EBFANTOMS (@ <8

RIN=N

@
o

‘0

<l.ST

CAGE as atool for cancer research and
biomarker discovery

CAGE symposium
"New Topics of cancer research with CAGE method”

Bogumil Kaczkowski
Foreign Postdoctoral Researcher
RIKEN CLST, Yokohama, Japan

Sept 13, 2016

RIKEN Center for Life Science Technologies



Agenda

Introduction to CAGE

CAGE and biomarker discovery
CAGE and cancer IncRNAs
CAGE and enhancerRNAs
CAGE and repetitive elements

RIKEN Center for Life Science Technologies 2



Quick intro: Cap Analysis Gene Expression
(CAGE)

Cap mRMNA
- """""""" P
Chap l

e Capture of 5’ end of
capped RNAs as a
short sequence tags

l Cap-trapping and addition of a linker
-—I
l Cleavage with Mmel
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l Linker 3 ' side

e followed by high-

-
throughput g s
sequencing
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P http://fantom.gsc.riken.jp/protocols/basic.html
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CAGE Cap Analysis Gene Expression
vs RNA-Sequencing

Isoform 1 % I—: | PR :
Isoform 2 Ll { I ]
RNA-Seq reads - e am em e B N e
3
CAGE reads

Ll

RNA-Seq interpretation ‘_.
CAGE interpretation J D

Nancy Yiu-Lin Yu et al. Nucl. Acids Res. 2015;nar.gkv608

L L
_ - - Nucleic Acids Research
ﬂhe Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids

esearch.
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CAGE Cap Analysis Gene Expression
vs RNA-Sequencing
a genome browser example

¥ hg19 chr9 87310152..97333754+ [len 23.6kb ] k%
p24l'£1.!p241 ﬁ-pzz l""psz-nz1 I!E!-ma BEEma I!Erm 2 El_m EE!qufEIIqutEEqm tEiqul"qzz tEJquz SEE!l-uen 2EJEq32 Mqaazmamwﬂqaﬁum
?31 0000 9731 5000 97320000 9?325000 97330000 |
W Entrez gene hg19 FE sk &
PCAT7 > |
FBP2 < '
¥ Gencode v19 transcripts F 5k &
ENST00000452148.2 % 1 3 | |
ENST00000375337.3 ==iili T . 1 |
¥ Encode Cshl LongRnaSeq Mcf7 Cytosol Pap Aln Rep4 [rev:0.06 fwd:0.20 scale:0.20] (mean) g20_tpm 5k &
RNA-seq ﬁ j hl
— — PR . Al . | I T S FETET]  PEASSEE =TR - n -n ATTS e . - netbladal
L 'q II ” -
W breast carcinoma cell line:MCF7 : CNhs11943 bam [rev:17.5 fwd:8.8 scale:17.54] (mean) q20_tpm F k&

ZENBU genome browser
http://fantom.gsc.riken.jp/zenbu/

Severin, J. et al. (2014). Interactive visualization and analysis of large-scale sequencin
datasets using ZENBU. Nature Biotechnology, 32(3), 217-219. &E"Bu
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Tissues Primary Cell
Cells lines
~ Cancer
6 0| © L ) vs.
Normal
Cw p S— Analysis
)“\ 152 573 250

271 128 ;
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Cap Analysis of Gene Expression

« CAGE is 5’ sequence tag technology that globally determines transcription
start sites (TSS) in the genome and their expression levels.

« CAGE was applied to a broad selection of cancer cell lines and primary cells

FANTOM Consortium and the RIKEN PMI and CLST (DGT). (2014).
p A promoter-level mammalian expression atlas. Nature, 507(7493), 462—470.
[
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Expression (log10 TPM)

Finding differentially expressed
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genes In cancer

P1@POLQ « We compare cancer

Lympoid

- cell lines to normal
primary cells

- « But we also want to
compare matching
cancer-normal pairs
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Pan Cancer Differential Expression

p1@POLQ
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Annotation of differentially -
expressed promoters

UP-regulated DOWN-regulated
# promoter | # genes # promoter | # genes

protein coding 575 430 371 295
protein coding gene body 347 234 77 19
IncRNAs 209 148 18 14
antisense 65 52 4 2
pseudogene 34 29 6 6
small ncRNAs 14 13 0 0

not_annotated 351 37
Sum 1595 906 513 336

RIKEN Center for Life Science Technologies 10



We work with cancer cell lines,
are the results relevant to
clinical tumors?
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TCGA The Cancer Genome Atlas

Omics characterizations

« Available RNA-seq, gene RN
expression profiles for: 2
— ~ 5000 clinical tumor samples G > o
— ~ 500 normal tissues

— 14 cancer types

o
s /“ . G
o

Gene expression

\  Platforms

DNA methylation
MicroRNA

RPPA

Clinical data

THE CANCER GENOME ATLAS @
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Figure 2
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Normal
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FANTOMS5 CAGE TCGA RNA-seq
|
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ACOX2
LYNX1
PTRF
CLIP3
SLIT3
BST1
JAM3
THBD
PTGS1
PEAR{
ANPEP
ARMCX1
BEX4
KCTD12
ZNF677
FBLN5
FLRT2
TWIST2
CXCL2
TNFAIPSL3
TMEM220
TIMP3
TSPYLS
MT1A
APOD
IGF2
DNALIT
SERPING1
GYPC
S1PR1
MYL9
NAALADL1
GPX3
SERP2
TPM2
OSR1
PHYHD1
NDN
PHYHIP
FEZ1
PCDHGA12

TCEAL7

* 54 genes (~20%)
« enriched in genes involved in:
o oxidoreductase activity

RIKEN Center for Life Science Technologies
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both F5 and TCGA
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Do RNA translate into protein?

Are the biomarker candidates de-reqgulated
at protein level?

RIKEN Center for Life Science Technologies
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Protein

level conformation of cancer -

up-regulated PC genes
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normal colon

colorectal cancer

Spectral count data from 90 colorectal cancers and 30 normal
(mass spec from Zhang et al. 2015)

RIKEN
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Long non coding RNAS?
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expressed promoters

UP-regulated

DOWN-regulated

Sum

# promoter | # genes # promoter | # genes

protein coding 575 430 371 295
protein coding gene body 347 234 77 19
IncRNAs 209 148 18 14
antisense 65 52 4 2
pseudogene 34 29 6 6
small ncRNAs 14 13 0 0

not_annotated 351 37
1595 906 513 336

RIKEN Center for Life Science Technologies
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NcRNA confirmed in TCGA

tumors

(25 up, 3 down)

func_name FANTOMS Pan- |# of TCGA cancers| # of TCGA cancers
miTranscriptome | gene_name (GENCODE19) IncRNA type mean tpm Cancer DE UP (TCGA) DOWN (TCGA)

PVT1 Incrna 0.407 UpP 9 0
CAT647 CTD-2023M8.1 linc 1.046 UP 5 0
CAT122 RP11-284F21.7** antisense 3.201 (]34 5 0
CAT2260 RP11-19119.4 linc 0.404 UP 4 0
MNX1-AS1 MNX1-AS1 antisense 0.198 UP 4 0
CAT1138 G084254 linc 2.695 (]34 3 0
CAT266 G044387 linc 0.103 UP 3 0
CAT62 RP4-792G4.2 antisense 0.178 UP 3 0
LINCO0898 LINCO0898 linc 0.104 (]34 3 0
DGCR5 DGCR5 antisense 3.738 UP 3 0
CAT2039 AC009005.2 antisense 0.417 UP 3 0
CAT1022 G080198 linc 2.452 UP 3 0
CAT1167 PCAT7 antisense 0.086 UP 2 0
FEZF1-AS1 FEZF1-AS1 antisense 0.958 UP 2 0
CAT1572 RP11-438N16.1 linc 1.574 UP 2 0
DLX6-AS1 DLX6-AS2 antisense 0.259 UP 2 0
CAT1833 RP11-57A19.2 linc 0.528 UP 2 0
CAT615 G064032 linc 0.048 uUp 2 0
LINCO0669 LINCO0669 linc 4.096 UP 2 0
CAT800 RP11-328M4.2** antisense 0.287 UpP 2 0
MFI12-AS1 MFI12-AS1 antisense 1.301 UP 2 0
CAT219 AC074117.10 antisense 1.447 UP 2 0
LINCO0511 linc 0.256 UP 3 0
AC006262.5 linc 0.223 Up 2 0
RP11-43505.2 linc 0.475 UP 2 0
CAT1235 RP11-124N14.3* antisense 7.352 DOWN 2 -4
MEG3 MEG3 linc 182.23 DOWN 0 -2
MT1L pseudogene 116.644 DOWN 0 -9

RIKEN Center for Life Science Technologies
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Enhancer RNAS

- CAGE data can be a oo _ v
used to estimate the ; Ea— —p
activity of enhancers 5 7]

S 0.02-

 balanced bidirectional &

capped transcription) "
s0 0 500

Position relative to
P300 peak centre (bp)

p R Andersson et al. Nature 507, 455-461 (2014) doi:10.1038/nature12787
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Example of “cancer enhancer”

whg19 chr17 25414327..25418427+ [len 4.1kb ]
p133  [IEEEEP131 _911-2 ‘ p11.1q11. 1 FAER Eﬁl—mqmm g21.32 GEARK _uﬂ!‘qZS-mq24-2 EEE-CQMI flq25.3
I2541 5000 ‘ I254‘1 6000 I2541 7000 I2541 8000
[ ™ Entrez gene hg19 k@
™™ Gencode v19 transcripts ‘ ok &
O | Encode Cshl LongRnaSeq Mcf7 Cytosol Pap Aln Rep4 kS
I " breast carcinoma cell line:MCF7 : CNhs11943 bam Fsk &
[ I ucsC hg19 repeatmasker repeats 2011-02-02 ok &
¥ FANTOMS5 Human permissive enhancers phase 1 and 2 [rev:0 fwd:3490] (mean) score k@
w FANTOMS5 hCAGE expression from BAM - Q3 filter and rle normalized - 1bp cachepoint [rev:1.4 fwd:0.43 $@alseal (A]] (mean) rle ok &
| > balanced
- bidirectional
+ create custom track + add predefined tracks t ran S C r I p tl O n
v —v—
FANTOMS5 hCAGE expression from BAM - Q3 filter and rle normalized - 1bp cachepoint chr17 25416178..25416609 (432bp) % 3]
experiment name (988 / 988) <- anti-sense strand <> sense strand ->
Ochronic myelogenous leukemia cell line:K562 ENCODE, biol rep1 : CNhs12334 bam [rle]
Osmall cell lung carcinoma cell line:WA-hT : CNhs11812 bam [rle]
Ochronic myelogenous leukemia cell line:K562 ENCODE, biol rep2 : CNhs12335 bam [rle]
Ochronic myelogenous leukemia cell line:K562 ENCODE, biol rep3 : CNhs12336 bam [rle]
Osignet ring carcinoma cell line:Kato Ill : CNhs10753 bam [rle]
Ofibrous histiocytoma cell line:GCT TIB-223 : CNhs11842 bam [rle]
Ogastric adenocarcinoma cell line:MKN1 : CNhs11737 bam [rle]
Ochondrosarcoma cell line:SW 1353 : CNhs11833 bam [rle]
Oneuroblastoma cell line:NH-12 : CNhs11811 bam [rle]
Osquamous cell carcinoma cell line:EC-GI-10 : CNhs11252 bam [rle]
Opagetoid sarcoma cell line:Hs 925.T : CNhs11856 bam [rle]
Ofibrosarcoma cell line:HT-1080 : CNhs11860 bam [rle]
Orenal cell carcinoma cell line:0S-RC-2 : CNhs10729 bam [rle] | 140.35 23
Ochoriocarcinoma cell line:T3M-3 : CNhs11820 bam [rle] [ 65.94 2]
Onon-small cell lung cancer cell line:NCI-H1385 : CNhs12193 bam [rle]
Omaxillary sinus tumor cell line:HSQ-89 : CNhs10732 bam [rle] 54.18 1
Osmall cell cervical cancer cell line:HCSC-1 : CNhs11885 bam [rle] .
Osquamous cell carcinoma cell line:T3M-5 : CNhs11739 bam [rle] ex p ression /aCt
Oliposarcoma cell line:SW 872 : CNhs11851 bam [rle] . . .
Obronchioalveolar carcinoma cell line:NCI-H358 : CNhs11840 bam [rle] |Vat| onin
Olung adenocarcinoma cell line:PC-14 : CNhs10726 bam [rle] N
Obronchogenic carcinoma cell line:ChaGo-K-1 : CNhs11841 bam [rle] B.53 |
Obreast carcinoma cell line:MCF7 : CNhs11943 bam [rle] [ 59.64 | cancer C el I S
Osmall cell lung carcinoma cell line:NCI-H82 : CNhs12809 bam [rle]
Omucinous adenocarcinoma cell line:JHOM-1 : CNhs11752 bam [rle] [4 ] on Iy
Ochoriocarcinoma cell line:SCH : CNhs11875 bam [rle] EN
Ochronic myelogenous leukemia cell line:K562 : CNhs11250 bam [rle] EN
Oadult T-cell leukemia cell line:ATN-1 : CNhs10738 bam [rle] %
|

Ooral squamous cell carcinoma cell line:Ca9-22 : CNhs10752 bam [rle]
Omeningioma cell line:HKBMM : CNhs11945 bam [rle]




Enhancer RNAS

differential expression analysis on CAGE tags
counts under 43,011 enhancers

We discovered 90 enhancer up regulated in
cancer

H] Up-regulatedp Down-regulatedi

PanXancerf Solid@ancer? PanXancerf Solid@Tancer?
Enhancers 280 620 oR 03

RIKEN Center for Life Science Technologies 22



Pan-cancer enhancers physically assomated
with genes Implicated in cancer. |

9&?‘@

RNAPII ChIP

 Chia-PET data
:ké‘ * (Chromatin Interaction

P M e Analysis by Paired-End Tag
:el;llgatlin %‘ 0@% lr;tlir;tgrztrliznlnteractlon SequenCIng) .
RS from Encode project
Mme | digestion o . .
, , : Physu;al_chromatm
e R associations of enhancers to

. l PET sequencing
ot — promoters of genes related
— S —
to cancer.
~PET mapping
o Enhancer S
------ / T ’ ’ |

f

N
N, 4 ~ ”
~ - ~
\~__J7 S
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Pan-cancer enhancers physically associated with
genes implicated in cancer.

chr1:46575103-46575175 - PIK3R3
¥ hg19 chr1 46482587..46621931 [len 139.3kb ] K ®
ﬁpﬂp3p3@p3@pl§p34.pmp32lﬁpp2.ppp1mp|5qZEEq21lqtq23lq2E|q2EEq25-Qiﬂlq32 1 !qﬂq4.qq44
46500000 46550000 46600000
¥ Entrez gene hg19 Ol=E X3
P MAST2 LOC10013312% LOC100132269
PIK3R3 <
IVCAGE tags RLE normalized [rev:9629.6 fwd:219.0 scale:9629.59] rle _ _ =X 3
IVEnhancers - Permissive set (Andersson et al.) kX 3
P
IVEncode ChiaPet ditags :: tagcount 3k »®
FANTOMS5 log2FC [ ] B chri46575103-46575175 |
Cancer vs Normal P1@PIK3R3 0
= = Qo
SEEEERS285%
& a2 33 = I—S
22 °
= C
® 3

« Enhancer at chr1:46575103-46575175 is shown to
physically associate with he promoter for the PIK3R3
gene.

 PIK3R3- phosphoinositide-3-kinase, regulatory subunit 3

« PIK3R3 was reported increase proliferation in colorectal,

P Iung,_gastric cancer, leukemia and glioma.
AlKn RIKEN Center for Life Science Technologies




CAGE and repetitive elements”

|"Emz gene hg19 3% X
PCAT7
FBP2
'VGmcodo v19 transcripts = Eaese
.'Pm\or span EFSe
confirmed by chaj
W FANTOMS CAGE Phasei1 CTSS o
13
. .
&
UCSC hg19 repeatmasker repeats 2011-02.02
4 REPE22 = LIM5« Aulip AluY < L1PREC2e» HSMARI> AluYp MR
~rich L1 M2 e MERS1A AuYPp LIPREC2=» HSMARD MERSOap L2y
REPS2) Ay ;m» LIMASAD-
REP522 AT _rich AluSx1
Charlle4 (TAGA >
(GGGA
MERS32 e

CAGE let’s us see if promoter overlaps
repeat elements

Kaczkowski et al. (2016). Cancer Research, 76(2), 216—

RIKEN GéRter for Life Science Technologies
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Promoters overlapping

repetitive elements.

# all Up'regU|atEd Protein coding

overlapping # Odd 5' non

promoters | promoters | ratio | p-value | transcript |intronic| exon| 3UTR | IncRNAs [Pseudogene|annotated
REP522 72 25  |62.05[2.20E-16 1 0 0 0 9 3 12
SINE/Alu 3961 138 4.44 | 2.20E-16 5 67 1 1 11 3 50
LTR/ERV1 3932 133 4.30 | 2.20E-16 7 12 0 0 31 2 83
LINE/L1 3426 67 2.35 | 1.75E-09 2 22 0 0 12 0 32
LTR/ERVL 1488 20 1.57 ] 0.049 2 2 0 0 8 0 8
LINE/L2 3220 25 0.90| 0.70 2 4 0 0 4 0 17
LTR/ERVL-MaLR 3613 31 0.99 1 6 4 0 0 10 0 11
Simple_repeat 11982 204 2.13 [2.20E-16 86 70 4 7 17 1 63
Low_complexity 2013 18 1.04|1 0.81 15 2 2 6 2 0 4

Gencode v19 annotation

Kaczkowski et al. (2016). Cancer Research, 76(2), 216—

RIKEN GéRter for Life Science Technologies 26



REP522 story

BAGE2 - B melanoma antigen
family, member 2

1.8kb

PCAT7 - prostate cancer
associated transcript 7 (non-
protein coding)

chr21 11,096,587-11,101,600+ [len 5kb ] 11098412

¥ Entrez gene hg19 Ok ®

: BAGE2
¥ Gencode v19 transcripts ‘ ok ®
I selected primers Jun30 Dk ®

¥ FANTOM5 CAGE Phase! CTSS human tracks pooled filtered with 3 or more tags per library and rle normalized [rev:0.37 fwd:0.06 8¢afe:08%

!

al...

¥ UCSC hg19 repeatmasker repeats 2011-02-02 Fe sk @
— AlUSX REP522¢  REP522-< LIM2« MSTB -
AluSx1 _ﬁmSp REPSZZW)b
1.8kb AluSx
" L1PA15-16 —

chr9 97,315,046-97,320,015+ [len 5kb ] 97317949

IVEntrez gene hg19 | %@
PCAT7 ,

[~ Gencode v18 transcripts FE%®

0™ selected primers Jun30 T®

¥ FANTOMS CAGE Phase1 CTSS human tracks pooled filtered with 3 or more tags Iper library and rle normalized [rev:0.27 fwd:0.24 &¢ale:027

L

L4
¥ UCSC hg19 repeatmasker repeats 2011-02-02 l@
REP522mslps REP522 ' L1M2

/ | REP522 G

&%k @
L1M5 <

REP522 with promoter
REP522 without

REP522 without

promoter

promoter

http://[fantom.gsc.riken.jp/zenbu/

o
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Summary

e Pan cancer biomarkers

— protein coding
— IncRNAS
— enhancers

 Activation of transcription from repeats in cancer
« Specific activation of REP522 element

RIKEN Center for Life Science Technologies



FUNCTIONAL ANNOTATION OF THE MAMMALIAN GENOME
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Research Article

Transcriptome Analysis of Recurrently

Cancer
Research

Deregulated Genes Across Multiple Cancers
Identifies New Pan-Cancer Biomarkers

Bogumil Kaczkowski', Yuji Tanaka'?, Hideya Kawaji"?®, Albin Sandelin?,
Robin Andersson®, Masayoshi Itoh", Timo Lassmann'®, the FANTOMS5 consortium,
Yoshihide Hayashizaki®, Piero Carninci', and Alistair R.R. Forrest"®

Abstract

Genes that are commonly deregulated in cancer are clinically
attractive as candidate pan-diagnostic markers and therapeutic
targets. To globally identify such targets, we compared Cap
Analysis of Gene Expression (CAGE) profiles from 225 different
cancer cell lines and 339 corresponding primary cell samples to
identify transcripts that are deregulated recurrently in a broad
range of cancer types. Comparing RNA-seq data from 4,055
tumors and 563 normal tissues profiled in the The Cancer
Genome Atlas and FANTOMS5 datasets, we identified a core
transcript set with theranostic potential. Our analyses also

revealed enhancer RNAs which are upregulated in cancer, defining
promoters which overlap with repetitive elements (especially
SINE/Alu and LTR/ERV1 elements) that are often upregulated in
cancer. Lastly, we documented for the first time upregulation of
multiple copies of the REP522 interspersed repeat in cancer.
Overall, our genome-wide expression profiling approach identi-
fied a comprehensive set of candidate biomarkers with pan-cancer
potential, and extended the perspective and pathogenic signifi-
cance of repetitive elements which are frequently activated during
cancer progression. Cancer Res; 1-11. ©2015 AACR.

Kaczkowski, B., et al. (2015). Cancer Research, ©2015 AACR

RIKEN Center for Life Science Technologies
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Thank you for your attention!
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REP522 -- largely palindromic, unclassified interspersed repeat

Description @ / ;‘om

REP522 was originally called a telomeric satellite, even though in human, this 1.8Kb sequence is not found in
tandem arrays, nor is it particularly restricted to telomeric regions. The central 1/3rd forms a >600bp imperfect

palindrome. Other parts of these element display similarity to both LINE and LTR retrotransposons; to cut-and-paste

DNA transposons; even to a Helitron! It is unclear how much of this is chimeric homology vs false positive.

Model Position

2.0 10 15 20 25 30 35 40 45 50 55

The model is 1817 long.
The average hit is 431. J
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