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INTRODUCTION
Apoptosis is responsible for many normal developmental and phys-
iological processes.1 Its deficiency often leads to carcinogenesis. 
Caspases, a family of cysteine proteases, play an essential media-
tor role in mammalian cells. Caspase-3 (cas-3) is activated in apop-
totic cells through death ligand and mitochondrial pathways and 
consequently recognizes and cleaves the DEVD peptide sequence 
(N-Asp-Glu-Val-Asp-C) on the carboxy side of the second aspartic 
acid residue. Once activated, cas-3 is responsible for the proteolytic 
cleavage of a broad spectrum of cellular targets, which ultimately 
leads to cell death.2,3

Development of an imaging system to noninvasively detect 
caspase activity is considered to be an interesting approach for 
screening of novel anticancer drugs because apoptosis induction 
by the drugs exerts a curative influence on cancer. Hence, several 
unique methods to monitor apoptosis have been developed to 
date. Among these methods, Ozawa and colleagues4 have success-
fully constructed a noninvasive real-time imaging system to detect 
apoptosis in transplanted tumor tissue on nude mice. They utilized a 
cyclic luc system in which two-halves of fragmented luc genes were 
connected in the inverse order with a DNA fragment coding for the 
DEVD peptide sequence, in addition to DNA fragments coding for a 

DnaE intein placed at the 5′ and 3′ end of the reconnected luc gene. 
A polypeptide translated from this entire DNA fragment is circular-
ized with protein splicing activity of the DnaE intein placed at both 
ends. Although the cyclic luc distorted by the ligation of both termi-
nals loses its enzymatic activity, the noncyclic luc formed as a result 
of cleavage at the DEVD motif by cas-3 during the apoptotic process 
was restored to the wild-type structure and regained its enzymatic 
activity, enabling noninvasive real-time imaging of apoptosis in 
cells transfected with this system.

Solid tumor is highly heterogeneous in terms of oxygenation and 
contains hypoxic cell regions as a result of an imbalance between 
cell proliferation and angiogenesis; specifically, temporary closure 
or a reduced flow due to abnormal vasculature.5,6 As the primary cel-
lular and systemic response to hypoxic stress, tumor cells in such 
regions induce the production of hypoxia-inducible factors (HIFs), 
master transcription regulators that consist of two different pro-
tein molecules, a HIFα subunit and a HIFβ subunit.7,8 HIF-1α, one 
of HIF-α family members, is constitutively expressed. In addition, 
although HIF-1β is unaffected by changes in the cellular oxygen 
concentrations, HIF-1α accumulation is O2 dependently regu-
lated.7–9 Under normoxic conditions, HIF-1α is constantly degraded 
via hydroxylation of proline residues within its oxygen-dependent 
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Hypoxic regions within the tumor form due to imbalances between cell proliferation and angiogenesis; specifically, temporary 
closure or a reduced flow due to abnormal vasculature. They create environments where cancer cells acquire resistance to thera-
pies. Therefore, the development of therapeutic approaches targeting the hypoxic cells is one of the most crucial challenges for 
cancer regression. Screening potential candidates for effective diagnostic modalities even under a hypoxic environment would 
be an important first step. In this study, we describe the development of a real-time imaging system to monitor hypoxic cell 
apoptosis for such screening. The imaging system is composed of a cyclic luciferase (luc) gene under the control of an improved 
hypoxic-responsive promoter. The cyclic luc gene product works as a caspase-3 (cas-3) monitor as it gains luc activity in response to 
cas-3 activation. The promoter composed of six hypoxic responsible elements and the CMV IE1 core promoter drives the effective 
expression of the cyclic luc gene in hypoxic conditions, enhancing hypoxic cell apoptosis visualization. We also confirmed real-time 
imaging of hypoxic cell apoptosis in the spheroid, which shares properties with the tumor. Thus, this constructed system could be a 
powerful tool for the development of effective anticancer diagnostic modalities.
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degradation domain by prolyl hydroxylases and the von Hippel 
Lindau protein-mediated ubiquitin–proteasome pathway. However, 
under hypoxia, reactive oxygen species (ROS) are generated by the 
mitochondrial electron transport chain and then released to the 
cytosol, thereby leading to stabilization of HIF-1α through pro-
lyl hydroxylases inhibition due to oxidation of Fe2+ within prolyl 
hydroxylases.10 The stabilized HIF-1α subunit is translocated into 
the nucleus, where it forms a heterodimeric transcriptional complex 
with HIF-1β subunit and directly binds to the hypoxia-responsive 
element (HRE, 5′-A/GCGTG-3′) to express a number of its target 
genes involved in angiogenesis, metabolic adaptation, tolerance of 
acidosis, cell survival, and metastasis.11–14 As a result, the expression 
of HIF-1 facilitates tumor cell survival and growth in hypoxic regions.

In cancer therapy, anticancer drugs and ionizing radiation 
enhance cell-killing effects by targeting DNA in proliferating tumor 
cells. On the other hand, hypoxic cells show greater resistance to 
these treatments than cells in normoxic regions because these 
cells display low levels of proliferation in the quiescent state (slow 
cycling or G0) and exist in the microenvironment where the oxygen 
effect of ionizing radiation is reduced.15,16 Therefore, hypoxic cells 
demonstrate a higher possibility of surviving through these treat-
ments than normoxic cells in the tumor tissues, potentially result-
ing in metastasis or recurrence. In other words, treatments target-
ing hypoxic cells appear to be a promising strategy for eliminating 
cancer. To date, nitroimidazole compounds, such as misonidazole, 
pimonidazole, and nimorazole have been synthesized as hypoxic 
cell radiosensitizers causing hypoxic tumor cells to become more 
sensitive to radiation therapy, and these agents have subsequently 
been tested in clinical trials. Although these drugs exhibit significant 
radiosensitizing effects in vitro, they show low levels of radiosensiti-
zation in vivo and introduce harmful side-effects, including periph-
eral neuropathy.17 In recent years, bioreductive prodrugs have also 
been actively developed as novel hypoxia-targeted drugs. In par-
ticular, tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide, TPZ), 

which induces damage to hypoxic cells by reactive oxygen species 
produced following one-electron reduction by cytochrome P(450) 
reductase-enriched microsomes, is currently undergoing evalua-
tion in phase 3 clinical trials.

At present, the development of therapeutic approaches tar-
geting the hypoxic cells is one of the most urgent and crucial 
challenges for cancer eradication. A noninvasive real-time imag-
ing system to monitor hypoxic cell apoptosis could be a useful 
tool for screening novel anticancer drugs that enhance hypoxic 
cell-killing effects and to evaluate therapeutic approaches tar-
geting the hypoxic cells. In this study, we constructed a real-time 
imaging system for apoptotic cells induced under hypoxic condi-
tions, taking advantage of the cyclic luc system under control of 
the hypoxia-responsive promoter.

RESULTS
Construction of the hypoxic-responsive promoter for the expression 
of the cyclic luc gene
The cyclic luc system developed by Ozawa and colleagues could 
be useful for noninvasively imaging of apoptosis induced in 
hypoxic regions when its expression is regulated by the hypoxia-
responsive promoter (Figure  1). First, we reproduced the con-
struct of the cyclic luc system and placed the DNA fragment under 
control of the cytomegalovirus (CMV) promoter to construct plas-
mid CMV (pCMV) plasmids (Figure 2a). Cells transfected with the 
plasmids successfully produced a chemiluminescent signal after 
treatment with 1 µmol/l staurosporine (STS), used as an apoptosis 
inducing agent, for 2 hours under general cell culture conditions 
or a hypoxic condition. We then employed the HREs and con-
nected them to the TATA box to construct a hypoxia-responsive 
promoter and replaced the CMV promoter of pCMV with the con-
structed promoters. To obtain optimum inducibility of the gene 
expression in response to hypoxia, we constructed plasmids, 

Figure 1  A schematic illustration for the detection of hypoxic cell apoptosis utilizing cyclic luc. The expression of the cyclic luc gene is regulated by HIF-
1, a heterodimeric DNA binding complex composed of HIF-1α and HIF-1β. Upon translation, the DnaEc and DnaEn inteins interact with one another 
to catalyze protein splicing to circularize the polypeptide. Failure in this event yields rapid degradation due to the PEST domain of a signal peptide 
for protein degradation. The cyclic luc distorted by circularization loses its enzymatic activity. However, the cyclic luc restores its authentic structure 
when cleaved at the DEVD peptide by cas-3 during apoptosis, producing high chemiluminescence by luciferin oxidation. H: HRE, DnaEn: N-terminal 
fragment of DnaE intein, DnaEc: C-terminal fragment of DnaE intein, Luc/N: N-terminal fragment of firefly luc, Luc/C: C-terminal fragment of firefly luc.
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p4HREs, p6HREs, and p12HREs, containing 4, 6, and 12 tandemly 
repeated copies of HRE upstream of the TATA box, respectively, 
and subjected the cells to a luc induction assay under either 
normoxic or hypoxic conditions. Although cells transfected with 
p4HREs, p6HREs or p12HREs were treated with 1 µmol/l STS for 2 
hours, no construct produced a chemiluminescent signal under 
normoxic condition. However, under hypoxic conditions, chemi-
luminescent signals were detected in all the transfectants. Among 
them, cells transfected with p6HREs showed the strongest signal 
with the greatest difference in the signal strengths between with 
or without STS (Figure  2b). In addition, we also confirmed that 
in the presence of 100 μmol/l CoCl2, a hypoxic mimicking agent, 

cells transfected with p6HREs showed the highest chemilumines-
cent signal after treatment with 1 μmol/l STS among cells trans-
fected with the constructed plasmid. These results show that the 
cyclic luc gene under control of the hypoxia-responsive promoter 
could be used to detect apoptotic cells only under hypoxic con-
ditions. Particularly, p6HREs, a plasmid containing a promoter 
which is composed of six HREs and the TATA box, showed the 
most promising result. To determine if the system could be 
applied in other cell types, we then employed Chang liver cells 
that are tumorigenic on a nude mouse, in addition to COS-7 cells. 
When we identically treated Chang liver cells carrying p6HREs 
with STS, we obtained a similar result in terms of the induction 

Figure 2  Constructions of hypoxic-responsive promoters for the expression of the cyclic luc gene in hypoxic conditions. (a) Schematic representations 
of the constructed promoters. “H” in the septangle represents a hypoxia-responsive element. (b) Evaluation of the constructed promoters for hypoxia-
specific chemiluminescent signals in response to STS treatment in COS-7 cells. Transiently transfected cells with plasmid 4HREs, 6HREs or 12HREs 
were incubated under hypoxia (0.1% O2) or with 100 µmol/l CoCl2 and then treated with or without 1 µmol/l STS for 2 hours before chemiluminescent 
imaging of cell extracts from each sample. (c) Evaluation of 6HREs/CMV, an improved promoter, in Chang liver cells transiently transfected with p6HREs 
or p6HREs/CMV in similar experiments to that in b. Digitizing chemiluminescence intensities were plotted in the bar graph (n = 5, mean ± SD).
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ratio of the cyclic luc gene expression under hypoxic conditions. 
However, the strength of the signals was four times lower as a 
whole than those observed in COS-7 cells. This made it difficult 
to capture real-time images of hypoxic cell apoptosis. Thus, we 
improved the promoter by replacing the TATA box of p6HREs 
with the CMV IE1 core promoter to construct p6HREs/CMV. This 
improved promoter enhanced the expression of the cyclic luc 
gene and the strength of the signals in hypoxia up to four times 
at 2 hours after 1 μmol/l STS treatment (Figure 2c)

Oxygen concentration and cas-3 dependent chemiluminescence 
by p6HREs/CMV
To evaluate O2 concentration dependency of p6HREs/CMV, we mea-
sured chemiluminescent signals in response to 1 μmol/l STS treat-
ment in transfected Chang liver cells with the plasmid at different 
O2 concentrations (0.1, 0.5, 1.0, 5.0, and 20%). As shown in Figure 3a, 
the fold induction of the chemiluminescent signal at 0.1% O2 was 
the highest among those we examined. It decreased at increas-
ing O2 concentrations when the cells were treated with or without 

STS. However, significant differences between cell cultures treated 
with or without STS were observed at a range of O2 concentra-
tions between 0.1 and 1%, confirming that the constructed system 
could readily detect apoptosis specifically under hypoxia, because 
the median value of the oxygen partial pressure in tumor tissue is 
~1.3%.6 Moreover, we then performed visualization of cells treated 
with or without STS under hypoxia in the presence and absence of 
Ac-DEVD-CHO, a cas-3 inhibitor, to confirm that visualization was 
cas-3 dependent. The caspase inhibitor significantly decreased the 
chemiluminescence signals of cells treated with STS, confirming 
that visualization of the cells with chemiluminescence was induced 
by cleavage of the cyclic luc gene product due to cas-3 activation 
(Figure 3b).

Chemiluminescent imaging of hypoxic cell apoptosis induced by 
various anticancer agents
We then used other anticancer agents to determine if the constructed 
system could also work to visualize hypoxic cell apoptosis in vitro. To 
do this, we constructed CMV-cLuc and 6HREs/CMV-cLuc cell lines 

Figure 3  Characterization of p6HREs/CMV, a hypoxic cell apoptosis sensor plasmid, in Chang liver cells. (a) Oxygen concentration dependency of 
chemiluminescence from apoptotic cells. Chang liver cells transiently transfected with p6HREs/CMV were incubated for 12 hours at different O2 
concentrations (0.1, 0.5, 1.0, 5.0, and 20%) and then treated with 1 µmol/l STS for 2 hours at each O2 concentration for chemiluminescent imaging. 
The fold inductions were calculated by dividing the chemiluminescent values of the harvested extracts from cells incubated at corresponding O2 
concentrations with or without STS by the chemiluminescent value of extracts at 20% O2 concentration without STS (n = 5, mean ± SD). (b) Suppression 
of chemiluminescence by the cas-3 inhibitor Ac-DEVD-CHO. Chang liver cells transiently transfected with p6HREs/CMV were pre-incubated under 
hypoxia (0.1% O2) for 12 hours and then treated with 1 µmol/l STS for 2 hours after incubating the cells in medium containing 100 µmol/l Ac-DEVD-CHO 
for 1 hour before chemiluminescent imaging. The fold inductions were calculated by dividing the chemiluminescent values of the harvested extracts 
of cells treated with or without STS and with or without Ac-DEVD-CHO by that of cells without any treatment under hypoxia (0.1% O2). The asterisks 
indicate statistical significance (paired Student’s t-test, P < 0.05; (n = 5, mean ± SD).

0.1

0.5

1.0

5.0

20.0

(−) (+)

STS
a

b

STS(+)

Ac-DEVD-CHO (−)

Hypoxia 

Ac-DEVD-CHO (+)

Bioluminescence: Strong Weak

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

Ac-DEVD-CHO

STS

F
ol

d 
in

du
ct

io
n

(−) (+) (−) (+)

(−) (+)

Hypoxia

*

25

20

15

10

5

0

F
ol

d 
in

du
ct

io
n

101.00.1

O2 concentration (%)

O2 concentration (%)

: STS (−)

: STS (+)

STS(−) STS(+)STS(−)



5

Real-time imaging system for hypoxic cell apoptosis
G Kagiya et al.

Molecular Therapy — Methods & Clinical Development (2016) 16009Official journal of the American Society of Gene & Cell Therapy

stably transfected with pCMV and p6HREs/CMV, respectively. Upon 
treatment with various anticancer agents, such as staurosporine 
(STS), tirapazamine (TPZ), mitomycin C, actinomycin D and doxorubi-
cin, CMV-cLuc clearly increased the chemiluminescent signals under 
both normoxia and hypoxia regardless of the oxygen concentration; 
however, this result was not observed with TPZ treatment, an experi-
mental anticancer agent that is activated to a toxic radical specifically 
under hypoxia. Conversely, 6HREs/CMV-cLuc treated with the same 
anticancer agents increased chemiluminescent signals only under 
hypoxic conditions (Figure 4). These results indicate that synthesized 
product from the cyclic luc gene under control of 6HREs/CMV acti-
vated the enzyme activity of luc to visualize apoptotic cells induced 
with various anticancer drugs only under hypoxic conditions.

Chemiluminescent imaging of apoptotic cells induced in the 
hypoxic region inside the spheroid
A spheroid can be regarded as an in vitro model of tumor because 
it exhibits marked similarity to the microenvironment of tumors 
in vivo, including oxygen and nutrient concentrations, glycometab-
olism, and the expression of receptors on the cell surface.18 We thus 
took advantage of the properties of the spheroid to visualize apop-
totic cells induced in the hypoxic region inside the spheroid. To con-
firm the presence of hypoxic regions inside the spheroid, we added 
LOX-1 to the culture medium after formation of spheroids of 6HRE-/
CMV-cLuc by incubation in a 3D cell-culture plate for 20 days. LOX-1, 
which is an iridium compound capable of emitting red phosphores-
cence under hypoxia, enables the detection of hypoxic regions by 
observation with conventional fluorescence microscopes without 
complicated procedures, such as immunohistochemical detection 
with pimonidazole.19 Therefore, LOX-1 was used as a hypoxia probe 
in this study. As shown in Figure 5a, regions inside formed spher-
oids stained with bright red fluorescence, indicating the presence 
of hypoxic regions. In addition, we examined the accumulation of 
HIF-1α in the spheroid culture cells by a western blot analysis. As 
shown in Figure 5b, HIF-1α accumulations were detected in mono-
layer cell cultures of stable cell lines under hypoxic conditions, but 
not normoxic conditions. However, in the spheroid culture condi-
tion, HIF-1α accumulations were observed in both cell lines even 

under normoxic conditions. We thus assessed our system for visu-
alization of hypoxic apoptosis of the spheroid cultures. As shown 
in Figure  5c, intense fluorescent signals in the spheroids were 
observed after treatment of 6HRE-/CMV-cLuc with 1 μmol/l STS for  
2 hours. However, without STS treatment, much less fluorescence 
was observed. The obtained result suggests that our constructed 
system could be applied for in vivo imaging of hypoxic cell apoptosis.

DISCUSSION
In this study, we described that the cyclic luc system under control 
of a HRE-based promoter produced chemiluminescence in vari-
ous cell types in a cas-3 dependent manner only under hypoxic 
conditions. In addition, in Chang liver cells mainly used in this 
study, a hypoxia-responsive promoter composed of six copies of 
HRE and the CMV IE1 core promoter was the best in responding 
to hypoxia among constructed promoters containing different 
numbers of HRE copies, enhancing the chemiluminescence inten-
sity up to 31-fold in response to hypoxia and STS. Furthermore, 
we showed that the chemiluminescence intensity was dependent 
of O2 concentration. The Chang liver cell line stably transfected 
with this constructed system visualized apoptosis induced by vari-
ous anticancer agents only in hypoxia. Kaluz et al. constructed a 
hypoxia-responsive promoter containing four copies of HRE after 
investigating the effects of changing bases in the wild-type HRE 
sequence residing upstream of the mPKG1 gene or the mLDHA 
gene, in addition to the distances between HREs and between HRE 
and the TATA box.20 According to their findings, we constructed 
a hypoxia-responsive promoter containing four HREs and con-
firmed its strong response to hypoxia. We added more HREs to 
the promoter and found one containing six copies showed the 
strongest response to hypoxia among the plasmids constructed. 
Under a hypoxia mimic condition with CoCl2, similar results were 
obtained. A transcription factor complex consisting of HIF-1α and 
HIF-1β binds to one copy of HRE.21 Therefore, the numbers of the 
transcriptional complex binding to six copies of HRE are more 
than that of the promoter with four HREs. This may explain the 
improved response to hypoxia by the inclusion of six HREs. The 
reason for the inferior response of 12 HREs to hypoxia remains 

Figure 4  Chemiluminescent images of apoptosis induced by various anticancer agents. CMV-cLuc and 6HRE-/CMV-cLuc transfected cells were 
incubated for 12 hours under hypoxia (0.1%O2) and then treated with 1 µmol/l STS for 2 hours, 20 µmol/l TPZ for 24 hours, 60 µmol/l mitomycin C 
for 8 hours, 200 nmol/l actinomycin D for 6 hours or 8 µmol/l doxorubicin for 8 hours under hypoxia (0.1% O2 or 1.0% O2 in TPZ treatment) before 
chemiluminescent imaging with a lumino image analyzer.
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unknown. Excess numbers of tandemly repeated HRE copies may 
affect its conformation, possibly interfering with binding of HIF. 
Although a cas-3 monitoring plasmid, p6HREs containing six cop-
ies of HRE and the TATA box, showed strong chemiluminescence 
in COS-7 cells, the signal was attenuated in Chang liver cells. This 
observation may be due to its low transcriptional activity. We thus 
replaced the TATA box with the CMV IE1 core promoter to enhance 
its transcriptional activity, due to the TFIIB recognition element 
(RBE) residing in the CMV IE1 core promoter, in addition its TATA 
box sequence.22 Indeed, the improvement successfully increased 
the chemiluminescence intensity 4-fold in the Chang liver cell line.

Differences in the chemiluminescence intensity between 
STS-treated and untreated cells were oxygen concentration 
dependent in a range of 0.1 to 1.0%; the lower the concentration, 
the stronger the intensity. There was no significant difference 
in the intensity at oxygen concentrations over 1.0%. In general, 
the median value of the oxygen partial pressure in tumor tissue 
is approximately 10 mmHg (1.3%), though the value would be 
affected by cancer cells constituting the tumor or the size of the 
tumor. By contrast, the median value of hypodermal tissue oxygen 
concentration is approximately 40–60 mmHg (5.2–7.9%).6 It has 
been reported that a hypoxia-imaging agent for positron emission 

Figure 5  Chemiluminescent imaging of apoptotic cells induced specifically in the hypoxic region of the spheroid formed with 6HRE-/CMV-cLuc 
transfected cells. (a) Distributions of hypoxic regions in the spheroid. Hypoxic regions stained red with LOX-1. Colocalization of spheroids and hypoxic 
regions were shown by merging of a fluorescent image into its phase construct image. (b) The accumulation of HIF-1α inside the spheroids. Spheroids 
or monolayer cultures of CMV-cLuc and 6HRE-/CMV-cLuc transfected cells were harvested for a western blot analysis of the HIF-1α protein. β-actin 
served as the loading control. (c) Chemiluminescent imaging of hypoxic cell apoptosis in the spheroids. The spheroids were treated with 1 µmol/l STS for  
2 hours and then chemiluminescent imaging was acquired with a lumino image analyzer. Chemiluminescent values were measured by a luminometer 
and the fold induction was calculated to plot the bar graph. The asterisks indicate statistical significances in the comparisons between samples treated 
with and without STS (paired Student’s t-test, P < 0.01; n = 5, mean ± SD).
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tomography,18F-fluoromisonidazole (18F-FMISO), enables imaging 
of hypoxic regions at approximately 0.8% oxygen tension; HIF-1α 
proteins within tumors of the living body accumulate in areas of at 
least 1–3% oxygen.23,24 Thus, with our constructed system regulated 
by HIF-1, we could visualize apoptosis in approximately half of the 
hypoxic regions in tumor tissue unaffected by normal tissue condi-
tions. In addition, the regions visualized with18F-FMISO and hypoxic 
apoptosis regions visualized with the constructed system were 
predicted not to completely overlap. As we observed lower chemi-
luminescence intensity in Chang liver cells than in COS-7 cells, dif-
ferent cells could respond differently to hypoxia. Thus, even under 
identical conditions, hypoxic cell apoptosis might not be visualized, 
depending on the cell type. As we improved the transcriptional 
activity in this study by changing the TATA box with the CMV IE1 
core promoter, we also may have to establish a simple method for 
fine tuning the transcriptional activity of the HRE-based promoter 
by changing the bases of the elements and adjusting the distances 
between elements.

We then employed the spheroid and successfully observed apop-
tosis in its hypoxic regions with our system. The spheroid is a good 
simulation for tumors in vivo since its microenvironment, including 
oxygen concentration, nutrition distribution, glycometabolism, and 
the receptor expression on the cell membrane, is similar to that of 
tumors.18 It is known that hypoxic regions in tumor tissue are resis-
tant to cancer therapies. Thus, our constructed system to visualize 
apoptosis, a rough therapeutic indicator, under hypoxic conditions 
could be a useful tool for screening anticancer agents effective in 
hypoxia, such as TPZ, and planning strategies for radiation therapies 
by determining the conditions of radiation exposure (e.g., doses, 
timings, durations, and fractions) in a mouse tumor xenograft model 
implanted with 6HRE-/CMV-cLuc stable cells. Moreover, the cyclic 
luc system developed by Ozawa and colleagues could be a useful 
tool to detect apoptosis under a specific condition when applied 
with a specific promoter, presumably leading to the development 
of novel anticancer therapies. Furthermore, it is possible to image 
hypoxic cell apoptosis noninvasively and in real-time induced 
within tumors originating from living organisms, which differs from 
the murine tumor xenograft model implanted with 6HRE-/CMV-
cLuc stable cells, by transfecting the vector which expresses the 
constructed hypoxic cell apoptosis imaging system to living tumor 
tissues. However, the in vivo transfection efficiency to tumors is usu-
ally quite low compared with in vitro. Moreover, the number of vec-
tors delivered into hypoxic regions is predicted to be much lower 
due to the great distance from the blood vessel to hypoxic regions 
and reduced flow due to abnormal vasculature. Thus, it might be dif-
ficult to detect apoptosis within hypoxic regions due to a weak che-
miluminescent signal. The development of a high-efficiency drug 
delivery system to hypoxic regions in tumor tissues is warranted.

Cancer stem cells (CSCs) are cancer cells that may generate tumors 
through the stem cell processes of self-renewal and differentiation 
into multiple cell types and are also considered to be the top of the 
hierarchy of tumor cells, similar to normal tissue stem cells. Recently, 
it has been realized that the hypoxic microenvironment is a key fac-
tor for stem cell phenotypes as a stem cell niche.25 Takubo et  al.26 
reported that hematopoietic stem cells in the bone marrow are pres-
ent in the stem cell niche under the hypoxic microenvironment, sug-
gesting that HIF-1 function is necessary to maintain the stemness of 
stem cells. Moreover, stem cell marker functions, such as Oct4, Nanog, 
Sox2, and Notch signal pathway activation by HIF, play a critical role in 
the mechanism for the stemness of CSCs.27 The mechanism of stem-
ness regulation by HIF-1 is considered to be universal in all aspects 

of CSCs as well as normal tissue stem cells. In the imaging system for 
hypoxic cell apoptosis constructed in this study, the expression of 
cyclic luc is regulated by HIF-1. Thus, the constructed system is antici-
pated to work in CSCs and considered to be available for screening of 
medical agents to eradicate CSCs responsible for cancer recurrence 
and metastasis. However, it is also known that CSCs are present in 
other areas than hypoxic areas.28 Therefore, to image CSC apoptosis 
via mechanisms other than HIF-1, the development of another sys-
tem applying the factors highly induced in CSCs is necessary.

MATERIALS AND METHODS
Reagents
All anticancer agents used in this study, such as STS, TPZ, mitomycin C, 
actinomycin D and doxorubicin, were purchased from Sigma-Aldrich 
(St. Louis, MO). These reagents were dissolved in dimethyl sulfoxide or 
phosphate-buffered saline (PBS) and diluted to a final concentration in 
culture medium. The cas-3 inhibitor Ac-DEVD-CHO was purchased from 
Promega (Madison, WI).

Cell culture and bacteria
COS-7 (simian cells transformed with an origin-defective mutant of simian 
virus 40, purchased from ATCC, Rockville, TX) and Chang liver cells (HeLa 
contaminant, purchased from ATCC, Rockville, TX) were grown in RPMI 1640 
medium supplemented with 10%(v/v) heat-inactivated fetal calf serum, 
100 U/ml penicillin and 100 µg/ml streptomycin. The cells were incubated in 
a 5% CO2 incubator at 37 °C. For hypoxia treatment, the cells were incubated 
in a hypoxic incubator with a range from 0.1–5% O2 balanced with N2. The 
DH5 α strain of Escherichia coli (Takara Bio, Ohtsu, Japan) was used for the 
DNA manipulation experiments. The E. coli cells were grown in LB medium 
at 37 °C. All medium compositions were purchased from BD Diagnostics 
(Sparks, MD). All experiments with E. coli were performed according to the 
methods described by Sambrook and Russell.29

Plasmid constructions
To construct plasmids designated pCMV to express the cyclic luc gene from 
the CMV promoter, the cyclic luc gene was PCR amplified using pcFLuc-DEVD, 
real-time sensing plasmids for cas-3 activities constructed by Ozawa and col-
leagues, as the template with a combination of the following primers: a forward 
primer with the EcoRI restriction site, 5′-ATAGAATTCGCCACCATGGTTAAAG-3′ 
and reverse primer with the BamHI restriction site, 5′-ATAGGATCCCTACA-
CATTGATCCTAG-3′ and then inserted into the EcoRI–BamHI site downstream 
of the CMV promoter in prHom-1 (Takara Bio). To explore the hypoxic-
responsive promoter sequences for the expression of the cyclic luc gene 
under hypoxic conditions, plasmids designated p4HREs, p6HREs or p12HREs 
containing 4, 6 or 12 HREs upstream of the TATA box, respectively, were 
constructed. For the construction of plasmids p4HREs, DNA fragments con-
taining four HREs upstream of the TATA box were PCR amplified using the 
plasmid p4xoptHBS as the template with a combination of the following 
primers: a forward primer with four copies of HRE consensus sequences, 
5′-ATAACGCGTCTGCACGTACTGCACGTACTGCACGTACTGCACGTA-3′ 
and reverse primer, 5′-ATAACTAGTCCATTATATACCCAGATCTCGAGCCCGG 
-3′ and then digested with SpeI and MulI. Underlining indicates the 
HRE consensus sequences. The amplified DNA fragment was ligated 
with a DNA fragment and PCR amplified using the pCMV as the tem-
plate with a combination of the following primers to construct p4HREs: 
a forward primer 5′-ATAACTAGTGGATCTTGGTGGCGTGAAACT-3′ and  
reverse primer, 5′-GGCCATTTACCGTAAGTTATGTAAC-3′. To construct p6HREs  
and p12HREs, DNA fragments were PCR amplified using plasmids p4HREs as 
the template with the following combination of primers: a forward primer, 
5′-ATAACTAGTCTGCACGTACTGCACGTACTGCACGTACTGCACGTACTG 
CACGTACTGCACGTAGCGGCG-3′ and reverse primer, 5′-ATAACTAGTCCTATAGT 
GAGTCGTATTACAATTCACTGG-3′ were self-ligated with the SpeI site. To 
construct plasmids designated p6HREs/CMV, which encodes the human 
CMV IE1 core promoter sequence in place of the TATA box upstream of 
the cyclic luc gene, DNA fragments were PCR amplified using plasmids 
p6HREs as the template with the following combination of primers: a 
forward primer with CMV IE1 core promoter sequence, 5′-ATACCTGCAG 
G A C G TAT G T C G A G G TA G G C G T G TA C G G T G G G A G G C C TATATA A G 
CAGAGC TCGT T TAGTGAACCGTCAGATCGCGAGC TCGCCACCATGG 
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TTAAAGTTATCG-3′ and reverse primer, 5′-ATACCTGCAGGCAGATCTCGAG 
CCCGGGCTAGC-3′ were self-ligated with the Sse8387I site. To construct 
the plasmids designated pCMV/Neo and p6HREs/CMV/Neo, which encode 
neomycin for the selection of stable transfectants, the ampicillin resistance 
gene within plasmids pCMV and p6HREs/CMV was replaced with the neo-
mycin/kanamycin resistance gene. Prior to use, the orientations, integrity, 
and sequences of these constructed plasmids were confirmed by nucleotide 
sequencing analyses.

Transfection and establishment of stable cell lines
For transient transfection experiments, 3.0 × 105 cells were seeded prior to 
transfection into a 60-mm glass petri dish and maintained for 12 hours at 
an atmosphere of 5% CO2 at 37 °C. To evaluate the enhancement ratio of 
chemiluminescence by luc activity restored through cas-3 activation, the 
cells were transfected with plasmids pCMV, p4HREs, p6HREs, p12HREs or 
p6HREs/CMV using the Effectene transfection reagent (Qiagen, Valencia, 
CA) followed by incubation for 12 hours. For the establishment of two sta-
bly transfected cell lines, CMV-cLuc and 6HREs/CMV-cLuc, 1.0 × 106 Chang 
liver cells were seeded into a 100-mm culture dish and then the cells were 
transfected with a plasmid pCMV or p6HREs/CMV containing the neomycin/
kanamycin resistance gene. Transfected cells were cultured for 14 days in 
culture medium containing 1 mg/ml of G418 (Nacalai Tesque, Kyoto, Japan). 
Antibiotic-resistant colonies were confirmed for the expression of a cyclic luc 
gene under normoxic and hypoxic conditions (0.1% O2).

Spheroid culture
Stable CMV-cLuc and 6HREs/CMV-cLuc cells (2 × 105 cells per well in a 24-well 
plate) were seeded onto a NanoCulture Plate (Scivax, Boston, MA) for 3D cell 
culture. Spheroids formed after 20 days cultivation were used in this study. 
After adding the hypoxia probe LOX-1 (Scivax) at 4 µmol/l into the culture 
medium for 12 hours, hypoxic regions inside the spheroids emitting red 
phosphorescence were detected by observation with conventional fluores-
cence microscopes.

Luciferase reporter assay and in vitro chemiluminescent imaging of 
apoptotic cells
After transfection, cells were incubated in fresh medium under normoxic 
(20% O2) or hypoxic (0.1% O2) conditions for 12 hours and then treated with 
each anticancer agent at the indicated concentration for the indicated period. 
During cas-3 inhibition with Ac-DEVD-CHO, transfected cells were treated 
with 100 µmol/l Ac-DEVD-CHO dissolved in 0.1% dimethyl sulfoxide or vehicle 
(0.1% dimethyl sulfoxide only) for 1 hour prior to exposure to 1 µmol/l STS. The 
treated cells were washed in PBS and lysed with 100 µl of passive lysis buffer 
(Promega, Madison, WI) for 15 minutes at ambient temperature. The luc assay 
was performed using the Luciferase Assay System (Promega), following the 
manufacturer’s instruction. Enhancement of the luc activity of each plasmid 
by a treatment was expressed as a fold induction where the value of lumines-
cence by the firefly luc of a sample with the treatment was divided by that 
of an identically prepared sample without the treatment. Chemiluminescent 
dot images of a cell extract from each sample with and without treatment 
were acquired with a lumino image analyzer after mixing the cell extract with 
a luc substrate (Promega). Chemiluminescent images of apoptotic cells were 
acquired with a lumino image analyzer after replacing the medium containing 
each anticancer agent with 500 µmol/l d-luciferin (Wako, Osaka, Japan).

Western blot analysis
After treatment with 1 µmol/l STS for 2 hours, spheroids or monolayer 
cell cultures of stable CMV-cLuc and 6HRE-/CMV-cLuc cells were washed 
in PBS twice and harvested by centrifugation. The cells were lysed in 150 
µl of RIPA buffer (50 mmol/l Tris-HCl pH 7.4, 400 mmol/l NaCl, 1%(v/v) 
Nonidet P-40, 0.25%(w/v)Na-deoxycholate) with a protease inhibitor 
(Sigma-Aldrich) and stored at −20 °C until use. Cell lysates (80 µg/lane) 
were separated through a 4–20% gradient polyacrylamide gel by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto 
nitrocellulose membranes (Schleicher & Schuell, Keene, NH). After block-
ing of the membrane with 3% skim milk in PBS for 1 hour, the mem-
branes were incubated with anti-HIF-1α antibody (1:500, Cat#3716S, Cell 
Signaling Technology Japan, K. K., Tokyo, Japan) or β-actin antibody (1:1000, 
Cat#4970S, Cell Signaling Technology Japan, K. K) overnight at 4 °C. After 
washing of the membrane three times with 0.1% Triton X-100 in PBS, the 

membranes were incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 60 minutes. The protein expression was visualized 
with enhanced chemiluminescence and blotting detection reagents (GE 
Healthcare UK, Buckinghamshire, England) using a LAS-500 luminescence 
imaging analyzer (GE Healthcare Japan corporation, Tokyo, Japan).

Statistical analysis
All values are expressed as the mean values ± SDs. Significant differences 
between groups were determined by the paired Student’s t-test or by the 
unpaired Student’s t-test. A P value < 0.05 was considered to be significant.
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