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associated with various host physiology states, includ-
ing disease, diet, and age through the shift of bacterial
composition, as well as metabolic and nutritional pro-
cesses.'®?3 The ability of probiotics to survive
through the intestine and to modulate gut microbiota
is a critical factor in determining their potential for
health-related outcomes.

There have been a large number of probiotic inter-
vention studies to assess the impact of probiotics on
gut microbiota in healthy adults,**~3* infants, and
children,®*>3¢ and in clinical trials on patients with a
variety of diseases.>”*® Most probiotic intervention
studies were carried out by comparison between pro-
biotic-treated groups and placebo controls and exam-
ined only one or two samples from periods before and
during intervention or post-intervention for each
subject. These experimental designs make evaluation
of results obscure from a statistical viewpoint due to
the high inter-individual variability of gut micro-
biota.* In addition, most of the analyses focussed on
the composition of specific bacterial species or
groups by conventional methods such as culturing,
quantitative polymerase chain reaction (qPCR), fluor-
escence in situ hybridization, denaturing gradient gel
electrophoresis, or terminal-restriction fragment
length polymorphism based on the bacterial 16S
ribosomal RNA gene (16S). These conventional meth-
odologies may also overlook subtle changes in bacter-
ial community structure and change of species other
than targeted species. Thus, the effect of probiotic ad-
ministration on the overall structure of gut microbiota
is largely unknown.

Recently, a high-throughput sequencing-based ana-
lysis has been conducted for gut microbiota fed with a
probiotic yogurt that provided new insights into pro-
biotics research by utilizing a large-scale dataset.®?
However, much more data are required to understand
the impact of probiotics on gut microbiota. Recent
advances in sequencing technology have enabled us
to elucidate complex bacterial communities, includ-
ing human gut microbiota.*®*" Particularly, 454 pyr-
osequencing of bacterial 16S gene tags coupled with
bioinformatics provides a high-throughput and cost-
effective approach for the comprehensive analysis of
bacterial communities at the species level. 248

In this study, we developed an analysis pipeline for
bacterial communities based on barcoded 454 pyro-
sequencing of 16S gene tags using modified PCR
primers that improved the quantitative accuracy of in-
ferred species composition in human gut microbiota.
Using this pipeline, we analysed faecal samples longi-
tudinally collected from individuals with and without
probiotic administration to evaluate the effect of
probiotics on gut microbiota with respect to species
richness and diversity. The results revealed the
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robustness and stability of gut microbiota of healthy
adults in response to probiotic administration.

2. Materials and methods

2.1. Subjects, faecal sample collection, and probiotic
intervention

Eighteen healthy volunteers (age: 22 + 3.16 yrs, 6
male, 12 female) were recruited through Azabu
University, Kanagawa, Japan (Supplementary Table S1).
All subjects were informed of the purpose of this study.
This study was approved by the ethical committee of
Azabu University, and written consent was obtained
from all subjects. No subjects were treated with antibio-
tics during faecal sample collection. The subjects were
divided into six groups (three subjects per group), and
each group consumed six different commercially avail-
able probiotics supplied from Yakult Honsha Co., Ltd,
Kagome Co., Ltd, Morinaga Milk Industry Co., Ltd,
Takanashi Milk Products Co., Ltd, Meiji Co., Ltd, and
Danone Japan Co, Ltd, respectively (Supplementary
TableS1).The numberof each bacterial strain contained
in the probiotic products was estimated as the genome
equivalent by qPCR of 16S ribosomal RNA genes using
27Fmod-338R, followed by pyrosequencing of the
16S amplicons (see below). The genome equivalent
per gram or millilitre and the total genome equivalent
of each bacterial strain in one probiotic product are sum-
marized in Supplementary Table S1. Three subjects in
each group consumed the same probiotics daily for
8 weeks according to the schedule of sampling and pro-
biotic intervention (Supplementary Fig. S1). Faecal
samples from 4 weeks before (S00) and 8 weeks
during probiotic intervention (S01-504), and 8 weeks
after cessation of probiotic intervention (S05-S08),
were collected every 2 weeks from each subject. In
total, we collected 158 faecal samples from the 18 sub-
jects because we could not collect 1 sample each from 4
of the subjects.

2.2. Recovery of bacteria from faecal samples

Freshly collected faeces (1.0 g) were suspended in
20% glycerol (Wako Pure Chemical Industries, Ltd)
and phosphate buffered saline solution (Life
Technologies Japan, Ltd, Tokyo, Japan), frozen in
liquid nitrogen, and stored at —80°C until ready for
use. Bacterial pellets were prepared from frozen
faecal samples as described previously.*?

2.3. DNA isolation from bacteria

Faecal DNA was isolated and purified according to
the literature, with minor modifications.*® The bac-
terial pellet was suspended and incubated with
15 mg/ml lysozyme (Sigma-Aldrich Co., LCC) at

€102 9 Ajnf uo 3san8 Aq /310°s[euInofpIoxo-yoessareup;/:dyy Woiy pspeojumo(



No. 3]

37°C for 1h in TE10. Purified achromopeptidase
(Wako Pure Chemical Industries, Ltd) was added at a
final concentration of 2000 units/ml and then incu-
bated at 37°C for 30 min. The suspension was
treated with 1% (wt/vol) sodium dodecyl sulphate
and 1 mg/ml proteinase K (Merck Japan) and
incubated at 55°C for 1 h. The lysate was treated
with  phenol/chloroform/isoamyl alcohol (Life
Technologies Japan, Ltd). DNA was precipitated by
adding ethanol and pelleted by centrifugation at
3,300 g at 4°C for 15 min. The DNA pellet was
rinsed with 75% ethanol, dried, and dissolved in
10 mM Tris-HCI/t mM EDTA (TE). DNA samples
were purified by treating with 1 mg/ml RNase A
(Wako Pure Chemical Industries, Ltd) at 37°C for
30 min and precipitated by adding equal volumes of
20% polyethylene glycol solution (PEG6000-2.5M
NaCl). DNA was pelleted by centrifugation at 8,060
g at 4°C, rinsed with 75% ethanol, and dissolved in TE.

2.4. 454 barcoded pyrosequencing of 165 rRNA gene

The V1-V2 region of the 16S rRNA gene was amp-
lified using forward primer (5’-CCATCTCATCCCTGCG
TGTCTCCGACTCAGNNNNNNNNNNagregtttgatymtggc
tcag-3’) containing the 454 primer A, a unique 10-bp
barcode sequence for each sample (indicated in N),
and 27Fmod (5’-agrgtttgatymtggctcag) in which the
third base A in the original primer 27F was changed
to R, and reverse primer (5-CCTATCCCCTGTGTGC
CTTGGCAGTCTCAGtgctgectcecgtaggagt-3’)  contain-
ing the 454 primer B and reverse primer 338R (5'-
tgctgecteecgtaggagt). PCR was performed in 1 x Ex
Taq PCR buffer (50 wl), deoxynucleoside triphosphate
(2.5 mM), Ex Taq polymerase (Takara Bio, Inc., Shiga),
each primer (10 pM), and 40 ng of extracted DNA
under conditions of 2 min at 96°C, 20 cycles of
96°C for 30s, 55°C for 45s, and 72°C for 1 min,
and a final extension of 72°C for 10 min on a 9700
PCR system (Life Technologies Japan, Ltd, Tokyo,
Japan). PCR products of approximately 370 bp were
confirmed by agarose gel electrophoresis, purified by
AMPure XP magnetic purification beads (Beckman
Coulter, Inc., Brea, CA, USA), and quantified using
the Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies Japan, Ltd, Tokyo, Japan). Mixed
samples were prepared by pooling approximately
equal amounts of PCR amplicons from each sample
and subjected to 454 GS FLX Titanium or 454 GS
JUNIOR (Roche Applied Science) sequencing accord-
ing to the manufacturer’s instructions.

2.5. Analysis pipeline for 454 barcoded
pyrosequencing of 16S PCR amplicons
We developed an analysis pipeline for 454 bar-
coded pyrosequencing of PCR amplicons of the V1-2
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region amplified by 27Fmod-338R primers. First,
16S reads were assigned to each sample based on
the barcode sequence information. Second, 16S
reads that did not have PCR primer sequences at
both sequence termini and those with an average
quality value <25 were filtered out. Third, 16S
reads containing possible chimaeric sequences that
had BLAST match lengths of < 90% with reference
sequences in the database were removed. Reads
removed in these processes accounted for about
35% of all reads, most of which represented reads
lacking PCR primer sequences (Supplementary Table
S2). Finally, filter-passed reads were obtained for
further analysis by trimming off both primer
sequences.

All 3000 filter-passed reads of the 16S V1-2
sequences obtained from each subject were deposited
in DDBJ/GenBank/EMBL with accession numbers
DRA0O00869—~DRA000886.

2.6. Assessment of the quantitative accuracy of 16S
data using artificial bacterial communities

Two artificial bacterial communities (designated
‘mock01” and ‘mock02’) were constructed by mixing
genomic DNA from 10 and 11 different human gut-
associated bacterial strains with an appropriate ratio,
respectively (Supplementary Table S3). Genome
sequences of these microbes were completely
sequenced and are publicly available. From these
communities, we amplified the V1-2 region by PCR
using 27F-338R and 27Fmod-338R primers, the
V5-6 region by 787F-1061R primers, and the V1-9
region by 27F-1492R primers. V1-2 and V5-6 ampli-
cons were subjected to 454 pyrosequencing, and V1-
9 amplicons were cloned in Escherichia coli, and 3000
clones were sequenced by the Sanger method, and
the products were analysed with the ABI3730x| (Life
Technologies Japan, Ltd, Tokyo). We also performed
duplicate qPCR experiments targeting a specific
genomic region of the bacterial strains in the two
mock communities. All filter-passed 16S de novo
sequences and qPCR data were then analysed by prin-
cipal component analysis (PCA) to compare and
assess the quantitative accuracy (Fig. 1).

The error rate of the filter-passed sequences using
27Fmod-338R primers obtained from the two mock
communities was estimated by aligning the 16S V1-
2 de novo sequences with the reference 16S sequences
in the two mock communities (Supplementary
Table S4).

2.7. Data analysis

2.7.1. Database Two databases were con-
structed for the analysis of 16S sequences. One is
the 16S rRNA gene sequence database constructed
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Figure 1. Assessment of the quantitative accuracy of the analysis of the bacterial composition of two mock communities by various
methods. PCA analysis of the data was obtained from various methods using mock01 (a) and mock02 (b). Closed circle: expected,
open circle: duplicate gqPCR, closed square: pyrosequencing of 16S V1-2 region using 27Fmod, open square: pyrosequencing of 16S
V1-2 region using 27F, closed triangle: pyrosequencing of 16S V5-6 region, open diamond: Sanger sequencing of nearly full-length

16S clone.

by collecting 16S sequences of >1200 bp of bacterial
isolates from the Ribosomal Database Project
v. 10.27. Another database is the reference genome
database constructed by collecting genome
sequences from the NCBI FTP site (ftp://ftp.ncbi.nih.
gov/genbank/, Dec 2011) that includes 1482 com-
plete and 605 draft bacterial genomes.

2.7.2. Operational taxonomic unit (OTU) and
UniFrac distance analysis We used 3000
filter-passed reads of 16S sequences for operational
taxonomic unit (OTU) and UniFrac distance analysis
for each sample. For OTU analysis, clustering of 16S
reads was done using a 96% pairwise-identity cutoff
with the UCLUST program (www.drive5.com).
Representative sequences for each OTU were assigned
to bacterial species by BLAST search with a 96% pair-
wise-identity cutoff against the two databases men-
tioned above. UniFrac distance analysis was used to
determine the dissimilarity (distance) between two
communities based on the fraction of branch length
shared between two communities within a phylogen-
etic tree constructed from 16S sequence datasets.**

2.7.3. Other Estimation of OTU numbers by ex-
trapolation (Chaol and ACE) was calculated with
the vegan package (v2.0-5) for R (v2.15.2).

3. Results and discussion

3.1. Quantitative accuracy of 16S data produced
by 454 pyrosequencing
Pyrosequencing of PCR amplicons of bacterial 16S
short variable regions is the most popular and a

high-throughput approach to infer and characterize
the species composition in bacterial communi-
ties.#2#54648 The 454 pyrosequencing platform,
which can produce over 400 bases per read, is also su-
perior to shorter read-length sequencers with respect
to sequence accuracy for single-end sequencing.®%*!
However, this PCR-based method has a problem par-
ticularly in quantification of the composition of the
genus Bifidobacterium, a dominant species in human
gut microbiota because the 16S sequence of
Bifidobacterium has a few base mismatches with the
commonly used PCR primer 27F (or 8F), underesti-
mating this genus in the community.>*7>°> To
improve this, we modified primer 27F to 27Fmod
by changing the third base G to R (G or A) in 27F-
YM?®3 that perfectly matched with the annealing site
of the Bifidobacterium 16S gene (see Materials and
methods).

To assess the 16S data using 27Fmod, we compared
various 16S sequence and gPCR data obtained from
two mock communities (Supplementary Table S3)
that are useful to evaluate the quantitative accuracy
of 16S-based data and the sequencing error
rate.>®>7 Quantitative accuracy of the overall bacterial
composition was evaluated by comparing the similar-
ity of each data to the expected (‘Expected’) using PCA
(Fig. 1). From the PCA data, Euclidean distance was
calculated for evaluation of the similarity of each
data with the ‘Expected’. The results revealed that
the order of their similarities with the ‘Expected’ was
the gPCR data > the V1-2 data using 27Fmod > the
V5-6 data >the V1-2 data using 27F >> the data
of Sanger sequencing-based full-length V1-9, indicat-
ing that the use of 27Fmod greatly improved the
quantitative accuracy for evaluation of the overall
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bacterial composition (Supplementary Table S5). This
improvement was largely dependent on the improved
estimation of the Bifidobacterium content by the use
of 27Fmod. The average relative Bifidobacterium
content in the two mock communities estimated
from the data of V1-2 using 27F was only 1.5% of
the ‘Expected’ (100%), whereas the use of 27Fmod
increased the relative content to 61% that was also
better than that estimated from the data of V5-6
and Sanger full-length analyses (Supplementary Fig.
S2). Because gPCR can be used only when genomes
of all bacteria in a given community are known, or
only for a limited number of specific known species,
we concluded that 454 pyrosequencing of the Vi-2
region using 27Fmod-338R provided more quantita-
tively accurate data for bacterial composition in
human gut microbiota than that using the conven-
tional 27F primer.

We estimated the average error rate of filter-passed
V1-2 data using 27Fmod-338R by aligning the V1-2
and reference 16S sequences of bacterial strains
used in the two mock communities. The error rate
was estimated to be 0.58 and 0.66% for mockO1
and mock02 by local alignment, respectively
(Supplementary Table S4). These error rates are
similar to the previously published data,**>%%%° but
lower than in another study.’® The latter may be
due to differences in the examined alignment length
and between local and global alignments. Errors in
454 pyrosequencing data can be the primary cause
for overestimation of the OTU number that is an
issue which needs to be improved for accurate estima-
tion of species richness in bacterial communities.>-6°
We compared OTU numbers generated from cluster-
ing of various qualities of 16S reads with a 96% and
a 97% pair-wise identity cutoff. For this comparison,
we made and used three datasets: only primer
check-passed reads having the highest error rates,
filter-passed reads, and selected filter-passed reads
having the lowest error rates. The results indicated
that a 96% cutoff clustering of error-rich reads and
a 97% cutoff clustering of filter-passed reads gave
the worse results than a 96% cutoff clustering of
filter-passed and selected filter-passed reads
(Supplementary Fig. S3). A 97% cutoff was defined
for clustering of highly accurate Sanger full-length
16S sequences.®! Therefore, in clustering of pyrose-
quencing data having higher error rate than Sanger
data, the use of a cutoff identity lower than 97%
and a lower number of reads are reasonable to
reduce overestimation of the OTU number. A 96%
cutoff clustering of filter-passed reads gave similar
OTU numbers up to 30—50 reads to those of filter-
passed reads having the lowest error rates. These
read numbers are approximately three to five times
the number of input strains. After several trials

S.-W. Kim et al. 245

testing the mock communities, we decided to use
3000—-5000 reads per sample for clustering with a
96% cutoff for the analysis of human gut microbiota.
Indeed, OTU numbers using a 96% cutoff clustering of
3000 reads decreased about 15% when compared
with those using a 97% cutoff clustering,

3.2. Species richness and diversity in human faecal
microbiota with probiotic intervention

We randomly selected 3000 reads of 16S V1-2
sequences from all filter-passed reads for each
sample (Supplementary Table S2) and used
474000 reads in total from 158 faecal DNA
samples of 18 subjects for the analysis of species rich-
ness and composition in human gut microbiota.
Clustering of all reads with a 96% pairwise-identity
cutoff gave a total of 2758 OTUs. After removing
the minority OTUs having <0.1% abundance in any
samples, 1175 OTUs having >0.1% abundance in at
least 1 sample, accounting for 99.1% of all 16S
reads, were used for further analysis.

3.2.1. Detection of administrated probiotic strains in
faecal samples We investigated whether
administrated strains contained in the probiotic pro-
ducts can be detected in faecal DNA. We sequenced
the 16S V1-2 region of all bacterial strains contained
in probiotic products used in this study. The BLAST
search to the databases indicated that except for the
Bifidobacterium longum strain used in Group lll, the
16S sequences of all strains in the probiotic products
significantly differed from those of the indigenous
species phylogenetically closest to the probiotic
strains. The 16S sequence of the B. longum strain
used in Group lil was almost identical to that of an in-
digenous Bifidobacterium species, so that we used a
distinguishable additive Lactococcus lactis strain in
this product for the detection of administrated bac-
teria in Group Il samples. The 16S sequences of
these probiotic strains were included in the databases
constructed in this study, and the 16S reads assigned
to administrated strains had the average similarity
between 99.4 and 99.9% identities with the reference
sequences (data not shown). The 16S reads assigned
to probiotic or additive strains were detected in
samples (SO1-S04) during probiotic intervention
[designated ‘Pro(+)’] at various frequencies, but
almost none were detected in samples (S00 and
S05-S08) without probiotic administration [desig-
nated ‘Pro(—)’] (Supplementary Table S6). The admi-
nistrated probiotic strains were shown to be more
frequently detected in samples during the interven-
tion than in the pre- and post-intervention periods
using different detection methods such as culturing,
targeted PCR, and hybridization,?*26~28303233,62 |
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the present study, two probiotic Lactobacillus and one
additive Lactococcus strains were detected in post-
intervention samples in three subjects with a
minimum count, respectively. The similarity of three
16S sequences was 99.4, 99.7, and 100% identity
with those of administrated Lactobacillus and
Lactococcus strains, indicating that these are admini-
strated strains. The survival of some probiotic strains
in the post-intervention period was also reported
previously.?®3% Our data suggested that some pro-
biotic strains seem to be able to persistently colonize
the intestine and their survivability may be related to
metabolic activity in the intestine.®®®* Probiotic
Bifidobacterium strains were not detected in any
Pro(—) samples. However, we found two distinct 16S
sequences both assigned to Bifidobacterium animalis
in two subjects APr37 and APr39. One showed a
high similarity of >98% identity with the 16S se-
quence of the administrated B. animalis and was
detected with high frequency only in the Pro(+)
samples, whereas another showed a low similarity of
96.5-97.4% identity (a mean of 97.2%) with low fre-
quency in both the Pro(—) and Pro(+) samples. These
data suggest the presence of unknown indigenous
species phylogenetically close to, but distinct from,
probiotic B. animalis in human gut microbiota. The
total number of bacteria contained in each probiotic
product was varied between 10° and 10'°, showing
no large difference in quantity among them
(Supplementary Table S1). No clear correlation was
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also observed between the number of bacteria in
the products and the frequency in detection of the
administrated strains in the Pro(+) samples. From
these observations, the frequency of administrated
bacteria detected in faeces may not be largely affected
by their amounts in the products. Therefore, detec-
tion of Lactobacillus brevis and Lactobacillus delbrueck
at relatively low level in faeces cannot be simply
explained by the difference in a dose, but could be
considered the association with several factors such
as their survivability in the intestine, diet, or physio-
logical conditions of subjects.

3.2.2. Change of species richness in samples with
and  without probiotics We analysed

species richness (OTU number) in the Pro(+) and
Pro(—) samples. Supplementary Figure S4 shows the
change in OTU numbers for every sample in each
subject, indicating that OTU numbers vary dramatic-
ally for every sample. Most of the variation can be
attributed to single OTUs representing the minority
species. We averaged the OTU numbers of the
Pro(—) and Pro(+) samples and compared them for
subject, group, type of probotics (Lactobacillus and
Bifidobacterium), and all combined samples, respect-
ively (Fig. 2). The average OTU numbers in 6 out of
18 subjects were decreased in the range of the ratio
of 0.83—0.95 in the Pro(+) samples when compared
with the Pro(—) samples, whereas those in other 12
subjects were increased in the range of the ratio of
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Figure 2. Change in OTU number in faecal microbiota with and without probiotic administration. (a) Individual, (b) group, (c) type of
probiotics. Black bar indicates Pro(—) samples. Grey bar indicates Pro(+) samples. The error bars represent standard deviation.
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1.01-1.43. For group, only Group IV showed a de-
crease in the average OTU number in the Pro(+)
samples with the ratio of 0.94. For type of probiotics
and all samples, the average OTU numbers in the
Pro(+) samples were slightly more abundant (ap-
proximately 1.07-fold) than those in the Pro(—)
samples, but no statistical significance was observed
in any dataset. The increase in OTU number in the
Pro(+) samples was largely due to the minority
species (Supplementary Fig. S4), whereas the abun-
dance of the majority species (OTUs containing >10
reads) was almost constant over time. We performed
the same analysis using different sets of 3000 reads
for each subject. The analysis reproducibly showed
the similar pattern and the degree of the change in
OTU numbers to which the minority species is
largely attributed (data not shown). These data indi-
cate that administration of probiotics tends to in-
crease species richness in faecal microbiota that may
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be beneficial for the consumer because the species
richness in faecal microbiota of subjects afflicted
with disease such as inflammatory bowel disease is
significantly reduced when compared with that of
healthy subjects.®®

3.2.3. Change of species composition in samples
with and without probiotics We obtained

the average weighted and unweighted UniFrac dis-
tances within Pro(—), within Pro(+), and between
Pro(—) and Pro(+) samples for every group, probiotic
types, and all subjects, respectively (Fig. 3). High
UniFrac distance implies high variability of microbiota
structure within and between samples. If the differ-
ence between any pair of the three distances is statis-
tically significant, it can be considered that probiotic
administration significantly affected the overall micro-
biota composition. We found the largest difference
between weighted UniFac distances of the Pro(+)
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Figure 3. Average UniFrac distance within Pro (—) and Pro(+) and between Pro(—) and Pro(+) for each group, type of probitotics, and all
subjects. Average UniFrac distance between any pair of the three distances for type of probiotics and all subjects (a and b), and each
group (c and d). Open circle, closed circle, and closed square indicate average UniFrac distance within Pro (—), within Pro (+), and

between Pro(—) and Pro(+) samples, respectively.
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and Pro(—) samples in Group VI. However, statistical
evaluation of this difference by the Student’s t-test
showed no significance (P-value > 0.05) for 781 out
of 1000 times (Supplementary Table S7). These
data imply high stability of gut microbiota to probiotic
administration for all subjects examined. We also ana-
lysed UniFrac distances of intra-subject gut microbiota
(Fig. 4). Although 5 subjects (APr02, 12, 16, 37, and
39) showed a significant difference in the UniFrac
distances between Pro(—) and Pro(+) samples, the
results showed that both weighted and unweighted dis-
tances between Pro(—) and Pro(+) of all intra-subjects
were significantly lower than the average distance
of the 18 unrelated subjects. The Welch’s t-test
for these differences showed statistical significance
(Supplementary Table S8). We also performed the
UniFrac distance analysis using different 16S datasets
of 5000 reads for group, type of probiotics, all subjects,
and intra-subject. The results similarly showed no stat-
istical significance in differences between any pair of
“the 3 UniFrac distances and the significantly lower
UniFrac distance of each intra-subject than that of the
18 unrelated subjects (data not shown). Thus, these
data suggested that the perturbation of microbiota eli-
cited by probiotics in an intra-subject did not overcome
the inter-subject variations of gut microbiota, support-
ing high intra-specificity and stability of gut micro-
biota.®®” This robustness of gut microbiota of adults
is in contrast with the profound effect of antibiotic

0.6+
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administration on adult gut microbiota®® and the
observed response of gut microbiota of infants fed
with probiotics, in which the infant gut microbiota
composition was considerably affected by probiotics.>®
A short-term dietary intervention study showed that in
controlled feeding of the same diet to subjects over 10
days, a marked change was observed within 1 day after
the intervention initiation.® In the present study, no
significant difference was observed between samples
before (S00) and first samples (§01) after the interven-
tion initiation (data not shown). It would be valuable to
analyse faecal samples collected within a few days after
administration of probiotics for evaluation of the short-
term effect of probiotics.

4. Identification of bacterial species showing
significant increase or decrease by probiotic
administration

Although our results suggested that administration
of probiotics had almost no effect on the overall
structure of gut microbiota, it is possible to identify
bacterial species largely responding to the admini-
strated probiotics at the OTU/species level. We sur-
veyed OTUs showing an increase or a decrease
between the Pro(+) and Pro(—) samples by comparing
the number of 16S reads for each OTU. We first enum-
erated the OTUs showing > 2-fold change between the
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Figure 4. Average Unifrac distance within Pro(—) and Pro(+) and between Pro(—) and Pro(+) for each subject. Open circles, closed circles,
and closed squares indicate average UniFrac distance within Pro(—), within Pro(+), and between Pro(—) and Pro(+) samples,
respectively. Closed triangles indicate average UniFrac distance between samples (S00) of 18 unrelated individuals.
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Pro(—) and Pro(+) samples for each subject, and the
quantity difference was also obtained by subtracting
the 16S read number of the Pro(+) samples from
that of the Pro(—) samples. This is because OTUs
showing a high quantity difference, but less fold
change may also have substantial influence on gut
microbiota composition. We found several OTUs sig-
nificantly changed by probiotic administration, includ-
ing OTUs assigned to both the indigenous and
administrated strains (Fig. 5). We listed 88 OTUs
(7.5% of all analysed 1175 OTUs) showing significant
change of >3-fold, among which 30 OTUs changed
by >10-fold (Supplementary Fig. S5). We excluded 6
OTUs assigned to the administrated strains from the
30 OTUs and obtained 24 OTUs assigned to the indi-
genous species, including OTU00072 assigned to
Streptococcus  salivarius  that showed significant
change in 2 subjects (Supplementary Table S9). We
also found seven OTUs showing significant difference
in quantity between both samples (Supplementary
Table S10). Of the combined 32 OTUs (2.7%), 18
were increased and 14 were decreased by probiotic ad-
ministration. Many of the OTUs showing a significant
increase were assigned to minority species in the
Pro(—) samples, but some increased up to nearly 7%
in abundance (e.g. OTU00372 assigned to

(o)
[
=]
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Eubacterium rectale). On the other hand, the OTUs
showing a significant decrease were almost undetected
in the Pro(+) samples. Phylum-level species
assignment showed that species belonging to the
phylum Firmicutes were most largely affected by both
probiotics, and all species belonging to the phylum
Bacteroidetes were affected only by Lactobacillus
probiotics (Table 1). The 32 OTUs were assigned to
27 indigenous species, among which 4 species
(Clostridium  clostridioforme,  Eubacterium  eligens,
E. rectale, and Faecalibacterium prausnitzii) were
assigned by 8 different OTUs and 1 species (S. salivarius)
was assigned by the 2 same OTUs as described above.
All these species except for S. salivarius were found to
show significant change only in one subject, indicating
that response of the indigenous species to probiotics is
highly individual specific (Supplementary Fig. S6).
Two different OTUs (OTU02677 and OTU02748)
assigned to F. prausnitzii, of which the reduction is
known to be correlated with inflammatory bowel
disease,”® were found to both decrease and increase
in the same subject (APr40) by probiotic administra-
tion, suggesting that these two phylogenetically close
species may have the diversity of response to probiotic
action. We also examined distribution of the 32 OTUs in
the subjects. The results revealed that 4 subjects
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Figure 5. OTUs showing >2-fold change and their difference in quantity between the Pro(—) and Pro(+) samples. The x-axis represents the
scale of fold change between the Pro(+) and Pro(—) samples. The y-axis represents the difference (number of reads) in quantity
between the Pro(+) and Pro(—) samples. Closed and open circles indicate the administrated probiotic and indigenous species,
respectively.
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Table 1. Phylum-level species assignment of OTUs showing significant fold change or quantity difference by administration of probiotics

Type of Change °®Number of Fold change (>10-fold) Number of Difference (>150 reads)
probiotics varied OTUs  Firmicutes Actinobacteria Bacteroidetes Unclassified varied  Firmicutes Bacteroidetes
bacterium

Lactobacillus Increase 9 7 0 1 1 3 2 1
Decrease 7 3 1 3 0 1 1 0
Total 16 10 1 4 1 4 3 1

Bifidobacterium Increase 5 5 0 4] 0 1 1 0
Decrease 4 4 0 0 0 2 2 0
Total 9 9 0 0 0 3 3 0

All Increase 14 12 0 1 1 4 3 1
Decrease 11 7 1 3 0 3 3 0
Total 25 19 1 4 1 7 6 1

Administrated probiotic strains were excluded, and only OTUs with a P-value < 0.05 are shown.
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Figure 6. Distribution of 32 OTUs showing a significant change in 18 subjects. The y-axis indicates the number of OTUs showing significant
change between the Pro(—) and Pro(+) samples in each subject (see Supplementary Tables S9 and $10). Open and closed bars indicate

increased and decreased OTUs, respectively.

(APr11,20,22,and 37) did not have such OTUs and 8
subjects had only 1 OTU, whereas 4 subjects (APrO1,
02,31,and 39) had more than 4 OTUs showing signifi-
cant change (Fig. 6), suggesting their uneven distribu-
tion in the 18 subjects. These data imply existence of
the sensitive and less sensitive responders to probiotic
action and if so, it would be interesting to investigate
the relation between gut microbiota type and its re-
sponse to probiotics.

In summary, we analysed changes of the gut micro-
biota composition of healthy adults fed with probio-
tics using the 454 pyrosequencing platform with the
improved quantitative accuracy for evaluation of the
overall bacterial composition. The present study
using large datasets enabled us to more comprehen-
sively and precisely evaluate the effect of probiotics
on gut microbiota than the previous probiotic inter-
vention researches in which the analysis exclusively

focussed on only several limited bacterial species
using conventional methods. Our data further
support the high inter-subject variability and the
high intra-subject stability that is the current
common view for the feature of adult gut microbiota.
A recent study of gut microbiota in twins demon-
strated that probiotics had almost no effect on the
community structure, but affected the gene expres-
sion of microbiota.®® To more deeply understand
the potential function of probiotics, the analysis of
bacterial and host cell’s transcriptome and intestinal
metabolome is required.
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target genes

Jun-ichi Satoh and Hiroko Tabunoki

Abstract

Background: Vitamin D is a liposoluble vitamin essential for calcium metabolism. The ligand-bound vitamin D receptor
(VDR), heterodimerized with retinoid X receptor, interacts with vitamin D response elements (VDREs) to regulate gene
expression. Vitamin D deficiency due to insufficient sunlight exposure confers an increased risk for multiple sclerosis (MS).
Objective: To study a protective role of vitamin D in multiple sclerosis (MS), it is important to characterize the global
molecular network of VDR target genes (VDRTGs) in immune cells.

Methods: We identified genome-wide VDRTGs collectively from two distinct chromatin immunoprecipitation followed
by deep sequencing (ChlP-Seq) datasets of VDR-binding sites derived from calcitriol-treated human cells of B cell and
monocyte origins. VWe mapped short reads of next generation sequencing (NGS) data on hgl9 with Bowtie, detected the
peaks with Model-based Analysis of ChIP-Seq (MACS), and identified genomic locations by Genomejack, a novel genome
viewer for NGS platforms.

Results: We found 2997 stringent peaks distributed on protein-coding genes, chiefly located in the promoter and the
intron on VDRE DR3 sequences. However, the corresponding transcriptome data verified calcitriol-induced upregulation
of only a small set of VDRTGs. The molecular network of 1541 calcitriol-responsive VDRTGs showed a significant
relationship with leukocyte transendothelial migration, Fcy receptor-mediated phagocytosis, and transcriptional
regulation by VDR, suggesting a pivotal role of genome-wide YVDRTGs in immune regulation.

Conclusion: These results suggest the working hypothesis that persistent deficiency of vitamin D might perturb the
complex network of YDRTGs in immune cells, being responsible for induction of an autoimmune response causative for MS.

Keywords
ChiP-Seq, Genomejack, multiple sclerosis, pathway analysis, vitamin D,VDR
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS) presenting
with relapsing—remitting and progressive clinical courses.
Pathologically, it is characterized by inflammation, demy-
elination, gliosis, and axonal degeneration, although under-
lying molecular mechanisms remain largely unknown.
Even genetically identical monozygotic twins express a
concordance rate of approximately 30% for MS. This sug-
gests a great contribution of environmental factors to MS
pathogenesis, such as cigarette smoking, Epstein Barr virus
(EBV) infection, and low serum vitamin D levels.!
Vitamin D is a liposoluble vitamin essential for calcium
metabolism, available from dietary sources and also pro-
duced endogenously when the sunlight Ultraviolet B

(UVB) triggers its synthesis in the skin, followed by con-
secutive hydroxylation in the liver and kidney to generate
la,25-dihydroxyvitamin D3, a biologically active form
named calcitriol. The vitamin D receptor (VDR) is
expressed on various cells including immune cells, such as
lymphocytes, macrophages, monocytes, and dendritic cells.
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The ligand-bound VDR, heterodimerized with retinoid X
receptor (RXR), interacts with vitamin D response ele-
ments (VDREs) on regulatory regions of target genes, and
recruits protein complexes that alter chromatin structure.
They regulate expression of more than 900 vitamin
D-responsive genes involved in calcium homeostasis, cell
growth, differentiation, apoptosis, and modulation of
immune response.” Importantly, the expression of the gene
encoding MS-associated MHC class II allele HLA-
DRB1*1501 is directly regulated by vitamin D via a VDRE
on its promoter.?

A prospective case-control study on millions of US mil-
itary personnel indicated that MS risk is decreased with
increasing serum levels of 25-hydroxyvitamin D among
white subjects.* Higher serum levels of 25-hydroxyvitamin
D are associated with a greater suppressive capacity of reg-
ulatory T (Treg) cells in relapsing-remitting MS patients.?
Calcitriol inhibits production of proinflammatory cytokines,
such as IFNy, IL-17, and IL-21, from human CD4* T cells,
being responsible for the anti-inflammatory activity of vita-
min D.6 All of these observations support a protective role
of vitamin D in immune cells against development of MS.”
To elucidate underlying molecular mechanisms, it is impor-
tant to characterize the global molecular network of VDR
target genes (VDRTGs) presenting with diverse biological
roles in immune cells, including those previously underes-
timated in immunopathogenesis of MS.

Recently, the rapid progress in the next-generation
sequencing (NGS) technology has revolutionized the field
of genome research. Notably, NGS thoroughly character-
ized the genetic basis of MS at the level of the whole
genome of individual patients.® Chromatin immunoprecipi-
tation followed by deep sequencing (ChIP-Seq) has been
used as a NGS application to achieve genome-wide profil-
ing of DNA-binding proteins, histone modifications, and
nucleosomes.® ChIP-Seq with an advantage of higher reso-
lution, less noise, and greater coverage of the genome,
compared with the microarray-based ChIP-Chip method,
and provides an innovative tool for studying the compre-
hensive gene regulatory networks. Since NGS analysis pro-
duces extremely high throughput experimental data, it is
often difficult to extract the biologically meaningful impli-
cations. Recent advances in systems biology enable us to
illustrate the cell-wide map of the complex molecular inter-
actions by using the literature-based knowledgebase of
molecular pathways.!® The logically-arranged molecular
networks construct the whole system, characterized by
robustness, which maintains the proper function of the sys-
tem in the face of genetic and environmental perturbations.
Therefore, the integration of high-dimensional NGS data
with underlying molecular networks serves as a rational
approach to characterize the genome-wide network-based
molecular mechanisms of gene regulation.

For an initial step to study molecular mechanisms
underlying vitamin D-mediated protection against MS, we

identified thousands of in vivo calcitriol-responsive
VDRTG candidates collected from two public ChIP-Seq
datasets of VDR-binding sites in human cells of B cell and
monocyte origins, and investigated their molecular network
by using three distinct pathway analysis tools of bioinfor-
matics. We focused on the datasets derived from immune-
relevant cell types of B cell and monocyte origins because
B cells and monocytes play a key role in MS pathogenesis
by serving as a source of proinflammatory and immunoreg-
ulatory cytokines and chemokines.!!

Datasets and methods

Two distinct ChIP-Seq datasets of
VDR-binding sites

We identified a comprehensive set of VDRTGs from two
distinct ChIP-Seq datasets of VDR-binding sites numbered
SRP002673 and SRP005910, retrieved from DDBJ
Sequence Read Archive (DRA) (trace.ddbj.nig.ac.jp/
DRASearch). SRP002673 contained the dataset of EBV-
transformed human B lymphoblast cell lines (LCLs) iso-
lated from two Centre d’Etude du Polymorphisme Humain
(CEPH) individuals GM 10855 and GM10861 who partici-
pated in the HapMap project.!? The cells were treated with
or without 100 nM calcitriol for 36 h, and then processed
for ChIP-Seq using a rabbit anti-VDR antibody (sc-1008;
Santa Cruz Biotechnology, USA). They were processed in
parallel for transcriptome analysis on a Human Gene 1.0
ST Array (Affymetrix). We retrieved the transcriptome
dataset numbered GSE22176 from Gene Expression
Omnibus (GEO) (www.ncbi.nlm.nih.gov/gds). SRP005910
contained the dataset of THP-1 human monocyte leukemia
cell line following exposure to 10 nM calcitriol or vehicle
(ethanol) for 40 min for ChIP-Seq with a rabbit anti-VDR
antibody (ab3508; Abcam) and for 4 h for transcriptome
analysis on a Human-6 v2.0 Expression Beadchip (Illumina,
San Diego, California, USA).!? We retrieved the transcrip-
tome dataset numbered GSE27270 from GEO. ChIP DNA
fragments were processed for deep sequencing at a 35 bp
(SRP002673) or a 36 bp (SRP005910) read length on the
Genome Analyzer II (Illumina).

We mapped short reads of NGS data on the human
genome reference sequence numbered hg19 by using Bowtie
0.12.7 (bowtie-bio.sourceforge.net). Then, we detected the
statistically significant peaks of mapped reads by using
Model-based Analysis of ChIP-Seq (MACS; liulab.dfci.har-
vard.edu/MACS) under the stringent condition of fold
enrichment (FE)>20 and the false discovery rate (FDR)<1%.
Finally, we identified genomic locations of the peaks by
importing the processed data into GenomelJack v1.3, a novel
genome viewer for NGS platforms (Mitsubishi Space
Software;  www.mss.co.jp/businessfield/bioinformatics).
Based on RefSeq ID, the MACS peaks were categorized
into those located on protein-coding genes with mRINA-
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coding transcript (NM)-heading numbers, those on non-cod-
ing genes with non-coding transcript (NR)-heading numbers,
and those located in intergenic regions without relevant
neighboring genes. Since proximal promoters are generally
located within several hundreds bp upstream of the tran-
scription start site (TSS), the genomic locations of the sum-
mits were classified into the promoter region defined by the
location within a 5 kb upstream from the 5’ end of genes, the
5’ untranslated region (5’UTR), the exon, the intron, and the
3°’UTR. The locations outside these, which might include
the locations of several distal promoters, were tentatively
defined as intergenic regions, owing to the inability to accu-
rately assess relevant target genes. The consensus motif
sequences were identified by importing a 400 bp-length
sequence surrounding the peak summit into MEME-ChIP
(meme.sdsc.edu/meme/cgi-bin/meme-chip.cgi).

We also analyzed the transcriptome data of microarray
analysis corresponding to the ChIP-Seq datasets. The log2-
converted normalized data were evaluated by Welch’s t-test
to identify the genes differentially expressed between calci-
triol-treated and control samples.

Molecular network analysis

To identify biologically relevant molecular networks and
pathways, we imported Entrez Gene IDs of VDRTGs into
the Functional Annotation tool of Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.7
(david.abce.nciferf.gov). DAVID identifies the most rele-
vant pathway constructed by Kyoto Encyclopedia of Genes
and Genomes (KEGG) (www.kegg.jp), composed of the
genes enriched in the given set with an output of statistical
significance evaluated by the modified Fisher’s exact test.
KEGG is a publicly accessible knowledgebase containing
manually curated reference pathways that cover a wide
range of metabolic, genetic and cellular processes, and
human diseases, currently composed of 218,213 pathways
generated from 435 reference pathways. We also imported
Entrez Gene IDs into Ingenuity Pathways Analysis (IPA)
(Ingenuity Systems, www.ingenuity.com) and KeyMolnet
(Institute of Medicinal Molecular Design; www.immd.co.
jp), both of which are commercial tools for molecular
network analysis.

IPA is a knowledgebase that contains approximately
2,500,000 biological and chemical interactions and func-
tional annotations with definite scientific evidence. By
uploading the list of Gene IDs and expression values, the
network-generation algorithm identifies focused genes inte-
grated in a global molecular network. IPA calculates the score
p-value, the statistical significance of association between the
genes and the networks by the Fisher’s exact test.

KeyMolnet contains knowledge-based contents on
150,500 relationships among human genes and proteins,
small molecules, diseases, pathways and drugs.!® They are
categorized into the core contents collected from selected

review articles with the highest reliability or the secondary
contents extracted from abstracts of PubMed and Human
Reference Protein database (HPRD). By importing the list
of Gene IDs and expression values, the neighboring net-
work-search algorithm selected one or more molecules as
starting points to generate the network of all kinds of molec-
ular interactions around starting molecules, including direct
activation/inactivation, transcriptional activation/repres-
sion, and the complex formation within the designated
number of paths from starting points. The generated net-
work was compared side by side with 484 human canonical
pathways of the KeyMolnet library. The algorithm counting
the number of overlapping molecular relations between the
extracted network and the canonical pathway makes it pos-
sible to identify the canonical pathway showing the most
significant contribution to the extracted network.

Results

Identification of 2997 VDR target genes
from two distinct ChIP-Seq datasets

By analyzing two distinct VDR-binding ChIP-Seq datasets
numbered SRP002673 and SRP005910, derived from three
samples of calcitriol-treated cells and three samples of non-
treated or vehicle-treated (control) cells, we identified
totally 4718 stringent ChIP-Seq peaks showing FE>20 and
FDR<1% (Table 1). The genomic locations of the peaks
were determined by using Genomelack (Figure 1(2)).
VDRE consensus sequences, comprising direct or inverted
repeats of hexameric (G/A)G(G/T)TCA motifs with three
intervening base pairs (DR3), were detected in the top 50
enriched genes in calcitriol-treated samples (Figure 1(b);
Figure 2). After omitting the peaks located on non-coding
genes and those located in intergenic regions, we identified
2997 peaks located on protein-coding genes that have their
summits on the promoter (n=1353), 5’UTR (n=249), exon
(n=85), intron (n=1253) or 3’UTR (n=57) (Table 1;
Supplementary Tables 1-3 online). They are tentatively
designated as ChIP-Seq-based VDRTGs.

Calcitriol-induced upregulation of a small set
of ChIP-Seq-based VDR target genes

We also analyzed the transcriptome data numbered
GSE22176 and GSE27270 corresponding to the ChIP-Seq
datasets. Initially, we could not detect any genes differen-
tially expressed between calcitriol-treated and control sam-
ples by the microarray-standard statistical evaluation with
Welch’s t-test followed by Bonferroni correction for
multiple comparison, except for CD14 exhibiting a 6.65-
fold increase in THP-1 cells by calcitriol treatment
(»=0.0000004). Therefore, we attempted to extract greater
numbers of calcitriol-responsive genes under the statisti-
cally less stringent condition of p<0.05 by Welch’s t-test
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Table 1. The overview of vitamin D receptor (VDR) target genes with stringent chromatin immunoprecipitation followed by deep

sequencing (ChIP-Seq) peaks.

Datasets Samples and treatment Peaks on Location of summits on coding genes  Peaks on  Peaks on  Total
coding non-coding intergenic numbers
genes Promoter 5'UTR Exon Intron 3'UTR genes regions  of peaks

SRP002673 GMI10855LCL-control 54 39 8 | 5 | 8 6 68

GMI10855LCL-calcitriol 200 54 7 4 126 9 23 18 341
GM10861LCL-control 402 281 63 7 48 3 41 70 513
GM10861LCL-calcitriol 2047 875 161 50 919 42 223 1020 3290
SRP005910 THPI-control 108 55 5 14 34 0 15 63 186
THP 1-calcitriol 186 49 5 9 121 2 17 17 320

Total 2997 1353 249 85 1253 57 327 1394 4718

numbers of

peaks

By analyzing two distinct ChlP-Seq datasets of VDR-binding sites numbered SRP002673 and SRP005910, composed of three calcitriol-treated and
three non-treated or vehicle-treated (control) samples, we identified stringent peaks exhibiting fold enrichment (FE)2>20 and false discovery rate
(FDR)<1%, which were categorized into the summits of the peaks located on protein-coding genes, those on non-coding genes and those in inter-

genic regions, by using Genomeljack.

without adjustment by Bonferroni correction and fold
change >1.5 as upregulation or <0.75 as downreguation.
This evaluation results in detection of overall 134 upregu-
lated and 43 downregulated genes (Supplementary Tables
4-6 online). The set of 29 genes (21.6%) among 134 upreg-
ulated genes agreed with ChIP-Seqg-based VDRTGs,
including CLMN, PPP1R2, SPATA13, SULF2, P2RYS,
MOBKL2B, CAMP, CD38, FAMI16B, SERINC2,
TRIM31, SLC25A20, TNFRSF17, ALDHI1A1, CTSZ,
ASAP2, SLC37A2, LRRC8A, TMEM37, C200rfl97,
PDZD7, SFXN3, PRKCH, SEMA4D, SEMA6B, CYTH4,
ITGBS, ELF4, and ZMIZ1. In contrast, none of the down-
regulated genes have met with the list of ChIP-Seq-based
VDRTGs.

Identification of 1541 ChIP-Seqg-based
calcitriol-responsive VDR target genes

Next, we combined all VDRTGs derived from three differ-
ent calcitriol-treated samples into one, named the treatment
set composed of 2432 genes, and those from three non-
treated samples into one, named the non-treatment set com-
posed of 564 genes. Thus, we found the constitutive binding
of VDR on a genome-wide scale to a substantial number of
genes in the absence of calcitriol treatment. Then, we
extracted a non-redundant set of 1541 calcitriol-responsive
genes that were detected exclusively in the treatment set
(Supplementary Table 7 online).

Molecular network of 1541 calcitriol-
responsive VDR target genes

By importing Entrez Gene IDs of 1541 calcitriol-
responsive VDRTGs into the Functional Annotation

tool of DAVID, we identified the top five most rele-
vant KEGG pathways (Table 2). They include the path-
ways in cancer (hsa05200; p=4.92E-05), leukocyte
transendothelial migration (hsa04670; p=1.17E-04)
(Figure 3), systemic lupus erythematosus (hsa05322;
p=5.57E-04), focal adhesion (hsa04510; p=7.30E-04),
and Fcy receptor-mediated phagocytosis (hsa04666;
p=2.39E-03).

By using the Core Analysis tool of IPA, we identified
the top five most relevant canonical pathways
(Supplementary Table 8 online). They include Fcy recep-
tor-mediated phagocytosis in macrophages and monocytes
(p=6.85E-07), molecular mechanisms of cancer
(p=1.53E-06), macropinocytosis signaling (p=5.61E-06),
glioma signaling (p=1.44E-05), and leukocyte extravasa-
tion signaling (p=2.03E-05). Thus, the results of KEGG
and IPA showed a substantial overlap between the path-
ways constructed by VDRTGs, particularly whose func-
tion was involved in extravasation and phagocytosis of
immune cells. IPA also extracted the top five most relevant
functional networks. They include “Gene Expression,
Protein Synthesis, Cellular Assembly and Organization”
(p=1.00E~126), “Gene Expression, Cancer, Cardiovascular
System Development and Function” (p=1.00E-116),
“Cellular Function and Maintenance, Protein Degradation,
Protein Synthesis” (p=1.00E-92), “Hematological System
Development and Function, Tissue Morphology, Humoral
Immune Response” (p=1.00E-88), and “Gene Expression,
Cellular Development, Tissue Development” (p=1.00E-74)
(Supplementary Table 9 online). Importantly, VDR serves
as a hub molecule, on which the molecular connections are
concentrated, in the functional network defined by “Gene
Expression, Cellular Development, Tissue Development”
(Figure 4).
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Figure 1. Identification of genomic locations of chromatin immunoprecipitation followed by deep sequencing (ChiP-Seq) peaks by

GenomeJack.

By analyzing ChIP-Seq datasets of VDR-binding sites numbered SRP002673 and SRP005910, derived from 3 calcitriol-treated and 3 control samples, we
identified totally 4718 peaks showing fold enrichment > 20 and FDR < 1% (Table 1).The genomic locations of the peaks were determined by import-
ing the processed data into GenomeJack.An example of a vitamin D receptor (VDR) target gene named cathelicidin antimicrobial peptide (CAMP)
(NM_004345) is shown, where a Model-based Analysis of ChIP-Seq (MACS) peak is located on the promoter region (a) with a vitamin D

response element (VDRE) consensus sequence highlighted by orange (b). CAMP has been identified as a target gene for la,25-dihydroxyvitamin D3.34

By using KeyMolnet, the neighboring network search
algorithm extracted a highly complex network, composed
0f 3300 molecules and 5569 molecular relations. The net-
work exhibited a significant relationship with transcrip-
tional regulation by retinoblastoma protein (Rb)/E2F
family proteins (p=1.65E—~182), transcriptional regula-
tion by VDR (p=2.74E-171), transcriptional regulation by
interferon regulatory factor (IRF) proteins (p=7.03E-103),
heat shock protein 90 (HSP90) signaling pathway
(»=9.33E-87), and histone acetyltransferase (HAT) signal-
ing pathway (p=3.04E-79). Again, VDR plays a central
role in homeostasis of the complex molecular network

constructed by VDRTGs (Supplementary Figure 1
online).

Discussion

By using different antibodies, two distinct ChIP-Seq stud-
ies numbered SRP002673 and SRP005910 in human
immune cells exposed to calcitriol identified 2776 and
2340 VDR-binding sites, respectively.!>13 They utilized the
similar mapping (Bowtie) and peak finding (MACS;
FDR<1%) programs. Regardless of great variation of
genetic and epigenetic regulation in distinct cell types,'
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Figure 2. Motif analysis of vitamin D response element (VDRE) consensus sequences on chromatin immunoprecipitation followed
by deep sequencing (ChlP-Seq) peaks.The consensus motif sequences were identified by importing a 400 bp-length sequence
surrounding the summit of Model-based Analysis of ChlP-Seq (MACS) peaks of the top 50 enriched genes into the MEME-ChIP
program.The direct repeats of hexameric (G/A)G(G/T)TCA motifs with three intervening base pairs (DR3) are found in calcitriol-
treated samples of (a) GM 10855, (b) GM10861,and (c) THP-1 cells.

Table 2. Top five Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways relevant to 1541 calcitriol-responsive vitamin D
receptor (VDR) target genes.

KEGG pathway Molecules in pathway p-value
hsa05200: pathways in ACVRIB, BCL2, BCL2LI, RUNXI, CDC42, CDKé, COL4A2, CRK, CTBPI, CTNNAI, 4.92E-05
cancer CTNNBI, E2F2, MECOM, FGF14, GLI3, GRB2, GSK3B, HSP90ABI, ITGA3, LAMA3, LAMAS,

LAMB3, LAMCI, MDM2, MSH3, NFKBIA, PDGFA, PLCGI, PLCG2, PRKCA, MAP2KI, PTCHI,
PTEN, PTK2, RAC2, RAC3, RXRB, TCF7, TGFBI, HSP90BI, VEGFA, WNT8B, FGF17, TRAF4,
PIK3R5, CTNNA3, WNT4, WNT10A, RASSF5, EGLN2

hsa04670: leukocyte  RHOH, CDC42, CTNNAI, CTNNBI, CYBA, GRLFI, ICAMI, ITGAL, ITGB2, CD99, NCF4, I.17E-04
transendothelial PLCGI, PLCG2, PRKCA, PTK2, RAC2, RAPIA, VAVI, VAV3, RAPGEF4, PIK3R5, CTNNA3,

migration RASSF5, ESAM

hsa05322: CD28, CD86, HISTIH2AE, HISTIH2AD, HISTIH2BD, HISTIH2BB, SNRPD3, HIST 1H4I, 5.57E-04
systemic lupus HISTIH2AC, HIST2H2AA3, HIST2H2AC, HISTIH2BG, HISTIH2BL, HIST 1H2BM, HIST 1H2BF,
erythematosus HIST I1H2BI, HISTIH2BO, HIST2H2BE, HISTIH3D, HISTI1H4D, HISTIH4K, HIST 1 H4j,

HISTIH4C, HISTIH4H, HIST IH4B, HIST I H4E, HIST2H4A, HIST IH2B], HIST I H2AH,
HISTIH2BK, HIST2H3C, HIST2H3A, HIST2H2BF HIST2H2AA4

hsa04510: focal BCL2, CDCA42, COL4A2, COL6A3, CRK, CTNNBI, GRB2, GRLFI, GSK3B, TNC, ITGA3, ITGBS, 7.30E-04
adhesion LAMA3, LAMAS, LAMB3, LAMCI, PDGFA, PPPICA, PRKCA, MAP2KI, PTEN, PTK2, RAC2,

RAC3, RAPIA, RASGRFI, SRC, VAVI, VEGFA, VAV3, PIK3R5, PDGFD
hsa04666: Fc CDCA42, CRK, INPP5D, PLCGI, PLCG2, PRKCA, PRKCD, PRKCE, MAP2K I, RAC2, VAVI, 2.39E-03
gamma R-mediated PIP5KIB, PPAP2C, ASAP2, ARPC2, VAV3, PIK3R5, ARPC5L
phagocytosis

By importing Entrez Gene IDs of 1541 calcitriol-responsive VDR target genes into the Functional Annotation tool of Database for Annotation,
Visualization and Integrated Discovery (DAVID), the top five most relevant KEGG pathways were identified. The p-value represents statistical
significance evaluated by the modified Fisher’s exact test.
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Figure 3. Molecular network of chromatin immunoprecipitation followed by deep sequencing (ChlP-Seq)-based vitamin D receptor
(VDR) target genes by Kyoto Encyclopedia of Genes and Genomes (KEGG).The second rank relevant pathway defined by “leukocyte
transendothelial migration (hsa04670)” is shown, where VDR target genes (VDRTGs) are colored by orange. CD99, a cell-surface
glycoprotein involved in T cell migration and apoptosis, is encircled by a blue ellipse.

VDR-binding sites showed a considerable overlap (18.2%) snapshot of binding actions. Motif analysis of a defined set
between the cells originated from B cells and monocytes.!”>  of high-quality peaks makes it possible to evaluate the anti-
However, these studies did not clarify the global molecular  body specificity to some extent.!® We identified VDRE con-
network of genome-wide VDRTGs, with respect to immu- sensus sequences around ChIP-Seq peak summits of all
nomodulatory function of vitamin D potentially involved in  three calcitriol-treated samples, supporting the validity of
protection against the development of MS. The ChIP-Seq the experiments. It is not unusual that some biologically
analysis of VDR target genes derived from lymphocytes of  important sites show fairly weak ChIP-Seq signals, whereas
MS patients appears to be preferable, if they are available. some sites with very high signals fail to give positive func-
As an alternative, we reanalyzed the publicly available tional output in follow-up experiments.'® We identified
datasets of two immune-relevant cells, the cells of B cell overall 2997 stringent ChIP-Seq peaks located on protein-
and monocyte origins, and combined the results of both to  coding genes. However, by transcriptome analysis, only
retrieve in vivo VDRTG candidates as much as possible. 20% of upregulated genes and none of downregulated genes
Although ChIP-Seq serves as a highly efficient method in calcitriol-treated cells agreed with ChIP-Seq-based
for genome-wide profiling of DNA-binding proteins, it VDRTGs. Most importantly, the molecular network of 1541
requires some technical considerations:! the specificity of  calcitriol-responsive VDRTGs is closely related to leuko-
the antibody, reproducibility of the results, sequencing cyte transendothelial migration, Fcy receptor-mediated
depth, and the source of controls, along with cell types, phagocytosis, and transcriptional regulation by VDR, sug-
developmental stages, and culture conditions capable of gesting a pivotal role of VDRTGs in immune regulation.
affecting epigenetic features, constitute critical factors. In The ligand-bound VDR, heterodimerized with RXR,
general, DNA-binding of transcription factors is a highly interacts with VDRE sequences on regulatory regions of
dynamic process. However, the ChIP-Seq data reflect a target genes.? VDR binding to VDRE:s is ligand-dependent,
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Figure 4. Molecular network of chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq)-based vitamin D receptor
(VDR) target genes by Ingenuity Pathways Analysis (IPA). By importing Entrez Gene [Ds of the set of 1541 calcitriol-responsive VDR
target genes (VDRTGs) into the Core Analysis tool of IPA, we identified the top five most relevant functional networks (Supplementary
Table 9 online). The fifth rank relevant network defined by “Gene Expression, Cellular Development, Tissue Development” is shown,
whereVDRTGs are colored by red.VDR and VDR/ retinoid X receptor (RXR) complex are highlighted by an orange ellipse, while
NR4A2, a nuclear orphan receptor involved in differentiation of Th1,Th17,and Treg cells, is encircled by a blue ellipse.
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