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Abstract

From the viewpoint of safety, non-viral vector systems represent an attractive gene delivery system for gene therapy. However, the transfection
efficiency of non-viral vectors in vivo is generally very low. Previously, it was reported that microbubbles, utilized as imaging agents for diagnostic
echocardiography, could promote gene delivery into cells when combined with ultrasound exposure. We therefore developed novel liposomal
bubbles (Bubble liposomes) containing the lipid nanobubbles of perfluoropropane which is used as ultrasound imaging agent. These Bubble
liposomes were smaller in diameter than conventional microbubbles and induced cavitation upon exposure to ultrasound. These results suggested
that cavitation of these Bubble liposomes could be an efficient approach for delivering plasmid DNA into cells, In addition, in in vive gene
delivery, the combination of Bubble liposomes and ultrasound provided more effective gene delivery than conventional lipofection methods,
further suggesting that Bubble liposomes could be effective as a non-viral vector system in in vive gene delivery. In this review, we discuss the
characteristics of Bubble liposomes and their potential utility as a gene delivery tool in vitro and in vivo.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction bility of the plasma membrane and reduces the thickness of the

Ultrasound has been successfully utilized in in vivo imaging,
destruction of renal calculus, and treatment of fibroids in the
uterus. It has been reported that ultrasound increases the permea-
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unstirred layer at the cell surface, thus facilitating the entry of
DNA into cells (Fechheimer et al., 1987; Miller et al., 1996).
The first studies investigating ultrasound for gene delivery used
frequencies in the range of 20-50 kHz (Fechheimer et al., 1987;
Joersbo and Brunstedt, 1990). However, these frequencies, along
with cavitation, are also known to induce tissue damage if not
properly controlled (Miller et al., 2002; Guzman et al., 2003;
Wei et al., 2004). To address this problem, many gene deliv-
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Table |
Examples of microbubbles (Lindner, 2004)

Microbubble Munufacturer Shell Gas. Mean size
Albunex Molecular Biosystems Albumin Air 43pum
Optison Mallinckrody/Amersham Albumin Octafluoropropane 2-4.5um
Definity Brstol-Myers Squibb Medical Imaging Lipid/surfactant Octafluoropropine 1.1-3.3 um
Imagent Imcor Lipid/surfactant Na/perfluorohexane vapor 6.0 um
Sonovue Bracco Diagnostics Lipid Sulfur hexafluoride 2-3um
Levovist Schering AG Lipid/galaciose Air 2-dpm
Cardiosphere (BP127) Point Biomedical PLGA polymer/albumin Nitrogen 4um
ALT00 Acusphere PLGA polymer Perfluorocarbon 22 pm
Sonovist Schering AG Cyanoacrylate polymer Air

Sonazoid GE Healthcare Lipid (single layer) Perfluorocarbon 3pm
Bubble liposomes Lipid (bilayer) Perfluorocarbon 950 nm

PLGA: polylactide-co-glycolide.

ery studies have been conducted using therapeutic ultrasound,
which operates at frequencies of 1-3 MHz and at intensities of
0.5-2.5 W/em?® (Kim et al., 1996; Tata et al., 1997; Duvshani-
Eshet and Machluf, 2005). In addition, it has been reported that
the combination of therapeutic ultrasound and microbubble echo
contrast agents enhances gene transfection efficiency (Greenleaf
et al., 1998; Shohet et al., 2000; Taniyama et al., 2002a,b; Li et
al., 2003: Chen et al., 2006: Sonoda et al., 2006; Suzuki et al.,
2007a,b, in press). Using this approach, DNA is effectively and
directly transferred into the cytosol. Conventional microbub-
bles encapsulating ultrasound contrast agents, based on protein
microspheres and sugar microbubbles, are commercially avail-
able: the diameters of these bubbles are between 1 and 6 pm
(Table 1) (Lindner, 2004). However, although the mean diame-
ter of, for example, Optison microbubbles is about 2.0-4.5 um,
bubbles of up to 32 pm in diameter are present in the prepa-
ration, suggesting that Optison is too large to reach peripheral
tissues. Tsunoda et al. (2005) reported that several mice died
immediately after i.v. injection of Optison, without ultrasound
exposure, due to lethal embolisms in vital organs. The same
problem has not been reported in humans, but the possibility
exists that Optison cannot pass through capillary vessels. There-
fore, microbubbles should generally be smaller than red blood
cells, necessitating the development of novel bubbles which are
smaller than conventional microbubbles.

Liposomes have several advantages as drug, antigen and gene
delivery carriers (Maruyama et al., 1990, 2004; Ishida et al.,
2001; Harata et al., 2004: Yanagie et al., 2004; Hatakeyama et al.,
2007; Kawamura et al., 2006; Yanagie et al., 2006). For exam-
ple, their size can be easily controlled, and they can be modified
to incorporate a targeting function. Using liposome technol-
ogy. it was expected that these novel bubbles would be smaller
than conventional microbubbles. Thus, we attempted to develop
novel liposomal bubbles containing the ultrasound imaging gas,
perfluoropropane. And we have successfully developed liposo-
mal bubbles in which the lipid nanobubbles of perfluoropropane
with lipids derived from liposomes were encapsulated. We called
these bubbles “Bubble liposomes”, and confirmed that Bubble
liposomes are smaller than Optison. In addition, | mg of Bubble
liposomes (in terms of lipid amount) injected into the tail veins
of mice did not result in any deaths, indicating that these novel

liposomes might be safe for use in vivo. Moreover, we reported
that Bubble liposomes could be used as a novel non-viral gene
delivery tool by combining the bubbles with ultrasound exposure
(Suzuki et al., 2007a,b, in press). The present review focuses on
gene delivery systems utilizing Bubble liposomes in combina-
tion with ultrasound.

2. Characteristics of Bubble liposomes

Bubble liposomes are polyethyleneglycol-modified lipo-
somes (PEG-liposomes) prepared by the reverse phase
evaporation method. PEG-liposomes were placed in vials super-
charged with perfluoropropane gas, then sonicated in a bath
sonicator, The suspension of Bubble liposomes became cloudier
than the original liposome suspension (Fig. 1(a) and (b)).
Observation of both Bubble liposomes and Optison under a
microscope equipped with a darklite illuminator (NEPA Gene
Co. Ltd., Chiba, Japan) (Fig. 1(c) and (d)) showed that Bub-
ble liposomes are smaller than Optison. The diameter of most
Bubble liposomes is less than 2 pm, and the average diame-
ter is about 950nm (Suzuki et al., in press). In addition, we
confirmed by means of transmission electron microscopy that
perfluoropropane gas was in fact trapped within the Bubble lipo-
somes (Fig. 1(e)). Interestingly, there were nanobubbles in the
lipid bilayer, suggesting that Bubble liposomes differ from con-
ventional microbubbles, in which an echo gas is encased by a
lipid monolayer (Fig. 1(f)). Kodama et al. and Klibanov et al.
described microbubbles prepared from distearoylphospatidyl-
choline and PEG-stearate (Leong-Poi et al., 2003; Takahashi et
al.,, 2007). At the same time, perfluoropropane was entrapped
within lipid micelles composed of DSPC and DSPE-PEG (2k),
forming nanobubbles, These nanobubbles were encapsulated
within the reconstituted liposomes, which were approximately
1 wm in diameter rather than the 150-200nm of the original
liposomes (Suzuki et al., in press). These Bubble liposomes
were too large (o use to passively target tumor tissues by the
enhanced permeability and retention (EPR) effect. However, we
expected that Bubble liposomes could penetrate tissues deeper
than conventional microbubbles by means of blood circulating
in organs.
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Fig. 1. Structure of Bubble liposomes, PEG-liposomes (a) were sonicated with supercharged perfluoropropane gas, ge

< PEG

srating Bubble liposomes (b). Optison (¢) and

Bubble liposomes (d) were observed with a microscope using a darklite illuminator. (¢) Transmission electron microscopy (TEM) of Bubble liposomes. (f) Scheme

showing the structure of Bubble liposomes

To confirm the gas trapped in Bubble liposomes, we
observed Bubble liposomes using ultrasound imaging (UF-
750XT, Fukuda Denshi Co Lud., Tokyo, Japan) as shown in
Fig. 2(a). Echo signals were apparently enhanced in Bubble lipo-
somes compared with conventional PEG-liposomes (Fig. 2(b)
and (c)). Therefore, it is expected that Bubble liposomes can
be utilized as ultrasound imaging agents, and indeed we suc-
ceeded in conducting echocardiography using Bubble liposomes
(Suzuki et al,, 2007h).

Conventional microbubbles can induce cavitation upon expo-
sure (o ultrasound (Tachibana and Tachibana, 1995). Cavitation
supplies the energy required to deliver extracellular molecules
into the cytosol (Taniyama et al., 2002ab; Kinoshita and
Hynynen, 2005a,b; Larina et al., 2005). We confirmed whether
Bubble liposomes could induce cavitation by exposing Bub-
ble liposomes to ultrasound generated using a Sonoporation
Gene Transfection System (Sonopore, NEPA Gene Co. Ltd.,
Chiba, Japan). After ultrasound exposure, the strength of the
ultrasound echo signals decreased markedly upon ultrasound
imaging compared with Bubble liposomes not exposed to ultra
sound (Fig. 2(d) and (e)). This result indicated that cavitation was
effectively induced by the combination of Bubble liposomes and
ultrasound exposure, suggesting that Bubble liposomes could be
utilized as a gene delivery tool

3. In vitro gene delivery with Bubble liposomes

Gene transfection by means of microbubbles has been previ-
ously reported (Taniyama et al., 2002a,b; Li et al., 2003; Chen
et al., 2006; Sonoda et al., 2006). Li et al. (2003) compared the
gene transfection efficiency of Albunex, Optison and Levovist
into skeletal muscle cells and found that the efficiency of Optison
was the highest. In addition, Machluf et al. reported enhanced
transfection efficiency into kidney cells using a combination of
Optison and ultrasound (Duvshani-Eshet et al.,, 2006). Under
these conditions, cell surfaces became rougher, and showed
depressions with diameters of 100-300 nm. Also using Optison
in combination with ultrasound, Taniyama et al. (2002a,b) inves-
tigated transfection into vascular endothelial cells and smooth
muscle cells. They reported small holes in the cells immediately
following ultrasound exposure with Optison, but the holes disap-
peared after 24 h. Most gene delivery studies using microbubbles
utilize commercially available microbubbles such as Optison;
there are few reports regarding gene transfection with liposo-
mal bubbles. Therefore, we examined the transduction of naked
plasmid DNA into COS-7 cells by Bubble liposomes and/or
ultrasound. Levels of luciferase expression were much higher
after ultrasound treatment in the presence of Bubble liposomes
compared to in their absence (Fig. 3). Interestingly, gene expres-
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Ultrasonography of Bubble liposomes. The ultrasonography method for observing Bubble liposomes is shown in (a). PEG-liposomes (h) or Bubble liposomes

(c) were injected into a PBS-Alled latex wbe in a water bath and the samples were observed with ultrasonography. To confirm the disruption of the Bubble liposomes,
the Bubble liposomes were observed with ultrasonography before (d) and after (e) ultrasound exposure (2 MHz, 2.5 W/em?, 10s).

sion efficiency was very high following ultrasound exposures as
short as 10s. We also confirmed that Bubble liposomes could
effectively deliver plasmid DNA into cells even after 1 s of ultra-
sound exposure (Suzuki et al., in press). Thus, Bubble liposomes
are novel gene delivery agents that can almost instantaneously
transfect extracellular plasmid DNA into cells.
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Fig. 3. Luciferase expression in COS-7 cells transfected with Bubble liposomes
following ultrasound exposure. COS-7 cells (1 3 107 cell500 ul. per whe)
were mixed with pCMV-Luc (5 pg) and Bubble liposomes (60 pg). The cell
mixture was exposed to ultrasound (frequency: 2 MHz; duty: 50%; burst rate:
2 Hz: intensity: 2.5 W/em?; time: 10s). The cells were washed and cultured for
2 days, then luciferase activity was measured. Each data point represents the
mean == 5.D. (n=3). BL: Bubble liposomes: L: PEG-liposomes.

Heat and jet streams are generally induced by cavitation,
which might damage cells. We therefore examined the effects
of ultrasound on cells both in the presence and absence of Bub-
ble liposomes (Fig. 4). Cell viability was measured using the
MTT assay (Mosmann, 1983) at | day following treatment.
Ultrasound did not damage COS-7 cells in the absence of Bub-
ble liposomes, and only slightly affected the cells even when
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Fig. 4. Viability of COS-7 cells exposed to ultrasound and Bubble liposomes
COS-7 cells were exposed to each ulirasound intensity with or without Bubble
liposomes, then the cells were cultured for 24 h and their viability was assessed
using the MTT assay. Briefly, MTT (5 mg/ml., 10 pL) was added to each well
and the cells were incubated at 37 °C for 4 h, The formazan product was dis-
solved in 100 pL of 10% sodium dodecyl sulfate (SDS) containing 15 mM HCL
Color intensity was measured using a microplate reader at test and reference
wavelengths of 595 and 655 nm, respectively. Each data point represents the
mean + 5.0, (n=3). BL: Bubble liposomes.
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Fig. 5. Luciferase expression in various cell types transfecied using Bubble
liposomes and vlrasound. Cells (1 x 10° cells/S00 I per tube) were mixed
with pCMV-Luc (5 pg) and Bubhle liposomes (60 ug). A portion of the cell
mixture was exposed to ulrasound (frequency: 2 MHz; duty: 50%: burst rate:
2Hz; intensity: 2.5 W/em?: time: 10s) Exposed and non-exposed cells were
washed and cultured for 2 days, then luciferase activity was measured. Each data
pointrepresents the mean + S.D. (n=3). BL: Bubble liposomes; US: ultrasound.
"<10" RLU/mg protein, *<10° RI .Ufmg protein.

the amount of ultrasound administered was sufficient 10 induce
cavitation of the Bubble liposomes. We also confirmed that the
cavitation induced with Bubble liposomes did not damage plas-
mid DNA (Suzuki et al., 2007a). In addition. we assessed the
feasibility of delivering genes into various types of cells such
as mouse tumor cells, a human T cell line and human vessel
endothelial cells. Fig. 5 shows that Bubble liposomes combined
with ultrasound more effectively delivered plasmid DNA into
all these cell types than did ultrasound alone. In vive gene deliv-
ery with Bubble liposomes requires the delivery of plasmid
DNA into cells in the presence of serum. Thus, we examined
the effect of serum on gene delivery with Bubble liposomes
(Fig. 6) and showed that gene expression following treatment

‘D“

10° §

Luciferase activity
(RLU / mg protein)

107

10*

] 10 30 50
Serum concentration (%)

Fig. 6. Effect of sérum on transfection efficiency of Bubble liposomes. COS-
7 cells (1 x 10° cell/500 wL) mixed with pCMV-Luc (0.25 ug) and Bubble
liposomes (60 pg) were exposed 1o ultrasound (frequency: 2 MHz; duty: 50%:;
burst rate: 2 Hz; intensity: 2.5 W/em?; time: 105) in the absence or presence of
serum (0, 10, 30 and 50%). The cells were washed and cultured for 2 days, then
luciferase activity was measured. Dat are shown as means = 8., (n=13)

with Bubble liposomes was not affected even in the presence of
serum,

4. In vivo gene delivery with Bubble liposomes

To further assess the potential of in vive gene delivery using
Bubble liposomes and ultrasound, the delivery of plasmid DNA
into the femoral artery of mice was studied (Fig. 7). Bubble
liposomes and plasmid DNA were injected into the femoral
artery as ultrasound was transdermally applied downstream of
the injection site. Additionally, using Lipofectamine 2000, gene
expression efficiency using Bubble liposomes was compared to
conventional lipofection (Fig. 7(a)). The combination of Bubble
liposomes and ultrasound exposure was more effective than con-
ventional lipofection in inducing gene expression in the femoral
artery. Moreover, gene expression with Bubble liposomes and
ultrasound exposure was observed only in the area exposed to
ultrasound (Fig. 7(b)). These results suggest that Bubble lipo-
somes quickly deliver plasmid DNA into the artery by cavitation
even after only short contact between the Bubble liposomes and
endothelial cells by means of the blood stream. It had been
thought that plasmid DNA was delivered into endothelial cells
lining the femoral artery because it was physiologically difficult
for plasmid DNA and Bubble liposomes to extravasate from a
normal artery. Mizuguchi et al. (1998) reported effective can-
cer gene therapy by locally introducing cytokine genes by gene
delivery into arteries leading to the tumor, or delivery into arter-
ies in the tumor tissue. Therefore, we anticipated that Bubble
liposomes could be used to deliver genes into arteries in tumor
tissue. In the footpad tumor bearing mouse model, Bubble lipo-
somes and luciferase-encoding plasmid DNA were injected into
arteries leading to the tumor while the tumor tissue was transder-
mally exposed to ultrasound. After 2 days. luciferase expression
was observed only in the tumor tissue. In addition, the gene
expression efficiency of this method was higher than that of
the conventional lipofection method using Lipofectamine 2000
(Suzuki etal., in press). We therefore believe that this method has
significant advantages for tumor gene therapy using non-viral
vectors,

In another study, we compared transfection efficiency using
Bubble liposomes and Optison. Green fluorescent protein
(GFP)-encoding plasmid DNA was delivered into cultured rab-
bit corneal epithelial cells using ultrasound exposure in the
presence of Bubble liposomes or Optison, Gene expression effi-
ciency with Bubble liposomes vs. Optison was about 25 and
10%, respectively. In an in vivo study, GFP-encoding plasmid
DNA was injected into rat subconjunctiva tissue using bubbles
and ultrasound exposure. Bubble liposomes more effectively
induced gene expression in the tissue compared with Optison
(Yamashita et al., in press). These results show that Bubble
liposomes are more effective than conventional microbubbles
at delivering genes for ophthalmologic treatments.

It 1s believed that gene expression using Bubble liposomes is
transient, and that in order to maintain extended gene expression
it1s necessary to inject the liposomes repeatedly, However, there
are reports of accelerated blood clearance (ABC) of PEGylated
liposomes after repeat injections due to the enhanced accumu-
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I1g. 7. Gene delivery to mouse femoral anery using Bubble liposomes. Each sample containing plasmid DNA (10 pg) was injected into the mouse femoral anery
while ultrasound (frequency: | MHz; duty: 50%; burst rate: 2 Hz; intensity: | W/cm?; time: 2min) was applied downstream of the injection site. (a) Luciferase
expression in the area of the femoral anery exposed to ulirasound 2 days after ransfection. Data are shown as mean + 5.1, (n = 5), (b) In vive luciferase imaging 2
days after wansfection of mice weated with plasmid DNA, Bubble liposomes and ultrasound exposure. The photon counts are indicated by the pseudo-color scales.
The arrowhead shows the injection site and the circle shows the ultrasound exposure area. BL: Bubble liposomes: LF 2000: Lipofectamine 2000, US: ultrasound.

lation of PEGylated liposomes in the liver and thus its rapid
clearance from blood circulation. Ishida et al. reported that 1gM
secreted in response to the first dose is involved in this clear-
ance response (Ishida et al., 2006; Wang et al., 2007). In in vivo
gene delivery using Bubble liposomes and ultrasound exposure,
ultrasound is normally applied at the same time as the Bub-
ble liposomes are injected, or soon after the injection. Bubble
liposomes would therefore immediately deliver plasmid DNA
into the cells upon ultrasound exposure in vivo. Therefore, it
is thought that transfection efficiency will not be affected by
the ABC phenomenon even in the presence of IgM against
PEGylated liposomes after multiple injections, and that repeat
injections of Bubble liposomes will not reduce the efficiency of
gene delivery in vivo.

5. Conclusions

We prepared Bubble liposomes containing submicron-sized
bubbles using a novel methodology. These novel liposomes
induced cavitation upon exposure to ultrasound, which resulted
in plasmid DNA transduction into cells both in vitro and in
vivo. Gene delivery was complete within a very short period
of time. Therefore, Bubble liposomes could effectively deliver
plasmid DNA into an artery in vive, even in the blood stream.
In this study, a mixture of plasmid DNA and Bubble lipo-
somes was injected into the femoral artery. Interestingly, the
area of gene uptake using Bubble liposomes was limited to
the area exposed to ultrasound, indicating that gene expres-
sion depends on the area exposed to ultrasound. Therefore,
gene targeting should be easily achieved using this gene
delivery system simply by changing the site of ultrasound
exposure. Our future goal is to establish non-invasive and tissue-
specific gene delivery with Bubble liposomes after systemic
injection.
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Abstract

Purpose. The accelerating effect on thrombolysis by com-
bined use of 500-kHz low-frequency ultrasound (US),
recombinant tissue plasminogen activator (rt-PA), and
bubble liposomes (BLs) was verified in vitro,

Merhods. A fibrin clot was formed by adding thrombin to
bovine plasma. It was enclosed in a pressurized container,
the pressure and temperature of which were maintained at
150mmHMg and 37°C, respectively. Ultrasonic conditions
were set al a continuous wave, a frequency of 500kHz, an
intensity of 0.7W/cm’, and a sonication time of 60s. We
derived the rate of reduction in clot weight from the
decreased clot weight and the weight before sonication. We
compared the rate of reduction in groups combining physi-
ological saline, rt-PA, BLs, and US.

Results. Only the rt-PA+US+BL group showed a signifi-
cantly accelerated thrombolytic effect compared with any
other group or with any combination of two factors in the
60-s period (0.001 < P < 0.027).

Conclusion. Bls have great potential to accelerate the
thrombolytic effect of rt-PA with low-frequency, 500-kHz,
continuous-wave ultrasound.

Keywords ultrasound - thrombolysis - bubble - liposome

Introduction

As clot recanalization therapy for acute myocardial infarct
and more recently for acute cerebral infarct, a thrombolytic
agent with a high affinity for clots, i.e., recombinant tissue
plasminogen activator (rt-PA), is intravenously adminis-
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tered." For all acute ischemic conditions, the sooner blood
flow recanalization is achieved. the better the outcome.
Hence, as a measure to enhance the thrombolytic effect of
rt-PA, the combined use of ultrasound (US) was developed
with limited application in clinical practice. It has been
shown that monitoring with diagnostic transcranial Doppler
(TCD) ulrasound (US) at 2MHz with rt-PA treatment
increases the recanalization rate 2h after the procedure in
most acute ischemic stroke cases in which urgent ischemic
recanalization is indicated.' On the other hand, although
still at the in vitrofin vivo experimental stage, a study showed
that for ultrasonography in the range of some tens of kilo-
hertz, i.e., lower than the diagnostic megahertz range, 1 h of
radiation-accelerated thrombolysis yielded higher throm-
bolytic rates than the diagnostic US range did.* However,
the outcome was neurologically evaluated at 3 months and
improvement was still seen in only 20%-30% of cases.

As a technology to further improve the thrombolysis-
enhancing effects of this US treatment, the efficacy of
microbubbles (MBs), a US contrast medium, has also been
demonstrated clinically. A study showed that with rt-PA
administration, if additional contrast medium was adminis-
tered to acute cerebral infarct patients during TCD moni-
toring, the complete recanalization rate 2h after the
procedure was 40.8% for those co-administered rt-PA and
TCD, whereas adding MBs increased the rate significantly
10 54.5%.

For the latest treatment currently given to patients with
ischemic disease, i.e., a combination of thrombolytic agents,
US, and MBs, the recanalization time is not yet clinically
satisfactory. In dealing with these problems, in terms of the
US conditions and MBs, the following technical challenges
remain. As to the US conditions, instead of the diagnostic
wavelength range, utilization of the range between some
tens and some hundreds of kilohertz, for which efficacy has
not been well documented in either in vitro or in vivo
studies, may be considered.”® Improvement in thrombolytic
recanalization rates and shortening of the recanalization
time are anticipated in the clinical setting with low-
frequency, low-intensity US. Moreover, enhanced efficacy
by employing additional MBs may be associated with clot
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surface invasion by bubble breakthrough, Currently, a
variety of imaging media are commercially available, but
their bubbles are several micrometers in diameter, and no
studies have examined the efficacy of applying bubbles with
a diameter of several hundreds of nanometers, which are
highly likely to penetrate clots.

This study, in an effort to achieve shorter thrombolysis
times, employed a 500-kHz continuous wave (CW) US,
which one of the present authors had been examining for
US conditions,” because this is the only condition for which
the efficacy and safety of the TCD method have been shown
in animal experiments. We employed perfluoropropane
(PFP)-enclosed bubbles, i.e., novel bubble liposomes (BLs)
based on the liposomes prepared by Suzuki et al.”"" Because
these BLs contain bubbles with a diameter of several hun-
dreds of nanometers, they may pass through 5-um fibrin
nets, thereby invading clots more effectively. For evaluation
of the thrombolytic time-shortening effect in particular, we
conducted an in vitro study of rt-PA, US, and BLs to assess
clot weight loss rates at 1 min after application. Since the
effects of a conventional combination of rt-PA and US are
reportedly expressed approximately Smin after applica-
tion," we compared the efficacy in as little as one-fifth of
this time to clarify the efficacy of a shorter time period.

Subjects and methods
Preparation of BLs

We prepared BLs in accordance with the method proposed
by Suzuki et al."" First, 2ml of liposome solution (NOF,
Japan) (lipid content 1 mg/ml) and Sml of PFP (Takachiho,
Japan) were placed in a 5-ml vial that was then tightly
closed. Another 7.5ml of PFP was added and then irradi-
ated with 42-kHz US in an ultrasonic cleaner (2510J-DTH,
Branson Ultrasonics/Emerson Japan, Japan) to prepare the
BLs. The almost clear liposome solution became cloudy as
a result of this procedure, The particle size distributions of
these BLs and liposome solution were measured using a
dynamic light-scattering particle size distribution meter
(Zetasizer, Sysmex). At the same time, we observed BLs

Fig. 1a,b. Changes in the
luminosity of a bubble liposome
(BL) solution. The average
luminosity in the circle was
measured: a BLs before
sonication and b BLs after
sonication [continuous wave
(CW), S00kHz, 0.7 Wieny’, 60s].
I, BLs; 2, acrylic tube

using a light microscope (Eclipse 80i, NIKON) and a digital
finescope (VC7700, Omron).

Measurement of BL elimination rate and determination
of acoustic intensity

Figure la depicts BLs before US radiation and Fig. 1b
shows BLs after US radiation. Clear cellophane was spread
on the bottom of each cylindrical acrylic tube with an inside
diameter of 1em, and 1 ml of BL solution was infused. The
US used was a CW generated by a circular Lead Titanate
Ziroonate transducer (@ 10mm) (Honda Electronics,
Japan) at 500kHz and an acoustic intensity of 0.7 Wiem®
spatial peak temporal average (SPTA). The exposure time
was 60s (amplifier, high-speed power amplifier 4055, NF,
Japan; signal generator, Wave factory 1941, NF). From the
bottom of this cylinder, US radiation was used to measure
the mean luminance of BLs in the central part of the con-
tainer (Fig. 1, central circle) before and after exposure to
US radiation, The postradiation value was subtracted from
the preradiation value and then divided by the preradiation
value 1o determine the BL elimination rate (this technique
is hereinafter referred to as the scattering light simplified
measurement method). For different levels of the acoustic
intensity, each cylinder was measured five times to deter-
mine the mean value. The best acoustic intensity was thus
determined to be 0.7 W/em®, based on the acoustic intensity
versus BL elimination curve, and this level was employed
in the study.

Verification of the thrombolysis effect

In this study, we used a fibrin clot prepared by treating
bovine plasma (Sigma-Aldrich, Japan) with 20ul of throm-
bin (1001U/ml) (Sigma-Aldrich). In order to minimize the
contact area, the clot was encapsulated in a pressurized
container using a pincette with a thin diffracted tip (Sun-
craft, Japan) to prevent the fibrin clot from breaking. Then.,
while measuring the pressure in the container using a
manometer (DG-100-102GP, Copal Electronics, Japan), it
was gradually pressurized with a 5-ml syringe to 150mmHg



Fig. . Experimental system
for sonication: 1, S00-kHz
transducer; 2, sound-absorbing
foan; 3, container; 4, fibrin clot
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2min of shaking arc mostly
120nm in diameter. b BLs
measured within 2 min of
shaking: S0-100nm and 200~
400nm. ¢ BLs measured from 2
1o 4min after shaking: 50-
200nm and 1 pum or more
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and 37°C. Then, US radiation was applied using the setup
shown in Fig. 2. The thrombolytic effect was evaluated by
the fibrin clot weight loss rates. Because the fibrin clot
should be weighed after the elimination of water content
around the clot, the fibrin clot was placed on a 50-pum mesh
(PETS51-HC, Tanaka Sanjiro, Japan), and the water filtering
through the mesh was absorbed with absorbent paper
(Kimwipe Wiper S-200, Nippon Paper Crecia, Japan) for
measurement with an analytical balance (AB104-S, Mettler
Toledo, Switzerland) (minimum indication: 0.1 mg). Without
directly touching the clot so as to avoid losing water con-
tained in the fibrin clot, we simply replaced the absorbent
paper placed under the mesh. The weight loss rates were
determined as (pre-encapsulation weight - post-US radia-
tion weight )/pre-encapsulation weight. The time from fibrin
clot encapsulation to measurement of post-US radiation
weight was set at 3min. The US conditions were set as
determined above, ie., CW, 500kHz, 0.7W/cm’ (SPTA),
and 60s. The acoustic intensity was measured in a nonpres-
surized container using a needle-type hydrophone (HNC-
0400, ONDA, CA, USA). We used the following four types
of solutions: physiological saline (control group), physiolog-
ical saline solution prepared with BLs at 0.5mg/ml (BL
group), physiological saline solution prepared with rt-PA
(monteplase) at 10001U/ml (rt-PA group), and physiologi-
cal saline solution prepared with ri-PA at 10001U/ml and
BLs at 0.5mg/ml (rt-PA + BL group).

1000 10000

Evaluation method

We compared groups using the ¢ test to confirm that
there were no differences in pre-US radiation fibrin clot
weight between any of the groups. Then, for the control, rt-
PA, BL, and rt-PA + BL groups with and without US radia-
tion, i.e., a total of eight groups (control, rt-PA, BL, rt-PA +
BL, US, rt-PA + US, BL+US, and rt-PA + BL+ US groups),
ten clots per group were statistically compared using the
1 test.

Results
BL particle size distribution

The particle size distribution of liposomes and BLs deter-
mined by the dynamic light scattering method are presented
in Figs, 3a-c. Fig. 3a presents the particle size distribution of
the liposomes, showing a central diameter of approximately
120nm and a distribution range of 70-200nm. Figures 3b
and 3c present the analytical results for the BL particle
distribution at 0-2min and 2-4 min after shaking by hand,
respectively. The distributions in the two groups were
between 50 and 100nm and between 200 and 400nm at 0-
2min. At 2-4min, the distribution range widened and was
divided into one group at 50-200nm and another at more



Fig. 4a.b. Photomicrographs of BLs. a Light micrascopic view (=400} and b digital linescope view (x7000)
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Fig. 5. Relation between ultrasound (US) intensity (CW, 500 kHz, 60s)
and rate of BL consumption: 62% at the maximum intensity 0.5 W/em’
(n=3)

than 1 pm. This may be because the BL concentration fluc-
tuates within the observation range of 100um, and the dis-
tribution changes with time. This phenomenon is shown in
Figs. 3b and 3c.

Observations made with a light microscope and a digital
finescope are presented in Figs. 4a and 4b, respectively. The
prepared BLs were observed to vary in size and to change
over time. There were some micro-orders not measurable
with the dynamic light scattering method.

Occurrence of microcavitation

Figure 5 shows the BL elimination rate for various levels of
acoustic intensity using the scattering light simplified mea-
surement method. The higher the acoustic intensity, the
higher the BL elimination rate, and when the intensity
exceeded approximately 0.5W/cn', the elimination rate
showed a roughly constant value. From these results, the
acoustic intensity for the experiments was set at 0.7 Wicm'.
This acoustic intensity was determined under nonpressur-
ized conditions.

Weight reduction rate

Figure 6a shows a prepared fibrin clot. The photograph was
taken with the fibrin clot placed on a 50-um mesh. The

elastic, yellowish-white, cylindrical fibrin clots were encap-
sulated in a pressurized container and radiated with US.
Figure 6b shows the fibrin clot after US radiation; the size
was clearly reduced,

Figure 7 shows that there were no differences in fibrin
clot weight among the groups before US radiation. Figure
8 shows the weight reduction rates for fibrin clots in each
solution with or without US radiation. Comparisons among
the control, BL, and BL + US groups revealed the mean clot
weight reduction rate and variances to be 24.2 + 3.6%, 24.9
+ 4.8%, and 25.8 + 3.2%, respectively, and when BLs were
administrated alone or with US radiation (500kHz), no
enhancement of thrombolysis was observed (P20.05). A
comparison between the control and rt-PA groups revealed
weight reduction rates of 24.2 + 3.6% and 24.2 £ 2.8%,
respectively, with no significant difference (P = 0.30), and
exposure to US did not enhance the thrombolytic effect of
r1-PA. There were no differences in individual single-drug
effects or weights in relation to the two active elements.

However, compared with the other seven groups, the ri-
PA + BL + US group exhibited a significantly increased
weight reduction (29.2 + 3.0%, 0.001 < P < 0.027). There
were no significant differences among the other two groups
except for the n-PA + BL + US group (0.25 < P < 0.99).
Based on these results, the significant enhancement of
thrombolytic rate observed for the r-PA + BL + US group
was the result of the three overlapping effects of the indi-
vidual treatments.

Discussion

In this study, a combination of rt-PA, BLs, and US increased
the thrombolytic rate of bovine fibrin clots after 1 min. To
date, studies have reported the enhancement of thromboly-
sis with MBs, but herein it was shown that BLs may acceler-
ate thrombaolysis when applied with rt-PA and US.

Siegel et al. reported that a combination of perfluoro-
carbon-exposed sonicated dextrose albumin (PESDA) and
percutancous US radiation (37kHz, 160 Wmax., 60min)
resulted in 100% recanalization in a rabbit clot infarction



Fig. 6. A fibrin clot a before
sonication (1, fibrin clot; 2, 50-
pum mesh; 3, absorption paper)
and b after somication
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Fig. 7. Weight of clots before sonication. There were no differences in
the clot weights before sonication among the groups. Dala are expressed
as mean £ 8D (n = 10), PS8, physiological saling: r1-PA. recombinant
tissug plasminogen activator

model."” They employed US at approximately one-tenth of
the frequency used in our experiments, and the mechanical
index (MI) was about 3.3 times greater (Ml is actually
defined by the pulse wave, and so M1 is not directly appli-
cable to CW, or a burst wave, but there is no other appropri-
ate index, and MI was thus applied). Although our BLs had
a lower MI than those of Siegel et al, adding rt-PA enhanced
the thrombolytic rate obtained at 1 min.

Mizushige et al. also showed that a combination of rt-PA
and US radiation (CW, 10 MHz, 1.02 W/emny', 10min) in addi-
tion to MBs [dodecafluoropentane (DDFP)] yielded a clot
weight reduction rate of 49% in an in vitro study of human
white thrombi." Compared with their experimental condi-
tions, our frequency was 1/20 and the exposure time was
1/10, and because of clot variations we cannot compare our
results with theirs directly, but we did compare the weight
reduction rates: 29% for the r1-PA + BL + US group versus
49%. The superimposed effects of the three elements, rt-PA,
BLs, and US, may increase thrombolytic rates even at 10min
after administration: such temporal changes will be exam-
ined further.
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Fig. 8. Comparison of the rates of decrease in fibrin clol weight under
various treatments: ri-PA (monteplase 10001U/ml), BLs (lipid 0.5mg/
ml}, US (CW, 500kHz, 60s). Compared with any other group or with
any combination of two factors, the clot weight reduction was signifi-
cantly larger for the ri-PA+BL+US group (P <0.05). Data are expressed
as mean 1+ SD (n = 10)

Spengos et al. conducted a study evaluating temporal
increases in thrombolytic rates using a flow model." The
starting point of increases in recanalization flow was 15min
for use of rt-PA alone, but this was shortened to Smin with
the combination of rt-PA and 1-MHz US exposure, and
increased thrombolytic rates were observed when rt-PA was
enhanced by US. However, even though they used the same
bovine fibrin clot that we did, no enhanced recanalization
flow was observed at 1min after application. We did not
evaluate such temporal changes but we did show that within
1 min, while no thrombolytic effect was observed in their
study, the superimposed effects of the three elements,
including BLs, enhanced the thrombolytic rates in our
model.

The achievement of enhanced thrombolytic rates in as
short a time as 1 min may be largely attributable to the
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newly included BLs. For clots, single use of rt-PA or 500-
kHz low-frequency US or a combination of these two
modalities does not enhance thrombolysis after 1min.
However, adding BLs to these two elements enhanced
thrombolytic rates, i.e., shortened the thrombolysis time.

The enhanced thrombolytic rates achieved by BLs may
be due to the presence of nanosized particles, a character-
istic distinguishing BLs from other MBs. The particle size
distribution of BLs was measured using the dynamic light
scattering method, which was limited to a detection area
100pm in diameter and was designed to be used for uni-
formly dissolved substances. The particle size distribution
of BLs measured with the dynamic light scattering method
changed with time, suggesting that the delicate condition
within the small detection range may fluctuate on an hourly
basis. It was suggested that BLs might contain very small
bubbles of approximately 120nm in diameter and larger
bubbles with diameters of 1-2um. However, cumulative
formation of microsized air bubbles via aggregation of very
small air bubbles of about 100pum in diameter should also
perhaps be considered. We prepared BLs using the same
technique as that of Suzuki et al., though their BLs were
approximately 3 um in size, whereas ours contained massive
bubbles. We will conduct further studies to ascertain why
this difference in bubble size distribution occurred, In
addition, we will also compare our bubbles with other
bubbles,

Because the pore space of the fibrin net in clots is
approximately 5pum,"* BLs containing nanosized particles in
addition to microsized particles may pass through these
pores. However, as clarified by the experiments, even
though BLs alone permeated the fibrin net, no enhance-
ment of the thrombolytic rate was observed.

Francis et al. proposed that 1-MHz, 4-W/cm® US radia-
tion reversibly extended the fibrin structure, facilitating
r-PA penetration.” However, the present experiment
employed US conditions different from those in their report,
and because of the one-half frequency and one-sixth acous-
tic intensity used herein, only slight fibrin structure exten-
sion may have occurred.

Tachibana, using electron micrography, reported how
microjets generated on the elimination of MBs were hitting
cell surfaces.” Even in the absence of an extended fibrin
structure due to this physical phenomenon, microjets gener-
ated around the fibrin clot by cavitation may have enhanced
infiltration of BLs and rt-PA into the fibrin clot.

As a result, the superimposed effects of the three
elements (BLs containing submicrosized particles, US-
generated microjets and microvibration, and rt-PA) appear
to have yielded enhanced clot thrombolytic rates.

The present study used thrombin-fibrin clots. In clinical
practice, we see atherothrombosis and platelet thrombus in
addition to thrombin clots, and whether results similar to

those described here would be obtained with these clots is
unknown. The efficacy against these types of clots needs to
be examined further.

Conclusion

We confirmed that bubble liposomes with rt-PA and low-
frequency US increased thrombolytic rates even in a very
short time, i.e., in as little as 1 min.
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ABSTRACT

Combining our full-length cDNA method and
the massively parallel sequencing technology,
we developed a simple method to collect precise
positional information of transcriptional start
sites (TSSs) together with digital information of
the gene-expression levels in a high throughput
manner. We applied this method to observe gene-
expression changes in a colon cancer cell line
cultured in normoxic and hypoxic conditions. We
generated more than 100 million 36-base TSS-tag
sequences and revealed comprehensive features
of hypoxia responsive alterations in the transcrip-
tional landscape of the human genome. The fea-
tures include presence of inducible ‘hot regions’ in
54 genomic regions, 220 novel hypoxia inducible
promoters that may drive non-protein-coding tran-
scripts, 191 hypoxia responsive alternative promo-
ters and detailed views of 120 novel as well as
known hypoxia responsive genes. We further ana-
lyzed hypoxic response of different cells using addi-
tional 60 million TSS-tags and found that the degree
of the gene-expression changes were different
among cell lines, possibly reflecting cellular robust-
ness against hypoxia. The novel dynamic figure of
the human gene transcriptome will deepen our
understanding of the transcriptional program of
the human genome as well as bringing new insights
into the biology of cancer cells in hypoxia.

INTRODUCTION

Aberrantly growing cancer cells in solid tumors frequently
cncounter a shortage of blood flow, which leads to insuf-
ficient oxygen supply. Tumor cells adapt themselves
to such hypoxic microenvironment by shifting their
ATP production metabolism from oxidative phosphoryla-
tion to anacrobic glycolysis, and by enhancing glucose
intake. Tumor cells also induce angiogenesis to acquire
additional blood supplies. Such adaptations are supposed
to be essential in survival as well as malignant transfor-
mation of tumor cells in vivo (1,2). During this series of
events, transcriptional regulation plays a pivotal role.
It has been well documented that hypoxia inhibits protea-
somal degradation of « subunits of hypoxia inducible fac-
tors (HIFla and HIF2a). Stabilized subunits translocate
from the cytoplasm into the nucleus and form a hetero-
dimer complex with HIF1f. HIF complexes transactivate
various downstream genes, such as the genes encoding
glycolytic enzymes, glucose transporters, the enzymes cra-
dicating organic acids and VEGF which induces angiogen-
esis. However, the specific function of each isoform of the
subunits remains unclear. Meanwhile, ‘HIF-independent’
regulation of hypoxia-inducible genes has also been docu-
mented (3,4). Thus, the current view of hypoxic versatility
in transcriptome programs in cancer cells is still far from
comprehensive. A bird's eye view on what range of genes
are induced in what manner still remains mostly elusive.
Although some genome-wide expression profiles using
microarrays have been reported, they represent mere col-
lective information of the fold inductions of the individual
genes (5-9), In this regards, we believed that information
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about exact positions of transcriptional start sites (TSSs)
and absolute levels of the transcriptions starting from
them would lead to more comprehensive understandings.

Several methods based on ¢cDNA analysis have been
developed for large-scale identification of TSSs (10-13).
We have also devetoped a method to selectively replace
the cap structure of the mRNA with a synthetic oligo,
which we named the oligo-capping method (11). By
sequencing 1.8 million ¢cDNAs isolated from oligo-cap
cDNA libraries from vanous kinds of human cells and
tissues (14), we have collected the positional information
of the TSS and uanalyzed putative proximal promoter
regions (15,16). We. as well as another research group
in RIKEN, have further improved the efficacy of this
approach by combining the cap-selection method with
the SAGE method (17,18). In these methods, 5-ends of
full-length ¢cDNAs were concatenated, so that 10-15
20-base long 5'-end tag sequences could be identified by
single-pass sequencing. By intensive analysis of CAGE-tag
libraries in humans and mice, the FANTOM consortium
reported a first glimpse of the transcription landscape of
mammalian genomes (19,20). However, such an overview
of the TSSs has been obtained from collective analysis of
various cell types and tissues, for each of which the data
coverage still remains scarce. Therefore, it does not repre-
sent the actual transcriptional landscape in any given cell
type. Besides, it has been suggested recently that mamma-
lian genes seem to utilize multiple alternative promoters
very frequently, which enable a single locus to encode
functionally distinct proteins, thereby serving as a molec-
ular basis for realizing multifaceted use of a limited
number of human genes (21,22). Nonetheless, the depth
of the analysis has not reached the level of these alterna-
tive promoters, whose expression levels are often low and
limited to particular cell types or cellular environments.

Recently developed massively parallel sequencing tech-
nologies have provided a potential mean to further
improve the throughput of TSS identification. For exam-
ple, lllumina GA sequencer (23) can sequence 10-30 mil-
lion sequences per run. Although the read length which
this sequencer can generate is short (currently up to 36
bases). it is sufficient to umquely determine the precise
positions of TSS. By combining oligo-capping method
with the Illumina GA technology, we developed a simple
method to collect information of the TSS together with
the digital data of the expression levels of the transcripts.
Here we show this approach enabled us to see the genome
wide transcriptional landscape in response to hypoxia n
a human colorectal cancer cell line.

MATERIALS AND METHODS
Cell culture and RN A interference

Human cell line, DLD-1 cells, was purchased from
American Type Culture Collection (ATCC number:
CCL-221). Cells were maintained in Dulbecco’s modified
Eagle's medium (DMEM) (Invitrogen) supplemented with
10% fetal calf serum, 4.5g/l glucose, and antibiotics.
RMNA interference was accomplished by transfecting
DLD-1 cells with the specific siRNA. HIFIA and

EPASI (HIF2A)-targeting siIRNA pool and non-silencing
siRNA pool were purchased from Dharmacon. Short
oligo-RNAs were transfected using Dharmafect 1 trans-
fection reagent (Dharmacon) as recommended by the
manufacturer. For constructing other TSS-libraries,
HEK293, MCF7 and TIG3 cells (ATCC number: CRL-
1573, ATCC number: HTB-22 and Japan Cell Resource
Bank number: JCRB0506, respectively) were cultured in
standard conditions and were subjected to the hypoxic
shocks in a similar manner.

Oligo-capping and massively parallel sequencing by
IMumina GA Sequencer

Six million DLD-1 cells were seeded 24 h before transfec-
tion. The cells transfected with HIF-targeting and control
siRNA were cultured in 21% O, and 5% CO- at 37°C for
24 h followed by incubation in 21% O, or 1% 0O, and 5%
CO, for 24h. Cells were harvested and RNA was
extracted using RNeasy (Qiagen). Two hundred micro-
gram of the obtained total RNA was subjected to
oligo-capping with some modifications from the original
protocol; namely after the successive treatment of the
RNA with 25U BAP (TaKaRa) at 37°C for 1h and
40U TAP (Ambion) at 37°C for 1h, the BAP-TAP-
treated RNAs were ligated with 1.2pg of RNA oligo
(5-AAUGAUACGGCGACCACCGAGAUCUACACU
CUUUCCCUACACGACGCUCUUCCGAUCUGG-3")
using 250U T4 RNA ligase (TaKaRa) at 20°C for 3h.
After the DNase I treatment (TaKaRa), polyA-containing
RNA was selected using oligo-dT powder (Collaborative).
First strand ¢cDNA was synthesized from 10 pmol of
random hexamer primer (5-CAAGCAGAAGACGGCA
TACGANNNNNNC-3)  using  Super Script I
(Invitrogen) by incubating at 12°C for 1 h and at 42°C
overnight. Template RNA was degraded by alkarine treat-
ment. For PCR, one-fifth of the first strand cDNAs were
used as the PCR template. Gene Amp PCR Kkits
(PerkinElmer) were used with the PCR primers 5-AAT
GATACGGCGACCACCGAG-3 and 5-CAAGCAGA
AGACGGCATACGA-3 under the following reaction
conditions: 15 cycles of 94°C for 1 min, 56°C for I min
and 72°C for 2min. The PCR fragments were size fractio-
nated by 12% polyacrylamide gel electrophoresis and the
fraction of 150-250bp was recovered. The quality and
quantity of the obtained single-stranded first strand
cDNAs were assessed, again, using BioAnalyzer (Agilent).

One nanogram of the size fractionated cDNA was used
for the sequencing reactions with the Illumina GA.
15000-20000 clusters were generated per ‘tile’ and 36
cycles of the sequencing reactions were performed accord-
ing to the manufacturer’s instructions.

Data processing

The obtained sequences were mapped onto human geno-
mic sequences (hgl8 as of UCSC Genome Browser; http://
genome.ucsc.edu/) using the sequence alignment program
Eland. Unmapped or redundantly mapped sequences
were removed from the dataset. For uniquely mapped
sequences, relative positions to RefSeq genes were calcu-
lated based on the respective genomic coordinates.



Genomic coordinates of exons and other information of
the RefSeq transcripts are as described in hgl8 as of
UCSC Genome Browser. GO (as of June 14th, 2007)
and KEGG (Release 42) terms were associated with
RefSeq genes by using loc2go (as of June 14th, 2007)
using NCBI Entrez Gene database (http://www.ncbi,
nlm.nih.gov/sites/entrez?db=gene), For cach RefSeq
gene, a RefSeq region was defined as the region from
S0kb upstream of the most upstream S-end exon to
the most downstream 3'-end exon. TSS-tags were further
clustered into 500-bp bins to generate TSS clusters (TSCs).
Details and rationalization of the procedure is described in
the ref. (15). For the expression analysis at the gene levels,
TSS-1ag counts of TSCs belonging to the corresponding
RefSeq regions were totalled. For the expression analyses
at the alternative promoter level, intergenic and antisense
transcripts, the TSS-tags belonging to the corresponding
TSCs were counted. In either case, TSS-tag counts were
divided by the total number of uniquely and perfectly
(with no mismatch) mapped TSS-tag to calculate TSS-
tag ppm (parts per million). For the analysis of intergenic
TSCs, overlap between the TSCs and miRNA and
snoRNA, from miRBase (http://microrna.sanger.ac.uk/
sequences/index.shiml) and snoRNABase (http://www-
snorna.biotoul fr/index php), respectively, were examined.

Validation analysis

Real-time RT-PCRs were performed using 7900HT (ABI)
following the standard protocol. PCR primer seguences
arc shown in the Supplementary Table 10. For the RT-
PCR, 1 ng of the first strand cDNAs, which were synthe-
sized by random hexamer primer, was used. In the case of
plasmids, 1pg of the DNA, quantified by O.D., was used,
instead. The primer sets were first tested by amplifying the
plasmid DNA and the primer sets giving less that 35 Ct
cycles were used. The absolute copy number of each tran-
script in the cDNA population was calculated based on
the Ct value of the corresponding plasmid (as 2%,
Based on the quantitative data, correlation with the digital
expressions (TSS-tag counts) was calculated by lincar
regression. Validation analysis of the fold induction was
similarly performed without the plasmid control. RNA
independently isolated from the DLD-1 cells cultured in
similar hypoxia (1% O,) and normoxia (21% O,) condi-
tions were used. The samples were normalized according
to the total amount of the first strand ¢cDNAs and were
subjected to the real-time RT-PCR.

For the individual oligo-cap RACE, similarly isolated
total RNAs were oligo-ca) with the RNA oligo (5-AG
CAUCGAGUCGGCCUUGUUGGCCUACUGG-3) by
the standard protocol. After the DNasel treatment, the
first strand cDNA was synthesized using random hexamer
primers. One nanogram of the first strand cDNA was used
for the PCR using the 5'-end primer S-AGCATCGAGTC
GGCCTTGTTG-3' and the gene-specific 3-end primers
used for the real-time RT-PCR.

For validation experiments using microarray, RNAs
were isolated from the DLD-1 cells cultured in similar
hypoxia (1% 0O,) and normoxia (21% O,) conditions.
The RNAs were further processed according to the
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manufacturer’s instructions Using the Agilent Human
Gene Expression Array G4112F platform.

For the microarray analysis, for each of the total RNA
preparations (from 1% and 21% O, conditions), 700 ng of
total RNA was used for the labeling according to the
manufacturer’s instruction. The normalization was done
at the sample preparation step. The following signal inten-
sity processing was performed using GeneSpring (Agilent)
with default parameters. The cut-offs used in this study
was either 5-fold or 2.5-fold (Figure 2B). The experiments
were repeated twice with the labeling dye exchanged.

For the comparison with the previous microarray stu-
dies, we retrieved the records from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/) [a: GDS2758-61 (7);
b: GDS1209 (8); ¢: GDS2018 (6); d: GDS1779 (9), for
the GEO accession numbers and references, respectively].
We examined the original papers and prepared the list of
the ‘hypoxia induced genes' from cach of the datasets.
Using these datasets, the overlap between the genes iden-
tified as *hypoxia induced’ by this study and the previous
studies was examined.

RESULTS

Construction of a TSS-tag library

By combining the oligo-capping method with a massively
parallel sequencing technology, Illumina GA sequencer,
we developed a simple method to collect TSS information
together with a quantitative analysis of the expression
levels of the transcripts (digital expression profile) in an
extremely high-throughput manner (Figure 1), First, the
primer sequence necessary for the sequencing was directly
introduced at the 5-ends of capped transcripts by repla-
cing the cap structure with a cap-replacing RNA oligo
(11). Then, cDNA was synthesized using random hexam-
ers, amplified with 15 cycles of PCR and directly intro-
duced into the sequencer without cloning (for the detailed
protocol, see Materials and Methods section). The 36-base
long tags corresponding to the 5'-ends of transcripts were
generated by the sequencer at the rate of 10-30 million
TSS-tags per run. This simple procedure climinates
laborious cloning step and allows us to casily monitor
the genome-wide positions of TSSs. Furthermore, the
number of TSS-tags corresponds to the number of tran-
seripts within the cell starting from that site, since cach
transcript has only one cap structure.

Validation of the TSS-tag library

We first validated whether the TSS-tags collected by this
method correctly indicate the positions of the TSSs and
whether the counts of the TSS-tags represent the expres-
sion levels of the transcripts in vivo. For this purpose, we
constructed a TSS-tag library from human embryonic
kidney 293 (HEK293) cells. In total, we generated 10401
151 TSS-tags which were uniquely and perfectly (with no
mismatch) mapped to the human genome (hg 18; UCSC
Genome Browser), We compared the mapped position of
the TSS-tags with 18001 protein-coding RefSeq gene
models. Genomic coordinates of exons and other informa-
tion of the RefSeq transcripts are as described in hgl8
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as of UCSC Genome Browser (for the version informa-
tion, see Materials and Methods section). As shown in
Figure 2A, 8647513 (83%) of the TSS-tags were mapped
within the RefSeq regions. Among them, 2255507 (26%)
and 4647102 (54%) of the TSS-tags were mapped
upstream and inside regions of the first exons, respectively.
739319 (9%) of the TSS-tags were mapped to intronic
regions of the RefSeq gene models, which may correspond
to the TSSs of unknown alternative promoters, because
there should be rare chance that they are derived from
broken-down products of the mRNAs [for further discus-
sion. see (15)]. Also, these numbers resemble the results
from our previous analysis using 1.8 million 5-ESTs (15).
We observed no significant difference in the size of repre-
sentative. mRNAs between the TSS-library and the
HEK?293 oligo-cap ¢cDNA library, which was constructed
using random primers (data now shown).

Many of the TSS-tags which were mapped outside of
the RefSeq regions overlapped with cDNAs in our cDNA
collection (14). In particular, at least 1374 TSS-1ag sites
(mapped positions of the TSS-tags) overlapped with the
5'-ends of the 5'ESTs (also see Supplementary Figure | for
further details). Of these, 80 TSS-tag sites overlapped with
our completely sequenced ¢cDNAs. For the latter cases,
average length of the representative cDNAs was 2323 bp.
Of these, 55 (70%) cDNAs were spliced and, in 53 (66%)
c¢DNAs, the longest protein-coding region was less
than 100 amino acids (300 bp). Therefore, many of those
intergenic TSS-tag should represent so-called mRNA-lke
non-protein-coding transcripts  (14,24,25), We further
compared the TSS-tag sites with the 5-end data from
the RNA-Seq analysis (26) and the CAGE analysis (19).
which have been the only two studies that produced
comparable amount’ of the TSS information. Among the
TSS-tag sites in our dataset, 1456 sites overlapped with
the ‘5 extension’ data of the RNA-Seq analysis, of
which 1105 sites also overlapped with the CAGE data.
Although biological functions of many of those transcripts

still remain clusive, the TSS-tags correctly represented the
TSSs of previously identified transcripts.

We also wished to directly demonstrate the correct iden-
tification of the TSSs by luciferase reporter gene assays of
the upstream regions of the TSS-tag sites and by real-time
(quantitative) RT-PCR assays. In our previous study, we
reported systematic luciferase assays in HEK293 cells (27).
Among our TSS-tag dataset, luciferase data was available
for the upstream regions (1 kb-upstream) of 359 TSS-tag
sites. As shown in Figure 2B, distribution of the promoter
activities for the 359 TSS-tag sites was clearly distinct
from that of randomly isolated genomic fragments.
Especially we observed clear promoter activities even for
14 TSS-tag sites with which no 5" exons of the RefSeq gene
models overlapped and for six additional TSS-tag sites
which were located more than 50kb apart from any of
the RefSeq genes.

We then validated whether real-time RT-PCR primers
targeted at the TSS-tags sites with no RefSeq gene support
could detect transcripts, and to what extent the quantita-
tive data are correlated with the TSS-tag counts. For the
purpose of quantifications, we selected TSS-tag sites which
overlapped with the 5-ends of cDNA clones in our cDNA
collection. We performed real-time RT-PCR using imme-
diately downstream sequences of the TSS-tags for the
5“end PCR primers (Figure 2C and D). We observed
clear real-time RT-PCR signals for 80 TSS-tag sites
within the RefSeq regions but outside of the 5'-ends of
RefSeq gene models, and for 25 TSS-tag sites mapped
outside of the RefSeq regions (overall success rate was
78%). We also performed independent oligo-cap RACE
analysis and, for 21 TSS-tag sites (out of 25 cases
attempted), we confirmed amplification of the cDNA frag-
ments of the expected lengths. We further quantified the
absolute expression levels of those 105 (80 + 25) TSS-tag
sites by using the individually isolated and quantified
cDNA plasmids as controls. As shown in Figure 2C, we
observed that the correlation of the absolute expression
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levels calculated by the TSS-tag counts and the real-time
RT-PCR arc gencrally well-correlated, although we also
observed deviations in some cases (also see Discussion
section).

Based on these results, we concluded that our TSS-tag
library analysis should be reliable and useful for identify-
ing both the TSS positions and their corresponding
expression levels,

Application of the TSS-tag library for the analysis of
hypoxia responses in a colon cancer cell line

Taking advantage of this new method, we wished to reveal
the dynamic nature of the human gene transcriptome in a
focused cell type with particular environmental perturba-
tions. We performed genome-wide analysis of the altera-
tions in both promoter usage and expression levels of the
transcripts invoked by hypoxia. In a human colon cancer
cell line, DLD-1 cells, expression of a well known hypoxia-
induced gene, VEGF, is induced under hypoxic culture
condition as well as in xenografted tumor tissues in vivo
(4). We cultured DLD-1 cells under hypoxic and normoxic

conditions with and without transfection of siRNAs tar-
geted to HIFIA or HIF2A. This experimental design is
the same as the previous studies of other groups (5.7).
We generated 15-19 million 36-base TSS-tags per condi-
tion (Table 1). A summary of the sequence quality is
shown in Supplementary Table 1,

Overall mapping patterns were similar to the case of the
HEK293 library (Table 1). For example, in the case of the
‘hypoxia with non-targeted RNAI' library, 14001295
(73%) out of total 19213284 TSS-tags were mapped in
the RefSeq regions. Of these, 4310405 (31%), 7384800
(53%) and 1459600 (10%) TSS-tags were mapped to the
upstream, first exon and intron regions, respectively.
Therefore, we estimated at least 84-94% of the TSS-tags
represent the real TSSs in this case, too. For the purposes
of the following analyses, the TSS-tags were further
clustered into 500-bp bins to generate TSS clusters
(TSCs) (15). In case of ‘hypoxia with non-targeted
RNAIJ' library, a total of 19213284 TSS-tags constituted
2610785 unique TSS-tags. These unique TSS-tags were
further clustered into 1428455 TSCs. Of these TSCs,
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Table 1. Statistics of the TS5S-tags generated from DLI-1 cells

Relative to RefSeq regions

Relative 1o exons of RefSeq gene models

#otal mapped #NM _associated Upstream First exon Other exon Intron

tag tag (%) (%) (%) (%) (%)
Hypoxa non-targeted RNA} 19213284 14001295 (73) 4310405 (31) T3IB4800 (53) 846490 (6) 1459600 (10)
Hypoxia with HIFIA RNAI 17995370 13758453 (76) 4116100 (30) 6995301 (51) 1303571 (9) 1343481 (10)
Hypoxia with HIFZA RNA) 17047001 14304678 (84) 4547387 (32) BO45603 (56) B30696 (6) 830992 (6)
Normoxia with non-targeted RNA| 17878365 14194520 (79) IBS0858 (27) 8449751 (60) 820989 (6) 1072922 (8)
Normoxia with HIFIA RNAQ 15190726 12628363 (83) 1554553 (28) T469575 (59) 822034 (7) 782201 (6)
Normoxia HIF2ZA RNAj 17175662 14117263 (82) 1702462 (26) 8R10503 (62) 685561 (5) 918737 (7)
Total 104500408 83004572 (79) 14081765 (29) 47155533 (57) 5309341 (6) 6457933 (8)

Mapped positions of the TSS-tags were counted relative to RefSeq regions and relative to exons of RefSeq gene models, when mapped inside of the

RefSeq regions.

477936 (33%) were mapped to the RefSeq regions. The
rest were mapped to intergenic regions (709997, 50%) or
to anti-sense regions of the RefSeq genes (240 522; 17%).
Although the numbers of the TSCs, especially in the latter
two TSC groups, are high, many of the TSS-tag counts
within these TSC were usually one or two, possibly repre-
senting noise-level transcriptions in  the cell (see
Supplementary Figure 1; overlap with the SEST data
15 also shown there).

Genome-wide distribution of hypoxia responsive transcripts

We normalized TSS-tag counts of TSCs to tags per million
(ppm). In order to avoid noise level signals and possible
experimental errors, we focused on TSCs for which TSS-
tag ppm increased by at least 5-fold. having more than
| ppm TSS-tags. One ppm corresponds to 15-20 indepen-
dent TSS-tags per TSC depending on the dataset. By the
conservative criteria of =1 ppm and >5-fold, most of the
intergenic TSCs were removed. Some of the transcripts of
previously identified “hypoxic responsive genes' were also
removed. We tentatively employed these very conservative
criteria, considering that this is the first analysis taking
the TSS-tag approach. However, further detailed analyses
and re-evaluation of the data should be necessary on very
rarely expressed intergenic transcripts, although some of
them might be the system noise of the transcription
machinery. For the number of ‘hypoxia-induced’ TSCs
with different parameters, see Supplementary Table 2.

In order to validate the calculated fold inductions, we
performed real-time RT-PCR analysis. For this purpose,
RNAs were independently isolated from the DLD-1 cells
cultured in similar hypoxia (1% ©O,) and normoxia (21%
0,) conditions. From this analysis, again, we observed
that the expression information obtained using this
method was well-correlated with the results obtained
using real-time RT-PCR (Figure 3A). We then performed
microarray analysis and compared the obtained data with
the digital expression data using independently prepared
RNAs. As shown in Figure 3B, the hypoxia responsive
genes detected in microarrays were mostly detected so in
the digital expression profiling, too. At the same time, we
identified additional putative hypoxia responsive tran-
scripts (TSSs) by the new approach possibly owing to

the improved sensitivity and coverage of the analysis
(see below).

We also compared the results of digital gene-expression
data with the previous microarray studies. We first
searched for the data focusing on hypoxia responses of
human cells in GEO database (28). Then, we examined
the original papers and retrieved a list of the genes
which were identified as ‘hypoxia responsive genes’ in
the corresponding study. We examined overlap of the
‘hypoxia induced genes’ identified from the previous stu-
dies and from this study. As shown in Figure 3C, 11 genes,
which were reported as hypoxia responsive genes in at
least two of the previous studies (6-9), were detected so
in our tag-based approach.

Using the digital-expression data, we identified 9870
hypoxia-induced TSCs in total. Among them, 6366
(64%) were mapped to RefSeq regions on the sense
strand (for the [ull list of the induced TSCs. sec
Supplementary Table 12). The rest were mapped to inter-
genic regions or anti-sense of the RefSeq regions. Gene-
rich chromosomes 17 and 19 had the largest number of
both genic and intergenic hypoxia-induced TSCs per genic
and intergenic base of the chromosomes (Supplementary
Table 3).

We found some genomic regions in which hypoxia-
induced TSCs particularly clustered, We identified 54
genomic regions in which seven or more hypoxia-induced
TSCs clustered in a 100-kb window (Figure 4A). In
these regions. transcription was activated on hypoxia
from both inter (Figure 4B) and intra (Figures 4C and
4D) genic regions. Furthermore, transcription activation
in the genic regions shown in Figure 4C occurred regard-
less of their exon-intron structure (lower panel; also see
Supplementary Figure 6). We also noticed distal regions
of the chromosomes frequently have such ‘hot regions’
(Figure 4A; also see Supplementary Table 4). There
might be cross-talk between transcription activation in
these regions and chromatin remodeling accompanied by
telomere elongation (29), which is a hallmark of cancer
progression. We further searched for RefSeq regions
with multiple induced TSCs. Of 6366 RefSeq regions
that contained at least one hypoxia-induced TSC, 131
regions had five or more hypoxia-induced TSCs, reflecting
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the presence of multiple hypoxia-induced transcriptions
start in a single gene. Collective transcriptional induc-
tion events as represented in Figure 4 should not be
extremely rare.

Putative hypoxia responsive non-protein-coding transcripts

Among the 9870 hypoxia-induced TSCs, 3504 were
located at least 50kb away from any protein-coding
genes in the same strand, thus they seemed driving non-
protein-coding transcripts (25,30) (also see the legend for
Supplementary Figure 1). We first searched for hypoxia-
induced TSCs located in the proximal regions of pre-
viously reported intergenic miRNAs using miRBase (31).
We found only two such cases; TSCs Tkb upstream
of hsa-mir-612 and 1 kb upstream of hsa-mir-675 were
up-regulated by 18-fold and 8.7-fold, respectively. The
latter TSC actually corresponded to the TSS of the HI19
non-coding RNA, which is consistent with the recent find-
ing that H19 RNA is induced in hepatocellular carcinoma
cells upon hypoxia (32,33). Similarly, we examined over-
lap of the intergenic TSCs with another class of non-
coding RNAs, namely snoRNAs (34). We scarched
snoRNABase (35) and identified five TSCs which were
located within 2kb of regions which contained altogether

nine snoRNAs (see Supplementary Table 5A). Most of
them were reported to be involved in maturation of ribo-
somal RNAs, indicating a possibility that general transla-
tional machinery might be altered in response to hypoxia.

Although TSS-tag numbers were low for most of the
newly found hypoxia-induced intergenic putative non-
protein coding transcripts (Supplementary Figure 1),
there were still a number of cases where expression and
induction levels were at similar levels to the above two
cases (33ppm and 175ppm for hsa-mir-612 and 675,
respectively). There were 220 TSCs with TSS-tags of
=10 ppm (lnppm oorresponds about three copies per
cell, assuming 3 x 10° transcripts within a cell; also see
Supplementary Table 5B). Indeed, among those 220
TSCs, four overlapped with our completely sequenced
c¢DNAs (Supplementary Table 5C), whose average
length was 1974 bp and, for all of which the longest poten-
tial open reading frame was less than 150 amino acids
(450bp). It is also noteworthy that the number 220 is
in the similar range of the number of hypoxia-induced
protein coding genes (see below),

In order to further characterize these hypoxia-
responsive TSCs, we analyzed the correlation of their
fold inductions against the most proximal protein-coding



