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Figure 3. UVB-induced inflammation was attenuated in the skin of Ogg7-KO mice that were fed Spirulina platensis (SP). The relative mRNA expression of

IL-1B (@) and Cxcl1 (b) in the skin of Ogg1-KO and WT mice at different time points after UVB irradiation was determined with two-step real-time quantitative
RT-PCR. The expression was normalized to that of glyceraldehyde-3-phosphate dehydrogenase. Values shown are mean £ SD. Immunohistochemical study of IL-18
(c) and TLR4 (d) expression in OggT-KO and WT mouse skin. For each group, that is, WT/SP(—), WT/SP(+), KO/SP(—), and KO/SP(+), skin samples were

obtained 24 hours after UVB irradiation along with no-UVB control and were subjected to immunohistochemical staining with either rabbit polyclonal antibody
against IL-1B or TLR4. Positive cells in the epidermis are indicated by arrowheads. Scale bar = 50 pm. The relative mRNA expression of TLR4 in Ogg7-KO and WT
mice 24 hours after UVB exposure was evaluated with quantitative reverse trancriptase-PCR (e). IL, interleukin; KO, knockout; TLR4, Toll-like receptor 4; WT, wid-type.
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DISCUSSION

Our results showed that UVB-induced skin tumor develop-
ment was significantly suppressed by dietary S. platensis in
mice, even though each of our experiments included only a
relatively small number of mice per group and used only a
historical control group of untreated mice (Kunisada et al.,
2005). Epidermal 8-oxoG formation was lower in the SP(+)
group than in the SP(—) group, clearly indicating that
S. platensis exerted a suppressive effect on ROS production
caused by UVB in the skin. Indeed, when S. platensis is used
as a dietary supplement, it increases the levels of anti-
oxidant enzymes and the basal level of reduced glutathione
in the tissues (Dasgupta et al., 2001). In particular, the increase
of reduced glutathione levels might lead to a decrease in the
level of reactive electrophiles able to bind DNA, leading to
reduction in ROS-induced 8-oxoG formation. Another signi-
ficant finding of the present study was the anti-inflammatory
effects of S. platensis on mouse skin caused by UVB in terms
of erythema and ear swelling. Several studies have shown that
the expression of the inflammatory cytokine IL-1B is
upregulated in UVB-irradiated skin cells (Skiba et al,
2005; Meeran et al., 2009), and we previously reported that
the increase in the mRNA expression level of IL-1§ after UVB
exposure was much higher in Oggl-KO mice than in WT
mice (Kunisada et al., 2011). In addition, in the present study,
Cxcl1, a chemokine that functions in neutrophil migration,
was also significantly upregulated in Ogg7-KO mice after UVB
irradiation. Indeed, neutrophil infiltration is a well-known
consequence of UVB exposure in mouse skin (Oka et al,
2011) and human skin (Hawk et al., 1988), and infiltrative
neutrophils as well as macrophages were more intensively
observed in Ogg7-KO mice than in WT mice in our previous
study (Kunisada et al., 2011). We have also previously shown
that significantly increased 3-nitro-L-Y modifications, product
mediated by reactive nitrogen species such as peroxynitrite
(ONOO 7) at inflammation site, were detected after repetitive
exposure of mice skin to UVB. Peroxynitrites are generated by
the reaction of NO with superoxide (O, ™), which is released
by the infiltrating neutrophils and macrophages (Hattori et al.,
1996). Peroxynitrite is known to inactivate important
cellular targets and also mediate oxidative damage in
DNA, suggesting that phycocyanin from S. platensis and
phycocyanobilin might scavenge peroxynitrite (Bhat and
Madyastha, 2001).

Furthermore, our present data showed that higher TLR4
expression is associated with more severe inflammation
induced by UVB/ROS: higher amount of 8-oxoG is associated
with higher expression of inflammatory cytokines such as IL-
1B and Cxcl1 as well as higher expression of TLR4 (Figures 3d,
e and 4). It has been shown that TLR4 is required for skin
inflammation-mediated tumorigenesis in a two-stage chemi-
cal carcinogenesis model in which the high-mobility group
box1 is released from keratinocytes and functions as a ligand
for TLR4 (Branco-Madeira and Lambrecht, 2010; Mittal et al.,
2010). Our results have shown that S. platensis inhibits the
expression of ILT-B and TLR4 concomitantly with the
inhibition of tumor development, especially inhibitory effect
of S. platensis was prominent in Ogg7-KO mice, which could
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imply that 8-oxoG might be some trigger signal for the TLR4
expression leading to inflammatory response. In our system,
expressions of TLR4 both in the dermal inflammatory cells as
well as in the epidermal keratinocytes were inhibited by
S. platensis resulting in the inactivation of neutrophils and
macrophages and leading to the downregulation of Cxcl1 and
IL-1B, respectively. The action mechanism of how S. platensis
inhibited TLR4 in the skin after UVB exposure remains to be
elucidated. One possibility is through direct inhibition of TLR4
by S. platensis and the other possibility is through its anti-
oxidant pathway resulting in the lower amount of 8-oxoG.

We also investigated which MAPK was actively involved.
Our data showed that S. platensis effectively inhibited all the
analyzed signal protein kinases (i.e., p38 MAPK, SAPK/JNK,
and ERK), especially in Ogg7-KO mice after UVB exposure.
Kim et al. reported that p38 MAPK regulates UVB-induced
inflammatory responses, presumably through the induction of
Cxcl1, IL-6, and cyclooxygenase-2 in the skin of hairless mice
(Kim et al, 2005). This finding suggested that S. platensis
could function as a p38 MAPK inhibitor similar to SB203580,
thereby suppressing the production of Cxcl1 and leading to
the attenuation of the inflammatory response induced by UVB
exposure. In the present study, the phosphorylation of SAPK/
JNK was effectively suppressed by S. platensis in Ogg1-KO
and WT mice. As SAPK/JNK is inhibited by the antioxidant N-
acetylcysteine in human keratinocytes (Assefa et al., 1997),
the inhibitory effects of S. platensis on the phosphorylation of
SAPK/INK might be attributed to the reduction of ROS
production by UVB. Inhibition of the ERK pathway observed
in Ogg1-KO mice, which regulates the development and
progression of cancer (Dhillon et al., 2007) and is involved
in UV-induced skin cancers (Li et al., 2012), explains one of its
anticancer mechanisms.

In summary, dietary S. platensis effectively inhibited UVB-
induced skin tumor development and induction in mouse skin
through its anti-inflammatory and antioxidant properties. In
addition, S. platensis also suppressed the phosphorylation of
p38 MAPK, SAPK/INK, and ERK, indicating that it possesses
various effective sites for the inhibition of skin tumor devel-
opment upon UVB exposure. S. platensis could be safely and
effectively used as a daily dietary supplement for protection
against UVB-induced skin tumorigenesis. Our present investi-
gation also supports the epidemiological findings that acute
intense exposure to UVR is a risk factor for the development of
skin cancers.

MATERIALS AND METHODS

S. platensis dietary food

A fine dark blue-green dried powder containing S. platensis and
purified phycocyanobilin (PCB), the active form of the main com-
pound C-phycocyanin in S. platensis, were kindly provided by DIC
LIFTECH (Tokyo, Japan). The purity of C-phycocyanin and phyco-
cyanobilin as estimated by purification with high-performance liquid
chromatography was 95 and 85%, respectively. A diet supplemented
with 10% S. platensis was prepared with standard chow purchased
from Clea Japan (Tokyo, Japan). The highest dose of Spirulina
recommended as health food is 4g per day for adults with a body
weight of 50kg, and a 10% dose of S. platensis is consistent with
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a 3 Hours 24 Hours

Figure 4. Reduction in oxidatively damaged DNA in the groups of Spirulina platensis (SP) treated mice. (a) Formation of 8-oxoG in Ogg7-KO and WT mouse skin
with or without S. platensis after UVB exposure. For each group, that is, WT/SP(—), WT/SP(+), KO/SP(—), and KO/SP(+), skin samples were obtained 3 and
24 hours after UVB irradiation along with no-UVB control and subjected to immunohistochemical staining with mouse mAb against 8-0x0G. Positive cells in the
epidermis are indicated by arrowheads. Scale bar = 50 um. (b) Immunohistochemical study for CPDs in Ogg7-KO and WT mice skin with or without S. platensis
after UVB exposure. Skin samples from WT/SP(—), WT/SP(+), KO/SP(—), and KO/SP(+) mice were taken 3 hours after UVB irradiation, and
immunohistochemical staining was performed using mouse mAb against cyclobutane pyrimidine dimer (TDM-2). 8-0xoG, 8-ox0-7,8-dihydroguanine; KO,
knockout; WT, wild-type.

b
Figure 5. Phosphorylation of stress-activated protein kinases, p38 MAPK, JNK, ERK in Ogg7-KO and WT mice was suppressed by Spirulina platensis.
Immunohistochemical study of phosphorylation of p38 MAPK (a), INK (b), and ERK (c) in Ogg7-KO and WT mice skin. For each group, that is, WT/SP(—), WT/
SP(+), KO/SP(—), and KO/SP(+), skin samples were obtained 30 minutes, 3 hours, and 24 hours after UVB irradiation along with no-UVB control and subjected
to immunohistochemical staining with rabbit polyclonal antibody against phospho-p38 MAPK, phospho-SAPK/NK, and phospho-MAPK/ERK. Positive cells are
indicated by arrowheads. Scale bar = 50um. Phosphorylation of SAPK, p38 MAPK, JNK, and ERK was suppressed in phycocyanobilin-treated Ogg?*/* and
Ogg1™/~? MEFs. (d) Chemical structure of phycocyanin (left) and phycocyanabilin (PCB; right). PCB was purified and analyzed with high-performance liquid
chromatography with tandem mass spectrometry. immediately after plating, MEFs were incubated with normal medium or 5 pg/ml (8.49 um) PCB for about

16 hours (overnight), and were then exposed to UVB and incubated again with normal medium or PCB-containing medium until the time of protein extraction
(30 minutes, 2 hours, 6hours, and 24 hours after UVB exposure). The levels of phosphorylation of p38 MAPK, JNK, and ERK in Ogg1™*/*/ (e) and Ogg1~/~’
(f) MEFs were studied by westem blot analysis. Ogg7™/+//PCB(—), Ogg1™*/+//PCB(+), Ogg1~/~PCB(—), and Ogg1~/~/PCB(+). Each experiment is
representative of three separate determinations. ERK, extracellular signal-regulated kinase; KO, knockout; MAPK, mitogen-activated protein kinase; MEFs, mouse
embryonic fibroblasts; SAPK/ANK, stress-activated protein kinase/c-jun N-terminal kinase; WT, wild-type.
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previous reports examining the physiological activity of Spirulina  Mice
in rodents (Rodriguez-Hernandez et al.,, 2001; Ishimi et al, 2006;  Oggl-KO mice were developed as described previously (Sakumi
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Ogg1-KO and WT. Next, each genotype group was subdivided into
two groups, the S. platensis diet (SP(+)) and normal diet (SP(-))
groups. In total, four groups consisting of 10 mice each were
irradiated with UVB. To investigate the effect of the S. platensis diet
on the erythema response, we used Kud ™ hairless mice, which were
divided into two groups, SP(+) and SP(—), and the mice in the SP
(+) group were fed the S. platensis diet from 4 weeks of age. All the
animal experiments were conducted according to the Guidelines for
Animal Experimentation of the Kobe University Graduate School of
Medicine.

UVB irradiation

A bank of six TL 20W/12RS fluorescent lamps (Philips, Eindhoven,
Holland) was used to irradiate the mice as described previously
(Kunisada et al., 2005). For skin tumor production, the dorsal parts of
the mice were shaved and the mice were placed 40cm below the
light source and irradiated with 2.50kIm~2 UVB three times per
week for 40 weeks. The data for the SP(~) group of WT mice and
Ogg1-KO mice were reintroduced from the results of our previous
study. (Kunisada et al, 2005). The duration of the study was the
same between the present and previous studies, and one of the
experimenters was involved in both studies. The procedure of chow
production was the same with or without S. platensis and was carried
out by the same company, Clea Japan. For studying the acute
response to UVB irradiation, four groups (Ogg?-KO/SP(+), Oggl-
KO/SP(—), WT/SP(+), and WT/SP(—)) of mice were irradiated with
a single dose of 2.50kj m™* UVB to measure the ear thickness. For
determining the erythema score and ear thickness in Kud Hairless
mice, the mice were irradiated with a single dose of 1.50k m™?
UVB.

RNA isolation and real-time qPCR

RNA was isolated from mouse dorsal skin at 3, 6, and 24 hours
after UVB exposure, as described previously (Kunisada et al., 2011).
The expression levels of IL-18, Cxcl1, and TLR4 were analyzed
using two-step real-time quantitative reverse transcriptase~-PCR
(qPCR) using the Universal Probe Library (LightCycler 480 System
II; Roche, Mannheim, Germany), according to a previously published
protocol (Kunisada et al, 2011). The expression levels of
IL-1f, Cxcll, and TLR4 were normalized based on the level of
glyceraldehyde-3-phosphate dehydrogenase. All expression levels
were again normalized based on 18s ribosomal RNA levels to
confirm consistency with glyceraldehyde-3-phosphate  dehydro-
genase normalization (data not shown). Information on the primer
sets used for IL-1f, Cxcll, and TLR4 is given in Supplementary
Information online.

Immunohistochemical study

Skin specimens were obtained at 30minutes, 3 and 24hours
after UVB exposure, fixed with 10% neutralized formalin, embedded
in paraffin, and used for immunohistochemical staining using
mAb against 8-oxoG (N45.1) or cyclobutane pyrimidine dimer
(TDM-2) and rabbit polyclonal antibody against IL-1p (Abcam,
Cambridge, MA), TLR4 (Abcam), phospho-p38 MAPK (Thr180/
Tyr182; Cell Signaling Technology, Beverly, MA), phospho-SAPK/
JNK (Thr183/Tyr185; Cell Signaling), and (ERK) 1/2 (Promega,
Madison, WI) as described elsewhere (Kunisada et al, 2007,
2011). :
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Western blot for p38 MAPK, SAPK/JNK, and ERK using Ogg7 MEFs
Oggl1-KO MEFs, that is, Ogg1™"~’ (OG7L), along with WT Ogg1/+/+
(OGIL) MEFs were established previously (Oka et al, 2008). MEFs
were divided into four groups: Ogg!“*’*’ treated with 5pugml ™"
PCB, Ogg1™*) without PCB, Oggl™ "’ treated with 5ugml~"
PCB, and OggT™"~ without PCB. The dose Spgmi™! (8.49 1) is
lower than the ICsq value of 30.520.8 um, based on the inhibitory
effects of peroxynitrite-dependent oxidation in a previous report (Bhat
and Madyastha, 2001). All the groups were irradiated with a single
irradiation dose of 200/ m™~? UVB, and the cells were collected at
30minutes, 2 hours, 6hours, and 24 hours after UVB exposure. The
blots were incubated with polyclonal antibody against p38 MAPK,
phospho-p38  MAPK  (Thr180/Tyr182), SAPK/INK, phospho-JNK
(Thr183/Tyr185), and alpha/beta-tubulin, which were obtained from
Cell Signaling Technology (Beverly, MA), and ACTIVE MAPK and
(ERK) 1/2 (Promega, Madison, WI).

Evaluation of average erythema score and ear thickness

After UVB irradiation, evaluation of the erythema and ear thickness in
the skin of mice from each group was performed as described pre-
viously (Ono et al., 2012). Mean values for the grades were calcula-
ted for all the mice at every time point after UVB irradiation.

Statistical study

The differences in the number of developed tumors between the two
groups were assessed for significance by using the Student’s ttest.
Statistical differences were examined with the y*-test for the malig-
nant tumor rate. Two-factor factorial analysis of variance was applied
to differences in ear swelling and erythema scores. P<0.05 was
considered to be statistically significant.
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Abstract
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Background: Human leukocyte antigen (HLA) is a group of genes that are extremely polymorphic among
individuals and populations and have been associated with more than 100 different diseases and adverse drug
effects. HLA typing is accordingly an important tool in clinical application, medical research, and population
genetics. We have previously developed a phase-defined HLA gene sequencing method using MiSeq sequencing.

Results: Here we report a simple, high-throughput, and cost-effective sequencing method that includes normalized
library preparation and adjustment of DNA molar concentration. We applied long-range PCR to amplify HLA-B for
96 samples followed by transposase-based library construction and multiplex sequencing with the MiSeq sequencer.
After sequencing, we observed low variation in read percentages (0.2% to 1.55%) among the 96 demultiplexed
samples. On this basis, all the samples were amenable to haplotype phasing using our phase-defined sequencing
method. In our study, a sequencing depth of 800x was necessary and sufficient to achieve full phasing of HLA-B
alleles with reliable assignment of the allelic sequence to the 8 digit level.

Conclusions: Our HLA sequencing method optimized for 96 multiplexing samples is highly time effective and cost
effective and is especially suitable for autormated multi-sample library preparation and sequencing.

Background

To date, several high-throughput HLA typing methods
using next-generation sequencing (NGS) have been devel-
oped [1-8]. In our previous study, we completely sequenced
long-range PCR amplicons encompassing entire regions of
each of the HLA genes (HLA-A, -C, -B, -DRBI, -DQBI,
and -DPBI). PCR amplicons were subjected to transposase-
based library construction and multiplex sequencing with
the MiSeq sequencer. Paired-end reads of 2 x 300 bp en-
abled us to demonstrate phase-defined allele determination
(also defined as HLA gene haplotypes) in 33 HLA homo-
zygous samples, 11 HLA heterozygous samples, and 3 par-
ent—child families. Our sequencing protocol and pipeline
provided essentially complete phase-defined HLA gene
sequences; however, it required complicated and labor-
intensive workflows especially in the library preparation
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"Division of Human Genetics, National Institute of Genetics, 1111 Yata,
Mishima, 411-8540 Shizuoka, Japan
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step. Most importantly, the method is not well adapted
for processing multiple samples. In the present study,
we developed a new library preparation method for
NGS and applied it to 96 samples. Long-range PCR
products of HLA-B spanning from promoters to 3'-
UTRs were prepared and sequenced with the MiSeq se-
quencer via transposase-based library preparation. In
the previous protocol, although the DNA amount of
each library was strictly measured and the library size
was validated using a BioAnalyzer before the sequen-
cing step, it was difficult to equalize the DNA amount
and molecular size of the libraries, resulting in variable
numbers of reads in each sample. We observed dropouts
of samples owing to insufficient reads. Here, we developed
a Bead-based Normalization for Uniform Sequencing
(BeNUS) procedure using three steps of bead purification.
BeNUS can easily and precisely normalize the molar con-
centrations of up to 96 samples, not only simplifying the
library preparation step but also permitting automation of
HLA typing using NGS.

© 2014 Hosomichi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public

Domain Dedication waiver (http:/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this

article, unless otherwise stated.
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Results and discussion

PCR amplification of HLA-B and library preparation

We applied long-range PCR to amplify HLA-B, which is
known to be highly polymorphic. HLA-B-specific ampli-
fication products were obtained from 96 individuals. All
96 PCR amplicons were subjected to transposase-based
library construction using the Nextera kit, which simul-
taneously fragments the DNA and adds adaptors needed
for multiplex sequencing. We developed protocol steps
using altered AMPure XP beads to normalize the molar
concentrations of 96 samples. Each PCR amplicon was
subjected separately to transposase-based library con-
struction, whereby a sample-specific index was intro-
duced. The Nextera kit can construct libraries of a broad
size range. For phase-defined HLA sequencing, a library
range of 500-1,000 bp is desirable. In the previous
protocol [1], the library size selection was achieved by
cutting of agarose gel and checking using a BioAnalyzer,
which is a very laborious step, especially for preparing
multiple samples.

Our new method, BeNUS, which is described in detail
in the Methods section, circumvents the gel cutting
method and employs bead-based steps for library size se-
lection as well as equalization of DNA molar concentra-
tions in up to 96 samples. More specifically, three bead
steps were performed: first, 20 pl of altered beads sus-
pended in 20% PEG and 2.5 M NaCl solution was added
to 50 pl of diluted PCR product, and the supernatant frac-
tion containing the desired fragments (<1,000 bp) was col-
lected. Second, 5 pl of beads was added to the collected
supernatant. Desired fragments of larger than 500 bp were
bound to the beads, while smaller fragments remaining in
the supernatant were discarded (Figure 1). After these two
steps, the desired DNA fragments (500-1,000 bp) were se-
lected (actual size: 492 to 1,625 bp, average size: 924 bp)
(Additional file 1: Figure S1). Finally, 20-fold diluted beads
were added to the size-fractionated library. Small numbers
of beads can bind saturated amounts of DNA because
bound DNA is in proportion to the number of beads
(Additional file 2: Figure S2). Eventually, the final DNA
size, concentration, and thereby molar concentration were
equalized (Additional file 3: Figure S3).

Complete sequencing of HLA-B for 96 samples

The Nextera-treated libraries from 96 HLA-B PCR ampli-
cons were subjected to NGS sequencing. The distribution
of reads among the 96 multiplexed indexes ranged from
0.2% to 1.55% as percentages of 24.6 million reads and
1.04+0.32% on average. Technical improvements in li-
braries preparation were clarified by comparison between
our previous method, cutting of agarose gel followed by
the BioAnalyzer, and BeNUS method. The distribution of
respective read numbers by the previous method was
0.06% to 2.74% and the value by BeNUS method was 0.2

Page 2 of 9

to 1.55% (Figure 2). Sequence reads of HLA-B, were
aligned to the reference sequence at an average mapped
rate of 99.63%, ranging from 99.11 to 99.87%. The average
depth of the alignment before phasing was 6495.3x and
the phased haplotype depth was 2097.8x. Of the 96 sam-
ples, heterozygous SNVs and indels were not observed in
8 samples (0605, 0607, 0645, 1057, 1169, 1184, 1199, and
1229) indicating completely homozygous haplotypes. Gen-
erally, MiSeq yields base errors at a rate of 0.8% with PCR
free library preparation [9]. In the result of these homozy-
gous samples, the total error rate of sequencing reaction
and PCR amplification was estimated to be as less than
1.2%. In our simulated alignment result, the maximum
error rates in 300x and 200x average depth were 4.8% and
6%, respectively, and the minimum depth for complete
phasing was approximately 800x average depth. We
recognize phasing result is not only dependent on average
depth but also on distance between two heterozygous
SNVs and long insert library covering the two heterozy-
gous SNVs. As a general method, we propose that se-
quence reads of at least 800x depth is valid for providing
the phase-defined HLA sequences with for high accuracy
(less than 5% error rate). All samples were completely
phased by the phase-defined sequencing pipeline [1], al-
though six samples showed only 1 to 7 SN'Vs in one exon:
samples 0785, 1018, 1117, and 1175 had 4, 7, 3, and 3 het-
erozygous SNVs in exon 2, respectively. Sample 1224 had
3 heterozygous SNVs in exon 3, whereas sample 0979 had
one heterozygous SNV in exon 5 (Figure 3). All the above
samples were also phased using partial phasing (Additional
file 4: Figure S4). Allelic imbalance as a result of PCR is
manifested by skewed allelic calls after HLA sequencing,
Allelic imbalance of the PCR amplification of HLA-B was
negligible, as judged by the ratio of sequencing depth be-
tween the two phased alignments; 1:1.68 at the maximum
and 1:1.19 on average in heterozygous samples (Table 1).
Consequently, 192 haplotype sequences of 96 individuals,
which include 28 different haplotype sequences, were
constructed as phased allelic HLA-B sequences. In general,
allelic imbalance after PCR amplification has been occa-
sionally observed. Evidently, this problem is not specific to
NGS analyses. If capture, NGS, or the analytical step are
causes of allelic imbalance, we would observe the discrep-
ancy between our NGS typing and SSO typing, which was
not the case in the current study. The current protocol
aimed at minimizing the disparity of each sample; this
was achieved although not perfectly. The minimum depth
could be important to obtain phase-defined sequences be-
cause lower depth could leave unphased region. However,
complete phase-defined sequencing is dependent on the
allelic type of the sample, thereby it is not easy to give an
exact depth number to accomplish the sequencing in
general. In the current study, the most important point of
the current study was to obtain complete phase-defined
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Figure 1 Schematic workflow of BeNUS. The BeNUS method was constructed using two categories of method, size selection (A) and
normalization of DNA amount (B). (A) Size selection using altered AMPure XP beads. For size selection, two different bead ratio conditions were
applied according to DNA volume: 04x bead ratio for <1,000 bp fragment size and 0.5% bead ratio for >500 bp. After bead selection, DNA
fragments ranging from 500 to 1,000 bp were bound to the beads. (B} Normalization of DNA amount using altered AMPure XP beads DNA
fragments with target sizes ranging from 500 to 1,000 bp were selected for effective HLA gene haplotype phasing. The size selection and DNA
amount also defined an actual molar concentration for bridge PCR to generate clusters in a flow cell, because DNA fragments of over 1,000 bp
are not efficiently amplified. Only one bead reaction condition was applied to normalize the amount of DNA. This step enables a defined amount
of DNA to be bound to the diluted beads. This step enables a defined amount of DNA to be bound to the diluted beads.

sequences of 96 samples without any dropout, which was
achieved using the current protocol.

After obtaining phase-defined HLA gene sequences
for 192 haplotype sequences, we attempted to assign
HLA allele numbers to these sequences by searching for
known allele sequences in the IMGT/HLA database. We
used phased HLA-B haplotype sequences that spanned
all of the intronic and exonic regions as queries against
genomic and CDS sequences in the database. The deter-
mined HLA-B allele calls in all samples were consistent
with PCR-SSO and Omixon Target, although the PCR-
SSO determined HLA allele numbers were limited to a
4-digit resolution.

Conclusions

We established a simple, high-throughput, high-resolution,
and high-fidelity HLA sequencing and genotyping me-
thod, as a combination of the Nextera kit and our new
BeNUS method. We successfully applied our method
for HLA-B sequencing in 96 samples, without drop-
outs. By developing BeNUS, it becomes feasible to con-
struct multi-libraries without agarose gel size selection
and DNA density control of each library. This method
would be greatly advantageous for clinical applications
that require a user-friendly and cost-effective protocol,
with high throughput and accuracy. Our protocols
open a way to prepare NGS libraries for large-scale
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Figure 2 Percentage of read numbers among 96 multiplexing indexes. The horizontal axis shows the 96 samples and the vertical axis shows
read percentage among demultiplexed 96 FASTQ files. Red bars show distribution of read number in proportion to libraries prepared by
BioAnalyzer and agarose gel size selection, and blue bars show result by BeNUS method. Sequence reads for each sample were counted for
evaluation of the normalization step in library preparation.
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Figure 3 Alignment view of heterozygous samples showing several SNVs or a single SNV between two HLA allele sequences in one
exon. The horizontal axis shows the position in HLA-B and red boxes at the top are exon regions. The vertical axis of upper graph in each sample
shows read depth at each position, and red and blue bars in lower region are aligned reads as read1 (red) and read2 (blue). In the read depth
graph, the gray color denotes bases identical with the reference genome, and, green, blue, orange, and red colors denote bases different from
reference genome as A, C, G and T, respectively. If a position has 2 colors, it means heterozygous SNV, meanwhile, 1 color at one position means
homozygous SNV. Red arrow indicates positions of the heterozygous SNVs.
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Table 1 Alignment of the HLA-B sequence and genotype in 96 samples
Sample HLA-B SSO HLA-B PSP* Depth Note
Allele 1 Aliele 2 Allele 1 Allele 2 Allele 1 Allele 2
0554 HLA-B*44:03 HLA-B*40.06 HLA-B*44:03:01:01 HLA-B*40:06:01:01 15434 11145
0555 HLA-B*40:01 HUA-B"44:03 HLA-B*40:01:02 HILA-B*44:03:01 22285 20848
0556 HLA-B8%13:01 HLA-B*46:01 HLA-B¥13:01.01 HLA-B*46:01:01 8605 765
0560 HLA-B*13:01 HLA-B*51:01 HLA-8*13.01:.01 HLA-B*51:01:01 1416.5 1455.9
0605 HLA-B*52:01 HLA-B*52:01 HLA-B*52:01:01:02 HLA-B*52:01:01:02 69287 Homozygous
0607 HLA-B*07:02 HLA-B*07:02 HLA-B*07:02:01 HLA-B*07:02:01 73573 Homozygous
0616 HLA-B*40:02 HLA-B*52:01 HLA-B*40:02:01 HLA-8*52:01:01:02 5132 5006
0639 HLA-B*40:06 HLA-B*35:01 HLA-B*40:06:01:01 HLA-B*35:01:01:02 1758 1656.8
0642 HLA-B*40:01 HLA-B*35:01 HLA-B*40:01:02 HLA-B*35:01:01:02 20168 1545.3
0645 HLA-B*54:01 HLA-B*54:01 HLA-B*54:01:01 HLA-B*54:01:01 6537 Homozygous
0649 HLA-B*55: 02 HLA-B*40:02 HLA-B*55:02:01 HILA-B*40:02:01 1402.3 1635.5
0652 HLA-B*15:01 HLA-B*35:01 HLA-B*15:01:01:01 HLA-B8*35:01:01:02 23954 23084
0658 HLA-B*56:01 HLA-B*44:03 HLA-B*56:01:01 HLA-8*44.03:01 1686.7 2074
0663 HLA-B*13:01 HLA-B*52:01 HLA-B*13:01:01 HLA-B*52:01:01:02 1538.1 14557
0666 HLA-B*54:01 HLA-B*38:02 HLA-B*54:01:01 HLA-B8¥38:02:01 2105 17908
0703 HLA-B*55.02 HLA-B*40:06 HLA-B*55:02:01 HLA-B*40:06:01:01 1173.1 14453
0735 HLA-B*44:03 HLA-B*38.02 HLA-B*44:03:01 HLA-B*38:02:01 25075 19985
0739 HLA-8*40:02 HLA-B*48:01 HLA-B*40:02:01 HLA-B*48:01:01 19471 23829
0741 HLA-B*59:01 HLA-B*07:02 HLA-B*59:01:01:01 HLA-B*07:02:01 14586 2336
0772 HLA-B*07:02 HLA-B*48:01 HLA-B*07:02:01 HLA-B*48:01:01 35129 3425
0779 HLA-8*44.02 HLA-B*39:01 HLA-B*44:02:01:01 HLA-B*39:01:01:03 1677.5 1060.6
0784 HLA-B*40:06 HLA-B*15:01 HLA-8*40:06:01:01 HLA-B*15:01:01:01 1875.1 1820.8
0785 HLA-B*52:01 HLA-B*51:01 HLA-B*52:01:01:01 HLA-B*51:01:01 60414 60184 Onlu 4 heterozygous SNVs
0810 HLA-B*40:02 HLA-B*46:01 HLA-B*40.02:01 HLA-B*46:01:01 560.8 546.8
0815 HLA-B*35:01 HLA-B*07.02 HLA-B*35:01:01 HLA-B*07:02:01 12395 1740
0821 HLA-B*40:01 HLA-B*40:02 HLA-B*40:01:02 HLA-B*07:02:01 12395 1740
0821 HLA-B*40:01 HLA-B*40:02 HLA-B*40:01.02 HLA-B*40.02:01 21444 1925.5
0822 HLA-B*54:01 HLA-B*35:01 HLA-B*54:01:01 HLA-B*35:01:01 1550 1840.6
0823 HLA-B*15:11 HIA-B*07:02 HLA-B*15:11:01 HLA-B8*07:02:01 7035 9146
0830 HLA-B*51:01 HLA-B*48:01 HLA-B*51:01:01 HLA-B*48:01:01 18338 2509
0969 HLA-8*40:06 HLA-B*51:01 HLA-8*40:06:01:01 HLA-B*51:01:01 15754 16504
0975 HLA-8*44.03 HLA-B*07:02 HLA-B*44:03:01 HLA-B*07:02:01 1804 2093
0976 HLA-B*54:01 HLA-B*35:01 HLA-B*54:01:01 HLA-B*35:01:01 36359 37592
0977 HLA-B*44.02 HLA-B*15:18 HLA-B*44:02:01:01 HLA-B*15:18.01 7222 5744
0979 HLA-B*39:01 HLA-B*39:01 HLA-B*39.01:01:03 HLA-B*39:01:03 2128 21257 Only 1 heterozygous SNV
0991 HLA-B*15:01 HLA-B*39:01 HLA-B*15:01:01 HLA-B*39:01:01:03 16854 1551.3
0997 HLA-B*15:01 HLA-B*51:01 HLA-B*15:01:01:.01 HLA-B*39:01:01:03 16854 15513
0997 HLA-B*15:01 HLA-B*51:01 HLA-B*15:01:01 HLA-B*51:01:01 2588 26921
0999 HLA-B*48:01 HLA-B*39:01 HLA-B*48:01:01 HLA-B*39:01:01:03 14704 1045.3
1009 HLA-B*54:01 HLA-B*39:01 HLA-B*54:01:01 HLA-B*39:01:01:03 3268 2947
o1 HLA-B*52:01 HLA-B*07:02 HLA-B*52:01:01:02 HLA-B*07:02:01 7309 9437
1012 HLA-8*35:01 HLA-B*48:01 HLA-B*35:01:01:02 HLA-B*48:01:01 1830.1 24821
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Table 1 Alignment of the HLA-B sequence and genotype in 96 samples (Continued)
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1013
1014
1016
1018
1030
1045
1056
1057
1064
1065
1071
1079
1082
1083
1087
1095
1097
1110
1
1116
1117
1119
1129
131
1142
1144
1149
1154
1157
1160
1161
1163
1165
1167
1169
n7n
1175
1182
1183
1184
1199
1201
1203
1217

HLA-B*54:01
HLA-B*55:02
HLA-B*44.03
HLA-B*46:01
HLA-B*40:06
HLA-B*15:11
HLA-B*58:01
HLA-B*40:02
HLA-B*40:06
HLA-B*54:01
HLA-B*56:01
HLA-B*40:02
HLA-B*40:01
HLA-B*59:01
HLA-B*44.03
HLA-B*40:02
HLA-B*40:01
HLA-8*40:01
HLA-B*54:01
HLA-B*52:01
HLA-B*52:01
HLA-B*35.01
HLA-8*59:01
HLA-B*44:03
HLA-B*40:02
HLA-B*44.03
HLA-B*44:03
HLA-B*59:01
HLA-B*35:01
HLA-B*59:01
HLA-B*55:02
HLA-B*56:01
HLA-B*15:01
HLA-B*40:06
HLA-B*54:01
HLA-B*54:01
HLA-B*15:11
HLA-B*55:02
HLA-B*54:01
HLA-B*52:01
HLA-B*51:01
HLA-B*44:03
HLA-B*54:01
HLA-B*40:01

HLA-B*52:01
HLA-B*51:01
HLA-B*35:01
HLA-B*15:01
HLA-B*07:02
HLA-B*35:01
HLA-B*67:01
HLA-B*40:02
HLA-B*51:01
HLA-B*52:01
HLA-B*40:06
HLA-8*39:01
HLA-B*51:01
HLA-B*54:01
HLA-B*07:02
HLA-B*54:01
HLA-B*40:06
HLA-B*51:01
HLA-B*40:03
HLA-B*07:02
HLA-B*51:01
HLA-B*07:02
HLA-B*40.02
HLA-B8*52:01
HLA-B*39:04
HLA-B*15:11
HLA-B*52:01
HLA-B*40:02
HLA-B*48:01
HLA-B*54:01
HLA-B*51:01
HLA-B*46:01
HLA-B*07:02
HLA-B*52:01
HLA-B*54:01
HLA-B*44:03
HLA-8*15:01
HLA-B*51:01
HLA-B*35:01
HLA-B*52:01
HLA-B¥51:01
HLA-B¥52:01
HLA-B*52:01
HLA-B*46:01

HLA-B*54:01:01
HLA-B*55:02:01
HLA-B*44:03:01
HLA-B*46:01:01
HLA-B*40:06:01:01
HLA-B*15:11:01
HLA-B*58:01:01
HLA-B*40:02:01
HLA-8*40:06:01:01
HLA-B*54:01:01
HLA-B*56:01:01
HLA-B*40:02:01
HLA-B*40:01:02
HLA-B*59:01:01
HLA-B*44:03:01
HLA-B*40:02:01
HLA-B*40:01:02
HLA-B*40:01:02
HLA-B*54:01:01
HLA-B*52:01:01:02
HLA-B*52:01:01:02
HLA-B*35:01:01:02
HLA-B*59:01:01:01
HLA-B*44:03:01
HLA-B*40:02:01
HLA-B*44:03:01
HLA-B*44:03:01
HLA-B*59,01:01:01
HLA-B*35:01:01:02
HLA-B*59:01:01:02
HLA-B*55:02:01
HLA-B*56:01:01
HLA-B*15:01:01:01
HLA-B*40:06:01:01
HLA-B*54:01:01
HLA-B*54:01:01
HLA-B*15:11:01
HLA-B*55:02:01
HLA-B*54:01:01
HLA-8¥52:01:01:02
HLA-B*51:01:01
HLA-B*44:03:01
HLA-B*54:01:01
HLA-B*40:01:02

HLA-B*52:01:01:02
HLA-B*51:01:01
HLA-B*35:01:01

HLA-B*15:01:01:01
HLA-B*07:02:01

HLA-B*35:01:01:02
HLA-B*67:01:01
HLA-B*40:02:01
HLA-B*51:01:01

HLA-B*52:01:01:02

HLA-B*40:06:01:01
HLA-B*39:01:03
HLA-B*51:01:01
HLA-B*54:01:01
HLA-B*07,02:01
HLA-B*51:01:01

HLA-B*40:06:01:01
HLA-B*51:01:01

HLA-B*40:03
HLA-B*07:02:01
HLA-B*51:01:01
HLA-B*07:02:01
HLA-B*40:02:01

HLA-B*52:01:01:02

HLA-B*39:04
HLA-B*15:11:01

HLA-B*52:01:01:02
HLA-B*40:02:01
HLA-B*48:01:01
HLA-B*54:01:01
HLA-B*51:01:01
HLA-B*46:01:01
HLA-B*07:02:01

HLA-B*52:01:01:02
HLA-B*54:01:01
HLA-B*44:03:01

HLA-B*HLA-B*15:01:01:01

HLA-B*51:01:01
HLA-B*35:01:01
HLA-B*52:01:01:02
HLA-B*51:01:01
HLA-B*52:01:01:02
HLA-B*52:01:01:02
HLA-B*46:01:01

113

5339 600.7
970.1 11531
7397 655.5

5360.8 5496.1

16388 2668.6

15975 1448.8

24979 22145
41136

963.5 1048.8

12139 1563.8

4061.2 1223
23198 1507.5
639.3 5427

716.5 1208.2
19755 2605.1
9464 962.2
26422 18225
12771 11569

8313 9437

981.1 15356
59006 6084.9
9213 13701

14729 21785
15199 1456.8

1253 886.5
1061.7 9932
7196 6336
146.2 1718
9 10773
1298 166.8
4025 366.6
2048.1 22765
688.1 9073
1486.7 4508.1
7086.1

1586.6 18339
57176 5693
1156.6 14515
14135 15377
67013
52291
1990.6 16659
12464 13132
22251 1882.2

Only 7 heterozygous SNVs

Homozygous

Only 3 heterozygous SNVs

Homozygous

Only 3 heterozygous SNVs

Homozygous

Homozygous



