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Abstract

We examined the gene expression of human leukemia Molt-4 cells treated with non-thermal low intensity pulsed ultrasound. Six
hours after 0.3 W/cm? pulsed ultrasound treatment, apoptosis (24 +3.3%, mean - SD) with minimal cell lysis was observed. Of
approximately 16,600 genes analyzed, BCL2-associated athanogene 3 (BAG3), DnaJ (Hsp40) homolog, subfamily B, member 1
(DNAJBI), heat shock 70 kDa protein 1B (HSPAIB), and heat shock 70 kDa protein 6 (HSPA6) showed increased levels of
expression while isopentenyl-diphosphate delta isomerase (IDI1) and 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1
(HMGCSI) showed decreased levels in the cells 3 h after the ultrasound treatment. The expression levels of these six genes were
confirmed by a real-time quantitative polymerase chain reaction. To our knowledge, this is the first report of DNA microarray
analysis of genes that are differentially expressed in response to apoptosis induced by non-thermal low intensity pulsed ultrasound
in human leukemia cells. The present results will provide a basis for further understanding of the molecular mechanisms of effects
of not only low intensity pulsed ultrasound but also that of mechanical shear stress in the cells.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: DNA microarray; Gene expression; Low intensity pulsed ultrasound

1. Introduction

In many medical fields, ultrasound (US) has been
widely used for diagnosis and therapy. Biophysical
actions of US are divided into three modes, thermal,
cavitational and non-thermal non-cavitational effects.
Cavitation is known to lead to both mechanical shear
stress and free radical formation arising from the

* Corresponding author. Tel.: 81 76 434 7187; fax: +81 76 434
5176.
E-mail address: ytabu@cts.u-toyama.ac.jp (Y. Tabuchi).

oscillation and collapse of cavitation bubbles [1-3]. In
general, these two effects (mechanical shear stress and
free radicals) of cavitation have been inferred to act
simultaneously on all of biological materials. It is well
known that fairly intense US induces cell killing, cell
lysis, loss of viability and loss of clonogenicity [2].
Currently, of particular interest is its ability to induce
apoptosis in human leukemia cell lines [4-12].
Different factors that can influence apoptosis were
cited. Among them were, sonochemical mechanism
[12], cavitation-mediated enhancement of intracellular
calcium ion concentration, intracellular free radical

0304-3835/$ - see front matter © 2006 Elsevier Ireland Ltd. All rights réserved.
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formation due to mitochondrial membrane damage and
free radical formation [10,11], and sonomechanical
mechanism [9].
It has been indicated that DNA microarrays are one
of the most powerful technologies for functional
genomics as it can simultaneously analyze the
expression levels of many 100s or many 1000s of
genes [13,14]. Recently, we applied DNA microarray
technologies to analyze gene expression in cellular
differentiation [15] and in a variety of biological
responses to physical and chemical stresses, such as
sodium butyrate [16], bisphenol A [17,18] and
hyperthermia [19]. In our previous study, using
UniGEMYV Ver2.0 human gene expression microarrays
to detect approximately 9200 genes, five up-regulated
genes and two down-regulated genes were identified in
the human lymphoma U937 cells at 6 h after exposure
of fairly intense continuous waves (1 MHz, 4.9 W/cm?,
for 1 min), where not only free radical formation, but
also cell lysis and apoptosis were significantly observed
[20]. Moreover, under nearly same condition in U937
cells, another microarray system and real-time quanti-
tative polymerase chain reaction (PCR) confirmed up-
regulation of heme oxygenase-1 (HO-1) and revealed
that HO-1 is the most sensitive gene for US in U937
~cells [21]. More recently, following a report by
Lagneaux et al. [12], we also reported that non-thermal
low intensity pulsed US treatment (1 MHz, 0.3 W/cm?,
1 min) induced apoptosis in human leukemia cell lines
such as U937, Jurkat and Molt-4, and it was revealed
that the up-regulation of HO-1 was observed above
apoptosis-inducing intensities [9,22]. However, the
knowledge of the details of molecular signaling in
response to mechanical pressure or pressure waves such
as US, particularly low intensity pulsed waves, remains
elusive. '

In the present study, the gene expression of human
leukemia Molt-4 cells treated with low intensity pulsed
US were examined by using high-density IntelliGene
HS human Expressiorni microarrays to detect approxi-
mately 16,600 genes.

2. Materials and methods
2.1. Cell culture

Molt-4 human leukemia cells were obtained from
Japanese Cancer Research Resource Bank (Tokyo, Japan).
The cells were grown in RPMI 1640 medium (Invitrogen Co.,
Tokyo, Japan) supplemented with 10% fetal bovine serum
(Invitrogen Co.) at 37 °C in humidified air with 5% CO,.

2.2. US apparatus and intensity measurement

The ultrasonic apparatus (Sonicmaster ES-2, OG Giken
Co. Ltd, Okayama, Japan) with a resonant frequency of
1 MHz with 100 Hz pulse repetition frequency (PRF) was
used in all the sonication experiments. This device is
equipped with a built-in digital timer, intensity regulator,
and duty factor (DF) controller. For the sonication procedure,
the transducer with a diameter of 5 cm was fixed with a clamp
attached to a metal stand to keep the transducer facing directly
upward (Fig. 1). We used such near acoustic field produced by
the liquid—air interface and did not reduce the standing waves
because of the effective occurrence of cavitation.

The spatial-average-temporal-average intensities
(ISATA) at 10% DF corresponding to the reading output
intensity were measured using an ultrasonic power meter
(PM-DT-10E, Ohmic instrument Co., Easton, MD). The peak
acoustic amplitude in degassed water was also measured at
the distance of 5 cm from the transducer with a calibrated
poly-(vinyledene difluoride~trifluoroethylene) needle-type
hydrophone, 0.5 mm in diameter (Toray techno Co., Ltd,
Shiga, Japan) connected to a PC/AT compatible computer and
a digitizing oscilloscope (TDS3034, Tektronix Japan, Ltd,
Tokyo, Japan). The ISATA and the peak acoustic pressures
corresponding to the reading output of 0.1, 0.2, 0.3, 0.4 and
0.5 W/cm? (device-indicated) were 0.048, 0.072, 0.081, 0.092
and 0.105 W/cm?, and 0.061, 0.105, 0.132, 0.144 and
0.146 MPa, respectively. In this paper we used device-
indicated intensities to refer to these values.

For most of the experiments, 0.3 W/cm? was used. During -
such an ultrasonic exposure experiment the change in
absorbance of 2 ml of aqueous air-saturated ferrous (Fricke)
dosimeter solution after 5min exposure at 304 nm was
0.0082+0.0015 (mean+SD, n=4) in a 1cm path length
quartz cell. This dosimeter monitors the extent of the
cavitational activity induced by ultrasound by measuring the
sum of H,O,, OH radicals, and H atoms available to react with
ferrous ions.

Digital thermometer
Thermocouple
Cell suspension P I:l"_'I:D

2 m.l)\ I .................
B Polystyrene petri

2T dish35mme
(Transducer SOmIE\ Ultrasound

transmission gel

N

Ultrasonic generator
with digital power meter

Fig. 1. A set-up for ultrasonic exposure.
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2.3. Sonication procedure

The cell concentration used in the experiments was about
2.0X 108 cells/ml. The cells were gently mixed to homogen-
ize and 1 ml/sample of cell suspension was transferred to a
3 cm polyethylene culture dish. Just before sonication, 1 ml
culture medium was added to the cell suspension after gentle
shaking. After sonication, the cells were incubated in
humidified air with 5% CO, at 37 °C for an indicated period
before evaluation of DNA fragmentation and other para-
meters. ’

2.4. Measurement of cell v\iability

Trypan blue dye exclusion test was performed. In short,
cell suspension was mixed with an equal amount of 0.3%
Trypan blue solution (Sigma—Aldrich Co., St Louis, MO) in
phosphate-buffered saline. After 5 min incubation at room
temperature, the number of cells excluding Trypan blue
(unstained) was counted using a Burker Turk hemocytometer
to estimate the number of intact viable cells and the number of
non-viable cells.

2.5. DNA fragmentation assay

The amount of DNA extracted from cells that had
undergone DNA fragmentation was assayed using the method
of Sellins and Cohen [23] with a few modifications. Briefly,
cells were lysed in lysis buffer (1 mM EDTA, 0.2% Triton
X-100 and 10 mM Tris—HCI, pH 7.5) and centrifuged at
13,000 g for 10 min. Subsequently, each DNA sample in the
supernatant and the resulting pellet were precipitated in
12.5% trichloroacetic" acid (TCA) at 4 °C, and quantified
using the diphenylamine reagent after hydrolysis in 5% TCA
at 90 °C for 20 min. The percentage of fragmented DNA for

-each sample was calculated as the amount of DNA in the
supernatant divided by the total DNA for that sample
(supernatant plus pellet).

2.6. Electron paramagnetic resonance (EPR)-spin trapping
for the detection of free radical formation

In this study, we used EPR-spin trapping with 3,5-
dimethyl-1-pyrroline-N-oxide (DMPO) to detect the US-
induced hydroxyl radical formation [2,24]. The cells
suspended in culture medium with 10 mM of DMPO were
sonicated at 0-0.5 W/cm® of 1 MHz 10% DF for 1 min. At
9.425 GHz with a field modulation of 0.1 mT amplitude using
a microwave power of 4 mW, EPR spectra of the sonicated
solution in a capillary tube were recorded with EPR
spectrometer (RFR-30, Radical Research Inc., Tokyo,
Japan) at room temperature. The yields of spin adducts
were determined using a stable nitroxide radical, TEMPOL
(4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy) as a stan-
dard. A calibration curve was determined by plotting the
product of the peak-to-peak derivative amplitude and’ the

square of the width at maximum slope of the signal versus the
different concentrations of the standard nitroxide radical. One
unit of the Y-axis labeled ‘DMPO-OH adduct’ is calculated to
correspond to about 19.0 uyM of TEMPOL.

2.7. Separation of total RNA and mRNA

Total RNA was extracted from the cells using an RNeasy
Total RNA Extraction Kit (Qiagen K.K., Tokyo, Japan).
Then, RNA samples were treated with RNase-free DNase
(Qiagen K.K.) for 30 min at room temperature. nRNAs were
extracted from the DNase-treated samples using an Oligotex-
dT30 mRNA Purification Kit (Takara Bio Inc., Shiga, Japan).

2.8. ¢cDNA microarray analysis

¢DNA microarray analysis was performed by IntelliGene
HS human Expression glass microarrays (Takara Bio Inc.),
which were spotted with approximately 16,600 cDNA
fragments of human genes. A list of these genes is available
at Takara’s Web site (http://www.takara-bio.co.jp/). Anti-
sense RNA (aRNA) labeled with Cy3 (control group) or Cy5
(treated group) from mRNAs from cells at 3 h after US
treatment (for 1min at 0.3 W/cm?) by using an RNA
Transcript SureLABEL Core Kit (Takara Bio Inc.). In some
experiments, control sample was labeled with Cy5; and in
others, it was labeled with Cy3, with essentially identical
results. Hybridization and washing of the microarray were
carried out according to the manufacturer’s instructions. In
brief, aRNA probe solutions containing both Cy3- and Cy5-
labeled aRNA probes were applied to the microarrays, and the
microarrays were covered with a spaced glass cover slip
(Takara Bio Inc.) and placed in a humidified chamber at 70 °C
for 16 h with gentle shaking. Then, the microarrays were
sequentially washed in 2X SSC (150 mM NaCl and 15 mM
sodium citrate) containing 0.2% SDS for 10 min three times at
65 °C and in 0.05X SSC for 1 min once at room temperature.
The microarrays were scanned in both Cy3 and Cy5 channels
with a ScanArray Lite (Packard BioChip Technologies,
Billerica, MA, USA). QuantArray software (Packard BioChip
Technologies) was used for image analysis. Genes were
considered to be positive-expressed if the signal/background
ratio was >2.0. The average of RPS27A (ribosomal protein
$27a, an internal control gene) Cy3 and Cy5 signal (12 spots
each) gives a ratio that was used to balance or normalize the
signals.

2.9. Real-time quantitative PCR assay

Real-time quantitative PCR was performed on a Real-
Time PCR system (Mx3000P, Stratagene Japan K.X., Tokyo,
Japan) using Brilliant SYBR Green qPCR Master Mix
(Stratagene Japan K.K.) according to the manufacturer’s
protocol. Reverse transcriptase reaction (Omniscript Reverse
Transcriptase, Qiagen K.K.) was carried out with DNase-
treated total RNA by using an oligo d(T)s primer. Real-time
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Table 1

Nucleotide sequences of primers for target genes

Genes Orientation Nucleotide sequence (position) GenBank accession no.

HSPAIB Sense 5'-AGGTGCAGGTGAGCTACAAG-3' (509-528) NM_005346
Antisense 5'-ATGATCCGCAGCACGTTGAG-3' (722-703)

BAG3 Sense 5'-CGACCAGGCTACATTCCCAT-3' (574-593) NM_004281
Antisense 5'-TCTGGCTGAGTGGTTTCTGG-3' (749-730)

HSPAG Sense 5'-GGCCATGACCAAGGACAACA-3' (1760-1779) NM_002155
Antisense 5'-AACCATCCTCTCCACCTCCT-3' (1976-1957)

DNAJBI Sense 5'-ACCCGGACAAGAACAAGGAG-3' (135-154) NM_006145
Antisense 5'-GCCACCGAAGAACTCAGCAA-3' (364-345)

N Sense 5'-CACTAACCACCTCGACAAGC-3' (304-323) NM_004508
Antisense 5'-CTTCTTGGTCTCAGCTCC-3 (400-383)

HMGCS1 Sense 5/-ACGGTATGCCCTGGTAGTTG-3' (564-583) NM_002130
Antisense 5'-GCGGTCTAATGCACTGAGGT-3' (807-788)

RPS27A Sense 5-TTACGGGGAAGACCATCACC-3' (61-80) NM_002954
‘Antisense 5'-CCACCACGAAGTCTCAACAC-3' (265-246)

BAG3, BCL2-associated athanogene 3; DNAJBI, Dnal (Hsp40) homolog, subfmaily B, member 1; HMGCSI, 3-hydroxy-3-methylglutaryl-
coenzyme A synthase 1; HSPAIB, heat shock 70 kDa protein 1B; HSPAG, heat shock 70 kDa protein 6; IDI1, isopentenyl-diphosphate delta

isomerase; RPS27A, ribosomal protein S27a

quantitative PCR was performed by using the specific primers
listed in Table 1. Temperature cycling conditions for each
primer consisted of 10 min at 95 °C followed by 40 cycles for
30s at 95°C, 1 min at 60°C and 1 min at 72°C. The
dissociation analysis was carried out over the range from 55 to
95 °C by monitoring SYBR Green fluorescence and PCR-
specific products were determined as a single peak at the
melting curves more than 80 °C. In addition, the specificity of
primers was confirmed as a single band with the correctly
amplified fragment size through an agarose gel electrophor-
esis of the real-time quantitative PCR products. Each mRNA
expression level was normalized with respect to the mRNA
expression of RPS27A.

2.10. Statistical analysis

Data are presented as means 3 SD. Statistical analysis was
carried out using Student’s z-test and P values less than 0.05
were regarded as significant.

3. Results

3.1. Effects of ultrasonic intensity on cell viability and
apoptosis in human leukemia Molt-4 cells

As shown in Fig. 2(A), the cell viability detected by
trypan blue dye exclusion test 6 h after the low intensity
pulsed US treatment (1 min) was significantly
decreased at intensities more than 0.2 W/cm?, with
the cell viability of 88.4+9.3 (%), 79.8+8.5 and
442462 at intensities of 0.3, 0.4 and 0.5 W/cm?,
respectively. On the other hand, the apoptosis detected
by observing the DNA fragmentation assay 6 h after the
low intensity pulsed US treatment (1 min) was

+

significantly increased at intensities more than 0.2 W/
cm?, 240433 (%), 26.0+4.6, and 26.5+2.4 at
intensities of 0.3, 0.4 and 0.5 W/cm?, respectively
(Fig. 2(B)). Next, the relationship between ultrasonic
intensity and free radical formation was studied using
EPR-spin trapping with DMPO. The EPR signal of
DMPO-OH adducts 1 min after the low intensity pulsed
US treatment (1 min) was not detected up to 0.2 W/
cm?, and increased with increasing intensity up to
0.5 W/cm?®. The values of intensities of 0.3, 0.4 and
0.5 W/cm® were 0.015+0.01 (relative units), 0.044 +
0.023 and 0.059+0.022, respectively (Fig. 2(C)).
During the sonication procedure, low intensity pulsed
US at 0.3 W/cm?® for 1 min slightly increased the
temperature of medium 0.30£0.10 °C as measure by a
digital thermometer (model 7563, Yokogawa Electric
Co., Tokyo, Japan). Thus, we considered that thermal
effect could be neglected in this US condition.
Considering: the effects of US on the basis of these
data, we chose intensity of 0.3 W/cm? for the remainder
of our studies.

3.2. Identification of genes responsive to low intensity
pulsed ultrasound

To identify genes responsive to non-thermal low
intensity pulsed US in the cells, we carried out DNA
microarray analysis of cells cultured at 3 h after US
treatment (for 1 min at 0.3 W/cm?). Genes were
considered up- or down-regulated, if each value and
the average fold change were 1.5 or greater in two
different experiments. Of approximately 16,600 genes
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Fig. 2. The effects of ultrasonic intensity on cell viability (A), DNA fragmentation (B) and free radical formation induced by US (C). The cells were
sonicated for 1 min at 0-0.5 W/cm?, 1 MHz pulsed (10% DF, 100 Hz) and cultured at 37 °C. (A) After 6 h culture, the cell viability was evaluated
by trypan blue dye exclusion test. (B) After 6 h culture, DNA fragmentation was assayed. (C) After 1 min culture, EPR-spin trapping with DMPO
was employed to detect US generated free radicals. One unit of the Y-axis is calculated to correspond to about 19.0 uM of TEMPOL.. Data indicate
means +SD for four different experiments. *P <0.05 vs. control (intensity: 0 W/cm?) (Student’s ¢-test).

examined, four up-regulated genes, BCL2-associated
athanogene 3 (BAG3), DnaJ (Hsp40) homolog, sub-
family B, member 1 (DNAJBI), heat shock 70 kDa
protein 1B (HSPA1B), and heat shock 70 kDa protein 6
(HSPASG), and two down-regulated genes, isopentenyl-
diphosphate delta isomerase 1 (IDI1) and 3-hydroxy-3-
methylglutaryl-coenzyme A synthase 1 (HMGCSI)
were identified (Table 2). To verify the results of the
microarray experiments, real-time quantitative PCR
was performed. The results are summarized in Fig. 3.
Although the expression levels of these genes were not
completely comparable to that found by microarray
analysis, the expression levels of BAG3, DNAJBI,
HSPAIB and HSPAG6 were significantly increased, with
expression levels being 6.3-, 3.3-, 7.3- and 311-fold,
respectively. In contrast, the expression levels of IDI1
and HMGCSI were significantly decreased, with the
expression levels being 0.45 and 0.34-fold,
respectively.

4. Discussion

US have been widely used for diagnosis and therapy
in many medical fields. More recently, following a
report by Lagneaux et al. [12], we also reported that
non-thermal low intensity pulsed US treatment (1 MHz,
0.3 W/cmz, 1 min) induced apoptosis in human leuke-
mia cell lines such as U937, Jurkat and Molt-4 [9,22].

In addition, low intensity pulsed US have been shown

to promote cell proliferation in human skin fibroblasts
[25] and to stimulate cell proliferation and differen-
tiation in human periosteal cells [26]. In the present
study, non-thermal low intensity pulsed US induced
apoptosis with minimal cell lysis and free radical
formation was observed in human leukemia Molt-4
cells in the cases of our previous studies [9,22]. In

addition, DNA microarray and real-time quantitative
PCR analyses suggested that six genes showed changed
levels of expression in US-treated Molt-4 cells. To our
best knowledge, this is the first report of DNA
microarray analysis of genes that are differentially
expressed in response to apoptosis induced by non-
thermal low intensity pulsed US in human leukemia
cells. Of the approximately 16,600 genes analyzed, four
genes including BAG3, DNAJBI, HSPA1B and HSPA6
showed increased levels of expression while two genes
including IDI1 and HMGCS1 showed decreased levels
in Molt-4 cells 3 h after the US treatment. Of the four
up-regulated genes, three heat shock proteins (HSPs),
HSPAI1B, HSPA6 and DNAJB1, were involved. HSPs
are important modifying factors in cellular responses to
a variety of physiological relevant conditions such as
hyperthermia, oxidative stress, exercise and so on, and
play important physiological roles for both normal
cellular functions and survival after a stress [27].-
HSPAI1B and HSPA6 or DNAJBI1 are isoforms of
inducible Hsp70 or Hsp40, respectively. Inducible

Table 2 -

Up- and down-regulated genes after sonication in Molt-4 cells

Gene Fold change Genbank
Exp. 1 Exp. 2 Average accession no.

Up-regulated

HSPAIB 1.9 1.5 1.7 NM_005346

BAG3 1.5 2.1 1.8 NM_004281

HSPA6 1.7 2.6 2.1 NM_002155

DNAJBI 22 29 2.6 NM_006145

Down-regulated

IDI1 0.58 0.67 0.62 NM_004508

HMGCSI 052 0.66 0.59 NM_002130

Microarray analysis was performed. Details of experimental .
conditions described in Section 2.
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Fig. 3. Verification of the DNA microarray results with real-time quantitative PCR. The cells were exposed to US for 1 min at 0.3 Wicm?, 1 MHz
pulsed (10% DF, 100 Hz) and cultured for 3 h at 37 °C. Reverse transcriptase reaction was carried out with total RNA. Real-time quantitative PCR
was performed according to the manufacture’s instructions. mRNA level was normalized by RPS27A. A, HSPAIB; B, BAG3; C, HSPA6; D,
DNAJBI; E, IDII and F, HUGCSI. Data indicate means+ SD for four different experiments. *P <0.05 vs. control (Student’s ¢ test).

Hsp70 and Hsp40 have been shown to protect cells
from necrosis [28] and apoptosis [29,30] and co-operate
with Hsp70 [31], respectively. It has been demonstrated
that the anti-apoptotic activities of BAG-family
proteins including BAG3 may be dependent on their
interactions with Hsp70 and/or binding to Bcl-2, an
anti-apoptotic protein [32,33]. Interestingly, in the
present study, the expression of BAG3 was significantly
elevated in US-treated cells. We therefore speculate
that BAG3 and Hsps, DNAJB1, HSPAIB and HSPAG,
may be up-regulated to protect cells from apoptosis.
IntelliGene HS human Expression microarray used here
is spotted with genes for 42 HSPs containing 11 Hsp70
and 21 Hsp40 proteins and four BAG-family proteins.
However, only four genes out of 46 genes were
increased in this experiment. The mechanisms by
which low intensity pulsed US up-regulates these four
genes and their physiological roles in US-treated cells
remain a subject of further study.

In the present study, genes including IDIl and
HMGCS]1 showed decreased levels of expression in the
cells treated with US. Both HMGCS1 and IDI1 are
enzymes in cholesterol biosynthesis, and the former
drives the condensation of acetyl-CoA with acetoace-
tyl-CoA to form HMG-CoA and the latter catalyzes the
rearrangement of isopentenyl diphosphate to its highly
electrophilic isomer, dimethylallyl diphosphate
[34,35]. It seems likely that the cholesterol biosynthesis
pathway is down-regulated in apoptotic cells induced
by US. Further studies will be necessary to clarify
functions of these two genes in the apoptotic cells
induced by low intensity pulsed US.

By using UniGEMYV Ver2.0 human gene expression
DNA microarrays to detect approximately 9200 genes,
we previously demonstrated that five up-regulated
genes (ferritin, heavy polypeptide 1, AU RNA-binding
protein/enoyl-Coenzyme A hydratase, v-jun avian
sarcoma virus 17 oncogene homolog, expressed

\
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sequence tag (GenBank Accession number: N35555)
and HO-1) and two down-regulated genes (v-myb avian
myeloblastosis viral oncogene homolog and cathepsin
G) were identified in the human lymphoma U937 cells
at 6 h after exposure to fairly intense continuous waves
(1 MHz, 4.9 W/cmz, for 1 min) which induced signifi-
cant cell lysis and free radicals [20]. Moreover, under
nearly experimental condition, DNA microarray anal-
ysis indicated that PCTAIRE protein kinase 1 transcript
variant 2 and HO-1 were up-regulated while leukemia
inhibitory factor and chemokine ligand 10 were
down-regulated by using IntelliGene II Human CHIP
1 DNA microarrays to detect approximately 3900 genes
[21]. These microarray and real-time quantitative PCR
results suggested that HO-1 is the most sensitive gene
in U937 cells treated with low intensity continuous US
[20,21]. However, all of these differentially expressed
genes containing HO-1 were not identified in our
present experiments using low intensity pulsed US.
This discrepancy may be due to different experimental
conditions such as the type of microarray, intensity of
US and origin of the cell.

In conclusion, the present results will provide a basis
for further understanding of the molecular mechanisms
of biological effects of low intensity pulsed US. Here,
we used the standing wave field induced by milli-
second pulsed-ultrasound, and the detection of change
of gene expression in the progressive wave field
remains for further experiment.
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Microvascular endothelial cells, which are recruited by tumors, have
become an important target in cancer therapy. This study firstly
examined the antitumor effect of angiogenesis inhibitor combined
with ultrasound (US) irradiation for human cancer in vivo and
evaluated its vascularity using color Doppler US in real time with a
microbubble US contrast agent. A human uterine sarcoma cell line,
FU-MMT-1, was used in vivo because this tumor is one of the most
malignant neoplasms of the human solid tumors and it also has
a poor response to any of the chemotherapeutic agents currently
used, as well as to radiotherapy. In angiogenic inhibitors, TNP-470
was selected to use in an in vivo study, because this agent showed
a higher inhibitory effect in tube formation assay in vitro, than that
of FR118487, or thalidomide. The FU-MMT-1 xenografts in nude
mice were treated using US at a low-intensity (2.0 w/cm?, 1MHZ) for
4 min three times per week each after the subcutaneous injection of
TNP-470 (30 mg/kg), an angiogenesis inhibitor, and this treatment
was continued for 8 weeks. Either treatment of US alone or TNP-470
alone showed a suppression of tumor growth, in comparison to
the non-treatment group (control), and a significantly enhanced
effect was obtained using the combined treatment. A reduction in
the intratumoral vascularity, which was evaluated using both color
Doppler and immunohistochemistry, was significantly demonstrated
using the combined treatment, in comparison to each treatment
alone, and the control. No side-effect was observed in any mice in
the combined treatment group. These results suggest that the

antitumor effect of TNP-470 for uterine sarcoma was accelerated by

US irradiation in vivo and this combination might be a potentially
effective for new cancer therapy. (Cancer Sci 2007; 98: 929-935)

Angiogenesis, the growth of new capillary blood vessels
from pre-existing vasculature, is a crucial process for tumor
progression and metastasis.”” The microvascular endothelial
cells (EC), which are recruited by tumors, have thus become
an important second target in cancer therapy.? Angiogenesis
inhibitors have thus been developed to target vascular EC and
block tumor angiogenesis. Anti-angiogenic therapy alone has
been shown to be able to suppress the growth of established
tumors and a recent clinical trial showed successful results for
advanced rectal cancer.®” The addition of antiangiogenic agents
to chemotherapy,“ radiation,®” or molecular-targeting agents
has thus been suggested to potentially increase clinical efficacy.
Gorski et al. showed that radiotherapy and antibodies against
VEGEF had a synergistic effect against primary tumors.® According
to an analysis of a bibliographic database, MEDLINE, however, no
previous study has ever examined the combination of angiogenesis
inhibitors and ultrasound (US) irradiation in the field of cancer
research.

O-(chloroacetyl-carbamoyl)fumagillol (TNP-470) is a low-
molecular-weight synthetic analog of fumagillin, a natural

doi: 10.1111/j.1349-7006.2007.00474.x
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compound secreted by the fungus Aspergillus fumigatus fresenius.®
TNP-470 blocks endothelial cell cycle progression in the late
G1 phase by activating p53 through a mechanism leading to
cyclin-dependent kinase inhibitor p21C"/¥AF expression.®
The cellular target of TNP-470 was found to be methionine
aminopeptidase-2 (MetAP-2), an intracellular enzyme necessary
for the process of protein myristolation.® The antitumor effect
of TNP-470 has been shown in various tumors of human
malignancies both in vizro and in vivo.!!!» Qur previous studies
have shown that TNP-470 inhibited the VEGF production and
proliferation of a uterine sarcoma cell line, FU-MMT-1, in vitro‘®
which had been established from a patient with uterine carcino-
sarcoma.!? The combination of TNP-470 and cytotoxic agents®>
or radiation!’ has showed a successful outcome in vivo.

US has been shown to enhance the antitumor effect of a chemo-
therapeutic agent in vitro and in vivo."$-' Transiently increased
permeability of the cell membrane is one of the mechanisms of
the US-enhanced chemotherapy.®® Sonoporation, and resealing
of the cell membrane by acoustic pressure are considered to be
a primary reason for an increased intracytoplasmic concentration
of the administered agent.®? Ablation of adult T-cell leukemia
cells and lysis of HI-60 cells by low-intensity US is enhanced
in the presence of a photosensitizing drug, indicating that the
photosensitive drug potentiates the cytotoxicity of US.?'%» The
potentiation of some anticancer agents occurs when the agent
may become more potent against the tumor cells when used in
conjunction with US. The absorption of ultrasound energy by
the agent and the production of free radicals seem to be the
likely mechanisms of this increase.®?* In order to assess the
accelerated (synergistic) drug effect of angiogenesis inhibitor
using US energy, this study examined for the first time the
therapeutic effect of an angiogenesis inhibitor combined with
US irradiation for human cancer in vivo. In addition, the effect
of antiangiogenesis in this combined treatment was assessed
non-invasively using color Doppler US in real-time with a
microbubble contrast agent.

Materials and Methods

Cell line and nude mice. A human uterine sarcoma cell line,
FU-MMT-1, previously established by us from a patient with
uterine carcinosarcoma, was used in this study because this tumor
is one of the most malignant neoplasms of the human solid turnors
and it also has a poor response to any of the chemotherapeutic
agents currently used, as well as to radiotherapy. FU-MMT-1
shows highly progressive activity both in vitro and in vivo. This
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cell line is chiefly composed of rhabdomyosarcoma cells and the
immunophenotype, tumorigenicity, and cytogenetic characteristics
have been reported previously.! Female BALB/cA Jcl-nu athymic
nude mice were obtained from Clea (Tokyo, Japan). Five to 6-
week-old mice weighing 20 g were used in the experiments. All
animals were kept in isolation rooms at a controlled temperature
and they were caged in groups of five of fewer and had free
access to standard animal chow and water according to the
Instructions of the Institute of Experimental Animal Science,
Fukuoka University Medical School.

In vitro tube formation assay. Experiments on tube formation
were conducted in triplicate in 24-multiwell dishes using an
Angiogenesis kit (Kurabo, Osaka, Japan), according to the
manufacturer’s instructions. Briefly, human umbilical vein
endothelial cells (HUVEC) cocultured with human fibroblasts were
cultivated with TNP-470 (1 pg/mL), FR118487 (1 pg/mL), and
thalidomide (1 pg/mL) in the medium containing 10 ng/mL
of vascular endothelial growth factor (VEGF). An angiogenesis
inhibitor, FR118487 was synthesized by chemical modification of
the fermentation products of a fungus, Scolecobasidium arenarium
(F-2015), at Fujisawa Pharmaceutical Co., Ltd (Tsukuba, Japan).
The medium was changed every 3 days. After 10 days, the
dishes were washed with phosphate-buffered saline (PBS) and
fixed with 70% ethanol at 4°C. After the fixed cells were rinsed
three times with PBS, the cells were then incubated with mouse
antihuman CD31 (Kurabo, Osaka, Japan) in PBS containing 1%
bovine serum albumin (BSA) for 60 min. After washing with
1% BSA-PBS three times, the cells were incubated with goat
antimouse IgG AIkP conjugate (Kurabo, Osaka, Japan). Metal-
enhanced 3,3’-diamino-benzidine-tetrahydrochloride (DAB) was
the substrate, the reaction yielding a dark reddish-brown insoluble
end-product. Finally, the cells were washed with PBS five times,
and viewed using an Olympus microscope. The area and tube
length were measured using the Kurabo angiogenesis image
analyzer (Kurabo, Osaka, Japan) in five different fields per each
well, and then were statistically analyzed.

Chemicals. TNP-470 was kindly donated by Takeda Chemical
Industries (Osaka, Japan). Its structure and characteristics have
been described previously.!" TNP-470 was suspended in a vehicle
of 0.5% ethanol plus 5% gum arabic in saline. FR118487 was
kindly donated by Fujisawa Pharmaceutical Co., Ltd (Tsukuba,
Japan). The inhibitory effect of this drug on angiogenesis in the
rabbit cornea has previously been described.?®

Injection of TNP-470 and ultrasound irradiation. The mice were
injected subcutaneously with 2 x 10° FU-MMT-1 cells in 0.2 mL
DMEM in the right auxiliary region of the flank. Mice bearing
the resultant tumors measuring 5-10 mm in diameter on the
14th day were randomly separated into four groups as follows:
i) US irradiation alone (n=8); ii)) TNP-470 injection alone
(n = 8); iii) combination of TNP-470 and US irradiation (n=8),
and iv) non-treatment as the control (n = 12: injection of 0.5%
ethanol plus 5% gum arabic in saline) and these therapies were
continued for 8 weeks. TNP-470 was injected subcutaneously at
a dose of 30 mg/kg three times per week for each mouse in
groups of TNP-470 alone and the combined treatment. The
mice were anesthetized with ether and US (continuous wave,
at 1 MHZ frequency, and 2.0 w/cm? intensity), was irradiated
through a probe onto subcutaneous tumors for 4 min three times
per week using Sonitron 1000 (Rich-mar, Inola, OK) for each
mouse in groups of US alone and the combined treatment.
Tumor growth was monitored by measuring the weekly volume
twice, calculated as V = a X b%/2 (a = length; b = width). An autopsy
was done on all mice soon after finishing these therapies or
when they died during the course of therapies and the tumors
were then harvested, and the size and the weights of these
tumors were measured. Mean, SD, median, and SE of the tumor
size during the courses and those of the tumor weight after the
therapies in each group were calculated.

930

Evaluation of tumor vascularity with contrasted color Doppler US.
The intratumoral vascularity in xenografts was examined after
finishing each treatment using color Doppler US (SSD-4000, Aloka
Ltd, Tokyo, Japan) with a 7.5-MHz curved array transducer
(UST-987-17.5, Aloka Ltd) using a microbubble ultrasound contrast
agent, Optison® (Molecular Biosystems Inc., San Diego, CA,
USA) at our animal center in Fukuoka University. The US
examinations were standardized using a medium wall filter, pulsed
repetition frequency of 1000 Hz, moderate-to-long persistence,
and a slow and steady movement of the transducer to achieve
the highest sensitivity without apparent background noise.
The intratumoral blood flow was enhanced after an i.v. bolus
injection of Optison® (0.6 mL/kg). Optison® is approved for use
in echocardiography by the USA Food and Drug Administration
(FDA) and consists of a suspension of perfluoropropane-filled
albumin microspheres with a concentration of 6.3 x 10® bubbles/
mL. After the examination, the previously stored images
were retrieved and displayed on the monitor. The area in the
longitudinal image on the US monitor of each tumor was
automatically calculated using the manual-trace measurement of
the length of tumor circumference, then, the number of colored
vessels within the tumor was counted. The average sonographic
vascular density (ASVD) was calculated as the number of colored-
vessels within a longitudinal tumor section divided by the
area. The ASVD in each treatment group was calculated (xSD)
and statistically compared. Moreover, the areas of highest
neovascularization were then identified on their stored images.
The tumor vessel counts over an area of 19.625-mm? (a field of
a circle with 5 mm in diameter) per field in each of these three areas
within the tumor were then counted as the highest sonographic
vascular density (HSVD). The averages of the HSVD in the
three 19.625-mm? fields of each tumor were calculated in each
treatment group (+SD) and statistically compared.

Evaluation of tumor vascularity with immunohistochemistry. The
paraffin sections from each tumor were reacted with each primary
antibody for 1 h at room temperature in our pathology laboratory.
The attached antibodies were visualized using the labeled
streptavidin-biotin (LSAB) method (Zymed, San Francisco,
CA, USA). The monoclonal antibody used was anti-CD34 (an
endothelial marker: 1:50; Dako) for endothelial cells in the
tumor vessels. The negative controls consisted of an omission of
the primary antibody. Microvessel density (MVD) was measured
in all tumors treated in this therapy. Intratumoral microvessels
were highlighted using anti-CD34 immunostaining in formalin-
fixed, paraffin-embedded sections in each tumor. The MVD
quantitation in the highest vascularization (so-called hot
spots) was examined in each tumor in the same manner as in our
previous study,®® which was named as the highest immunohisto-
chemical MVD (HIMVD). The average of the HIMVD in these three
groups and that in the controls was then calculated. Moreover,
to assess the average vascularization in entire tumor sections, 10
areas were randomly chosen in each tumor then the tumor vessels
were counted, and then the obtained density was considered to
be the average immunohistochemical MVD (AIMV.D).

Statistical analysis. These in vivo data were expressed as the
mean & SD. The Mann-Whitney U-test (non-parametric) was used
to compare tumor growth, or tumor weight between three treatment
groups and the control. The unpaired ¢-test (parametric) was used to
compare tumor vessel density between three treatment groups and
the control. These statistical analyses were done using the software
package StatView 5.0 (SAS Institute, Inc., Cary, NC, USA) for
Macintosh. The results were judged to be statistically significant if
the P-value of each respective test statistic was less than 0.0001.

Results

In vitro tube formation assay. To investigate the antiangiogenic
effect of angiogenesis inhibitors, a tube formation assay was

doi: 10.1111/].1349-7006.2007.00474.x
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Fig. 1. (a—f) Effects on tube formation in vitro.
(a) When human umbilical vein endothelial cells
(HUVEC) were cultured in the presence of VEGF

0

(10 ng/mL), efficient tube formation was observed.
(d) TNP-470 (1 pg/mL) significantly inhibited the tube & 2%
a

formation in vitro, in comparison to the other two 150000
antiangiogenic agents, (b) thalidomide (1 pg/mL) 100000
and (c) FR118487 (1 pg/mL), in quantitative analysis 50000
of both (e) tube area and {f) length using an image -0
analyzer.

performed using HUVEC cocultured with human fibroblasts.
When HUVEC were cultured in the presence of VEGF, efficient
tube formation was observed (positive control). In a quantitative
analysis of both tube area and length, TNP-470 significantly
inhibited the tube formation in vitro, in comparison to the other
two antiangiogenic agents, thalidomide, and FR118487 in this
study (P <0.01; Fig. 1a—f). We therefore finally selected TNP-
470 to.use in our following in vivo study as a representative agent.

Suppression of tumor growth. The weekly changes in the mean
tumor volume in xenografts during the courses of therapies are
shown in Fig. 2. Either treatment of US alone or TNP-470 alone
inhibited the growth of the FU-MMT-1 xenografts, in comparison
to that of the control (Mann-Whitney-U-test: P =0.151, and
P =0.006). Furthermore, a significantly enhanced effect to suppress
the tumor growth was obtained using the combined treatment
(vs US alone: P <0.0001; and vs TNP-470 alone: P < 0.0001;
Fig. 1). No significant difference in the mean tumor volume was
observed between the treatments using US alone and TNP-470
alone (P =0.176).

The mean weight after treatment of either US alone (10.98 +
2.27 g, range: 4.8-17.2 g) or TNP-470 alone (8.94 + 3.07 g, range:
0.0-21.2 g) was smaller than that of the control (Mann—-Whitney-
U-test vs US alone: P =0.0042; vs TNP-470 alone: P = 0.025).
The enhanced effect of the weight reduction in xenografts was
shown by the combined treatment (0.75 + 0.52 g, range: 0.0—4.8 g),
in comparison to either US alone (P = 0.027) or TNP-470 alone
(P =0.050). The mean weight of the xenografts measured after
the combined treatment was significantly lower than that of the
control (25.04 £3.85g, range: 7.6-30.8 g; P =0.0007; Fig. 3).
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Fig. 2. Effects on growth of the FU-MMT-1 xenografts. Each curve
represents the mean and SD of the tumor (mm?) volume in each group.
Either treatment with ultrasound alone or TNP-470 alone significantly
inhibited the growth of the FU-MMT-1 xenografts, in comparison to
that of the non-treatment group (control; Mann-Whitney-U, P=0.151,
and P = 0.006). Moreover, a significantly enhanced effect was obtained
using the combined treatment, in comparison to that of each therapy
alone (Mann-Whitney-U, vs US alone: P < 0.0001, and vs TNP-470 alone:
P < 0.0001). ’
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Fig. 3. The mean (SD) tumor weights (g) in the FU-MMT-1 xenografts
resected after treatment. The mean tumor weight after treatment of
either ultrasound (US) alone (10.98 + 2.27 g, range: 4.8-17.2 g) or TNP-
470 alone (8.94 + 3.07 g, range: 3.1-21.2 g) was smaller than that of the
control (25.04 t 3.85 g, range: 7.6-30.8 g; Mann-Whitney-U-test, vs US
alone: P=0.0042; vs TNP-470 alone; P = 0.025). The enhanced effect of
the weight reduction in xenografts was shown by the combined
treatment (0.75 + 0.52 g, range; 0.0-4.8 g), in comparison to either US
alone (P =0.027) or TNP-470 alone (P = 0.050). The mean tumor weight
of the xenografts measured after the combined treatment was
significantly lower than that of the control (P = 0.0007).
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After these treatments, disappearance of the tumor (tumor free)
was seen in five of eight (62.5%) mice in the combined treatment,
and two of eight (25.0%) in TNP-470 alone (x2test; P=0.13),
whereas no such disappearance was seen after US alone, or in
the control (vs combined treatment: P = 0.007, and P =0.001).
Dissemination, or direct invasion into the abdominal cavity by
the tumor was only seen in the control (33.3%; four of 12 mice).

Evaluation of the antiangiogenic effect using contrast color Doppler
ultrasound. The effects of antiangiogenesis for FU-MMT-1
xenografts by these therapies were evaluated using contrast
Doppler US in real-time after the 8 weeks of treatment (Fig. 4a—d).
In the evaluation with ASVD, the mean of the group of
combination treatment was significantly lower than that of
the control (unpaired -test: P =0.04), whereas no significant
difference was observed between either the treatment of US
alone or TNP-470 alone and the control (P=0.39, P=041). In
the evaluation with HSVD, the mean of the group of either TNP
alone or combination treatment was thus significantly lower than
that of the control (unpaired ¢-test: P = 0.002, P = 0.000004),
whereas no significant difference was observed between the
treatment of US alone and the control (P = 0.16). The reduction
in the vascular density (HSVD) was significantly enhanced by the
combined treatment, in comparison to that of the US treatment
alone (P = 0.0003), or the TNP-470 alone (P = 0.00009; Table 1).
The intratumoral vascularity could not be fully evaluated

Fig. 4. (a-d) Visualization of the intratumoral blood
flow using non-invasive contrasted color Doppler
uftrasound (US) in FU-MMT-1 human uterine sarcoma
growing subcutaneous on the backs of BALB/cA
Jcl-nu mice. Representative Doppler ultrasound
pictures are taken at maximal signal intensity
after injecting the US contrast agent (10s after
injection). The tumor vessel density in {(¢) the
group of TNP-470 treatment alone was lower than
that of (a) the control (unpaired t-test, P = 0.0007),
whereas no significant difference was observed
between (b) the treatment of US alone and the
control (unpaired t-test, P=0.11). The reduction
of tumor vessel density was significantly enhanced
by (d) the combined treatment, in comparison to
that of the US treatment alone (P =0.00002), or
the TNP-470 alone (unpaired t-test, P = 0.00009).

Table 1. The sonographic and immunohistochemical vascular density in FU-MMT-1 xenografts after 8 weeks’ treatments

Control US alone TNP-470 alone TNP-470 + US
1) Average sonographic vascular density (per 100 mm?) 8.6+2.1 77120 76+23 55+13
2) Highest sonographic vascular density (per 19.63 mm?) 146118 129127 1M1.1+14 3.6+1.1
3} Average immunohistochemical microvessel densityt 49.8 £ 10.2 25.9+£12.1 25.11+14.1 9.4+3.2
4) Highest immunohistochemical microvessel densityt 61.3+10.7 60.8+14.7 50.8+13.7 113122

Per high-power field (0.74 mm?). 1) Control versus US: P =0.39, or TNP-470: P =0.41, or TNP-470 + US: P = 0.04. TNP-470 versus TNP-470 + US:

P =0.19. 2) Control versus US: P =0.16, or TNP-470: P =0.002, or TNP-470 + US: P =0.000004. TNP-470 + US versus US alone: P = 0.0003, or TNP-470:
P =0.00009. 3) Contro! versus US: P =0.0008, or TNP-470: P =0.002, or TNP-470 + US: P =0.0001. TNP-470 + US versus US alone: P =0.05, or P =0.04.
4) Control versus US: P =0.94, or TNP-470: P =0.13, or TNP-470 + US: P =0.000002. TNP-470 + US versus US alone: P =0.0001, or TNP-470 alone:

P =0.001. Bald: P<0.05 (versus control).
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Fig. 5. (a-d) intratumoral microvessels immuno-
histochemically stained (red colored) by anti-CD34.
The tumor vessel densities in both groups of (b)
ultrasound (US) alone and (c) TNP-470 treatment
alone were significantly lower than that of (a) the
control. The reduction of tumor vessel density
was significantly enhanced by (d) the combined
treatment, in comparison to that of (b) the US
treatment alone, or {c) the TNP-470 alone. The
destruction of tumor vessels (=) and areas of
coagulative necrosis (upper areas in both b and d)
are apparently shown in either US treatment
alone or after combination treatment. Scale bars:
200 pm.

using either non-contrasted color Doppler or power Doppler
ultrasound because the intensity of the signals of the colored-
blood flow in these approaches were apparently lower than that
of contrasted color Doppler ultrasound.

MVD. The mean of AIMVD in each treatment group was
significantly lower than that of the control (unpaired #-test, US:
P =0.0008; TNP-470: P =0.002; combination: P = 0001).
The reduction of AIMVD was significantly enhanced by the
combined treatment, in comparison to that of the TNP-470
treatment - alone (P =0.04). In contrast, no difference in the
mean of HIMVD was observed between the group of either US
treatment alone or TNP-470 treatment alone and the control
(P =0.94, P = 0.13). However, the reduction of HIMVD was signi-
ficantly enhanced by the combined treatment, in comparison to
that of the US treatment alone (P = 0.0001), or the TNP-470 alone
(P =0.001; Table 1; Fig. 5a—d). The destruction of the tumor vessels
and areas of coagulative necrosis were apparently seen in tumors
of either US therapy alone or combination treatment, in comparison
to either the control or TNP-470 treatment alone group.

Toxicity. No side-effect such as a loss of body weight, or
neurotoxicity was significantly observed in any mice in this study.

Discussion

TNP-470 blocks endothelial cell cycle progression in the late
G1 phase to activate p53 in endothelial cells, thus leading to an
increase in cyclin-dependent kinase inhibitor p21*/*AF expression
and subsequent growth arrest.!® The molecular target of TNP-
470 has been found to be MetAP-2, an intracellular enzyme
necessary for the process of protein myristolation, thus preventing
membrane proteins from translocating to the cell surface.®
Moreover, TNP-470 suppresses the production of bFGF, or
VEGF in vitro.5'» TNP-470 has been shown to act for human
* malignancies as a single agent in a wide variety of preclinical
models"*~'¥ and some clinical trials.?™* Recent studies have showed
a synergistic effect of radiation and angiogenesis inhibitors.”
The combination of angiostatin, an antiangiogenic agent, and
radiotherapy has been shown to work best when angiostatin was
given simultaneously with radiotherapy in vivo.® The successful
outcome from the combination of TNP-470 with cytotoxic
therapies® or radiotherapy!'® has been also shown in vivo.

Weight loss has been frequently observed in animals receiving
TNP-470, and the dose-limiting neurotoxicity associated with
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TNP-470 has been reported in clinical trials.®® In the present
study, the dose of TNP-470 was thus kept low (30 mg/kg/day,
three times/week), so that no remarkable side-effects were
observed in any mice treated using TNP-470 with or without US
irradiation. To reduce the toxicity of TNP-470, however, a
recent study tried using water-soluble synthetic polymers, N-
(2-hydroxypropyl) methacrylamide (HPMA) copolymer, as a
specific carrier of TNP-470, so that this HPMA copolymer-
TNP-470 substantially enhanced and prolonged the activity of
TNP-470 in vivo and did not cause any weight loss or neurotoxic
effects in mice.®™ Further approaches or new ideas may be
required to reduce the toxicity of antiangiogenic agents.

US, which is routinely used for diagnostic imaging applications,
is now being adopted in various therapeutic applications. The
effect of US in activating antitumor drugs or agents has been

- studied both in vitro and in vivo.U'17) Qur previous study

showed that leukemia cells could be selectively eliminated using
low-intensity US in the presence of photosensitive drugs.®® The
mechanism behind the augmentation of the activity of anticancer
drugs and other agents by US remains to be fully elucidated;
however, several mechanisms have been suggested: i) increased
permeability: the increased intracellular concentration of drugs
after ultrasonic irradiation suggests an increased permeability
(also called sonoporation), or the opening of pores in the cells.®®
Sonoporation is the term used for the phenomenon by which US
may transiently alter the structure of the cellular membrane, thus
inducing an enhanced uptake of low- and high-molecular-weight
molecules into the cell. There have been a large number of studies
in which a synergistic effect between US and different drugs has
been sought. Regarding the mechanisms of action in an in vitro
environment, acoustic cavitation and streaming may be pre-
dominant.®® Qur previous study showed that a direct observation
of the cells using electron microscopy confirmed the presence
of pore-like disruptions in the cell membrane after the combined
treatment;®" ii) increased sensitivity of the cells to the agent:
US alone can cause lethal or sublethal cellular damage.®" Inter-
estingly, our current study also showed that US alone could
inhibit the growth of a FU-MMT-1 xenograft established from a
uterine sarcoma,"? which is one of the most aggressive tumors
among the human malignancies. Moreover, histopathologically,
the destruction of tumor vessels and area of coagulative necrosis
were apparently seen in tumors treated with either US therapy
alone or combination treatment, compared to those treated with
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TNP-470 therapy alone, thus suggesting direct cellular damage
by US irradiation. One commonly observed vascular effect,
usually characterized by an increased tumor blood flow during
the initial period of therapeutic US irradiation and eventual
destruction of the vasculature, renders the tumor mass more
hypoxic.®? QOur current study supported the vascular effect of
US in vivo because the mean AIMD in US treatment alone was
significantly lower than that of control, and destruction of tumor
vessels was apparently seen in the US treatment group. A recent
study showed that malignant cells were found to be sensitive to
therapeutic US treatment, thus resulting in a transient decrease
in cell proliferation.®? In a suspension of carcinoma cells exposed
to 1 MHz ultrasound, cell killing was induced, accompanied by

DNA strand breaks. This might be mainly attributable to free "

radical formation and the pyrolyitic processes.?? Cells damaged
sublethally by US are thus suggested to be more biologically
susceptible to the antitumor agents; iii) potentiation of the agent:
it is also suggested that anticancer agents became more potent
against tumor cells when they are used in conjunction with
US.461719) The absorption of US energy by the agent and the
production of free radicals have been cited as the likely mecha-
nisms of this increase.®¥ Inertial cavitation is required in this
process, primarily in the production of free radicals."® We thus
-irradiated with low-intensity US within a few minutes after the
subcutaneous injection of TNP-470 to accelerate the drug
potentiation because the mean plasma half-life of TNP-470 has
been reported to be short (2-6 min in humans by intravenous
injection).®® As a result, this combined treatment could signi-
ficantly inhibit the growth of FU-MMT-1 in vivo, in comparison
to either TNP-470 used alone or US alone, thus suggesting an
accelerated (booster, or synergistic) effect of US for TNP-470.
We suppose that the possible mechanism of our combination
therapy using a low-intensity US might be chiefly the first
mechanism (sonoporation) described above.

As TNP-470 has been shown to possess antiproliferation
effects for not only endothelial cells but also for tumor cells, the
uptake of this agent might thus be enhanced in both cells by
sonoporation. In addition, direct cellular damage including a
vascular effect by US irradiation (the second mechanism) might
be added because of the evidence of wide areas of coagulative
necrosis in irradiated tissue specimens. Feril et al. recently reported
monocytic leukemia cells (U937) were killed by combining
hyperthermia sensitive drug, 2,2"-azobis (2-amidinopropane)
dihydrochloride (AAPH) and exposure to non-thermal 1 MHz
US for 1 min at an intensity of 2.0 W/cm?.®% Apoptosis measured
using flow cytometry and free radical investigation using electron
paramagnetic resonance (EPR) spin trapping showed that
US-induced cell lysis and apoptosis were enhanced in the

presence of AAPH, regardless of the temperature at the time of -

sonication. Although free radicals were increased in the
combined treatment, this increase did not correlate well with
cell killing.®® The mechanism of enhancement pointed to the
increased uptake of the agent during sonication rather than
potentiation by AAPH. However, direct measurement of free
radicals in the present experiment was technically impossible

and further analysis will be needed to affirm these suppositions.

US has been used as a modality for diagnostic imaging in
various clinical fields without producing any significant adverse
effects. The neovascularization of tumors could be displayed using
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Werner syndrome helicase (WRN) participates in a wide range of DNA activities, including replication, dou-
ble-strand DNA break repair, telomere and retroviras long terminal repeat maintenance. Mutations of the WRN
gene cause Werner syndrome (WS), an autosomal recessive premature ageing disorder associated with varioas
symptoms related to ageing. In this study, we investigated the siRNA that specifically down-regulates WRN ex-
pression. WRN silencing increased markedly the chemotherapeutic activity of camptothecin (CPT) on cancer
cells in terms of the extent of efficacy and lowering effective drug dosage, accompanied by suppressing recovery
from DNA damage caused by CPT. Here, we propose a potential combination therapy of WRN-siRNA and CPT,
looking forward te minimizing the inevitable adverse effects associated with cancer chemotherapy.

Key words

Werner syndrome (WS) is an autosomal recessive disorder
causing symptoms of premature ageing.” In 1996, the
Werner syndrome gene (WRN) responsible for WS was iden-
tified.” The gene product, WRN, acts as a DNA helicase
(WRN helicase) ‘with exonuclease activity.” WRN greatly

participates in DNA metabolism by facilitating cellular

processes, including DNA replication, recombination, repair,
and transcription in cooperation with other cellular proteins.
WRN may participate in the retrovirus replication. WS pa-
tients lack functional WRN mainly because of mutations that
cause premature termination in WRN synthesis, produce in-
complete WRN molecules lacking C-terminal nuclear local-
ization signals and so result in impaired nuclear transporta-
tion of WRN.” :

The genotoxic clastogen 4-nitroquinoline-1-oxide (4NQO)
induces a more distinct increase in both break and inter-
change aberrations in WS patient cells than in control cells
from normal individuals or from patients with other
diseases.’) WS patient lymphoblastoid cell lines (LCLs)
- transformed by Epstein-Barr virus are hypersensitive to
4NQO than LCLs from normal individuals without
mutation.” Previously we studied the effect of camptothecin
(CPT), a DNA topoisomerase I-trapping agent, on several
LCLs from non-WS individuals and WS patients, and
showed that CPT had a stronger cytotoxic effect on LCLs
from WS patients than LCLs from non-WS$ individuals.'®
Poot et al. confirmed and extended our results by showing
that CPT more strongly impairs S-phase transit in WS LCLs
than in normal LCLs.'? Lebel and Ledér made homozygous
WS embryonic stem cells (ES) of mice that lacked normal
WRN genes at both alleles.'? Such cells were more markedly
sensitive to CPT than were wild-type ES cells.

From these results, we investigated if silencing WRN gene
expression by siRNA targeting the WRN gene (WRN-siRNA)
increases the sensitivity of cells against CPT. We show here
that specific down-regulation of WRN expression increases
the cytotoxic effects of CPT in cancer cells, and we discuss
the potential of using these findings for cancer therapy.

* To whom correspondence should be addressed. e-mail: furnichi@genecare.co.jp
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MATERIALS AND METHODS

Cell Culture and Transfection HeLa cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma, St.
Louis, MO, U.S.A.) supplemented with 10% fetal calf serum
and 25 pg/ml gentamicin (Sigma, St. Louis, MO, US.A).
Cells in 100 mm dishes were cultured at 37°C in a humidi-
fied atmosphere containing 5% CO,.

siRNA We preliminarily examined WRN-gene-silencing
activity with several siRNA sequences by using down-regula-
tions of WRN mRNA expression as a marker. The design of
siRNAs was done according to the method of Elbashir et
al.'¥ The siRNAs used for silencing the target gene expres-
sion consisted of 21 bp duplexes complementary to a unique
sequence of the target gene. All these siRNAs had an extra
dTdT overhang at their 5" ends. Among them, WRN-siRNA
with the following sequence was the most effective in silenc-
ing WRN expression that suppressed the expression of WRN
mRNA by more than 80% in HeLa cells: GUUCUUGU-
CACGUCCUCUG targeted against 3373—3391 bases of
NM000553. Our intensive homology search by using Smith
and Waterman method showed that no other human sequence
was identical to this sequence except for the WRN gene. We
used this WRN-siRNA in this study. As a negative control, a
non-silencing siRNA duplex (NS-siRNA) having sequence
5’-UUCUCCGACGUGUCACGUATAT-3’ was used. Both of
these siRNAs were synthesized by using Qiagen-Xeragon
(Germantown, MD, U.S.A.). Transfection of cells with these
siRNAs (10nM) was done by using Oligofectamine (Invitro-
gen, CA, US.A).

Immunoblotting Cells were washed with ice-cold PBS,
were pelleted and then were lysed in a sodium dodecyl sul-
fate (SDS) buffer containing 1% SDS, 2% beta-mercapto-
ethanol, 20% glycerol, 30 mm Tris—=HCI (pH 6.8), and 0.2m
dithiothreitol. The cell lysate was boiled for 5min and was
electrophoresed on 7.5% SDS-polyacrylamide gels. Proteins
fractionated on the gels were electrophoretically transferred
to polyvinylidene difluoride membranes (Immobilon, Milli-
pore, MA, US.A.) and were blocked overnight with 5%
skimmed milk in PBS. Then the membranes were incubated
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Dose Effect of WRN-siRNAs to Increase CPT-Induced Cytotoxicity in HeLa Cells

The percentage of viability is expressed by viability with WRN-siRNA/viability with NS-siRNA X 100. (A) Percentage of viability determined at 72h after transfection with
WRN-siRNAs and NS-siRNAs at concentrations 1, 5 and 10 nu, without CPT. (B) Percentage of viability detcrmined at 72 h afier transfection with HRN-siRNA and NS-siRNA at

concentrations 1, 5 and 10 ny, in the presence of 0.1 um CPT added 24 h after transfection.

(C) Effect of WRN-siRNA (10 nm) on WRN expression levels in HeLa cells assessed by

immunoblot analysis. Cell lysates (10 ug) were applicd to cach lane. Vertical bars indicate standard errors.

with either anti-WRN (4H12)'® or anti-B-actin monoclonal
antibodies (ICN Biomedicals, Aurora, Ohio, U.S.A.) for
60min at room temperature, were washed with 0.05%
Tween-20 in PBS, were incubated with anti-mouse IgG con-
jugated with horse radish peroxidase (DakoCytomation,
Carpinteria, CA, U.S.A.) and then were washed and devel-
oped using an enhanced chemiluminescence reagent (ECL)
plus (Amersham Biosciences, U.K.).

Confocal Microscopy HelLa cells cultured at 37°C on
microscope cover slips were transfected with 10 nm of NS- or
WRN-siRNA, and were cultured further for 30h. Then the
culture medium was replaced with fresh medium containing
10 um CPT (Sigma, OR, U.S.A.) and the cells were cultured
for 6 h. Then, some CPT-treated cells were cultured in the ab-
sence of CPT for an additional 3 h to recover from the CPT
effect, were fixed with a 3.7% formaldehyde PBS solution at
room temperature for 10min, and then were permeabilized
with a 0.1% Triton X-100 PBS solution for 5min. To detect
WRN helicase and replication protein A (RPA), the cells
were blocked by incubating in a 3% skimmed milk PBS.solu-
tion for 60min and were incubated overnight with primary
antibodies (anti-RPA34; Oncogene, Boston, MA, US.A.) at
4°C. The slides were washed with 0.05% Tween-20 in PBS
three times and were incubated with Alexa Fluor 488-conju-
gated antibody mouse IgG (Molecular Probes, Eugene, OR,
U.S.A.) as a secondary antibody for 60 min at room tempera-
ture. Fluorescent images were visualized by using a confocal
laser-scanning microscope (Fluoview II; Olympus, Tokyo,
Japan).

Cytotoxicity Test To determine the sensitivity to CPT,
HeLa cells cultured in 48-well plates were transfected with
various doses of siRNA using Oligofectamine. After 24 h, the
cells were incubated in Dulbecco’s modified Eagle’s medium
containing various concentrations of CPT. After 48h (ie.,
after 72 h starting from siRNA transfection), the cell viability
was measured by using a WST-8 assay (Nacalai Tesque,
Kyoto), a modified MTT assay.'”

RESULTS AND DISCUSSION

siRNA-Mediated Suppression of WRN Expression
Immunoblot analysis showed that treatment of HeLa cells
with WRN-siRNA for 30h almost completely suppressed
WRN expression, but NS-siRNA added as a negative control
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Fig. 2. Dose Effect of CPT to Induce Cytotoxicity in HeLa Cells in the
Presence of WRN-siRNA

HeLa cells were transfected with WRN- or NS-siRNA at concentration 10nM, and
were treated with a serial ditutions of CPT added 24 h after transfection. After 48 h of
culture, cell viability was monitored by WST-8 assay. The percentage of cell viability
was cxpresscd by cell viability in the presence of 10nm NS-siRNA with various con-
centrations of CPT/cel] viability in the presence of 10nm NS-siRNA without CPT X100
(NS), and by ccll viability in the presence of 10nm WRN-siRNA with various concen-
trations of CPT/cell viability in the presence of 10nM NS-siRNA without CPTX100
(WRN). Each point represents a mean of 9 samples and vertical bars indicate standard
deviation,

did not affect the initial level of WRN (Fig. 1C). When the
effect of 1, 5, 10nmM WRN-siRNAs on the growth of HeLa
cells was examined by culturing the transfected cells for 96 h,
WRN-siRNA alone weakly suppressed cell viability at these
very low concentrations: cell viability was down-regulated
by about 20% compared with cells treated with NS-siRNA
(Fig. 1A). This reduction of the viable cell population might
be mostly due to a delay in cell cycling as measured by flow
cytomefry analysis (unpublished observation). However,
when WRN-siRNA-treated HeLa cells were incubated with
CPT, cell viability was markedly reduced dependent on the
dose of WRN-siRNA, and cells treated with NS-siRNA were
totally unaffected (Fig. 1B). :

We compared the cytotoxic dose of CPT with HeLa cells
treated with 10 nm NS-siRNA and WRN-siRNA by changing
the concentrations of CPT (Fig. 2). The ICy, of CPT was
markedly decreased by 5.3-fold from 0.95 to 0.18 um for
WRN-siRNA-treated HeLa cells compared with the ICs, of
CPT with NS-siRNA-treated HeLa cells. These results indi-
cate that WRN-silenced HeLa cells were more susceptible to
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CPT.

Failure of WRN-Silenced Cells to Recover from DNA
Damage Response WRN in the nuclei is mainly in the nu-
cleoltus,'*'® but it relocates to the nucleoplasm and colocal-
izes with RPA34 protein to form nuclear foci at the DNA
double-strand break points that are generated by genotoxic
reagents such as CPT.'"” The RPA34 protein does not bind to
duplex DNA, but it binds to the single-strand regions of
DNA unwound by DNA helicase for repair. Thus, nuclear
foci consisting of WRN or RPA34 or both are assumed to be
excellent markers representing damaged DNA loci generated
by CPT treatment. Therefore, experiments were done to in-
vestigate how down-regulation of WRN affects nuclear
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Fig. 3.

RPA34
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RPA34 foci formation and DNA repair during the recovery
process of DNA damage (double-strand breaks) caused by
CPT. In the absence of CPT, most of WRN was found in the
nucleolus while RPA34 was dispersed in the nucleoplasm as
reported before'” (Fig. 3A). Down-regulation of WRN ex-
pression by siRNA treatment, however, made some fraction
of RPA34 form nuclear foci in the nucleoplasm (Fig. 3B).
This nuclear relocation of RPA may be interpreted that
RPA34 assemble in the legions of endogenous DNA damages
which are formed during DNA replication and remain unre-
paired due to the absence of WRN in the slightly delayed cell
cycle progression as shown in Fig. 1A,

When HelLa cells were treated with CPT for 6 h, many nu-

WRN + RPA34

Induction and Recovery of DNA Damage by CPT in HeLa Cells Assessed by Immunofiuorescence

(A) Most of WRN was found in the nuclcolus while RPA34 was dispersed in the nuclcoplasm in the absence of CPT. (B) Down-regulation of WRN made some fraction of
RPA34 form nuclear foci in the nuclcoplasm. (C) DNA damage was induced by adding 10 nM of CPT during 6 h in Hela cells. The nuclear foci at DNA-damaged sites stained with
anti-WRN and anti-RPA34 antibodics were obvious and were co-localized. (D, E) At 30 h after transfection with #/RN-siRNA or NS-siRNA, cclls were cultured in the presence of
10nn of CPT for 6 h. Then, the cclls were further cultured for 3 h in the absence of CPT to recover DNA damage.
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clear foci stained by both anti-WRN and RPA34 antibodies
appeared in the nucleoplasm, as we previously reported.'”
The same staining profiles were also obtained with Hela
cells transfected with NS-siRNA used as negative control
(Fig. 3C). Further culture of these cells in the CPT-free
medium for 6h causes most WRN proteins in the nuclear
foci to return to the nucleolus leaving fewer numbers’ and
smaller sizes of RPA34 foci on the nucleoplasmic DNA, sug-
gesting that DNA repair was accomplished and that most nu-
clear foci consisting of WRN and RPA34 disappeared (Fig.
3D).

Under the same conditions, except the NS-siRNA was re-
placed by WRN-siRNA, CPT treated HeLa cells maintained
many and significantly large RPA34 foci in the nucleoplasm
even after removal of CPT at more than 6 h, suggesting that
DNA repair was not completed and that the single-strand re-
gion was left unrepaired in the RPA34-bound form (Fig. 3E).
It should be noted that most nuclear foci were not stained
with WRN antibody as expected from the WRN siRNA treat-
ment, nor was WRN helicase found in the nucleolus because
of the silencing of WRN helicase. The data clearly showed
that silencing WRN prevented repair of CPT-mediated DNA
damages in the CPT-treated HeLa cells, and permitted the ac-
cumulation of DNA damage that explained the increased cy-
totoxicity of CPT in the combined treatment of CPT and
WRN-siRNA. Similar effects were observed with cancer cell
lines other than HeLa cells (data not shown). The data also
explain why WS cells previously showed increased sensitiv-
ity to genotoxic reagents, including CPT.

The enzymatic activity of WRN to unwind long duplex
DNA substrates is stimulated by RPA,'® and WRN directly
interacts with RPA as verified by co-immunoprecipitation of
purified proteins.'” WRN forms nuclear foci in response
to genotoxins, including CPT, etoposide, 4NQO and
bleomycin.'” These WRN foci overlap with RPA foci almost
entirely and with the foci of Rad51 partially, suggesting co-
operative functions of these proteins in response to DNA
damage.

The results of this study obtained by using WRN-siRNA at
cellular levels were consistent with the following clinical re-
sults to treat colorectal cancer patients by using the CPT ana-
logue Irinotecan, commonly used in the clinical setting to
treat this tumor type.”” The WRN function was eliminated in
some of the human cancer cells by transcriptional silencing
associated with CpG island-promoter hypermethylation. Im-
portantly, WRN gene hypermethylation in colorectal tumors
is a predictor of good clinical response to Irinotecan, due to
the reduced WRN expression and increased CPT cytotoxic-
ity. These findings highlighted the importance of WRN epige-
netic inactivation in human cancer, leading to hypersensitiv-
ity to chemotherapeutic drugs.

WRN expression is augmented in rapidly growing cells,
such as Epstein-Barr virus-infected and immortalized B
limphoblastoid cells, much higher than in virus-infected and
mortal B limphoblastoid cells.??? Also, a wide variety of
cancer cells show very high expressions of WRN in the same
way as WRN in-human fibroblast cells transfected with SV40
T antigen.®” All these findings imply that many of cancer
cells are perhaps “addicted to” (that is, physiologically de-
pendent on) the specificaily overexpressed WRN nparticipat-
ing in DNA repair to maintain their rapid proliferation, anal-
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ogously to the theory of cancer cell addiction to certain onco-
genes proposed by Weinstein™; these kind of genes and gene
products have been pursued as an ideal chemotherapeutic tar-
get for anti-cancer agents with few adverse effects.’” In ad-
dition, administration of WRN-siRNA to cancer cells by an
appropriate drug delivery system, such as positively charged
liposome that are incorporated more efficiently in rapidly
growing cancer cells than non-cancerous resting cells, should
lower the cytotoxic dose of CPT preferentially in cancer
cells, benefiting patients by fewer adverse effects in their nor-
mal tissues and cells.
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