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Sanger, F.,, Nicklen, S. & Coulson, A.R. Proc. Natl. Acad. Sci. USA 74, 5463-5467 (1977).
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Sequencing-by-synthesis
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The identity of each base of a cluster is read off
from sequential images

From Debbie Nickerson, Department of Genome Sciences, University of
Washinaton, http://tinyurl.com/6zbzh4

Sequencing length: 0.05~0.2 kb



AAACCGTCTTGCGAGAAAACCGTAAGTCA
AAACCGTC
AACCGTCTTGC
ACCGTCTTGCGA
GTCTTGCGAGAA
GAAAACCGTAA

4’//////,,~AAACCGTAAGTCA
Read



https://www.youtube.com/watch?v=fCd6B5HRaZ8
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https://www.youtube.com/watch?v=fCd6B5HRaZ8

+798891
+798905
-798957
-798972
-799004
-799008
-799017

-799034
=-799050
-799069
+799078
+799081
-799091
+799096
+799097
-799098
-799099
-799101
-799102
+799103
+799104
+799105
-799106
-799107
+799108
+799109
-799110
>

—1

SRRO06330.
SRR0O06330.
SRR0O06330.
SRRO06330.
SRRO06330.
SRRO06330.
SRRO06330.
+7990228SRR006465 .
SRR0O06330.
SRRO06330.
SRR0O06330.
SRRO06330.
SRRO0G330.
SRR0O06330.
SRRO06332.
SRRO06332.
SRRO06332.
SRR0O06330.
SRR0O06332.
SRRO06332.
SRRO06330.
SRRO06332.
SRRO06330.
SRR0O06332.
SRR0O06332.
SRRO06332.
SRRO06332.
SRRO06332.
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ACAGGCGGGCACC
ACAGGCGGGCAC
ACAGGCGGGCACC
ACAGGCGGGCAC
ACAGGCGGGCACC
ACAGGCGGGCAC
ACAGGCGGGCACC
ACAGGCGGGCAC
ACAGGCGGGCACC
ACAGGCGGGCAL
AC

AC

AC
ACAGGCGGGCACCHTECTGRGC TGCAARBAAACTEATCTTGTCACTGGCETGRGCAARCAAACTTTTTTGCGTGCTRARG
ACAGGC

ACAGGCGGGC

ACAGGCGGGCACCHTGCTGRGC TGCAAABAAACTRATCTTGTCACTGGCATGRGCAATCAAACTTTTTTG

ACAG
ACAGGCGGGCACCHTGCTGRGCTGCAAABARACTRATCTTGTCACTGGCETGRGCAATCARACTTTTTTGCGTGCTRARG
ACAGGCGGGCACCT

ACAGGCGG

ACAGGCGGGCACCTT

ACAGGCG

ACAGGCGGGCACCTTGL

TGCTG
TGCTG
TGCTG
TGCTGGG
TGCTG
TGCTG
TGCTG
TGCTG
TGCTG
TRCTG

CTGCARA
CTGCAAA
CTGCAAA

ARACT
ARAC
AAACT

ATCTTGTCACTGGC
ATCTTGTCACTGGC
ATCTTGTCACTGGC

TG
TG
TG

CAATCAAAC TTTTTEEGTEE}IHIG
CAATCAAACTTTTTTGCGTGCTRARG
chaTCAR

CTGCAAA
CTGCAAA
CTGCAAA
CTGCAAA
CTGCAAA
CTGCAARA

AAACT
ARACT
AAACT
ARACT
AAACT
AAACT

ATCTTGTCACTGGC
ATCTTGTCACTGGC
ATCTTGTCACTGGC
ATCTTGTCACTGGC
ATCTTGTCACTGGC
ATCTTGTCACTGGC

TG
TG
TG
TG
TG
TG

CHHTCHHHCTTTTTTECGTECTIHIG
CAATCAAACRTTTTTGCGTGCTRARG
CAATCAAA

CAATCAAACTTTTTTGCGTGCTRARG
CHHTCHHHCTTTTTTEEGTEETIHIG
CAARCAAACRTTTTTGCGTGCTRARG

ACAGGCGGGCACCTTGCTGGGCTGCARACAAACTGATCTTGTCACTGGCGTGTGCAATCAARCTTTTTTGCGTGCTTATG) /

i Insert| Edit Modes >»| _j Cutoffs| Lmu| Next Search | Commands >>| Settings »> ﬂ Help :-:-l
I~ ] ~
70 96780 96790 96800 96810 96820 96830 96840 968\
ACAGGCGGGCACCRTGCTGRGCTG
ACAGGCGGLGCACCHTLGCTGRGCTGCARACAARA
ACAGGCGGGCACCATGCTGRGC TGCAAABANACTRATCTTGTCACTGGE
ACAGGCGGGCACCATGCTGRGC TGCARABAAACTRATCTTGTCACTGGCEBTGRGCAATCARACKTTTTE

Tag type:3AMr Direction:- Comment:”3trong Repeat Marker base found by MIRA"
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DNA sequencing & analysis

Single nucleotide Variation

(SNV)
=

AAGCTTTGCG...

Sequencing
Machine

Human Reference

Genome EE) ACTGGAGCTGTGCG...

from 13
anonymous
volunteers




DNA sequencing & analysis

Single nucleotide polymorphism

(SNP)
= P —

AAGCTTTGCG...
Sequencing l
Machine inherited from parents => Germline mutation

not inherited from parents => Somatic mutation

Human R Whole exome sequencing:

Genome
(hgl9 & t . .
~100 to 1,000 somatic mutations each sample

~1,000 to 10,000 germline mutations each sample

9



Gigabses per run (log scale)

Cost of NGS machines

High throughput, short read/run
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Manufacturers of DNA sequencers

* Roche

* lllumina illumina
* Life Technologies B e 00 <
e Beckman Coulter & : .

* Pacific Biosciences BIOSCIENCES / \ Helicos

* Oxford Nanopore ion torrent st Sl
bkAOXO+% @NANOPORE

gﬂ-ﬂ
=

lon Proton lon PGM lllumina MiSeq Roche-454 GS-FLX




NextSeq Series

MiSeq Series

MiniSeq System

Amplicon, targeted Small genome, Everyday exome,

Key Methods
RNA, small RNA, and amplicon, and targeted transcriptome, and
targeted gene panel gene panel targeted resequencing.
sequencing. sequencing.
Maximum Output 75Gb « 15 Gb 120 Gb
N
N,
N\,
Maximum Reads per Run - 25 million ‘\ 25 milliont 400 million
P N,
7/ \\
Maximum Read Length // 2 x 150 bp, \\ 2 =300 bp 2 x 150 bp
/ X N
/ \
Run Time ! 4-24 hours \ 4355 hours 12-30 hours
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25,000,000 x 2 x 150 = 7,500,000,000 = 7.5 Gb

HiSeq X Series®

HiSeq Series

Population- and
production-scale whole-
genome sequencing.

Production-scale
genome, exome,
transcriptome
sequencing, and more.

1500 Gb 1800 Gb
5 billion 6 billion
2 <150 bp 2 =150 bp
<1-3.5 days (HiSeq <3 days
3000/HiSeq 4000)
7 hours—6 days (HiSeq
2500)
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DATA CLEANUP

FASTQ/Sam/Bam/Vcf

Analysis Pipeline

VARIANT DISCOVERY

[ Raw Reads ]
+

Map to Reference

BWA mem

Mark Duplicates
& Sort (Picard)

Non-GATK

[ Indel Realignment ]

[ Base Recalibration )

Analysis-Ready
Reads

EVALUATION

Analysis-Ready = SNPs

Ganotypa Likalihoods

$

[ Joint Genotyping

+

Variant
Annotation
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[Haw\farlants ' sNPs || Indels | J

L L T e R T r R P R P R T AT, LA L L L L L L ™

' '

[Varlnnt Evaluation ]

Variant Recalibration

separately per variant type

Variants

SRR SRS

e (s | [naos ...

look good?

0 /-0

troubleshoot

use in project




FASTQ

« @SEQ_ID

=2 GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGT
CTT

° +

Quality: oy vk ((((**%4) ) 4%h%04-+) (%56%%) . 1**% -
+*' ") )**55CCF>>>>>>CCCCCCCH5

Quality value EAENEZR » HE{HEHAY Sanger 478y :
p RV E S [Ebase ¥ FERY SRR MR
Bil: p=0.0{LFEEERR oy H 772 — » #aE AR quality valueRl[ 5520

Qsangﬂr = —10 lﬂglﬂ p
-10 * log,,0.01 =-10 * (-2) = 20



FASTQ

The ASCII code

American Standard Code for Information Interchange

Sanger/lllumina 1.8 format ASCII control characters ASCII printable characters

can enCOde d 'DEC HEX Simbolo ASCII EDEC HEX Simbolo DEC HEX SimeIDEDEﬂ HEX 5imbu|u§

Phred quality score 00 NULL  (carécter nulo) 32 espacio | 64 @ | 9
01 SOH (inicio encabezado) 33 ! 65 A a7 a

from Oto 93 02 STX  (inicio texto) 34 . 66 B 98 b
03 ETX (fin de texto) 35 # 67 C a9 c

using ASCII 33 to 126 04 EOT  (fin transmision) 36 $ | 68 D | 100 d
05 ENG (engquiry} 37 % 69 E 101 e
06 ACK (acknowledgement) 38 & 70 F 102 f
o7 BEL (timbre) 39 ' 71 G 103 g
08 BS (retroceso) 40 ( T2 H 104 h
09 HT (tab horizontal) M } 73 | 105 i
10 LF (zalto de linea) 42 * 4 J 106 1
1" VT (tab vertical) 43 + 75 K 107 k
12 FF (form feed) 44 , 76 L 108 |
13 CR (retorno de carro} 45 - 7 M 109 m
14 S0 (=hift Out) 46 . 78 N 110 n
15 Sl (=zhift In} 47 f 79 0 11 0
16 DLE  (data link ezcape) 48 1] a0 P 112 p
17 01 (device control 1) 49 1 a1 Q 113 q
18 DC2  (device control 2) 50 2 82 R 114 r
19 DC3  (device control 3) Ly 3 83 S 115 5
20 DC4  (device control 4) 52 4 a4 T 116 t
21 HAK (negative ﬂCkI‘IU'-.‘.'IE.}# 53 4] a5 U 117 u
22 SYN  (=synchronous idle} 54 b a6 W 118 v
23 ETB (end of tranz. block) 55 7 ar W 119 w
24 CAN (cancel) 56 ] a8 X 120 X
25 EM (end of medium} 57 g9 29 Y 121 ¥y
26 SUB (zubstitute) 58 : 90 i 122 z
27 ESC (ezcape) 59 ; 91 [ 123 1
28 F5 (file =eparator) 60 = 92 i1 124 |
29 G5 (group =eparator) 61 = 93 1 125 }
30 RS (record =eparator) 62 = 94 A 126 -~
Y| us {unit =eparator}) 63 ? 95
127 DEL (delete) - theASCllcode com.ar




Phred quality scores are logarithmically linked to error probabilities

Phred Quality Score | Probability of incorrect base call | Base call accuracy
10 linl0 90%

20 1in 100 99%

30 1in 1000 99.9%

40 1in 10,000 99.99%

50 1in 100,000 99.999%

60 1in 1,000,000 99.9999%




FastQC - quality visualization tool

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

123456789 12-13 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 86-87 92-93 98-99

Position in read (bp)
https://zhuanlan.zhihu.com/p/20731723




- # X#f Position in read (bp)
« #YEH Q = -10*logl0 ( error P ) B20F%KTR1%RIEERE - 305%=7R0.1%
- # 8—fEboxplot - BARZNUERNFMIBRINWAIFEmEBEN—@E#HET -

« FEIRbarE90% & - FEMbarEl0% & - FAFHNFENERE
50% D& - B EEZ75%DMUE - NEE25% 0 E

- # BPEENARZESENERFIIENELR

o #—IBXKIEED - FIBEAERLI0% D URIAR20, T2 M =RAQ20%4
i

« # A LENEENFAER - FRIERERI87bpIERIFSITIER(trim) - £
miRaE B E D ITHY LML

« #Warning: IR AEEmE

518010, 20 & 2RI BUE AR 25
« # Failure: IR EmER

1R5, B P UEER 20

https://zhuanlan.zhihu.com/p/20731723



Good Quality Bad Quality
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http://pipe-tuxedo.readthedocs.io/en/latest/explain_gc.html



Sequence Alignment/Map Format

Sam/Bam

Coor 12345678901234 5678901234567890123456789012345
ref AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT
+r001/1 TTAGATAAAGGATA*CTG

+r002 aaaAGATAA*GGATA

+r003 gecctaAGCTAA

+r004 ATAGCT.............. TCAGC
-r003 ttagctTAGGC

-r001/2 CAGCGGCAT

DNA sequencing & analysis

Single nucleotide Variation

(SNV)
2 & 7
) ACTGAAGCTTTGCG...

Sequencing
Machine

Human Reference
Genome )  ACTGGAGCTGTGCG...

from 13

anonymous
volunteers

https://samtools.github.io/hts-specs/SAMv1.pdf



##tfileformat=VCFv4.0

#t#treference=1000GenomesPilot-NCBI37

#CHROM
chrl
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2

POS
45805566
47703379
48010488
48030838
48032875
48032937
48033551
48033910
215632048
215632125
215632155
215632192
215632255
215634055

ID REF

Variant Call Format

Vcf

ALT QUAL FILTER INFO FORMAT
C
T
A
T
C
G
T : :
T DNA sequencing & agilﬁuﬁvmﬁm
(SNV)
A Machine
TG
T Human Reference
Genome EEE)  ACTGGAGCTGTGEG...

http://www.internationalgenome.org/wiki/Analysis/vcf4.0/



Mutation Annotation Format

Maf

 Mutation Annotation Format (MAF) is a tab-delimited
text file with aggregated mutation information
from VCF Files and are generated on a project-level.

 MAF files are produced through the Somatic
Aggregation Workflow

* MAFs are produced by aggregatin% the GDC annotated
VCF files generated from one pipeline for one project.

e Somatic MAFs are publicly available and can be freely
distributed within the boundaries of the GDC Data
Access Policies.

https://docs.gdc.cancer.gov/Data/File_Formats/MAF_Format/



https://docs.gdc.cancer.gov/Data/File_Formats/VCF_Format/
https://docs.gdc.cancer.gov/Data_Dictionary/viewer/#?view=table-definition-view&id=somatic_aggregation_workflow&_top=1
https://gdc.cancer.gov/access-data/data-access-policies
https://docs.gdc.cancer.gov/Data/File_Formats/MAF_Format/

Column

1 - Hugo_Symbol

2 - Entrez_Gene_Id
3 - Center

4 - NCBI_Build

5 - Chromosome

6 - Start_Position

7 - End_Position

8 - Strand
9 - Variant_Classification
10 - Variant_Type

11 - Reference_Allele

12 - Tumor_Seq_Allele1

Description

Z' HUGO symbol for the gene (HUGO symbols are always in all caps). "Unknown" is used for regions that
not correspond to a gene

(' Entrez gene ID (an integer). "0" is used for regions that do not correspond to a gene region or Ensembl
One or more genome sequencing center reporting the variant

The reference genome used for the alignment (GRCh38)

The affected chromosome (chr1)

Lowest numeric position of the reported variant on the genomic reference sequence. Mutation start coordin:

Highest numeric genomic position of the reported variant on the genomic reference sequence. Mutation ent
coordinate

Genomic strand of the reported allele. Currently, all variants will report the positive strand: '+'
Translational effect of variant allele

Type of mutation. TNP (tri-nucleotide polymorphism) is analogous to DNP (di-nucleotide polymorphism) but
for three consecutive nucleotides. ONP (oligo-nucleotide polymorphism) is analogous to TNP but for
consecutive runs of four or more (SNP, DNP, TNP, ONP, INS, DEL, or Consolidated)

The plus strand reference allele at this position. Includes the deleted sequence for a deletion or "-" for an
insertion

Primary data genotype for tumor sequencing (discovery) allele 1. A "-" symbol for a deletion represents a
variant. A "-" symbol for an insertion represents wild-type allele. Novel inserted sequence for insertion does
not include flanking reference bases

https://docs.gdc.cancer.gov/Data/File_Formats/MAF_Format/



https://docs.gdc.cancer.gov/Data/File_Formats/MAF_Format/

International
Cancer ﬁennme
Consortium

m Cancer Genome Projects Committees and Working Groups

ICGC Goal: To obtain 2 comprehensive
description of genomic, transcriptomic and
epigenomic changes in 50 different tumor

types and/or subtypes which are of clinical and
societal importance across the globe.

REead more »

http://icgc.org/
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http://icgc.org/

Bladder Cancer
China []

Bladder Cancer
United States (5

Bone Cancer

United States (5 United States (.5

Bone Cancer
France (1]

Bone Cancer
United Kingdom [Z3]

Breast Cancer
South Korea

ry Tract Cancer
Singapore g

Breast Cancer
United States 5

Breast Cancer
United Kingdom [=5]

Breast Cancer
China[]

Breast Cancer
European Union / United
Kingdom [ 2]

Breast Cancer
France (@]

Breast Cancer
Mexico (1]

Breast Cancer
South Korea

Brain Cancer
United States (5

Pediatric Brain Tumors
Germany ]

Blood Cancer
United States B§

Elood Cancer
South Korea

Eye Cancer
France (@]

Pediatric Brain Tumor
United States (5

Brain Cancer
China[]

Brain Cancer
United Siates (5

Brain Cancer
Canada [[J]

Cervical Cancer
United States 5

Elood Cancer
United States B5

Colorectal Cancer
China []

Rectal Cancer
United States (5

Colon Cancer
United States (5

Lymphoproliferative
Syndrome
France 11l

Pancreatic Cancer
Canada [[J]

Rare Pancreatic
Tumors

Italy (1]

Pancreatic Cancer
Australia 7]

Soft Tissue Cancer
United States ]

Pancreatic Cancer Pancreatic Cancer

China[]

Skin Cancer
Australia []

Gastric Cancer
China [—]

United States (5

Prostate Cancer
United Kingdom [55]

Melanoma Skin Cancer
Brazil [& United States (5

Soft Tissue Cancer
France [

Pediatric Solid Tumor

Esophageal Cancer
United Kingdom [£=]

Blood Cancer
United States B8

Elood Cancer
United States B5

Elood Cancer
China @l

Malignant Lymphoma
Germany ==

Gastric Cancer
United States (5

Prostate Cancer
Canada [[J]

Prostate Cancer
France (I

Esophageal Cancer

Chronic Myeloid
Disorders
United Kingdom B8

Elood Cancer
Singapore ==

Non-Hodgkin
Lymphoma
Mexico 11

Chronic Lymphocytic
Leukemia
Spain I3

Gastric Cancer

Japan |4

Prostate Cancer
China[_]

Prostate Cancer
United States 5

Renal Cancer Renal Cancer
European Union / France | United States [
min

Renal Cancer
China[ |

Renal Cancer
United States [

Renal Cancer
United States [

Renal Cancer
United States [

Liver Cancer
France [T]

Liver Cancer
France [T]

Liver Cancer
United States (5

Lung Cancer

Lung Cancer
United States (5

Lung Cancer
United States (5

Ovarian Cancer
China []

Ovarian Cancer
Australia ]

Pancreatic Cancer
Canada II]

Rare Pancreatic
Tumors

Italy [

Prostate Cancer
Germany ]

Endometrial Cancer
United States 5

Renal Cancer
United States [

Renal Cancer
United States [ =]

Liver Cancer
Japan |4

Lung Cancer
China[]

Ovarian Cancer
United States (5

Pancreatic Cancer
Australia ]

Pancreatic Cancer
Australia [

Uterine Cancer
France 1]
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© DCC DATARELEASES

S DCC / release_26 / Projects / HNSC-US / Filter by file name...

Mame

B copy_number_somatic_mutation.HNSC-US.tsv.gz
B donor.HNSC-US.tsv.gz

B exp_seq.HNSC-US.tsv.gz

B meth_array.HNSC-US.tsv.gz

B mirna_seq.HNSC-US.tsv.gz

B protein_expression.HNSC-US.tsv.gz

B sample.HNSC-US.tsv.gz

B simple_somatic_mutation.open.HNSC-US.tsv.gz

B specimen.HNSC-US.tsv.gz

File Size
3.38 MB
54.05 KB

167.67 MB
3.04GB
7.46 MB

760.37 KB

103.52 KB

907.453 KB

116.11 KB

Date
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017
Dec 13, 2017

26



MAF file (notepad

File Edit View Settings 7
0 & H| st anlas FE el R
1 Hugo_Symbol Entrez_Gene_Id Center NCBI_Build Chromoseme Start_Position End_Position Strand Variant_Classificatien Variant_Type Reference_Allele Tumor_Seq_Allelel
2 ABCAle 18349 genome.wustl.edu 37 17 87178917 67178917 + Splice_Site SNP T T C TCGA-AB-2988 p.K96BR 45.66 NM_BEB282.3
3 ABCA4 24  genome.wustl.edu 37 1 94498594 24496594 + Missense_Mutation SNP C TCGA-AB-2869 p.R1517H 38.12 NM_@a835a. 2
4  ABCB11 B8&47 genome.wustl.edu 37 2 169788258 169788258 + Missense_Mutatien SNP A TCGA-AE -3B89 p.AL283V 46.9721767594188 NM_@e3742.2
5 ABCC3 8714 genome.wustl.edu 37 17 48768974 483768974 + Missense_Mutation SHP T TCGA-AB-2887 p.P12715 56.41 NM_@a37386.1
& ABCF1 23 genome.wustl.edu 37 6 38554429 38554429 + Missense_Mutaticn SNP G TCGA-AB-2928 p.GE585 48.95 MNM_Bele25691.1
7 ABCG4 64137 genome.wustl.edu 37 11 119831351 119831351 + Missense_Mutation SHP G TCGA-AB-25934 p.Y567C 32.84 NM_822169.1
8 ABCGE 64241 genome.wustl.edu 37 2 44379555 44379555 + Missense_Mutatien SNP A TCGA-AE-2985 p.M2BEI 37.86 MNM_B22437.2
3 ABL1 25 genome.wustl.edu 37 9 133768438 133768438 + Missense_Mutation SNP C TCGA-AB-2999 p.P918L 48.75 NM_@887313.3

92378  genome.wustl.edu
123876 genome.wustl.edu
79611  genome.wustl.edu
345651 genome.wustl.edu
18881 genome.wustl.edu

93 genome.wustl.edu

12 ACOXL 55289  genome.wustl.edu 37 2 111542378  11154237@ 4+  Missense_Mutation  SNP
141811154 141811154
28482538 28482538
81536982 81536982
56777739 56777739
111625878 111625878 + Missense_Mutation  SNP

Missense_Mutation  SNP
Splice_Site SNP G G

Missense_Mutation  SNP

+ + o+ +

Missense_Mutation  SNP

38519671 + Missense_Mutation  SNP C

p.G247D 37.36 NM_Bel1el

TCGA-AB-3889 p.A266Y 47.3251828886584
TCGA-AB-2931 p.5266P 49,22
TCGA-AB-2928 p.G426R 52.34

T TCGA-AB-2958 p.AdEY 42,94 NM_B81185516.2
TCGA-AB-2923 p.Y1840 38.46

NM_8B1e37172.1
B845.2

NM_Balel7992.2
NM_eeee87.2

p.T137M 43.26 NM_Be1186.3

4185 genome.wustl. edu 42855399 42855399 + Missense_Mutation  SNP TCGA-AB-2854 p.T717K 33.33  NM_@e239e.4
4185 genome.wustl.edu 42837242 42837242 + Missense_Mutation SNP TCGA-AB-2986 p.R72C 41.41 NM_B82398.4
ADAMTSL 9518 genome.wustl. edu 28214747 28214747 + Missense_Mutation  SNP TCGA-AB-2894 p.R338W 33.68  NM_@85988.3
81792 genome.wustl. 33637788 33637788 + Missense_Mutation TCGA-AB-2945 p.R597H 38.5 NM_838955.2
178698 genome.wustl, 5239824 5239824 + Missense_Mutation SNP G p.G77@E 32.73 MNM_139856.2
178691 genome.wustl. 1eas589863 188589863 + Splice_Site SNP G p.RE64 38.38 NM_139857.2

92949  genome.wustl.

55811  genome.wustl.edu

189 gencome.wustl.edu

18639381 18639381 + Missense_Mutation

167873188 167873188 + Missense_Mutation SNP

258508814 + Missense_Mutation SNP G

R =L = B AL O =Y B~ T P T - R o T TR o Y T Y T S Y o T o TR T O B o T B

TCGA-AB-2998 p.G2659V 47.8
TCGA-AB-2952 p.REES  48.87

= NM_8ele4e272.4
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24 genome. wustl.edi
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8714 genome.wustled
23 genome.wustl.ed
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Variant_Type
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TCGA-AB-2894
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Protein_Chan
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p.G770E
p.RE6AW
p.G269V
p.RGES
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transcript_name

4566 NM_080282.3
3812 NM_000350.2

46.9721768 NM_003742.2

56.41 NM_003786.1
40.95 NM_001025091.1
32.84 NM_022169.1
37.06 NM_022437.2
40.75 NM_007313.3
42.94 NM_001105516.2
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43.26 NM_001106.3
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Install MAFtools

H##4# install R
http://cran.csie.ntu.edu.tw/

http://cran.csie.ntu.edu.tw/bin/windows/base/R-3.5.3-win.exe

H### install R-studio

https://www.rstudio.com/products/rstudio/download/

FER-studio [Ny A 228G 5%
BiocManager::install(c("GenomicFeatures", "AnnotationDbi"))

if (Irequire("BiocManager"))
install.packages("BiocManager")
BiocManager::install("maftools")


http://cran.csie.ntu.edu.tw/bin/windows/base/R-3.5.3-win.exe
https://www.rstudio.com/products/rstudio/download/

R notebook
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= Addine = R project (None) =

Console  Terminal Jobs 5/ Environment History Connections =0

-t 1 A importDatssat v List = -
. " . Global Envi -

R version 3.5.3 (2019-03-11) -- "Great Truth Bse nurenmen

Copyright (C) 2019 The R Foundation for statistical Computing
pPlatform: x86_64-wB4-mingw32/x64 (64-bit)

R is free software and comes with ABSOLUTELY NO WARRANTY. \

you are welcome to redistribute it under certain conditions.

Type 'license()’ or "Ticence()' for distribution details. ‘ ‘ t :
R is a collaborative project with many contributors.

Type 'contributors()’ for more information and Jl I\
‘citation()" on how to cite R or R packages in publications.

Type ‘demo()’ for some demos, "help()’ for on-line help, or

"help.start()" for an HTML browser interface to help.

Type 'q()' to quit R.

>
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= Export ~




R Markdown
from eStudio

R Markdown documents are fully
reproducible. Use a productive
notebook interface to weave
together narrative text and code
to produce elegantly formatted
output.




http://svmiller.com/blog/2016/03/svm-r-markdown-cv/

William Sealy Gosset

Chief Brewer, Arthur Guinness & Son
Guinness Brewery - Park Royal - London NW1o 7RR, UK
B guinness@consumer-care.net % +353 1 408 4800 @ guinness.com

Employment

Arthur Guinness & Son

Chief Brewer (Park Royal) 1935-1937
Researcher {Dublin) 1899-1935
Education

New College, Oxford University, B.A. Chemistry 1899
Publications

Books

Pearson, ES. and John Wishart (eds.). 1943. “Student’s” Collected Papers London: Biometrika Office.

Journal Articles
Student. 1938. "Comparison between Balanced and Random Arrangements on Field Plots.”
Biometrika 29(3-4): 363—378.

Student. 1936. “Co-operation in Large Scale Experiments.” Supplement to Journal of the Royal
Statistical Society 3(2): 115-136.

Student. 1931. “On the z Test.” Biometrika 23(3-4): 407-408.

Student. 1931. “The Lanarkshire Milk Experiment.” Biomelrika 23(3-4): 3958—406.


http://svmiller.com/blog/2016/03/svm-r-markdown-cv/

https://beta.rstudioconnect.com/jjallaire/htmlwidgets-highcharter/htmiwidgets-highcharter.htmlisales-
by-category

<2 <> Source Code

Sales Report with Highcharter
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https://beta.rstudioconnect.com/jjallaire/htmlwidgets-highcharter/htmlwidgets-highcharter.html#sales-by-category

https://gallery.shinyapps.io/cran-gauge/

CRAN Download Monitor

cran.rstudio.com

The streaming data is a 1-week-
delayed livestream of download
logs frem cran.rstudio.com. The
server code for that service is at
jcheng5/cransim.

Warn when rate exceeds:
L 2]
q&) I [N | [ | I
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& CClLee & db106_0920_cc £ RStudio

(GREAN () 120.126.17.201:8787

@ File Edit Code View Plots Session Build Debug Profile Tools Help hippo = @
O -hla-HBE & Go to fileffunction - Addins ~ R Project: (None) ~
@1 Untitled1* - Environment History Connections [
H Y QR preview - - 3 Insert ~ *Run - | B - | = =" | | 5 Import Dataset ~ ¥ List =
e} UULpPUL,. TTLNL_NIVLCUJUUR
4 --- - } Global Environment =
: h [ kedown] ( ) book. Wh d h h book, th 1 pate
6 This is an [R Markdown](http://rmarkdown.rstudio.com) Motebook. When you execute code within the notebook, the results X
appear beneath the code. star_wa.. num [1:3, 1:2] 461.
7 Values
8 Try executing this chunk by clicking the *Run® butten within the chunk or by placing your cursor inside it and pressing empire_.. num [1:2] 20@ 248
*Ctrlsshift+Enter®. new_hope num [1:2] 461 314
13' S , region chr [1:2] "US" "non-..
11 # Box office Star Wars (in millions!) r?turn_m num [1:2] 389 166
12 new_hope <- c(468.998, 314.4) titles chr [1:3] "A New Hop.

13 empire_strikes «<- c(290.475, 247.988@)
14 return_jedi <- c(389.386, 165.8)

15
16 # Construct matrix
17 star_wars_matrix <- matrix(c(new_hope, empire_strikes, return_jedi), nrow = 3, byrow = TRUE) Files Plots Packages Help \Sower
18 _ -
19 # Vectors region and titles, used for naming @ New Folder | @] Upload | @ Delete (31R
28 region <- c("Us", "non-uUs™) 2 Home
21 titles <- c("A New Hope"”, "The Empire Strikes Back”, "Return of the Jedi™) A Name -
22 : -
23  # Name the columns with region I Desktop
%g colnames(star_wars_matrix) <- region | Documents
26 # Name the rows with titles I Downloads
g; rownames (star_wars_matrix) <- titles | examples.deskiop g
29 # Print out star_wars_matrix Il Music
3@ star_wars_matrix =
- - Il Pictures
31
32 "7 2] Public
“ Il R
US non-Us . o an

A New Hope 466.908 314.4 | rstudic-server-1.1.383-amdb4.deb £

The Empire Strikes Back 298.475 247.9 | retudio-xenizl-11.283-3mdEd deb £

Return of the Jedi 399.386 165.8

Il Ternplates

33 Lo ) . Il tenscrflow
34 Add a new chunk by clicking the *Insert Chunk® button on the toolbar or by pressing *Ctrl+Alt+I®.
3g Il Videos

36 When you save the notebook, an HTML file containing the code and output will be saved alongside it (click the *Preview*
button or press *Ctrl+shift+k* to preview the HTML file).

38 The preview shows you a rendersd HTML copy of the contents of the editor. Consequently, unlike *Knit*, *Preview® does not
run any R code chunks. Instead, the output of the chunk when it was last run in the editor is displayed.
39 N

E1R Chunk 1 £ R Markdown +

Censole =20




@ Edit Code View Plots Session Build Debug Profile Tools Help hippe (3 | @
New File @ RSeript Ciri-Shift=Alt=N ¥ Project: (None) -
Console R New Projact.. i ;i R Notebook = Environment History Connections [ |
~f 2% Open File... Cirl+( & | | 7 import Dataset = & = Ls-
& orew_| @ R Markdown.. a c
> empi Recent Files _ % Global Environment = | O
% petu 4 B Shiny Web App... Data
; £ Cd & Open Pro-'e.d'“ Text File star_wa. num [1:3, 1:2] 461.
> star| Recent Projects 1 % Cas File edi), nrow = 3, byrow = TRUE) Values
> empire_.. num [1:2] 296 248
Import Dataset ) =
; # Ve P 1 @] R Sweave new_hope num [1:2] 461 314
regi N . - a7 mpgem W
S titl Save Crrl= @ R eTML the Jedi”) region chr [1:2] "Us non..
5 Cave As o return_.. num [1:2] 389 165
=d¥C e Crazna= I .
s # Na R Presentation titles chr [1:3] "A New Ho..
» celn Save Al Cirl=Alt=2 @ R Documentation
.\ [
> # Na Print...
> rown
Clace Cirl= A<\
> Close Ctr+Alt+W Files Plots Packages Help Viower
> # Pr Flae o TR
> stan|  Clos=Al Cirl=Shif B New Folder | @] Upload | @ Delete 1R
Close All Except Current  Cirl=Shift+Al+W ] Q Home
A New | on =
4 S
The Emy Close Project o L=
Return L] & Desktop
> ® Quit Session... [ & Documents
> # BOk—wrr= e =
» new_hope <- c(468.998, 314.4) I & Downloads
> empire_strikes <- c{298.475, 247.528) M . e
> return_jedi <- c(3@9.306, 165.8) — L] examplesdeskiop :
» & Music
» # Construct matrix M | Picturas
> star_wars_matrix <- matrix(c(new_hope, empire_strikes, return_jedi), nrow = 3, byrow = TRUE) - s
" L) @l Public
> # Vectors region and titles, used for naming M i
> region <- c("US", "non-uUs") - '
> titles <- c("& Mew Hope”, "The Empire Strikes Back”, "Raturn of the Jedi") L | rstudio-server-11.383-amdé4.d=b £
> — ! ) . -
> # Hame the columns with region |:| | rstudio-wenial-1.1.383-amd64.deb £
» colnames(star_wars_matrix) <- region 1 0 Templates
> A
» # Mame the rows with titles L) B tensorflow
> rownames(star_wars_matrix) <- titles O | Videos
}
> # Print out star_wars_matrix
> star_wars_matrix
US non-USs
A New Hope 46@.998 314.4
The Empire Strikes Back 298.475 247.9
Return of the Jedi 389.386 165.8
b
} -




@ File Edit Cede View Plots Session Build Debug Profile Tools Help

Q -eRla-IH B & 4 Gotofilefunction = Addins ~
1 Untitled =

A3 Q|18 Preview - - * Insert ~ *Run~ | T~ =

1= ---

2 title: "R MNotebook"”

3  output: html_notebook

4

5

6 This is an [R Markdown](http://rmarkdown.rstudio.com) Notebook. When you execute code within the notebook, the results
appear benesath the code.

7

8 Try executing this chunk by clicking the *Run® button within the chunk or by placing your cursor inside it and pressing
*Ctrl+shift+Enter*.

9

18~ """ {r} =

11 plot(cars)

12 777

13

14 Add a new chunk by clicking the *Insert Chunk® button on the toolbar or by pressing *Ctrl+Alt+I*.

15

16 When you save the notebook, an HTML file containing the code and output will be saved alongside it (click the *Preview®
button or press *Ctrl+Shift+K* to preview the HTML file).

17

18 The preview shows you a rendered HTML copy of the contents of the editor. Consequently, unlike *Knit®, *Preview® does not

run any R code chunks. Instead, the output of the chunk when it was last run in the editor is displayed.



Run your R-program

ults

ssing

view*

@ File Edit Code View Plots Session Build Debug Profile Tools Help
CERIRR SRS = = # Go to file/function * Addins ~
®] Untitledt
i H % QR preview - = * Insert - =+ Run ~
1~ --- )
2 title: "R Notebook" =+ Run Selected Line(s) Ctrl+Enter
3 tput: html tebook
- M_Notesoo P Run Current Chunk  Ctrl+Shift+Enter
> L . Run Mext Chunk Ctrl=Alt+N
6 This is an [R Markdown](http://rmarkdown.rstudio.com) Notebook. When you execute cg
appear beneath the code. Run Setup Chunk
7
2 Try executing this chunk by clicking the *Run® button within the chunk or by placir ¥ Run Setup Chunk Automatically
“Ctrl+Shift+Enter*.
o] == Run All Chunks Above Ctrl+Al+P
THE i = Run All Chunks Bl
11 plot(cars) o une meEw
ii Restart R and Run All Chunks
14 Add a new chunk by clicking the *Insert Chunk® button on the toolbar or by pressing Restart R and Clear Output
15
16 When you save the notebook, an HTML file containing the code and output will be san Run All Cirl+Al=R
button or press *Ctrl+Shift+K* to preview the HTML file).
17
18 The preview shows you a rendered HTML copy of the contents of the editor. Conseguently, unlike *Knit*, *Preview* does not

run any R code chunks. Instead, the output of the chunk when it was last run in the editor is displayed.
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@ File Edit Code View Plets Session Build Debug Profile Tools Help

@ - OR s~ B | A Gotodilefunction * Addins ~
& Untitled1® — ]
B &R preview - = *3 Insert ~ *Run~ | B | =
1v - N
2 title: "R Notebook"
3  output: html_notebook
4 ---
5
6 This is an [R Markdown](htitp://rmarkdown.rstudio.com) Notebook. When you execute code within the notebook, the results

appear bensath the code.

7
8 Try executing this chunk by clicking the *Run* button within the chunk or by placing your cursor inside it and pressing
*Ctrl+Shift+Enter*.

1@~ """ {r} =z b
11 plot(cars)
12 °°°
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Try it!!

{5 FH R notebook
LT 1+2+3+4+5+6+7+8+9+10




R Notebook

File Edit Code View Plots Session Build Debug Profile Tools Help
New File 4 R Script Ctrl+Shift+N
New Project... R Notebook
Open File... Ctrl+0 R Markdown...

i »
bzl Shiny Web App...
Open Project... Plumber API...
Open Project in New Session... Text File

j »
Recent Projects Ces File
Impert Dataset » Python Script
Save Ctrl+S saL S‘_:”pt
Save As... Stan F!Ie
Save All Ctrl+Alt+S D3 Seript
Publish... R Sweave
R HTML

Print... R Presentation
Close Ctrl+W R Documentation
Close All Ctrl+Shift+W
Close All Except Current Ctrl+Alt+Shift+W
Close Project
Quit Session... Ctri+Q

File Edit Code View Plots Session Build Debug Profile Tools Help

LA+ SAR= % i t
Installing Packages Stop s
Censole  Terminal obs downloaded 645 K8 - ¢
= List =
€99 URL "https://cran.rstudio. com/bin/windows/contrib/3. 5/knitr_1.22.zip"
R version 3.5.3 (2019-03-11) -- "Great Truth” Content type 'application/zip’ Tlength 1469838 bytes (1.4 MB)=

Copyright (€) 2019 The R Foundation for Statis

Platform: x86_64-w6d-mingw32/x84 (64-bit) downToaded 1.4 v8

R is free software and comes with ABSOLUTELY N 9699 URL "hrtps://cran.rstudio. com/bin/windows/contrib/3. 5/base6denc_0.1-3.z1

you are welcome to redistribute it under certa

P
Type 'license()’ or 'licence()' for distributi Content type 'application/zip’ Tlength 43316 bytes (42 KB)

R is a collaborative project with many contribi downloaded 42 k8

pe "contributors()’ for more information and

"citation()' on how to cite R or R packages in €99 URL "https://cran.rstudio.com/bin/windows/contrib/3.5/rprojroct_1.3-2.z1

P
Type 'demo()’ for some demos, "help()’ for on- Content type 'application/zip' length 84015 bytes (82 KB)

"help.start()" for an HTML browser interface T
Type 'g()’ to quit R. TT

=



cile Edit Code View Plots Session Build Debug Profile Tools Help

- | OR

& Untit

1~

Shown R

- H B = Go to filefunction = Addins =
edi — =
B QR erevew - - *3 insert - - | =
title: "R notebook”
output: html_notebook
This is an [R Markdown] Chttp://rmarkdown.rstudio. com) Notebook. when you execute code

within the notebook, the results appear beneath the code.

Try executing this chunk by clicking the *“rRun* butten within the chunk or by placing your
cursor inside it and pressing *Ctril+shift+Enter®

el .
p?gt(cars)

Add a new chunk by clicking the *Insert Chunk® butten on the toolbar or by pressing
FCTr1+ATT+I,

when you save the notebook, an HTML file containing the code and output will be saved
alongside it (click the *Preview® button or press *Ctrl+shift+k® to preview the HTML
file).

The preview shows you a rendered HTML copy of the contents of the editor. Consequently,
unlike *knit*, *Preview® does not run any R code chunks. Instead, the output of the chunk
when it was Tast run in the editor is displayed.

Environment History Connections
= | | 7 Import Dataset - s

1 Global Enwvironment =

Files Plots Packages Help Viewer

-
= Export «

Environme



7T Run All

File Edit Code View Plots Session Build Debug Profile Tools Help
R+ S R = = Go to filefunction = Addins =
@ | Untitled? — Environm
; H Y QR ereview - - 8 insert ~ = fun - | ‘5~ = H
1+ ——- Globa
2 title: "R Motebook” = Run Selected Line(s) Ctrl+Enter i Gloal
3 output: html_notebook -
4 L-- P Run Current Chunk  Ctrl+Shift+Enter
5 ., . ‘. '
Run Mext Chunk Ctri+Alt+M
& This is an [R Markdown](http://rmarkdown. rstudio. cor code
_ within the notebook, the results appear beneath the Run Setup Chunk
& Try executing this chunk by clicking the *rRun® butti « RunSetup Chunk Automatically ing your
cursor inside it and pressing *Ctrl+shift+Enter®
9 == Run All Chunks Abowve Ctrl+Alt+P
10~ "7 {ry _— = b
11 plot(cars) Run All Chunks Below Run all above the
ﬁ Restart R znd Run All Chunks LCUITENt ONe
14  Add a new chunk by clicking the #Insert Chunk®* butts
*Ctril+alt+I®.
15
16 when you save the notebook, an HTML file containing ed
alongside it (click the *Preview® button or press *“Ctr e HTML
file).
7 Files Pl
18 The preview shows wou a rendered HTML copy of the contents of the editor. Consequently,

unlike *knit®*, *Preview® does not run any R code chunks. Instead, the output of the chunk
when it was last run in the editor is displayed.
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o -0 - Addins =
Conscle  Terminal Jobs
i
R version 3.5.3 (2019-03-11) -- "Great Truth”

Platform: x86_64-w64-mingw32/x64 (64-bit)

R is free software and comes with ABSOLUTELY NO WARRANTY.
You are welcome to redistribute it under certain conditions.
Type 'license()’ or "licence()' for distribution details.

R is a collaborative project with many contributors.
Type 'contributors()” for more information and
‘citation()" on how to cite R or R packages in publications.

Type ‘demo()" for some demos,

'help()' for on-line help, or

"help.start()' for an HTML browser interface to help.

Type 'q{)' to quit Rr.
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values
Taml
Taml.

i} - )
require(maftools)

Taml.maf = system.file( extdata’,
LAML MAF file

Taml.clin = system.file( extdata’, 'tcga_laml_annot.tsv', package = 'maftools’) #
clinical information containing survival information and histology. This is optional

‘tcga_laml.maf.gz', package = "maftools’) #path to TCGA

Taml = read.maf(maf = Taml.maf, clinicalpata = laml.clin)
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7 Visualization
7.1 Plotting MAF summary.
7.2 Oncoplots
7.2.1 Drawing oncoplots

7.2.2 Including copy number data into

oncoplots

7.2.3 Changing colors, including MutSig
Q-Values, adding annotations and

sorting.

7.3 Oncostrip

7.4 Transition and Transversions.
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8 Processing copy-number data
9 Analysis
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maftools

for somatic variants

Anand Mayakonda
2018-10-30

With advances in Cancer Genomics, Mutation Annotation Farmat (MAF) is being widely accepted and used to store somatic variants detected.
The Cancer Genome Atlas Project has sequenced over 30 different cancers with sample size of each cancer type being over 200, Resulting data
consisting of somatic variants are stored in the form of Mutation Annotation Format. This package attempts to summarize, analyze, annotate
and visualize MAF files in an efficient manner from either TCGA sources or any in-house studies as long as the data is in MAF format.

1.1 Citation

If you find this tool useful, please cite:

Mayakonda A, Lin DC, Assenov ¥, Plass C, Koeffler HP. 2018. Maftools: efficient and comprehensive analysis of somatic variants in cancer.
Genome Resarch.10.1101/gr.239244.118

For VCF files or simple tabular files, easy option is to use vef2maf utility which will annotate VCFs, prioritize transcripts, and generates
an MAF.

.

If you're using ANNOVAR for variant annotations, maftools has a handy function annovarToMaf for converting tabular annovar
outputs to MAFR,

MAF files contain many fields ranging from chromosoeme names to cosmic annotations. However most of the analysis in maftools uses
following fields.

= Mandatory fields: Hugo_Symbol, Chromosome, Start_Position, End_Position, Reference_Allele, Tumor_Seq_Allele2,
Variant_Classification, Variant_Type and Tumor_Sample_Barcode.

= Recommended optional fields: non MAF specific fields containing VAF (Variant Allele Frequecy) and amino acid change information.
Complete specification of MAF files can be found on NCI GDC documentation page.

This vignette demonstrates the usage and application of maftools on an example MAF file from TCGA LAML cohort 1.


https://bioconductor.org/packages/release/bioc/vignettes/maftools/inst/doc/maftools.html

Overview of the package

Visualization

Oncoplot (encoplot)
Oncostrip (encostrip)

Compare two cohorts (coOncoplot,
forestPlot)

Lollipop plot
(lollipopPlot)

TiTwv plot (titv, plotTiTv)
Rainfall plot (rainfallPlot)
Genecloud (geneCloud)

GISTIC plots (gisticBubblePlot,
gisticChromPlot, gisticOncoPlot)

APOBEC and Signature plots
(plotApobecDiff, plotSignatures)

MAF summary (plotmafSummary)

Input MAF

read.maf

readGistic*

1
MAF object

Analysis

¢

Set operation
Subset (subsetMaf)

4

1
MAF object
1

Variant Annotations

Variant annotations via oncotator API
(oncotate)

Annovar output to MAF conversion
(annovarToMaf)
ICGC simple somatic to MAF
{icgeSimpleMutationToMAF)

Driver gene detection
(oncodrive)

Mutual exclusive and co-occuring events
(somaticinteractions)

Differentially mutated genes
(mafCompare)

De-novo Mutational Signature analysis
(trinucleotideMatrix, extractSignatures)

APOBEC enrichment estimation
(trinucleotideMatrix)

Pan Cancer comparison
(pancanComparision)

Survival analysis (mafSurvival)

Heterogeneity estimation
(inferHeterogeneity, math.score)

Pfam domain summarization
(pfamDomains)

MutSig gene symbol correction
(prepareMutSig)

Enrichment Analysis
(clinicalEnrichment, signatureEnrichment)




