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Extended Data Figure 7 | Extended features of cell-type-specific promoters.
a, Distribution of global expression specificity estimated using primary cells,
cell lines or tissues only. b, Distribution of expression specificity for HepG2,
(GM12878, HeLaS3, K562 and CD14™" monocytes (distribution of expression
log ratios of all individual samples against the median of all samples is shown
separately for CGl-associated and nonCGl-associated CAGE clusters. The
dashed line corresponds to an expected log ratio if all samples contribute
equally to the total expression). ¢, Histog: for ic distance

distributions of K562 DNase I hypersensitivity, H3Kdme3, H2A.Z, POL2,
P300, GATA1 ChIP-seq tag counts centred across CGl-associated and
non-CGl-associated CAGE clusters (separated according to expression
specificities) across a 2 kb genomic region. Expression specificity bins are
colour-coded with blue representing the highest degree of specificity. d, DNase
1 hypersensitivity, H3K4me3, H2A.Z, POL2, P300 and IRF4 in GM12878.

e, DNase I hypersensitivity, H3K4me3, H2A.Z in HeLaS3. f, DNase [
hypersensitivity, H3K4me3, H2A.Z, PU.1 and CEBPB in CD14™ monocytes.
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Extended Data Figure 9 | Collapsed coexpression network for mouse
coexpression groups. One node is one group of promoters, Derived from
expression profiles of 116,277 promoters across 402 primary cell types, tissties
and cell lines (r>0.75, MCLi = 2.2). For display, each group of promoters is
collapsed into a sphere, the radius of which is proportional to the cube root of
the number of promoters in that group. Edges indicate r>> 0.6 between the
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average expression profiles of each cluster. Colours indicate loosely-associated
collections of coexpression groups (MCLi = 1.2). Labels show representative
descriptions of the dominant cell type in coexpression groups in each regmn of
the network, and a selection of highly-enriched pathways (FDR < 10™) from
KEGG (K), WikiPathways (W), Netpath (N) and Reactome (R).
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Extended Data Figure 10 | Annotated expression profiles of alternative
Overlay of coexpression groups enriched for genes involved in the
KEGG pathway for influenza A pathogenesis (hsa:05164; FDR < 0.1, n>2).
a, Collapsed coexpression network showing 5 groups enriched for influenza
pathogenesis genes: CO (blue), C26 (purple), C61 (yellos), C187 (green) and
C413 (red). b, Excerpt from KEGG pathway diagram showing positions of
genes in each coexpression group (background colours as in a). Pathway
entities that map to two coexpression groups have the background colour of the
smaller group, and the text/border colour of the larger group. Details and
promoter-level displays (edges indicate r> 0.75) for two coexpression
groups are displayed with transcripts mapping to KEGG pathway highlighted
(inset). In this example the KEGG pathway for influenza A pathogenesis
(hsa:05164) was strikingly over-represented in one small coexpression group in
particular (C413, Pvalue <107, BDR = 4.5 X 107'%). Of 19 promoters in
coexpression group 413, eight were present in the KEGG pathway, including
RIG-1 (DDX58), the gene encoding the receptor for the mitochondrial antiviral
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signalling pathway™. Four of the remaining genes (TRIM21, TRIM22, RTP4
and XAFI) were found to be key host determinants of influenza virus
replication in a lugh-ﬂnoughput short interfering RNA (siRNA) screen™,
whereas another, PLSCRI, is required for a notmal interferon response to
influenza A%, The top five transcription factor expression profiles most
correlated with C413 were IRF7, IRFS, STATL, SP100 and ZNFX1, and from
motif enrichment analysis, the most frequent motifs found in promoters of
cluster C413 were potential IRE-binding motifs. ¢, p1@IRF9 and p2@IRF9
expression ranked by the ubiquitously expressed p1@IRF9 promoter. d, As in
a but ranked by expression of p2@IRF9. e, f, Similar to a and b but showing
expression of pl@TRMTS5 (housekeeping profile) and p2@TRMTS5 (expressed
in pathogen chall d monocytes). g, Hi showing the number of
different coexpression clusters (see Fig, 4) in which named genes with
alternative promoters panicipate ‘The majority of genes with alternative
promoters participate in more than one cluster; 17 genes participate in more
than 10 different clusters and are not shown on this graph.
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Effect of Music upon Awakening from Nap
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Abstract: Sleep and awakening are critical issues for people under high levels of siress in modern
soctety. However, only a few studies on the effects of music on awakening have been conducted;
thus, we focused on the effect of music on comjfortable awakening in humans. This paper is the first
to analyze the comfort of forced awakening relative to music and the brain. This is an analytical
and observational study: a descriptive study of awakening from naps with music using three psy-
chological fests. Ten healthy subjects (3 men and 3 women) participated in this experiment. Quan-
titative analyses were conducted on the subjects’ feelings when awakened from a nap either with
music or with an alarm tone. The music changes with time: We change width of the frequency to
output. Participants were awakened after naps of 30, 60, 90 and 120 minutes for a tolal of 8 times
overnight. Subjective feelings just after awakening were measured with three psychological ques-
tionnaires. The differences between the subjective data with music and with an alarm tone were
calenlated and analyzed. The results indicate that awakening with music was more comjoriable
than awakening with an alarm tone. Additionally, differences in comfort levels between awakening
with music and awakening with an alarm lone were smaller at 30 and 90 minutes than at 60 and
120 minutes, suggesting the effects of the circadian riythins.

Keywords  Awakening, Nap, Effect of Music, Circadian Rhythm. Sleep Rhythm

1. Introduction good sleep conditions or they have to sleep against their
circadian rhythms: for example, factory workers and
L1 Research theme healthcare workers who switch shifts or police officers or

This study is an initial step toward the goal of our firefighters who work overnight. It is important to reduce
research to quantify the response of a human when physical fatigue through comfortable awakening to im-
he/she hears music. Fig. | is a scheme of our research prove these job circumstances.

goal; first, we hypothesize the human as a black box with [n this study, we performed quantitative analyses of
inputs and outputs, and then we analyze the human asa  the feelings that occur when awakened from a nap
function of the inputs onto the outputs. (short-term sleep). This paper is the first to analyze the

In this study, the input is music and the output is

human subjective responses. Based on this scheme, we Fespume of baman

Euphoaria
o

discuss comfortable awakening by music in this paper.

1.2 Background
Sleep and awakening are critical issues for people

under high levels of stress in modern society. Many peo-
ple work under circumstances in which they do not have

LGEL
e himgitin ol 0 Jials o or )
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1-5-45 Yushima, Bunkyou-ku Tokyo, 113-8510, Japan, e bR Bt
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Fig. 1: Research goal
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comfort of forced awakening relative to music and the
brain.

1.3 Two Hypotheses

We propose two hypotheses regarding comfortable
awakening. The first hypothesis states that awakening by
music is more comfortable than awakening by only alarm
tone sounds. The second hypothesis states that the com-
fort of awakening is determined by the sleep cycle and
the circadian rhythm.

1.4 Conventional Research Details

Various studies on sleep have been conducted. Pre-
vious study was classified into eight different patterns
according to their research themes.

The first research patterns focuses on the rela-
tion-ship between mortality and sleep time or sleep
rhythm [1, 2]. Research in this area has found that the
sleep length that causes the lowest mortality is 7 hours
{1} and that mortality is high among those who are dis-
satisfied with the feeling of awakening [2]. The second
research pattern measures the correlation between sleep
thythm and brain activity [3-7] using NIRS [3],
polysomnography [4, 5], EEG [6] and blood pressure [7].
The third research pattern measures circadian rhythm [8]
and concludes that circadian rhythm is related to the tim-
ing of REM sleep. The fourth research pattern examines
the relationship between sleep and a physiological
mechanism [9, 10], including a number of studies that
focus on reduced leptin [9] or melatonin [10]. The fifth
research pattern examines (he physiological effect of
naps or short-time sleep [11-16], measuring sleep char-
acteristics using blood pressure [11, 12], modeling of the
pattern of nap [13, 14], and investigating the relationship
between naps and mortality [15, 16]. The sixth research
pattern examines the sleep of sick patients or the rela-
tionship between the mortality of sick patients and sleep
[17-21]. including the effect of sleep on the mortality of
insomnia or cancer patients [17, 18], the effect of sleep
on memory in schizophrenia patients [19] and the sleep
patterns of narcolepsy patients [20]. The seventh research
pattern analyzes the effect of sleep quality on happiness
in everyday life and on job performance [21-23], includ-
ing measurements of sleepiness and its importance in
everyday life [21] and the influence of sleep shortages
[22, 23]. The final research pattern examines the influ-
ence of music on sleep [24, 25], including the efficacy of
music for the initiation of sleep [24] and the excitatory

30

effect of music on sleep [25]. Additionally, a number of
studies investigate the psychological effect of music
through non-invasive physiological measurements [26,
27}. Finally, some studies show that music affects the
relaxation of stress [28].

We would like to emphasize that none of the
pre-vious studies focused on awakening. Many of the
pre-vious studies focused on "during sleep”, "effect of
sleep” or "initiations of sleep”. However, only a few
studies have been conducted on awakening from sleep,
and none have been conducted on the effect of music on
awakening..Given the lack of research in this arca, we
focus on comfortable awakening from sleep with music.

2. Method

2.1 Subject
The subjects were ten healthy Japanese volunteers:
five men and five women. The average age was 28.3
(+-8.43) years. All of the subjects provided informed
consent,
Table 1: Subjects

Subjects Men Women Total
Number 5 5 10
Age 30.8+9.58 | 25.8+7.26 | 28.3+8.43

2.2 Questionnaries

We measured the subjective feelings of the subjects
using three psychelogical questionnaires: the VAS (Visu-
al Analogue Scale), the ALQ (Affective Level Question-

A. VAS
Please indicate odor offensiveness upon awakening,
< How do you feel now? Please rate on a scale of one

to ten. *57 is neutral.
2 3 4 S 6 7T 8 9 10

Elation = ¢ o o o o o« o o a  Discomfort

B. ALQ

Are you feeling relaxed? or Are you feeling tense?

< Please choose the near feelings. “3" is neutral.
L2 3 4 s

O o 6 0

feeling of relaxation Fecling of tense

C. POMS
Please choose the feeling that is closest to your cur-
rent mood
Convivial mood
< Please choose the near feelings. “3” is neutral,
4 s
Great many o © o o )

Strikingly absent

Fig.2: Samples of three questionnaires: (A) VAS, (B)
ALQ and (C) POMS.
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Fig. 3: Instrument

Fig. 4: Volume and Frequency band of Intellidlarm

naire) and the POMS (Profile of Mood States). We chose
three different types of tests because we did not want to
trust only one psychological test, and we verified the
reliability of each test.

Figure 2 shows sample items {rom each of the three
tests. VAS has 1 question, ALQ has 12 questions and
POMS has 58 questions that are divided into attributes: 8
questions are about vigor (+), 15 questions arc about
vigor (), 12 questions are about anger — hostility, 7 ques-
tions are about fatigue, 8 questions are about strain —
uneasiness (+), | question is about strain — uneasiness (-),
6 questions are about confusion (-) and 1 question is
about confusion (+).

2.3 Use Instrument and Measurement Location

We used an Jntellidlarm “TSX-80" that is a product
of YAMAHA Corporation (Fig. 3).

Intellidlarm has 2 modes; (1) normal alarm mode
using alarm tone sounds and (2) /ntellidlarm mode using
music and alarm tone sounds. Figure 4 shows the distinc-
tive features of /nrellidlarm mode, including volume and
frequency. In fmellidlarnm mode, the volume of the sound
source rises progressively starting three minutes before
the preset time, and the alarm tone rings at the preset
time.The frequency band rises progressively belore the
alarm tone sounds from 500 Hz to 20 kHz.

2.4  Musical pieces

We used jazz music from France because it would
be unfamiliar to subjects. Subjects heard the music once
before the start of the experiment. The reason using the

jazz is because a base sounds being always played in one
music.

2.5 Experiment environment

We prepared a private room for each subject. Every
room was equipped with shading curtains to eliminate
the effect of sunlight, as the experiment was conducted
from 9:00 pm to 9:30 am. The Intellidlarm was placed
on the lell side of the bed for each subject. Subjects
turned off the light source in the room, except for the
watery backlight of the Jnrellidlarm.

2.6 Time protocol
We conformed to the following time protocol:

(D Subjects were made awake with the IntelliAlarm
mode (music and alarm tone sounds) or the normal
alarm mode afler naps lasting 30, 60, 90 and 120
minutes. The time schedule was randomized to as-
certain whether the absolute timing in a day of sleep
initiation and awakening influenced the response of
the subjects.

@  Subjects rested for 20 minutes following the nap to
ensure that they were completely awake.

@  Subjects measured their subjective feelings during
each rest time with psychological questionnaires.
The psychological questionnaires were VAS, ALQ
and POMS.

Some data are missing for subject number 3 due to trou-

ble experimenting.

2.7 Calculation

To estimate the difference in subjective data for
awakening with music and with an alarm tone, we de-
fined the difference in the subjective data (ASD) as ASD
= SDﬂwakcning by music and alarm tone ™ SDzl\vakcning by normal alarm
for cach test. In addition, we compared the average of all
the questions in ASD of ALQ and the average for each
attribute of questions in ASD of POMS.

We compared ASD awakening by music and alarm
tone with ASD awakening by normal alarm tone sounds
for each nap length with a t-test, and we examined the
data for significant differences (p<0.05).

2.8 A hypothesis regarding awalkening with music
We propose a hypothesis for a mechanism for the
subject’s responses to awakening with music.
Figure 5 shows a visual representation of our hy-
pothesis. In Fig. 5, sound enters through our ears and is
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Fig. 5: A hypothesis for awakening by music

changed into corresponding electrical signals, which
are first processed in the audiopsychic area and then in
the prefrontal lobe, where we judge "It's time for me to
wake up!" During this process, the comfort of awak-
ening depends on whether the brain cortex is working
(REM sleep) or not working (non-REM sleep). Ac-
cording to our hypothesis, the awakening effect of
music should show better performance at the time of
non-REM  sleep than REM sleep. At the time of
non-REM sleep, the music is assumed to stimulate cere-
bral cortex, and to make forced half awakening level
resembling a state of REM sleep. After this
half-awakening level is achieved, the alarm should lead
people to wakefulness. According to this hypothesis,
awakening by both music and alarm tone sounds should
be more comfortable than with only normal alarm tone
sounds.

3. Results

3.1 No time adjustment

Fig. 6, Fig. 7, and Fig. 8 show the relationship be-
tween nap length and ASD according to the three ques-
tionnaires.

Fig. 6 shows the result of ASD of VAS: the vertical
axis representing the ASD and the horizontal axis repre-
senting nap length. In Fig. 6, awakening with music is
more comfortable than awakening with an alarm tone, as
ASD is positive. Additionally, in Fig. 6, ASD shows posi-
tive values for all nap lengths, with positive values of
ASD being higher at 60 and 120 minutes than at 30
minutes and 90 minutes.

Fig.7 shows the result of ASD of ALQ: the vertical
axis representing the ASD and the horizontal axis repre-
senting nap length. As shown in Fig. 7, awakening with
music is more comfortable than awakening with an alarm

400

300

=1 N
%200 /

109
0.00
30 80 a0 120
MNap length
Fig. 6: ASD of VAS
1.00

/\\

0.50

4 / T
0.00 T v

30 60 20 120
_ Naplength

Fig. 7: ASD of ALQ

tone, as ASD is positive. Additionally, ASD shows posi-
tive values for all nap lengths, and ASD had the highest
value at 60 minutes.

Figure 8 shows the results of ASD for POMS. Fig.
8(A) shows the results for the positive questions in
POMS: the vertical axis representing ASD and the hori-
zontal axis representing nap length. In Fig. 8(A), awak-
ening with music is more comfortable than awakening
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Fig. 8¢ ASD of POMS
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with an alarm tone, as ASD POMS e question IS POSItive.
Fig. 8(B) shows the results for the negative questions in
POMS: the vertical axis representing ASD and the hori-
zontal axis representing nap length. In Fig. 8(B), awak-
ening with music is more comfortable than awakening
with an alarm tone, as ASD POMS untive question 1S Ni€ga-
tive. With regard to POMS positive questions (Fig. 8(A)),
ASD had positive values for all nap lengths, and the posi-
tive values of ASD were highest at 60 and 120 minutes.
With regard to POMS negative questions (Fig. 8(B)).
ASD had negative values except at 60 minutes.

Table 2 shows the p values for the t-tests between
nap length and the subjective data. We calculated p val-
ues using bilateral t-tests, assuming that cach of the two
groups was equally dispersed. With regard to VAS, we
found significant differences (p<0.05) for all nap lengths,
and greater significant differences (p<0.005) for 60
minutes and 120 minutes. The results of ALQ indicated
significant differences for all nap lengths (p=0.05) except
for 120 minutes. The results for the POMS indicated sig-
nificant differences (p<0.05) for vigor (+) for all nap
lengths.

Table 2: p values for nap length and subjective data

POMS

VAS

ALQ

vigor (+)

vigor () 0.098 | 0.287
anger - hostility 0.110]0.313

fatigue 0.211 ] 0.010

strain — uneasiness (+) 0.384
strain — uneasiness (-) | 0.147 | 0.190

confusion (-) 0.10510.32810.126

confusion (+) 0.110 | 0.180 |1 0.324 | 0.115

* The filled cells represent p<0.05

3.2 Adjustment by the time (Data analysis except

data from 3:00 am to 5:00 pm

An analysis of questionnaires between 3:00 am and
5:00 am found that all subjects reported negative feelings.
Therefore, we performed a data adjustment to exclude
the data during this time period. Figure 9, Figure 10, and
Figure 11 show ASD for the 3 questionnaires excluding
data from 3:00 am till 5:00 am.

Fig. 9 shows the results of ASD of VAS, with the
vertical axis representing ASD and the horizontal axis
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representing nap length. Awakening with music is more
comfortable than with alarm tones, as ASD is positive.
Additionally, ASD is positive for all nap lengths, and
the positive values of ASD are highest at 60 and 120
minutes.

Fig. 10 shows the results of ASD of ALQ excluding
3:00 am until 5:00 am data: the vertical axis representing
ASD and the horizontal axis representing nap length.
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Awakening with music is more comfortable than with
alarm tones, as ASD is positive. ASD is positive for all
nap lengths.

Fig. 11 shows the results of ASD of POMS exclud-
ing 3:00 am until 5:00 am data: the vertical axis repre-
senting ASD and the horizontal axis representing nap
length. Fig. 11(A) shows the resulls for the positive ques-
tions in the POMS. Awakening with music is more com-
fortable than with alarm tones, as ASD is positive. Fig.
11(B) shows the results for the negative questions in the
POMS. Awakening with music is more comfortable than
with alarm tones, as ASD for negative questions is nega-
tive. The results for the POMS ogiive quesiions Shows that
ASD is positive for all nap lengths, and the positive val-
ues of ASD are highest at 60 and 120 minutes.

Table 3 shows the p values for the t-tests between
nap length and the subjective data We calculated p values
using bilateral t-tests, assuming that cach of the two
groups were not equally dispersed because some data
revealed a significant bias.

Table 3: p values for nap length and subjective data
excluding 3:00 am till 5:00 am data

30 60 90 120

VAS

ALQ

vigor (+)

vigor (-)
anger - hostility

fatigue

strain — uneasiness (+) [

strain — uneasiness (-) | 0.1840.05710.051]0.115

0.062
[0.196]0.079 | 0.172

* The filled cells represent p<0.05

POMS

confusion (-)
confusion (+)

The results of VAS indicate significant differences
(p<0.05) for all nap lengths, and greater significant dif-
ferences (p<0.005) were found at 60 minutes and 120
minutes. Comparisons between the raw data in Fig. 6 and
the adjusted data in Fig. 9 for all nap lengths revealed
that ASD of adjusted data decreased for the 90 minute
length and increased for the 30 minute length in the ad-
justed data as compared to the raw data. The results of
ALQ indicate significant differences (p<0.05) for all nap
lengths. Comparisons between the raw data in Fig. 7 and
the adjusted data in Fig. 10 revealed that ASD of ALQ
fluctuated less in the adjusted data. The result of POMS

showed number of time which shows significant differ-
ence (p<0.03) at vigor (-} increases compared with cor-
responding rows in Tables 2.

4. Discussion

The results of ASD show that awakening by music
was more comfortable than awakening by alarm tone
sounds for all nap lengths, except in the POMS ,cpive
quesiions 111 the raw data for the 60 minute nap length. Giv-
en this finding, we conclude that awakening with music
is more comfortable than awakening with alarm tone
sounds,

The difference of comfort between awakening with
music and awakening with alarm tone sounds was small-
er at 30 and 90 minutes than at 60 and [20 minutes, ex-
cept for POMS negative questions in both the raw and
adjusted data and also for the ALQ in the adjusted data.
We presume this phenomenon is caused by sleep cycles,
in which humans are in REM sleep states at 90 minutes
and in non-REM sleep states at 30 minutes, because the
past studies prove that the stage of the sleep changes with
time and REM oceur every 90 minutes [6].

The results of POMS show contradictions between
the POMS jitive quesiions aNd the POMg egative questions at the
60 minute nap length. We assume that this contradiction
is caused by the confused consciousness of the subjects,
causing a lower increase of consciousness at this time
due to human sleep cycles: humans are in non-REM
sleep state at 60 minutes, because the past studics prove
that the stage of the sleep changes with time and around
the sleep of 60 minutes is shallow stage of sleep [6]. In
this study, we supported that the clear fact that the feel-
ings of awakening depend on a stage of the sleep in past
studies [29] and an everyday sense.

Exelusion of the data from 3:00 am until 5:00 am
strengthened the significant differences between music
and alarm tones. This result reveals that subjects felt
negative when awakened in the 3:00 am until the 5:00 am
window, regardiess of the presence of music. We specu-
late that this negative feeling was caused by the circadian
rhythm.

In addition, we think about the future prospects as
follows. By this experiment, we think that we have to
compare subjectivity data at awakening with objectivity
data of the depth of the sleep, and we think that we have
to increase the subjects. In this experiment, we consid-
ered the psychology experimental data by support of past

Y. TANAKA, H. NOGAWA and H. TANAKA: Effect ol Music upon Awakening from Nap

studies, but we think our study have to be backed up by
objective data. And we provided jazz music for the rea-
son of base sounds being always played in one music at
this experiment, but we think that we have to pursue op-
timal "music" at awakening. Moreover, we experimented
on the awakening from a nap at this experiment, but we
think that we have to experiment the awakening from
normal sleep.

5. Conclusion

In this paper, we discussed comfortable awakening
with music because comfortable awakening is a critical
issue for people under high levels of stress. We proposed
a mechanism for comfortable awakening with music that
is irrelevant of the stage of sleep. We assume that music
stimulates the cerebral cortex and forces a half-awake
level that resembles a state of REM sleep during
non-REM sleep. We measured the subjective feelings of
10 healthy volunteers using 3 psychological question-
naires: the VAS, ALQ and POMS. The results suggest the
following 3 conclusions: (A) awakening with music is
more comfortable than awakening with alarm tone
sounds because ASD (the difference in the subjective
data between awakening by music accompanied by an
alarm tone and awakening with only the normal alarm
tone) is positive in almost every questionnaire; (B) sleep
rhythm causes confused consciousness in subjects be-
cause ASD for the POMS showed contradictions between
the POMS])()silivc questions and the POMSncga(ivc questions for
the 60 minute nap length in the non-REM sleep state: and
(C) circadian rhythm affects awakening comfort, as the
subjects reported feeling negative from 3:00 am until
5:00 am regardless of the presence of music.

In conclusion, we summarize our results as follows:
1) Awakening by music feels more comfortable.

2)  Sleep rhythm and the circadian rhythm influence
awakening comfort.
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Mepenzolate bromide displays beneficial effects in
a mouse model of chronic obstructive pulmonary
disease
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The clinical treatment of chronic obstructive pulmonary disease (COPD) requires not only an
improvement of airflow by bronchodilation but also the suppression of emphysema by
controlling inflammation. Here we screen a compound library consisting of clinically used
drugs for their ability to prevent elastase-induced airspace enlargement in mice. We show
that intratracheal administration or inhalation of mepenzolate bromide, a muscarinic
antagonist used to treat gastrointestinal disorders, decreases the severity of elastase-induced
airspace enlargement and respiratory dysfunction. Although mepenzolate bromide shows
bronchodilatory activity, most other muscarinic antagonists do not improve elastase-induced
pulmonary disorders. Apart from suppressing elastase-induced pulmonary inflammatory
responses and the production of superoxide anions, mepenzolate bromide reduces the level
of cigarette smoke-induced airspace enlargement and respiratory dysfunction. Based on these
results, we propose that mepenzolate bromide may be an effective therapeutic for the
treatment of COPD due to its anti-inflammatory and bronchodilatory activities.
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health problem whose most important etiologic factor is

cigarette smoke (CS)!. COPD is a disease that is defined by
a progressive and partially reversible airflow limitation associated
with abnormal inflammatory responses and permanent
enlargement of the pulmonary airspace!~>. Thus, for the clinical
treatment of COPD, it is important not only to improve the
airflow limitation by bronchodilation, but also to suppress discase
progression by controlling inflammatory processes.

Bronchodilators (B2-agonists and muscarinic antagonists) are
currently used for the treatment of COPD, providing an effective
temporary improvement of airflow limitation®®5, On the other
hand, steroids are used to suppress the inflammatory responses
associated with COPD. However, steroids cannot significantly
modulate disease progression and mortality®S because the
inflammation associated with COPD shows resistance to steroid
treatment’.

In addition to the fact that C$ contains a high concentration
of reactive oxygen species (ROS), activated leukocytes also
produce large amounts of ROS, with one such example being
the superoxide anions produced via the activation of nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase®.
In contrast to this, the body contains a number of endogenous
antioxidant proteins such as superoxide dismutase (SOD) and
glutathione S-transferase (GS'T), with a decrease in these proteins
reported to be involved in the pathogenesis of COPD”.
The inflanimatory responses associated with COPD are thought
to be triggered by oxidative stress and mediated through the
activation of nuclear factor-kB (NF-xB, a pro-inflammatory
transcription_factor) and inhibition of histone deacetylase 2
(HDAC2)" -1, Oxidative stress seems to activate NF-kB through
the inhibition of HDAC activity and degradation of inhibitor
of NF-xB (IxB)-a (refs 12,14,15). Pro-inflammatory gene
expression is normally silenced by the condensation of DNA;
however, the acetylation of core histones opens up the condensed
chromatin  and  induces the expression of these genes
(refs 11,12,16). HDACs suppress the expression of pro-
inflammatory genes not only by maintaining chromatin

C hronic obstructive pulmonary disease (COPD) is a serious

condensation but also by directly modifying pro-inflammatory*

transcription factors (such as NF-KB)IZ. Moreover, HDACs, and
particularly HDAC2, seem to have important roles in the
inflammatory  responses  associated  with  COPD!!M78,
Furthermore, because corticosteroids use HDAC2 to suppress
the activity of NE-kB'"1219) the inhibitory effect of CS on
HDAC2 may be responsible for the reduced sensitivity of COPD
patients to steroid treatment!!. Therefore, compounds
that activate HDAC2 or inhibit ROS production and NF-kB
may be effective for the treatment of inflammation associated
with COPD.

In the present study, we screen compounds that prevent
elastase-induced airspace enlargement in mice from a library of
existing medicines whose safety properties have already been well
characterized in humans, We select mepenzolate bromide
(mepenzolate), which is an orally administered muscarinic
receptor antagonist used to treat gastrointestinal disorders?*-22,
and administer this compound to mice, which suppresses
elastase-induced pulmonary inflammatory responses, airspace
cnlargement, alteration of lung mechanics and respiratory
dysfunction. We also found that mepenzolate has
bronchodilatory activity. These results suggest that mepenzolate
achieves its anti-inflammatory effect via muscarinic receptor-
independent inhibitory effects on NF-kB and NADPH oxidase,
together with stimulatory effects on HDAC2, SOD and GST. We
suggest that mepenzolate could provide an effective treatment
option for COPD, not only as a consequence of its bronchodilatory
activity but also due to its anti-inflammatory properties.

Results

Effect of mepenzolate on airspace enlargement. From a group
of 83 medicines already in clinical use (Supplementary Table S1),
we screened for compounds able to suppress porcine pancreatic
elastase (PPE)-induced airspace enlargement. Each drug was
administered intraperitoneally to mice, and after selecting eight
candidate compounds based on the level of suppression of
airspace enlargement (Supplementary Table $1), these were
administered intratracheally at various doses and their inhibitory
effects on PPE-induced airspace enlargement evaluated. Follow-
ing this process, mepenzolate was selected based on the level of
suppression of airspace enlargement it provided at clinical dose or
less.

Histopathological analysis of pulmonary tissue using hematox-
ylin and eosin (H&E) staining revealed that PPE administration
induced airspace enlargement (increase in the mean linear
intercept (MLI)) and that the simultancous daily intratracheal
administration of mepenzolate suppressed this enlargement in a
dose-dependent manner (Fig. 1a,b).

The alteration of lung mechanics associated with pulmonary
emphysema is characterized by a decrease in elastance. Total
respiratory system elastance (elastance of the whole lung,
including the bronchi, bronchioles and alveoli) and tissue
elastance (elastance of alveoli} were decreased by the PPE
treatment in a manner that could be restored in part by the
simultaneous administration of mepenzolate, again in a dose-
dependent manner (Fig. 1c).

We next examined the effect of mepenzolate administered by
the inhalation route on the PPE-induced airspace enlargement
and alteration of lung mechanics. The results obtained (Fig. 1d—f)
were similar to those observed with the intratracheal mode of
administration (Fig. la-c).

To determine the effect of mepenzolate on pre-developed
pulmonary emphysema, the intratracheal administration of
mepenzolate to mice was commenced 14 days after the
administration of PPE, and airspace enlargement and lung
mechanics were assessed on day 21. Compared with vehicle-
treated animals, mepenzolate decreased the extent of PPE-
induced airspace enlargement and alterations to lung mechanics
(Fig. 2a-c), suggesting that mepenzolate could be an effective
compound for the treatment of pre-developed pulmonary
emphysema.

Effects of other muscarinic antagonists. We next examined the
effects of other muscarinic antagonists on PPE-induced airspace
enlargement and alterations of lung mechanics. Even at the
highest dose, none of muscarinic antagonists tested significantly
suppressed the PPE-induced airspace enlargement or alterations
in lung mechanics (Fig. 3a~-c).

The diagnosis of COPD is confirmed by a decrease in the ratio
of forced expiratory volume in the first second (FEV)) to forced
vital capacity (FVC)!. We recently established a technique to
monitor PPE-induced respiratory dysfunction in mice, and found
that the FEV,os/FVC ratio clearly decreased in PPE-treated
mice compared with control mice?>. Using this technique, we
examined here the effects of mepenzolate and other muscarinic
antagonists on the PPE-induced decrease in FEVqs/FVC. To
washout the bronchodilatory effect of the muscarinic antagonists,
the administration of each drug was discontinued on day 10 and
the assay performed on day 14. PPE treatment decreased the
BEV45/FVC ratio, whereas the simultaneous administration of
mepenzolate, but not the other muscarinic antagonists, restored
the FEV,0s/FVC towards control values (Fig. 3d). The results
in Fig. 3 show that ipratropium bromide (ipratropium),
scopolamine N-butylbromide (scopolamine) and pirenzepine

2 MATLRE COMMUNICATIONS | 4:2686 | DOL: 10.1038/ncomms3686 | www.halure.com/naturecommunications
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Figure 1| Effect of mepenzolate on PPE-induced pulmonary disorders. Mice were treated with PPE (100 pig per mouse) once only on day O or with the
vehicle only, The indicated doses (a-¢, pgkg ™", d-f, pg per chamber) of mepenzolate (Mep) were administered intratracheally (a-c) or by inhalation
(d-1) once daily for 14 days (irom day O to day 13). Sections of pulmonary tissue were prepared on day 14 and subjected to histopathological examination

(H&E staining) (scale bar, 500 um) (a,d). Airspace size was estimated by determining the MLI as described in the Materials and Methods (b,e).
Total respiratory system elastance and tissue efastance were determined on day 14 as described in the Methods (¢,f). Values represent the mean £ s.e.m.
“P<0.05; *'P<0.01 (Tukey lest). Experiments were replicaled at least two times.

dihydrochloride (pirenzepine) were not effective in combatting
PPE-induced airspace enlargement, nor did they improve lung
mechanics or respiratory dysfunction. This finding suggests that
mepenzolate achieves its ameliorative effect over PPE-induced
pulmonary disorders via mechanisms that are independent of its
effects on muscarinic receptors and bronchodilatory activity.

To further test this idea, we examined- the bronchodilatory
activity induced by the muscarinic antagonists mentioned above.
As shown in Fig. 4a, the dose-dependent increase in airway
resistance (bronchoconstriction) induced by inhaled methacho-
line was completely suppressed by the intratracheal pre-admin-
istration of mepenzolate, thus attesting to the latter’s
bronchodilatory activity. The dose-response profile of ipratro-
pium for bronchodilation was similar to that of mepenzolate
(Fig. 4a), although ipratropium had no effect against the PPE-
induced pulmonary disorders (Fig. 3). Neither scopolamine nor
pirenzepine showed bronchodilatory activity, at least not at the
highest dose employed here (Supplementary Fig, S1). These
results further support the notion that mepenzolate achieves its

ameliorative effect against PPE-induced pulmonary disorders via
muscarinic receptor- and bronchodilatory activity-independent
mechanisms. In addition, the results in Fig. 4b show that, as for
ipratropium, the bronchodilatory activity of mepenzolate was
transient, diminishing 48 h after its administration.

Muscarinic antagonists used to treat COPD are categorized as
being long acting (such as tiotropium bromide (tiotropium) and
glycopyrronium bromide (glycopyrronium)) or short acting (such
as ipratropium), with the Jong-acting muscarinic antagonists now
considered the standard bronchodilator treatment for COPD?,
We subsequently examined the effect of intratracheal
administration of tiotropium or glycopyrronium on PPE-
induced pulmonary disorders. As shown in Supplementary Fig.
S2a—c¢, glycopyrronium suppressed the PPE-induced airspace
enlargement and alterations of lung mechanics. However, the
extent of amelioration of airspace enlargement was not as
apparent as that seen with mepenzolate (Supplementary Fig. S2b),
and glycopyrronium did not significantly suppress the PPE-
induced respiratory dysfunction (Supplementary Fig. S2d).
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the vehicle only. The indicated doses (ug kg~ " of mepenzolate (Mep) were

administered intratracheally once daily from day 14 to day 20. Sections of

pulmonary tissue were prepared on day 21 and subjected to hislopathological examination (H&E slaining) (scale bar, 500 um) (a). Airspace size was
estimated by determining the MLI as described in the Malerials and Methods (b). Total respiratory system elastance and tissue elastance were determined
on day 21 as described in the Methods (). Values represent the mean sem, *P<0.05; **P<0.01 (Tukey test). Experiments were replicated at least

two times.

On the other hand, tiotropium did not suppress the PPE-induced
airspace enlargement, alterations of lung mechanics or respiratory
dysfunction (except for a weak suppression of tissue elastance at
the 30 ugkg ™! dose) (Supplementary Fig, $2a~d).

Effect of mep late on infl tory resp . We next
monitored PPE-induced pulmonary inflammatory responses by
determining the number of lencocytes in bronchoalveolar lavage
fluid (BALF) 24 h after the administration of PPE. As shown in

Fig, 5a, the total number of leucocytes and individual number of
neutrophils were increased by the PPE treatment and this effect
was suppressed by the simultaneous administration of mepen-
zolate, We also examined the levels of pro-inflammatory cyto-
kines (tumour necrosis factor-o) and chemokines (macrophage
inflammatory protein-2, monocyte chemoattractant protein-1
and keratinocyte-derived chemokine) in BALF. Levels of these
pro-inflammatory cytokines and chemokines increased after the
PPE treatment, and this increase was suppressed by the simul-
taneous treatment of animals with mepenzolate (Fig. 5b). These
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Figure 3 | Effect of different muscarinic antagonists on PPE-induced pulmonary disorders. Mice were treated with PPE (100 jig per mouse) once only
on day O or with the vehicle only. The indicated doses (ngkg ~") (a-¢) or 38 ngkg ™ (d) of ipratropium (lpra) (a-d), scopolamine (Scop) (a-d),
pirenzepine (Pire) (a~d) or mepenzolate (Mep) (d) were administered intratracheally once daily for 14 days (from day O to day 13) (a-c) or for 11 days
(from day O to day 10) (d). Sections of pulmonaty tissue were prepared on day 14 and subjected to histopathological examination (H&E staining) (scale
bar, 500 jtm) (a). Airspace size was estimated by determining the MLI as described in the Materials and Methods (b). Total respiratory system elastance
and tissue elastance were determined on day 14 as described in the Methods (c). The FEV, os/FVC was determined on day 14 as described in the
Materials and Methods (d). Values represent the mean * s.e.m. *P<0.05; **P< 0.01 (Tukey test). Experiments were replicated at least two times.

results suggest that mepenzolate could achieve its ameliorative
effect by suppressing PPE-induced inflammatory responses.

We then focused on NF-kB and its regulator, HDAC2. The
level of the Ser536-phosphorylated (active) form of NF-kB
detected by immunohistochemical analysis increased in response
to the PPE treatment, and could be suppressed by the
simultaneous treatment of animals with mepenzolate (Fig. 5¢).
The level of IkB-¢. was decreased by the PPE treatment and
rennained stable when mepenzolate was concomitantly adminis-
tered (Fig. 5d,e).

As shown in Fig. 5f, Hdac2 mRNA expression was suppressed
by the PPE treatment and could be partially restored by the
simultaneous treatment of animals with mepenzolate, This
alteration was also observed at the protein level (Fig. 5d,c).
Furthermore, the enzymatic activity of HDAC was also decreased
by the PPE treatment and could be partially restored by the
simultaneous administration of mepenzolate (Fig. 5g). These
results suggest that mepenzolate achieves its anti-inflammatory
activity by increasing or decreasing the activity of HDAC2 or
NE-KB, respectively.

Effect of mepenzolate on superoxide anion production. Elec-
tron spin resonance (ESR) analysis was employed to examine the
effect of mepenzolate on the production of superoxide anions in
mice. As shown in Fig. 6a,b, the peak amplitude corresponding to
the superoxide anion level was higher in cells prepared from PPE-
administered mice than in those from control mice. The peak
amplitude in cells prepared from mice administered both PPE
and mepenzolate was lower than that of mice administered
PPE only (Fig. 6ab), suggesting that mepenzolate suppresses
the PPE-induced production of superoxide anions in the lung.
The NADPH oxidase activity of cells in BALF was increased by
the PPE treatment and could be partially suppressed by the
simultaneous treatment of animals with mepenzolate (Fig. 6¢).
This suppression was observed at 4, 8 and 24 h but not 1 h after
the administration of mepenzolate (Fig. 6¢), suggesting that
mepenzolate is a modulator of NADPH activation, but not an
enzyme inhibitor of NADPH oxidase. On the other hand, the
mRNA and protein expression of SODI1 and the enzymatic
activity of SOD in the lung were decreased by the PPE
treatment, with these effects also suppressed by the simultaneous
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Figure 4 | Effect of late on hacholine-induced airway
constriction. Indicated doses (ngkg ™) (a) or 38pgkg ™' (b) of
mepenzolate (Mep) or ipratropium (Ipra) were administered
intratracheally. After Th (a) or indicated period (b), mice were exposed to
nebulized methacholine five times and airway resistance was determined
after each methacholine challenge as described in the Materials and
Methods. Values are mean # s.e.m. Experiments were replicated at least
two times.

administration of mepenzolate (Fig. 5d-g). These results suggest
that mepenzolate suppresses the PPE-induced increase in super-
oxide anion production by modulating the activation of NADPH
oxidase or activating SOD1.

We subsequently tested whether mepenzolate directly affects
superoxide anion production in vitro, Cells prepared from the
BALF of PPE-treated mice were incubated with a spin trap agent
in the presence or absence of mepenzolate. As shown in Fig. 6d.e,
mepenzolate decreased the level of superoxide anions in a dose-
dependent manner, the extent of which was similar to that seen
with apocynin (an inhibitor of NADPH oxidase). We found that
the intratracheal administration of apocynin partially suppressed
PPE-induced airspace enlargement and alterations of lung
mechanics (Supplementary Fig. $3). These findings suggest that
most of the superoxide anions were produced by NADPH oxidase
under these conditions and that mepenzolate could modulate
NADPH oxidase activity and thus reduce the production of
superoxide anions and PPE-induced pulmonary disorders.

To understand the mechanism of the inhibitory effect of
mepenzolate on NADPH oxidase activity, we examined the effect
of mepenzolate on the PPE-dependent alteration of mRNA
expression of genes related to NADPH oxidase (such as
pIIPIOS(Nox2), paoPhos, pagPhex, pazphox, pe7#hos and Rac2). As
shown in Supplementary Fig, S4a, PPE treatment upregulated the
mRNA expression of these genes in a manner that could be
suppressed by concomitant administration of mepenzolate. The
mRNA expression of some of other Noxs (Noxl, 4) and dual
oxidases (Duoxs; Duoxl, 2) was also affected by treatment with
PPE and/or mepenzalate (Supplementary Fig. $4b). Furthermore,
treatment of cells in BALE with phorbol 12-myristate 13-acetate

(PMA) activated NADPH oxidase, whereas pretreatment of cells
with mepenzolate decreased this activity in the presence of PMA
treatment but not in its absence (Fig. 6f). This finding supports
the notion that mepenzolate is a modulator of NADFPH
activation, but not an enzyme inhibitor of NADPH oxidase.
“Taken together, these results suggest that the modulatory effect of
mepenzolate on NADPH oxidase activity can be explained in
terms of its downmodulation of the expression of NADPH
oxidase-related genes and the activation of this enzyme.

To further understand the mechanism governing the mepen-
zolate-dependent decrease in inflammatory responses and
oxidative stress, we performed DNA microarray analysis of
lung tissue from mepenzolate-treated (or control) mice. Among
the genes whose expression was altered by the mepenzolate
administration (Table 1), we focused on genes encoding GSTs
that were included in a ‘glutathione metabolism’ gene set
(Supplementary Fig. 55a,b) and are known to reduce oxidative
stress by decreasing lipid peroxide levels®, As shown in Fig. 7ab,
the mRNA expression of Gst genes and GST activity in the lung
were increased by the mepenzolate administration, The mepen-
zolate administration also restored GST activity, which was
decreased by the PPE treatment (Fig. 7c). It was reported
that GST and its regulatory transcription factor, NF-E2-related
factor 2 (N1f2), in macrophages have an important role in the
pathogenesis of COPD25%, Therefore, we performed the Gene
Set Enrichment Analysis using the custom gene set and
confirmed that the downstream genes of Nrf2 (NFE2L2 target
genes) were upregulated by the mepenzolate administration
(Supplementary Fig. S5¢,d). Furthermore, we found that treat-
ment of RAW264 cells (a macrophage cell line) with mepenzolate
upregulated the mRNA expression Gst genes and GST activity
(Fig. 7d,e). Mepenzolate also activated Nxf2 and the expression of
other Nrf2-regulated genes (heme oxygenase 1 (Hol), NAD(P)H
dehydrogenase, quinonel (Ngol) and Sodi) in RAW264 cells
(Fig. 7f.g). These results suggest that the stimulatory effect of
mepenzolate on Ntf2 activity and the resulting expression of Gst
genes also involve the mepenzolate-dependent decrease in
inflammatory responses and oxidative stress.

Effect of mep late on CS-induced pul y disorders.
Finally, we examined the effect of the intratracheal administration
of mepenzolate on CS-induced pulmonary disorders. As shown in
Fig. 8a-c, pulmonary inflammatory responses and airspace
enlargement were induced following exposure of mice to CS, with
the simultaneous intratracheal administration of mepenzolate
cleatly suppressing the severity of these CS-induced pulmonary
disorders. We also found that the exposure of mice to €S
Jecreased total respiratory system elastance and tissue elastance
and that these parameters could be clearly improved by the
simultaneous administration of mepenzolate (Fig. 8d). Adminis-
tration of mepenzolate also suppressed CS-induced increases in
oxidative stress (the pulmonary level of 8-hydroxy-2'-deox-
yguanosine (8-OHdG)) (Fig. 8e). Mepenzolate increased GST
activity in either the presence or absence of CS treatment in vivo
(Fig. 8f). In vitro, GST activity was increased by the treatment
of cells with mepenzolate, even in the presence of CS extract
(CSE), which itself activated GST (Fig. 8g). On the other hand, we
found that mepenzolate suppressed the CS-induced mRNA
expression of Mip-2 and Kc and activation of NADPH oxidase
(Supplementary Fig. S6a,b), Mepenzolate also restored the HDAC
and SOD activities that were decreased by exposure to CS
(Supplementary Fig. S6¢). These results suggest that mepenzolate
protects against CS-induced pulmonary disorders vig a
mechanism similar to that in which it exerts its action against
PPE-induced pulmonary disorders.
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Figure 5 | Effect of mepenzolate on PPE-induced inflammatory responses. Indicated doses (ugkg ~") of mepenzolate (Mep) were administered
intratracheally once only. Mice were treated with or without (vehicle) PPE (100 g per mouse) 1h after the mepenzolate administration, Twenty-four hours
after the PPE administration, BALF (a,b), sections (c) or homogenates (d-g) were prepared from the lung. The total cell number and the number of
neutrophils (a) or levels of cytokines and chemokines (b) were determined as described in the Materials and Methods. Immunohistochemical analysis with
an antibody against the Ser536-phosphorylated form of NF-xB was performed as described in the Materials and Methods (scale bar, 100 um) (¢). Samples
were analysed by immunoblotting with antibodies against HDACZ2, SOD1, IxB-a or actin (d). The band intensity of each protein was determined and
normalized with respect to actin (e). Total RNA was extracted and subjected to real-time RT-PCR using a specific primer set for each gene. Values were
normalized to the Gapdh gene and expressed relative to the control sample (f). The activity of HDAC or SOD was determined as described in the Materials
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and Methods (g). Values represent the mean £s.em, *P<0.05; **P< 0.0 (Tukey test). Experiments were replicated at least two times.

Discussion

The number of drugs reaching the marketplace each year is
decreasing, mainly because of the unexpected adverse effects of
potential drugs being revealed at advanced stages of clinical trials.
To circumvent this, we have proposed a new strategy for drug
discovery and development, which focuses on the use of medicines
that have already been approved for use by humans (drug
repositioning)?’. In this strategy, compounds with clinically
beneficial pharmacological activity are screened from a library of
medicines already in clinical use to be developed for new
indications, The advantage of this strategy is that there is a
decreased risk for unexpected adverse effects in humans because
the safety aspects of these drugs have already been well
characterized in humans?”. In the present study, we applied this
strategy to screen for drugs to combat COPD. The drug
mepenzolate was identified using this approach, and we found
that its intratracheal administration suppresses PPE-induced

RATURE COMMUBICATIONS | 4:2686 | DOI: 10.1038, i nature.com/nate

airspace enlargement and alteration of lung mechanics, suggesting
that mepenzolate could provide an effective treatment for COPD.

To highlight the potential clinical relevance of our findings, we
performed several key experiments. First, we demonstrated that
inhalation of mepenzolate was also effective against PPE-induced
airspace enlargement and alteration of lung mechanics. This route
of administration is noteworthy because of its potential to have
less impact on the quality of life of COPD patients given that the
drug can be administered on a daily basis at home. Second, we
showed that mepenzolate has a therapeutic effect even when the
drug was administered after the development of emphysema, We
also showed that mepenzolate suppresses the PPE-induced
decrease in FEV,os/FVC and finally, we demonstrated that
mepenzolate exerts an ameliorative effect against CS-induced
pulmonary disorders.

Among the five types of muscarinic receptors (M,;.sR), MR
expressed in bronchial smooth muscle can be blocked by

7

@ 2013 Macmillan Publishers Limited. All rights reserved.

Gene set NES*"  P-value! FDR!

Ribosome 2.866 <0.001 <0.001
T-cell receptor signaling pathway 2,066 <0.001 0.018
Drug metabolism cytochrome P450 2.030 <0.001 0.015
Metabolism of xenobiotics 1.947 <0.001 0.023
by cytochrome P450

Proteasome 1799 0.007 0073
Protein exporl 1.750 0.021 0.085
Oxidative phosphorylation 1635 <0.001 0.160
Fally acid metabolism 1.627 0.023 0.149
Glutathione metabolism 1567 0.028 0195
Parkinson's disease 14N 0.013 0239

*NES, normalized enrichment score.
1P-value, a permutation test implemented in Gene Set Enrichment Analysis (GSEA).
1FDR, fase discovery rate.

muscarinic antagonists, resulting in bronchodilation?®. Thus, it is
reasonable to speculate that mepenzolate, a subtype-non-specific
muscarinic receptor antagonist, has bronchodilatory activity as

confirmed here. Other subtype-non-specific muscarinic receptor
antagonists such as ipratropium and tiotropium examined here
did not exert ameliorative effects against PPE-induced pulmonary
disorders. Furthermore, scopolamine (a subtype-non-specific
muscarinic receptor antagonist) and pirenzepine (an MR-
specific antagonist) also had no discernible effects against
PPE-induced pulmonary disorders, even though, as for
mepenzolate, these drugs are orally administered drugs used to
treat gastrointestinal disorders and their clinical doses (100mg
per day per adult) are similar to that of mepenzolate (45 mg per
day per adult). We also found that the M,R-specific antagonist
gallamine triethiodide and the MjR-specific antagonist 1,1-
dimethyl-4-diphenylacetoxypiperidinium iodide did not affect
the PPE-induced increase in number of total leukocytes or
neutrophils in BALF (Supplementary Fig. §7). These results
suggest that mepenzolate achieves its ameliorative effect against
PPI-induced pulmonary disorders via mechanisms that are
independent of its muscarinic receptor and bronchodilatory
activities. On the other hand, glycopyrronium suppressed
PPE-induced airspace enlargement and alterations of lung
mechanics. The chemical structure of glycopyrronium is similar
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Figure 7 | Effect of mepenzolate on Gst gene expression and GST activity. (a-¢), mepenzolate (Mep) (38 g kg =1 or vehicle (PBS) was administered
intratracheally once only. Mice were treated with or without PPE (100 1g per mouse) 1h after the mepenzolate administration (). Twenty-five hours
alter the mepenzolate admini: ion, lung t was prepared. Total RNA was extracted and subjected to real-time RT-PCR using a specific primer
sel for each gene. Values were normalized to the Hprt gene and expressed relative to the control sample (a). The GST activity was delermined as described
in the Materials and Methods and expressed relative to the control sample (b,¢). (d-g), RAW264 cells were incubated for 24 h (d.e,g) or indicated
period (F) with or without (control 100 pgml " (d 8 or indicated doses (e) of mepenzolate (Mep). The mRNA expression of each gene was monitored
as described above (d,g). Activities of GST and Nrf2 were determined as described in the Materials and Methods and expressed relative to the

cantrol sample (ef). Values represent the mean  s.eam. *P<0.05; **P<0.01 (Student's t-test (a,b,d-g), Tukey test (c)). Experiments were replicated at
least two times.

to that of mepenzolate (Supplementary Fig. $8), suggesting that
this common structure may underlie their anti-inflammatory
activities.

Mepenzolate suppressed both PPE- and CS-induced inflam-
matory responses. We found that the pulmonary level of the
active forms of NPF-xB or IkB-u increased or decreased,
respectively, in response to the treatment of mice with PPE,
and that the simultaneous treatment of animals with mepenzolate
partially suppressed these alterations. We also found that HDAC2
and HDAC activities were decreased by the PPE treatment of
mice and that simultaneous treatment with mepenzolate partially
suppressed these decreases. This finding suggests that NF-xB and
HDAC2 have important roles in the inhibitory effect of
mepenzolate on inflammatory responses.

We also observed that treatment of mice with mepenzolate
suppressed the PPE- induced increases in oxidative stress, NADPH
oxidase activity and expression of NADPH oxidase-related genes.
The incubation of cultured cells retrieved from BALF exhibited
decreased superoxide anion production and PMA-induced activa-
tion of NADPH oxidase when the incubation was carried out in
the presence of mepenzolate. However, mepenzolate did not affect
the background level of NADPH oxidase activity. These results

suggest that mepenzolate suppresses the PPE-induced production
of superoxide anions via the modulation of NADPH oxidase
activation and expression of NADPH oxidase-related genes. It was
reported that polymorphisms in genes encoding GSTs affect the
pathogenesis of COPD,? and we here found that mepenzolate
increased the expression of Gst genes and GST activity in the lung.
We also found that treatment of RAW264 cells with mepenzolate
increased the expression of Gst genes and GST and Nrf2 activities.
These results suggest that the mepenzolate-dependent decrease in
the pulmonary level of oxidative stress in vivo also involves its
stimulatory effect on Nrf2 and the resulting expression of Gst
genes. It should be noted that both the modulatory effect of
mepenzolate on NADPH oxidase activation and its stimulatory
effect on the expression of Gst genes and GST activity seems
not to be a secondary effect of alternative mechanisms, because
these effects can be reproduced in vitro. Furthermore,
the expression of SOD1 in the lung, which is regulated by Nif2
(ref. 26), was decreased by the PPE treatment, and subsequently
restored by the concomitant treatment of animals with
mepenzolate.

This action of mepenzolate may also be involved in the observed
decreased oxidative stress i vivo. Oxidative stress activates
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Figure 8 | Effect of mep late on CS-induced pul y disorders. (a-f), mice were exposed to CS (lhree limes per day) and intratracheally

administered mepenzolate (Mep; 38 g kg ', once daily) for 3 days (a, f) or for 6 months (5 days per week (from Monday to Friday)) (b-e) as described in
the Materials and Methods. Only CS exposure was performed in the last week (b-e). The total cell number and the number of neutrophils or macrophages
were determined as described in the Malerials and Methods (a). Sections of pulmonary tissue were subjected to histopathological examination (H&E

staining) (scale bar, 500 um) (b). Airspace size was estimated by determining the MLI as described in the Materials and Methods (c). Total respiratory
system elastance and tissue elastance were determined as described in the Methods (d). Immunohistochemical analysis with an antibody against 8-OHdG
was performed as described in the Materials and Methods (scale bar, 200 um) (e). The GST activily was determined as described in the Materials and
Methods (8. () RAW264 cells were pre-incubated for 24 h with indicated concentrations of mepenzolate (Mep) and further incubated with CSE (15%) for
24 h. GST activity was determined as described above. Values represent the mean# s.em. ‘P<0.05; **P < 0.01 (Tukey test). Experiments were replicated at

least two times (except for b-e).

NE-kB via both the inhibition of HDAC2 and the stimulation
of 1kB-o degradation, with these mechanisms suggested to be
important for inflammatory responses associated with COPDI214,
‘Therefore, we conclude that mepenzolate suppresses inflammatory
responses in animal models of COPD due to its inhibitory effect on
ROS production, its stimulatory effect on the expression of
antioxidant proteins and the resulting inhibition of NE-kB, which
is caused by the activation of HDAC2 and the inhibition of IkB-u:
degradation.

As described above, a combination of anti-inflammatory drugs
(such as steroids) and bronchodilators is the standard treatment
regime for COPD**3!, We have shown that mepenzolate has both
anti-inflammatory and bronchodilatory activities, suggesting that

muscarinic antagonists, which are used as supplemental
drugs for the temporary improvement of airflow limitation®!.
On the other hand, we recently reported that steroids do not
provide protective or therapeutic benefits against PPE-induced
pulmonary emphysema, alterations in lung mechanics or
respiratory  dysfunction?, whereas here we have shown
that mepenzolate is effective against these disorders under the
same experimental conditions. Based on these observations,
we consider that a combination treatment regime involving
the administration of long-acting muscarinic antagonists or
Bs-agonists along with inhaled mepenzolate may prove to be
therapeutically beneficial for COPD patients.

this drug could be effective for the treatment of COPD without  pethods

the concomitant use of other drugs, However, the results of this  chemicals and animats. Mepenzolate, PPE, PMA, glycopyrronium, ipratropium,
study suggest that mepenzolate belongs to the short-acting Jami N'-dimethyl-9, 9'-biacrid dinitrate (lucigenin), NADPH and
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acetyl-B-methylcholine bromide (methacholine) were obtained from Sigma

(St Louis, MO). Antibodies against HDAC2, 1kB-o, the Ser536-phosphorylated
form of NF-kB and actin, along with apocynin were from Santa Cruz Biotechnology
(Santa Cruz, CA). GeneChip Mouse Gene 1.0 ST Array was from Aﬁymcmx (bnmn
Clara, CA). Alexa Fluor 594 goat anti-rabbit (or anti G

Hictoloo
k

fand | histochemical analyses, Lung tissue samples were fixed
in 10% formalin neutral buffer solution for 24 h at a pressure of 25c¢mH,0, and
then embedded in paraffin before being cut into 4 pm-thick sections,

For histological examination, sections were stained first with Mayer’s

was purchased from Invitrogen (Carlsbad, CA). Antibody against SODI, gallamine
triethiodide and 1,1-dimethyl-4-diphenylacetoxypiperidinium iodide and the
HDAC assay kit were from Enzo Life Sciences (Farmingdale, NY), An antibody
against 8-OHdG was from Nikken SEIL (Shizuoka, Japan). The GST assay kit was
from PromoCell GmbH (Heidelberg, Germany). TransAM Nef2 kit was from
Active Motif (Carlsbad, CA). The SOD assay kit and the nuclear extraction
hypotonic buffer were from Cayman Chemical (Ann Arbor, MI), Mounting
medium for immunohistochemical analysis (VECTASHIELD) was from Vector
Laboratories (Burlingame, CA). Novo-Heparin for injection was from Mochida
Pharmaceutical (Tokyo, Japan). Chloral hydrate was from Nacalai Tesque (Kyoto,
Japan). Diff- QunL was from the Sysmcx Ourporauon (Kobe, Japan). ELISA kits for
tumour necrosis factor-t, ¥y protein-2, che-
moatlractant protein- L and kemlmocylc»dmvcd chemokine were from R&D
Systems (Minneapolis, MN), The RNeasy kit was oblained from Qiagen (Valencia,
CA), the PrimeScript 1st strand ¢cDNA Synthesis Kit was from TAKARA Bio
(Ohuu‘ hpan), :md lhc SsoFast Lv1Grcen Supermix was from Bio-Rad (Hercules,

CA). P hioride ( pine) and formalin neutral buffer
solution were from ‘WAKO Pure Clwnumls (Tokyo, Japan). Mayer’s hematoxylin,
1% cosin alcohol solution and malinol were from MUTO Pure Chemicals (Tokyo,
Japan). DAPI, diethylenetriamine-N, N, N', N, N"-pentaacetic acid and
DPhPMPO swere from Dojindo (Kumamoto, Japan). RAW264 cells (a macrophage
cell line) were from RIKEN BioResource Center (Tsukuba, Japan). ICR mice (4-6
weeks old, male) and DBA/2 mice (5 weeks old, female) were purchased from
Charles River (Yokohama, Japan) and used in all experiments in this paper. The
experiments and procedures described here were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted and promulgated by
the National Institutes of Health, and were approved by the Animal Care Com-
mittee of Keio University and Kumamoto University.

Prepavahon of BALF and CSE and cell culture. BALF was collected by cannu-
lating the trachea and lavaging the lung with 1 ml of sterile PBS containing

50 unitsmi =1 heparin (two times). About 1.8 ml of BALF was routinely recovered
from each animal. The total cell number was counted using a hemocytometer. Cells
were stained with DIff-Quik reagents after centrifugation with Cylospind (Thermo
Electron Corporation, Waltlam, MA}, and the ratio of neutrophils to total cell
number was determined,

Cells from BALF or RAW264 cells were cultured in agle's minimal essential
medium supplemented with 10% FBS or Eagle’s minimal essential medium
supplemented with 10% FBS and 0.1 mM non-essential amino add (Lonza, Allendale,
NJ), respectively, in a humidified atmosphere of 95% air with 5% CO, at 37°C.

One cigarette (Peace; Japan Tobacco, Tokyo, Japan) was pulfed 15 times over
5min period to obtain the smoke, which was bubbled into 5 mi of the culture mcchum
using a 50-mil plastic syringe. 'The resulting suspension was defined 100% CSE,

Analyses of cytokines and ck kines and enzyme activities. Cytokine and
chemolune levels were measured by ELISA according to the manufacturer’s pro-

and then with 1% cosin alcohol solution (H&E staining). Samples
were mounted with malinol and inspected with the aid of an Olympus BX51
microscope (Tokyo, Japan).

To determine the MLI (an indicator of airspace enlargement), 20 lines (500 ytm)
swere drawn randomly on the image of section stained with H&E and the
intersection points with the alveolar walls were counted to determine the MLL
The morphometric analysis at the light microscopic level was conducted by an
investigator blinded Lo the stady protocol,

For immunobistochemical analysis, sections were treated with 20 pgml ™~
protease K for antigen activation, Sections were blocked with 2.5% goat serum for
10 min, incubated for 12h with an antibody against the Ser536-phosphorylated
form of NF-kB (1:100 ditution) or 8-OHdG (1:100 dilution) in the presence of 2.5%
bovine serum albumin, and then incubated for 2h with Alexa Fluor 594 goat anti-
rabbit (or anti-mouse) immunoglobulin G (1:500 dilution) and DAPI (5 ugml = 1),
Samples were mounted with VECTASHIELD and inspected with the aid of a
fuorescence microscope (Olympus BXS1).

Immunoblotting analysis. Lung homogenates were prepared by homogenization
in the buffer (50 mM Tris-HCl pH7.6, 150mM NaCl, 19 NP-40, 1% sodium
deoxycholate and 0.1% SDS) and |hc protein concentration of the samples was
determined by the Bradford reagent®. Samples were applied to polyacrylamide SDS
gels, subjected to electrophoresis and the resultant proteins immunoblotted with
their respective antibodies. Full gel scans were shown in Supplementary Fig. §9.

Real-time RT-PCR analysis. Total RNA was extracted from lung tissues using an
RNeasy kit according to the manufacturer’s protocol. Samples (2.5 pug RNA) were
reverse transcribed using a first-strand cDNA synthesis kit. Synthesized cDNA was
used in real-time RT~PCR (Chromo 4 instrument (Bio-Rad, Hercules, CA)
experiments using SsoFast EvaGreen Supermix, and analysed with Opticon
Monitor Software. Specificity was confirmed by clectrophoretic ana]yﬂs of the
reaction products and by inclusion of template- or reverse
controls, To normalize the amount of lolal RNA present in each reaction, gly-
ceraldehyde-3-phosphate dehydrogenase or hypoxanthine guanine phosphor-
ibosyltransferase cDNA was used as an internal standard,

Primers were designed using the Primer3 or Primer-BLAST website. The
primers sequence was shown in Supplementary Table 2.

Treatment of mice with PPE and €S. ICR mice maintained under anaesthesia
with chloral hydrate (500mg l\g“‘) were given one intratracheal injection of PPE
(100 pg per mouse or 15Ukg ™" in PBS via micropipette.

DBA/2 or ICR mice were exposed lo CS by placing 10-20 mice in a chamber
(volume, 451) connected to a CS-producing apparatus, Commercial non-filtered
cigarettes (Peace; Japan Tobacco, Tokyo, Japan) that yielded 28 mg tar and 2.3mg
nicotine on a standard smoking regimen were used. Mice were exposed to the
smoke of 1 cigarelte for 35 min, 3 times per day, 5 days per week (from Monday to
Friday) for 6 months, or to the smoke of 2 cigarettes for 25 min, 3 times per day for

tocol. The activities of HDAC, SOD, GST and Nrf2 were d by employi
each assay kit according to the manufacturer’s protocol. For the measurement of
Nrf2 activity, nuclear extract was prepared as described in the manufacturer’s
protocol.

of leve! of superoxide anions. The level of superoxide anions was
determined by ESR spin trnppmg with DPhPMPO%, Cells collected fmm BALF
were incubated with 0,9% NaCl ining 500 M diethyl jamine-N, N, N,
N, N-pentaacetic acid and 10mM DPM’MK’O for 10min at 37°C. LSR spectra
were recorded at room temperature on a JES-T! LZOD ESR spectrometer (JEOL,

3 days. The app was configured such that each cigarette was puffed 15 times
over a 5-min period,
For the administration of by inhalation, 58 mice were placed in a

chamber (volume, 451) and an ullrasomc nebulizer (NE-U07, Omron, Tokyo,
Japan) connected to the chamber was used to nebulize over a 30-min period the
entire volume of a solution containing mepenzolate dissolved in 10 ml PBS. For
control mice, PBS alone was nebulized. Mice were kept in the chamber for a further
10 min after completion of the nebulization,

For the intratracheal administration of candidate drugs, mice were maintained
under anaes&l\esm w\lh dxloral hydrate (500 mg kg™!) and each drug in PBS was

‘Tokyo, Japan) under the following conditions: 2 100 kHz;

microwave frequency, 943 GHz; microwave power, 40 mW; sc«mning field, 330.2-
340.2mT; sweep lime, 2min; field modulation width, 0.25 mT; receiver gain, 400;
and time count, 0.3s. Tvery buffer and solution used in the reaction mixture used
for ESR measurement was treated with Chelex 100 resin (Bio-Rad, Hercules, CA)
before use to remove metal cations.

The ESR spectrum was consistent with a previously reported DPhPMPO-OOH
gcclrum {a hg?crfne coupling constant of aN =124 mT, a;,’ =116mT,
i =395mTy

Measurement of NADPH oxidase activity. Cells in BALF were prepared as
described above. NADPH oxidase aclivity in the cells was measured by using
lucigenin as a substrate (chemiluminescence)®®. Samples were incubated with

0.1 mM NADPH in 50mM phosphate buffer containing 1 mM EGTA, 150 mM
sucrose and 0.5 mM lucigenin, and lucigenin chemiluminescence was rcwrdcd for
15 min in a microplate reader (Microlumat Plus LBI6V, Berthold Teck

ed via pip For control mice, PBS alone was administered by
lhc same procedure,
Unless otherwise noted, the first administration of each drug was performed 1h
prior to the PPE administration or 2h before the CS treatment,

Arinl 0 Fonetic

yses of lung h and Measurement of lung
mechanics and airway resistance was performed with a computer-controlled small-
animal ventilator (ElexiVent, SCIREQ, Montreal, Canada)’*%3, Mice were
anesthetized with chloral hydrate (500 mgkg ™), a lmchcolomy swas performed,
and an 8-mm section of metallic tube was inserted into the trachea, Mice were
mechanically ventilated at a rate of 150 breaths per min, using a tidal volume of
8.7mlkg ™" and a positive end-cxpiratory pressure of 2-3 mH,0.

Total respiratory system elastance and tissue elastance were measured by the
snap shot and forced oscillation techniques, respectively. All data were analysed
using FlexiVent software {version 5.3; SCIREQ, Montreal, Canada).

Bad Wildbad, Germany or Infinite M1000, TECAN Group, Mannedorf, "
Switzetland).

For of the -induced increase in airway resistance,
mice were exposed to nebulized methacholine (1mgml ™ 1Y five times for 20s with
a 40-s interval between each and airway resistance was measured after each
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methacholine challenge by the snap shot technique. All data were analysed using
the FlexiVent software.

Determination of the FEV0.05/FVC ratio was performed with the same
computer-controlled small-animal ventilator connected to a negative pressure
reservoir (SCIREQ, Montreal, Canada)®*33, Mice were tracheotomized and
ventilated as described above. The lungs were inflated to a pressure of 30cm HyO
over 15 and held at this pressure, After 0.2 s, the pinch valve (connected to
ventilator) was closed and after 0.3 5, the shutter valve (connected to negative
pressure reservoir) was opened for exposure of the lung to the negative pressure.
The negative pressure was held for 1.55 to ensure complete expiration, FEV0.05/
FVC was determined using the FlexiVent software.

Gene expression analysis using DNA microarray. Using 100 ng of total RNA
extracted from lung tissues, hybridization and signal detection of GeneChip Mouse
Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA) were performed fc]lowing the
manufacturer’s instructions. Gene expression analysis was performed in duplicate
for each experimental condition. The raw data were normalized by the robust
multi-array average method™ using the ‘ally’ package from BioConductor (http://
wiww.bioconductor.org/) and R slatistical software version 2.12.1 (hitp://www.r-
project.org/),

For functional analysis, we used Gene Set Enrichment Analysis version 2.0.13
with MSigDB gene sets version 4.0 (ref. 38). A gene sel calegory c2.cpkegg based
on the KEGG pathway database was used, and a custom gene sel
(SINGH_NFE2L2_TARGETS from the category 2.cgp) was used for the analysis
of Nrf2-related gene sets. We used ‘Diff_of_Classes’ (the difference of class means
to calculate fold change) as a metric for ranking genes. All other parameters were
set to the default values, except for ‘set_min’ (the minimum size of gene set) to 10
for the Nef2-related gene sets. Gene sets satislying £<0.05 and FOR<0.25 were
considered significant,

Statistical analysis. All values are expressed as the mean & s.em. Tiwo-way ana-
lysis of variance followed by the Tukey test or the Student’s t-test for unpaired
results was used to evaluate differences between three or more groups or between
two groups, respectively. Di ces were consid 0 be si for values of
P<0.05,
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Abstract:

We developed PathAct, a novel method for pathway analysis to investigale the biological and clinical implications of the gene
expression profiles. The advantage of PathAct in comparison with the conventional pathway analysis methods is that it can
eslimate pathway activily levels for individual patient quantitatively in the form of a pathway-by-sample matrix. This matrix can
be used for further analysis such as hierarchical clustering and other analysis melhods. To evaluate the feasibility of PathAct,
comparison wilh frequently used gene-enrichment analysis methods was conducted using two public microarray datasets. The
dataset #1 was that of breast cancer palients, and we invesligaled palhways associated with triple-negative breast cancer by
PathAct, compared with those obtained by gene set enrichment analysis (GSEA). The dataset #2 was another breast cancer dalaset
with disease-free survival (DFS) of each patient. Contribution by each pathway to prognosis was investigated by our method as
well as the Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis. In the dataset #1, four out of Lhe six
pathways that satisfied p < 0.05 and FDR < 0.30 by GSEA were also included in those obtained by the PathAct method. For the
dataset #2, two pathways ("Cell Cycle" and "DNA replication”) out of four pathways by PathAct were commonly identified by
DAVID analysis. Thus, we confirmed a good degree of agreement among PathAct and conventional methods. Moreover, several
applications of further stalistical analyses such as hierarchical cluster analysis by pathway activity, correlation analysis and

survival analysis between pathways were conducted.

Background:

Gene expression profiling by microarray analysis provides a
huge amount of biological information and has been widely
used in biological and clinical research. Since microarray
technique simultaneously detects expression levels for more
than ten thousand of genes, bioinformatics approaches for
interpretation of such large-scale data are essential. The
microarray data is often examined using the information of a
palhway, which represents a series of biological reactions that
causes a specific event such as signal transduction, cell
proliferation, and drug metabolism. There are several pathway
databases such as the KEGG PATHWAY dalabase [1], BioCarla
{2] and GenMAPP [3]. In addition, Gene Ontology (GO)
database [4] provides controiled vocabularies of various genes
and has a hierarchical structure based on their functions.
Recently, several interpretation tools such as gene set
enrichment analysis (GSEA) [5], the Database for Annotation,
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Visualizalion and Integraled Discovery (DAVID) [6], GenMAPP
{3}, and GOMiner [7] have been developed and widely used in
the microarray analysis. The majorily of tools for pathway
analysis delect pathway-level difference between lwo groups
(e.g., cases and controls). The output results generated by these
tools are typically given as a list of p-values and other software-
specific information, which is not suitable for further analyses.
If the activity (i.e., the degree of up- and down-regulation) of a
pathway can be estimated in each samples, these information
would be of great use for investigation of patient-specific
characteristics of a disease and further development of
personalized medicine. In this study, a novel method for
pathway analysis, called PalhAct, is introduced. PathAct can
estimale individual pathway activity by conversion of gene
expression data into quantitative values for both of each
pathway and each sample. One of the most unique features is
that the output data is given in matrix form, which can be used
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for further analysis such as hierarchical clustering and other
multivariate analysis methods.

The median polish (MP) algorithm [8], which is a core
component in PathAct, is a suitable method for an additive
decomposition of a two-dimensional data matrix. MP is known
as an exploratory data analysis for extraction of both row-wide
and column-wide trends from a two-dimensional matrix. MP is
an iterative procedure that consists of the following four steps:
(1) calculating median values of each row, (2) subtracting the
median values from each row, (3) calculating median values of
each column, and (4) subtracting the median values from each
column. These steps are repeated using the residual matrix as a
‘new data, and the median vectors for the row and the column
are accumulated at each iteration. This procedure is iterated
until the reduction of the sum of absolute residual is less than a
specified value, or the maximum limit of iteration is exceeded.
The MP method has been used for several bjoinformatics tools
including the robust mulli-array average (RMA) method [9],
one of the most well-known normalization methods for DNA
microarray data.

Methodology:

PathAct algorithm

Application of the MP method to microarray data is
formularized as follows. Suppose that a pathway p contains N,
genes, and M sanples are obtained from the .microarray
experiment. Note that a gene may belong to multiple pathways.
For the N,xM gene expression matrix Gy the expression
intensity of the i-th gene for the j-th individual is denoted as
Gyli, jl. Using MP, G,, is decomposed into a gene effect g[i], an
individual effect a,(j], and an residual matrix Rylf, jl. Gyli, j1 =
glil + afj] + Ryli, j1; The individual effect ay is the pathway
aclivity and is used for further analysis. The gene effect g,
reflects a degree of bias such as hybridization efficiency of each
gene. When a databasé contains K pathways, these steps are
repeated for K limes to produce the KxM pathway activity
malrix A by collecting a, of each pathway. These procedures,
namely PathAct, were implemented in R statistical language
version 2.15.2 (http://www.r-project.org/). The program is
freely available upon request. A dataset including 229 human
pathways was obtained from the KEGG PATHWAY database
using an R packages "KEGG.db" and "hgul33plus2.db’.
"KEGG.db" contains information about KEGG PATHWAY
entry such as pathway IDs and names, whereas
"hgul33plus2.db" is an annotation data for Affymetrix HG-133
plus 2.0 array including pathway information. When multiple
probe sets correspond to a single gene, a probe set with the
largest interquartile range (IQR) was selected as a responsible
probe set for the gene, Termination conditions of each MP
process were set to 1% as a change of absolute residual and ten
times as the maximum iteration steps.

Jataced

Application to clinical microarray

To evaluate the feasibility of our pathway analysis method, two
public microarray datasets were downloaded from the Gene
Expression Omnibus (GEO) database (http:// www.ncbinlm.
nih.gov/geo/). The dataset #1 (GSE19615) contains a total of
115 gene expression profiles obtained from tissue specimens of
breast cancer patients [10] using HG-133 Plus 2.0 arrays. The
data have clinicopathological information for estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth
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factor receptor 2 (HER2) expressions. Triple-negative breast
cancer (TNBC), which does not express ER, PR, and HER?, is
associated with higher risk of distant metastasis and poor
prognosis compared to other type of breast cancer (non-triple-
negative breast cancer; NTNBC) [11]. Therefore, we aimed to
identify pathways differently activated between TNBC and
NTNBC. The gene expression profiles including 54,613 probe
sets were converted into a pathway activity matrix using
PathAct. Association between pathway activities and TNBC
was determined by the Wilcoxon exact rank-sum test provided
by “exactRankTests* package in R. Then, pathways with at least
1.1-fold increase or decrease between TNBC and NTNBC were
further selected. The dataset #2 (GSE21653) contains a total of
266 gene expression profiles from breast cancer patients using
HG-133 Plus 2.0 arrays [12]. Among them, 252 patients had
information for disease-free survival (DFS), which was
calculated from the date of diagnosis until date of first relapse
or date of death (when the relapse was not observed). These
gene expression profiles were also converted into a pathway
activity makrix using PathAct, and we investigated pathways

-associated with DFS using Cox proportional hazards model. In

both datasets, pathways satisfying both p < 0.05 by Wald test
and FDR < 0.30 were considered statistically significant.

Comparison with tional pathway analysis method:

For the dataset #1, we investigated pathways associated with
TNBC by gene set enrichment analysis (GSEA) [5]. We used a
collection of gene sets for KEGG pathways provided by
MSigDB 3.1 (c2.cpkegg.v3.lsymbols.gmt, available at
http:/ /www.broadinstitute.org/ gsea/ msigdb/). Pathways that
satisfied both p < 0.05 and FDR < 0.30 were selected and were
compared with the results obtained by PathAct. In the second
analysis using dataset #2, as GSEA cannot conduct survival
analysis, we first extracted genes related to DFS by Cox
proportional hazards model using a cut-off value of p < 0.05 by
Wald test. Then, the selected genes were analyzed by DAVID
Functional Annotation Tool [6] version 6.7. We used the
"KEGG_PATHWAY" category provided by DAVID for analysis
of pathways that were overrepresented by the genes associated
with DFS. Two separate analyses were performed for the genes
up-regulated in poor prognosis patients (hazards ratio (HR) > 1
by the Cox regression) and for those down-regulated in poor
prognosis patienis (HR < 1). Pathways that satisfied both p <
0.05 and FDR < 0.30 by DAVID analysis were then selected.

Discussion:

Patlrway-based analysis of TNBC dataset

Using the dataset #1, we calculated the pathway activity matrix
of 229 KEGG pathways for the 115 patients by the PathAct
method. We then identified 15 up-regulated and 13 down-
regulated pathways in TNBC by comparing the pathway
activity values between TNBC and NTNBC. Using the
calculated pathway activity levels, we next performed a
hierarchical cluster analysis using the above 28 pathways
(PFigure 1A), When the patients were classified into two major
clusters, the left cluster contained four TNBC and 61 NTNBC
patients, whereas the right cluster contained 26 TNBC and 24
NTNBC patients (p < 0.001 by Fisher's exact test). This indicates
that the PathAct method c¢an summarize the important
molecular information in breast cancer, a part of which is
necessary for classification of TNBC from NTNBC.
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Figure 1: Hierarchical clustering of pathways using output data generated by PathAct. The pathway activity data was transformed
into z-scores by setting the mean expression inlensities to 0 and variances to 1 for all pathways. The Euclidean distance was used to -

calculate a similarity malrix among pathways or individuals, respectively. The red dashed lines indicale the two major cluslers
oblained by the hierarchical cluster analysis. A: a hierarchical clusler analysis using the selected 28 palhways for the dataset #1. B: a
hierarchical clusler analysis using the selected 14 pathways for the dataset #2.

Patinvays associated with TNBC

The pathways associaled with cell proliferation (e.g., "DNA
replication” and "Cell cycle") and transcription process (e.g.,
“Basal lranscription factors” and "RNA polymerase") were
significantly ~ up-regulated in TNBC Table 1 (see
supplementary material). This suggesls that the cancer cells in
TNBC are more aggressive than those in other type of cancer.
On the other hand, the pathway "ECM-receplor inleraction”,
related to cell adhesion, was down-regulated in TNBC Table 1.
Because loss of cell adhesion promotes migration, invasion and
metastasis of cancer cells, the down-regulation of these
pathways suggesled the higher metastatic ability of TNBC than
NTNBC. It has been reported thal TNBC are further classified
into several sublypes such as basal-like, normal-like, and
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claudin-low subtypes [13]. Among them, the claudin-low
subtype shows lower mRNA expression levels of cell cycle-
related genes [14]. As shown in Figure 1A, a part of TNBC
patient’s exhibils lower activily levels of cell cycle-related
Pathways, which suggest the existence of sublypes among
TNBC palienls.

Pathway-based analysis of DFS in breast cancer

Using the dataset #2, we also obtained Lhe pathway activity
matrix of 229 KEGG pathways for the 266 patients by the
PathAct method. Using the pathway activity levels, we selected
14 pathways that had significant association with DFS Table 2
(see Supplementary material). Among these pathways, nine
showed hazard ratio (HR) > 1, and (he other five had HR < 1.
Similar to the analysis of the datasel #1, we conducted a
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hierarchical clusler analysis using the selected 14 pathways
(Figure 1B). When the patienls were divided inlo the lwo
clusters, the left cluster contained 27 recurrence and 80
recurrence-free patients, whereas the right cluster conlained 56
recurrence and 89 recurrence-free patients (p = 0.030 by Fisher's
exact lest). This indicated that the patients in the right clusler
had significantly higher risk of tumor recurrence,

e
+ | #TNBG N -
Q
ONTNBC ol N @
g~ 7 82
BN el £
22 gooe fo
JEE B O I
g & o G
£F o ] § o e" e
LRI
a2
o | o s, sR=0850 EX -
© 5 @ %p < 0.001 —Pubents wh et patheny aclrely
1y o | Patents it et pamery ooty
T T T i T
80 65 70 0 50 100 150 200
Dmthw?y activ)t{AInU ) Postoperafive month
! replication” (AU,

Figure 2: Application of PathAct method for further numerical
analysis. A: correlalion analysis of "DNA replication” and "Cell
cycle" for the dalaset #1 (p < 0.001 by Pearson's correlalion test).
B: analysis of correlation between DFS and the pathway activity
in "Allograft rejection". Down-regulation of this pathway
conlribute to betler prognosis (p = 0.034 by log-rank test),

Patlway iated with proguosis of breast cancer

The pathways associated with cell proliferation (e.g., "DNA
replication", "Base excision repair’, and "Cell cycle") were
positively correlated with poor prognosis Table 2. Promotion of
cell proliferation in cancer is a typical phenomenon in
carcinogenesis and cancer progression. On the other hand, the
five pathways for betler prognosis contained "Asthma" and
"Graft-versus-host disease", which did not seem to be associated
with cancer. However, these pathways include genes relaled to
immune response process such as antigen processing (e.g.,
MHC class 1T genes) and cytokines (e.g., IL2, 4, 5, and 9). This
suggeslted that the immune response function in cancerous
tissue was aclivated in patients with belter prognosis compared
wilh patienls with poor prognosis. In fact, it has been reported
that breast cancer patients with a higher number of tumor-
infiltrating CD8(+) lymphocytes shows belter prognosis [15].
Therefore, activalion of these pathways in patients with good
prognosis is possibly caused by increased number of
lymphocytes by lymphocytic infilration.

Comparison to conventional methods

In order to validate the PathAct method, we compared the
analysis results of the datasets #1 and #2 with other
approaches. First, we performed GSEA for the dataset #1 and
identified six pathways that were significantly altered in TNBC
Table 3 (see supplementary material). Inlerestingly, four out of
six pathways identified by GSEA were also included in those
obtained by the PathAct method. Therefore, we confirmed Lhat
GSEA and PathAct had ability to detect common biological
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palhways in the microarray datasel. Nexl, we evaluated
pathways associaled with DFS in the dataset #2. Using Cox
proportional hazards model, 1,487 probe sels were identified to
be negatively correlated with DFS, whereas 1,081 probe sets had
positive correlation with DFS. DAVID analysis was then
performed for each of the selecled gene sets Table 4 (see
supplementary material. "Cell Cycle” and "DNA replication"
pathways were significantly overrepresented in genes
associated with poor prognosis, and these were also detected by
the PathAct method. Similarly, 13 pathways were identified for
genes correlated with good prognosis, and four palhways
associated with immune response ("Asthma", "Graft-versus-
host disease", "Allograft rejection", and "Type [ diabetes
mellitus") were also delected by the PathAct. Thus, we
confirmed good agreement between PathAct and DAVID.

Quantitative analyses using pathway activities

A major advantage of PathAct method is that obtained pathway
aclivity levels can be used for further statistical analysis. For
example, the correlation analysis of "DNA replication” and "Cell
cycle" for the dataset #1 was performed (Figure 2A). These two
pathways showed significant correlation (p < 0.001 by Pearson's
correlation test), and bolth pathways were up-regulaled in
TNBC compared with NTNBC, Another example is an analysis
of correlation between DFS and the pathway aclivily in
"Allograft rejection" (Figure 2B). When the median value of the
pathway aclivily levels was chosen for a cut-off point, it was
demonstrated that up-regulation of this pathway contribute to
beller prognosis (p = 0.034 by log-rank test). Because lhe
"Allograft rejection" pathway conlains many genes associated
will immune response, this result infers Lhat increased number
of lymphocytes by lymphocytic infiltration could contribute to
the betler prognosis of the breast cancer patients.

Conclusion:

Pathway analysis plays an imporlant role in interpreting
genome-wide gene expression data. Several methods for
palhway analysis have been proposed, but they are restricted lo
making comparisons between groups. Thus, the development
of a flexible evaluation framework for individual patienls is
crucial for the advanced inlerpretation of microarray data. In
this study, a novel approach for estimaling individual pathway
activity using the median polish algorithm was introduced.
Using the clinical microarray datasels, the capability of the
PathAct method was evaluated. The PathAct method could
detect lhe similar pathways wilh those obtained by the
conventional methods such as GSEA and DAVID. Motreover,
because he processed data (Le., the pathway activity malrix)
are given as quantitative values for both of each pathway and
each sample, they could be utilized for further slalistical
analysis including analysis of correlation and survival data.
Therefore, PathAct is a promising lool for pathway-level
investigation and inlerpretation of the comprehensive gene
expression data.
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Supplementary material:

Table 1: List of pathways associated with TNBC using PathAct.

Pathway

p-value FDR  Fold

Up-regulated pathways in TNBC
DNA replication

Cell cycle

Mismatch repair

Ribosome biogenesis in eukaryotes
Vitamin B6 melabolism

RNA transport

Basal transcription factors

Pathogenic Escherichia coli infection
Homologous recombination
Glycosphingolipid biosynthesis - lacto and neolacto series
Pentose phosphale palthway

RNA polymerase

Dorso-ventral axis formation
Non-homologous end-joining

Lysine biosynthesis

Down-regulated pathways in TNBC
Hypertrophic cardiomyopathy (HCM)
Nolch signaling pathway

Circadian rhythm - mammal

Dilated cardiomyopathy

Fatty acid biosynlhesis

ECM-receptor interaction

Taurine and hypolaurine metabolism
Cyanoamino acid metabolism

Other glycan degradation

Sulfur relay system

Caffeine metabolism

Thiamine metabolism

Complement and coagulation cascades

<0.001 <0.0011.272
<0.001 <0.0011.202
<0.001 <0.0011.183
<0.001 <0.0011.185
<0.001<0.0011.457
<0.001<0.0011.115
<0.001 <0.0011.118
<0.001<0.0011.149
<0.001 0.0021.105
<0.001 0.0041.113
0.001 0.0111.121
0.001 0.0111.116
0.001 0.0121.135
0.008 0.0321.101
0.016 0.0511.200

<0.001 <0.0010.905
<0.001 <0.0010.877
<0.001<0.0010.851
<0.001 0.0010.905
<0.001 0.0010.826
<0.001 0.0030.832
0.001 0.0080.854
0.001 0.0080.834
0.001 0.0090.887
0.002 0.0120.893
0.006 0.0270.871
0.010 0.0380.894
0.011 0.0400.904

Table 2: List of pathways associated with DFS by PathAct.

Pathway HR (95% CI) p-value FDR

Negative correlation with DFS
DNA replication 2.049 (1.235-3.399) 0005 0.217
Base excision repair 3.130 (1.366-7.168) 0.007 0.217
Non-homologous end-joining 4.533 (1.491-13.78) 0.008 0.217
Aminoacyl-tRNA biosynthesis 3,353 (1.373-8.186) 0.008 0217
Cell cycle 2,535 (1.257-5.112) 0.009 0.217
Nucleotide excision repair 2.818 (1.288-6.164) 0.009 0217
Valine, leucine and isoleucine biosynthesis 2,536 (1.206-5.336) 0.014 0279
Terpenoid backbone biosynthesis 2.203 (1.169-4.153) 0.015 0279
One carbon pool by folate 2.593 (1.196-5.624) 0.016 0.279

Positive correlation with DFS
Asthma 0.343 (0.159-0.737) 0.006 0.217
Grafl-versus-host disease 0.526 (0.327-0.847) 0.008 0.217
Staphylococcus aureus infection 0.573 (0.378-0.868) 0.009 0.217
Allograft rejection 0.545 (0.345-0.862) 0.009 0.217
Type 1 diabetes mellitus 0.520 (0.304-0.891) 0.017 0.284

Table 3: TNBC-associated pathways analyzed by GSEA.

Pathway
Aminoacyl trna biosynthesis
Cell cycle
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Size NES' p-value FDR
32 1928  <0.001 0.063
113 1.869  <0.001 0.069
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RNA degradation 51 1735 0.037 0.206

DNA replication 34 1.698 0.031 0216

Basal transcriplion factors 33 1696 0.020 0175

Glycosphingolipid biosynthesis lacto and neolacto series 26 1.663 0.011  0.196

* NES, normalized enrichment score.

Table 4: List of pathways associated with DFS identified by DAVID.

Pathway Size % p-value FDR

Negative correlation with DFS
hsa04110:Cell cycle 21 241 <0001 <0.001
hsa03030:DNA replication 9 103 <0.001 0.025

Positive correlation with DFS
hsa05330: Allografl rejection 12 390 <0001 <0001
hsa08332:Grall-versus-host disease 12 390 <0.001 <0001
hsa04940: Type 1 diabeles mellitus 12 390 <0001 <0001
hsa04612: Antigen processing and presentation 15 487 <0001 <0001
hsa05310:Asthma 10 325 <0001 <0001
hsa05320: Auloimmune thyroid disease 12 390 <0.001 <0001
hisa04672:Intestinal immune network for IgA production 11 357  <0.001 <0.001
hsa05416:Viral myocardilis 12 390 <0001 <0.001
hsa05322:Systemic lupus erythematosus 12390 <0001 <0.001
hsa04514:Cell adhesion molecules (CAMs) 13 422 <0001 <0.001
hsa04640: Hematopoielic cell lineage 7 227 0.005 0.055
hsa00340:Histidine metabolism 4 130 0.017 0.149
hsa05340: Primary immunodeficiency 4 130 0.028 0.219
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DEVELOPMENT

A Map of Alzheimer’s Disease-Signaling
Pathways: A Hope for Drug Target Discovery

$ Ogishima!, S Mizuno!, M Kikuchi?, A Miyashita3, R Kuwano®, H Tanaka? and ] Nakaya!

Alzheimer’s disease (AD) is a complex neurodegenerative
condition, and its drug therapy is challenging. To inform AD
drug discovery, we developed the “AlzPathway;” a prototype of
a comprehensive map of AD-related signaling pathways, from
information obtained through studies in the public domain.
The AlzPathway provides an integrated platform for systems
analyses of AD-signaling pathways and networks.

PATHWAY-BASED DRUG DISCOVERY AND A MAP OF
DISEASE-SIGNALING PATHWAYS

Over the past decade, whole-genome sequencing and other
omics technologies have revealed pathogenic gene mutations,
aberrant mRNA expressions, and dysfunctional signaling
pathways, which then have yielded novel targets for a new gen-
eration of drugs, e.g., “molecularly targeted drugs” This strat-
egy has succeeded to some extent but with limitations. Many
molecularly targeted drugs have been found to be ineffective
in spite of favorable pharmacokinetics or to cause significant
target-related side effects.! In renewed efforts to address these
limitations, “pathway-based drug discovery” has been proposed
for examinations of the complicated system behavior of patho-
genic signaling affected by drugs.

A comprehensive map of pathogenic signaling pathways
would be informative for pathway-based drug discovery.
Comprehensive maps have already been constructed to reveal
pathogenesis and to develop drugs in the fields of cancer and
immunological disease; such maps include those for particular
signals such as epidermal growth factor receptor, retinoblastoma
(RB)/E2E, Toll-like receptor, mammalian target of rapamycin,
and dendritic cell signals.

Nearly 36 million people were suffering from dementia world-
wide as of 2010, and this figure is expected to increase to 65.7
million by 2030.? The societal costs of dementia are already huge
and could continue to increase rapidly. Clearly, the development
of AD drugs is an urgent need. However, despite major efforts
and funding, the development of AD drugs has remained a great
challenge. We therefore undertook this project of developing

the first comprehensive AD signaling map to contribute to the
broader goal of developing drugs to combat and prevent AD.

CONSTRUCTION OF ALZPATHWAY

We collected 123 review articles involving AD and curated
them manually to construct a first comprehensive map of
AD-signaling pathways (AlzPathway)? using the modeling soft-
ware CellDesigner (http://celldesigner.org/),* a modeling editor
for biochemical pathways. The number of articles in PubMed
involving AD over the past 50 years is more than 80,000. We
therefore chose review articles as information sources for prac-
tical reasons.

AlzPathway is described based on the process description of
Systems Biology Graphical Notation.> AlzPathway is provided
as both a standardized Systems Biology Markup Language map
for communicating and storing computational models of bio-
logical processes, and as a high-resolution image map, available
at http://alzpathway.org/. For community-driven updates of the
AlzPathway map, it is also provided as a Web service map using
a community-based, collaborative Web service platform called
Payao (http://payac.oist.jp).’ AD researchers can continuously
correct and update AlzPathway in a collaborative manner using
the Payao Web service map.

AD-SIGNALING PATHWAYS

An overview of the AlzPathway map is given in Figure 1.
The AlzPathway map comprises 1,347 species, 1,070 reac-
tions, and 129 phenotypes. The molecules are classified as fol-
lows: 650 proteins, 232 complexes, 223 simple molecules, 32
genes, 36 RNAs, 24 ions, and 21 degraded products. The reac-
tions are classified as 401 state transitions, 22 transcriptions,
30 translations, 172 heterodimer associations, 49 dissocia-
tions, 87 transports, 20 unknown transitions, and 228 omitted
transitions.? There are 34 canonical pathways in AlzPathway,
such as amyloid precursor protein, mitochondrial, and apop-
tosis pathways; these contain the following AD hallmark
pathways: amyloid-f cleavage, amyloid-p degradation, and
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DEVELOPMENT
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Figure 1 Overview of AlzPathway map overlaid with canonical pathway annotations and drug targets of the existing US Food and Drug Administration—
approved drugs, acetylcholinesterase and the N-methyl-p-aspartic acid receptor. No compensation pathway and no undesired pathway have been identified
around these drug targets. ACh, acetylcholine; APOE, apolipoprotein E; CREB, cAMP response element-binding; CSF, cerebrospinal fluid; MAPK, mitogen-
activated protein kinases; mTOR, mammalian target of rapamycin; NMDA, N-methyl-o-aspartate receptor.

apolipoprotein E-cholesterol pathways, and neurofibrillary
tangles accumulation.? AlzPathway is the first comprehensive
map of signaling pathways of a particular disease that catalogs
not only intra- but also inter- and extracellular signaling path-
ways among neurons, glial cells, microglia, presynaptic cells,
postsynaptic cells, astrocytes, and the blood-brain barrier.3

KEY MOLECULES INTHE AD PATHWAY AS DRUG TARGETS

To find key molecules in the AD pathway, we represented the
AlzPathway in binary-relation notation (Figure 2). In Systems
Biology Graphical Notation, a reaction is composed of reactant(s),
modifier(s), and product(s). In binary-relation notation, a reac-
tion is decomposed into a binary relation between (i) reactant(s)
and product(s), and (ii) modifier(s) and product(s).

In accord with the edge betweenness centrality of binary
relations, we highlighted molecules with high centrality rela-
tions as key molecules (Figure 2). Betweenness centrality is a
measure of a node centrality in a network and is defined as the
number of the shortest paths from all nodes to all other nodes
that go through that node. Highlighted key molecules were
amyloid-p, apolipoprotein E, microtubule-associated protein-t,
and y-secretase. The y-secretase generates amyloid-p 1-40, lead-
ing to amyloid- oligomers that are crucial for AD progression.

2

‘These molecules are considered key molecules in the AD patho-
genic pathway.

From the point of view of pathway-based drug discovery,
a drug targeting a key molecule might be effective but could
also cause significant side effects as a result of off-target or
unintended downstream effects. In fact, the development of
semagacestat, a y-secretase inhibitor, was discontinued in
phase III trials because of an increased risk of skin cancer as
compared with the placebo. It was not known that y-secretase
has other targets, e.g., peripheral Notch, or that the inhibi-
tion of y-secretase causes an increased risk of skin cancer. In
AlzPathway, y-secretase shows a relationship with Notch sign-
aling, and it is a key molecule showing high centrality—which
could cause significant downstream effects on unintended
molecules and pathways, if perturbed (Figure 2). AlzPathway
provides comprehensive knowledge of AD pathogenesis and
signaling pathways, and informs us of a possibility of off-target
effects within the network.

Tacrine, rivastigmine, galantamine, donepezil, and memanatine
are the only drugs currently approved by the US Food and Drug
Administration to treat the symptoms of AD. These drugs are
cholinesterase inhibitors (tacrine, rivastigmine, galantamine, and
donepezil) or an N-methyl-p-aspartic acid receptor antagonist
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