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Fig. 6 Schematic diagram
depicting disease progression of
NAFLD according to the two-
hit hypothesis, showing
involvement of hepatic SMP30.
FFA, free fatty acid; SREBP,
sterol regulatory element-
binding proteins; TNF, tumor
necrosis factor
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that steadily decreasing hepatic SMP30 levels are associated
with the progression of hepatic insulin resistance.

In conclusion, the two-hit theory proposed by Day and
James [9], in which the initial trigger is the hepatic accu-
mulation of excessive fat, followed by the second hit of the
development of oxidative stress, is widely advocated as a
pathogenic mechanism for NASH. Therefore, our findings
in the present study strongly suggest that SMP30 plays an
important role in the pathogenesis of NAFLD (Fig. 6), and
that increasing levels of SMP30 in the liver will serve as a
promising target in the treatment of NASH.
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Abstract

DNA copy number aberrations in human hepatocellular carcinoma (HCC) cell lines were investi-
gated using a high-density oligonucleotide microarray, and a novel amplification at the chromosomal
region 7q21 was detected. Molecular definition of the amplicon indicated that PEGI0 (paternally
expressed gene 10), a paternally expressed imprinted gene, was amplified together with CDK/4
(cyclin-dependent kinase 14; previously PFTAIRE protein kinase 1, PFTK/) and CDK6 (cyclin-
dependent kinase 6). An increase in PEG/0 copy number was detected in 14 of 34 primary HCC
tumors (41%). PEG10, but not CDK14 or CDK6, was significantly overexpressed in 30 of 41 tumors
(73%) from HCC patients, compared with their nontumorous counterparts. These results suggest that
PEGI0 is a probable target, acting as a driving force for amplification of the 7q21 region, and may

therefore be involved in the development or progression of HCCs.

reserved.

© 2010 Elsevier Inc. All rights

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most
common malignancy in men and the eighth most common
in women worldwide; it is estimated to cause approxi-
mately half a million deaths annually [1]. Although the risk
factors for HCC, which include hepatitis B virus, hepatitis
C virus, and alpha-toxin, are well characterized, the molec-
ular pathogenesis of this widespread type of cancer remains
poorly understood [2].

Amplification of DNA in certain regions of chromo-
somes plays a crucial role in the development and progres-
sion of human malignancies, specifically when
protooncogenic target genes within those amplicons are
overexpressed. Oncogenes that are often amplified in
cancers include MYC, ERBB2, and CCNDI. The recent
introduction of high-density oligonucleotide microarrays
designed for typing of single nucleotide polymorphisms

* Corresponding author. Tel.: +81-75-251-3519; fax: +81-75-251-
0710.
E-mail address: yasuik@koto.kpu-m.ac.jp (K. Yasui).

0165-4608/10/% —~ see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.cancergencyt0.2010.01.004

(SNPs) facilitates high-resolution mapping of chromo-
somal amplifications, deletions, and losses of heterozy-
gosity [3,4].

To identify genes potentially involved in HCC, we inves-
tigated DNA copy number aberrations in human HCC cell
lines using high-resolution SNP arrays and found a novel
amplification at the chromosomal region 7q21. Recurrent
amplifications at 7q21 have been observed in human
neoplasms [5]. Gains of 7q21 have been associated with
the aggressiveness of several tumors, including HCC [6],
colorectal cancer [7], prostate cancer [8], Burkitt
lymphoma [9], and esophageal squamous cell carcinoma
[10]. These data suggest that this chromosomal region
may harbor one or more protooncogenes (henceforth
referred to as target genes) whose overexpression following
amplification might contribute to the initiation or progres-
sion of HCC. The actual target gene that drives the 7q21
amplification in HCC remains unclear, however, and we
therefore conducted a molecular definition study of the am-
plicon to identify such genes. Three putative oncogenes,
CDK14 (cyclin-dependent kinase 14; previously PFTK],
PFTAIRE protein kinase 1), CDK6 (cyclin-dependent
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kinase 6), and PEGI0 (paternally expressed gene 10), were
identified in the 7g21 amplicon.

The serine/threonine-protein kinase PFTAIRE-1 protein
(also known as PFTK1) is a member of the cell division
cycle-2 (CDC2)-related protein kinase family [11] and acts
as a cyclin-dependent kinase that regulates cell cycle
progression and cell proliferation [12]. CDK6 is activated
in response to increased expression of D-type cyclins in
the early G1 phase of the cell cycle and inactivates the reti-
noblastoma protein by phosphorylation, thereby activating
the transcriptional complex E2F-DP1 that regulates the
genes for S-phase onset [13]. PEGI0 has been character-
ized as a paternally expressed, maternally silenced gene
[14]. Several research groups have recently reported over-
expression of PEGI0 in HCC [15—19].

2. Materials and methods
2.1. Cell lines and tumor samples

A total of 20 HCC cell lines were examined: JHH-1, JHH-
2, JHH-4, JHH-5, JHH-6, JHH-7, SNU354, SNU368,
SNU387, SNU398, SNU423, SNU449, SNU475, Hub-1,
Huh7, Hep3B, PLC/PRF/S, Li7, HLE, and HLF [20]. All cell
lines were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. Paired
tumor and nontumor tissues were obtained from 36 HCC
patients who underwent surgery at the Hospital of Tokyo
Medical and Dental University. All specimens were frozen
immediately in liquid nitrogen and were stored at —80°C
until required. Genomic DNA was isolated using a Puregene
DNA isolation kit (Gentra, Minneapolis, MN), and total RNA
was obtained using Trizol reagent (Invitrogen, Carlsbad,
CA). Thirty-four tumor samples were available for DNA
analyses, and 41 paired tumor and nontumor samples were
available for mRNA analyses.

Prior to the study, informed consent was obtained and
the study was approved by ethics committees.

2.2. SNP array analysis

DNA copy number changes were analyzed by the Gene-
Chip Mapping 100K array set (Affymetrix, Santa Clara, CA)
according to the manufacturer’s instructions as described
previously [21]. In brief, 250 ng of genomic DNA was digested

Table |

with a restriction enzyme (Xbal or HindIll), ligated to an
adaptor and amplified by polymerase chain reaction (PCR).
Amplified products were fragmented, labeled by biotinylation,
and hybridized to the microarrays. Hybridization was detected
by incubation with a streptavidin—phycoerythrin conjugate,
followed by scanning of the array; analysis was performed
as previously described [22]. After appropriate normalization
of mean array intensities, signal ratios were calculated
between HCC cell lines and anonymous normal references,
and copy numbers were inferred from the observed signal
ratios based on the hidden Markov model using CNAG soft-
ware (Copy Number Analyzer for Affymetrix GeneChip
mapping arrays) [23]. The CNAG software is available at
http://www.genome.umin.jp.

2.3. Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was per-
formed using five bacterial artificial chromosomes (BACs)
as probes, as described previously [24]: RP11-66P5, RP11-
412F4, RP11-316P4, RP11-28023, and RP11-958G24 (In-
vitrogen, Carlsbad, CA). The BACs were selected based on
their homology to locations in the human genome accord-
ing to the database provided at the University of California,
Santa Cruz, Genome Bioinformatics Web site (http://
genome.ucsc.edu/).

2.4. Real-time quantitative PCR

Genomic DNA and mRNA were quantified using a real-
time fluorescence detection method, as described previously
[21]. The primers used for PCR (Table 1) were designed
using Primer3Plus software (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi) on the basis of
sequence data obtained from the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
database. GAPDH was used as endogenous control for
mRNA levels, and the long interspersed nuclear element 1
(LINE-1) was used as an endogenous control for genomic
DNA levels.

2.5. Sratistical analysis

The Wilcoxon signed-rank test was performed using
SPSS 15.0 software (SPSS, Chicago, IL). P values of
< (.05 were considered significant.

Primer sequences used for polymerase chain reaction with sequence-tagged site (STS) markers for the three genes investigated

Gene STS marker - Forward primer Reverse primer

CDK 14 genomic DNA D75627 5'-AAACCAAGAACATTCCAG-Y 5'-ACACATCACATTCTCACC-3

CDKI14 mRNA 5'-CCAAGGAGTTGCTGCTTTTC-3 5'-GAATGAACTCCAGGCCATGT-3

CDK6 genomic DNA SHGC-33519 5-AAGTCAGAAGGAAAAAAGCTTACTG-3 5'-TGAGATGTGTTAAAGTAGGTTTTCA-3'
CDK6 mRNA 5'AGCCCAAGATGACCAACATC-3 5'-AGGTCAAGTTGGGAGTGGTG-3'
PEGI0 genomic DNA STS-H51766 5-AAAGTTTACATACATTTATGAAGGG-3 5'- TTCCAGACTGCACCATATAG-3

PEG10 mRNA

5-CAGGCCTGAAAAGAAAGTGC-3

5"-AATGCTTTGTGGAAGCCATC-3

The gene CDKI14 was previously assigned the symbol PFTK] (hup://www.genenames.org).
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3. Results
3.1. Detection of the 721 amplicon

Twenty HCC cell lines were screened for DNA copy
number aberrations by GeneChip Mapping 100K array
analysis. The copy number detection algorithm CNAG al-
lowed assessment of copy number and identification of
genomic gains and deletions using the hidden Markov
model [23]. Gains at the chromosomal region 721 were
frequently found in 13 of the 20 cell lines (65%)
(Fig. 1A). Of these cell lines, JHH-4 cells exhibited
a high-level copy number gain indicative of gene amplifica-
tion at 7q21 (Fig. 1B). The estimated extent of the amplifi-
cation in JHH-4 cells is 9 Mb. This chromosomal region
lies between the Affymetrix markers SNP_A-1692471
and SNP_A-1650999 (supplementary Table SI1) and
includes 35 known or predicted protein-coding genes. The
7921 region may harbor one or more genes that, when acti-
vated by amplification, play a role in carcinogenesis.
Because we identified three putative oncogenes (i.e.,
CDKI14, CDK6, and PEGI0) in the 7q21 amplicon, we
chose to focus further analysis on these three genes.

To confirm amplification of CDK14, CDK6, and PEGI10,
we performed FISH analyses on JHH-4 cells using the
BACs RP11-66p5, RP11-412F4, RP11-316P4, RPI11-
28023, and RP11-958G24 as probes. RP11-412F4 (con-
taining CDK4) (Fig. 1D) and RPI11-316P4 (containing
CDKG6) (Fig. 1E) generated amplified FISH signals, and
RP11-28023 (containing PEGI0) (Fig. 1F) showed an
increase in the number of FISH signals. In contrast, neither
RP11-66P5 nor RP11-958G24, which correspond to chro-
mosomal regions outside of the amplicon, showed an
amplified signal or an increase in the number of FISH
signals (Fig. 1C, 1G). These data confirm that CDKJ4,
CDK6, and PEGI(0 are amplified in JHH-4 cells.

3.2. DNA copy number and expression level of CDKI4,
CDKG6, and PEGI0 in HCC cell lines

To further analyze the potential role of CDKI14, CDKG,
and PEG10 in HCC, we determined the DNA copy number
of these three genes in 20 HCC cell lines by real-time

quantitative PCR. For this analysis, copy number changes
were counted as gains if the copy number for a given tumor
cell type exceeded the mean plus 2 standard deviations of
the level of the gene in normal cells. A copy number gain
of CDKIl4, CDK6, and PEGI0 was observed in 13
(65%), 12 (60%), and 14 (70%) of the 20 cell lines, respec-
tively (Fig. 2A). JHH-4 cells showed the highest copy
number gain of each gene.

A common criterion for designation of a gene as a puta-
tive target of amplification is that gene amplification leads
to its overexpression {25]. To determine whether CDK14,
CDK6, and PEGI0 are overexpressed, we determined the
mRNA level of these three genes in the 20 HCC cell lines
by real-time quantitative PCR. Both CDK6 and PEG10, but
not CDK 14, were overexpressed in JHH-4 cells, relative to
the other cell lines (Fig. 2B). These findings suggested that
CDK6 and PEGI0 are candidate targets for the 7g21
amplification.

3.3. DNA copy number and expression level of CDK 14,
CDKG6, and PEGI0 in primary HCC tumors

To determine whether the amplification of CDKI4,
CDK6, and PEGI( that was observed in JHH-4 cells was
relevant to primary human carcinomas, we first determined
the copy nurnber of the three genes in 34 primary HCCs,
using a method similar to that used for the HCC cell lines.
A copy number gain of CDKJ4, CDK6, and PEGI0 was
observed in 8 (24%), 16 (47%), and 14 (41%), respectively,
of the 34 tumors (Fig. 3).

We then further examined the expression of the three
genes in paired tumor and nonturnor tissues from the 41
HCC patients by real-time guantitative PCR. Patient and
tumor characteristics are summarized in Table 2. PEGI0
was significantly overexpressed in 30 of the 41 tumors
(73%), compared with their nontumorous counterparts
{(Wilcoxon signed-rank test, P < 0.001) (Fig. 4). In
contrast, expression of CDKI4 or CDK6 was not upregu-
lated in HCC tumors (Fig. 4). Taken together, these results
suggest that PEGI0 is the most likely target for the 7q21
amplicon in HCC.

'Igg. 1. Map of the amplicon at 7q2} in the human hepatocellular carcinoma (HCC) ceil line JHH-4. (A) Recurrent copy number gains on the 7q arm as
assessed using a GeneChip mapping 100K array (Affymetrix, Santa Clara, CA). Copy number gains are indicated by red horizontal lines above the chro-
mosome ideogram: high-level gains (amplifications) are shown by bright red lines, whereas simple gains are shown by dark red lines. Copy number losses
are indicated by green lines under the chromosome ideogram. Each horizontal line represents an aberration detected in a single HCC cell line. The cytobands
in 7q are shown. (B) Copy number profile of chromosome 7 in JHH-4 celis. Copy number values were determined by GeneChip mapping 100K array anal-
ysis. Shown are the position of the Affymetrix single-nucleotide polymorphism (SNP) probes, the 35 genes included within the amplicon, the five bacterial
artificial chromosomes {(BACs) used as probes for fluorescence in situ hybridization (FISH) experiments, and the three sequence-tagged site (STS) markers
used for real-time quantitative polymerase chain reaction (PCR) based on the University of California, Santa Cruz, Genome Bioinformatics database (http://
genome.ucsc.edu/). {C-G) Representative images of FISH on metaphase chromosomes from JHH-4 cells, using the following BAC probes: paired RP11-
66P5, containing ZNF8048 (red) (C) and RP11-412F4, containing CDKJ4 (green) (D); single RP11-316P4, containing CDK6 (red) (E); and paired
RP11-28023, containing PEG 10 (green) (F) and RP11-958G24, containing LMTK2 (red) (G). Arrows indicate normal signals, arrowheads indicate
amplified signals. The set of images shows two normal signals (C), three amplified signals plus two normal signals (D), two amplified signals plus four
normal signals (E), six normal signals (F), and three normal signals (G). Note: In these figures the gene CDKJ4 is identified by the previously approved
symbol, PFTK].
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Fig. 2. DNA copy number and expression level of CDK /4 (previously PFTK]}, CDK6, and PEGI0 in HCC cell lines. (A) DNA copy number of CDK 14,
CDKG6, and PEG10 in 20 HCC cell lines and four normal peripheral blood lymphocytes as measured by real-time quantitative PCR with reference to LINE-1
controls. Values are normalized such that the average copy number in genomic DNA derived from four normal lymphocytes has a value of 2 (solid horizontal
line). A value corresponding to the mean +2 S.D. of the copy number of normal lymphocytes was used as the cutoff value for copy number gain (dotted line).
Asterisks indicate cell lines showing copy number gain. (B) Relative expression levels of CDK /4, CDKG6, and PEGI0 in 20 HCC cell lines as determined by
real-time quantitative PCR. The results are presented as the expression level of each gene relative to a reference gene (GAPDH ), to correct for variations in

the amount of RNA,

4. Discussion

The high-resolution SNP array analysis reported in
this study identified amplification at the chromosomal
region 7q21 in JHH-4 HCC cells. A copy number gain
at this region was frequently observed, not only in
HCC cell lines, but also in primary HCCs. Of the three
genes identified in the amplicon (i.e., PEGI0, CDK6,
and CDKI4), subsequent experiments suggested that
PEGI10 is the most likely target for the amplicon, in that

the PEG10 wranscript was both overexpressed in JHH-4
cells and significantly upregulated in primary HCC
tumors, compared with their nontumorous counterparts.
In contrast, although the highest level of copy number
gain was found at the CDK6 locus in JHH-4 cells and
primary HCC wumors, CDK6 expression was not upregu-
lated in primary HCC tumors.

Contrary to these data, a recent report indicated that
expression of CDKI4 was higher in HCC tumors than in
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Fig. 3. DNA copy number of CDK14 (previously PFTKI), CDKG, and
PEG10 in primary HCC twmors. The DNA copy number of each gene in
34 primary HCC tamors and four norma! peripheral blood lymphocytes
was determined as already described (for Fig. 2A). Asterisks indicate
primary tumors showing copy number gain.

adjacent nontumorous liver tissues and that upregulation of
the gene comrelated with both advanced metastatic HCCs
and microvascular invasion [26]. Further studies are
required to clarify the potential role of CDKI4 in HCC.
PEGI0 was first identified as an imprinted gene that
is paternally expressed and maternally silenced {14]. It
has been suggested that PEGI0 is derived from a retro-
transposon that was previously integrated into the
mammalian genome [14]. The overexpression of
PEGI0 in HCC observed in this study is consistent with
the previously reported overexpression of PEGIO in
tumors, including HCC [15-19}, and in B-cell leukemia
[27,28]. Furthermore, several lines of evidence suggest
that PEGI( may be important for the regulation of cell
proliferation and cell death: PEGI0 is overexpressed in
regenerating mouse liver [16], knockdown of PEGIO

Table 2
Patient and tumor characteristics
Characteristics Value?
Sample size® n=4]
Sex

Male 33

Female 8
Median age, yr {(range) 67 (35—79)
Etiology of liver disease

Hepatitis B virus 9

Hepatitis C virus 21

Other 11
Median tumor size, cm (range) 5.0 (1.9-26)
Tumors, single or multiple

Single 26

Mutltiple 15
Tumor differentiation

Well 7

Moderate 20

Poor 14
Stage®

I 1

1T 15

i 14

v 11
Background liver tissue

Normal 4

Chronic hepatitis 18

Liver cirrhosis 19
Child—Pugh classification

A 40

B 1

C 0

Median a-fetoprotein, ng/ml. (range) 14.9 (0.9-114,859)

® Where no other unit is specified, values refer to number of patients.

® All patients were of Japanese ethnicity.

¢ International Union Against Cancer tumor—node—metastasis (UICC
TNM) classification of malignant tumor.

inhibits the proliferation of cancer cells [29], and the
PEG10 protein inhibits cell death mediated by SIAHI,
a mediator of apoptosis [15]. The importance of
PEGI10 for cell regulation is further suggested by the
fact that targeted disruption of the mouse Pegl0 gene
results in early embryonic lethality due to defects in
the placenta {30].

The exact mechanism by which PEGI0 signals is
unclear, but it is known to imteract with members of
the TGF-B receptor family [31]. Further evidence of
a potential role for PEG]0 in cell growth and carcino-
genesis is that its expression can be regulated by the
protooncogene MYC [29], by E2F transcription factors
that modulate the cell cycle [32], and by the sex
hormone androgen [33].

Although the exact mechanism of PEGI0 function in
tumors remains to be elucidated, and the findings in this
study must be verified in future studies using a larger
sample number, the data presented in this work suggest
a role for amplification and overexpression of PEGI0 in
hepatocarcinogenesis.
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Nuclear size measurement is a simple method for the
assessment of hepatocellular aging in non-alcoholic fatty liver
disease: Comparison with telomere-specific quantitative FISH

and p21 immunohistochemistry
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Telomere-specific quantitative fluorescent in situ hybridiza-
tion (Q-FISH) accurately evaluates hepatoceliular aging on
histological sections, but it requires appropriate tissue pro-
cessing. To establish a more simple methed for the assess-
ment of hepatocellular aging, the usefulness of nuclear size
measurement was clarified using biopsy liver samples from
64 patients with non-alcoholic fatty liver disease (NAFLD), a
model for oxidative stress-associated hepatocellular aging,
and 11 control individuals. Relative telomere intensity (RTI)
was measured on Q-FISH, and the relative nuclear size
(RNS} was calculated as the average nuclear size of the
hepatocytes divided by that of lymphocytes. In normal indi-
viduals and NAFLD patients, the RTI and RNS were nega-
tively correlated. The degree of nuclear enlargement in
NAFLD patients was larger than that in normal individuals
with the same telomere length, possibly refiecting telomere-
independent senescence. In NAFLD patients with RNS >2.0,
the regenerative responses, indicated by the ratio of Ki-67-
positive index to serum alanine aminotransferase level,
were significantly reduced. The RNS positively correlated
with the p21 expression, another marker of senescence.
This all indicates that nuclear enlargement progresses in
parallel with reduced regenerative responses, telomere
shortening, and p21 upregulation. Nuclear size measure-
ment is an effective method for estimation of hepatocellular

aging.

Key words: non-alcoholic fatty liver disease, nuclear enlarge-
ment, p21 protein, quantitative fluorescent in situ hybridization,
senescence, telomere
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Telomere-specific quantitative fluorescent in situ hybridiza-
tion (Q-FISH) is useful to assess the degree of hepatoceliular
aging in histological sections. To date, we and other
researchers have established the relevant experimental pro-
tocols for telomere-specific Q-FISH for various human
tissues.™* The advantage of this method is that it enables
measurement of the telomere length of each cell on archival
paraffin tissue sections, whereas the drawback is that it
needs appropriate tissue fixation before staining,® strict tem-
perature adjustment during the staining procedure, require-
ment of immediate result assessment before fluorescent
fading, and laboratory equipment with computer-linked fluo-
rescent microscopy for digital quantification. Due to these
issues, Q-FISH is used for clinical research only in a limited
number of institutions.

The nuclear size of hepatocytes was previously demon-
strated to increase progressively along with nuclear DNA
polyploidization.®® This alteration is regarded as an age-
related process, because polyploid hepatocytes appear in
individuals from 1-5 years old, stowly accumulate up to the
age of 50 years, and subsequently increase rapidly. Further-
more, as shown in a fibroblast cell line, the level of oxidized
bases accumulated in the nuclei is suspected to induce
failure in chromatin assembling, also leading to senescence-
related nuclear enlargement.® It is not clearly understood,
however, whether nuclear enlargement progresses in parallel
with the telomere shortening process and upregulation of
other markers of senescence.

Replicative senescence, classically regarded to be trig-
gered by telomere shortening, could be p53 dependent, pos-
sibly because p53 detects a disrupted telomeric end structure
(the T-loop) or the end-to-end fusion of chromosomes that
result from telomere dysfunction.' indeed, p53 activity and
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expression of p21, a p53 target gene, increase in senescent
cells.’ In human fibroblasts, because targeted deletion of the
p21 gene is sufficient to bypass senescence, p21 may have
a major role in the induction of cellular senescence by sup-
pressing the activity of cyclin-dependent kinases (Cdk)."2
Recent studies have shown that celliular senescence is
induced not only by the classical mechanism via the p53/p21
pathway through telomere shortening, but also by activation
of the p53/p21 or p16/pRB pathway through various oxidative
stresses even before telomeres are critically shortened, the
phenomenon so-called ‘premature senescence'.*®

Using telomere-specific Q-FISH, we previously showed
that telomere shortening is accelerated in non-alcoholic fatty
liver disease (NAFLD), possibly through oxidative stress-
induced DNA damage.' NAFLD, however, is a heteroge-
neous disease entity involving a broad spectrum of
histopathological states, which is difficult to fully understand
in single hospital-based research. To extend our research
into a large-scale muiti-centered study using many archival
tissues stocked at muitiple institutions, it is relevant to use a
simple method that is not easily influenced by tissue process-
ing conditions such as paraffin embedding, strict temperature
conditions, and fluorescent fading effect. Towards this end,
we attempted to validate the usefulness of nuclear size mea-
surement for the assessment of hepatocellular aging in terms
of reduced regenerative response, telomere shortening, and
upregulation of p21 protein.

MATERIALS AND METHODS
Patients

Sixty-four patients (38 male, 26 female) diagnosed with
NAFLD in 2003-2008 were selected from the files of the
Department of Surgical Pathology of Kyoto Prefectural Uni-
versity of Medicine. Each fiver biopsy specimen was diag-
nosed in a blinded manner by two hepatologists (T.N. and
T.N.), according to the histopathological criteria summarized
by attendees of the AASLD (American Association for the
Study of Liver Diseases) Single Topic Conference 2002.'
Patients with a history of alcoholism {consuming >20 g/day},
showing evidence of hepatitis B or Cinfection, or taking known
hepatotoxic drugs were excluded from the study. Serum
alanine aminotransferase {(ALT) levels of those patients at the
time of biopsy were reviewed from their clinical charts,

Tissue preparation

A total of 64 paraffin-embedded fiver tissue biopsies were
selected. Eleven histologically normal liver tissues obtained
by partial hepatectomy for metastatic liver tumors from
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patients without NAFLD, and who were negative for hepatitis
B surface antigen and anti-hepatitis C antibody, were
selected as controls. Informed consent for usage of these
tissues for the present study was obtained from all patients in
written form.

Of four sections (5 um each) cut serially from each paraffin
block, one each was used for HE staining, immunohis-
tochemistry for Ki-67 antigen and p21 protein, or telomere-
specific  Q-FISH combined with  4’-6-diamidino-2-
phenylindole (DAPI) staining. Various pathological features
of NAFLD were semi-quantitatively evaluated based on the
scoring system proposed for NAFLD activity score (NAS)."®
Namely, steatosis was scored as 0-3, ballooning as 0-2, and
the presence or ahsence of glycogenated nuclei was scored
as 0 or 1. The degree of hepatocellular injury was scored as
grades 1, 2 or 3, and the degree of fibrosis was graded as
stages 0, 1, 2, 3 or 4, based on the standards proposed by
Brunt et al."”

Telomere-specific quantitative fluorescence
in situ hybridization

The combined length of telomeres within single cells was
determined by the intensity of fluorescence on telomere-
specific FISH of each paraffin section, using a Telomere
Detection Kit (Dako, Copenhagen, Denmark}, as reported
previously.*' Image-processed telomeric signals were quan-
tified from digitized fluorescence microscopy images using
the image analysis software package |P Laboratories
(version 3.54, Scanalytics, Fairfax, VA, USA).

As reported previously, three different cell populations
were distinguishable by their morphological features foliow-
ing DAPI staining of each Q-FISH section and HE staining of
each serial section.’® Hepatocytes had round nuclei and a
large area of cytoplasmic space. Stellate cells were recog-
nized as elongated cells with elongated nuclei. Lymphocytes
were characterized by round nuclei and very little cytoplasm.
Lymphocytes, which maintain relatively stable ielomere
lengths, especially in adulis aged 240 years, were used as
measures for the normal-length telomere flucrescence signal
intensity within each tissue sample. Telomere erosion of lym-
phocytes is reported to be only 1.68 kb from age 40-80 years
and 2.00 kb from age 20--40 years.'®

Telomeric pixel intensities of individual hepatocyte and
lymphocyte nuclei were recorded. To control for different
amounts of DNA in the sectioned nuclei, the telomeric signal
intensity was adjusted by dividing each telomere fluores-
cence sum for a given nucleus by the sum of the pixels of the
DAPI signal within that nucleus, as reported previously. For
each field of view, the adjusted telomeric signal intensities of
each hepatocyte nucleus and lymphocyte nucleus were des-
ignated as Tel-H and Tel-L, respectively. The ratio of mean

© 2010 The Authors
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Tel-H/mean Tel-L was calculated for each field of view after
assessing 15-20 hepatocytes and >10 lymphocytes. Relative
telomere intensity (RTI) was defined as the mean of the
Tel-H/Tel-L ratios measured from at least five different fields
of view per sample under various histological conditions.

image cytometry of nuclear size

When the fluorescent intensities of hepatocytes and lympho-
cytes were measured, their nuclear sizes were also simulta-
neously recorded by IP Laboratories using digital images of
DAPI staining. Relative nuclear size (RNS) was calculated by
dividing the average nuclear size of hepatocytes (NS-H) by
the average nuclear size of lymphocytes (NS-L).

Among the NAFLD patients, those with RNS <2.0 were
classified as the normo-nucleus group, and those with RNS
>2.0 were classified as the enlarged-nucleus group.

To minimize the effect of intralobular heterogeneity of
nuclear size, we measured the RTI and RNS of hepatocytes
evenly in zones 1, 2 and 3. In addition, the digitized data of
both telomeric signal intensity and nuclear size were
acquired from the same hepatocyte by adjusting the appro-
priate fluorescent filters and using IP Laboratories software.

immunohistochemistry for Ki-67 antigen and
p21 protein

Immunohistochemistry for Ki-67 antigen and p21 protein was
performed using the streptavidin-biotin~peroxidase complex
method, following the manufacturer's instructions. Primary
antibodies used were mouse anti-Ki-67 antigen monoclonal
antibody (MIB-1; Dako USA, Carpinteria, CA, USA), and
mouse anti-p21 monoclonal antibody (SX118; Dako USA).
The sections were counterstained with hematoxylin. Nega-
tive control slides without the primary antibody were included
for each procedure. The Ki-67-positive index and p21-
positive index (Ki-67-Pl and p21-Pl, respectively) were cal-
cutated from a minimum of 1000 scored hepatocytes.

As previously reported, we used the Ki-687-Pl as an indica-
tor of reactive hepatocyte proliferative activity, and ALT as a
measure of necroinflammatory activity.'* By calculating the
relative ratio of Ki-87-Pl to ALT from a given sample, we couid
quantify the replicative response to liver cell injury. Because
the frequency of apoptotic hepatocytes was very low, we
considered it inappropriate to use apoptotic index to evaluate
the degree of cell death in small biopsy specimens.

Statistical analysis

Comparison of the BNS of NAFLD patients and the expected
RNS of normal individuals was performed using Wilcoxon's
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matched-pairs test. Comparison of the ratios of Ki-67-Pl to
ALT between normo-nucleus and enlarged-nucleus groups
was performed using Mann-Whitney U-test. Correlation
between pathological variables (the degrees of steatosis,
ballooning, and Brunt's stages and grades) and RTI, p21-Pl,
or RNS was assessed on Kruskal-Wallis test. The difference
in RT!, p21-Pl, and BNS values according to presence or
absence of glycogenated nuclei was tesled on Mann-
Whitney U-test. P < 0.05 was considered significant.

RESULTS
Histological findings

Hepatocyte injury was scored 1 in three cases, 2 in 13 cases,
3in 16 cases, 4 in 20cases, 5 in seven cases, 6 in four cases,
and 7 in one case, according to NAS. Fibrosis was staged 0 in
27 cases, 1in 17 cases, 2 in eight cases, and 3—4in 12 cases,
according to the staging system proposed by Brunt et al.

Nuclear size and telomere length

The RTI and RNS in normal individuals were 1.101 £ 0.435
and 1.648 + 0.235, respectively. The microphotograph of a
representative example is shown in Fig. 1(a). The RTI and
RNS in NAFLD were 0.845 £ 0.287 and 2.116 + 0.466,
respectively. The migrophotograph of a representative NAFLD
example is shown in Fig. 1(b). The microphotographs of rep-
resentative nuclear staining by DAPI of lymphocytes Fig. 1(c)
and hepatocytes Fig. 1(d), at the same magnification, are
shown. In addition, these images were overlaid with the
images of telomere FISH visualized with fluorescein isothio-
cyanate of lymphocytes Fig. 1(e) and hepatocytes Fig. 1(f).

In both normal individuals and NAFLD patients, RTI and
RNS were negatively correlated (Fig. 2). Therefore, nuclear
size measurement can estimate the degree of telomere
reduction in both groups. The degree of nuclear eniargement,
however, in most NAFLD patients was larger than that in
normal individuals with the same telomere length. The RNS
of NAFLD patients was compared with the best-fit RNS of
normal individuals with the same RTI predicted by Fig. 2(a).
The BNS of NAFLD patients was significantly higher than the
predicted normal RNS (P < 0.001, Wilkcoxon’s matched-pairs
test; Fig. 3). This resuit indicates that in NAFLD, hepatocel-
lular senescence progresses even before telomeres are criti-
cally shortened.

In normal individuals, RNS and ages were positively cor-
related (Fig. 4a), indicating that hepatocellular senescence
ocours normaily during aging. in NAFLD patients there was
no correlation between RNS and age (Fig. 4b}. The RNS of
NAFLD patients was compared with the best-fit BNS of
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Figure 1 Telomere-specific quantitative fluorescent in situ hybridization (Q-FISH) in liver samples. (a) Normal individual. Man, 29 years old.
The relative telomere intensity (RTI) and relative nuclear size (RNS) were 1.633 and 1.440, respectively. (b) Non-alcoholic fatty liver disease
(NAFLD) patient (male, 36 years old). The RTI and RNS were 0.678 and 2.0986, respectively. The microphotographs of representative nuclear
staining by DAP! of (e) lymphocytes and (d) hepatocytes, at the same magnification, are shown. In addition, these images were overlaid with
the images of telomere FISH visualized by fluorescein isothiocyanate of (e) lymphocytes and (f) hepatocytes.

normal individuals of the same age predicted by Fig. 4(a).
The RNS of NAFLD patients was significantly higher than
predicted normal RNS (P < 0.001, Wilcoxon’s matched-pairs
test; Fig. 5). This indicates that in NAFLD, nuclear enlarge-
ment progresses regardless of age.

Because each cell was double-stained with telomere FISH
and DAPI, the correlation between telomere intensity and
nuclear size in each nucleus could be determined using
representative NAFLD liver specimens. In each microscope
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field, the adjusted telomere intensity and nuclear size tended
to be negatively correlated. A representative example is
shown in Fig. 6.

Nuclear size and replicative response

The Ki-87-Pl and ALT were closely correlated in the normo-
nucleus group (Fig. 7a) and also in the enlarged-nucleus
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Figure 2 Relationship between relative telomere intensity (RTI) and relative nuclear size (RNS). RTI and RNS were negatively correlated in
both (@) normal individuals (y =-0.4681Ln(x) + 1.6608, A% =0.5746, n= 11, P< 0.05) and (b) non-alcoholic fatty liver disease (NAFLD) patients

(y = ~0.6431Ln(x) + 1.9752, A% = 0.2611, n = 64, P < 0.01).

group of NAFLD patients (Fig. 7b). The regression lines for
Ki-67-Pl versus ALT in the normo-nucleus and enlarged-
nucleus groups were calculated to be y = 0.0291x + 1,165 (R?
=0.449, P < 0.001, n=29) and y = 0.0136x + 1.530 (F? =
0.396, P<0.001, n= 35), respectively. The regression slopes
of the enlarged-nucleus normo-nucleus groups were signifi-
cantly different (d.f. = 60, t=2.54, P < 0.05).

The ratio of Ki-67-PI to ALT in the enlarged-nucleus group
was significantly lower than that in the normo-nucleus group
(P < 0.005, Mann-Whitney U-test), again suggesting that
the hepatocellular replicative response of the enlarged-
nucleus group is depressed relative to the normo-nucleus
group (Fig. 8).

p21 protein expression and telomere shortening

There was a negative correlation between p21-Pl and RTI
(R? = 0.180, P < 0.01; Fig.9a), which suggested that
telomere shortening may trigger p21 activation, resulting in
senescence.
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