mouse and the non-cancerous liver of the same animal (c,d).
Macroscopic image of the liver of a wild-type littermate is also
shown (a). (Original magnifications: 3¢,e x40; 3d,f x100).

EIF4G2 transcripts. Although our findings demonstrate
potential mutator activity of the APOBEC2 protein, it is
unclear why the EIF4G2 transcripts were more sensitive to
APOBEC2 activity than other genes in hepatocytes. APO-
BECI expression in hepatocytes also induced somatic muta-
tions in the transcripts of the EIF4G2 gene.”! Thus, the
sequences of the EIF4G2 gene might be a common target for
the nucleotide editing effects of both the APOBECL and
APOBEC2 proteins. Further analysis is required to identify
the specific target genes of APOBEC2-mediated nucleotide
editing in hepatocytes.

An intriguing finding was that the mouse model with con-
stitutive and ubiquitous APOBEC2 expression spontaneously
developed epithelial neoplasia in the lung and liver tissues as
well as lymphoma. Similar phenotypic findings are observed
in mouse models expressing APOBECI or AID. Tg mice
with RNA-editing enzyme APOBECI expression develop
HCC at high frequencies with an accumulation of somatic
mutations at multiple sites on Eiffg2 mRNA.*>*' We also
demonstrated that AID Tg mice develop tumors in several
organs, including the liver, lung, stomach, and the lymphoid
tissues through the accumulation of genetic changes induced
by the genotoxic effect of ATD.”>***® The molecular mecha-
nisms underlying the contribution of constitutive APOBEC2
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Figure 5. Lung tumors and lymphoma developed in APOBEC2 Tg
mice. (A) Macroscopic view of a lung tumor that developed in a
72-week-old APOBEC2 Tg mouse (b). Microscopic view of a lung
adenoma (c,d) and adenocarcinoma (e,f) that developed in a 72-
week-old APOBEC2 Tg mouse. Macroscopic view of the lung of the
wild-type littermate (a). (B) Histologic findings for lymphoma
detected in the spleen of APOBEC2 Tg mice. (Original
magnifications: 4c,e,g x40; 4d,f, h x100).

expression to tumorigenesis remain unknown. The number of
mRNA mutations observed in the Eif4g2 and Pten genes in
the liver of APOBEC2 Tg mice suggests that these genetic
alterations by APOBEC2 have a role in the development of
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HCC. Indeed, the EIF4G2 gene is a candidate molecule re-
sponsible for oncogenesis caused by the overexpression of
APOBECL* and is frequently downregulated in human can-
cer tissues.” In addition, PTEN is one of the most frequently
mutated tumor-suppressor genes in human cancers.” Thus,
the tumorigenesis caused by constitutive APOBEC2 expression
might be a consequence of promiscuous nucleotide editing.

Recent studies revealed that the expression of a subset of
APOBEC family members is induced by cytokine stimulation
in liver tissues. For example, we and other investigators dem-
onstrated that APOBEC3G expression is triggered by inter-
feron-o. in hepatocytes, suggesting that APOBEC3G acts as a
host defense in response to interferon signaling against viral
infection.”” Tn this study, we showed that TNF-o. induced
APOBEC2 protein expression in human hepatocytes. Consid-
ering the fact that chronic inflammation has important roles
in human HCC development,38’39 the finding that APOBEC2
is induced by proinflammatory cytokine stimulation and
induces nucleotide alterations in tumor-related genes in he-
patocytes provides a novel idea that aberrant expression of
APOBEC2 in epithelial cells acts as a genotoxic factor linking
inflammation and cancer development. The tumorigenic phe-
notype of the APOBEC2-Tg mice further suggests that APO-
BEC2 is involved in carcinogenesis of the liver tissue under
conditions of chronic inflammation, the typical procancerous
background of human HCC.

In conclusion, our findings provide the first direct evi-
dence that APOBEC2 induces nucleotide changes preferen-
tially in the Eif4g2 and possibly the Pter genes, and the con-
stitutive expression of APOBEC2 in epithelial tissues
contributes to the development of various tumors including
HCC and lung cancers. Understanding the pathologic role of
APOBEC2 provides new insight into the mechanisms of can-
cer development in the liver underlying chronic inflamma-
tion. During our manuscript preparation, Sato et al. reported
that they could not find the evidence of APOBEC2’s affinity
for RNA or high-stoichiometry association with a partner
which usually associated with the known RNA editing
enzymes.'10 Thus, further analyses would be required to clar-
ify whether APOBEC2 dose possess an RNA-editing activity
against specific target genes or overexpression of APOBEC2
causes nucleotide alterations in genome senquences in a pro-
miscuous manner in hepatocytes.
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Abstract

Background and Aims: The hepatitis C virus (HCV) invariably shows wide heterogeneity in infected patients, referred to as a
quasispecies population. Massive amounts of genetic information due to the abundance of HCV variants could be an
obstacle to evaluate the viral genetic heterogeneity in detail.

Methods: Using a newly developed massive-parallel ultra-deep sequencing technique, we investigated the viral genetic
heterogeneity in 27 chronic hepatitis C patients receiving peg-interferon (IFN) a2b plus ribavirin therapy.

Results: Ultra-deep sequencing determined a total of more than 10 million nucleotides of the HCV genome, corresponding
to a mean of more than 1000 clones in each specimen, and unveiled extremely high genetic heterogeneity in the genotype
1b HCV population. There was no significant difference in the level of viral complexity between immediate virologic
responders and non-responders at baseline (p =0.39). Immediate virologic responders (n=8) showed a significant reduction
in the genetic complexity spanning all the viral genetic regions at the early phase of IFN administration (p=0.037). In
contrast, non-virologic responders (n=8) showed no significant changes in the level of viral quasispecies (p=0.12),
indicating that very few viral clones are sensitive to IFN treatment. We also demonstrated that clones resistant to direct-
acting antivirals for HCV, such as viral protease and polymerase inhibitors, preexist with various abundances in all 27
treatment-naive patients, suggesting the risk of the development of drug resistance against these agents.

Conclusion: Use of the ultra-deep sequencing technology revealed massive genetic heterogeneity of HCV, which has
important implications regarding the treatment response and outcome of antiviral therapy.
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Introduction

Hepatitis C virus (HCV) is classified as a member of the
Flaviviridae family [1] and has an approximately 9.6-kb single-
stranded RNA genome. This RNA genome encodes a large
precursor polyprotein, which is cleaved by viral and host proteases
to generate at least 10 functional viral proteins; core, envelope (E)-
1, E2, p7, nonstructural protein (NS)-2, NS3, NS4A, NS4B,
NS5A, and NS5B [2,3]. A strong characteristic of HCV infection
Is its significant genetic diversity, the consequence of the absence of
proofreading activity in RINA-dependent RINA polymerase [4],
and the high level of viral replication during its life cycle [5]. The
mean frequency of nucleotide alterations occurring in HCV RNA
is calculated to be between 1.4x10% and 1.9x10° substitutions per

@ PLoS ONE | www.plosone.org

nucleotide per year [6,7]. As a result, the infecting HCV clones in
each patient invariably show population diversity with a high
degree of genetic heterogeneity. The collection of viruses in a
population of closely related but non-identical genomes is referred
to as a quasispecies [8,9], and the dominant viral population may
be evolving as a result of its viral replicative fitness and concurrent
immune selection pressures that drive clonal selection.

It is reasonable to assume that the viral pathogenesis and
sensitivity to treatment are affected by the generation of escape
mutants through immune evasion and the modification of
virulence characteristics by anti-viral treatment [10]. Thus, certain
viral mutations have important implications for the pathogenesis
of the viral disease and the sensitivity to antiviral therapy. Several
studies have attempted to associate genetic heterogeneity or
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number of mutations with pathogenesis and treatment outcome.
However, the abundant diversity and complexity of the chroni-
cally-infected HCV has been an obstacle to evaluate the viral
genetic heterogeneity in detail. In this respect, the recent
introduction of ultra-deep sequencing technology, capable of
producing millions of DNA sequence reads in a single run, is
rapidly changing the landscape of genome research [11,12]. One
application of ultra-deep sequencing was the identification of rare
minority drug resistant clones of human immunodeficiency virus,
which are not detectable by standard sequencing techniques [13—
15]. Moreover, the recent study using 454/Roche pyrosequencing
technology clarified the transmission bottlenecks by measuring the
population structure within patients with HCV infection [16].

In this study, we used for the first time ultra-deep sequencing
with Illumina Genome Analyzer II (lllumina, San Diego, CA) and
determined the pictures of viral quasispecies of genotype 1b HCV
in patients receiving peg-interferon (IFN) o2b plus ribavirin (RBV)
to clarify the significance of the viral genetic complexity in the
pathophysiology of HCV infection and the treatment outcome of
the current IFN-based therapy for HCV-infected patients. Because
our main objective was to determine whether the HCV sequence
variation itself is responsible for the sensitivity or resistance to
antiviral therapy, we compared the composition of the HCV
population complexity 1 week after IFN administration in patients
who showed a prompt decrease in HCV viremia with those in
whom there was no reduction in the serum HCV RNA levels after
the initiation of IFN treatment. We also examined the prevalence
of drug-resistant mutations to direct-acting antivirals (DAAs) for
HCV in treatment-naive HCV-infected patients, based on the fact
that drug-resistant mutations already exist in treatment-naive
patients with various pathogenic virus infections, such as human
immunodeficiency viruses [14,17].

Results

Validation of multiplex ultra-deep sequencing of the HCV
genome

We performed a massive parallel ultra-deep sequencing run on
* the Ilumina Genome Analyzer II platform using multiplex tagging
methods. First, we conducted a control experiment to validate the
efficacy and error rates in ultra-deep sequencing of the viral
genome. For this purpose, we used a plasmid encoding full-length
HCV [18] as a template and determined the plasmid-derived
whole HCV sequence. The ultra-deep sequencing platform
provided us the full-length HCV genome information derived
from the plasmids with a mean coverage of 1674.3 at each
nucleotide site (Table 1). Errors comprised insertions (1.0%),
deletions (4.2%), and nucleotide mismatches (94.8%) and the
overall error rates by multiplex ultra-deep sequencing were
determined to be a mean of 0.0010 per bp. Next we confirmed
that the high-fidelity PCR ampilification with HCV-specific primer
sets followed by multiplex ultra-deep sequencing resulted in no
significant increase in the error rates in the viral sequencing data
(ranging from 0.0012 to 0.0013 per bp; per-nucleotide error rate,
0.12%-0.13%).

To estimate the accuracy of detecting nucleotide alterations
using reads filtered by average base quality and mapping quality,
we introduced the plasmid with single point mutations within the
wild-type viral sequences with the ratio of 1:99 and 1:999 and
assessed the sensitivity and accuracy of quantification with the
high-fidelity PCR amplification followed by multiplex ultra-deep
sequencing. Duplicate control experiments revealed that muta-
tions present at an input ratio of 0.10% ranged between 0.09 and
0.19%, and the results could be reproducibly quantified (data not
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Table 1. Error frequency of ultra-deep sequencing for the
plasmid encoding full-genome HCV sequence.

PCR amplification

T

Total read nucleotides 15,118,929 24,158,372

2510 (8.5%)

deletions

Overall error rate (%)

*(—); Ultra-deep sequencing of HCV encoding plasmid
(#); Ultra-deep sequencing of PCR-amplified HCV encoding plasmid.
doi:10.1371/journal.pone.0024907.t001

shown). Based on these results, we picked up the low abundant
mutations that presented at frequency of more than 0.20% among
the total viral clones, a level that could rule out putative errors
caused by massively-parallel sequencing, in the current platform
used in this study.

Large heterogeneity of viral clones in HCV-infected
patients

HCV infection comprises a heterogeneous mixture of viral
clones with various mutations. To clarify the landscape of HCV
heterogeneity as a quasispecies, we determined the viral full-
genome sequences derived from 27 HCV-infected patients by
multiplex ultra-deep sequencing and compared the results with
those obtained by the direct population Sanger sequencing
method. All sequence reads by multiplex ultra-deep sequencing
have been deposit in DNA Data Bank of Japan Sequence Read
Archive (http://www.ddbj.nig.ac.jp/index-e.html) under acces-

" sion number DRAO00366.

HCV nucleotide sequence reads by ultra-deep sequencing were
aligned to the consensus viral sequences in the same serum
specimen that were determined by direct population Sanger
sequencing. A mean number of 1705-fold coverage on average
was achieved at each nucleotide site of the HCV sequences in each
specimen. The average frequencies of altered sequences detected
in each viral genomic region are summarized in Table 2.
Compared with the representative sequence of the population
average clone, the mutation frequency was 1.04% of the total viral
genomic sequences and 16.1% of the total nucleotide positions on
average. Most of the genomic changes observed in viral variants
were single base substitutions and unevenly distributed throughout
the region of the HCV genome.

Among the viral genomic regions, the nucleotide sequence
complexity expressed as the Shannon entropy was smallest in the
core region. In contrast, the viral sequence complexity in the E2
region was highest among the HCV genomic regions and
significantly greater than the average mutation frequency of the
remaining HCV genome (p =0.0026). Similarly, the ratio of the
number of mutated nucleotides to the total number of nucleotides
analyzed in the E2 region was significantly higher than that of the
remaining HCV genome (p =5.66x10™%). These findings clearly
confirmed that the quasispecies complexity in E2, which contains
hypervariable regionl (HVR1) and HVR2, was prominently
larger than that of other viral genomic regions [19].
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Table 2. Mean genetic complexity of the genotypelb HCV in chronically infected 27 patients.

Viral genomic
Region

Mean number of aligned

nucleotides nucleotides

Mean number of mutated

El 739,220 7902

p7 3237

NS3 4,958,188

52,204

17,485

doi:10.1371/journal.pone.0024907.t002

Early dynamic changes of viral complexity after the
administration of peg-IFNo2b plus RBV

Among 27 patients enrolled in‘this study, 8 showed a prompt
decrease in their serum HCV RNA levels and ‘8 showed no
significant changes 1 week after initiating treatment with peg-
IFNa2b plus RBV. To clarify the changes in the viral quasispecies
in response to antiviral therapy, we determined the early dynamic
changes in viral complexity before and after 1 week of peg-IFNo2b
plus RBV administration - in  these ‘8 ~immeédiate virologic
responders and ‘8 non-responders. All cases were infected with
genotype 1b viruses, andthe clinical features; including serum
HCV RNA level at baseline, did not significantly differ between
immediate virologic responders and non-responders (Table 3). A
mean coverage of 1798-fold and 2416-fold were mapped to each
reference sequence in immediate virologic responders before and

combination therapy.

Mean

Mean coverage  Mutation frequency (%) Shannon entropy

1360 0.99 0.064884

1148 1.44 0.075829

0.060767

2619 0.93

0.063190

after peg-IFNa2b plus RBV administration, respectively. Similar-
ly, a mean coverage of 1780-fold and 2461-fold were determined
in. non-responders before and after peg-IFNo2b plus RBV
administration, respectively (Table 4 and Table S1).

We then estimated the genomic complexity by calculating the
Shannon entropy for each nucleotide position before and after the
administration of peg-IFNo2b plus RBV (Table 4). There was no
significant difference in the level of viral complexity between
immediate virologic responders and non-responders at a baseline
(mean Shannon entropy value 0.072 vs 0.075, p=0.39).
Immediate virologic responders, however, showed a significant
reduction in the nucleotide sequence complexity after the
administration of peg-IFNo2b plus RBV (mean Shannon entropy
value 0:072 vs +0.049, p=0.037), indicating that the viral
quasispecies nature after the peg-IFNo2h plus RBV treatment

Table 3. Characteristics of patients that showed immediate virologic response or non-response to PEG-IFNa2b plus ribavirin

Sex (male/female) : 5/3

Total bilirubin' (mg/dl) 0.6.(0:4-1.8)

§

HCV genotype

Final outcome

Relapse 1

withdraw* 1

Immediate virologic responders

Non-responders P-value

5/3 1

0.8 (0:4-1.4) 034

t Values are median (range).

respectively.
doi:10.1371/journal.pone.0024907.t003
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* The treatment was discontinued in one immediate virologic responder and one non-responder, due to the side effect of IFN and the development of liver cancer,
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virologic responders and non-responders.
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Table 4. Genetic complexity at pre-treatment and 1 week after PEG-IFNo:2b plus ribavirin combination therapy in immediate

Immediate virologic responders (N=8)

Non-responders (N=8)

Mean number of aligned reads 356,963

2416
063
0.049*

Mean coverage

i

Shannon entropy 0.072*

2315

256615

1780

T
0.066**

Wilcoxon rank sum test.

* p=0.037.

**p=0.12.
doi:10.1371/journal.pone.0024907.t004

became relatively more homogeneous than at baseline status in
this group. In contrast, no significant changes in the nucleotide
sequence complexity were observed in non-responder patients
before and after treatment with peg-IFNo2b plus RBV (mean
Shannon entropy value 0.075 vs 0.066, p=0.12). We then
examined whether specific nucleotide position might be associated
with the response to peg-IFNo2b plus RBV treatment in
immediate virologic responders, but complexity was not common-
ly shared at any specific nucleotide position that changed by more
than 50% after peg-IFNa2b plus RBV administration (data not
shown), indicating no association between the specific nucleotide
position and the response to peg-IFNo2b plus RBV treatment.

Elimination of minor viral clones by peg-IFNo2b plus RBY
therapy

Next, we compared the nucleotide complexity in each viral
genomic region of the immediate virologic responders with that of
non-responders before and after peg-IFNoa2b plus RBV admin-
istration (Figure 1 and Table S52). In immediate virologic
responders, the peg-IFNo2b plus RBV therapy induced a
significant reduction in the nucleotide sequence complexity in all
viral genomic regions except NS4B. In contrast, non-responders
showed no significant change in the viral sequence complexity in
any viral genomic region. For example, there was no significant
difference in the mean complexity in the E2 region at baseline
between the immediate virologic responders and non-responders.
The administration of peg-IFNu2b plus RBV significantly reduced
the levels of nucleotide sequence complexity in the E2 region in all
the immediate virologic responders (mean Shannon entropy value
0.139 vs 0.085, respectively. p=0.012, Figure 1 and Table S2). In
contrast, no significant changes in the sequence complexity were
observed in the E2 (mean Shannon entropy value 0.083 vs 0.082,
respectively. p=0.89) regions in non-responder cases after
treatment with peg-IFNa2b plus RBV.

To examine whether certain viral clones in non-responders
showed sensitivity to IFN therapy, we investigated the sequence
complexity in HVR1 in the E2 region in detail before and after
peg-IFNa2b plus RBV therapy, because the HVRI region
possessed one of the highest complexities among viral genomic
regions. In immediate virologic responders, the heterogeneity at
each nucleotide position was reduced in response to peg-IFNou2b
plus RBV administration (representative nucleotide changes are
shown in Figure 2A). In contrast, the ratio of mutated clones
among the total sequence reads determined at each nucleotide site
in HVRI1 showed no significant change before and after the
administration of peg-IFNu2b plus RBV in the majority of non-
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responders (Figure 2B), suggesting that very few viral clones
showed sensitivity to peg-IFNo2b plus RBV and were eliminated
after the administration of peg-IFNu2b plus RBV.

Detection of viral clones with drug-resistant mutations

Because none of the DAAs for HCV were approved by
Japanese health coverage at the time of this study, all patients
enrolled into this study were naive to DAAs for HCV including
protease and polymerase inhibitors. Thus, we determined whether
the reported drug-resistant mutants exist spontaneously in nature
among treatment-naive HCV-infected patients. For this purpose,
we examined the naturally prevalent mutations against HCV
protease and polymerase inhibitors in the 27 patients. The drug-
resistant mutations examined here included 9 mutations resistant
to NS3/4 protease inhibitors, including Telaprevir, Boceprevir,
TMC435350, ITMN191/R7227, MK-7009, and BI-201335, and
5 mutations resistant to NS5B polymerase inhibitors, including
Filibuvir, BI-207127, and R7128 [20].

The mean number of sequence reads at the nucleotide position
comprising mutations resistant to NS3/4A protease and NS5B
polymerase inhibitors among the 27 cases were obtained with
1179-fold and 1972-fold coverage, respectively. Based on the
detection rate of the low-level viral clones determined by the
control experiments, we picked up the drug-resistant mutants that
presented at a frequency of more than 0.2% among the total viral
clones. Based on these criteria, at least one resistant mutation was
detected in all subjects (Table 5). The mean prevalence of the 14
drug-resistant mutations ranged from 0.20% to 99.1% indicating
that the proportion of resistant mutations substantially differed in
each case. The T54S/A mutation resistant to Teraprevir and
Boceprevir in genotype 1b HCV [21] was the most commonly
detected (20 of 27 cases, 74.1%). The proportion of T54S/A
mutations among the total clones ranged from 0.21% to 86.9%
and thus substantially differed between cases. Other mutations
resistant to the NS3/4A protease-inhibitor were detected in 16 of
27 cases (59.3%) at V55A and Q80R/K, and 12 of 27 cases
(44.4%) at V36A/M. In contrast, no D168A/V/T/H mutation
resistant to ITMN191/R7227, MK-7009, TMC435350, and BI-
201335 was detectable. Regarding NS5B polymerase inhibitors,
the V499A mutation resistant to BI-207127, was most frequently
detected and 20 of 27 (74.1%) of subjects possessed the resistant-
mutant clones at levels 0.20% to 99.1% at baseline. Only one case
had the BI-207127-resistant P496A mutant clones and none had
the R7128-resistant S282T clones. Of the 27 subjects, 16 (59.3%)
harbored mutations resistant to at least four kinds of NS5B
polymerase inhibitors and/or NS3/4A protease-inhibitors. More-
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Figure 1. Changes in the genetic complexity of each HCV genomic region before and after the administration of peg-IFNa2b plus
RBV. Shannon entropy values at baseline (black bar) and 1 week after initiation of treatment with peg-IFNo2b plus RBV (white bar) in 8 immediate
virologic responders (A) and in 8 non-responders (B) are shown. * p<<0.05, ** not significant. (Mean values = SD; n=8)

doi:10.1371/journal.pone.0024907.g001

over, 5 subjects (18.5%) harbored resistance to 6 antiviral drugs.
Notably, 3 subjects harbored resistance to 8 of 9 antiviral drugs.
There was no significant association between the frequency of
drug-resistant mutations and the serum viral load (r=0.0678)
(Figure S1).

These findings indicate that drug-resistant HCV variants are
present in a considerable proportion among the chronically HCV-
infected, DAAs-naive patients.

Discussion

Sequence heterogeneity, so-called quasispecies, is a common
feature of RINA viruses, including HCV [22]. Previous studies of
the viral genome with conventional Sanger sequencing methods
revealed that HCV infection comprises a cloud of closely related
sequence variants differing by as little as one nucleotide from a

@ PLoS ONE | www.plosone.org

population average sequence [23]. A number of studies have
aimed to clarify the significance of viral mutations in association
with clinical features, including viral persistency and chronicity,
degree of liver damage, response to treatment, and selection of
mutants resistant to anti-viral therapy. The quasispecies nature of
HCV, however, represents a major obstacle in determining the
significance of the viral clone with specific sequence characteris-
tics. Newly developed ultra-deep sequencing analysis allowed us to
clarify the whole picture of viral quasispecies present in chronically
HCV-infected patients. In the present study, ultra-deep sequenc-
ing determined a mean total of more than 10 million nucleotides
of the viral genome in each specimen, representing more than
1000 clones infecting each patient, thus demonstrating the
abundant genetic complexity of HGV.

It is well recognized that the HCV genome is heterogeneous at
the intra-individual level [9,10]. The current ultra-deep sequenc-
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Figure 2. Ratio of mutated nucleotides in the HVR1 region before and after administration of peg-IFNu2b plus RBV therapy.
Representative results of a immediate virologic responder (Patient#3) (A) and a non-responder (Patient#9) (B) are shown. The read numbers
(coverage) at each nucleotide position of the HVR1 (from 1% nucleotide to 21°* nucleotide in E2 region) at pre-treatment (upper graphs) and 1 week
after initiating treatment with peg-IFNo2b plus RBV (lower graphs) are shown. Arrows indicate the nucleotide positions that showed the elimination

of minor mutant clones after administration of peg-IFNo2b plus RBV.
doi:10.1371/journal.pone.0024907.g002

ing analyses revealed that the E2 region had the highest sequence
heterogeneity, while the core region had the lowest sequence
heterogeneity among the viral genomic regions encoding different
functional viral proteins. More than 15% of nucleotides in the E2
region were mutated in all cases examined. These findings are
consistent with previous conventional Sanger sequencing-based
studies showing that HVR1 and HVR2 possess the highest
sequence diversity among the HCV genomic regions [19] and that
the highest values of mean Shannon entropy at the HCV la
population level are in the E2 region [24].

Various mutations in the HCV genome are associated with the
therapeutic response. For example, a number of mutations within

@ PLoS ONE | www.plosone.org

a so-called IFNa sensitivity determining region of NS5A are
closely associated with sensitivity to IFN-based anti-viral therapy
[25,26]. A recent study also showed that amino acid substitution in
the HCV core region could be a useful predictor of the virologic
response to peg-IFNo plus RBV combination therapy [27].
Although the findings of these studies suggested that certain
mutations in the representative HCV clone could predict
treatment outcome, it is unknown whether the specific viral clone
comprising those mutations directly displays sensitivity or
resistance to anti-viral therapy. In the present study, sequential
comparison of the HCVI1b genome derived at baseline and at 1
week after the administration of peg-IFNoa2b plus RBV demon-
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Table 5. Prevalence of anti-HCV drug resistant mutations among the treatment-naive patients.

Residue and Position

Drugs

Number of patients with
mutated clones (%)

Frequency of the mutated
clones (%)*

T54S/A Telaprevir Boceprevir

TMC435350

Q80R/K

R155K/T/Q

D168A/V/T/H
BI-207127

P495S/L/A/T BI-207127

5282T R7128

Telaprevir Boceprevir ITMN191/R7227 MK-7009
TMC435350 BI-201335

ITMN191/R7227 MK-7009 TMC435350 BI-201335

20/27 {74.1%)
16127 (59.3%)
16/27 (59.3%)

049 (0.21-86.9)

0.36 (0.24-1.37)

11/27 (40.7%) 0.52 (0.20-1.03)

5/27 (18.5%) 0.42 (0.22-0.62)

0/27 (0%)

0.59 (0.20-99.1)

20/27 (74.1%)

9/27 (33.3%)

0/27 (0%)

* Values are median (range).
doi:10.1371/journal.pone.0024907.t005

strated that IFN treatment resulted in no selective decrease of the
viral clones comprising the previously defined mutational changes
that were associated with a response to anti-viral therapy.
Moreover, immediate virologic responders shchd no common
baseline nucleotide alterations that are efficiently eliminated in
response to the administration of peg-IFNo2b plus RBV. Thus,
our data suggest that an HCV sequence variation itself at a specific
single nucleotide position does not directly reflect the virologic
features regarding the sensitivity to IFN therapy in each viral
clone, at least at the early stage of IFN administration. In contrast,
several studies have provided-evidence of the pre-existence of viral
strains ‘with an inherent resistance to IFN in patients who
subsequently experienced a viral breakthrough or relapse
[24,28]. Thus, there is room for further investigation to identify
IFN-resistant clones by comparing the viral clones at baseline with
those at the point of relapse using ultra-deep sequencing
technology.

Notably, -a distinct pattern of dynamic changes of HCV
quasispecies was present between immediate- responders and
non-responders. Immediate responders showed a significant
decrease of ‘genetic complexity spanning all -the viral genetic
regions, resulting in a more homogeneous viral population after 1
week of peg-IFNo2b plus RBV administration. In contrast, non-
responders showed no significant change in the genetic complexity
in any of the HCV genomic regions. Our findings are consistent
with the previous study: showing that the early changes in HCV
quasispecies determined by E1/E2 sequences provided prognostic
information as early as the first 2 weeks after starting IFN therapy
[28]. Moreover, the findings that there is no difference in the level
of . genetic complexity between early responders and non-
responders-at baseline and that.almost none of the pre-existed
HCYV clones were eliminated in non-responder cases might suggest
that the absence of sensitivity to IFN treatment in non-responders
is due to host factors. Consistent with this hypothesis, recent
studies revealed that host genetic variations at the IL28B gene are

@ PLoS ONE | www.plosone.org

associated with a virologic response to peg-IFNa plus RBV
combination therapy [29-32]. Alternatively, it is possible that a
particular HCV protein of certain HCV mutants contributed to
the strong inhibition of IFN-mediated anti-viral response in the
liver of non-responders. Although dynamic changes in HVR1
sequences revealed that the minor viral clones were promptly
eliminated - in immediate virologic responders, the originally-
inhabited major viral clones persisted 1 week after peg-IFNa2b
plus RBV administration. Thus, further analyses are required to
clarify how viral heterogeneity might be associated with the
response to anti-viral therapy.

DAAs are promising drugs that could be more effective than
peg-IFNo plus RBV therapy [33]. These DAAs include HCV
NS3/4A protease and NS5B RNA-dependent RNA polymerase
inhibitors, both of which have currently advanced to phase 1-3
trials. Increasing. evidence, however, has clearly revealed that
monotherapy with DAAs poses a high risk for the selection of
resistant variants because of the high genetic heterogeneity of
HCV [20]. Several studies reported the low prevalence of DAAs
resistant mutants as the dominant clones in treatment-naive cases
[21,34-36]. For example, Kuntzen et al showed that drug-resistant
mutations were detectable by conventional sequencing at
individual frequencies between 0.3% and 2.8% in a treatment-
naive genotype 1 HCV-infected population' [21]. In  sharp
contrast, ultra-deep sequencing identified that DAAs-resistant
variants are common among treatment-naive patients. Indeed,
ultra-deep sequencing showed that 26 of 27 (96%) treatment-naive
Japanese patients enrolled in this study possessed at least two
clones resistant to DAAs, while 70.2% of the mutants presented as
a very minor population (less than 1%) in each individual. It
remains unclear whether these minor drug-resistant mutations
have clinical significance, because the DAAs are not yet approved
here in Japan. Recent i vifro findings, however, showed that minor
but preexisting resistant mutants in HCV replicon cells were
selected and expanded after DAAs therapy [37]. Lu et al revealed
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