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TaBLE 2: Daily air pollutant levels and weather information on ADS days and non-ADS days in 2012 and 2013.

(a)

M ADS days
easurement

April 23 and 24, 2012 March 8 to 10, 2013 March 19 and 20, 2013
Daily average temperature, “C 17.6 + 1.1 13.6 £ 3.8 12414
Daily maximum temperature, 'C 23.3+3.0 20.4+0.9 18.6 £ 0.0
Daily minimum temperature, °C 13.1+0.7 8.0£5.8 79+45
Daily average relative humidity, % 70.0 £ 5.7 64.7 £7.6 79.5+3.5
Daily minimum relative humidity, % 48.0 +12.7 29.3 £10.7 52.0 £ 0.0
Daily average atmospheric pressure, hPa 1010.8 + 1.0 1008.6 + 3.1 1007.4 + 3.0
Daily average mineral dust particles, km™ 0.046 + 0.006 0.084 + 0.077 0.075 + 0.001
Daily average nonmineral dust particles, km™ 0.148 % 0.097 0.138 +0.050 0.097 + 0.001
Daily average SPM, pg/m’ 395+ 2.1 44.3 +19.0 325+5.0
Daily average PM, 5, gg/m’ 172+ 1.3 37.3+16.7 37.8+4.5
Daily average SO,, ppb 1.3+£06 20x1.1 19+1.3
Daily average NO,, ppb 1.5+04 3418 3.6+£0.6
Daily average O, ppb 559 %57 63.1 £10.5 494 +5.3

(®)
Measurement Non-ADS days
2012 2013

Daily average temperature, "C 15.7+3.5 13.2+5.0
Daily maximum temperature, "C 209 +£4.5 18.7+5.7
Daily minimum temperature, "C 10.9 £ 4.0 8.1+5.0
Daily average relative humidity, % 70.4 £9.3 69.8+9.8
Daily minimum relative humidity, % 44.9 + 154 42.8+13.6
Daily average atmospheric pressure, hPa 1010.0 £ 5.7 10113 +£5.9
Daily average mineral dust particles, km™ 0.016 +0.010 0.024 +0.017
Daily average non-mineral dust particles, km™ 0.042 + 0.037 0.073 + 0.049
Daily average SPM, pg/m’ 17.7 £10.1 17.8+8.9
Daily average PM, 5, pg/m’ 103 £54 17.5+7.3
Daily average SO,, ppb 0.9+0.6 1.0+0.8
Daily average NO,, ppb 26+12 2.75+1.2
Daily average O, ppb 50.0+£7.5 50.2 + 8.4

Data are presented as the mean + S.D., Non-ADS days were all other days except for ADS days from April 1 to May 31, 2012, and March 1 to May 31, 2013.

on day 0, -5.49 L/min (-8.14 to —2.85) on day 1, =3.15 L/min
(-5.54 to —0.75) on day 2, and —0.72 L/min (-3.03 to 1.59) on
day 3 after ADS. A significant decrease in PEF persisted for
2 days after ADS exposure in 2012. In 2013, the changes in
PEF were —2.33 L/min (-5.09 to 0.44) on day 0, —2.72 L/min
(~4.80 to —0.64) on day 1, —2.26 L/min (-3.98 to —-0.53) on
day 2, and —3.04 L/min (~4.68 to —~1.40) on day 3 after ADS.
A significant decrease in PEF continued from days 1 to 3 after
ADS exposure. On days 0 and 1, the decrease in PEF after
exposure to ADS in 2012 was significantly higher than that in
2013. In addition, the 2012 and 2013 forest plots indicate clear
differences. Significant differences were observed in PEF on
days 0 and 1, and the decrement of PEF in 2012 was higher
than that in 2013. In a two-pollutant model adjusted for
SPM, PM, 5, SO,, NO,, and O,, an ADS event in 2012 alone
was significantly associated with a decrease of PEF (Table 3).
In contrast, in 2013, a similar model gave no significant
relationship between ADS events and PEF in children.
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3.4. IL-8 Transcriptional Activity and IL-8 Secretion in THP-
G8 Cells. In THP-GS cells stimulated for 5h with various
LPS concentrations, nSLO-LA (a measure of IL-8 transcrip-
tional activity) reached a plateau at 100 ng/mL LPS (Fig-
ure 4(a)). Maximum induction of nSLO-LA by LPS (100 ng/mL)
occurred between 4 and 6h (Figure 4(b)). Based on these
results, we subsequently used stimulation for 5h to investi-
gate the effect of ADS airborne particles on IL-8 transcrip-
tional activity. The concentrations of IL-8 in supernatants of
THP-G8 cells stimulated with vehicle, LPS (n = 6, 1ng/mL),
and LPS (n = 6, 100 ng/mL) were 1.2 * 0.2, 26.6 + 6.2, and
77.4+10.9 ug/mL, respectively (Figure 4(c)). This increase in

IL-8 secretion is in agreement with the augmentation of nSLO

in THP-GS8 cells.

The pH values of ADS airborne particles (1 mg/mL) col-
lected on April 23 and 24, 2012; March 8 to 10, 2013; and
March 19 and 20, 2013 were 7.9, 7.6, and 7.6, respectively. The
nSLO-LA values (IL-8 transcriptional activity) of THP-G8
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TaBLE 3: Estimated effects of ADS events on PEF in two-pollutant model after adjustment for SPM, PM, ;, NO,, O, and SO,.

Year Adjustment Change in PEF 95% CI P value
Adjusted for SPM -3.00 -5.31,-0.68 0.011
Adjusted for PM, 5 -3.60 ~5.94,-1.27 0.002
2012 and 2013 Adjusted for SO, -2.14 ~4.43,0.15 0.059
Adjusted for O, -3.49 -5.70,-1.28 0.002
Adjusted for NO, -4.20 -6.37,-2.03 0.001
Adjusted for SPM ' —-6.04 -9.44, ~2.64 0.001
Adjusted for PM, 5 -6.48 -9.78,-3.18 0.001
2012 Adjusted for SO, ~7.41 -10.69,-4.13 0.001
Adjusted for O, -3.93 -7.25,-0.62 0.019
Adjusted for NO, -10.04 ~13.42,-6.67 0.001
Adjusted for SPM -1.57 -4.56,1.43 0.306
Adjusted for PM, 5 -1.97 -5.10,1.15 0.216
2013 Adjusted for SO, -2.19 -5.02,0.63 0.128
Adjusted for O, 0.19 -2.79,3.18 0.900
Adjusted for NO, -2.45 ~4.38,1.49 0.085

Calculated for an interquartile by ADS and adjusted for individual characteristics (age, gender, height, weight, and presence of asthma, allergic rhinitis, allergic
conjunctivitis, atopic dermatitis, and food allergies) and meteorological variables (temperature, humidity, and atmospheric pressure).

ADS: Asian dust storm, PEF: peak expiratory flow, SPM (ug/m’): suspended particle matter, PM, 5 (4g/m’): particulate matter smaller than 2.5 ym in diameter,
NO, (ppb): nitrogen dioxide, O,, (ppb): photochemical oxidants, SO, (ppb): sulfur dioxide, and CI: confidence interval.
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FIGURE 4: (a) IL-8 transcriptional activity in THP-G8 cells stimulated with LPS at various concentrations (n = 6) for 5h. IL-8 transcriptional
activity is based on normalized SLO luciferase activity (nSLO-LA), which was calculated as SLO-LA divided by SLR-LA. The fold induction
of nSLO-LA was calculated as the nSLO-LA of treated cells divided by that of untreated cells [18]. (b) IL-8 transcriptional activity in THP-G8
cells stimulated with 100 ng/mL LPS (n = 6) for various time periods. (c) Concentrations of IL-8 in supernatants of a stable THP-1-derived IL-
8 reporter cell line stimulated with solvent only (negative control), LPS (n = 6, 1ng/mL), and LPS (1 = 6,100 ng/mL). The IL-8 concentration
was measured using an ELISA kit. Samples were run in triplicate. The assay range was 31.2 to 2000 pg/mL.
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*P < 0.01 for the comparison with LPS at 100 pg/mL

** P < 0.02 for the comparison with LPS at 100 pg/mL

P < 0.01 for the comparison with ADS airborne particles in
April 23 and 24, 2012

FIGURE 5: IL-8 transcriptional activity measured using an IL-8 lucif-
erase assay in a stable THP-I-derived IL-8 reporter cell line. Cells
were treated with solvent only (1 = 6, negative control), LPS (n = 6,
100 pg/mL, positive control), LPS (# = 6, 100 ng/mL, positive con-
trol), and ADS airborne particles collected on April 23 and 24, 2012
(n = 6,1mg/mL), March 8 to 10, 2013 (n = 6,1 mg/mL), and March
19 and 20, 2013 (n = 6,1mg/mL). *P < 0.01 versus LPS at 100 pg/mL,
**P < 0.02 versus LPS at 100 pg/mL, and *P < 0.01 versus ADS
airborne particles from April 23 to April 24, 2012.

cells (Figure 5) changed by 0.95 + 0.09-fold (vehicle, n = 6),
2.87 + 0.28-fold (LPS, n = 6, 100 pg/mL), 11.21 + 0.28-fold
(LPS, n = 6,100 ng/mL), 9.56 + 0.80-fold (ADS particles from
April 23 to 24, 2012, n = 6, 1mg/mL), 3.65 + 0.36-fold (ADS
particles from March 8 to 10, 2013, n = 6, 1mg/mL), and
2.33 + 0.24-fold (ADS particles from March 19 to 20, 2013,
n=6,1mg/mL).

The pH value of CJ-1 soil was constant at 8.4 for each
event. The pH values of ADS airborne particles (1 mg/mL)
collected on April 23 and 24, 2012; March 8 to 10, 2013; and
March 19 and 20, 2013 were 7.9, 7.6, and 7.6, respectively.
THP-G8 cells were stimulated with CJ-1 soil after adjusting
the pH of the soil to 7.8 with 0.IN sodium hydroxide. The
nSLO-LA values (IL-8 transcriptional activity) of THP-G8
cells (Figure 5) changed by 0.95 + 0.09-fold (vehicle, n = 6),
1.48 + 0.27-fold (CJ-1 soil, n = 6, Img/mL), 2.87 + 0.28-
fold (LPS, n = 6, 100 pg/mL), 11.21 * 0.28-fold (LPS, n = 6,
100 ng/mL), 9.56 + 0.80-fold (ADS particles from April 23 to
24, 2012, n = 6, 1mg/mL), 3.65 + 0.36-fold (ADS particles
from March 8 to 10, 2013, n = 6, Img/mL), and 2.33 +
0.24-fold (ADS particles from March 19 to 20, 2013, n = 6,
1mg/mL). nSLO-LA values in THP-G8 cells stimulated by
ADS airborne particles differed significantly from those of
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controls and cells stimulated with 100 pg/mL LPS. nSLO-LA
values also differed significantly for each pairwise compari-
son of airborne particles collected in the three ADS periods.

3.5. Endotoxin Concentration in Airborne Particles Collected
on ADS Days. The endotoxin levels in ADS airborne particles
(Img/mL) collected on April 23 and 24, 2012; March 8 to
10, 2013; and March 19 and 20, 2013 were 0.19, 0.08, and
0.07 EU/mL, respectively. These values were all lower than the
level of 0.89 EU/mL found in 100 pg/mL LPS. The endotoxin
concentration in 100 ng/mL LPS was out of the range of the
assay.

3.6. Concentration of Metal Elements in CJ-1Soil and Airborne
Particles Collected on ADS Days. The concentrations of metal
elements in CJ-1 soil and ADS airborne particles collected on
April 23 and 24, 2012; March 8 to 10, 2013; and March 19 and
20, 2013 are shown in Table 4.

4. Discussion

To investigate the effect of ADS on pulmonary function,
we monitored daily PEF in school children from April to
May 2012 and March to May 2013 and found a significant
correlation between exposure to an ADS and pulmonary
function. The 2012 survey alone also showed this relationship.
When differences in PEF between the 2012 and 2013 results
were evaluated, the same relationship of PEF with ADS events
was not found in 2013, despite the study being conducted in
the same children. The decline of PEF upon ADS exposure in
2012 was also significantly higher than that in 2013, and IL-
8 transcriptional activity in THP-G8 cells induced by ADS
airborne particles collected in 2012 was also significantly
higher than that induced by ADS airborne particles collected
in 2013. These results suggest that the effect of ADS on
pulmonary function in children is associated with enhanced
airway inflammation mediated by elevation of IL-8.

Desert sand can reduce pulmonary function in patients
with asthma after exposure at a level of PM,, ranging from
1500 to 2000 pg/m’/hour [25]. This level of PM,, is 10 to
20 times higher than that during an ADS event in Japan. In
the current study, the level of mineral dust particles on ADS
events on March 8 to 10, 2013, and March 19 and 20, 2013 was
about twice as high as that in 2012. However, the decrease
of PEF after exposure to ADS in 2012 was higher than that
in 2013. These results suggest that the decline in pulmonary
function of school children during an ADS event has little
connection to mineral dust particles (sand dust particles).
Nonmineral dust particles were similar on ADS events in
2012 and 2013. ADS events in 2012 had higher counts of
air pollution aerosols than those in 2013. Based on Onishi’s
criteria [4], the ADS event in 2012 can be classified as Type 1
and those in 2013 as type 2. The air pollution aerosols during
ADS can be considered a cause of the significant difference
in the effect of the ADS on pulmonary function of school
children between 2012 and 2013.

The ADS days in 2013 were defined as moderate, while, on
April 23 and 24, 2012, the mean daily average concentration
of mineral dust particles was 0.046 + 0.006 km™" in Matsue
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TaBLE 4: Concentration of metal elements in CJ-1 soil and airborne particles collected on ADS days.
Mesk (ime)  ChLsall e Mawhbrmi0 20 Masch® anaa 20
Al 68.00 28.80 22.40 14.80
As ND ND ND ND
Ba 0.44 012 0.18 0.10
Ca 68.00 29.60 44.00 31.20
Cd ND ND ND ND
Co 0.01 ND ND ND
Cr 0.05 ND ND ND
Cu 0.03 0.12 ND 0.07
Fe 26.00 22.00 20.80 14.40
Hg ND ND ND ND
K 0.19 0.38 0.33 0.30
La 0.03 ND ND ND
Mg 18.00 14.00 16.80 14.40
Mn 0.70 0.52 0.56 0.40
Na 0.44 33.60 56.00 64.00
Ni 0.03 0.14 0.15 0.11
P 0.68 ND ND ND
Pb 0.02 0.06 012 0.06
Si 260.00 140.00 108.00 72.00
Sr 0.26 0.16 0.22 0.16
Ti 2.40 0.96 0.92 0.52
Zn 0.07 0.52 0.64 0.60

ADS: Asian dust storm, CJ-1 soil: soil from the China Loess Plateau, the original ADS soil in the Tengger Desert and Huining located in Gansu Province, and

ND: not detected.

City. These values are lower than the thresholds defined in
previous studies [9, 21]. However, the daily average level of
mineral dust particles on ADS days was higher than that on
non-ADS days, as required for definition of an ADS day in the
Japan Meteorological Agency criteria used in this study.

Many studies have shown that children are susceptible to
air pollution such as NO,, O,, and SO, [18, 26]. Therefore,
we used a linear mixed model and a two-pollutant model
to adjust for the effects of NO,, O,, and SO, on pulmonary
function. In both models, ADS in 2012 remained significant
after inclusion of NO,, O,, and SO,. However, in the 2013
survey, we were not able to find a significant association
with ADS and pulmonary function. These results suggest that
airborne particles during ADS decrease pulmonary function
irrespective of NO,, O,, and SO,.

IL-8 is a key cytokine in air pollutant-induced airway
inflammation [15, 16]. Components that adhered to ADS par-
ticles can increase release of IL-6 and IL-8 from airway epithe-
lial cells [27]. We showed that ADS airborne particles pro-
mote transcriptional activity and production of IL-8 in THP-
G8 cells, with a significant increase in IL-8 transcriptional
activity in THP-G8 cells treated with ADS airborne particles
compared to those treated with original ADS soil (CJ-1 soil).
Additionally, we measured the difference in production of
IL-8 by particles collected during each ADS event. The IL-8
transcriptional activity of ADS airborne particles collected in
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2012 was significantly higher than that for particles collected
in 2013. This difference in production of IL-8 by ADS airborne
particles may account for the different effects on pulmonary
function in school children in 2012 and 2013.

The production of IL-8 induced by ADS airborne particles
in 2012 had a significant difference compared to 2013. How-
ever, there was no difference between the two ADS airborne
particles in 2013. The ADS events in 2013 had happened close
together, and we suspect that the route and composition of the
ADS airborne particles in the two events were similar. In fact,
when we analyzed the effect on PEF between two ADS events
in 2013 separately, the decreases in PEF after exposure to ADS
were —4.1 L/min (95% CI, —10.6 to 2.4, P = 0.21) in March 8 to
10 and —3.3 L/min (95% CI, —10.8 to 4.1, P = 0.37) in March 19
and 20. In both ADS events in 2013, there was not a significant
decrease of the effects on PEE. Therefore, we presented the
combined results in the main analysis. The differences in
the substances and the levels of those substances attached to
desert sand dusts depend on the route along which desert
sand dusts pass and may play an important role in the effect
of ADS on pulmonary function in children.

According to the analysis of the concentrations of metal
elements, ADS airborne particles in 2012 had more Al, Cu, Fe,
K, and Ti compared to those on March 8 to 10 and March 19
and 20, 2013. The amounts of Al, Fe, and Ti in ADS airborne
particles in 2012 were lower than CJ-1. Cu and K may play
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a causative role in the difference of production of IL-8
induced by ADS airborne particles. However, Kumar et al.
indicated that Cu was not a cause of the production of CXCL1
(a mouse functional homologue of IL-8) and IL-6 induced
by ambient and traftic-derived particulate matter, but it did
indicate that Fe content of airborne particulate matter may
be more important in mouse airway epithelial injury [28].
Metal components attached to ADS airborne particles may
be one of the causes of the difference between 2012 and 2013,
but further study is needed to determine a role of metal
components attached to ADS on the effect of production of
proinflammatory cytokines.

Ogino et al. found that some proteins contained in ambi-
ent particulate matter are important environmental factors
that aggravate airway hyperresponsiveness and airway inflam-
mation in mice [29]. An ADS contains different amounts of
B-glucan, which can induce airway inflammation {30, 31].
Thus, in addition to chemical substances, anthropogenic
metal components, and sulfate, some proteins and f-glucan
attached to ADS airborne particles may play important roles
in the reduction of pulmonary function during ADS events.

Inhaled LPS is associated with airway neutrophil inflam-
mation in patients with asthma and in healthy subjects [32-
34]. Our results show that ADS airborne particles contain
endotoxin, and the endotoxin concentration of ADS airborne
particle was lower than that in LPS at 100 pg/mL. However,
the IL-8 transcriptional activity induced by ADS airborne
particle collected on April 23 and 24, 2012 and March 8 to
10, 2013 was significantly higher than that induced by LPS
at 100 pg/mL. Endotoxin may augment IL-8 transcriptional
activity in THP-GS8 cells, in addition to other substances on
ADS airborne particles that may induce IL-8.

Park et al. [10] and Yoo et al. [35] found a relationship
between ADS events and PEF in Korean children with
asthma, while Hong et al. did not find a significant relation-
ship between ADS events and PEF in children without asthma
[36]. Patients with allergic diseases may also be more sensitive
to air pollution [37-39]. Therefore, in this study, we analyzed
the data after adjustment for allergic diseases. This analysis
showed that there was a significant decrease of PEF on ADS
days in 2012 compared to 2013, regardless of the presence
of allergic diseases. However, the number of subjects with
each disease was too small to investigate the association of
PEF with ADS. Further studies are needed to define the
relationship between ADS and PEF in children with allergic
diseases.

In this study, children recorded their PEF value after
arriving at school but did not record their PEF value on week-
ends and public holidays. The ADS days March 9, 10, and 20,
2013 lacked PEF data because they were holidays. However,
this intermittent missing data is statistically independent of
the ADS events. Thus, it would not cause any serious bias in
the results. Although it would raise a reduction of statistical
power, the significant associations were still observed in the
primary analyses.

There are several limitations in the study. First, we did
not investigate diseases other than asthma, allergic rhinitis,
allergic conjunctivitis, atopic dermatitis, and food allergies.
Second, we were unable to diagnose asthma based on airway
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hyperresponsiveness to methacholine and reversible airflow
limitation. In this study, some children were considered to
have asthma, when in fact their wheezing may have been
caused by respiratory tract infection or other diseases. How-
ever, wheezing caused by respiratory tract infection and other
diseases is more common in children under 6 years old, and
that is younger than those in our study [40]. Additionally, it
is difficult to distinguish asthma and reactive airway disease
based on the present diagnostic criteria. Third, we were
unable to measure the individual amount of exposure to ADS.
Fourth, we did not analyze the composition of the ADS
airborne particles. Therefore, this study was not able to inves-
tigate which components of ADS airborne particles played
important roles in reduction of pulmonary function during
the ADS and which components induce IL-8. Further studies
are needed to define these components.

5. Conclusion

We conclude that the effect of exposure to ADS on pulmonary
function in school children differed among ADS events, and
that enhancement of IL-8 transcriptional activity also differed
among ADS airborne particles collected during the respective
events. These findings suggest that substances attached to
ADS airborne particles exacerbate pulmonary function of
school children. Further studies are needed to identify the
substances attached to the ADS airborne particles that play
key roles in exacerbation of pulmonary function.
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Abstract Bioluminescence imaging is widely used to moni-
tor cellular events, including gene expression in vivo and
in vitro. Moreover, recent advances in luciferase technology
have made possible imaging at the single-cell level. To im-
prove the bioluminescence imaging system, we have devel-
oped a dual-color imaging system in which the green-emitting
luciferase from a Brazilian click beetle (Emerald Luc, ELuc)
and the red-emitting luciferase from a railroad worm (Stable
Luciferase Red, SLR) were used as reporters, which were
localized to the peroxisome and the nucleus, respectively.
We clearly captured simultaneously the subcellular localiza-
tion of ELuc in the peroxisome and SLR in the nucleus of a
single cell using a high-magnification objective lens with 3-
min exposure time without binning using a combination of
optical filters. Furthermore, to apply this system to quantita-
tive time-lapse imaging, the activation of nuclear factor trig-
gered by tumor necrosis factor &« was measured using nuclear-
targeted SLR and peroxisome-targeted ELuc as the test and
internal control reporters, respectively. We successfully quan-
tified the kinetics of activation of nuclear factor kB using
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nuclear-targeted SLR and the transcriptional change of the
internal control promoter using peroxisome-targeted ELuc
simultaneously in a single cell, and showed that the activation
kinetics, including activation rate and amplitude, differed
among cells. The results demonstrated that this imaging sys-
tem can visualize the subcellular localization of reporters and
track the expressions of two genes simultaneously at subcel-
lular resolution.

Keywords Dual-color bioluminescence imaging -
Luciferase - Nuclear factor kB - Subcellular imaging -
Time-lapse imaging

Introduction

Bioluminescent reporters have become an essential tool for
studying various aspects of biological functions, including
gene expression, posttranscriptional modification, and pro-
tein—protein interactions, because the sensitivity and range of
the linear response are superior to those of other reporters,
including (3-galactosidase, chloramphenicol acetyltransferase,
and fluorescent proteins [1, 2]. In particular, luciferases are
used as sensitive reporters to monitor gene expression nonin-
vasively, quantitatively, and longitudinally in living cells, in
explant tissues, and in vivo [3-5].

Recent advances in luciferase technology have made pos-
sible the quantitative visualization of gene expression at
single-cell resolution by imaging luciferase luminescence in
real time using a highly sensitive charged-coupled device
(CCD) camera [4-6]. Although fluorescence imaging tech-
niques that use fluorescent proteins (e.g., green fluorescent
protein and its derivatives) as probes have contributed im-
mensely to the advancement of cell biology and are used as
powerful probes to monitor an extensive array of entities,
ranging from single molecules to whole organisms,
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bioluminescence imaging is rapidly emerging as a new and
sensitive approach to understanding cell physiology.

The luciferase emits light by oxidizing its substrate,
luciferin, in a specific manner [7]. Among the possible
luciferase/luciferin reactions, the beetle luciferase and p-
luciferin (a benzothiazole) pair is the best probe for the
long-term and noninvasive detection of cellular events,
because the luminescence generated by the reaction is
highly quantitative and has an extremely low background,
and D-luciferin is stable and easily permeates cells and
tissues [8—10]. Moreover, no external illumination is re-
quired to induce bioluminescent reactions. Therefore, the
characteristic properties of the beetle luciferase/luciferin reac-
tion allow cellular events to be monitored longitudinally and
quantitatively.

Of the luciferases identified to date, the firefly luciferase
from Photinus pyralis is the most commonly used as a
bioluminescent reporter. Although this reporter has been
extensively used to monitor multiple cellular events in cell
extraction assays, cell-based assays, and in vivo and single-
cell imaging [1, 2, 11], the light output of this reporter from
living cells is insufficient for analyses at high temporal and/
or spatial resolution. In particular, bioluminescence imag-
ing at the subcellular level is difficult because of the insuf-
ficient light output of available probes. To overcome this
limitation, we have recently developed a brighter green-
emitting luciferase (Emerald Luc, ELuc), from Brazilian
click beetle, and achieved imaging at the subcellular level
with high resolution [12].

Improvements in luciferases and detection systems have
enabled us to monitor the expressions of multiple genes si-
multaneously using luciferases that emit light of different
colors [4, 5]. To detect two genes simultaneously, green- and
red-emitting beetle luciferases that act on a single p-luciferin
substrate are commonly used. Any two or more luciferases
that stably emit separable emission spectra can be combined to
monitor the expression of multiple genes simultaneously. This
system has been widely used for cell extraction assays or real-
time monitoring in bacteria [13], yeasts [14], cultured plant
tissues [15], cultured mammalian cells [16-25], and explanted
tissues [26, 27], as well as for in vivo imaging [28-31].
Furthermore, more recently, we and others have applied the
dual-color luciferase system to the time-lapse biolumines-
cence imaging of a single cell to quantitatively and simulta-
neously track expressions of clock genes [32] and genes
involved in somitogenesis [33, 34] using ELuc and a red-
emitting luciferase (Stable Luciferase Red, SLR).

Although the dual-color luciferase system has succeeded in
visualizing multiple gene expressions simultaneously at the
single-cell level, it has never achieved dual-color imaging at
subcellular resolution. To improve the bioluminescence imag-
ing system, we have developed a dual-color bioluminescence
imaging system in which peroxisome-targeted ELuc and
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nuclear-targeted SLR are used as reporters in combination
with optical filters. With this system, we have successfully
imaged the subcellular localization of the reporters simulta-
neously with high spatiotemporal resolution, and tracked two
gene expressions at subcellular resolution.

Materials and methods
Plasmid construction

To construct a reporter plasmid carrying peroxisome-targeted
ELuc, the complementary DNA sequence in which the start
codon was replaced by an EcoRV site was amplified by
polymerase chain reaction using pELuc-test (Toyobo, Osaka,
Japan) as the template. The amplified product was ligated into
the EcoRV/Xhol site of pCMV-Tag2B (Stratagene) down-
stream of the immediate cytomegalovirus (CMV) promoter,
which resulted in the pPCMV-ELuc (pox) construct. To gener-
ate plasmid carrying nuclear-targeted SLR, the complementa-
ry DNA sequence in which the peroxisomal targeting signal
(Ser-Lys-Leu) at the extreme C-terminus and the stop codon
of SLR were replaced by a Xhol site was amplified by poly-
merase chain reaction using pSLR-test (Toyobo) as the tem-
plate. The amplified fragment was ligated into the Ncol/Xhol
site of pCMV/myc/nuc (Invitrogen, Carlsbad, CA, USA), in
which a triple nuclear localization signal from SV40 large T
antigen was introduced downstream of the multiple-cloning
site, for C-terminal fusion to the SLR, resulting in the pPCM V-
SLR (nuc) construct. To generate a nuclear factor kB (NF-kB)
reporter plasmid, oligonucleotides containing six tandem re-
peats of the NF-kB response element (NF-kB RE; 5'-CGGA
AAGTCCA-3") were ligated into the Xhol/Bgl/1 site of pSLR-
HSVtk Control (Toyobo), immediately upstream of the herpes
simplex virus thymidine kinase promoter. The SLR gene was
replaced by nuclear localization signal fused SLR with the
Ncol and Xbal fragment of pCMV-SLR (nuc) to generate
pNFkB-TK-SLR (nuc).

Cell culture and transfection procedures

Mouse NIH3T3 cells (Riken Cell Bank 1862) were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10 % fetal
bovine serum (FBS; ICN Biochemicals, Aurora, OH, USA) in
a humidified atmosphere containing 5 % CO, at 37 °C. One
day before the transfection, the cells were seeded in 35-mm
glass-bottom dishes (Iwaki, Tokyo, Japan) at 5x10° cells per
dish unless otherwise noted. Transfection was performed
using Lipofectamine PLUS (Invitrogen) according to the man-
ufacturer’s instructions.
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Spectral measurements

To measure bioluminescence spectra in living cells, NIH3T3
cells were transfected with 2 pg of pCMV-ELuc (pox) or
pCMV-SLR (nuc), and cultured for 1 day. The medium was
replaced with DMEM without phenol red (Gibco-BRL, Grand
Island, NY, USA) supplemented with 10 % FBS, 25 mM N-(2-
hydroxyethyl)piperazine-N'-ethanesulfonic acid (Hepes)/
NaOH (pH 7.0; Sigma-Aldrich), and 200 uM p-luciferin
potassium salt (Toyobo). The dish was placed on the sample
stage of a spectrophotometer (AB-1850, ATTO, Tokyo,
Japan), and spectral measurements were performed noninva-
sively for 1 min with a slit width of 1 mm.

Bioluminescence imaging

For bioluminescence imaging, NIH3T3 cells were transfected
with reporter plasmid, and were seeded in 35-mm glass-
bottom dishes (Iwaki) at 5x 10° cells per dish and incubated
for 1 day. The culture medium was replaced with DMEM
without phenol red (Gibco) supplemented with 10 % FBS,
25 mM Hepes/NaOH (pH 7.0; Sigma-Aldrich), and 500 uM
D-luciferin potassium salt (Toyobo), and was overlaid with
2 ml of mineral oil (Sigma-Aldrich) to prevent evaporation.
For tumor necrosis factor « (TNFx) treatment, TNFo (Wako,
Tokyo, Japan) at 10 ng/ml was added to the DMEM described
earlier. Bioluminescence imaging was performed using a
CellGraph (ATTO) luminescence microscope at 37 °C. CCD
images were acquired using a %20 or x40 objective lens
(numerical aperture, 0.9; Nikon, Tokyo, Japan) at 1 x 1 binning
of the 512x512 pixel array in the absence or presence of
BG39 short-pass (SCHOTT, Duryea, PA, USA) and R62
long-pass (HOYA, Tokyo, Japan) optical filters. Lumines-
cence intensity was quantified using CellGraph Viewer
(ATTO) and Metamorph (Universal Imaging, Brandywine,
PA, USA).

Real-time measurement of ELuc and SLR luminescence
using a luminometer

NIH3T3 cells were seeded in 35-mm dishes (Iwaki) at 5x 10
cells 1 day before transfection. NIH3T3 cells were
cotransfected with 1 pg of reporter plasmid pCMV-ELuc
(pox) and 2 ug of pNFkB-TK-SLR (nuc). One day after the
transfection, the culture medium was replaced with DMEM
without phenol red supplemented with 10 % FBS, 25 mM
Hepes/NaOH (pH 7.0; Sigma-Aldrich), 200 uM D-luciferin
potassium salt (Toyobo), and TNF«x at 10 ng/ml. Biolumines-
cence was measured and calculated as reported previously
[26]. Briefly, bioluminescence was recorded for 1 min at
intervals of 10 min in the absence or presence of the R62
long-pass filter at 37 °C using an AB2500 Kronos (ATTO)
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dish-type luminometer. Bioluminescence intensity was
expressed as counts per minute.

Results and discussion

Subcellular bioluminescence imaging using green-emitting
ELuc and red-emitting SLR

The bioluminescent reporters used in this study were the
green-emitting luciferase ELuc (A,,=538 nm) from a Bra-
zilian click beetle (Pyrearinus termitilluminans) [12, 35] and
the red-emitting luciferase SLR (A\,ax=630 nm) from a rail-
road worm (Phrixothrix hirtus) [18, 36] (Fig. 1). We chose
these luciferases as reporters for the following reasons: (1)
ELuc and SLR display the most blueshifted and redshifted
spectra, respectively, among the beetle luciferases, which are
most easily separable emissions; (2) these luciferases emit
light with a single Iuciferin (D-luciferin), allowing simulta-
neous emission; and (3) the emission colors are not affected by
intracellular pH changes [35, 36] and remain unchanged even
with prolonged incubation in the cells [26]. To perform dual-
color bioluminescence imaging at the subcellular level, ELuc
was targeted to a peroxisome by utilizing its own peroxisomal
targeting signal at the extreme C-terminus. SLR was targeted
to a nucleus by fusing the nuclear localization signal from
SV40 large T antigen at the C-terminus. To capture their
emissions with a CCD camera, we chose the BG39 short-
pass filter (maximum transmittance, 82 %; Fig. 1, dotted blue
line) and the R62 long-pass filter (maximum transmittance,
92 %; Fig. 1, dotted purple line) for ELuc and SLR,
respectively.

To determine whether subcellular bioluminescence imag-
ing is possible using these luciferases as reporters,
peroxisome-targeted ELuc and nuclear-targeted SLR were
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v 40
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Fig. 1 Emission spectra of luciferases in viable cells and transmission
spectra of the optical filters used in dual-color bioluminescence imaging.
NIH3T3 cells were transfected with 2 pg of reporter plasmid pCMV-
ELuc (pox) or p>CMV-SLR (nuc), and the spectra were measured without
destroying the cells. The bioluminescence spectra of peroxisome-targeted
Emerald Luc (ELuc) and nuclear-targeted Stable Luciferase Red (SLR)
are indicated by the green line and the red line, respectively. The trans-
mission spectra of BG39 short-pass and R62 long-pass filters are shown
by the dotted blue line and the dotted purple line, respectively
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independently expressed in NIH3T3 cells under the control of
the CMV promoter, and their images were captured using the
x40 objective lens without binning. As shown on the left in
Fig. 2, peroxisome-localized ELuc exhibited a typical perox-
isomal dot-like pattern, as reported previously [12]. The bio-
luminescence signal from nuclei was also clearly imaged
using nuclear-targeted SLR (Fig. 2, right). We have previously
demonstrated that bioluminescence imaging at the subcellular
level with a high-magnification objective lens requires high
signal intensity from living cells, and if the light intensity is
insufficient, it would be difficult to acquire images at high
temporal and/or spatial resolution, and this would result in
low-resolution images [12]. We preliminarily estimated the
light intensities of peroxisome-targeted ELuc and SLR from
living cells to be 5x107 and 4x10° photons per second,
respectively (data not shown), when measurements were con-
ducted under the same conditions (same promoter and vector
backbone) with a luminometer whose absolute responsivity
was calibrated as reported previously [37]. Thus, although the
light intensity of peroxisome-expressed SLR was approxi-
mately 1 % of that of peroxisome-expressed ELuc in living
cells, we could acquire clear images of SLR in the nucleus
(Fig. 2, right) by localizing SLR to the nucleus. Together, the
results indicate that ELuc and SLR display sufficient light
output intensity to make possible bioluminescence imaging
of the peroxisome and the nucleus, respectively, in cells and
that their emissions allow simultaneous imaging at subcellular
resolution.

Next, we determined whether optical filters are appropriate
to separate ELuc and SLR emissions. Peroxisome-targeted
ELuc and nuclear-targeted SLR were expressed independent-
ly in NIH3T3 cells, and images were acquired in the absence
or presence of optical filters. We obtained clear images of the
peroxisome-localized ELuc luminescence with the BG39
short-pass filter (Fig. 3a, left), even though the light intensity
was slightly lower (56.8+0.4 %) than that of the image taken
in the absence of the filter, owing to emission loss caused by

(Peroxisome) {Nucleus)

Fig.2 Representative bioluminescence imaging of peroxisome-localized
ELuc and nuclear-localized SLR in NIH3T3 cells. NIH3T3 cells were
transfected independently with 2 ug of reporter plasmid pCMV-ELuc
(pox) or pPCMV-SLR (nuc). Luminescence images were acquired using 3-
min exposure time and a x40 objective lens without binning (scale bar
20 um). A luminescence image, a bright-field photograph, and a merged
photograph are shown in the panels on the leff, in the middle, and on the
right, respectively. Schematic drawings of the plasmids are shown at the
top. BLIbioluminescence imaging. CMV cytomegalovirus promoter, NLS
nuclear Jocalization signal, PTS peroxisomal targeting signal
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Fig.3 Representative bioluminescence imaging of peroxisome-localized
ELuc and nuclear-localized SLR in NIH3T3 cells using optical filters. a
NIH3T3 cells were transfected independently with 2 pg of reporter
plasmid pCMV-ELuc (pox) or pCMV-SLR (nuc). Luminescence images
were acquired using 3-min exposure time and a x40 objective lens
without binning in the absence (indicated by no filter) or presence of
BG39 and R62 filters (scale bar 20 um). Schematic drawings of the
plasmids are shown at the rop. Schematic diagrams of the biolumines-
cence spectra of luciferases and the transmission spectra of the BG39 and
R62 filters (dotted lines) are shown in the middle. Luminescence images
of three representative cells with or without filters are shown at the
bottom. b Quantified luminescence intensity of peroxisome-localized
ELuc and nuclear-localized SLR shown in a

the filter. No remarkable luminescence signals were captured
with the R62 long-pass filter (Fig. 3a and b, left). In contrast,
clear images of the nuclear localization of SLR were obtained
with the R62 long-pass filter, the light intensity of which was
62.5+1.5 % of'that in the absence of the filter, but not with the
BG39 short-pass filter (Fig. 3a and b, right). The results
suggest that the BG39 and R62 filters are appropriate to
capture the luminescence of ELuc and SLR, respectively,
and that dual-color bioluminescence imaging at the subcellu-
lar level can be accomplished with these optical filters.

Dual-color bioluminescence imaging at the subcellular level

Next, we attempted to perform dual-color bioluminescence
imaging. NIH3T3 cells were cotransfected with peroxisome-
targeted ELuc and nuclear-targeted SLR, and images were
taken using the x40 objective lens in the presence of BG39
short-pass and R62 long-pass filters. One day after the
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transfection, ELuc emission through the BG39 filter and sub-
sequent SLR emission through the R62 filter were captured in
real time. Figure 4 shows representative images of three cells.
As expected, we captured clearly and simultaneously ELuc
luminescence from peroxisomes using the BG39 short-pass
filter (Fig. 4, left) and SLR luminescence from nuclei using
the R62 long-pass filter (Fig. 4, middle) even when these
luciferases were co-expressed in a single cell. The merged
photographs demonstrate that the respective luciferases are
accurately localized to peroxisomes and nuclei in a cell (see
also Movies S1, S2, S3). The results indicate that dual-color
bioluminescence imaging at subcellular resolution can be
performed using green-emitting ELuc and red-emitting SLR
and the combined use of optical filters. Furthermore, time-
lapse imaging demonstrated that the luminescence of
peroxisome-localized ELuc and nuclear-localized SLR could
be tracked continuously and simultaneously for a long time.
These results appear to indicate that the dual-color biolumi-
nescence imaging developed in this study makes possible
quantitative imaging of gene expression changes in a single
living cell at subcellular resolution.

& (Peroxisome)

(Nucleus)

R62 merge

Fig. 4 Representative dual-color bioluminescence imaging of peroxi-
some-localized ELuc and nuclear-localized SLR in NIH3T3 cells.
NIH3T3 cells were cotransfected with 1 pg of each reporter plasmid—
pCMV-ELuc (pox) and pCMV-SLR (nuc)—and incubated for 1 day.
Luminescence images were acquired using 3-min exposure time and a
x40 objective lens with BG39 and R62 filters (scale bar 20 um). Images
were taken without binning. Schematic drawings of the plasmids are
shown at the fop. Schematic diagrams of the bioluminescence spectra of
the luciferases and the transmission spectra of the BG39 and R62 filters
(dotted lines) are shown in the middle. Luminescence images acquired
using the BG39 (green) and R62 (red) filters and merged images of three
representative cells are shown at the bottom
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Time-lapse dual-color imaging assay of NF-kB-dependent
transactivation

To explore the possibility of quantitative imaging of the ex-
pressions of two genes by time-lapse dual-color imaging, we
attempted to track the TNFx-induced activation of NF-«kB,
which is activated by cytokines, including TNF«, growth
factors, and Toll-like receptor signaling [38, 39]. NF-kB exists
in an inactive form in the cytoplasm owing to its interaction
with IkB, an inhibitor of NF-kB. After activation of IxkB
kinase by TNF«, IkB is phosphorylated, ubiquitinated, and
degraded by proteasomes. The dissociated NF-kB becomes
free to translocate to the nucleus, where it activates specific
target genes through selective binding to the NF-kB RE.
Through such ways, NF-«kB regulates the expression of a wide
variety of genes, including cytokines, chemokines, and
antiapoptotic genes [40].

For time-lapse dual-color bioluminescence imaging, we
used nuclear-targeted SLR as the test reporter, whose expres-
sion is regulated by the NF-«kB RE upstream of the thymidine
kinase promoter. On the other hand, we used a reporter plas-
mid in which the peroxisome-targeted ELuc is expressed
under the control of the CMV promoter, as the internal control
reporter. NIH3T3 cells were cotransfected with these reporter
plasmids. One day after the transfection, the medium was
replaced with DMEM containing TNFx and D-luciferin.
Time-lapse imaging was performed using the x40 objective
lens in the presence of BG39 and R62 filters, and images were
captured for 3 min with 15-min intervals for 12 h. Figure 5a
(see also Fig. Sla and Movies S4, S5, S6) shows representa-
tive images of SLR luminescence from the nucleus and ELuc
luminescence from the peroxisomes of the TNFx-treated
cells. After TNF« treatment, the intensity of the SLR signal
that passed through the R62 long-pass filter gradually in-
creased, whereas the intensity of the ELuc signal that passed
through the BG39 filter slightly decreased or rapidly decayed
after an abrupt increase, which might be due to cell death
caused by TNF« stimulation. On the other hand, we could not
detect distinct SLR signals from the nuclei of the TNFx-
untreated cells even after 10 h, although ELuc luminescence
from peroxisomes could be captured clearly (Fig. S1b). The
results indicate that the increase in intensity of the SLR signal
from the nucleus of TNF«x-treated cells shown in Fig. 5a
specifically monitors NF-kB RE-dependent transactivation
via NF-kB activation pathways triggered by TNF«x.

To estimate NF-kB RE-dependent transactivation, we
quantified the SLR signals that passed through the R62 filter
and the ELuc signals that passed through the BG39 filter
(Fig. 5b, top), and the SLR signal intensity was normalized
to the ELuc signal intensity, as analyzed by a typical dual-
reporter assay (Fig. 5b, bottom). In two of three cells (cells 1
and 2), NF-kB RE-dependent transcription was initially rap-
idly activated but became constant after TNFo treatment for
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Fig. 5 Time-lapse dual-color
bioluminescence imaging of
tumor necrosis factor & (TNFx)-
induced nuclear factor kB
response element (NF-kB RE)-
dependent transactivation in
NIH3T3 cells. a NIH3T3 cells
were cotransfected with | pg of
reporter plasmid pCMV-ELuc
(pox) and 2 pg of pNFkB-TK-
SLR (nuc). One day after the
transfection, the culture medium
was replaced with Dulbecco’s
modified Eagle’s medium
supplemented with TNFoc at

10 ng/ml. CCD images were
acquired using 3-min exposure
time at 15-min intervals for 12 h
with a x40 objective lens without
binning (scale bar 20 pm).
Representative serial
luminescence images acquired
using R62 (red, indicated as SLR)
and BG39 (green, indicated as
ELuc) filters at 1-h intervals are
shown at the bottom. White
triangles in the images indicate

#1

#2

#3

m
-
[~
(4]

Light intensity
(x100/ 3 min)

| N O EN RN R
e R A R S

-~ I I S SR S N N

(Nucleus)

9 10 11 12 (h)

quantified organelle. Schematic
drawings of the plasmids are
shown at the top. b Recordings of
ELuc (green lines) and SLR (red
lines) luminescence shown in a
(top), and fold change (blue
lines), where the SLR intensity
was normalized to the ELuc
intensity (bottom). The fold
change at time zero is set to 1. 7K

Fold change
(SLR/ELuc)
O N B O

Time (h)

-

#1 #2

thymidine kinase promoter

8 h, whereas the NF-kB RE-dependent transcription of one
cell (cell 3) was continuously activated. We assume that the
differences in activation kinetics among the cells reflect dif-
ferences in sensitivity to TNFa among the cells. We also
confirmed the activation kinetics by means of real-time
photomultiplier recording, in which the overall average of
gene expressions was measured, under the same conditions
as those for Fig. 5. After treatment with TNF«, the cells were
acutely activated, and the bioluminescence intensity reached a
maximum approximately 9 h after treatment and remained at
this level until 12 h after treatment (Fig. S2), which was
similar to the kinetics of cells 1 and 2. Thus, the kinetics of
gene expression and activation measured by the two monitor-
ing systems were very similar, suggesting the suitability of the
bioluminescence imaging system developed in this work.
Thus, we have successfully used subcellular localized
green-emitting ELuc and red-emitting SLR to visualize and
quantify gene expression. This work is the first to demonstrate
the time-lapse simultaneous imaging of the expressions of two
genes by bioluminescence imaging at the subcellular level.
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Conclusions

We have developed a dual-color bioluminescence imaging
system in which peroxisome-targeted green-emitting ELuc
and nuclear-targeted red-emitting SLR are used as reporters.
This system allows us not only to track the subcellular local-
ization of luciferases in a single cell with high spatial resolu-
tion, but also to analyze two gene expressions with high
temporal resolution. The system offers several advantages
for high spatiotemporal imaging for the continuous visualiza-
tion of the intracellular localization of protein and gene ex-
pression at the subcellular level. This system can be easily
used to analyze the intracellular trafficking of proteins, such as
the nuclear entry of transcription factors, and the concomitant
change of gene expression. Furthermore, the system can be
also applied to subcellular imaging of intracellular dynamics
of Ca®" and ATP by combined use of aequorin, a blue-
emitting Ca®"-binding photoprotein, and SLR [41, 42], there-
by making possible the simultaneous analysis of multiple
cellular events.
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ABSTRACT

Reporter assays that use luciferases are widely employed for monitoring cellular events associated with
gene expression in vitro and in vivo. To improve the response of the luciferase reporter to acute changes of
gene expression, a destabilization sequence is frequently used to reduce the stability of luciferase protein
in the cells, which results in an increase of sensitivity of the luciferase reporter assay. In this study, we
identified a potent destabilization sequence (referred to as the C9 fragment) consisting of 42 amino acid
residues from human calpain 3 (CAPN3). Whereas the half-life of Emerald Luc (ELuc) from the Brazilian
click beetle Pyrearinus termitilluminans was reduced by fusing PEST (t;;, =9.8 to 2.8 h), the half-life of
(9-fused ELuc was significantly shorter (t;2 =1.0h) than that of PEST-fused ELuc when measurements
were conducted at 37 °C. In addition, firefly luciferase (luc2) was also markedly destabilized by the C9
fragment compared with the humanized PEST sequence. These results indicate that the C9 fragment from
CAPN3 is a much more potent destabilization sequence than the PEST sequence. Furthermore, real-time
bioluminescence recording of the activation kinetics of nuclear factor-«B after transient treatment with
tumor necrosis factor o revealed that the response of C9-fused ELuc is significantly greater than that of
PEST-fused ELuc, demonstrating that the use of the C9 fragment realizes a luciferase reporter assay that

has faster response speed compared with that provided by the PEST sequence.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Reporter assay systems are widely used to study various
biological functions, such as gene expression, post-translational
modification, and protein-protein interaction, in vitro and in vivo
(Greer and Szalay, 2002; Gross and Piwnica-Worns, 2005; Wilson

Abbreviations: CAPN3, calpain 3; ELuc, Emerald Luc from Brazilian click bee-
tle Pyrearinus termitilluminans; CCD, charged-coupled device; luc2, firefly luciferase
from Photinus pyralis; EGFP, enhanced green fluorescent protein; TK, thymi-
dine kinase; NF-kB, nuclear factor-«kB; TNFa, tumor necrosis factor o; MI-HAC,
multi-integrase human artificial chromosome; DMEM, Dulbecco’s Modified Eagle’s
Medium; FBS, fetal bovine serum; FISH, fluorescence in situ hybridization.

* Corresponding author. Tel.: +81 87 869 3525; fax: +81 87 869 4178.

E-mail address: y-nakajima@aist.go.jp (Y. Nakajima).
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and Hastings, 1998). Of the reporter genes known to date,
luciferases that emit light by oxidizing their substrates are fre-
quently employed because their sensitivity and range of linear
response are superior to those of other typical reporters, including
{3-galactosidase, chloramphenicol acetyltransferase, and fluores-
cent proteins (Naylor, 1999). Thus, luciferases are the most suitable
reporter genes for the quantitative measurement of cellular events,
including gene expression.

In a typical luciferase reporter assay that uses firefly and
Renilla luciferases, a luciferase-expressing object, such as a cell,
is destroyed at a particular time point, called the endpoint assay,
enabling conventional and high-throughput assay. On the other
hand, Gaussia, Metridia, and Cypridina luciferases are secreted from
cells by utilizing their own secretion signals, thereby allowing us
to continuously monitor luciferase activity in the culture medium.
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Recent improvements of both the luciferases and the detection
systems have enabled us to detect noninvasively bioluminescence
from cells, tissues, and whole organisms in real time by using a
photomultiplier tube or a highly sensitive charged-coupled device
(CCD) camera(Luker and Luker, 2008; Nakajima and Ohmiya, 2010;
Welsh and Kay, 2005). Such monitoring systems permit the kinetic
analysis of gene expression and change of second messenger levels,
such as ATP and Ca®* (Grygorczyk et al, 2013; Kwon et al., 2012).
In general, bioluminescence detection sensitivity increases pro-
portionally with the stability of luciferase protein in the cells due
to the accumulation of residual luciferase protein. Conversely, it
is known that a stable luciferase is inappropriate for the high-
sensitivity detection of acute changes of cellular response, owing
to the residual photonic contribution of the pre-existing luciferase
protein (Leclerc et al., 2000). In this regard, for monitoring acute or
transient changes of cellular response, a destabilization sequence
is frequently used to reduce the stability of the luciferase pro-
tein in the cells. The most typical destabilization sequence is the
PEST motif from the C-terminal region of ornithine decarboxyl-
ase. The PEST sequence, which consists of 41 amino acid residues,
contains regions rich in proline, glutamate, serine, and threonine
residues, and participates in proteolytic degradation (Rechsteiner
and Rogers, 1996). By fusing the PEST sequence to the C-termini
of luciferases, including firefly luciferase from Photinus pyralis,
Renilla luciferase from Renilla reinformis, and Emerald Luc (ELuc)
from Pyrearinus termitilluminans, the half-lives of those luciferases
became significantly shorter than those of unmodified luciferases
(Leclerc et al, 2000; Nakajima et al,, 2010; Voon et al., 2005).
Although the PEST sequence enables highly sensitive detection of
rapid up- and downregulation of gene expression, a much more
‘potent destabilization sequence is required to improve assay sensi-
tivity. For this purpose, an mRNA degradation signal, such as an AU-
rich element from an immediate early gene, such as c-fos or c-myc,
isintroduced into the 3’ untranslated region of the firefly and Renilla
luciferase genes, in combination with the PEST sequence, to drasti-
cally destabilize mRNA and protein expression (Voon et al., 2005).
However, the interpretation of the results of the luciferase assay
would be more straightforward when the stability of luciferase pro-
tein is simply reduced by fusing the destabilization sequence only.
Calpain 3 (CAPN3, also called p94), a member of the calpain
superfamily, is a calcium- or sodium-dependent cysteine protease
mainly expressed in skeletal muscle, and is involved in many cel-
lular functions, including cytoskeletal remodeling processes, cell
differentiation, and apoptosis (Duguez et al., 2006; Sorimachi et al.,
2011). CAPN3 is also known to be a short-lived protein. In vitro
experiments demonstrated that CAPN3 was almost completely

degraded within 10 min by autolysis (Fanin et al., 2007; Sorimachi .

et al,, 1993). We therefore thought that a more rapid method for
the destabilization of luciferase than the destabilization by PEST
sequence could be achieved by fusing partial fragments of CAPN3
protein.

In this study, we identified a potent destabilization sequence
consisting of 42 amino acid residues from CAPN3, which achieved
more rapid degradation of luciferase in the cells than the PEST
sequence. In addition, we successfully monitored the acute activa-
tion of nuclear factor-kB (NF-kB) by treatment with tumor necrosis
factor a (TNFa), and confirmed that the sensitivity of the luciferase
assay was markedly improved by using CAPN3-fused luciferase
rather than PEST-fused luciferase.

2. Materials and methods

2.1. Plasmid construction

In the present study, the destabilization sequences were fused
in-frame to the C-terminus of ELuc from P. termitilluminans

136

M. Yasunaga et al. / Journal of Biotechnology 194 (2015) 115-123

(Nakajimaetal., 2010). To construct an expression plasmid carrying
cytosol-targeting ELuc, cDNA sequence in which the peroxisome-
targeting signal (Ser-Lys-Leu) at the extreme C-terminus of ELuc
was deleted by the polymerase chain reaction (PCR) with the
pELuc-test (TOYOBO, Osaka, Japan) was used as the template, with
the primer set SLGOR-T-F1 and ELuc(-PTS)-R-Xbal (Table S1). The
amplified product was ligated into the Ncol/Xbal site of expres-
sion vector pGVC2 (TOYO Inc., Tokyo, Japan), from which the firefly
luciferase was removed, resulting in pSV40-ELuc (cyto). PEST-
fused ELuc, in which the PEST sequence is fused in-frame to the
C-terminus of ELuc whose peroxisome-targeting signal has been
removed, was prepared as reported previously (Nakajima et al.,
2010). Briefly, the PEST sequence of mouse ornithine decarboxylase
(in which the Ncol site at the C-terminal end was deleted with-
out changing the deduced amino acid sequence) was PCR-amplified
with pd1EGFP-N1 (Clontech, Palo Alto, CA) as the template using
the primer set PEST-F-EcoRVm and PEST-R-Xbal, and the amplified
product was ligated downstream of ELuc (cyto). The PEST-fused
ELuc (cyto) was then replaced with the Ncol and Xbal fragment of
pGVC2, from which the firefly luciferase was removed, resulting in
pSV40-ELuc::PEST.

To generate an expression plasmid carrying CAPN3-fused ELuc,
a partial sequence of human CAPN3 (hCAPN3) was PCR-amplified
with FLJ40082 plasmid (TOYOBO) as the template using the primer
set Capn3-F-Smal and Capn3-R-Xbal, and the amplified prod-
uct was ligated into the EcoRV/Xbal site of pSV40-ELuc::PEST,
from which the PEST sequence was removed, resulting in pSV40-
ELuc::CAPN3. Expression plasmids carrying CAPN3 fragments
N1-, C1-, C2-, and C3-fused ELuc were prepared by inverse
PCR using a KOD -Plus- Mutagenesis Kit (TOYOBO) with pSV40-
ELuc::CAPN3 as the template, and primer sets Capn3-R1 and
SV40-pA-F (for the N1 fragment), ELuc(-PTS,-Stop)-R-EcoRV and
Capn3-F1 (for the C1 fragment), ELuc(-PTS,-Stop)-R-EcoRV and
Capn3-F2 (for the C2 fragment), and Capn3-R2 and SV40-pA-F (for
the C3 fragment), respectively, resulting in pSV40-ELuc::CAPN3-
N1, pSV40-ELuc::CAPN3-C1, pSV40-ELuc::CAPN3-C2, and pSV40-
ELuc::CAPN3-C3. The C4 to C9 fragments of CAPN3 were amplified
by PCR with the FLJ40082 plasmid as the template using
primer sets Capn3-F1 and Capn3-R3-Xbal (for the C4 fragment),
Capn3-F4 and V-R4-Xbal (for the C5 fragment), Capn3-F5 and
Capn3-R5-Xbal (for the C6 fragment), Capn3-F2 and Capn3-
R6-Xbal (for the C7 fragment), Capn3-F6 and Capn3-R7-Xbal
(for the C8 fragment), and Capn3-F7 and Capn3-R-Xbal (for
the C9 fragment), respectively. The amplified fragments were
digested with Xbal and ligated into the EcoRV/Xbal site of pSV40-
ELuc::PEST, from which the PEST sequence was removed, result-
ing in pSV40-ELuc::CAPN3-C3, pSV40-ELuc::CAPN3-C4, pSV40-
ELuc::CAPN3-C5, pSV40-ELuc::CAPN3-C6, pSV40-ELuc::CAPN3-
C7, pSV40-ELuc::CAPN3-C8, and pSV40-ELuc::CAPN3-C9. The C10,
C11, and C12 fragments of CAPN3 were prepared by anneal-
ing the following sets of 5'-phosphorylated oligonucleotides:
Capn3-C10F and Capn3-C10R (for the C10 fragment), Capn3-C11F
and Capn3-C11R (for the C11 fragment), and Capn3-C12F and
Capn3-C12R (for the C12 fragment), respectively. Phosphorylated
double-strand DNAs were ligated into pSV40-ELuc::CAPN3, from
which the CAPN3 sequence was removed by inverse PCR using
the primer set ELuc(-PTS,-Stop)-R-EcoRV and SV40-pA-F, resulting
in pSV40-ELuc::CAPN3-C10, pSV40-ELuc::CAPN3-C11, and pSV40-
ELuc::CAPN3-C12.

To generate an expression plasmid carrying humanized PEST
(hPEST)-fused firefly luciferase (luc2), hPEST-fused luc2 was
excised with Ncol and Xbal from pGL4.37 (Promega, Madison,
WI), and the fragment was ligated into the Ncol/Xbal site of
pSV40-ELuc::CAPN3-C9 from which ELuc::CAPN3-C9 fragment
was removed, resulting in pSV40-luc2::hPEST. An expression plas-
mid carrying CAPN3-C9-fused luc2 was generated by using the In
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Fusion System (Clontech). First, the CAPN3-C9 fragment was PCR-
amplified with pSV40-ELuc::CAPN3-C9 as the template using the
primer set Capn3-13F-luc2-EcoRV and Capn3-13R-pGVC2. Next,
luc2 cDNA without the hPEST sequence was PCR-amplified with
pGL4.37 as the template using the primer set luc2-F-pGVC2-Hindlll
and luc2-R-Capn3c9-EcoRV. The amplified products were simulta-
neously ligated into the Hindlli/Xbal site of pSV40-ELuc::CAPN3-C9
from which the ELuc::CAPN3-C9 fragment was removed, using
the In Fusion System according to the manufacturer’s instructions,
resulting in pSV40-luc2;::CAPN3-CS.

To generate an expression plasmid carrying C9-fused enhanced
green fluorescent protein (EGFP), the CAPN3-C9 fragment was PCR-
amplified with pSV40-ELuc::CAPN3-C9 as the template using the
primer set Capn3-F7 and Capn3-R-Xbal, and the fragment was lig-
ated into the Smal/Xbal site of pEGFP-C2 (Clontech) downstream of
EGFP, resulting in pCMV-EGFP::CAPN3-C9.

To generate NF-«kB reporter plasmids, oligonucleotides con-
taining six tandem repeats of the NF-kB response element
(5'-CGGAAAGTCCCA-3’) were ligated into the Xhol/Bglll site of
pSLR-HSVtk Control (TOYOBO), immediately upstream of the
herpes simplex virus thymidine kinase (TK) promoter. The SLR
gene was replaced with Ncol and Xbal fragment of pSV40-
ELuc (cyto), pSV40-ELuc::PEST, and pSV40-ELuc::CAPN3-C9. Then,
expression cassettes consisting of the NF-kB response element,
the HSV-TK promoter, ELuc or destabilized ELuc, and polyA sig-
nal were amplified by PCR using the primer set SLGOR-T-F2
and SLGOR-T-R1, and the amplified products were cloned into
pENTR-D-TOPO (Invitrogen). The expression cassettes were recom-
bined into pNeo-¢C31 attB (Yamaguchi et al, 2011) by the LR
reaction using LR Clonase Il Plus Enzyme Mix (Invitrogen), yield-
ing p¢eC31-Neo-NFkB-ELuc, p@C31-Neo-NFkB-ELuc::PEST, and
p®C31-Neo-NFkB-ELuc::CAPN3-C9.

2.2. Cell culture

Mouse NIH3T3 cells (Riken Cell Bank 1862) and A9 cells har-
boring the multi-integrase human artificial chromosome (MI-HAC)
vector (Yamaguchi et al., 2011) were grown in Dulbecco’s Modified
Eagle’'s Medium (DMEM, Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS, ICN Biochemicals,
Aurora, OH) in a humidified atmosphere containing 5% CO, at 37°C.

2.3. Measurement of stability of luciferases in NIH3T3 cells

NIH3T3 cells were seeded in 96-well black clear-bottom plates
(Nunc, Wiesbaden, Germany) at 2 x 104 cells per well one day
before transfection. One hundred nanograms of reporter plasmid
was transfected using Lipofectamine PLUS (Invitrogen) accord-
ing to the manufacturer’s instructions. One day after transfection,
the culture medium was replaced with DMEM without phenol
red (Gibco-BRL, Grand Island, NY) but supplemented with 10%
FBS, 200 1M D-luciferin potassium salt (TOYOBO) that had been
dissolved in distilled water, and 100 wM cycloheximide (Nacalai
Tesque), and overlaid with 50 ul of mineral oil (Sigma-Aldrich) to
prevent evaporation. Bioluminescence was recorded in real time
for 10s at 10-min intervals for 9.6 h at 37°C using a microplate-
type luminometer (AB-2350 Phelios, ATTO, Tokyo, Japan) unless
otherwise noted.

2.4. Immunoblot analysis

NIH3T3 cells were seeded in six-well plates at the density of
5x 105 cells per well one day before transfection. Two micro-
grams of expression plasmid was transfected into the cells, and
the cells were incubated for two days. Thereafter, the culture
medium was replaced with DMEM supplemented with 10% FBS and

100 uM cycloheximide. The cells were incubated at 37 °C under 5%
CO, atmosphere, and lysed with M-PER extraction reagent (Pierce
Biotechnology, Rockford, IL) supplemented with protease inhibitor
cocktail (Roche, Basel, Switzerland). For the detection of ELuc and
EGFP, we used rabbit anti-ELuc and anti-EGFP polyclonal antibod-
ies that were raised against purified recombinant ELuc (Nakajima
et al., 2010) and EGFP. For the detection of tubulin, mouse anti-
a-tubulin (Sigma-Aldrich) was used as the primary antibody. We
used horseradish peroxidase-conjugated anti-rabbit I1gG (Jackson
ImmunoResearch, West Grove, PA) and anti-mouse igG (BioRad,
Hercules, CA) as the secondary antibodies. The antibodies were
diluted with Can Get Signal solution (TOYOBO)(1/20,000, 1/20,000,
and 1/3,000 dilution for anti-ELuc, anti-EGFP, and anti-tubulin anti-
bodies, respectively). Immunoreactive bands were detected with
the ECL Plus kit (GE Healthcare, Freiburg, Germany) according to
the manufacturer’s instructions using an image analyzer (LAS-3000
mini, Fuji Photo Film, Tokyo, Japan).

2.5. Generation of stable cell lines

Mouse fibroblast A9 cells harboring the MI-HAC vector
were seeded in six-well plates at 6x 107 cells per well one
day before transfection. Three micrograms of reporter plasmid,
p¢@C31-Neo-NFkB-ELuc, ppC31-Neo-NFkB-ELuc::PEST or peC31-
Neo-NFkB-ELuc::CAPN3-C9, was co-transfected with 1 g of (31
recombinase expression plasmid pCMV-¢C31 (Yamaguchi et al,
2011) using Lipofectamine PLUS (Invitrogen) according to the man-
ufacturer’s instructions. The transfected cells were seeded in 10-cm
dishes one day after transfection, and subcultured for selection with
800 pg/ml G418 (Nacalai Tesque). Integration of transgene into the
corresponding site on the HAC vector was confirmed by genomic
PCR using the primer set PGK5 and G418 3AS.

2.6. Fluorescence in situ hybridization (FISH) analysis

Preparation of metaphase chromosome from exponentially
growing cell culture and FISH were performed as reported pre-
viously (Tomizuka et al, 1997). Briefly, FISH was carried out
using digoxigenin-labeled (Roche, Basel, Switzerland) human COT1
DNA (Invitrogen) and biotin-labeled reporter plasmid peC31-
Neo-NFkB-ELuc. Chromosome DNA was counterstained with DAPI
(Sigma-Aldrich). Images were captured with a fluorescence micro-
scope BX51 (Olympus, Tokyo, Japan).

2.7. Real-time bioluminescence measurement of TNFu-induced
NF-«B activation

The A9 stable cell lines in which the NF-«B reporter plasmid was
integrated into the MI-HAC vector were seeded in 35-mm dishes at
6 x 10° cells per dish. After one day, the medium was replaced with
DMEM without phenol red (Gibco-BRL) and supplemented with
10% FBS and 10 ng/ml TNFa (Wako, Tokyo, Japan), and incubated for
15 min. The medium was again replaced with DMEM without phe-
nol red (Gibco-BRL) but containing 10% FBS and 200 uM D-luciferin
potassium salt (TOYOBO) that had been dissolved in distilied water,
and overlaid with mineral oil (Sigma-Aldrich) to prevent evapora-
tion. Bioluminescence was recorded for 1 min at 15-min intervals
under a 5% CO, atmosphere at 37 °C using a dish-type luminometer
(AB2500 Kronos, ATTO).

2.8. Time-lapse bioluminescence imaging

The A9 stable cell lines in which the NF-kB-ELuc::CAPN3-C9
reporter plasmid was integrated into the MI-HAC vector were
seeded in 35-mm glass-bottom dishes (Iwaki, Tokyo, Japan) at
6 x 10° cells per dish. After one day, the medium was replaced with
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DMEM without phenol red (Gibco-BRL) but supplemented with
10% FBS, 25mM Hepes/NaOH (pH 7.0; Sigma-Aldrich), 500 uM
D-luciferin potassium salt (TOYOBO) that had been dissolved
in distilled water, and 10ng/ml TNFa (Wako), and was sealed
with Parafilm (American National Can, Menasha, IL) to prevent
evaporation. Bioluminescence imaging was performed using the
luminescence microscope CellGraph (ATTO) at 37 °C. CCD images
were acquired with a 10-min exposure time at 15-min intervals
with a 4x objective lens (NA, 0.5; ATTO) at 1 x 1 binning of the
512 pixel x 512 pixel array. Luminescence intensity was quantified
with CellGraph Viewer (ATTO) and Metamorph (Universal Imaging,
Brandywine, PA).

3. Results

3.1. CAPNS3 significantly destabilizes luciferase protein in cells
more than PEST sequence

In this study, we used the FLJ40082 clone (GenBank accession
number AK097401) as hCAPN3 cDNA, which is a close homologue,
and the partial sequence of the entire hCAPN3 (GenBank accession
number AF209502), which corresponded to amino acid residues
between 104 and 513 of hCAPN3 (Fig. S1, hereinafter referred
to as CAPN3), and ELuc (Nakajima et al, 2010) as reporter. As
ELuc exhibits brighter luminescence in cells compared with other
beetle luciferases, including the firefly luciferase, because of the
high stability of ELuc in the cells, it allowed us to reliably esti-
mate the destabilization effect of CAPN3. The functional half-life
of destabilized ELuc was estimated as the half-decay time of the
luminescence intensity recorded over time in the presence of the
protein synthesis inhibitor cycloheximide.

To determine whether the stability of ELuc can be reduced by
CAPN3, CAPN3 cDNA was fused in-frame to the C-terminus of ELuc
(Fig. S2). As shown in Fig. 1, whereas the functional half-life of
unmodified ELuc in NIH3T3 celis was 9.83 h under the experimen-
tal conditions used in this study, the half-life of CAPN3-fused ELuc
was significantly shortened (1.72 h). Furthermore, the half-life of
CAPN3-fused ELuc was shorter than that of ELuc fused to the typical
destabilizing motif PEST sequence from mouse ornithine decar-
boxylase (2.80h), suggesting that CAPN3 contains a very effective
destabilizing motif.

Western blot analysis using anti-ELuc antibody revealed that
the amount of residual CAPN3-fused ELuc protein in the cells
at time 0 was much smaller than that of the unmodified ELuc
and the PEST-fused ELuc, and that the CAPN3-fused ELuc pro-
tein was rapidly degraded during incubation in the presence of
cycloheximide (Fig. 1b). The results indicate that the decay of bio-
luminescence kinetics and light intensity caused by fusing CAPN3
is due not to the inhibition of the luciferin-luciferase reaction, but
to the degradation of ELuc protein in the cells.

3.2. Identification of minimum destabilization sequence in CAPN3

We identified the minimum CAPN3 sequence that can effec-
tively destabilize luciferase protein in the cells, as the minimum
fragment size would reduce the risk of loss of luciferase activ-
ity due to interference with the active conformation and/or the
luciferin-luciferase reaction when the fragment is fused to
luciferase. First, CAPN3 was divided into two fragments (N1 and
C1 fragments), and the half-lives and the light intensities of
ELuc fused at C-terminus to those fragments in the NIH3T3 cells
were determined by real-time bioluminescence measurements
(Figs. 2, S3, and S4). We examined the stability and the light inten-
sity of ELuc fused to CAPN3 fragments using a 96-well plate format,
which enables a direct comparison to a control experiment with
PEST sequence performed in parallel. Both the half-life and the light
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Fig. 1. Stability of ELuc, PEST-fused ELuc, and CAPN3-fused ELuc in NIH3T3
cells. (a) Functional half-lives of ELuc, PEST-fused ELuc, and CAPN3-fused ELuc.
Expression plasmids pSV40-ELuc (cyto), pSV40-ELuc (cyto)::PEST, and pSV40-ELuc
(cyto)::CAPN3 were independently transfected into NIH3T3 cells seeded in 96-well
plates. One day after transfection, the culture medium was replaced with DMEM
supplemented with 10% FBS, 200 uM D-luciferin, and 100 .M cycloheximide. Bio-
luminescence was recorded in real time for 10 s at 10-min intervals for 9.6 hat37-C.
The maximum peak values were set to 100%. Error bars indicate the standard devi-
ation (n=4), (b) Western blot analysis of unmodified ELuc, PEST-fused ELuc, and
CAPN3-fused ELuc in NIH3T3 cells. The expression plasmids were transfected into
NIH3T3 cells, and incubation was carried out for two days. The culture medium was
replaced with DMEM supplemented with 10% FBS and 100 M cycloheximide, and
incubation was carried out for 0, 2, and 4 h. Luciferase was detected using the anti-
ELuc antibody. Tubulin was used as the internal control. The positions of molecular
weight markers are indicated on the left of each panel.

intensity of N1-fused ELuc were severely reduced (0.57 h and 1.6%
of PEST-fused ELuc (light intensity of PEST-fused ELuc was set to
100%), respectively), making it inappropriate for use in the reporter
gene assay due to insufficient light output. We therefore chose the
C1 fragment (half-life and light intensity were 1.83h and 37.0%,
respectively) to optimize the minimum sequence. The C1 fragment
was further divided into two fragments (C2 and C3). The half-life
of C3-fused ELuc was shorter (1.18 h) than that of C2-fused ELuc
(2.55h). Although the C2 fragment was further divided into three
fragments (C4, C5, and C6), the half-lives of ELuc fused to those frag-
ments were longer than that of C2-fused ELuc, indicating that an
effective destabilization sequence does not exist in the C2 fragment
and the sequence is included in the C3 fragment. Next, the C3 frag-
ment was divided into three fragments (C7, C8, and C9 fragments).
The half-lives of ELuc fused to the C7 and C8 fragments were longer
(6.10 and 7.83 h for C7 and C8 fragments, respectively), whereas
that of C9-fused ELuc was slightly shorter (0.99 h) than the half-life
of the original C3-fused ELuc. To minimize the amino acid sequence
of the C9 fragment (42 amino acid residues, Figs. 2b and S3), the C9
fragment was further divided into two fragments (C10and C11), but
the half-lives of ELuc fused to those fragments were longer than that
of C9-fused ELuc. Finally, we made the C12 fragment by deleting the
N-terminal ten residues of C9, but the half-life of C12-fused ELuc
was also longer. Correlations between the half-lives and the light
intensities indicate that the total amount of ELuc protein existing
in cells is affected by the half-lives (Fig. S5).
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Fig. 2. Half-lives and light intensities of ELuc destabilized by fusing CAPN3 fragments. (a) Half-lives and light intensities of CAPN3-fused ELuc. Transfection and biolumines-
cence measurements were performed as described in the legend of Fig. 1 (see also Section 2). Light intensity was calculated from the integrated values of each count, and
the light intensity of PEST-fused ELuc of that was set to 100%. Values are expressed as means + standard deviation (n=4). Schematic representation of expression plasmids is
shown on the left. CAPN3 and its fragments are shown between ELuc and polyA, where N and C indicate N- and C-termini, respectively, and digits indicate fragment number.

(b) Deduced amino acid sequences of C9, C10, C11, and C12 fragments of CAPN3.

To confirm whether the rapid reduction of the light intensity of
ELuc by fusion to the C9 fragment was accompanied by the degra-
dation of the ELuc protein in the cells, we performed western blot
analysis using anti-ELuc. As shown in Fig. 3a, the immunoreactive
bands corresponding to C9-fused ELuc became thinner over time
after the cells were treated with cycloheximide (left panel), and its
degradation kinetics (right panel) was similar to the luminescence
decay kinetics (Fig. 3b), indicating that the ELuc protein was desta-
bilized by fusion to the C9 fragment. We decided, therefore, that
the C9 fragment, which consists of 42 amino acid residues corre-
sponding to the amino acid residues from 472 to 512 of hCAPN3
(GenBank accession number AF209502), except for valine at the
extreme C-terminus of C9 (Fig. S1), is the minimum destabilization
sequence, and used it in the following experiments.

3.3. Destabilization of firefly luciferase and green fluorescent
protein by C9 fragment

To confirm whether the C9 fragment identified as the minimum
destabilization sequence of CAPN3 could destabilize other reporter
proteins in the cells, we fused the C9 fragment to the C-terminus of
firefly luciferase (luc2), the most popular luciferase reporter gene,
and EGFP. First, we compared the functional half-lives of hPEST-
fused and C9-fused luc2 in NIH3T3 cells. An expression plasmid was
transfected into NIH3T3 cells, and bioluminescence intensity was
measured in real time in the presence of cycloheximide. As shown

in Fig. 4a, the half-life of C9-fused luc2 (0.18 h) was markedly short
compared with that of hPEST-fused luc2 (1.62 h).

Next, we examined the stability of unmodified and C9-fused
EGFP in NIH3T3 cells. An expression plasmid was transfected into
the cells, and the cells were incubated in the presence of cyclo-
heximide for 4h. EGFP protein levels were analyzed by western
blotting using anti-EGFP antibody. As shown in Fig. 4b, whereas the
immunoreactive bands corresponding to unmodified EGFP showed
no changes, the bands corresponding to C9-fused EGFP became
thinner over time after the cells were treated with cycloheximide.
In addition, the amount of residual C9-fused EGFP protein in the
cells at time 0 was much smaller than that of the unmodified EGFP,
indicating that EGFP can be significantly destabilized by fusing the
(9 fragment in the cells. The results together suggest that C9 frag-
ment identified in this study can destabilize not only luciferase
proteins but also other reporter proteins, including fluorescent
proteins.

3.4. (9 fragment of CAPN3 improves sensitivity of luciferase
assay for acute gene expression

To examine whether the C9 fragment of CAPN3 can monitor
acute gene expression more sensitively than the PEST sequence
when fused to ELuc, we examined the TNFa-induced transactiva-
tion of NF-kB, a transcription factor involved in the regulation of
inflammation, immune response, and apoptosis (Tornatore et al.,
2012), by means of real-time bioluminescence measurements
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