
⾼⾎圧に関する
シングルセル解析
⽵内史⽐古、梁⼀強、加藤規弘
国⽴国際医療研究センター

2023年9⽉16⽇
第45回⽇本⾼⾎圧学会総会

https://www.fumihiko.takeuchi.name

COI無し



腎臓でのシングルセル解析・空間ト
ランスクリプトーム解析の意義
• 腎臓は多様な細胞種から
なっている

èシングルセル解析により、
細胞をほぐし、個々での遺
伝⼦発現を測定

• 腎臓は組織構造が複雑
è空間トランスクリプトー
ム解析により、組織内の位置
ごとに遺伝⼦発現を測定



Part 1. シングルセル解析
• ⾃験例

Part 2. 空間トランスクリプトーム解析
• ⾃験例

Part 3. ⾷塩負荷による腎障害モデル



Single-cellおよびsingle-nucleus解析

10x Genomics
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 Nuclei suspensions are incubated in a Transposition Mix that includes a Transposase. 
The Transposase enters the nuclei and preferentially fragments the DNA in open 
regions of the chromatin. Simultaneously, adapter sequences are added to the ends of 
the DNA fragments.

Stepwise Objectives

Step 1 
Transposition

Step 2 
GEM Generation & 
Barcoding 

The Chromium Single Cell ATAC Solution provides a comprehensive, scalable approach 
to determine the regulatory landscape of chromatin in hundreds to thousands of cells 
in a single sample. This is achieved by transposing nuclei in a bulk solution; then 
using a microfluidic chip, the nuclei are partitioned into nanoliter-scale Gel Beads-
in-emulsion (GEMs). A pool of ~750,000 10x Barcodes is sampled to separately and 
uniquely index the transposed DNA of each individual nucleus. Libraries are generated 
and sequenced, and 10x Barcodes are used to associate individual reads back to the 
individual partitions, and thereby, to each individual nucleus. 

Introduction

 GEMs are generated by combining 
barcoded Gel Beads, transposed 
nuclei, a Master Mix, and 
Partitioning Oil on a Chromium 
Next GEM Chip H. To achieve single 
nuclei resolution, the nuclei are 
delivered at a limiting dilution, 
such that the majority (~90-99%) of 
generated GEMs contains no nuclei, 
while the remainder largely contain 
a single nucleus.

 Upon GEM generation, the Gel 
Bead is dissolved. Oligonucleotides 
containing (i) an Illumina® P5 
sequence, (ii) a 16 nt 10x Barcode 
and (iii) a Read  1 (Read 1N) 
sequence are released and mixed 
with DNA fragments and Master 
Mix. Thermal cycling of the GEMs 
produces 10x barcoded single-
stranded DNA. After incubation, 
the GEMs are broken and pooled 
fractions are recovered.  
 

10x Barcoded DNA Fragments

Read 1N10x 
Barcode

 Insert

Read 1N

10x 
Barcode

Read 2NP5
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Partitioning 
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•細胞あるいは核を個々
にアッセイする
• 例、油の中の⽔滴
• 本研究では、各検体

~4000 核
•キット化されている
アッセイ
• RNA-seq
• ATAC-seq



[⽅法] ⾷塩負荷による腎障害モデル

• 雄の⾃然発症⾼⾎圧ラット
(SHR/Izm)

• ⾷塩負荷
• 飲⽔中に1% NaCl
• 12週齢から4週間

• 腎臓のシングルセル解析
• Chromium [10x Genomics] で single-

nucleus RNA-seq & ATAC-seq 

• 細胞種のアノテーション
• mRNA発現＆クロマチンの開きの
類似度
→ 20クラスターに分解

• マーカー遺伝⼦の発現
→ 14細胞種を同定

⾷塩負荷群

⾷塩
負荷

対照群

12週齢 16週齢

シングルセル解析 (n=2ずつ)



シングルセル解析における細胞種
のアノテーション
• シングルセル解析により、
似たもの同⼠が集まった
細胞集団が得られる。
• その集団の細胞種を割り
当てる（アノテーショ
ン）⽅法は？

1. 細胞種特有のタンパク
質が分かっている場合
→その遺伝⼦が発現し
ているか？

2. 組織内での位置情報を
利⽤する
• マイクロダイセクション
• 空間トランスクリプトー
ム

→ 特定位置での遺伝⼦発現
と合致するか？



腎臓の細胞種マーカー遺伝⼦
Balzer, Rohacs, Susztak
(2022)
Annual Review of 
Physiology
https://doi.org/10.1146/annurev-physiol-
052521-121841

Vasculature Podocytes

Proximal tubule (PT)

Collecting duct (CD)

Immune cells

Endothelium:
Nrp1, Cdh5, Eln

Glomerular endothelium:
Plat, Emcn, Tsapn7, Mapt, Kdr, 
Smad6, Ehd3, Lpl, Flt1, Fbln2, 
Mgp, Trpv4, Bmx

Capillaries:
Kdr, Smad6, Ehd3, Lpl, Flt1

Arterioles and arteries:
Fbln2, Mgp, Trpv4, Bmx, 
Sox17, Cxcl12, Gja5

Peritubular capillaries:
Plvap

Veins and venules:
Plvap, Bgn, Cd9, Nr2f2

Ascending vasa recta:
Fxyd2, Fxyd6, Igfbp7

Descending vasa recta:
Slc14a1, Aqp1, S100a4

Proximal convoluted tubule:
Slc5a2, Slc5a12, Adra1a, Slc6a19, 
Slc7a8, Slc7a9

Proximal straight tubule:
Atp11a, Slc13a3, Slc16a9, 
Slc27a2, Slc7a13, Slc22a6
(S2 segment), Slc1a1

PT progenitors:
Notch2, Lgr4

MD:
Enox1, Thsd4,
Nos1, Avpr1a

Macrophages:
C1qa, C1qb, Itgam, Apoe, 
C1qc, Cd74, Ctss, Fcer1g, 
Aif1, Ms4a7

Mesangium/smooth muscle cells
(SMCs)/juxtaglomerular cells (JGs)

Loop of Henle (LOH)/macula densa (MD)

Vas a!erens:
Edn1, Fbln5, Cldn5, Efnb2

Vas e!erens:
Klf4, Cryab, Gas6, Podxl

Mesangial cells:
Serpine2, Fhl2, 
Des, Prkca, Art3, 
Nt5e, Pdgfrb
Pericytes:
Vim, Tagln, 
Myh11, Pdgfrb

JGs:
Ren1, Akr1b7, 
Rgs5

SMCs:
Tagln, Myh11, 
Acta2, Gata3, 
Rergl, Map3k7cl

Adult podocytes:
Nphs1, Nphs2, 
Synpo, Cdkn1c, Wt1

Podocyte progenitors:
Wt1, Foxc2, Wt1, Mafb,
Efnb2, Foxl1

Pan-PT:
Slc34a1, Lrp2, Hxyd2, Hrsp12, 
Acsm1, Acsm2, Cpt1a, Acox3, 
Slc26a6, Slc9a3, Glud1, Pck1, 
Aqp8, Hnf4a, Ppara

Injured PT:
Havcr1, Krt20, Hspa1a,
Vcam1, Dcdc2a, Sema5a

Descending thin limb of LOH:
Fst, Aqp1, Slc14a2, Bst1, Epha7, 
Cryab, Tshz2, Cald1, Bst1, Lypd2

Ascending thin limb of LOH:
Epha7, Mx2, Clcnka

Thick ascending limb of LOH:
Slc12a1, Umod, Tmem207, Foxq1,
Cldn10, Ptger3, Kcnj1, Enox1, Thsd4,
Mt2, Slc5a3

Distal convoluted tubule (DCT)/
connecting tubule (CNT)

DCT1:
Pvalb, Slc12a3, Trpm7, Wnk1, 
Wnk4, Stk39, Calb1, Slc8a1, Egf, 
Trpm6, Cnnm2, Atp1a1, Atp1a2, 
Atp1a3, Atp1a4, Fxyd2

CNT:
Calb1, Slc8a1, Egf, Klk1, Trpv5, 
Trpm6, S100g, Atp2b1, Scnn1b, 
Scnn1g, Kcne1

DCT2:
Slc12a3, Trpm7, Wnk1, Wnk4, Klhl3, 
Stk39, Calb1, Slc8a1, Egf, Trpm6, 
Cnnm2, Atp1a1, Atp1a2, Atp1a3, 
Atp1a4, Klk1, Trpv5, Trpm6, S100g, 
Atp2b1, Atp2b4, Scnn1b, Scnn1g, 
Kcne1, Fxyd2

CD-principal cells:
Scnn1b, Scnn1g, Aqp2, Avpr2, 
Hsd11b2, Rhbg, Elf5, Fxyd4, 
Aqp3, Apela, Kcne1, Npnt, Kcnj10

CD-intercalated cells (type B):
Slc26a4, Hmx2, Spink8

Pan-CD-intercalated cells:
Tcfcp2l1, Foxi, Atp6v1g3, 
Atp6v0d2, Insr, Atp6v1b1

CD-intercalated cells (type A):
Atp4a, Slc4a1, Aqp6, Kit, Adgrf5, Mme

CD-transitional cells:
Aqp2, Hsd11b2, Rhbg, 
Atp6v1g3, Atp6v0d2, Insr, 
Atp6v1b1, Atp6v1b1, Parm1, 
Sec23b

Neutrophils:
S100a8, S100a9, Lyz2, 
Plac8, I!tm3, Cebpb, 
Tyrobp, Lst1, Fcer1g, Hp

Basophils:
I!tm1, Hdc, Mcmpt8, 
Fcer1a, Csrp3, Ms4a2, 
Cyp11a1, Cd200r3, Il6, Il4

Dendritic cells 11b+:
Cd74, Cd209a, Wfdc17, Mgl2, 
Ccl6, Ccl9, Ctss, Alox5ap, I!tm3, 
Tyrobp

Dendritic cells 11b–:
Irf8, Naaa, Plbd1, Cbfa2t3, Basp1, 
Rnase6, Wdfy3, Sept3, Ppm1m, Rab7b

Plasmocytoid dendritic cells:
Ly6d, Siglech, Cox6a2, Rnase6, Sell, 
Ccr9, Runx2, Cd209d, Bcl11a, Lair1

B cells:
Cd79a, Cd79b, Ms4a1, Ly6d, 
Ebf1, Cd22, Cd19, Fcmr, Siglecg, 
Fcrl1

T cells:
Cxcr6, Cd247, Nkg7

CD4 T cells:
Lef1, Ms4a4b, Il7r, Ccr7, Klf2, 
Tcf7, Dapl1, Satb1, Cd3d

CD8 e!ector T cells:
Ccl5, Nkg7, Cd8b1, Ms4a4b, 
Cd8a, Cd3d, Hcst, Cd3g, Lck

NK cells:
Gzma, Nkg7, Cd7, Ccl5,
Xcl1, Klrd1, Klrk1, Ncr1, 
Klre1, Il2rb

NK T cells:
Ly6c2, Cxcr6, Gimap3, 
Tmsb10, Cd3g, Gimap4, 
Ctsw, Nkg7, Hcst, Ltb

T regulatory cells:
Tnfrsf4, Capg, Ikzf2, Izumo1r, 
I!27l2a, S100a4, Rgs1, Cd3g, 
Ltb, Tnfrsf18

(Caption appears on following page)
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Part 1. シングルセル解析
• ⾃験例

Part 2. 空間トランスクリプトーム解析
• ⾃験例

Part 3. ⾷塩負荷による腎障害モデル



空間トランスクリプトーム解析
• 顕微鏡で測定

• 位置が正確
• 遺伝⼦数が限られる

• 〜1000
• ヒト・マウスのみ

• スポットをNGS
• 位置解像度に制限

• 100 µm Visium
• ~25 µm Stereo-seq

• 遺伝⼦数限度無し

in situ 
hybridization
のmultiplex

Page 4 of 18Williams et al. Genome Medicine           (2022) 14:68 

disease. Spatial techniques can reveal features from tis-
sue-wide patterning to disease-promoting cell niches and 
even single-cell biology. Until recently, only a few com-
mercial spatial transcriptomics platforms have existed, 
e.g. Visium from 10x Genomics, and GeoMx from 
Nanostring [21], or high-resolution, targeted methods 
like RNAscope [36]. Increasingly, a wider array of tech-
nologies with diverse technical foundations and research 
capabilities are entering the market, which will be dis-
cussed in the next section.

Spatial transcriptomic technologies
Spatial transcriptomics aims to count the number of tran-
scripts of a gene at distinct spatial locations in a tissue. 
Different techniques have different technical parameters. 
"e tissue size can vary from a small (<1mm2) section to 
whole organ sections from model organisms; the number 
of genes counted can vary from tens to thousands or even 

the whole genome; a spatial location may range from a 
whole tissue domain, to a large 500 μm × 500 μm region 
of interest, down to a single cell or even finer. With cur-
rent technologies, there is often a trade-off between the 
number of genes profiled and the efficiency of the tech-
nique—the proportion of transcripts of interest that 
are successfully counted, ranging from near 100% to as 
low as 1% [17]. Here, we review different methods for 
conducting spatial transcriptomics and their technical 
parameters.

Broadly, recent reviews [16–18] propose that there 
are two ways to profile transcriptomes while preserving 
spatial information; firstly, by imaging mRNAs in situ 
via microscopy (Fig.  1). "is is the foundation of imag-
ing-based spatial transcriptomics technologies. When 
imaging mRNAs in situ there must also be a means of dis-
tinguishing different mRNA species, of which there are 
two [17]. One is hybridization of mRNAs to fluorescently 

Fig. 1 Four different ways to record location and species of mRNA transcripts. Transcripts can be imaged directly in intact tissue by hybridization 
to fluorophore-labelled probes, or their locations can be recorded before they are extracted and undergo NGS. Transcript species can be imaged 
repeatedly with the same probes but different fluorophores to create a gene-specific barcode as in ISH. Short probes can also be imaged to read 
along an amplified transcript and determine its sequence as in ISS. Arrays of spatially barcoded probes can be used to label mRNAs with a sequence 
indicating location before undergoing NGS. Finally, cells or regions of interest can be directly microdissected and their locations recorded before 
their transcriptomes undergo NGS. Created with biore nder. com

https://doi.org/10.1186
/s13073-022-01075-1

• いずれにせよ
細胞ごとには
分けられない

• シングルセル
解析と補完的



空間トランスクリプトーム解析：
顕微鏡で測定

Using appropriate SrT technologies for your biology
ISH-based SrT. Conceptually, ISH-based SrT methods are

based on standard ISH approaches but adapted for the high-
resolution concurrent detection of multiple targets per sec-
tion.9 Antisense probes anneal to complementary targets
followed by a series of detection steps (Figure 1). Earlier it-
erations of ISH-based SrT, including RNAscope10 (ACD Bio)
and single-molecule fluorescent ISH,11 were limited by an
inability to detect low expressing transcripts.9 New multi-
plexing techniques (e.g., fluorescence in situ hybridization
[seqFISH]12 and multiplexed error robust fluorescence in situ
hybridization [MERFISH]13) are overcoming this limitation.
Combining super-resolution microscopy and single-molecule
fluorescent ISH,14 seqFISH produces super-resolved images of
mRNA, DNA, and proteins using repeated binding of fluo-
rescently tagged oligonucleotide probes.12 Each round of
probe hybridization is imaged followed by enzymatic elimi-
nation of the probe. By combining rounds of serial hybridi-
zation, imaging, and probe elimination, the number of
fluorophores (F) raised to the number of hybridization

rounds (N) can predict the depth of molecule identification
(FN).12 For example, genome deep detection can be achieved
by implementing 8 rounds of hybridization with 4 fluo-
rophores.12 seqFISH provides subcellular localization of low
expressing targets permitting more detailed investigation into
cell structure, signaling, and regulatory pathways with an
impressive detection efficiency of w84%.15 Drawbacks of
seqFISH include a time-consuming protocol, a costly probe
design, a requirement for expensive and highly specialized
equipment, and advanced bioinformatic processing.16

MERFISH overcomes some of these limitations by inte-
grating corrections for error detection rates as rounds of
hybridization increase for more robust transcript detection.13

Instead of exclusively using fluorescently tagged probes,
MERFISH uses probes complementary for a “target region” of
a gene with flanking “readout” sequences. These readout se-
quences are then bound with amplifier oligonucleotides and
followed by fluorescently labeled secondary amplifiers that
bind to the repeating sequences of the primary amplifiers.17,18

During each round of imaging, RNA is assigned a binary code

Target
probe

Barcodes

Readout

Round 1

Round 2

Round 3

Round n...

a

Slc22a6Podxl Slc12a1b

Tissue

Fixation and 
permeabilization

ypocsorcim ecnecseroulFnoitazidirbyh laireSgnissecorp eussiT

Slide

Figure 1 | (a) A schematic representation of tissue processing, serial hybridization, and image capture for in situ hybridization
(ISH)–based spatially resolved transcriptomics (SrT) with (b) expression profiles for representative segment-specific genes (Podxl
in blue, Slc22a6 in green, and Slc12a1 in red) using multiplexed error robust fluorescence in situ hybridization in a female sham
kidney. Fundamentally, ISH-based SrT is the serial hybridization of RNA target–specific probes to a piece of tissue that can be
sequentially imaged to determine a molecular identifier. Bar ¼ 1000 mm.

EE Dixon et al.: Spatially resolved transcriptomics m in i r ev i ew

Kidney International (2022) 102, 482–491 483

1 mm
https://doi.org/10.1016/j.kint.2022.06.011



空間トランスクリプトーム解析：
スポットをNGS

(0 ¼ no signal and 1 ¼ signal) that can create a unique
“word” for each transcript.17,18 Sequential rounds of imaging
are again performed, but instead of removing probes enzy-
matically, the fluorescent signal is bleached, significantly
reducing the experimental time.16,17 Similar to seqFISH,
MERFISH also provides subcellular localization of identified
targets but with a slightly lower detection efficiency around
80% and a misidentification rate of only 4%.18 When
detecting many transcripts, optical crowding can become an
issue, distorting resolution and localization. To address this,
MERFISH and other serial fluorescent ISH technologies can
be combined with expansion microscopy to create more
surface area as the number of detectable genes continues to
rise.16,19,20 Although MERFISH has a reduced protocol time,
it also requires expensive specialized equipment.16 Following

the advancements of MERFISH, the group that generated
seqFISH produced seqFISHþ21 in which fluorescently tagged
probes were replaced with 60 pseudocolors and can now be
visualized using a standard confocal microscope.16,21 These
improvements make seqFISHþ 8 times faster than the orig-
inal seqFISH technology and provide the ability to profile
10,000 genes at the same time, giving it a 10-fold improve-
ment compared with other methods.21

ISH-based technologies can be more generically described
as image-based SrT, which includes an additional technique
called in situ sequencing–based SrT. Both in situ sequencing–
and ISH-based SrT rely on the integration of imaging for
transcript identification and generation of the gene expression
matrix. These imaging-based SrT techniques differ when it
comes to readout of the probes; ISH determines target

mRNA capture area

Unique
molecular identifier

Barcode

Sequencing primer

Sequencing library 
generation and 
quality control

Permeabilization
and mRNA capture

Probe cleavage and 
cDNA amplification

Tissue

Probes

mRNA

Cleavage
site

a

b

noitareneg t-xennoitareneg yrarbiLgnissecorp eussiT
sequencing

Slc22a6 1a21clSlxdoP

HighLow

c

Slide

Figure 2 | (a) A schematic representation of tissue processing, library generation, and sequencing for next-generation sequencing
(NGS)–based spatially resolved transcriptomics with (b) expression profiles for representative segment-specific genes (Podxl, Slc22a6,
and Slc12a1) and (c) an example of cell-type mapping in a female sham kidney from 103 Genomics Visium. NGS-based methods use a
specialized slide with a microarray of probes with primers and unique barcodes for transcriptome-wide sequencing. Bar ¼ 1000 mm. DCT,
distal convoluted tubule; DTL, descending thin limb; Fib, fibroblast; IC, intercalated cell; PC, principal cell; Pod, podocyte; PTs12, proximal
tubule segment 1-2; PTs3, proximal tubule segment 3; PTs3-TAL, proximal tubule segment 3 to thick ascending limb; TAL, thick ascending
limb; Uro, urothelium.

min i r ev i ew EE Dixon et al.: Spatially resolved transcriptomics

484 Kidney International (2022) 102, 482–491

100µm解
像度で粗
く分かる

1 mm
https://doi.org/10.1016/j.kint.2022.06.011

スポットが配置
されたチップ



[⽅法] ⾷塩負荷による腎障害モデル
• 雄の⾃然発症⾼⾎圧ラット
(SHR/Izm)
• ⾷塩負荷

• 飲⽔中に1% NaCl
• 12週齢から4週間

• 腎臓の空間トランスクリプ
トーム解析
• 凍結切⽚を1cm x 1cmのStereo-

seqチップに乗せる
• 0.5µm毎のスポットでRNA-seq
• 50 x 50スポットをプール（実効
解像度25µm）

• DestVIプログラムでシングル
セル解析と統合

⾷塩負荷群

⾷塩
負荷

対照群

12週齢 16週齢

空間トランスクリプトーム
解析 (n=1)



Part 1. シングルセル解析
• ⾃験例

Part 2. 空間トランスクリプトーム解析
• ⾃験例

Part 3. ⾷塩負荷による腎障害モデル



[⽅法] ⾷塩負荷による腎障害モデル

• 雄の⾃然発症⾼⾎圧ラット
(SHR/Izm)

• ⾷塩負荷
• 飲⽔中に1% NaCl
• 12週齢から4週間

• 腎臓のシングルセル解析
• 細胞種のアノテーション
• 遺伝⼦発現⽐較

• 各細胞種について、⾷塩負荷群由
来の核と対照群由来の核を⽐較

• mRNA発現、クロマチンの開きに
基づく遺伝⼦発現

⾷塩負荷群

⾷塩
負荷

対照群

12週齢 16週齢

シングルセル解析 (n=2ずつ)



まとめ
•シングルセル解析により、細胞をほぐし、個々の
遺伝⼦発現を測定できた。
•空間トランスクリプトーム解析により、組織内の
位置ごとに遺伝⼦発現を測定できた。
•これらを組み合わせることにより、腎臓のような
複雑な臓器についても、病理的な遺伝⼦変動を細
胞種ごとに詳しく調べることができた。
• ⾷塩負荷による腎障害モデルにおいては、⽷球体に加え
て、近位尿細管、Henleループ太い上⾏脚、集合管主細
胞において、線維化遺伝⼦が発現上昇していた。

https://www.fumihiko.takeuchi.name




