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The summary of the research annual report

Genome Science Laboratory (GSL) has been leading the genome research in RIKEN and elucidating the transcriptome of
human and mammals collaborating with closely with Genomic Science Center, RIKEN, in which amazing transcriptome
world of mammals was explored. Mammalina transcriptome is so complex more than expected so far, and still needs novel
innovative technologies for further study. GSL is conducting developments of various technologies for new era of further
trascriptome research, for examples, single cell technology and new enzymatic tool for DNA amplification. Transcriptome
research promoted with new technologies could contribute analysis of complex biochemical events underlying life and
diseases.

1. Development technology for single cell library construction



Summary

In the previous year, we have completed a series of important technology development, which include the Nano-Scale
Cap-Anlysis Gene Expression (nano-CAGE) technology, and the DNase hypersensitivity study using whole brain tissues.
The nano-CAGE has been developed in collaboration with the RIKEN BSI (Hensch) and the SISSA laboratory of Prof. S.
Gustincich (Trieste, Italy).

Details for each project are below.

Nano-CAGE technology expression and validation

We aimed at the comprehensive expression profiling of homogeneous neuronal cell types with cDNA microarrays and
CAGE protocol, in order to comprehensively identify all the RNA transcripts including protein coding mRNAs; non-coding
RNAs (ncRNAs) as well as antisense RNAs. For all of these RNAs, we aimed at measuring their expression level and to
finely map their promoters.

This paves the way for the description of the transcriptional network of single neurons, connecting transcription to
promoter structures.

Since we aimed to describe the complete transcriptional profiles of a neuronal cell population, we chose as representative
cases the following neuronal centers:

1. Olfactory epithelia

2. mesencephalic dopaminergic cell groups A9 and A10.

We focused our analysis on the olfactory epithelia since molecular biology approaches to this tissue have been very
fruitful in the past providing several examples of gene expression analysis of the entire tissue as well as of single neurons.

Dopaminergic neurons provided a well-characterized cell model system where different subgroups of the same cell types
were organized anatomically and were having different roles in brain function.

We first optimized the harvesting protocols for Laser Capture Microdissection. Zinc fixatives showed the ability to
preserve the anatomy and morphology of the tissue while keeping the RNA safe and ready to be efficiently purified later.
This fixative was also compatible with GFP staining. 20 sections of Olfactory Epithelia as well as 500 DA GFP- expressing
cells were excised by laser microdissection for experiments and collected by laser pressure catapulting (LPC) from the
Substantia Nigra compacta (SNc) (A9) or from the Ventral Tegmental Area (A10) of the mesencephalic sections. RNA was
then amplified using the uMACS SuperAmp Kit and hybridized on our /in house cDNA platform which contains 14000
clones in triplicates from the FANTOM2 mouse cDNA clone collection. Scans were made with the Axon 4100 scanner and
the GenePix version 5.0 software. Data were normalized and analyzed with the R Bioconductor package.

We then achieved a further technological breakthrough from the previous year developing the nano-CAGE technology
and applying it to olfactory epithelia, A9 and A10 cells.

Nano-CAGE stands for nano-scale cap analysis gene expression. This technology allows preparing short tags of 25
nucleotides, which correspond to the 5’ initial part of the mRNA or ncRNA (non-coding RNAS). These short tags are
sequenced and /n silico mapped on the mouse genome, where they identify the mRNA/ncRNA transcriptions starting sites
(TSS). By counting these tags, the expression of all cellular mMRNAs can me measured as “transcript per million”. In other
words, this is a digital measurement of the transcriptional activity for each of the hundred of thousands cellular RNAs at
each specific promoter.

This technology is based on a cap-switch reaction, which takes place when the reverse transcriptase (RT) is used to
synthesize cDNA. Starting from few nanograms of RNA, the RT reaches the RNA cap site (the structure at the 5 end of
the RNA produced by RNA polymerase |1, which includes all mRNAs and the majority of long ncRNAs) and “switches”
the transcription onto another oligonucleotide (the cap-switch oligonucleotide). This cap-switch oligonucleotide contains
the EcoP151, an enzyme which cleaves about 25 bases into the cDNA and produces a short tag (the CAGE tag). It has to be
noticed that the development of the method has been difficult because of the formation of dimmer using random primers,
to isolate non-polyadenylated RNAs, which include many ncRNAs. The inclusion of ncRNA has been in any case essential
because they seem to have a regulatory role. Random priming is also essential, for the protocol to be used with laser
capture purified neurons, which may be partially fragmented and are not amenable to be primed with oligo-dT alone.

The usage of the random primer was possible because of the development of an original design to amplify the obtained
cDNA after the cap-swith reaction. We call this method “semi-suppressive PCR”, by which short molecules like primers
dimers created by short random-primer adaptors are not amplified (suppressed), and longer cDNA are not repressed and
can be amplified to obtain micrograms of cDNA, later used for the nan—CAGE tags preparation.

Another breakthrough was to make this protocol compatible with the Illumina/Solexa sequencing instrument, which
allows to sequence up to 20 million CAGE tags per each sequencing run. If we consider that a cell may have >3~500,000
MRNAs/NncRNAs, it is important to sample at least 10 fold each transcript, including the rarest ones. As the instrument
allows the sequence of million tags per each run, this produces a very large amount of tags which can then be used for
comprehensive mapping of the transcriptome and promoters starting site usage.

After the development of the technology, we have extensively used the nano-CAGE for the transcriptional profiling of 3
samples, allowing for the first time a comprehensive CAGE profiling of a reduced amount of cells: the mouse olfactory
epithelia and the A9 and A10 catecolaminergic neurons;. For each of these, we have recently achieved deep sequencing
with the Solexa/lllumina Genome Analyzer. We have achieved from these samples 35 millions of CAGE tags, which we
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were able to map onto the mouse genome; 15 millions tags for the olfactory epithelia, and ~10 millions each for the A9 and
Al10. These CAGE tags represent the deepest survey of transcriptome of neurons (and in any single cell type or tissue)
done so far. Although there is a very large amount of data still to analyze, we have captured a very large part of the
trancriptome of single neurons. The datasets have passed the quality controls and the data refers only to tags that are
successfully mapped onto the genome. Analysis and validation of the novel transcripts are in progress as well as the
preparation of at least 2 papers, regarding (1) The technology, using the olfactory epithelia as a test case; (2) the
transcriptome of the A9 versus A10.

Findings include the characterization of novel promoters of olfactory receptors, what are not identified by gene
prediction but only by CAGE tags; identification of antisense ncRNA transcriptional activity; and identification of
transcriptional activity from the 3' UTR of many genes (3' UTR promoters).

As reported in the previous year, we have progressed with the analysis of the CAGE tags in the hippocampus, including
RACE validation to verify that the rare transcription starting sites identify by deep-CAGE (2 million tags of whole tissue
CAGE) are real. Validation rate exceed 80% in the first round and we are chasing the remaiing transcriptional starting
sites for further validation. We are preparing this paper as a resource for the identification of tissue specific promoters in
the hippocampus to be submitted to Neuron as a methodological/resource paper.

Development of DNA hypersensitive sites

The genomic DNA contains a very large amount of potential binding sites for transcription factors. However, in the
living cells and organisms, most of these potential binding sites are never used. This is due to the fact that the DNA is not
accessible, as it is packed in chromatin. Only actively used regulatory regions are accessible, either because the chromatin
is decondensed (usually due to several histone modifications, including acetylation), to the extent that it is devoid of its
histones in the most actively transcribed regions. DNase hypersensitivity is a technology by which the cell nuclei are
treated by DNase I, which under appropriate conditions introduces breaks in the region where the chromatin is
de-condensed (open). These sites overlap to the positions, which are accessible to transcription factors and correspond to
regulatory regions. After the cleavage of the nuclei with DNAse I, which introduces nicks to the DNA controlling regions,
the genomic DNA is gently extracted and ligated with linkers, which contains a ClassllIs restriction enzyme cutter. After
further manipulation, cutting with such class Ils enzyme produce a 20 nt tag, which is purified and sequenced with the
Solexa sequences (as for the nano-CAGE technology above). Computational alignment with the genome identify the
DNase hypersensitive sites, which identify all the regulatory regions in a given sample at once.

Although the technology was previously established, we have adapted for the Solexa instrument and tested it for the
THP-1 monocyte cell line, providing a dataset for the Fantom-4/Genome Network project. We have produced 2.5 millions
tags, which are being analysed and connected with the CAGE tags from the same tissue. More importantly, we have also
adapted the protocol for small scale sample and whole brain. This was motivated by our need to identify on the broad scale
the regions that are controlling the reactivation of brain plasticity in the visual cortex, by adding histone deacethylase
inhibitors (in collaboration with T. Hensch). For this reason, we have developed a protocol that works on whole brain,
solving various technical issues. The protocol was used to produce two DNase hypersensitive libraries, containing a
control visual cortex and a sample treated with Valproic acids, a histone deacenhylase inhibitor, which we found to
reactivate the brain plasticity. From these libraries, we have produced more than 14 million tags; we see clear peaks of
DNase hypersensitive tags even with cluster including more than 3 tags. We are currently connecting the DNase
hypersensitive sites with Affymetrix Gene-Chip expression analysis from the same type of samples, to correlate gene
expression and regulatory regions.

Microarray and expression analysis

In the collaboration with T. Hensch at RIKEN BSI, we have previously developed a microarray resource to study brain
plasticity. In this time, we have summarized the performance of the platform in a paper, currently submitted for
publication to PLoS One.

Essentially, the transcriptome of the brain cortex is remarkably homogeneous, with variations being stronger between
individuals than between areas. It is thought that due to the presence of many different cell types, differences from within
one cell population will be averaged with the noise from others. Studies of sorted cells expressing the same transgene have
shown that cell populations can be distinguished according to their transcriptional profile. We have prepared a
low-redundancy set of 16,209 full length cDNA clones which represents the transcriptome of the mouse visual cortex in its
coding and non-coding aspects. Using an independent tag-based approach, CAGE, we confirmed the cortical expression of
72 % of the clones. Clones were amplified by PCR and spotted on glass slides, and we interrogated the microarrays with
the RNA from flow-sorted fluorescent cells from the visual cortices of parvalbumin-egfp transgenic mice. We provide an
annotated cDNA clone collection which is particularly suitable for transcriptomic analysis in the mouse brain. Using it on
microarrays, we compared the transcriptome of EGFP positive and negative cells in a parvalbumin-egfp transgenic
background and showed that more than 30 % of clones are differentially expressed.

This kind of resource will be useful to study the brain plasticity function in the mouse.

2. DNA polymerase library construction

Some proteins and enzymes related to nucleic acids have special features caused by the original organisms. Such
features are sometimes applicable in scientific and industrial field. This study is to construct the library of nucleic acid
related enzymes and proteins, such as DNA polymerase, which is consists of genes and its expression system. This study



is collaboration with Microbe division, RIKEN BRC.

First, we focused on the strand displacement (SD) activity, which employed in the isothermal nucleic acid amplification
method, SMAP (SMart Amplification Process), developed in Genome exploration research group, RIKEN GSC. The known
DNA polymerases which has this activity was derived from Bacillus genus and its bacteriophage. Therefore, we tried to
clone from thermophilic Bacillus species. Finally, we succeeded to clone some DNA polymerase | genes (polA) from B.
smithii, Alicyclobacillus acidocaldarius subsp. acidocaldarius, and other species.

Among them, polA genes and their amino acid sequences from B. smithii (Bsm) and A. acidocaldarius subsp.
acidoocaldarius (Aac) were novel. We subcloned their portion of large fragment (LF) into expression vector. The expressed
proteins showed strong SD activity, and the optimal temperatures were 55°C and 65°C for Bsm and Aac, respectively.
Furthere, Aac DNA polymerase LF was applied to SMAP, indicated that Aac DNA polymerase LF is most optimum for
SMAP among commercially available DNA polymerases.

Both enzymes are already filed, and we are now preparing and submitting the papers. Bsm DNA polymerase LF will be
also licensed to genetic engineering enzyme manufacturers.

3. Nanolego Project

Organisms achieve the cellular biological processes using large number of specific binding molecules typified by the
protein, which are capable of forming the nano-scale complex by self-assembly. In this project, we conceive of the binding
domain as nano-scale chip (Nanolego element) and design their fusion proteins in the purpose of developing new fuctional
molecules (Nanolego) that self-assembled in order and in a controllable way. Previously, we achieved the developing of
SOR Nanolegos self-assembling to the filamentous structure, SOR-PDZ and SOR-Zpep, which were produced by the
fundamental concept in Nanolego design — the construction of fusion proteins consisting of both symeteric homo-oligomer
(structural element) and hetero-interacting pair (binding element). In this study, we aimed to develop the techniques of
molecular control for nano-archetechture based on the nano-filament of SOR Nanolegos. Furthermore, as an instance of
the functional application with Nanolegos, we tried to create the cytophilic hydrogel using protein-protein interaction as
cross-likage of the gel.

(1) Molecular control of nano-structure with SOR nanolego.

In the mixed solution of two nanolegos (SOR-PDZ and SOR-Zpep) consisting of a superoxide reductase (SOR) from the
Pyrococcus horikoshii as the structural element and a mouse PDZ domain (PDZ) and a PDZ-binding peptide (Zpep) as the
binding elements, the filamentous structures were observed by TEM. The results of TEM and MD simulation for the
self-assembling form of SOR Nanolegos suggested that the Nanolegos use two binding elements for association each other.
To control reversible interaction between the binding elements, we constructed the further engineered SOR Nanolegos,
SOR-PDZrs34ac and SOR-Zpepwac, which are introduced a cysteine (Cys) residue into each binding element of the Nanolegos
by site-directed mutagenesis, where the reversible interaction is expected to be covalently linked by the formation of a
disulfide bond between Cys-residues at each binding element. Using these Cys-introdued Nanolegos conduced to regulate
the extension of the nano-filaments from the Nanolego fixed on the surface by alternate loading of two Nanolegos through
a flow cell. As another approach of conversion of the Nanolego for control of self-assembly, we constructed SOR Nanolegos
with Ca2*-dependence Cohesin/Dockerin complex of Clostridium thermocellum. We found the branched structure in the
mixture of these Nanolego as opposed to the filamentous structure consisting of SOR-PDZ and —Zpep. The result of MD
simulation predicted that this branched formation arose by using single interaction of stable Cohesin/Dockerin association
for association next Nanolegos. These evidences in this study suggested that not only orientation of binding site by
structural element but also alteration of associating condition of binding elements would enable us to create several type
of self-assembling nano-structure.

(2) Development of the cytophilic hydrogel using the CutA Nanolego.

In this study, we developed a novel method of self-assembling hydrogel formation via biospecific interaction between
genetically engineered protein, CutA-TIP1 (Tax-interacting protein 1 [TIP1] having PDZ domain was fused at each end of
triangular-shaped trimeric CutA), and PDZ-domain-recognition peptide which is covalently bound to each terminal ends of
4-arm poly(ethylene glycol) (PDZ-peptide-PEG). Based on molecular dynamic simulation, genetic manipulation enabled to
prepare cell adhesive RGD tripeptidyl sequence at loop region of CutA [CutA(RGD)-TIP1]. Spontaneous viscoelastic gel
was formed when stoichiometrically mixed of CutA-TIP1 or CutA-(RGD)-TIP1 with PDZ-peptide-PEG in the presence of
chondrocytes in buffer solutions. Round-shaped single cell or its multicellular aggregates were entrapped and resided in a
gel without any cellular impairment. Dynamic viscoelasticity measurement showed shear rate-dependent reversible phase
transformation: at low shear rate, spontaneous viscoelastic gel was formed, but gel was transformed to sol at high shear
rate. Potential application as injectable cartilage tissue was proposed.

4. Studies by using next generation DNA sequencer

The recent advent of next generation DNA sequencers has been inducing a drastic change on DNA sequencing. The next
generation sequencers enable to continue sequencing bv omitting time consuming procedures such as cloning and colony
picking which are required for conventional Sanger sequencing as well as by managing to obtain double-stranded DNA
itself as initial materials for sequencing. In addition, one instrumental run is capable of determining more than 10 million
bases, and that the next generation sequencers are indispensable techniques for genome-wide analyses in terms of cost
and time. Furthermore, the capacity of next generation sequencers allows single operator to determine a draft sequence of
a bacterial genome within a week. It has become more important that we design research projects to tap the full potential
of next generation sequencers. To address this, we have improved our CAGE method to adapt to a next generation
sequencer and generated CAGE tags in order to delineate a dynamic transcriptional network. Additionally, we have
established a rapid pathogen identification system based on next generation sequencers under collaboration with
Research Institute for Microbial Diseases, Osaka University.
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Sample preparation for next generation sequencers is different from that for Sanger sequencing technology on several
points. For example: 1) double-stranded DNAs, which are to be sequenced, should be flanked with sequencer-specific
adaptors at the both ends. 2) the length of double-stranded DNAs should be within proper range to fulfill the potential of
sequencer, etc. With dealing with these points, we have adapted our CAGE method to a next generation sequencer by
modifying PCR conditions and concatenation conditions. Moreover, we have introduced 5-digit DNA tags (DNA barcodes)
to identify RNA sources for monitoring dynamic changes in gene expression with aiming to delineate transcriptional
network on cell differentiation. More than one million CAGE tags for each time point were generated with our barcoding
method.

In collaboration with Research Institute for Microbial Diseases, Osaka University, we first extracted genomic DNAs from
cultured microbial pathogens and determined the sequences. In the case of RNA virus, reverse transcribed genomes were
subjected to sequencing. And then, we step forward to establish the rapid identification system with clinical samples.
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