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2005 and involved the development of a database of 90 chemicals on the mouse
liver acute response (2, 4, 8, and 24 h after single oral exposure). From 2005
through 2007, an Inhalation Toxicogenomics (ITG) study was added to collect
lung transcriptome data at very low exposure levels, near the levels associated
with the “sick building”™ syndrome. From 2006 through 2008, a second stage of
the Percellome Project (TTG2) was launched for repeated exposure studies and
multi-organ responses studies. Studies of fetus (development) and brain behavior
(designated as NTG) were also launched (Affymetrix GeneChip, Mouse Expression
430A, Mouse Genome 430 2.0 Array).

In the TTGI studies we monitored the time- and dose-dependent gene expres-
sions induced by a single oral administration of a test chemical in mouse liver at
four time points (2, 4, 8, and 24 h) and at four dose levels (0, 1x, 3x, 10x), in
triplicate (48 per chemical; Figure 15.1). Currently our database contains data for
more than 100 chemicals. The data for each 100 chemicals is expressed as a 3-D
graph (time x dose x mRNA in copies per cell) made of about 45,000 surfaces
corresponding to the probe sets of the Affymetrix MOE430 2.0 GeneChip (see
http://www.toxicomics.nihs.go.jp/db/). Two kinds of unsupervise gene clustering
methods are developed on the 3-D surface shape. (Aisaki et al., 2007, Matsumoto
et al., 2005).

mRNA Copy 1425645 5 at

Number Per Cell CypzhiQ

L AF129845

(Absolute) One chemical
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Triplicates per point
(three GeneChips)
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Figure 15.1 Structure of Percellome data showing the surface plot for a single transcript.
For mouse liver transcriptome analysis, the mRNA copy numbers per cell of a probe set are
plotted on a 4 x 4 (4 time points and 4 dosage levels) matrix to comprise a 3-D graph. One
data set of a test chemical consists of about 45,000 layers of 3-D surfaces. Further analysis,
such as unsupervised clustering and extraction of significant genes are performed on this
3-D surface data. (See insert for color representation of the figure.)
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In the TTG2 study, three types of data were gencrated; the repeated dosing up
to 14 days, multiorgan assessments (liver, kidney, lung, heart, testis, brain) after
single dosing, and fetus/developmental toxicogenomics (whole embryo, embryonic
stem cells. embryoid body). The ITG studies (lung and liver) repeated the dosages
for up to 7 days. A series of in-house developed software programs were used
and were mostly specified for the 3-D surface data sets to generate time-dependent
triggered gene lists and common gene clusters among chemicals. A putative target
gene of the knockout phenotypes turned out to completely agree with the estimated
effects of the test chemical.

In 2009 a third Percellome Project was launched to comprehensively highlight
the toxicity networks from the transcriptomic data collected by the preceding Per-
cellome methods. The additional systems biology approach was incorporated for
this purpose. The intention was to keep the transcriptomic data from being biased by
the known toxicological information. Without phenotypic anchoring, we attempted
to interpret the transcriptomic data by referring to our own transcriptomic database.,
and genome-based knowledge.

As of 2010 we have compiled a database of more than 100 chemicals, and this
database will be available to the public on a “one-chemical one-report”™ basis. With
each report we will include a comprehensive list of genes showing the biologi-
cally significant alteration. The home-page {or the Percellome database should be
available soon.

15.3.1.3 The Japan Microarray Consortium

The Japan Microarray Consortium (JMAC: http://www.jmagc.org/) has been oper-
ating since 2007 and consists of up to seventy of the biochip producing and related
companies under the control of the Ministry of Economy, Trade and Industry. This
consortium regularly holds working group meetings for the activity of industrial
promotion and market creation along with an interest in standardization.

15.3.1.4 The New Energy Development Organization

The New Energy Development Organization (NEDO) had funded a carcinogenesis
toxicogenomics project headed by Prof. T. Shirai of Nagoya City University. For
up to 28 days, a total of 85 known hepato-carcinogenic, nonhepato-carcinogenic,
or noncarcinogenic compounds were given to rats and livers were sampled at days
1, 3, 7, 14, and 28. The gene expression was monitored by in-house microarray
(NEDO-ToxArray) and a GeneChip system (RGU34A, Affymetrix). (http://www.
nedo.go.jp/iinkai/kenkyuu/bunkakai/18h/jigo/49/1/5-2.pdf, in Japanese).

15.3.1.5 Other Domestic Initiatives

In the domains of clinical medicine, drug development, and chemical/industrial
manufacturing, there is broad agreement that comprehensive toxicogenomics
data analysis is necessary for thé more precise information on the toxicity of
ingested chemicals. Yet each sector has been reluctant to make an effort toward
the development of a standardization scheme. There are comments that suggest a
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desire for concerted action by administrative authorities. The Pharmaceuticals and
Medical Devices Agency (PMDA: htp:/www.pmda.go.jp/english/index.html),
which approves new drug applications as commissioned by MHLW. has been
holding informal meetings on pharmacogenomics with pharmaceutical companies.
In July and October of 2007, PMDA joined the joint FDA/EMEA biomarker
validation workshops as an observer. PMDA also asked the Japanese Society of
Clinical Pharmacology and Therapeutics to prepare a report on the current status
and challenges for pharmacogenomics in drug evaluation (http://www.pmda.go.jp/
topics/file/h191113kohyo.pdf, in Japanese). Overall, pharmacogenomics is slowly
but steadily moving toward some form of standardization.

15.3.2 International Activities

Major international activities include the MicroArray Quality Control Project
(MAQC, US), the External RNA Controls Consortium (ERCC. US), and the Euro-
pean Medicines Agency (EMEA). The MAQC and ERCC bring together scientists
from microarray manufacturers, reagent manufacturers, pharmaceutical companies,
academia, and government administrative offices. They hold periodic meetings and
are rigorously incorporating information from related activities and research. In
2007 they held hearings on the Percellome Project, and the JIMAC. MAQC-III has
evolved into SEQC (Sequencing Quality Control), and so is charged with the quality
control of next-generation high-speed sequencing platforms (http://www.fda.gov/
ScienceResearch/BioinformaticsTools/MicroarrayQualityControlProject/default.htm
#MAQC-ITalsoknownasSEQC). At the E15 of the International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals
for Human Use (ICH), a Guidance for Industry;, E15 Definitions for Genomic
Biomarkers, Pharmacogenomics, Pharmacogenetics, Genomic Data and Sample
Coding Categories was published. This document has set the stage for future
contributions to the standardization of terminology in pharmacogenomics. OECD
and WHO are also jointly holding toxicogenomics workshops to discuss the future
standardization and utilization of toxicogenomics in chemicals safety assessments
(http://www.oecd.org/document/29/0,3343,en_2649_34377_34704669_1_1_1_1,00.
huml and http://www.who.int/ipcs/methods/toxicogenomics/en/).

15.4 CLOSING SUMMARY

The regulatory activities for the standardization of toxicogenomics are progressing
rather slowly in Japan. The first area of interest would be the development of toxico-
pharmacogenomics data for drug approval agencies; it is expected that industrial
chemicals would then follow.

The Percellome projects have made all reagents, protocols, and basic analytical
tools for quality control available to their collaborators (kanno@nihs.go.jp). The
Percellome database will be released to the public sometime in the near future.
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ABSTRACT — Pentachlorophenol (PCP) was monitored for transcriptome responses in adult mouse liv-
erat 2,4, 8 and 24 hr after a single oral administration at four dose levels, 0, 10, 30 and 100 mg/kg. The
expression data obtained using Affymetrix GeneChip MOE430 2.0 were absolutized by the Percellome
method and expressed as three dimensional (3D) surface graphs with axes of time, dose and copy num-
bers of mRNA per cell. We developed the programs RSort, for comprehensive screening of the 3D sur-
face data and PercellomeExploror for cross-referencing and confirmed the significant responses by visu-
al inspection. In the first 8 hr, approximately 100 probe sets (PSs) related to PXR/SXR and Cyp2ad and
other metabolic enzymes were induced whereas Fos and JunB were suppressed. At 24 hr, about 1,200 PSs
were strongly induced. We cross-referenced the Percellome database consisting of 111 chemicals on the
liver transcriptome and found that about half of the PSs belonged to the metabolic pathways including
Nrf2-mediated oxidative stress response networks shared with some of the 111 chemicals. The other half
of the induced genes were interferon signaling network genes (ISG) and their induction was unigue to
PCP. Toll like receptors and other pattern recognition receptors, interferon regulatory factors and interfer-
on alpha itself were included but inflammatory cytokines were not induced. In summary, these data indi-
cated that functional symptoms of PCP treatment, such as hyperthermia and profuse sweating might be
mediated by the ISG rather than the previously documented mitochondrial uncoupling mechanism. PCP
might become a hint for developing low molecular weight orally available interferon mimetic drugs fol-
lowing imiquimod and RO494819] as agonists of toll-like receptor and interferon receptor.

Key words: Pentachlorophenol, Mouse, Liver, Interferon signaling genes, Percellome toxicogenomics

INTRODUCTION

The Percellome Toxicogenomics Project is designed
to identify dynamic and extensive networks of genes
whose time- and dose-dependent patterns of expression in
response to a chemical allows its toxic effects to be pre-
dicted. For this project, we developed a standardization
method for microarrays and quantitative PCR that pro-
duces copy number of mRNAs per one cell (designated
as “Percellome method™) (Kanno et al., 2006). This meth-
od allowed us to directly and quantitatively compare gene
expression data among samples, studies, organs and even
species using four arithmetic operations. One hundred

and eleven chemicals (as of June 2013, Supplementary
Table 1), most of which are known for their toxicity. were
cxamined using the standard protocol of the project.
Pentachlorophenol (PCP) was examined in adult male
C5TBL/6 mouse liver. This compound has been used for
multiple purposes such as herbicide, insceticide, fungi-
cide, disinfectant, and other preservative purposcs, more-
over, its metabolism and toxicity, including carcino-
genicity have been well studied. PCP is known to induce
morphological changes in liver, kidney, hematopoictie,
respiratory, immune and ncural systems together with irri-
fation of cxposed sites, Hepatocarcinogenicity was dem-
onstrated in rodents; the postulated mechanism involves

Correspondence: Jun Kanno (E-mail: kanno(@nihs.go.jp)
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hydroxyl radical mediated DNA adduct formation and
oxidative stress by the POP metabolites, Functional symp-
toms, such as hyperthermia (sometimes Tife-threatening).
profuse sweating, nausea, and uncoordinated movements
were noted. Hyperthermia and other functional symptoms
have been explained by the uncoupling of oxidative phos-
phorylation in mitochondria.

Here, we report that a comprehensive Percellome anal-
ysis revealed that PCP was the only chemical among the
111 tested in our project that strongly induced the inter-
feron signaling gene (ISG) network. Additional pathways
induced by PCP were Nrf2-mediated oxidative stress
responses and other metabolic pathways more commonly
scem among the 111 chemicals.

MATERIALS AND METHODS

Test chemical

PCP, standard grade (100.0% by gas chromatogra-
phy coupled with flame ionization detector, Wako Pure
Chemical Industries, Ltd., Tokyo, Japan) was dissolved
in water containing 0.5% methyl cellulose (Shin-Etsu
Chemical Co., Ltd.. Tokyo, Japan).

Animal experiments

All experiments were carried out under approval
of Experimental Animal Use Committee of National
Institute of Health Sciences, Japan. CS7BL/6 Cr Sle
{(Japan SLC, Inc., Shizuoka, Japan) twelve week-old male
mice maintained in a barvier system with.a 12 hr photope-
riod were used in this study. Prior to the main study, a
dose finding study was performed. This:study revealed
that 100 mg/kg was the maximuam dose without clini-
cal symptoms or alteration in H&E histology of the liv-
er sampled 24 hr after single oral administration (a stand-
ard criteria for the top dose of the Percellome Project
study). For the liver transcriptome experiments, for-
ty eight mice were divided into four groups with twelve
cach, and given a single dose of PCP at 0, 10, 30 and
100 mg/ke by oral gavage. At 2. 4, § and 24 hr post-gav-
age, three randomly selected mice from each dose groups
were euthanized by exsanguination under ether anesthe-
sia and the Livers were excised into ice-cooled plastic
dishes. Tissue blocks weighing 30 to 60 mg were placed
in an RNase-free 2 ml plastic tube (Eppendorf GmbH.,
Hamburg, Germany) and soaked in RNAlater (Ambion
Inc., Austin, TX, USA) within 3 min of the beginning of
anesthesia. The 12 animal sampling for each time point
was finished within 25 to 30 min in crder to avoid circa-
dian-based variation within a time point.

Vol. 38 No. 4

Sample preparation and GeneChip measurement

The tissue blocks soaked in RNAlater were kept over-
night at 4°C or until use. RNAlater was replaced in the
2mi plastic tube with 1.0 ml of RLT buffer (Qiagen GmbH..
Hilden, Germany), and the tissue was homogenized by
adding a 5 mm diameter Zirconium bead (Funakoshi,
Tokyo, Japan) and shaking with a MixerMill 300 (Qiageén
GmbH) at a speed of 20Hz for 5 min (only the outermost
row of the shaker box was used). '

Three separate 104l aliguots were taken from each sam-
ple homogenate to another tube and mixed thoroughly. A
final 10 ui aliquot there from was treated with-DNAse-
free RNase A (Nippon Gene Inc.. Tokyo, Japan) for
30 min at 37°C, followed by Proteinase K (Roche
Diagnostics GmbH., Mannheim. Germany) for 3 hr
at 55°C in 1.5 ml capped tubes. The aliquot was trans-
ferred to a 96-well black plate. PicoGreen fluorescent dye
(Molecular Probes Inc.. Eugene, OR, USA) was added to
each well, shaken for 10 sec four times and then incubat-
ed for 2 min at 30°C. The DNA concentration was meas-
ured using a 96 well fluorescence plate reader with exci-
tation at 485 nm and emission at 538 nni. % phage DNA
(PicoGreen Kit, Molecular Probes Inc) was used as
standard,

As reported previously, the graded-dose spike cocktail
(GSC) made of the following five Bacillus subtilis RNA
sequences were sel,ecteci from the gene list of Affyme-
trix GeneChip arrays (AFEX-ThrX-3_at. AFFX-LysX-3
at, AFEX-PheX-3_at, AFFX-DapX-3_at, and AFFEX-Trp-
nX-3 at)present in the MOE430 arrays was added to the
sample homogenates in proportion to their DNA concen-
trations (Kanno e7 @f., 2006). Then, the sample homoge-
nates spiked with GSC were processed according to the
Affymetrix standard protocol. The GeneChips used were
Mouse 430 2.0, We used the in house developed SCald
(Spike Calculation version 4, by K.A.) to check the effi-
ciency of in vitro transcription, and the dose-response lin-
carity of the five GSC spikes and to produce Percellome
data, i.e. absolutized mRNA copy numbers of cach PS
were generated,

The data consist of four dose levels and four time
points, generating a 4 x 4 matrix. The mean valuc (m)
with standard deviation (sd) was calculated from the trip-
licates for all of the probe sets (PSs) for cach dose-time
points. In order to better visualize the changes-at 2 hr,
the vehicle value was used for putative zero point, and
drawn 4 5 x 4 surface three-dimension (3D) surface graph
with X-axis for dose; Y for time. and Z for expression as
shown in Tig: 1.
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Fig. 1. Three dimensional surface expressions of Percellome
Project data: The project data consist of four dose levels
and four time points, generating 4 x 4 matrix. The mean
value and standard deviation were calculated from the
triplicate data. In order to better visualize the changes at
2 hr, the vehicle value was used for zero hour data to draw
a 5 x 4 surface graph with X-axis for dose. Y for time,
and Z for expression. Here, Affymetrix [D 1449851 at
(Perl, period homolog 1) is shown. The 5 x 4 mesh
made by the mean values was painted in translucent
green (mean surface). The mean surface is rainbow-
colored from blue. green, red to yellow according to its
peak absolute values (cf. Fig. 3. Supplementary Fig. 1).
Above and below the mean surface, ~1sd and -1sd sur-
faces were overlaid using transparent blue. The dose-re-
sponse curve at 2 hr, 4 hr, 8 hr and 24 hr are highlighted
in blue, green, yellow and red. In a direction perpen-
dicular to the dose-response curves, time course of each
dose groups and vehicle group is indicated (not high-
lighted). The graph reads that the highest dose peaked at
4 hr at around 9 copies per cell: the middle dose peak-
ed at 8 hr above 10 copies per cell. The vehicle group
(V) showed the circadian change and peaked at 8 hr.
The small red crosses are data of each animal sample
{n = 3). Yellow asterisks indicate that the marked mean
values were significantly different from concurrent ve-
hicle value by p < 0.05 (Student’s t-test).

Comprehensive selection of treatment-responding
mRNAs

The in house developed software, RSort (Roughness
Sort by K.A.) was used for automatic selection of treat-
ment-responding mRNAs. This program sorts the PSs
based on the roughness of the 3D surface. In other words,
calculate the numbers of peaks (upward and downward)
in a surface and sort by the number of peaks (maximum
of eight peaks in 4 x 4 grid of the surface). Next, it fil-

ters the PSs by the number of peaks (normally three or
less peaks) and additional parameters such as maximum
expression level (normally more than onc copy per cell
for liver samples), p values between vehicle and top dose
groups (P < 0.05 or p < 0.01). Here, a surface was sclect-
cd when it had three peaks or less, the first peak in high
doses (at any time) or the first peak in middle doses if its
value is not significantly different from the neighboring
high dosc at p < 0.01 by Student’s t-test. and the value of
the peak is significantly different from that of vehicle con-
trol at p < 0.05 by Student’s t-test. These automatically
selected PSs were then visually checked for their 3D-sur-
face shapes (to climinate noisy data), and subdivided into
those showed initial changes at 2. 4. 8, and 24 hr. A cross-
referencing program named PE (Percellome Explorer,
by K.A.) was used to select a list of chemicals that share
PSs common to the visually confirmed list of PCP. The
PL contains the gene lists automatically selected by the
RSort of all data in our Percellome Project (168 datasets
for liver samples, 286 for all samples), and automatically
cross-refers and sorts out the chemicals sharing the same
PSs (Fig. 2). The automatically selected gene lists (prod-
uct sets) were visually checked to remove noise surfaces.

In Situ Hybridization

For in situ hybridization of Irf7 and Statl mRNAs,
QuantiGeneViewRNA ISH Tissue Assay kit (Affymetrix,
Inc., Santa Clara, CA, USA) was used. The probes were
designed and synthesized by Affymetrix; regions cov-
ered were 2-1461 bases for Irf7 and 707-1710 bas-
es for Statl. 10% buffered formalin fixed liver tis-
sues were dehydrated and embedded in paraffin. Tissue
sections were mounted on “FRONTIER coated glass
slides”™ (Matsunami Glass Ind., Ltd. Osaka, Japan).
The slides were completely dried and stored until use.
The slides were re-fixed in 10% formaldehyde for 1 hr
at room temperature and washed with PBS and deparaffi-
nized with xylene, pretreated in Ix Pretreatment Solution
at 98°C for 30 min and digested with Protease QF at 40°C
for 20 min. The probes were hybridized at 40°C for 2 hr
and the signals were detected with Fast Red.

RESULTS

The numbers of PSs that started to change in response
to PCP treatment at 2, 4. & and 24 hr were 98, 53,
127 and 1192 respectively (Supplementary Table 2.
Supplementary Fig. 1). Chemicals or treatment in the Per-
cellome database (Supplementary Table 1), that shared
the PS list with PCP are shown in Table 1. The chem-
icals that shared the most with the 2 hr PS list of PCP

Vol. 38 No 4
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PercellomeExplorer (PE)} Software: The PE contains the gene lists automatically selected by the RSort software program of

all data in our Percellome Project (168 datasets for liver samples. 286 for all samples, as of May 2013), and automatically
picks up the chemicals sharing same PSs. TTGO16-L{C}, the study code for PCP was selected from the upper window and
the chemicals sharing the PSs were listed in the lower window. These lists await visual confirmation.

was sodium dihydroacetate (TTG154-L); 51 PSs, fol-
lowed by acephate (TTG109-L); 24 PSs, down to S-fluor-
ouracil (TTG160-L); 4 PSs. The sum set (or union
of sets in set theory) of the 2 hr PS lists that are list-
ed in the 2 hr column of the Table 1 contained 75 PSs
(up-regulated (Up) 59. down-regulated (D) 16). Like-
wise, the sum set of the 4 hr PS lists contained 31 PSs
{(Up 22, D 9), 8 hr 46 PSs (Up 23, D 23) and 24 hr 636
PSs (all Up). The PS list unique to PCP (Unique list) at
cach time point contained 23, 24, 81, and 556 PSs at cach
time points (cf. Supplementary Table 2).

Profiles of genes changed at 2, 4 and 8 hr

The PS list common to other chemicals (Common
list) contained the gluconcogenesis pathway of PGC-1A
(Ppargcla)/Foxol/HNF4 (Puigserver ef al., 2003) that
were induced at 2 hr (Fig. 3). This finding is in concord-
ance with the report in experimental animals that PCP
acutely induces hyperglycemia (Deichman ef al., 1942;
Clayton and Clayton, 1981). Ppargcla was rcported to
increase the expression of Lpinl (Finck er al., 2006),
which was also the case here. A small set of genes encod-
ing metabolic enzymes was induced during the first § hr,
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including Cyp2a4, Cyp4afl6. Cyp7al, Cypl7al. Cyp39al,
Fmo2, and Fmo5 (Fig. 3).

Ingenuity pathway analysis (Ingenuity Systems, Inc.
Redwood City, CA, USA) indicated that these genes
are likely to be induced by Nrli3 (CAR), Nrli2 (PXR/
SXR) or Nr5al (data not shown). Although our RSort
program did not identify these nuclear receptors, man-
ual scarch showed that PXR/SXR was induced by PCP
{Fig. 3). These changes were not unique to PCP and
shared by some of the chemicals in the Common list (cf.
Supplementary Table 2).

Down regulation of Fos and JunB at 2, 4, and 8 hr
(Fig. 3) was uniquely found in the PCP gene list. Bioinfor-
matic analysis did not identify any associated pathways,

Profiles of genes started to change at 24 hr

The list of PSs induced at 24 hr contained two large
networks. About half of the PSs showing altered expres-
sion by PCP were assigned to the interferon signaling
pathway (Fig. 4. Supplementary Fig. 1). The interfer-
on signaling genes (1SG) were highly up-regulated from
Statl, Stat2, Tyk. to 1rf7, Myd88, Oas, Ifit, Cxcll0 and
other downstream targets. Toll like receptors (TLRs) and
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Table 1. The total numbers of probesets induced by PCP at each time points and those shared with other chemicals.

2hr 4hr 8 hr 24 hr
Percellome No. Treatment PS  Percellome No. Treatment PS  Percellome No. Treatment PS  Percellome No. Treatment PS
TGO 6-LCY Pentachlorophenol 98 TTGO16-LC) Pentachlorophenol 55 TTGO16-L(C) Pentachlorophenol 127 TIGO16-L4C) Pentachlorophenol 1192
TTG154-L _ 51 TTGI04-L — 21 TTGO98-L DEHP 15 TTGO98-1. DEHP 258
TTG109-L g 24 TTGO98-L DEHP 16 TTGOAI-L Valproic:Acidi { : 14 TTGO32-L 3-Amino-1H-12,4-tmazole 212
TTGO3S-1. 19 TTGO37-L - 14 TTGH4-L TTG104-L
TTGO62-L(C) I8 TTGO32-L 3-Amino-1H-1 ‘,?.,4-ufiaz(;le 12 TTG109-L TTGO37-L
TTGO41-1 ’Va]pmicAmL ! 18 TTGI44-1 — 12 TTGI60-1 TTGO41-1. Va!pmi; Acid ; 109
TIGIOR-L.  DEHP 17 TIG1S0-1. m‘;‘;g&;;‘g wlienpalts g ppgrsep TIG1ST7-L. ; 103
TTGO19-L 15 TIGI41-L & TIGHI-L TIGO3L-L 94
1EC04-1. 12 T1GO74-L 8 TIGH31-L TIG154-1. 77
TTG165-L 12 TIGISIL ‘:g:‘t:;; seidsodianall x5 TTGO32L  3-Amino-lMl2Anazole & TIGIG2L 71
TTGO34-L 12 TTGO31-L 7 TIGI46-L Forskolin 6 TTGO44-L 69
TrCGI66-1 10 TIGo44-1 6 1TGO62-L(C) 6 TIGOT4-L 47
TTGO31-L 10 TIGI62-L 5 TIGOSED, | Dk s TIGI09-L 17
TTGI41-1L 9 TTGI32-L Curcumin 3 TTGI60-L 13
TTGO32AL 3.Mino-i‘n-:1;2,4-uimie_ 9 TTG136-L — 2
TTGO27-L 9
TTGI60-1 4
Sum Set (common) 75 Sum Set (common ) 31 Sum Set {(common) 46 Sum Set (comimon) 636
Sum Set (Up) 59 Sum Set (Up) 22 Sum Set (Up) 23 Sum Set (Up) 636
Sum Set (n) 16 Sum Set (D) v Sum Set (D) 23 Sum Set (D) 0
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Representative surface data of PSs induced at 2, 4 and 8 hr after PCP single gavage: Ppargcla and Foxol are the members

of gluconeogenesis pathway. A small set of genes of metabolic enzymes, such as Cyp2ad. Cyp4f16, Cyp7al. Cypl7al.
Cyp39al, Fmo2, and Fmo5 are induced during the first 8 hr. Nrli2 or PXR/SXR is also induced. Down regulation of JunB
and Fos at 2, 4, and 8 hr are noted. The graphs marked with (Inverted) are plotted with inverted z-axis, zero on top for better
indication of suppression. The graphs with (Inveried, subtracted) are plotted, in addition to inverted z-axis, with the 2, 4. 8
and 24 hr values compensated by concurrent vehicle values so that the vehicle line is straight and cancels out the circadian

changes.

other pattern recognition receptors (PRR), interferon reg-
ulatory factors (Irf) and interferon (1fn) itself were includ-
ed. These 1SGs were uniquely induced by PCP. It is nota-
ble that inflammatory cytokines such as Tnf-¢, 1L-12 and
CD40 were not effectively induced by PCP. The Ingenui-
ty Pathways also plotted many genes in the interferon sig-

Vol. 38 No. 4

naling with a very high probability score (Fig. 6).

In situ hybridization confirmed that hepatocytes were
producing the Irf7 and Statl in a dose dependent manner
(Fig. 7. only vehicle and top dose were shown).

The other half was assigned. by Ingeunity Pathway
analysis. to Nrf2-mediated Oxidative Stress Responses

- 403 -



- VOV -

¥ ONBE [OA

Mydss o

Gm9706 /if mﬁk‘; u$714|7': Tglp’l " Tgfn%m;;,'; Tir3 umu_ﬁ;
AKO19825 NM_018738 NM_ 011579 M 126150

Fig. 4.

1480033 _a_at 1A28111_x_ot
St Irf3 ‘Tm
AW214029 UTsae0

1425119_at
Osslt

Cxcl10 re0_w
NM_O21274

BCO12677

Ifi204.4/1, W08
Mnda /// Mndal ="

Surface data of 13Gs: Among about 1,200 PSs induced at 24 hr, half of them were uniquely induced by PCP and were assigned to ISG pathway from
Statl. Star2, Tyk. to Irf7. Myd88. Oas, Ifit. Cxcl10 and other downstream targets. Some Tlrs were also uniquely up-regulated (cf. Supplementary
Table 2).

JIAL] ASTIOW UL HLOM]SU UOIHRUL LD S1m) [()u:aqd()mlqnmuad

6v9



- GOV -

FON e [OA

Akriatl s Akric20 S | Aoxd g i o
Axoon48z neoaiees | NM_Opoare NM__ 007830

Gm3715:#§f§?"ré:‘.;§
Gsta1 /// Gsfa2

| Gstm2 i o

FCRC VAR B RS
1 2

Rassft  “™x2! Abnd0  “*z2 | Txni s

LOC100862012: e 5. -
11l Prx1 | ' :

B e

| 40 -
rtté‘% ARGl HE & s
AFITI88Y NM_ 015742
1 { =
| ]

1410096 _ot
Torws
AFI73081

Txnip (Inverted).:

o

Txnip (Inve

|
|
|
{
{
|

Fig. 5. Surface data of Nrf2-mediated oxidative stress response genes: Among about 1,200 PSs induced at 24 hr, another half of them were
Nrf2-mediated oxidative stress response genes commonly induced by PCP and other 10 or so chemicals (¢f. Supplemenrary Table 2).
Nrf2 itself did not alter but Keap1 was clearly induced.

7z ouuey

059



651

Pentachlorophenol tums on interferon network in mouse liver

PCP Sum Set of Other chemicals in Percellome DB

NRF2-mediated Oxidative Stress Response 6.3x10'8
Protein Ubiquitination Pathway 3.0x10-14
Xenaobiotic Metabolism Signaling 22150
Cell Cycle Control of Chromosomal Replication 5.7x10°08

Glutathione-mediated Detoxification 7.1x10-95

Interferon Signaling : 4.6x1008
Activation of IRF by Cytosolic Pattern Recognition Receptors 1.2x10:%
Role of PKR in Interferon Induction and Antiviral Response 2.9x10°%

Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses ~ 6.4x10:9°
IL-1 Signaling 2.2x10%4

Fig. 6.  Venn diagram of the PSs of PCP and sum set of other chemicals in Percellome Database. The PS list unique to PCP was as-
signed to Interferon signaling and related networks. The PSs induced by PCP and were shared by other chemicals in Percel-
lome database were enriched in Nrf2-mediated oxidative stress response and Protein ubiquitination pathways. The names of
the responses and their probability scores are generated by the Ingenuity Pathway analysis.

Fig. 7. In situ hybridization of Irf7 and Statl. a) Vehicle control liver stained for Irf7. In a very low back ground. a small nest of
hepatocytes was positively stained for Irf7. b) Vehicle control liver stained for Statl. In a very low back ground, a small nest
of hepatocytes was positively stained for Irf7. It is likely that the same hepatocyte is producing both mRNAs. ¢. d) High
dose group stained for Irf7 and Stat1. Hepatocytles were shown 1o produce both mRNAs in a ubiguitous manner.

Vol. 38 No. 4
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Fig. 8.
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Cytokines —

Tentative summary scheme of the PCP induced networks in mouse liver. PCP or its metabolites may stimulate PXR/SXR or

CAR, thereby inducing Cyp2, 4, 7. Fmo2, 5 within 8 hr to facilitate PCP metabolism, generating HQ (TCoHQ, TCpHQ), BQ
(TCpBQ) and hydroxyl radical. The metabolites/radicals induce DNA damage and Protein damage. These reaction triggers
Nrf2 networks and PRR system. initiating Irf mediated synthesis of Interferon alpha. which triggers the interferon signaling
networks by autocrine or paracrine mechanisms. On the other hand. there remains a possibility that the metabolites may act

as direct ligands to Tlr or IfnR and trigger downstream events as indicated in dotted lines with

s

. Before activating inter-

feron signaling networks. PCP suppressed Fos and JunB. which might have suppressed the inflammatory cytokine induction

as shown in dotted line with *?7™.

accompanying distinct induction of Keapl, and other met-
abolic pathways (Figs. 5 and 6, Supplementary Table 1).
Those networks were in the Common list mentioned
above. Other networks were not effectively identified by
the Ingenuity pathway analysis.

DISCUSSION

Among the chemicals tested in the Percellome project,
PCP was slow to induce changes in gene expression;
only around one hundred PSs were induced before 8 hr
and 1.200 PSs at 24 hr. It would be plausible to hypoth-
esize that PCP was metabolized during the first 8 hr and
that the metabolite(s) then induced the 24 hr burst of
1SGs and Nrf2-mediated genes. The time course of PCP
action is in accord with the reported biclogical half-life
of PCP; 6 to 27 hr in rodents (Larsen ¢/ af., 1972; Braun
et al.. 1977). A few metabolizing enzymes lecated down-
stream of PXR/SXR were induced during the first 8 hr

Vol. 38 No. 4

(Fig. 3). The presence of DEHP in the top part of the
common chemical list in Table 1 is alse consistent with
this hypothesis.

It would be of interest to ascertain whether PCP or
its metabolite(s) could be PXR/SXR ligands. Metabo-
lites known are tetrachloro-p(o)-hydroquinone (TCpHQ
and TCoHQ) and tetrachloro-p-benzoquinone (chloranil,
TCpBQ). Further, TCpHQ is reported to be metabolized.
generating hydroxyl radicals with a help of H,0, without
Fenton reaction, to trichloro-hydroperoxyl-1.4-benzoqui-
none (TrCBQ-O0H) and trichloro-hydroxy-1,4-benzo-
quinone (TrCBQ-OH) (Zhu and Shan. 2009). We have no
Percellome data of those metabolites and. to date, there
are no reports on the interaction of PCP or its metabolites
with the PXR/SXR. There are reports that PCP affects the
function of estrogen receptor (Jung ef a/.. 2004) and thy-
roid hormone receptor (Kawaguchi e/ /., 2008). Further
study will be needed to identify the triggering event for
the earliest respenses to PCP.
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Hepatocarcinogenic activity of PCP has been shown
by rodent studies (NTP, 1999). The metabolites of PCP
mentioned above were considercd as the cause of oxida-
tive stress or the hydroxyl radical insults against the liver
(Zhu and Shan, 2009; Tasaki ef al., 2012),

It was reported that Tlrd-mediated, lipopolysaccharide-
induced activation of the Ifn-p promoter was inhibited by
PCP in a Myd88-independent way (Ohnishi ef al., 2008),
On the other hand, PCP was considered to trigger Tlr4
via the induction of hydroxyl radicals (Lucas and Macs,
2013). In our experiment, PCP had significantly up-regu-
lated Myd88&. Trak1, Traf6, Th2, Th3, ThS, Tl at 24 hr.
Although the induction did not reach statistical signifi-
cance; Tlrd expression was also clevated. In addition, Tef
3, Trf7 and Tef9 were also induced. These findings might
indicate that the TLR system was triggered by PCP itself,
its metabolites or hydroxyl radicals via modifying the
cytoplasmic proteins; abnormal proteins might be sensed
by the TLRs or the patiern recognition receptors (PRR)
system. Since Ief3, 7, 9 and Ifn-al expression are also
increased, it could be posmblc that Irf mediated autocrine
or paracrine of the Ifn-o is triggered, vesulting in a burst
of 1SGs, as postulated by Sato ez al. (Sato ef al., 2000).

Although Myd88§ is mobilized, NF-xB, TNF, IL12
and CD40 were not induced. indicating that there may

be a switch towards mfidmmatmy wtokme production ‘

that was not directly induced by PCP. In relation to the
switching mechanism, there is a report that isopropanol
impaired AP-1 activation by removing Fos and JunB from
the nuclear region of monocytes  vitro and suppressed
Tlrd-mediated lipopolysaccharide stimulated Tnf-e pro-
duction (Carignan ef al., 2011). In our data, Fos/JunB was
down-regulated at earlier phase. As this change might cor-
respond to AP-1 suppression (Gontard ef af., 2010), one
possibility could be that PCP itself (as an alcohol/phenol)
inhibited inflammatory cytokine production.

In contrast to the possible indirect mechanisms not-
ed above, there are two exaniples that lead us fo consid-
er a possibility of direct activation of the ISGs, The first
example is a low-molecular weight compound “imiqui-
mod?, a Th7 agonist, already on the market for treatment
of skin viral infection (Hemmi et ¢/., 2002). Subcutane-
ous injection of imiquimod was reported to induce fever,
sickness behavior and induction of ISG in rats (Damm ef
al.; 2012). The second example is:a new polyfluorometh-
ylated compound, 8-(1, 3:4-oxadiazol-2-v1)-2, 4-bis (tri-
fluoromethyl) imidazo [1, 2-a] [, 8] naphthyridine
(RO4948191) which was reported to be an orally avail-
able Tow molecular weight interferon receptor-agonist.
RO4948191 was shown to induce a set of ISGs (Konishi
el al., 2012, such as Oas!, Adar, Bstl, Statl, Ifit3, Uspl8&:

TsglS, Here6 and Cxell0. These two examples of direct
ligands to TLR and TFNR lcad us to hypothesize that PCP
andfor its metabolitcs may be able to dircetly activate
these receptor systems (Fig. 8). Further investigation will
be needed to-clarify the molecular mechanism(s) through
which PCP administration triggers the ISGs, Tt is tempt-
ing to speculate that this classic toxin, PCP, could be used
as a new lead for orally applicable interferon-manipulat-
ing and/or cytokine switching drugs.

Hyperthermia or hyperpyrexia. profuse sweating,
unceordinated movement, muscle twitching, and coma
are reported in humans and experimental animals as acute
symptoms of PCP poisoning. These functional symptoms
were reported to be caused by the mitochondrial uncou-
pling effect of PCP. Uep2 and Ucp3 and some mitochon-
drial genes are imduced in this study (Supplementary
Table 2, Supplementary Fig 1). These genes are support-
ive for uncoupling effect. However, many of the Krebs
cycle enzymes were not induced and those that were
induced showed very small increases compared to the
induction of ISGs. Some peroxidases were also mildly
induced, but catalase was not induced by PCP. In the Per-
cellome database, chemicals reported as uncouplers are
aspirin, ethanol, sedium arsenite, and 2.4-dinitrophenol,
Under the current computational muditmn none of them

was plcked up as a chemical sharing PS list with PCP.

‘Taken together, our data may be interpreted to indicate
that the functional symptoms represented by hyperther-
mia can be induced by PCP mainly through the activation
of 1SGs, This interpretation is backed up by the literature
on “endogenous pyrogens™ (Dmarello, 1999) and on imi-
quimod (Damm er f., 2012).

Finally, although not yet perfected: the performance of
the RSort and PE programs were demonstrated to be suf
ficient to sort out biologically meaningful changes for the
comprehensive characterization of PCP. Manual search-
es employing different criteria added about 100 mild-
Iy changing PSs (data not shown}, but the conclusions of
our study were not affécted. Nevertheless, further refine-
ment for the better coverage is underway.

In conclusion, the RSort program-based comprehen-
sive cross-reference of the Percellome database revealed
that PCP was the only chemical among 111 orally admin-
istered chemicals that significantly induced the 1SGs
in hepatocytes. fu sifu hybridization confitmed that the
parenchymal hepatocytes are responding to PCP: Two
possible mechanisms were discussed; indirect mechanism
via the PRR system, and direct stimulation of the Tlt(s)
or IfoR(s). Further study is needed to clarify the possible
molecular mechanisms.

Vol. 38 No. 4
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Abstract Myxovirus resistance A (MxA) is 4 major inter-
feron (IFN)-inducible antiviral protein. Promoter single-
nucleotide polymorphisms (SNPs) of MxA near the IFN-
stimulated response element (ISRE) have been frequently
associated with various viral diseases, including emerging
respiratory infections. We investigated the cxpression pro-
file of MxA transcripts with distinct first cxons in human
bronchial cpithelial cells, For primary culture, the bronchial
epithclium was isolated from lung tissucs with different
genatypes, and total RNA was subjeeted to real-time reverse
transcription polymerase chain reaction. The previously
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transcript with a distinct 3 first exon (T0) were identitfied.
TEN- and polyinosinic-polycytidylic acid induced approx-
imately 100-fold higher expression of the 11 transcript than
that of the 'I') transcript, which also had a potential [SRE
motif near its transcription start site. Liven without inducers,
the T1 transcript accounted for approximately two thirds of
the total cxpression of MxA| levels of which were signifi-
cantly associated with its promoter and exon 1 SNPs
(rs17000900, 152071430, and rs464138). Our results sug-
gest that MxA observed in respiratory viral infections is
possibly dominated by the 'l transcript and partly influ-
enced by relevant 5' SNPs.

Keywords Myxovirusresistance A - Single-nucleotide
polymorphism - Human bronchial epithelial cells -
‘[ranscript variants

Abbreviations
LD Linkage disequilibrium

HBL:  Human bronchial epithelial
ISRL  Interferon-stimulated response element
Introduction

The interferon (IFN) system plays an important role in
innate immunity against pathogens. When viral components
arc detected by pattern recognition receptors, infected cells
produce type | {(x and (3) and type 11 (A) 1FNs {Randall and
Gioodbourn 2008). Binding of IFNs to their specific recep-
tors leads to the induction of more than 300 TFN-stimulated
genes, including myxovirus resistance A (MxA). also
known as the myxovirus (influenza virus) resistance 1.
IFN-inducible protein p78 (mouse) (MX1) gene. Following
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IFN-induced cxpression, MxA is thought to form oligomer-
ic rings around the nuclcocapsid structures of viruscs, there-
by inhibiting their transeriptional and replicative functions
(Haller and Kochs 2011).

The promoter of the human MxA transcript in the original
report contains two [FN-stimulated response elements (1SRE).
ISREL and [SRE2, near the transcription start site, and both
are mvolved in IFN responsiveness (Ronmi et al. 1998). The
IFN-stimulated gene factor 3 complex binds to the most
proximal ISRE] and the sccond ISRE2. [SRE] is csscential
tor MxA promoter activation, whereas ISR1:2 has an cnhanc-
ing cffect in the presence of activated 1SRL:] (Ronni et al.
1998). IFN regnlatory factor 3 can only bind to ISRI:2 for
enhancing promaoter activation (Holzinger et al. 2007). Atound
ISRE2, there are two single-nucleotide palymorphisms (SNPs)
atnucleotide positions =88 and =123, which confer differences
in the promoter activity and binding affinity to nuclear proteins
(Hijikata ct al. 2001; Ching ct al. 2010). Promoter SNPs of
MxA are reportedly associated with discases, including hepa-
titis C (Hijikata ct al. 2000; Hijikata ct al. 2001, hepatitis B
(Peng et al. 2007), multiple sclerosis (Furuyama et al. 2006),
and subacute sclerosing pancncephalitis (Torisu et al. 2004).
We previously reparted the association of Mx A promoter SNP
with the severity of severe acute respiratory syndrome (SARS;
Hamano et al. 2005). and Ching et al. (2010) reported its
association with susceptibility to SARS in a larger casc—con-
trol study. However, the expression levels of MxA have been
analyzed only in peripheral blood mononuclear cells (PBMC)
or liver cells (Fermandez-Arcas et al. 2004; Kong ct al. 2007;
Ahe ctal. 2011; McGilvray et al. 2012).

Because MXA has a pivotal role i host defense agamst not
only SARS coronavirus but also ofher respiratory viruses such
as influenza virus (Haller and Kochs 2011), it is important to
characterize the cxpiession piofile of MxA in human bronchi-
al cpithelial (HBL) cclls, a site for replication of many respi-
ratory viruses. In addition, a new transcript variant with
alternative 5" untranslated cxons starting 5.5 kb upstrcam of
the original exon | has recently been registered in the public
databasc (NM 001144925.1). In the present study, we ana-
Tvzed the expression pattems of MxA transcripts with distinet
first exons, We firrther investigated the possible effects of their
5" SNPs on gene expression levels in a panel of primary
cultured HBE cells with different genotypes.

Materials and methods

Cell cualture

The study protocol was approved by the ethical comimittee
of the National Center for Global Health and Medicine

{(tormerly. International Medical Center of Japan). Primary
cultured HBL cells were obtained from the canccr-free
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bronchi of surgically resected Iungs after obtaining written
informed consent from the individuals concerned, all of
whom were Japancse. HBLE cells (2=38) were isolated and
cultured as deseribed previously (Gray et al. 1996) and used
after three—five passages in this study. In brief, HBU! cells
were seeded at a density of 5x 1074wvell onto collagen-coated
six-well Transwell plates (Corning Inc., Corning, NY. USA)
and cultured in bronchial epithelial growth medmim (Bio-
Whittaker, Walkersville, MD, USA) for 24 h. Thereaftcr.
HBI cells (r=3) were stimulated with 1,000 TU/ml TRN-o
(Pepro'lech EC Ltd., London W6 8LL, UK), 1,000 [U/ml
IFN-B (Biosource International, Camarille, CA. USA),
100 pg/ml poelyvinosinic—polycvtidylic acid [poly(l:C):
Sigma-Aldrich, St. Louis, MO, USA], 10 ng/ml IFN-y
(R&D Systems, Minneapolis, MN, USA), 50 ng/ml I'N¥-
o (R&D Systems), 20 ug/ml lipopolysaccharide (LPS;
Sigima-Aldrich), 10 pg/ml a-defensin 1 (Peptide I[nstitute
Inc., Osaka, Japan), 10 pg/ml $-detensin 1 (Peptide Insti-
tute Inc.), and 10 pg/ml 3-defensin 2 (Peptide Institute Inc.)
tor 24 h and then harvested. Unstimulated HBL cclls (7=38)
and those stimulated with 100 pg/ml poly(1:C) for 24 h (n=
29y or with 1,000 1Uml IKN- for 12 h (n=9) were har-
vested, and gene expression levels were then analyzed. ‘Lo
assess time-dependent changes in mRNA expression,
BLAS-2B cells (AT'CC number CRL-9609) were stimulated
with 100 pg/ml poly(I:C) for 6. 12, 24, and 48 L.

Real-time reverse transcription polymerase chain reaction

We designated the Mx A transeript originally reported by
Horisberger et al. (1990) (NM 002462 .3) as the T1 tran-
script and the new transcript variant in the public database
(NM_001144925.1) as the 10 transcript. Distinct exons
used in the 10 transcript are shown as exons Oa. Ob, and
Oc (Fig. 1). 'lranslational start codons of both the T'1 and 10
transcripts originate from cxon 3, indicating that cxons Oa-
Oc and cxons 1-4 arc all §' untranslated cxons.

Total RNA of the cells was extracted using the RNcasy
Mini Kit (Qiagen, Hamburg, Germany). Human ‘Total RNA
Master panel 1 (Clontech, Mountain View, CA, USA) was
used to investigate gene expression in various tissue types.
Most of the tissue RNA in this panel consisted of pooled
RNA from two or more donors, and their genotypes were
not available. One microgram of total RNA was subjected to
R with random nonamers using SuperScript 111 Reverse
T'ranscriptase (Invitrogen, Carlsbad, CA, USA). MxA
mRNA cxpression was analyzed by real-time reverse tran-
scription polymerase chain reaction (R1-PCR) using SYBR
Premix l:ix 'laq (lakara Bio, Shiga, Japan) and CFX96
{BioRad, Hercules, CA, USA). Scnse and antisense primers
were located in exons Ob and Oc (5-CCAGAGCAAC|-
CCACACCGGGTGE-3" and S-GCIATGGTTCCAALC
CAGGTGATC-3") for the T0 transcript and cxons 1 and 2
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0a Ob Oc

l -------- TO transcript

-77 CIG SNP ISRE

TTGACTTTTCCTTTCTGGAAACCAGCGAGCAGAAATGAAACCGAAACTGA
-kB
T ATTGTCCGGGAAATTCGCGGTGGGGGCGGAGAGCGCAGGGAGAAGTAAGC

CCAGTGCAGGATCCTGAGGCCCGTGTTTGCAGGACCAGGGCCGGCCTTCC

-123 C/A SNP

CTCCCGCBAGTTCCCGCGAGGCAAGTGCTGAAGGTGCGGGGCCAGGAGCT
ISRE2  -B8 G/T SNP C
T AGGTTTCGTTTCTGCTLCCGGAGCCGCCCTCAGCACAGGGTCTGTGAGTT
ISRE1 G
TCATTTCTTCGCGGCGCGGGGCGGGGCTGGGCGCGGGGTGAAAGAGGCGA
~exon 1 +20 C NP
AGCGAGAGCGGAGGCCGCACTCCWGCACTGCGCAGGGACCGglgaglg!c
el .

——y

Fig. 1 Alternate splicing of'S" exons in MxA. The 3' genomic strueture
ol Mx A and nucleotide sequences around the transeniplion start sites ol
the 10 and 1l transcrpls are shown. White boxes represent the un-
translated mRNA sequence, and black boxes represent the translated
sequence. Potential ISRIS are doubfe underiined, NF-«B binding sile
is wndertined, and promoter and exon 1 SNPs are hoxed. The tran-
scription start site {Homsberger et al. 1990) and nucleotide posilions
shown in the 11 transcript are displayed in accordance with MxA
promoler analysis by Ronni et al. (1998)

(3-GCACTGCGCAGGGACCG-3" and 5-TGGG-TGAG-
CAGGTGGGCGGCA-3" for the T transcript. PCR con-
ditions consisted of 40 cycles of denaturation for 15 s at
95 °C and anncaling and extension for 1 min at 60 °C.
Specific target amplification was confirmed by a single
peak in the dissociation curve. The mRNA ¢copy numbers
between different transcripts were compared using the
absolute quantification method (Leong et al. 2007). R1-
PCR products were purified using the Wizard PCR Preps
DNA Purification System (Promcga, Fitchburg, W1,
USA), and their copy numbers were calculated from the
DNA concentration determined by measuring the absor-
hance at 260 nm. The standard curve was generated with
a serial fivefold dilution of cach RI-PCR product, and the
lincar dependence of the threshold cyeles was confirmed
from the template concentrations. We used the (-actin
gene (primers listed in Online Resource 1) to normalize
the expression of MxA for calculating the relative
amounts of mRNA of each transcript. The 'lagMan Gene
Expression Assay (Hs00182073 ml) (Applied Biosys-
tems, Foster City, CA, USA) that amplifics cxons 16-17
of MxA was used with "TagMan Universal Master Mix 11
{Applicd Biosystems) in the StepOne Plus Real-Time PCR
System (Applied Biosystems), and the relative amount of
total transcripts, indicating the overall expression of MxA,
was calculated using the standard curve method with
glyceraldehyde 3-phosphate dehydrogenase as an internal
control.
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Rapid amplitication of 5 cDNA end

RNA ligase-mediated rapid amplification of 5" ¢cONA end (5
RACLE) was performed using total RNA from 1FN-f3-
stimulated HBE cells to determine the transcription start site
of 10 using the First-Choice RLM-RACE Kit (Ambion, Aus-
tin, 'I'X. USA). Gene-specific primers are listed in Online
Resource 1. PCR products were sequenced with the BigDyc
‘Terminator v3.1 Cycle Scquencing Kit (Applied Biosystems)
using a 3130x1 Genctic Analyzer (Applicd Biosystems).

Screcning and genotyping of polymorphisms in the 5’ region

Jenomic DNA was extracted from HBL cells (2=38) using
the QlAamp DNA Mmi Kit (Qiagen). The 5' upstream
region of the transcription start site for the 'I'0 transcript
was amplified with two overlapping PCR products, and
the amplitied products were scquenced using appropriate
inner primers. Three SNPs, =123 C/A (1s17000900), —88
G/T (rs2071430), and +20 C/A (rs464138), two in the
promoter and onc in exon 1 of the T1 transcript, were
genotyped by PCR and restriction fragment length polymor-
phism methods (Hamano et al. 2005), with Pst 1 (lakara
Bio) for rs17000900, Hha I (lakara Bio) for rs2(071430, and
Bpm I (New England Biolabs, Ipswich, MA, USA) for
15464138, ‘The primers arc listed in Online Resource 1.
Linkage disequilibrium (LD) between promoter SNPs was
analyzed using Haploview (v. 4.2) (Barrett et al. 2003),

Statistical analysis

All data were expressed as mean=standard error of the mean
(SEM). Lo assess the relationship between the number of
single alleles of =123 C/A, =88 /T, and —20) C/A SNPs and
expression levels of the transcript variants, a simple linear
regression model was applied (JMP, version 9.0.0; SAS
Institute Tne,, Cary. NC, USA). A multiple lincar regression
model was also applicd to assess the combined cffeets of
these SNPs on expression of the T1 transeript. The numbers
of alleles of the three abovementioned SNPs were incorpo-
rated in the model as explanatory variables. Correlations of
the total amount ot the MxA transcripts with expression
levels of the 'I'0 and 'I'l transcripts were further analyzed
using Spearman’s rank correlation cocfficient. A p value
<0.05 was considered to be statistically significant.

Results
Lixpression patterns of MxA transcripts in human tissues

The originally reported MxA transcript, 'I'l, and a recently
registered transcript variant, 10, were both successfully
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amplified by R1-PCR from various human tissues (Fig. 2).
Lixpression of the Ul transcrpt was predominant in the
tissucs cxamined, including the lung and trachea, whercas
expression of the TO transeript was inconspicuous, except in
the testis and adrenal gland.

Induction patterns of Mx A transcripts in HBU cells
incubated with type I [FNs and other stimuli

MxA transcripts, 10 and T1, were both detected in the
unstimulated primary cultured HBU cells (n=3), and their
expression was markedly induced by type 1 TFNs and poly(l:
), although induction of the T1 transcript was much stron-
ger than that of the TO transeript (Fig. 3). TFN-y. I'NF-g,
and a-defensin | also induced expression of the T1 tran-
script to a lesser extent, whereas this increase was not
observed in the 10 transcript.

Genomic structure and genetic polymorphisms in the §'
upstream regions of MxA transcripts with distinct first
exons

Because the transcript variant 10 with alternatively spliced
exons was moderately induced by type T IFNs, 5" RACL was
performed to determine the 5" end of exon 0a. the transcrption
start site of L0, in [FN-(-stimulated HBL! cells (Fig. 1). A
putative ISRE motif and a possible binding site for NF-kB
were revealed in the 5" upstream region of the 10 transcript
(Fig. 1). The nearly full-length transcript TO was amplified
with the sense primer in exon Oc and the antiscnse primer in
the last exon 17; however, no alternatively spliced cxon was
ohscrved in the protein-coding region {data not shown). Al-
though the transcript variant that skips untranslated exons 2
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Fig. 2 Relative expression levels ol o VixA transcnpl varands in
Tiumem 1issues. Relative expression levels of the 10 and 'l transcripls
in varous human tissues were oblamed by real-time R1-FCR using a
commercial RNA panel, Human lotal RNA Master panel 1l
(Clontech). The RNA consisted ol pooled RNA [fom two or more
donors. Their genolypes were nol available bul presumably mixture of’
dillerent genotypes
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Fig. 3 Induction of TO and T transcnipl varants by various stimuli n
HBI cells, HBL cells (#—-3) were stimulated with IFN-&, [FN-J3, poly
{IC), IEN-v, I'NF-o. LPS, a-defensm 1. p-delensin 1. and @-delensin
2 [or 24 h and then harvested. Expression levels of the 10 and 11
{ranseripls were compared with those of unsiimulated cells by real-time
R1-PCR. Fold inductions are shown as the mean  S1EM. The genotypes
of'the promoter SNI's were as [ollows: sample #1, 77 SNI (15457274)
C/G, 122 SNP (17000900) C/A, 88 SNP (132071430) G/T, and
120 SNT {rs464 138) CiA; sample 42, 77 C/C, 123 C/A, B T/T,
and +20 A/A and: sample #2, 77 O/G, 123 C/C, BRG/G, and +20
CiA

and 4 has also been registered in the public database
{(NM_001178046.1). its expression level was very low in the
HBE cells (data not shown).

Scquence analysis of the 5" upstream region of the 10
transcript using our DNA samples identified genomic varia-
tions, =77 C/G SNP (15457274 near the putative 1ISR1: motif
{(Fig. 1), =326 delction/inseition polymoiphism (1s60467231),
and 304 A/G SNP (1s12483338). 'T'hree other SNPs, 123 C/
A (rs17000900), 88 G/1' (1s2071430), and 20 C/A
(rs464138), near the 5" end of the 'l transcript were also
detected (Fig. 1). As shown in Online Resource 2, =77 C/G
SNP of the T transcript and the three SNPs near the 5' end of
the I'1 transcript were all in strong LD with cach other (1=
0.8, #=04),

Difterences in expression levels of MxA among SNP genotypes

Next, the mRNA cxpression levels of the 10 and T1 tran-
seripts were analyzed in HBL cells with different genotypes.
The expression of the 11 transcript assessed by real-time R'1-
PCR was 2.3-fold higher than that of the 10 tianscript under
the unstimulated condition (z—38). Baseline expression of the
I'1 transcript was significantly higher in proportion to the
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