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A wide-pore (30nm) reversed-phase column (Intrada WP-RP, particle size 3 um) was recently uti-
lized for protein separation in differential proteomics analysis with fluorogenic derivatization-liquid
chromatography-tandem mass spectrometry (FD-LC-MS/MS), and exerted a tremendous effect on find-
ing biomarkers (e.g., for breast cancer). Further high-performance separation is required for highly
complex protein mixtures. Arecently prepared non-porous small-particle reversed-phase column (Presto
FF-C18, particle size: 2 wm) was expected to more effectively separate derivatized protein mixtures than
the wide-pore column. A preliminary experiment demonstrated that the peak capacity of the former was
threefold greater than that of the latter in gradient elution of a fluorogenic derivatized model peptide,
calcitonin. The FD-LC-MS/MS method with a non-porous column was then optimized and applied to
separate liver mitochondrial proteins that were not efficiently separated with the wide-pore column.
As a result, high-performance separation of mitochondrial proteins was accomplished, and differential
proteomics analysis of liver mitochondrial proteins in a hepatitis-infected mouse model was achieved
using the FD-LC-MS/MS method with the non-porous column. This result suggests the non-porous small-
particle column as a replacement for the wide-pore column for differential proteomics analysis in the
FD~LC-MS/MS method.
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1. Introduction

High-performance liquid chromatography (HPLC) has been used
for separating highly complex mixtures of compounds, such as cell
and tissue extracts. However, because efficient separation of intact
proteins is difficult, one-dimensional (1D) or multidimensional
(mD)HPLC is usually performed with peptides generated by digest-
ing intact proteins in proteomics analysis (reviewed in Ref. [1]). In
contrast, we have developed the first reproducible quantification
method using 1D HPLC for proteomics analysis, called fluorogenic
derivatization-liquid chromatography-tandem mass spectrometry
(FD-LC-MS/MS) with a database-searching algorithm. Intact pro-
tein mixtures were first derivatized at cysteinyl residues with
a fluorogenic reagent, followed by isolation with a wide-pore
reversed-phase column, Intrada WP-RP (30 nm pore size and 3 pm
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particle) (Imtakt, Kyoto, Japan), digestion of the derivatized pro-
teins, and identification of the isolated proteins [2]. Application to
real biological samples indicated the appearance of more than 400
or 500 proteins on a chromatogram [3-7]. Differential proteomics
analysis demonstrated the existence of many proteins related to an
early stage of Parkinson’s disease [3], developmental stages of hep-
atocarcinogenesis [4], metastatic or normal breast cancer cells [5],
the aging of rat brain regions [6], and the running speed of horses
[7]. ) :

Differential proteomics analysis of liver proteins between hep-
atitis C virus (HCV) core gene transgenic (Tg) and non-transgenic
(NTg) mice indicated some disease-related proteins in the devel-
opmental stages of hepatocarcinogenesis [4]. Since many of those
proteins were related to the function of mitochondrial events (e.g.,
respiration, electron-transfer system, and B-oxidation), we further
performed differential proteomics analysis of liver mitochondrial
proteins between Tg and NTg mice by FD-LC-MS/MS to clarify the
role of mitochondrial proteins. In a preliminary experiment, how-
ever, it was difficult to separate the mitochondrial protein mixture
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effectively using the conventional wide-pore column that was used
for the FD-LC-MS/MS method. Therefore, we searched for other
columns that have higher-performance separation ability than the
wide-pore column.

According to recent technical developments, the use of a station-
ary phase of small and non-porous particles (sub-2 wm) reduces
eddy diffusion and mass-transfer resistance in the mobile phase
more than porous particles {8]. Chong et al. used sub-2 pm non-
porous particles for separating intact proteins in biological samples
[9]. However, the reproducibility of the retention time of each pro-
tein was very low, probably due to the hydrophobicity of the intact
proteins and the large amount of proteins provided for ultravio-
let detection, which could prevent using a non-porous column for
differential proteomics analysis. In contrast, with FD-LC-MS/MS,
the non-porous column seems to be useful because the proteins
are derivatized into less hydrophobic ones with the hydrophilic
reagent, and one or two orders of magnitude less amount of pro-
teins is sufficient for fluorescence detection than for ultraviolet
detection.

Therefore, in this study, we applied a non-porous small-particle
reversed-phase column (Presto FF-C18, 2 um particle, Imtakt) to
the FD-LC-MS/MS method. Based on an investigation of column
lengths and flow rates for the non-porous column, the opti-
mized FD-LC-MS/MS method was applied to liver mitochondrial
proteomics analysis, resulting in high-performance separation of
the mitochondrial proteins. This result suggested the non-porous
small-particle column as a replacement for the wide-pore col-
umn in differential proteomics analysis utilizing the FD-LC-MS/MS
method. Also, the result of liver mitochondrial proteomics analysis
indicated proteins related to hepatocarcinogenesis; thus, the roles
of proteins in hepatocarcinogenesis will be investigated.

2. Experimental
2.1. Reagents

For this study, 7-chloro-N-[2-(dimethylamino)ethyl]-2,1,3-
benzoxadiazole-4-sulfonamide (DAABD-Cl) and Buffer Solution
pH 8.7 (6M Guanidine Hydrochloride) were obtained from
Tokyo Chemical Industry (Tokyo, Japan). In addition, 3-[(3-
cholamidopropyl)dimethylammonio|propanesulfonate (CHAPS)
and ethylenediamine-N,N,N’,N’-tetraacetic acid disodium salt
(NapEDTA) were obtained from Dojindo Laboratories (Kumamoto,
Japan). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
and PB-lactoglobulin (M.W. 18363) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Calcitonin (M.W. 3,418)
was purchased from Peptide Institute (Osaka, Japan). Triflu-
oroacetic acid (TFA) was obtained from Wako Pure Chemical
Industries (Osaka, Japan). Acetonitrile (HPLC grade) was obtained
from Kanto Chemical (Tokyo, Japan). All the other reagents were
of analytical reagent grade and were used without further purifi-
cation. Water was used after purification with the Milli-Q system
(Nihon Millipore, Tokyo, Japan).

2.2. Columns

Non-porous spherical silica (2 wm particle and 2 m?/g specific
surface area) was utilized as packing material in the Presto FF-
C18 column (Fig. 1) (Imtakt, Kyoto, Japan). Octadecylsilane (ODS)
binds to functional groups on packing materials, indicating that
Presto FF-C18 is useful for reversed-phase separation in HPLC. How-
ever, wide-pore spherical silica (30nm pore size, 3 pm particle,
and 100 mZ2/g specific surface area) was utilized in the Intrada WP-
RP column (Imtakt). Reversed-phase ligands exist on the surface
of the packing materials of Intrada WP-RP, which was used as

Fig. 1. Electron microscopic image of non-porous spherical silica (2 pm particle)
utilized as a packing material in a Presto FF-C18 column.

a conventional protein separation column for the FD-LC-MS/MS
method. Presto FF-C18 columns were adopted with 4.6 mm i.d.
and 50-250 mm length, while Intrada WP-RP with 4.6 mm i.d. and
250 mm length was usually utilized for protein separation [2-7].

2.3. FD reaction and separation of DAABD-calcitonin on the
non-porous or the wide-pore column

A 10 pL aliquot of 5 M calcitonin (Peptide Institute, Osaka,
Japan) was mixed with 60pL of 16.7mM CHAPS/3.33mM
NapyEDTA/0.833mM TCEP in 6M guanidine buffer (pH 8.7),
25 pL of 6M guanidine buffer (pH 8.7), and 5.0 uL of 140 mM
DAABD-CI in acetonitrile. Each reaction mixture was incubated
at 40°C for 10min, and the reaction was stopped with 3.0 uL
of 20% TFAaq. The reaction mixture was then diluted three-
fold with the mobile phase. A 10pL aliquot of the diluted
reaction mixture was injected into an HPLC system that con-
sisted of a pump (L-2100, Hitachi) and a fluorescence detector
(L-2485, Hitachi). Fluorescence detection was carried out at
505nm (excitation at 395nm). Separation was performed on
the non-porous column (4.6 id.x50, 100, 150, or 250 mm)
or the wide-pore column (4.6 i.d.x250mm) (Imtakt, Kyoto,
Japan). The column temperature was set at 60°C, and the flow
rate was 0.2-0.5mL/min. The gradient elution was 10-40% B
over 60min ((A) water:acetonitrile:TFA=90:10:0.10, v/v/v; (B)
water:acetonitrile:TFA =30:70:0.20, v/v/v).

2.4. Preparation of liver mitochondrial sample and determination
of total proteins

Sixteen-month-old Tg and NTg mice were used for analy-
sis. Progression of disease state and morphological features were
described in previous reports [4,10].

A preliminary study clearly indicated that an extraction pro-
cedure utilizing a mitochondrial isolation commercial kit was
not useful, due to the low repeatability in isolation handling.
Therefore, in this study, mitochondria were extracted from liver
samples (100 mg) by density-gradient centrifugation using a man-
nitol/sucrose solution, as reported by Lopez et al. {11]. The
mitochondrial pellet obtained was suspended with twice-volume
of 2% CHAPS in 6 M guanidine buffer (pH 8.7). The suspension was
sonicated for 15s on ice four times at 15s intervals. The soni-
cated suspension was centrifuged at 13,000 g for 2 min at 4°C. The
supernatant was then collected and stored as a soluble fraction
at —80°C after freezing with liquid nitrogen. The total liver mito-
chondrial proteins were determined with a BCA™ Protein Assay
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Kit (Thermo Scientific, Rockford, IL, USA), following the written
instructions. Bovine serum albumin was used as a protein stan-
dard.

2.5. FD-LC-MS/MS method for liver mitochondrial proteomics
analysis

The previous method was used for the FD procedure for liver
mitochondrial proteins with DAABD-CI [4], except for the amount
of total protein; in brief, 60 g of liver mitochondrial proteins was
derivatized in 100 pL reaction mixture. Twenty microliters of the
reaction mixture (12 g proteins) was subjected to HPLC. Sample
proteins amount per injection was low enough as compared to the
maximum (24 pg) for separation on the non-porous column. The
overall system consisted of a Hitachi L-2000 series HPLC system
with a non-porous column (4.6 i.d. x 250 mm) at a column tem-
perature of 60°C [2] and a flow rate of 0.3 mL/min. Fluorescence
detection was carried ouf at 505 nm (excitation at 395nm). The
compositions of the mobile phases were the same as described
above. The 267.5 min gradient program was used to compare the
non-porous column with the wide-pore column. The gradient elu-
tion was 16% B held over 5min, to 25% in 10min, to 43% B in
112.5min, to 45% B in 135min, to 55% B in 185 min, to 65% B in
215min, and to 100% B in 267.5min. The 535 min gradient pro-
gram was used for proteomics analysis of mitochondrial proteins
in livers of the hepatitis-infected mouse model. The gradient elu-
tion was 16% B held over 10min, to 25% in 20 min, to 43% B in
225min, to 45% B in 270min, to 55% B in 370 min, to 65% B in
430min, and to 100% B in 535min. To keep the long life-time
of the non-porous column, a washing operation was performed
after operation of each analysis. The gradient time program of
the washing operation was 100 to 0% B in 5min and 0 to 100%
B in 10min at 0.3 mL/min of flow rate, which was repeated four
times.

The isolated derivatized proteins were identified as reported in
Ref. [5] using HPLC and tandem mass spectrometry. The obtained
amino acids sequence data were searched for the taxonomy Mus
musculus against the National Center for Biotechnology Information
non-redundant (NCBInr) database using MASCOT version 2.1.03
(Matrix Science, Ltd., London, UK).

3. Result

3.1. Separation of DAABD-calcitonin in gradient elution with the
non-porous column

The non-porous column was applied to separate fluorogenic
derivatized calcitonin, a model peptide, to investigate its separa-
tion efficiency. Calcitonin (0.5 pM, M.W. 3418) was derivatized
with a fluorogenic reagent, 7.0 mM DAABD-CIl, and subjected to
HPLC-fluorescence detection in gradient elution on either the non-
porous or the wide-pore column: Both columns were the same size
(4.61.d. x 250 mm). The retention times and shapes of both DAABD-
calcitonin peaks suggested that the non-porous column exhibited
stronger affinity for the peptide and higher resolution than the
wide-pore column (Fig. 2). The retention time of the compounds
less retained on the non-porous column was shorter than that on
the wide-pore column. The separation efficiencies of both columns
were then compared utilizing the peak capacity, since the sepa-
ration efficiency of HPLC columns in gradient elution is usually
evaluated with column peak capacity P, while under isocratic con-
ditions it is evaluated with theoretical plates N. The peak capacity
represents the maximum theoretical number of components that
can be separated in a column within a given gradient time. Each
P value was then calculated from peak width w measured at 40
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Fig. 2. Chromatograms obtained from DAABD-calcitonin separated in (a) the non-
porous column or (b) the wide-pore column under gradient elution conditions.
Chromatographic conditions are described in Section 2.

(13.4% of peak height) and the gradient time ¢z according to Eq. (1)
[12]:
Ly
P=1+= (M
The P value with the non-porous column was found to be three-
fold higher than that with the wide-pore column under 60 min
gradient conditions (197 with the non-porous column vs. 64 with
the wide-pore column). In a similar experiment using a typical stan-
dard protein (-lactoglobulin, M.W. 18,363), the P value exhibited
the same tendency with both columns (data not shown). These
results indicate that separation efficiency in the non-porous col-

umn was superior to that in the wide-pore column.

3.2. Optimized column length and flow rate with the non-porous
column

In order to obtain appropriate separation efficiency, the gradient
elution of DAABD-calcitonin was performed with different lengths
(50, 100, 150, and 250 mm) of the non-porous column at different
flow rates (0.2, 0.3, 0.4, and 0.5 mL/min). However, for the 250 mm-
long column, the flow rate was limited to a maximum of 0.3 mL/min
because of the durability of the HPLC flow (20 MPa) system used
in the present experiment. DAABD-calcitonin was separated in the
same 60 min gradient program as described in Section 3.1, and each
P value was calculated according to Eq. (1). The P value increased
with increasing column length and flow rate, indicating that sep-
aration efficiency was greater with a longer column and a higher
flow rate (Fig. 3A). The same was true for -lactoglobulin, a model
protein (data not shown).

Moreover, mitochondrial protein extract was injected into each
length of the columns at the maximum flow rate (0.3 or 0.5 mL/min)
to investigate the separation of a real biological sample. The num-
ber of separated protein peaks increased with increasing column
length: a 250 mm-long column at a 0.3 mL/min flow rate exhib-
ited the highest separation efficiency for the actual protein mixture
sample (Fig. 3B). Therefore, a column length of 250 mm with a flow
rate of 0.3 mL/min was selected for separating the mitochondrial
protein extract.

3.3. Comparison of the non-porous column with the wide-pore
column for separating a mitochondrial protein extract

Based on the results above, the non-porous column (250 mm
length with a flow rate of 0.3 mL/min) was applied to separate a
mitochondrial protein extract. The chromatogram obtained under
the appropriate conditions described in Section 2.5 was compared
with that obtained from the wide-pore column (250 mm length,
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Fig. 3. (A) Peak capacities of the non-porous column with various column lengths
(50, 100, 150, and 250 mm) at various flow rates (0.2, 0.3, 0.4, and 0.5 mL/min) in the
gradient elution of DAABD-calcitonin. Each P value was calculated with Eq. (1) in
Section 3.2. (B) The number of protein peaks separated in each length of the column
(50, 100, 150, and 250 mm) obtained from the mitochondrial protein extract. The
flow rate was 0.5 mL/min, except for the 250 mm column that had a 0.3 mL/min flow
rate. The details are described in Section 2.
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Fig. 4. Chromatograms of mouse liver mitochondrial proteins separated in (a) the
non-porous column or (b) the wide-pore column. Chromatographic conditions are
described in Section 2.

0.3 mL/min). Fig. 4a indicates that 420 protein peaks were obtained
on the chromatogram with the non-porous column in 260 min
analytical time. However, 160 protein peaks were not clearly sep-
arated in the chromatogram with the wide-pore column (Fig. 4b).
This result clearly suggested that the non-porous column, rather
than the wide-pore column, would be useful for proteomics anal-
ysis of mouse liver mitochondrial proteins with the FD-LC-MS/MS
method.

Also, the retention times and peak shapes of the proteins
injected into the non-porous column exhibited stronger adsorp-
tion and higher resolution than those injected into the wide-pore
column. Furthermore, the retention time of the compounds less
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Fig. 5. Chromatograms of liver mitochondrial proteins in Tgs (red) and NTgs (blue)
mice separated in the non-porous column. The peaks indicated by arrows fluctuated
between Tgs and NTgs. Chromatographic conditions are described in Section 2. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

retained in the non-porous column was shorter than that on the
wide-pore column.

3.4. Proteomics analysis of mitochondrial proteins in livers of
hepatitis-infected mouse model

Differential proteomics analysis was performed on the non-
porous column between mitochondrial protein samples extracted
from livers of Tgs (n=3) and NTgs (n=3) mice aged 16 months.
This age was selected based on the previous report that many pro-
teins related to the function of mitochondrial events fluctuated in
Tg. The appropriate separation conditions in HPLC afforded 500
protein peaks on each chromatogram for Tgs and NTgs in 9h of
analysis (Fig. 5), with each peak height representing the amount
of each protein. The responsibility of this analysis was confirmed,
based on the reproducibility of the retention times and the peak
heights. The relative standard deviations (RSDs) of peaks a through
d (Fig. 5) ranged from 0.0 to 0.5% for retention times and 0.4-18.0%
for peak heights (for between-days, n=3-6). The heights of peaks
corresponding to specific retention times were compared between
Tgs and NTgs. The expression of several peaks fluctuated, and each
fluctuating peak fraction was collected, digested, and subjected to
LC-MS/MS analysis to identify the protein. Table 1 summarizes the
identified proteins. Three proteins were significantly up-regulated
(Tg/NTg=1.24-2.86, 0.05 <p<0.10) (Peaks a, c, and d in Fig. 5)
in Tg, while one protein peak was significantly down-regulated
(Tg/NTg=0.44, p<0.05) (Peak b in Fig. 5). Those four proteins were
demonstrated for the first time in liver mitochondrial proteomics
analysis.

4. Discussion

4.1. Comparison of the separation of DAABD-calcitonin and
DAABD--lactoglobulin between the non-porous column and the
wide-pore column

In order to determine the difference in separation between
the non-porous column and the wide-pore column, a derivatized
model peptide and protein (DAABD-calcitonin and DAABD-
B-lactoglobulin) were separated. The retention times of the
derivatized model samples were longer for the non-porous col-
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Table 1
Differentially expressed liver mitochondrial proteins between Tgs and NTgs.

Peak number Tg/NTg ratio Protein name Accession number Score Sequence coverage (%)
a 1.24 +0.17 60S ribosomal protein L11 gi 13385408 129 12
b 0.44 +033 Sterol-carrier protein 2 gi 45476581 278 10
c 1.51 +035 NADH-cytochrome b5 reductase 3 gi 19745150 145 8
d 2.86 + 130 Hydroxysteroid (17-beta) dehydrogenase 13 gi 159573879 183 25

umn than for the wide-pore column. Since the surface of the
non-porous column is covered with ODS (C18) and the surface of
the wide-pore column consists of a less hydrophobic “reversed-
phase” ligand than C18, stronger retention of the derivatized model
samples should be caused by the hydrophobic interaction in the
non-porous column. In contrast, considering the shortest reten-
tion times of the hydrophilic substances, the non-porous column
should exhibit fewer void volumes than the wide-pore column. It
was also shown that, considering the P(peak capacity) value for the
non-porous column was threefold higher than that for the wide-
pore column, the non-porous and small size (2 p.m as compared to
3 pm of the wide-pore column) reduced eddy diffusion and mass-
transfer resistance on separation and resulted in high-resolution
chromatography [8]. This couldn’t be caused by the narrow parti-
cle size distribution of the former column since the particle size
distribution of both the columns were similar (D90/D10< 1.4, and
D90/D10 = 1.42 for the non-porous and the wide-pore, respectively,
measured by laser diffraction particle size analysis and electrical
sensing zone method).

4.2. Optimization of column length and flow rate for protein
separation with the non-porous column

The effects of column length and flow rate on the P value were
investigated using DAABD-calcitonin and DAABD-{3-lactoglobulin
to obtain optimal conditions for derivatized protein separation
on the non-porous column. High P values were obtained using a
longer column and a higher flow rate. This tendency agreed with
the simulation of separation efficiency reported by Gilar et al. [12],
indicating that the length of the non-porous column was propor-
tional to separation efficiency. In this study, 0.3 mL/min was the
maximum flow rate for the longest column (250 mm) because of
the currently limited operating pressure (20 MPa). The LC system
should be mechanically strong enough to withstand the ultrahigh
pressures for further efficient separation in the non-porous Presto
FF-C18 that might be 250 mm long and have a flow rate exceeding
0.3 mL/min. In this sense, in the future, further efficient separation
should be examined utilizing an Ultra High Pressure Liquid Chro-
matography system. According to the results (Fig. 3A), the highest P
value was obtained with a 150 mm length of column and a flow rate
of 0.5 mL/min. However, more separated proteins were observed in
the 250 mm-long column with a 0.3 mL/min flow rate for the mito-
chondrial sample (Fig. 3B). This is because the separable peaks from
a large numbers of proteins in a real biological sample should be
proportional to the column length. Another reason is that the dilu-
tion of the peak fraction in a 150 mm column with a high flow rate
of 0.5 mL/min might be beyond the detection limit of the system.
Therefore, a 250 mm column length with a flow rate of 0.3 mL/min
was adopted as the optimal condition for separating liver mito-
chondrial proteins.

4.3. Application of the FD-LC-MS/MS method using the
non-porous column for differential proteomics analysis of liver
mitochondria

Nine hours of analysis indicated that the number (500) of mito-
chondrial protein peaks (Fig. 5) was similar to the number of

extracted proteins from a whole cell separated with the wide-pore
column (e.g., for mouse liver proteomics analysis) [4]. Concern-
ing the life-time of the non-porous column, the life-time was long
enough to analyze mitochondrial proteins about 40 times (400h
including the washing period) since the chromatogram obtained
after 40 times analyses was the same as the initial one. That would
be caused by the contribution of a washing operation after each
analysis. This result suggests that the non-porous column could
be substituted for the wide-pore column as a protein separation
column for the FD-LC-MS/MS method.

Compared to the low reproducibility for the retention times of
peaks in the previous report [9], the present differential proteomics
analysis of liver mitochondria obtained reproducible retention
times and peak heights (RSD less than 0.5% for retention times and
less than 18.0% for peak heights). The reason for this superior repro-
ducibility may be that in the FD-LC-MS/MS method, proteins were
derivatized with the hydrophilic reagent and a low amount of pro-
teins. These results indicate that the FD-LC-MS/MS method using
the non-porous column can be used for differential proteomics
analysis of liver mitochondria and results in identification of four
fluctuating proteins between Tgs and NTgs.

4.4. Functions of the fluctuating liver mitochondrial proteins
related to hepatocarcinogenesis

All the identified mitochondrial proteins in this study were
demonstrated for the first time in liver proteomics analysis. Since
mitochondria were extracted from mouse liver and analyzed for
expression of proteins, it is assumed that the proteins inside the
mitochondria were concentrated to a detectable level of each
expression fluctuation.

Only one down-regulated peak in Tg was identified as sterol
carrier protein 2 (SCP2), considering differences in localization
between the deduced different types (SCP2 and SCPx) (reviewed in
ref.[13]). SCP2 is related to intracellular lipid transport {e.g., choles-
terol) from other intracellular membranes to mitochondria [14], as
well as from the outer to the inner mitochondrial membrane for
oxidation. Since lipids have accumulated in the hepatocytes of 16-
month-old Tg mice, causing steatosis as previously reported [10],
lipid transport to mitochondria might no longer be required. Thus,
SCP2 was decreased in Tg through a negative feedback pathway.
Also, SCP2 is reportedly involved in regulation of the signal path-
way for lipids (reviewed in ref. [13]). These findings suggest that
the decrease of SCP2 in Tg may suppress lipid transport to mito-
chondria, leading to inhibition of lipid signaling. In contrast, three
proteins were demonstrated to be up-regulated in Tg. Hydrox-
ysteroid (17-beta) dehydrogenase 13 (17BHSD13) is specifically
expressed in liver [15]. It has been reported that the intracellular
localization of 173HSD13 is similar to that of HCV core protein in
endoplasmic reticulum (ER), lipid droplets (LDs), and mitochon-
dria [16-18], while it is unknown whether 178HSD13 localizes
in mitochondria or not. In general, 17BHSD family proteins cat-
alyze the dehydrogenation reactions of the steroid skeleton with
an excess of NADH or electrons. Although 178HSD13 may play
a key role in the next step of detoxification and/or utilization of
lipid metabolites through the reaction, its specific substrate is not
identified. At least, the increase of 173HSD13 in Tgs would acti-
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vate lipid metabolism. NADH-cytochrome b5 reductase 3 (CYB5R3)
was observed in the plasma membrane, mitochondrial outer mem-
brane, and ER. CYB5R3 in the mitochondrial electron-transfer
system catalyzes the oxidation of NADH to NAD* (reviewed in Ref.
[19]). For mitochondrial dysfunction, CYB5R3 is up-regulated due
to an increase of the NADH/NAD" ratio, resulting in enhanced oxi-
dation of NADH to NAD*. Thus, an increase of CYB5R3 in Tg would
accelerate aerobic respiration in mitochondria. In addition, 60S
ribosomal protein L11 (RPL11) is associated with Mdm2, which
is an E3 ligase for promoting p53 ubiquitination, resulting in pre-
vention of the degradation of p53 [20,21]. The undegraded p53 in
mitochondria reportedly causes apoptosis of cancer cells [22,23].
This finding suggests that up-regulated RPL11 would suppress the
growth of hepatocarcinoma in transition out of hepatitis C. If hep-
atocarcinogenesis activates metabolism in Tg mice at the age of 16
months, 1778HSD13 and CYB5R3 might increase and accelerate lipid
metabolism and aerobic respiration. Furthermore, a decrease of
SCP2 might control lipid transport to mitochondria and thus main-
tain equilibrium through a negative feedback pathway. Considering
these results, fluctuation of these proteins suggests that activation
and suppression of hepatocarcinogenesis occur simultaneously in
Tg mice at 16 months of age.

In conclusion, a novel non-porous column (Presto FF-C18)
achieved good separation of liver mitochondrial proteins, which
was hardly achieved on a wide-pore column such as Intrada WP-RP.
Moreover, the FD-LC-MS/MS method with Presto FF-C18 demon-
strated for the first time several fluctuating proteins performing
differential proteomics analysis of liver mitochondrial proteins in
a hepatitis-infected mouse model.
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Background & Aims: Some clinical findings have suggested that
systemic metabolic disorders accelerate in vivo tumor progres-
sion. Deregulation of the phosphatidylinositol 3-kinase (PI3K)/
Akt pathway is implicated in both metabolic dysfunction and car-
cinogenesis in humans; however, it remains unknown whether
the altered metabolic status caused by abnormal activation of
the pathway is linked to the protumorigenic effect].‘
Methods: We established hepatocyte-specific Pik3ca transgenic
(Tg) mice harboring N1068fsx4 mutation.

Results: The Tg mice exhibited hepatic steatosis and tumor
development. PPARy-dependent lipogenesis was accelerated in
the Tg liver, and the abnormal profile of accumulated fatty acid
(FA) composition was observed in the tumors of Tg livers. In addi-
tion, the Akt/mTOR pathway was highly activated in the tumors,
and in turn, the expression of tumor suppressor genes including
Pten, Xpo4, and Dlc1 decreased. Interestingly, we found that the
suppression of those genes and the enhanced in vitro colony for-
mation were induced in the immortalized hepatocytes by the
treatment with oleic acid (OA), which is one of the FAs that accu-~
mulated in tumors.

Keywords: Hepatocellular carcinoma; Fatty acids; NAFLD; Tumor suppressor
genes,
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Conclusions: Our data suggest that the unusual FA accumulation
has a possible role in promoting in vivo hepato-tumorigenesis
under constitutive activation of the PI3K pathway. The Pik3ca
Tg mice might help to elucidate molecular mechanisms by which
metabolic dysfunction contributes to in vivo tumor progression.
© 2011 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Accumulating clinical evidence suggests that systemic metabolic
disorders including obesity and insulin resistance can affect or
even promote in vivo tumor progression [1-4]. Some studies have
outlined the impact of fat-enriched diets in the development of
hepatocellular carcinoma (HCC) [5-7]. However, the mechanistic
insights regarding metabolites or cellular signaling responsible
for the development of HCC in altered metabolic states remain
unknown.

The phosphandylmosuol 3-kinase (PBK)/Akt signaling path-
way is involved in various cellular processes including cell
metabolism, growth, and survival [8,9]. The altered expression
and mutation of PI3K/Akt-related signaling components have
been detected in some human cancers [10]. In particular, the
PIK3CA gene encoding p110c, which is a catalytic subunit of
PI3K, has somatic mutations in some carcinomas [11]. Addition-
aily, a mutation in its kinase domain has been reported in HCC
and gastric cancer [12]. These findings indicate that deregulated
PI3K activity plays certain roles in oncogenesis in humans
[11,13]. PI3K signaling is antagonized by phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) phosphatase [14].
The expression of PTEN is decreased or absent in approximately
half of HCC patients [15], and hepatocyte-specific Pten knockout
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mice develop steatohepatitis and HCC [16]. These findings indi-
cate that PTEN is a tumor suppressor in the liver [17]. Although
recent reports have suggested unique functions of PTEN that
are independent of the PISK-Akt axis [18-20], it is unknown
whether the phenotype in Pten-deficient mice is due to
PI3K-dependent or PI3K-independent processes.

To address the pathological consequences caused by the
abnormal activation of PI3K pathway in vivo, we generated
liver-specific Pik3ca transgenic (Tg) mice. In this study, we pro-
posed that abnormal fat composition, as observed in the Pik3ca
Tg liver, is a mechanism by which metabolic deregulation is
linked to in vivo tumor progression.

Materials and methods
Generation of Pik3ca Tg mice

The Pik3ca Tg mice were generated as described previously [21]. Briefly,
Myc-tagged mouse Pik3ca cDNA (N1068fsx4) was cloned into the p2335A-1
vector (provided by Drs. Palmiter and Chisari) [22,23]. The microinjection was
conducted by the Research Laboratory for Molecular Genetics, Yamagata
University. Founder BDF1 mice (FO) were backcrossed with C57BL/6]Jcl mice
(CLEA Japan, Japan), and F5 mice were analyzed. The primers for genotyping were
5'-ATGGAACAGAAACTCATCTCT-3' and 5'-GGGTGACACTTACGAAAAT-3'. All pro-
cedures involving animals were performed in accordance with protocols
approved by the institutional committee for animal research at the University
of Tokyo and complied with the Guide for the Care and Use of Laboratory
Animals.

Cell cultures, viruses, and treatment with fatty acids

Lentiviral short hairpin RNA vectors were purchased from Open Biosystems
(Huntsville, AL, USA). BNL-CL2 cells were infected with the virus according to
the manufacturer’s protocol and selected by puromycin. BNL-CL2 cells were incu-
bated with either 50 umol/L fatty acids or ethanol (mock) for 12 h in the absence
of fetal bovine serum (FBS) in some experiments.

Antibodies and primers

The primers for quantitative RT-PCR are shown in Supplementary Table 1.
Antibodies against phospho-Akt (Ser473 and Thr308), Akt, phospho-extracellular
signal-regulated kinase (Erk) 1/2 (Thr202/Tyr204), Erk1/2, phospho-TSC2, phos-
pho-S6K, TSC2, S6K, and SREBP1 were obtained from Cell Signaling Technology
(Danvers, MA, USA). The anti-PTEN antibody was purchased from Neomarkers
Inc. (Frement, CA, USA). The anti-TFIID antibody was purchased from Upstate
Biotechnology Inc. (Lake Placid, NY, USA). For immunohistochemistry, the anti-
phospho-Akt (Ser473) antibody and anti-Myc antibodies (Cell Signaling Technol-
ogy) were used. The immunoblot data were quantified using Multi Gauge ver. 3.1
software (Fuji Film Corp., Tokyo, Japan).

Triacylglycerol content, serum alanine aminotransferase (ALT) levels, and FA
composition

Triacylglycerols were extracted from the liver with chloroform-methanol (2:1, v/
v), and the levels were determined by the GK-GPO method (Wako, Tokyo, Japan).
Serum samples for ALT measurement were collected after a 16-h starvation (SRL,
Tokyo, Japan). Fatty acids were extracted from frozen liver samples, and the com-
position was analyzed by gas chromatography (Kotobiken Medical Laboratories,
Inc., Tokyo, Japan).

Glucose tolerance tests

Glucose was intraperitoneally injected into 8-week-old mice fasting for 16 h
(1.5 mg of glucose/g body weight). Glucose concentration was measured using
the FreeStyle FREEDOM Blood Glucose Monitoring System (Nipro, Tokyo, Japan)
at 0, 15, 30, 60, 90, and 120 min after injection.

JOURNAL OF HEPATOLOGY

Oxidative stress evaluation

The measurement of hydrogen peroxide concentrations was performed by the
Colorimetric Hydrogen Peroxide Kit (Assay Designs, Inc., Ann Arbor, Ml, USA).
Thiobarbituric acid reactive substances (TBARS) were measured by the TBARS
Assay Kit (ZeptoMetrix, Buffalo, NY, USA).

Immunohistochemistry

Antigen retrieval on paraffin sections was performed by the acetylation method.
Proteins were visualized using the standard 3,3’-diaminobenzidine protocol.

Soft agar assay

The lower layer of 0.5% agar in media was placed in a 35-mm dish. Cells
(2.5 x 10*) were suspended in the upper layer of 0.3% agar. Colonies (>25 um
in diameter) were counted after 14 days. Oleic acid (OA) (50 pumol/L) or ethanol
was added to the upper layer in some experiments.

Statistics

All results are indicated as means * SE. Statistics were performed by Student’s t-
test or ANOVA followed by Fisher's PLSD host-hoc test. p-Values <0.05 were con-
sidered statistically significant.

Results
Generation of hepatocyte-specific Pik3ca Tg mice

We established 2 independent lines of hepatocyte-specific Tg
mice (Pik3ca Tg mice) harboring an “N1068fs+4” mutation in
the kinase domain [12}. Myc-tagged mutant Pik3ca was designed
to be expressed under the albumin promoter (Supplementary
Fig. 1), and the liver-specific expression of the transgene was con-
firmed as shown in Fig. 1A. To assess the in vivo effect of the
Pik3ca N1068fs+4 transgene, we analyzed the activity of mole-
cules downstream of PIK3CA including Akt, TSC2, and S6K via
immunoblotting. The phosphorylation of Akt, TSC2, and S6K
was clearly increased both in the two lines of Tg livers, but not
in the wild-type (WT) livers (Fig. 1B).

Constitutive activation of Pik3ca leads to fat accumulation in the
liver

Both lines of Pik3ca Tg mice survived, and no difference in total
body weight was observed between Pik3ca Tg and WT mice at
4 or 24 weeks of age (data not shown). The Pik3ca Tg2 mice
exhibited better glucose tolerance than WT mice at 8 weeks
(Supplementary Fig. 2). The ratio of liver weight to body weight
was significantly increased in the Pik3ca Tg mice compared to
that of WT mice (Fig. 2A). The livers of 4 week-old Pik3ca Tg mice
appeared slightly enlarged and light-colored, and they exhibited
obvious fatty changes by 24 weeks (Fig. 2B). The Tg livers con-
tained a greater volume of triacylglycerol than WT (Fig. 2C).
The results of Western blotting revealed that Tg2 mice exhibited
a relatively low activation of Akt and S6K as compared to Tgl
(Fig. 1B); however, hepatic triacylglycerol levels were clearly
increased in the two lines Tg mice (Fig. 2C). Indeed, even Tg2
mice demonstrated an obvious fatty change in their livers by
24 weeks (Fig. 2B and D). These findings indicated that the consti-
tutive expression of the Pik3ca N1068fs+4 transgene has a poten-
tial to establish in vivo hepatic steatosis. In addition, we found
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Fig. 1. Establishment of Pik3ca Tg mice. (A) Liver-specific expression of the
mutant PIK3CA (N1068fsx4). (B) Immunoblots and quantification of the ratios of
phosphorylated-Akt, TSC2, and S6K levels to total protein levels ('p<0.05,
ANOVA; post hoc test with WT).

that ALT levels in the Pik3ca Tg mice were higher than those of
WT mice (Fig. 2E), suggesting the coexistence of liver damage.
Next, we examined how the Pik3ca Tg liver induced unusual lipid
accumulation. Because lipogenesis is mainly mediated by two
major transcription factors, PPARy and SREBP1C [24,25], we mea-
sured their expression levels and their target genes in Tg2 mice
livers and observed the upregulation of PPARy and-its target
aP2 but not of SREBP1C or its target FASN (Fig. 2F). Given the pre-
vious finding that activated PI3K signaling can induce steatosis
through PPARY [26], we speculated that PPARy-dependent lipo-

genesis is a process responsible for hepatic steatosis in Tg mice.
This was supported by the finding that the nuclear accumulation
of the active form of SREBP1c protein was not increased by Pik3ca
(N1068fs«4) expression (Supplementary Fig. 3). To emphasize
this notion, we investigated whether the in vitro overexpression
of Pik3ca (N1068fsx4) induced lipid accumulation and the activa-
tion of PPARy-dependent transcription. The in vitro overexpres-
sion of Pik3ca (N1068fs«4) increased the concentration of
triacylglycerol in BNL-CL2 cells, immortalized normal hepato-
cytes derived from a BALB/c mouse [27] (Fig. 2G), and upregu-
lated aP2 expression (Fig. 2H). These data indicated that the
overexpression of Pik3ca (N1068fs+4) directly contributes to the
enhanced lipogenesis, at least via activating PPARy-dependent
transcription. Given the important role of mTOR in lipogenesis
through PPARY, there is a possibility that the activation of mTOR
signaling (Fig. 1B) contributes to deregulated lipogenesis through
PPARY signaling in the Pik3ca Tg liver [26]. s

Tumor formation without inflammation in the Pik3ca Tg mice

Regardless of the marked fatty changes and suggested liver dam-
age, Pik3ca Tg livers did not exhibit cellular infiltration or fibrotic
change even at 52 weeks of age (Fig. 3A and B), which means the
expression of the Pik3ca transgene is not sufficient for progres-
sion to steatohepatitis in the mouse liver. We found that the
inflammatory cytokine IL-1o. and Fas ligand were highly
expressed - in ' the Pik3ca Tg liver than WT  (Supplementary
Fig. 4). Given the previous findings that these factors can be
responsible for liver damage [28,29], the abnormal upregulation
of IL-1ot and Fas ligand in Tg livers may explain a part of the
mechanisms of liver damage, whereas the entire molecular pro-
cess inducing them remains unknown. Notably, macroscopic
hepatic tumors developed in 94% of Tg1 mice (30/32) and 100%
of Tg2 mice (11/11) at 52 weeks of age (Fig. 3C, left). Most of
the tumors were hepatocellular adenomas containing abundant
lipid droplets (Fig. 3C, right). Some tumors had rough surfaces
and irregular shapes with necrosis and hemorrhaging (Fig. 3D,
left) and microscopically demonstrated characteristics of HCC
such as enlarged and hyperchromatic nuclei and trabecular pat-
terns (Fig: 3D, right). HCC tissues did not always exhibit lipid
accumulation as shown-in Fig. 3D. As the Pik3ca Tg mice aged,
hepatic tumors became-increased in number and size, whereas
no WT littermates developed any tumors (Fig. 3E). These data
clearly indicate that the in vivo constitutive expression of Pik3ca
(N1068fs+4) leads to hepatic tumor development. To assess the
functional activity of PIK3CA (N1068fsx4) for tumorigenesis, we
examined the in vitro transforming ability using BNL-CL2 cells.
Remarkably, Pik3ca (N1068fsx4) expression did not stimulate
colony formation of BNL-CL2 -cells (Supplementary Fig. 5). In
addition, we -analyzed the phosphorylation level of Akt by the
in vitro overexpression of Pik3ca genes including wild type,
H1047R, or N1068fsx4 in 293T cells. The overexpression of Pik3ca
(H1047R) possessing in vitro transforming capacity [13] resulted
in strong phosphorylation of Akt, as previously reported (Supple-
mentary Fig.-6) [30]. Conversely, the overexpression: of Pik3ca
(wild type) without any transforming capacity [13] resulted in
lower phosphorylation of Akt. The mutant PIK3CA (N1068fsx4)
induced phosphorylation of Akt, but the level was comparable
to that of wild type, and less than that of H1047R (Supplementary
Fig. 6). These findings suggested that Pik3ca (N1068fsx4), as com-
pared to H1047R, has less capacity for activating Akt and little
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Fig. 2. Steatosis in the Pik3ca Tg liver. (A) Increased liver weight in Pik3ca Tg mice. (N = 5/group; Tp <0.05, ANOVA; post hoc test with WT). (B) Representative liver images
of WT and Pik3ca Tg mice. (C) High concentrations of intrahepatic triacylglycerol in the Tg mice (N >5/group; *p <0.05, ANOVA; post hoc test with WT). (D) H&E staining of
livers from WT and Pik3ca Tg mice at 4 weeks (top) and 24 weeks (bottom) of age. (E) Higher serum ALT levels in the Tg mice (N = 5/group; Tp <0.05, ANOVA; post hoc test
with WT), (F) The expression of fat metabolism genes in the 4-week-old liver (N = 3-4/group; *p <0.05, **p <0.01, Student's t-test). (G) Cellular triacylglycerol levels and (H)
the expression of lipogenesis-related genes in BNL-CL2 cells stably expressing Pik3ca (N1068fsx4} (N = 3/group; *p <0.05, **p <0.01, Student’s t-test).

oncogenic activity in itself [13] and that there might be unknown
factors promoting in vive tumorigenesis in the Pik3ca Tg liver.

Downregulation of tumor suppressor geneé in tumors derived from
Pik3ca Tg livers

To further assess the related cellular signaling for tumorigenesis
in the Pik3ca liver, we evaluated the activation of Akt, S6K, and
Erk among the WT liver, non-tumor Tg liver, and tumor tissues
from 52-week-old mice (Fig. 4A). Tumor tissues exhibited signif-
icantly enhanced activation of Akt compared to the Akt activation
in non-tumor background or WT livers. We observed stronger
phosphorylation of Akt in the non-tumor Tg liver than in WT liv-
ers, but the difference was not statistically significant as deter-
mined by ANOVA. Furthermore, the immunohistochemistry for
phospho-Akt did not demonstrate clear differences between
non-tumor livers and WT tissues. In contrast, the expression of
Myc-Pik3ca was sustained in the non-tumeor liver at 52 weeks
(Supplementary Fig. 7). Those findings suggest the possibility that
continuous activation of Akt induced by overexpressed Pik3ca is
important for tumor formation in the Tg livers [31}], whereas it
remains unknown why Akt phosphorylation was attenuated in
the non-tumor liver at 52 weeks despite the sustained expression
of Pik3ca (Fig. 4A and Supplementary Fig. 7). In addition, the phos-
phorylation of S6K and Erk tended to be higher in Tg livers than in
WT livers (Fig. 4A), but the difference became attenuated at
52 weeks compared to that at 4 weeks (Figs. 1B and 4A and
Supplementary Fig. 8). These data do not exclude the possible role
of these molecules in tumorigenesis in Tg livers but at least may

emphasize the importance of Akt activation. Next, we examined
the expression levels of genes involved in murine hepatotumori-
genesis [32-34]. We observed decreased expression of four tumor
suppressor genes, Pten, AT-rich interactive domain 5B (Arid5b),
exportin 4 (Xpo4), and deleted in liver cancer 1 (Dlc1), in the tumor
compared to the non-tumor background of Pik3ca Tg livers
(Fig. 4B and Supplementary Fig. 9). PTEN protein levels were
downregulated (Fig. 4C). To address whether the downregulation
of Pten contributes to the tumorigenic activity in liver cells, we
established Pten-depleted BNL-CL2 cells (Fig. 4D). Pten-depleted
BNL-CL2 cells generated significantly more colonies in soft agar
(Fig. 4E), indicative of enhanced tumorigenicity. These findings
emphasize the possibility that the decreased expression of tumor
suppressor genes has a certain role in tumorigenesis in the Pik3ca
Tg liver. Importantly, the in vitro overexpression of mutant Pik3ca
(N1068fsx4) only suppressed Arid5b expression but did not
decrease the expression of Pten, Xpo4, or Dlc1 in BNL-CL2 cells,
indicating that certain additional mechanisms repressed their
expression (Supplementary Fig. 10). Although several reports
suggested a relationship between oxidative stress and hepatocar-
cinogenesis [35], the levels of hydrogen peroxide and lipid
peroxidation were comparable between Tg and WT livers
(Supplementary Fig. 11).

Tumors contain higher concentrations of OAs and palmitic acids
(PAs) compared to the background tissues in the Pik3ca Tg liver

Recent intensive research has shed light into the significance of
fatty acid (FA) as a potent biological stimulator of intracellular
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signaling [36]. Interestingly, unsaturated FAs inhibit Pten expres-
sion via microRNA-21 in hepatoma [7,37,38], and the overexpres-
sion of a FA receptor (FFAR2) transformed the 3T3 fibroblasts
{39}, suggesting the possible relationship between FA and tumor-
igenesis. In the Pik3ca Tg liver, the tumor tissues contained higher
concentrations of FAs than the non-tumor background tissues
(Fig. 5A). The difference in total FA levels was largely due to

the increase in levels of OA (C18:1n9) and PA (C16:0) in the
tumors (Fig. 5B and C, Supplementary Fig. 12 and Table 2).

OA has the potential to repress the expression of tumor suppressors
and enhance colony formation in vitro -

To examine the possibility that either OA or PA downregulates
the expression of tumor. suppressors including Pten, we treated
BNL-CL2 cells with OA or .PA. OA, but not PA, repressed the
expression of Pten, Arid5b, Xpo4. and DlIc1 (Fig. 6A). Moreover,
BNL-CL2 cells exposed to OA formed significantly more colonies
in soft agar (Fig. 6B). These findings indicate that OA potentially
enhances the in vivo tumorigenesis in the Pik3ca Tg liver. As an
example, it is likely that decreased PTEN expression could
enhance the Akt activation by the Pik3ca transgene in Tg-derived
tumors (Fig. 1B).

Discussion

Hepatocyte-specific overexpression of Pik3ca (N1068fs=4) leads
to steatosis and hepatic tumor formation. This mutation was
originally isolated in human HCC and gastric cancers [12], but
its functional analysis has never been reported. The in vitro over-
expression of this mutant clearly induced Akt activation, but the
level of activation was comparable with that of Pik3ca wild type
and lower than that of the oncogenic H1047R mutant, suggesting
that the Pik3ca Tg mice provide a model for studying effects of
PIK3CA overexpression rather than a gain-of-function of PIK3CA.
Furthermore, the N1068fsx4 mutation was not sufficient for cel-
lular transformation in vitro, different from Pik3ca H1047R [40].
Considering results from a previous report suggesting the pivotal
role of Akt activation in cell transformation by PIK3CA mutation
[13], the activation level of Akt induced by Pik3ca (N1068fs«4)
expression should not be sufficient for the cell-transforming pro-
cess. These data indicated that the development of hepatic
tumors in Tg mice might not be always a direct effect of Pik3ca
(N1068fsx4) but instead promoted by other in vivo protumori-
genic factors. .. B

We focused on FA-as an additional protumorigenic factor con-
tributing to in vivo hepato-tumorigenesis in Tg mice, based on
recent research on their oncogenic capacity [39]. Previous studies
reported that OA inhibits PTEN expression via the upregulation of
microRNA-21 through an mTOR/NF-xB-dependent mechanism
[37,38] and also that exposure to OA increases tumor growth in
xenografts [7]. Here, we demonstrated the correlation between
OA accumulation and downregulation of other tumor suppres-
sors, whereas the entire molecular mechanism remains to be elu-
cidated. At least, there is a possibility that, in the Tg-derived
tumors, OA accumulation enhanced the Akt activation by the
Pik3ca transgene, which phosphorylates Akt less strongly than
other oncogenic mutants in vitro (Fig. 1B, Supplementary Figs. 6
and 13). ) }

Lipogenesis is mainly mediated by two major transcription
factors, PPARy and SREBP1C [24,25]. Hepatocyte-specific Pten
KO mice exhibited increased expression of both PPARy and
SREBP1c in the liver, whereas only PPARy was highly expressed
in the Pik3ca Tg liver [16]. Our in vitro data suggested that the
PI3K signaling is upstream of the activation of PPARY in hepato-
cytes. A recent study shows that levels of PPARy as well as
SREBP1c mRNA are higher in the livers of patients with steatosis
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Fig. 4. Pten downregulation in the Pik3ca Tg liver. (A) Immunoblots and quantification of liver homogenates at 52 weeks (*p <0.05, ANOVA; post hoc test with WT).
(B) The decreased expression of Pten, Arid5b, Xpo4, and DicT mRNA in the Pik3ca Tg liver tumors (T) relative to their expression in background liver tissues (N) (N = 5/group;
*p <0.05, **p <0.01, Student’s t-test). (C) Representative images of immunoblots of liver tissues from the littermates at 52 weeks. (D) Knockdown of Pten in BNL-CL2 cells
confirmed at the protein (top) and mRNA (bottom) levels. (E) Both lines of Pten-depleted BNL-CL2 cells (shPten #1 and #2) formed more colonies in soft agar (N = 3/group;

p <0.05, ANOVA; post hoc test with control cells {shCtrl)).

or steatohepatitis, suggesting that the activity of PPARy is impli-
cated in the abnormal lipid accumulation in human livers [41]
(Supplementary Fig. 13).

Unlike the hepatocyte-specific Pten KO mice [16], cellular
infiltration and fibrosis were not observed in the Pik3ca Tg liver.
One explanation is the possibility that Pten deficiency induces
certain pathological mechanisms independently of PI3K-Akt
activation, as previously reported for mammary tumorigenesis
[18-20,42-45]. Indeed, although genetic changes in PTEN result
in potent Akt phosphorylation, in vivo studies have suggested
that they show distinct phenotypes [42]. The conditional knock-
out of PTEN enhanced tumorigenesis in the mammary gland [43];
however, transgenic mice expressing constitutively active Akt in
the mammary gland did not show tumor formation [44]. PTEN
directly associates with p53, thereby increasing its stability, pro-
tein level, and transcriptional activity [18,19]. PTEN induces
apoptosis and cell cycle arrest through PI3K/Akt-independent
pathways [20]. PTEN also has important roles in integrin signal-

ing and has the ability to dephosphorylate focal adhesion kinase,
reducing cell adhesion and enhancing migration [46]. These
findings support an alternative mechanism of PTEN-mediated
tumorigenesis independent on PI3K/Akt pathway. As a second
reason for the difference from Pten KO mice, it is possible that
PI3K catalytic beta has a distinct role with PIK3CA in the pheno-
type of Pten deficiency [47].

The discrepancy between the scarce inflammatory levels in
the Pik3ca Tg liver and the strong increase in serum ALT levels
indicative of severe liver injury is to be solved in the near
future. We found that inflammatory cytokine IL-1o. and Fas
ligand were more highly expressed in the Pik3ca Tg liver than
in the WT liver (Supplementary Fig. 4). Taking into account
reports demonstrating that these factors can lead to liver
damage [28,29], it can be suggested that their abnormal upreg-
ulation in Tg livers is in part responsible for liver damage,
whereas the entire molecular process inducing them remains
unknown (Supplementary Fig. 13).
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Fig. 6. OA enhances the colony-forming activity of immortalized hepatocytes.
(A) OA but not PA decreased. Pten, Arid5b, Xpo4, and Dic1 mRNA in vitro (N =3/
group; p <0.05, ANOVA; post hoc test with Mock group). (B) Colony formation
assay of BNL-CL2 cells with or without 50 pmol/L OA in 10% or 0.5% FBS media
(N = 3/group; **p <0.01, Student's t-test). )

Mechanisms involved in the pathogenesis of non-alcoholic
steatohepatitis (NASH) remain unclear, but the “two-hit theory”
is widely accepted [48]. That is, in the first hit, insulin-resistance -
is followed by lipid accumulation in the liver, and the second hit,
possibly involving inflammatory cytokines or oxidative stress,
results in hepatic injury and fibrosis. It has been reported that
ROS has certain roles in in vivo carcinogenesis [35], and the con-
centration of ROS is upregulated in the liver suffering NASH or
NASH-derived HCC [49]. Regardless of the obvious fatty liver,
our model mice have not shown impaired glucose tolerance.
The concentration of ROS in the Pik3ca Tg mice was comparable
with that of WT mice (Supplementary Fig. 11), which can be
partly explained by the lower expression of fat-oxidative genes:
(Fig. 2F) and lack of inflammatory cell infiltration. These findings
indicate that Pik3ca Tg mice do not always mimic the entire
pathological mechanisms causing NASH, while they might be
useful as a prototype to determine which pathological processes
are required for the progression from the fatty liver to NASH. In
addition, given the low rate of HCC development in these mice,
they can be potentially useful for discovering tumor-promoting
factors in hepatic steatosis. For example, although it was unlikely
that ROS is involved in the initiation of hepatic tmor in the
Pik3ca Tg liver, we can examine the pathological significance of
ROS in tumor progression as well as hepatitis induction by apply-
ing the Pik3ca Tg liver to the condition producing high levels of
ROS.

Recent clinical findings have advocated the relationship
between volume of visceral fat and tumor progression [1-4].
While there is no direct molecular evidence to address the notion
that abnormal body fat accumulation accelerates tumor growth,
our data might provide new insights into the mechanisms of
the “lipotoxicity-related” tumorigenesis. Future researches are
needed to unravel how OA affects gene expression.
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Abstract

Background and Aims: Kupffer imaging in contrast-enhanced ultrasonography (CEUS)
with Sonazoid, which lasts for 60 min or longer, may be useful in ultrasound-guided
percutaneous tumor ablation. The utility of Sonazoid in radiofrequency ablation (RFA) of
hepatocellular carcinoma (HCC) was investigated in this study.

Methods: We analyzed a total of 716 HCC nodules that were detected on dynamic
computed tomography in 316 patients. Detectability of these nodules was compared
between CEUS and conventional ultrasonography. The effectiveness in the treatment was
assessed by comparing the mean numbers of treatment sessions of RFA in patients treated
with CEUS and that in historical controls matched for tumor and background conditions.
Results: Detectability of tumor nodule was 83.5% in conventional ultrasonography and
93.2% in CEUS (P =0.04). Sixty-nine nodules in 52 patients were additionally detected
with CEUS. The number of additionally detected tumor nodules was positively correlated
with serum albumin level (P = 0.016). The number of RFA sessions was 1.33 = 0.45 with
CEUS as compared to 1.49 = 0.76 in the historical controls (P =0.0019).

Conclusions: CEUS with Sonazoid is useful for HCC detection in patients with a well-
conserved liver function reservoir. The decrease in RFA session numbers indicated the
utility of Sonazoid in RFA treatment of HCC.

ablation; US, ultrasonography.

introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer
worldwide and the third most frequent cause of cancer death.!
Because potentially curative treatments can be indicated only at
less advanced stages, detection of HCC at an early stage is still a
prerequisite for improved prognosis.® Recently, radjofrequency
ablation (RFA) has been introduced and accepted as an effective
nonsurgical treatment for HCC,** showing 5-year survival rates
exceeding 50%.° RFA is potentially curative, minimally invasive,
and easily repeatable in case of recurrence.

Real-time visualization of the target lesion is sine qua non for
percutaneous ultrasound-guided ablation therapies, including RFA.
However, visualization is sometimes difficult because of shape
changes and coarse parenchymal echogenicity in cirrhotic liver.”
Virtual sonographic images reconstructed from multidetector-row
computed tomography (CT) images are useful for HCC nodules that
are not depicted by conventional ultrasonography (US).* However,
virtual sonographic images do not always precisely correspond to
the real-time US images because of locational and morphological
changes in the liver caused by respiration, postural movement, or

Journal of Gastroenterology and Hepatology 26 (2011) 759-764

bowel peristalsis. Although CT-guided RFA is thought to be useful
for such nodules, real-time visualization is inferior to US guidance
and accompanied by radiation exposure to operators and patients.’
Several contrast materials have been developed to improve US
resolution and have indeed been shown to be useful in differential
diagnosis of hepatic tumorous lesions.'®!! However, their role in
percutaneous ablation is limited because of the short-lasting
enhancement effect.

A second-generation sonographic contrast agent, Sonazoid
(Daiichi-Sankyo, Tokyo, Japan), a lipid stabilized suspension of
perfluorobutane gas microbubbles, has been used clinically in
Japan since January 2007 in patients with liver tumors, with phase
inversion harmonic gray scale sonography.'>'* The perfluorobu-
tane microbubbles are taken up by Kupffer cells in the liver sinu-
soid, allowing parenchyma-specific imaging of the liver. This
imaging, called Kupffer imaging, is typically presented 10 min
after injection of Sonazoid, when lesions that contain few Kupffer
cells are clearly delineated as contrast defect surrounded by
enhanced normal hepatic parenchyma. Kupffer imaging is particu-
larly useful in detecting HCC nodules, which typically lack
Kupffer cells. Moreover, contrast-enhanced ultrasonography
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Utility of CEUS in RFA

(CEUS) with Sonazoid can be expected to be useful also in
ultrasound-guided percutaneous ablation, including RFA, because
Kupffer imaging lasts usually for more than 60 min. However,
there are few reports about the utility of Sonazoid as a contrast
agent during RFA of HCC.'*1

The aim of the present study was to evaluate the utility of the
contrast agent Sonazoid in ultrasound-guided percutaneous RFA
of HCC in terms of HCC nodule detection. Overall facilitation of
the ablation procedure was also evaluated by comparing the
numbers of RFA sessions per treatment between RFA using CEUS
with Sonazoid and matched historical controls that had used con-
ventional US.

Methods

Patients

We analyzed a total of 716 HCC nodules in 316 consecutive
patients who were admitted for RFA between July 2007 and
December 2007. All patients were treated on an inpatient basis. In
every case, CEUS was carried out the day before RFA. Detection
of HCC nodules was compared between CEUS and conventional
US, using dynamic CT as the reference standard. In 291 patients,
CEUS was carried out also during RFA. We assessed whether
CEUS facilitated RFA by comparing the numbers of RFA sessions
per treatment in CEUS-assisted RFA and in historical controls
matched for tumor and background conditions, performed with
conventional US between January 2004 and July 2007. The study
protocol conformed to the ethical guidelines of the Helsinki Dec-
laration 2004 and was approved by the research ethics committee
of the authors’ institution.

Diagnosis of HCC

HCC was diagnosed by dynamic CT, considering hyperattenuation
in the arterial phase with washout in the late phase as a definite
finding.'® Multidetector-row CT (MDCT) was performed within a
month before RFA, where plain and dynamic contrast-enhanced
CT images were obtained with rapid intravenous injection of a
contrast material. MDCT systems used for our study were Aquil-
lion 64 (Toshiba, Tokyo, Japan) or LightSpeed VCT (GE Health-
care, Milwaukee, WI, USA). A bolus of iodinated contrast material
was injected using a mechanical power injector in 30 s, at a con-
centration of 300-370 mg I/mL for the amount of bodyweight
(kg) x 2 mL (maximum, 100 mL). The three contrast-enhanced
phases (early arterial phase, late arterial phase, and equilibrium
phase) were obtained at 25, 40, and 120 s after the start of injec-
tion. Reconstruction images were obtained with a section thick-
ness of 2.5 mm with a reconstruction interval of 1.5 mm. Most
HCC nodules were also confirmed histopathologically with
ultrasound-guided biopsy afterwards. The pathological grade was
evaluated based on Edmondson-Steiner criteria.!”

Ultrasound examinations

All US examinations were carried out using the SSA-770A appa-
ratus (APLIO; Toshiba, Tokyo, Japan), on patients after at least 5 h
of fasting. First, we examined the liver for HCC lesions with
conventional tissue harmonic imaging. We performed both inter-
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costal and subcostal scans of the right lobe, and both sagittal and
transverse scans of the left lobe. Efforts were exerted to maximize
visualization of lesions, including positional changes and breath
holding. Then, CEUS was performed by the same operator with
phase inversion mode imaging. A 0.5-mL dose of Sonazoid was
injected into an antebrachial vein at 0.2 mL/s via a 21-gauge
cannula, followed by 20-mL of normal saline. The whole liver was
scanned with CEUS, using similar techniques as used in the con-
ventional US, 10 min after Sonazoid injection. When visualization
was not sufficient at that time, a CEUS scan was repeated after a
5~10-min interval. Findings in conventional US and CEUS were
separately recorded by the operator. Detection ability of US and
CEUS was calculated using dynamic CT as a reference standard.
We analyzed the correlation between the number of additionally
detected nodules by CEUS and liver function reservoir, as repre-
sented by serum albumin concentration.

RFA sessions

Inclusion criteria for percutaneous ablation were as follows: total
bilirubin concentration lower than 3 mg/dL; platelet count not less
than 50 x 10*/mm?; and prothrombin activity not lower than 50%.
Patients with portal vein tumor thrombosis, refractory ascites, or
extrahepatic metastasis were excluded. The procedure has been
meticulously -described elsewhere.'® In brief, grounding was
achieved by attaching two pads to the patient’s thighs. A 17-gauge,
cooled-tip electrode with a 2- or 3-cm exposed tip was attached to
a radiofrequency generator (Covidien, Mansfield, MA, USA).
After local anesthesia, the electrode was inserted under ultrasound
guidance. During ablation, the temperature was measured with-a
thermocouple in the electrode and tissue impedance was also
monitored by a circuitry incorporated into the generator. A peri-
staltic pump infused 0°C saline into the electrode lumen to main-
tain the tip temperature below 20°C. Radiofrequency energy was
delivered for 6-12 min on each application. A 12-min ablation
using a 3-cm electrode would produce a quasi-spherical necrotic
volume 3 cm in diameter. For larger lesions, the electrode was
repeatedly inserted into different sites, so that the entire lesion
could be enveloped by assumed necrotic volumes.

CEUS-assisted RFA was done basically with Kupffer imaging at
least 10 min after Sonazoid injection. Electrodes were inserted
after perfluorobutane microbubbles disappeared from vessels so
that the vessels were well visualized. Before the introduction of
CEUS, when a nodule was not well visualized by conventional US,
the needle was inserted by real-time ultrasound reference to the
portal vein or hepatic vein near the target nodule.

The efficacy of RFA was assessed with contrast-enhanced CT
performed on the next day. Complete ablation was defined as
hypoattenuation of each lesion with a sufficient safety margin in
the surrounding liver parenchyma. When ablation was found to be
insufficient, an additional session of RFA was carried out, until
complete ablation was confirmed on contrast-enhanced CT. The
number of RFA sessions was defined as the total number of inter-
vention episodes required to achieve complete ablation.

Follow up

Each patient was followed up with contrast-enhanced CT every
4 months. Tumor recurrence was diagnosed according to the
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same criteria applied to initial HCC diagnosis. Intrahepatic recur-
rence was classified as either recurrence at a site distant from the
primary site or that adjacent to the treated lesion (local tumor
progression).

Historical controls

One historical control was selected for each patient who under-
went CEUS-assisted RFA from patients who received RFA
between January 2004 and July 2007, that is, prior to the intro-
duction of CEUS (n =2261). The maximum diameter of tumors
(%= 0.3 cm), the number of lesions (exact), viral markers (exact),
and serum albumin concentration (# 0.3 g/dL) were used as the
matching factors, with the maximum permissible differences
shown in parentheses. The selection was carried out using the
find-matches function of S-Plus 2000 (TIBCO Software, Palo
Alto, CA, USA).

Statistical analysis

Variables were expressed as mean * standard deviation unless
otherwise specified. Continuous variables were compared using
the unpaired Student’s r-test, and categorical variables were com-
pared using Fisher’s exact probability test. The number of RFA
sessions per patient was compared using the Mann-Whitney
U-test. All tests were two-sided with a significance level of 5%.
Statistical analyses were carried out with S-plus 2000.

Results

The baseline characteristics of patients who underwent CEUS are
shown in Table 1. The patients consisted of 216 men and 100
women with a mean age of 70.1 = 7.7 years. The mean
maximum diameter of tumors was 1.6 £ 0.8 cm. All 316 patients
underwent both conventional US and CEUS, in this order, the day

Table 1 Baseline characteristics (n=316)

Variables

Age (years)’ 701 *7.7
Male, n (%) 216 (68.3)
HBsAg positive, n (%) 45 (14.2)
HCVADb positive, n (%) 238 (75.3)
Diameter (cm)’ 1.6 +08
Number of tumors

1, n (%) 124 (39.3)
2-3, n (%) 143 (45.2)
=4, n (%) 49 (15.5)
Total bilirubin (mg/dL)* 0.9 (0.6-1.2)
Albumin (g/dL)* 3.6 (3.2-3.9)
Platelet count (104/mm?d)* 10.5 (7.3-13.8)
AFP (ng/mL)* 16.9 (6.0-62.8)
L3 (%)} 0.5 (0-3.1)
DCP (mAU/mL) 20 (13-50)

"Mean * standard deviation.

*Median (256th-75th percentiles).

AFP, alpha-fetoprotein; DCP, des-gamma-carboxy-prothrombin; HBsAg,
hepatitis B surface antigen; HCVAb, hepatitis C virus antibody.
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Utility of CEUS in RFA

before scheduled RFA. Of 716 HCC nodules diagnosed on
dynamic CT, conventional US identified 598 (83.5%) nodules as
definite lesions. Subsequent CEUS detected an additional 69
nodules, increasing the detectability to 93.2%, and the difference
was statistically significant (P =0.04). The number of addition-
ally detected nodules per patient was one in 36 patients, two in
eight, three in five, and more than three in three; thus at least one
nodule was additionally detected with CEUS in a total of 52
patients (16.5%). Among these patients, artificial pleural effusion
was used in 19 cases and artificial ascites was used in four
patients, resulting in additional detection of 28 and four nodules,
respectively. The number of additionally detected nodules by
CEUS was positively correlated with serum albumin concentra-
tion (P =0.016) (Fig. 1).

CEUS was also used during the RFA session in 291 patients.
Artificial pleural effusion was performed in 71 (24.4%) cases and
artificial ascites was used in 27 (9.1%) cases. Two demonstrative
cases successfully treated with CEUS-assisted RFA are shown in
Figures 2 and 3. We did not conduct randomization on the use of
CEUS because its usefulness in tumor visualization was obvious at
least in a proportion of the patients. Instead, we chose historical
controls matched for tumor-related factors and liver function, and
compared the number of RFA sessions per patient and total abla-
tion time per session. In all patients including controls, RFA ses-
sions were repeated until complete ablation of each nodule was
confirmed on contrast-enhanced CT. The mean number of
RFA sessions per patient was 1.33 = 0.45 in patients with CEUS,
as compared to 1.49 # (0.76 in the historical controls (P =0.0019
by Mann-Whitney U-test) (Table 2). Total ablation time per
session was 17.2 £ 10.7 min with CEUS-assisted RFA and
15.7 = 9.6 min in the historical controls (P =0.156 by Mann-
Whitney U-test). Treatment-related complications occurred in six
patients (1.9%) who received CEUS-assisted RFA: peritoneal
bleeding in three patients and hemothorax, bile duct bleeding, and
dermal burn each in one patient. There was no treatment-related
death. The incidence of complications did not differ in the histori-
cal controls (1.7%, P =0.867 by Fisher’s exact probability test).
During the follow up, local tumor progression was detected in six
patients (2.1%) who received CEUS-assisted RFA and in eight

0.45
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0.4r
0.85 -

0.3
0.25

0.25
0.2 0.18

nodules detected

015
0.1r

Mean increases in the number of

0.05

<£3.0 3.1-3.5
n =94

3.6-4.0
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>4.0 (g/dr)
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Figure 1 The mean increases in detected tumor number with

contrast-enhanced ultrasonography were well correlated with serum
albumin level (P=0.016).
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Figure 2 (a) An 80-year-old woman with hepatocellular carcinoma. Computed tomography (CT) revealed a nodule with hyperattenuétion in the early

arterial phase near a previously ablated lesion. (b) After injection of Sonazoid with artificial right pleural effusion, the nodule was clearly detected as
a hyperechoic lesion (arrows). (c-f) Radiofrequency ablation of the nodule. (Arrows indicate the tip of radiofrequency needle). (g) Evaluation CT

confirmed that the nodule was sufficiently ablated.

historical controls (2.7%, P = 0.788 by Fisher’s exact probability
test).

Discussion

In the present study, we have shown that the number of RFA
sessions required per patient was significantly decreased when
using the new US contrast agent, Sonazoid, as compared to his-
torical controls. These were accomplished without increasing the
incidence of local tumor progression or treatment-related com-
plications. At the authors’ institution, RFA is repeated until
complete ablation of each HCC nodule is confirmed by dynamic
CT. Without CEUS, when the tumor was not well delineated on
conventional US, ablation used to be performed based on the
information on CT and indecisive US images, which may have
led to insufficient ablation revealed by evaluation CT, requiring
an additional ablation session. Thus it can be assumed that the
decreased number of RFA sessions with Sonazoid is mainly
due to improvement in tumor detection and delineation. Unnec-
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essary ablation of non-cancerous liver parenchyma may have
deleterious effects on liver function and may reduce survival
time. Thus the decrease in the number of RFA sessions is ben-
eficial not only in cost reduction but possibly also for patients’
survival.

The detectability of HCC nodules was increased from 83.5% to
93.2% with the use of CEUS, as determined with contrast CT as
the reference standard. The benefit of using Sonazoid to detect
“invisible” nodules by conventional US was more apparent in
those with higher serum albumin concentration, suggesting that
the resolution of Sonazoid CEUS may be compromised when liver
function is substantially impaired. Uptake of perfluorobutane in
non-cancerous liver depends on Kupffer cell function, which may
be severely impaired in advanced liver diseases. A similar phenom-
enon was also reported in super paramagnetic iron oxide (SPIO)-
enhanced magnetic resonance imaging.” Thus the contrast
between HCC and non-cancerous parenchyma in Kupffer imaging
can be diminished when liver function reservoir is poor. In the
present study we obtained Kupffer imaging up to 30 min after

Journal of Gastroenterology and Hepatology 26 (2011) 7569764

© 2011 Journal of Gastroenterology and Hepatology Foundation and Blackwell Publishing Asia Pty Ltd



R Masuzaki et al.

Figure 3 (a) A B2-year-old man with hepato-
cellular carcinoma. Computed tomography
revealed a nodule at the left lateral lobe. (b)
This lesion was clearly detected as an
enhanced defect in the Kupffer imaging
phase. Artificial left pleural effusion was used.
(c) The nodule was sufficiently ablated.

Table 2 Comparison of the number of sessions

Utility of CEUS in RFA

TR YoskiBa

Variables Contrast-enhanced ultrasonography Historical control group P value
group (n=291) (n=291)

Maximum diameter (cm)’ 1908 1.9+08 0.94
Number of tumors' 21 %13 21%13 1.00
Albumin® 3.5 (3.2-3.9) 3.5 (3.2-3.9) 0.94
Platelet count® 10.3 (7.8-11.5) 10.5 (7.3-11.3) . 0.67
Ablation time per session (min)’ 17.2 = 10.7 156.7 9.6 0.166
Mean number of sessions’ 1.33 045 1.49 +0.76 0.0019

"Mean = standard deviation.
*Median (25th~75th percentiles).

Sonazoid injection in cases of insufficient visualization of lesions.
Uptake of perfluorobutane in liver parenchyma might have been
increased with longer intervals. However, the appropriate interval
for observing Kupffer imaging relative to the level of liver function
level is not known. Thus, the possibility of detection failure with
Sonazoid CEUS should be noted, especially in cases of advanced
liver dysfunction.

During the present study, we noticed other limitations of CEUS
with Sonazoid. As with conventional US, nodules in certain loca-
tions of the liver, such as those immediately below the diaphragm,
are difficult to visualize clearly enough for safe and effective RFA
even with Sonazoid. For such nodules, the artificial pleural effu-
sion may be useful.?" Artificial ascites may be useful for the demar-
cation of nodules near the gastrointestinal tract.”’ Indeed, in the
present study, artificial pleural effusion was used in 24.4% of cases
and artificial ascites was used in 9.1%, resulting in additional
detection of 28 and four nodules, respectively. These techniques
are useful in visualizing nodules at certain locations and may
enhance the usability of CEUS.
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The present study was not a randomized controlled trial directly
comparing CEUS with Sonazoid and conventional US, but an
analysis of utility of CEUS in RFA, which was analyzed by using
historical matched controls. This study design was a compromise
with the fact that the final diagnosis was based on dynamic CT, and
it was unethical not to use CEUS in case of discrepancy between
conventional US and dynamic CT. The historical controls were
selected from HCC patients who were treated with RFA after 2004.
Since that period, we have performed RFA with the same CT and
US apparatuses. Precise comparison of the detection ability and
resolution of HCC nodules between conventional US and CEUS
will require studies with a design different from the present one.

In conclusion, CEUS with Sonazoid is useful in visualizing
HCC nodules that are difficult to detect with conventional US. The
number of RFA sessions required for complete ablation of every
nodule was decreased in CEUS-assisted RFA, indicating that Son-
azoid is a useful supportive agent in RFA. However, the effective-
ness of Sonazoid may be compromised in case of severe liver
dysfunction.
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