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Current

their best 
(amplicon)

 Performance is improving 

I started using MinION



Rapid diagnosis of infectious disease

Today’s topic

Examples of medical applications

D4Z4 Repeat sequencing 
 for the diagnosis  
of a muscular dystrophy



Why MinION ?

3. Long read

1. Portable

2. Rapid

Three major reasons to use MinION
in medical (diagnostic) settings.



1. Portable MinION enables “on-site” sequencing



1. Portable



(Yamagishi et al. 2017. Sci Rep)

Dengue serotyping within one day2. Rapid



2. Rapid

(Votintseva et al. 2017. J Clin Microbiol)

 Tuberculosis diagnosis within one day



2. Rapid

(Euskirchen et al. 2017. Acta Neuropathol)

Brain tumor diagnosis within one day



2. Rapid sequencing kit
Rapid sequencing kit (SQK-RAD002)

< 10min

Add 2.5ul FRM to 200ng of DNA
   incubate for 1min at 30℃ 
   incubate for 1min at 75℃ 

Add 1ul RAD / 0.2ul TA ligase 
   incubate for 5min at RT 

Ready for sequencing!



3. Long read

70k

14k ~20k

sprint vs. full marathon

short read vs. long read



Genomic structural rearrangements

Segmental duplications

Macrosatellite repeats

etc…

Difficult / impossible regions to sequence 
in human genome using short read sequencers 

3. Long read



long read vs. short read
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“NGS dead” zone

Sequencing regions of high sequence homology
(Mandelker et al. 2016 Genet Med)

Short read sequence does not cover whole genome 



Example NEB : nebuline

Recessive mutations in NEB cause
congenital myopathy



Target-sequencing using Illumina and IonTorrent

NEB

exon82-105

IonTorrent

Illumina



exon82-105

MinION sequencing
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Chromosomal rearrangements

chrX Array CGH

(Vandewalle et al 2009 Am J Hum Genet)



Left
Repeat

Right
Repeat

Identity
%

AluY AluY 88
AluY AluSx1 84
AluSp AluSx 83
AluSq? - -
AluSz AluSx3 77
AluSx AluSx3 77

40.33	%�
(Zhu et al. 2016 J Hum Genet)

Left
Repeat

Right
Repeat

Identity
%

AluY AluY 88
AluY AluSx1 84
AluSp AluSx 83
AluSq? - -
AluSz AluSx3 77
AluSx AluSx3 77

40.33	%�

Breakpoints are prone to be at repetitive sequences

(Nonaka et al. 1980 J Neurol Sci.)

GNE myopathy

GNE



Overview of Human Genome Contents

retroviral-like elements
DNA-only transposon ‘fossile’

TRANSPOSONS

REPEATED SEQUENCES UNIQUE SEQUENCES

GENES

simple sequence repeats
segmental duplications

introns
protein-coding regions

non-repetitive DNA that is 
neither in introns nor codons

percentage



Centromere sequence

(Jain et al. 2017 BioRxiv)



Rapid sequencing

(+  Portability, Long read)

Rapid diagnosis of infectious disease



Bacterial infection disease in local hospital

of bacterial infectious disease

Aim: rapid and accurate identification of pathogen



Pyothorax

Chest infection 
Accumulation of pus in chest cavity 
Secondary to pneumonia 
>65 years old 
Immediate antibiotics recommended 
Bacterial culture positivity: ~50% 
Culture takes days

Wikipedia

Known causative pathogens are: 

 S. pneumoniae,   
 S aureus,  
 Anaerobic bacteria, 
 (Fusobacterium, Prevotella,   
 Peptostreptococcus, Bacteroides)  
   etc

pus

lung



Pleural effusion from pyothorax patient 

Bacterial DNA / host DNA amount  : 0.03~0.3%

host DNA is abundunt in clinical samples

9000 reads30M reads

BacteriaHuman

One MiSeq run ~ €2000 / sample



16S ribosomal DNA sequencing

(Nakagawa et al. 2010. PNAS)

Universal primers

Next gen sequencing



Ion PGM sequencer for 16S sequencing  

16S metagenomics kit
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First 1 hour = 24k reads

How many reads are necessary before diagnosis?

Time course for amplicon sequence 



5min 

Sequence library
10min 

Analysis 

45min 
PCR

within 2 hours

Maybe first few minutes sequencing is enough

Rapid sequencing kit (SQK-RAD002)

15min 30min ・・・



Long read sequence 
(MinION)

Short read sequence 
(IonPGM)

Species strain Genome size 16S copy
number

1 Acinetobacter baumannii strain 5377 3,976,747 6
2 Actinomyces odontolyticus strain 1A.21 2,391,230 3
3 Bacillus cereus strain NRS 248 5,224,283 13
4 Bacteroides vulgatus strain ATCC® 8482ä 5,163,189 7
5 Clostridium beijerinckii strain NCIMB 8052 6,000,632 14
6 Deinococcus radiodurans strain R1 (smooth) 2,648,638 2
7 Enterococcus faecalis strain OG1RF 2,739,625 4
8 Escherichia coli strain MG1655 4,641,652 7
9 Helicobacter pylori strain 26695 1,667,867 2
10 Lactobacillus gasseri strain 63 AM 1,894,360 6
11 Listeria monocytogenes strain EGDe 2,944,528 6
12 Neisseria meningitidis strain MC58 2,272,360 4
13 Propionibacterium acnes strain KPA171202 2,560,265 3
14 Pseudomonas aeruginosa strain PAO1-LAC 6,264,404 4
15 Rhodobacter sphaeroides strain ATH 2.4.1 4,131,542 4
16 Staphylococcus aureus strain TCH959 2,830,017 5
17 Staphylococcus epidermidis strain PCI 1200 2,499,279 6
18 Streptococcus agalactiae strain 2603 V/R 2,160,267 7
19 Streptococcus mutans strain UA159 2,032,925 5
20 Streptococcus pneumoniae strain TIGR4 2,160,842 4

Control bacterial mock community with equimolar 16S

BEI resource  
(HM-782D)



Kirill Kryukov

Analysis 1: Blast search using GenomeSync database

genomesync.org 

> Genome Search Took Kit (GSTK)

http://genomesync.org


Analysis 2: Centrifuge  

Rapid metagenomic sequence classifier 

~4100 bacterial genomes 

(Kim et al. 2016 Genome Research)
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Other 
Streptococcus pneumoniae  
Streptococcus mutans  
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Staphylococcus epidermidis  
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Result of analysis 1: BLAST/GenomeSync  (species level)

SRA ID: PRJDB5408 
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 5-min sequence of pleural effusion from pyothorax patient

Prevotella oris was detected



The biggest barrier for clinical use

¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥

~ €200 / sample

Bacterial culture          ~ €15 / sample

16S sequencing (IonPGM)

~ €2000 / sampleMetagenomic (MiSeq)

MinION 16S sequencing? ~ €700 / flow cell



 FLONGLE 
(“flow cell dongle”) 

 
“MinION Dx”

price will decrease?
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• LAST(Kiełbasa et al. Genome Res. 2011) 

• Speed: Centrifuge > LAST >>> BLAST 

• Accuracy：Centrifuge < LAST << BLAST

 Development of a new pipeline using LAST



D4Z4 Repeat sequencing 
 for the diagnosis  
of a muscular dystrophy



Muscular dystrophies

Muscle diseases
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from the book of Dr. Ikuya Nonaka “Rinsho no tameno kin-byori”



FSH Society 
https://www.fshsociety.org/

Autosomal dominant muscular dystrophy 
Facial, scapular and humeral muscle weakness 
Prevalence: estimated ~1/10,000

Facioscapulohumeral muscular dystrophy (FSHD)



D4Z4 subtelomeric macrosatellite repeat is linked to FSHD

chr4
4q35

D4Z4 repeat 3.3kb X11-100



Subtelomeric repeat sequences

(Linardopoulou et al. Nature 2005)

Variations!

D4Z4



Healthy
D4Z4 (11-100)

FSHD
D4Z4 repeat contraction

chr4

4q35

Expression

DUX4

Toxic

CpG methylation

D4Z4 (3.3kb)

Contraction of D4Z4 array causes FSHD

p13E11

p13E11



(Goto et al. 2006 Neuromuscular Disorders)

# of D4Z4 repeat:   1      2     3     4      5     

Southern blot analysis for D4Z4 repeat size

p13E11

EcoRI EcoRI

=probe



BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI BlnI

XapI XapI XapI XapI XapI XapI XapI XapI XapI XapI XapI XapI XapI

BlnI
EcoRIEcoRI

(Lemmers et al. 2007)

D4Z4 homologous repeats on chr4 and chr10

chr4

chr10

p13E11

chr10

chr10

←Restriction enzyme digestion



EcoRI EcoRI

3.3kb

KpnI KpnIKpnI KpnI KpnIKpnI KpnI KpnIKpnI KpnI KpnIKpnI KpnI

p13E11

Haplotype

4qB 
(50%) No FSHD

FSHD

There are two haplotypes in D4Z4

4qA 
(50%)

pLAM

polyA signal DUX4 ORF 

DUX4 ORF No polyA signal 



How to make a genetic diagnose for FSHD

1.  number of repeat  

2.  distinguish homologous repeat 

3.  haplotype (4qA or 4qB) 

Southernblotting

Southernblotting

Southernblotting

Sequencing D4Z4 repeat using MinION

😩



Distribution of repeat number in FSHD patients
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Golden Rule

 In order to read repeat sequence

you should read

LONGER THAN THE REPEAT

CB BA B B B

~45kb



BAC clone containing 13 D4Z4 repeats

RP11-242C23

EcoRI digestion



method
BAC clone: RP11-242C23

EcoRI fragment (Genbank: CT476828.7) 

last-genotype 
/most common nucleotide 

EcoRI digestion + Klenow  
gel extraction

MinION Mk1B 
R9.4 flowcell

Albacore v.1.1.0base-calling

sequencing

library preparation

alignment

genotyping

lastal | last-split

enzyme digestion

SQK-LSK108 (1D sequencing kit)



coverage

10000

40000

20000

30000

10k 20k 30k 40k 49877 position

EcoRI EcoRI

pLAM

D4Z4 repeat

3.3kb

Aligning reads to D4Z4 reference using LAST
http://last.cbrc.jp

reference : CT476828.7Number of reads 128,171

Total bases 971,130,587

Average read length 7,577
(Mitsuhashi et al. 2017 BioRxiv)



Sequence identity in pLAM region



DUX4 ORF was compared to Sanger-seq

reference
Sanger
MinION



Sequence identity in 13 D4Z4 repeats



Using the most common nucleotide 

135 / 49,877(0.27%)

Consensus sequence was compared to the reference

A C G T

A 0 66 0

C 2 2 29

G 0 3 1

T 0 20 12

r
e
f

MinION



75 / 49,877(0.15%)

https://github.com/mcfrith/last-genotype

Genotyping using last-genotype 

A C G T

A 0 25 0

C 0 13 13

G 0 1 5

T 2 15 1

MinION

r
e
f



ref ref

CCXGG

repeat1

repeat13

117/135 (87%) 

49/62 (79%) last-genotype

most common nucleotide CCXGG errors:

CCAGG > CCGGG : 32/49(65%) 

CCXGG are prone to be mis-base-called??



A C G T

A 0 1 0

C 0 12 0

G 0 1 5

T 2 4 1

MinION

r
e
f

24 / 49,877(0.05%)

last-genotype new version (as of Sep. 6. 2017)

https://github.com/mcfrith/last-genotype

this slide was added in the last-minute
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D4Z4 in whole human genome sequence dataset

https://github.com/nanopore-wgs-consortium/NA12878 

read #                              1,415,87 
data size                                23G 
average read length         16,343 
maximum read length 1,537,349 
X5 coverage of human genome



Obtaining D4Z4 repeat containing reads

reads with p13E11 

lastdb GRCh38 
last-train 
lastal | last-split 
last-dotplot

p13E11 ? D4Z4 repeat haplotype ?

mapping to GRCh38

lastdb single-D4Z4 
last-train 
lastal | last-split 
last-dotplot

mapping to single-D4Z4



chr4 chr10

read1

read2

read3

read4

http://last.cbrc.jp/doc/last-dotplot.html

Reads from chr4 and chr10 can be distinguished



17 D4Z4 repeats

chr10

Number of the D4Z4 can be determined using last

read1

read2

read3

read4

20 D4Z4 repeats

chr4

Align to a single D4Z4 repeat using lastal



4qB 4qA

4q35

gap

chr4 D4Z4 on GRCh38 human reference genome

2 reads



DUX4 ORF No polyA signal

EcoRI
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Possible future diagnostic tool for FSHD??

1.  number of repeat  

2.  distinguish homologous repeats 

3.  haplotype

Substitute for the Southernblotting?😊



Why MinION?

There are many potential uses in the medical settings

Nanopore sequencing will expand our knowledge on 
the pathomechanism of the human disease

Infectious disease
Mendelian disease
Autoimmune disease
Cancer 
   etc…



(Matthew W Loose.  2017. Hum Mol Genet)
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