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Outline

Introduction to EN-codec resource
Multi-level integration from ENCODE benefits mutation burden analysis
o Raw signal level integration
o Annotation level integration
Interpreting transcriptional level regulatory changes through network rewiring analysis
o Quantification of regulatory changes
o Effect of highly rewired TFs in cancer
Integrating regulatory networks with tumor expression profiles identifies key regulators in cancer
o Identification of key regulators that driver T/N differential expression
o Investigating the cooperation pattern between key regulators

. Variant prioritization scheme and small scale validations



Efforts to interpret cancer genomes

Cumulative Count of Project Donors with Molecular Data in DCC by Release

2
Area ®  Line O CANCER TYPE g’”’ ~§°’ KNOWN CANCER GENES (n) CANDIDATE CANCER GENES (n)
tps ('? 0 20 30 40 50 64 0 50 100 150 200 ;; 310
16k LA : : ’ : ’ ’ o : : : e
BREAST 911(9 i
1k LUNG 793|8 -
PANCREAS 1565 T R
PROSTATE  238|4 [ [
12k LympHOMA 140l7 |
OVARIAN  58|1 [ [
LEUKEMIA 234/8 ] I
1ok COLORECTAL 2353 | [
. GLIOBLASTOMA  120{4 . ]
£ LIVER 725 [ I
S ok MEDULLOBLASTOMA 211|5 ] O
. MYELODISPLASIA  38[2 [ \
BLADDER 9|1 ] [
6.0k KIDNEY 118|3 [ | [ |
SARCOMA  47|1 [ |
HEAD AND NECK 1062 ] ]
4.0k MELANOMA ~ 42{5 /i |
CHOLANGIOCARCINOMA 8|1 [ O
OLINGODENDROGLIOMA 7|1 e |
20k GASTRIC @72 [ —
MYELOMA  29|2 ] 1]
ENDOMETRIUM ~ 12[1 [ ]
0.0 NEUROBLASTOMA 16| 1 ] ]

4 5 7 10 1 12 15 16 17 18 19 20 21 22 23
May-11 Jun-11  Jul-11  Dec-11 Mar-12 Aug-12 Nov-12 Dec-12 Mar-13 Jul-13 Sep-13 Jan-14 May-14 Sep-14 Feb-15 Jun-15 Nov-15 May-16 August-16 Dec-16

Release

Tens of thousands of patient data released

o Thousands of whole genome sequencing
o Millions of mutations

o Tens of thousands of tumor and/or normal

expression profiling How to ﬂlﬁ]ﬁ@[?[@lf@ﬁ the “dark”
o Tens of thousands of patient survival data @@ﬁ off cancer @@@m@S?
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Our understanding of the genome

o Focused on hundreds of cancer associated genes

o Annotation of 20k genes, 1-2% of genome

o Limited knowledge of non-coding regulatory
regions

http://ncg.kcl.ac.uk/ncg4/statistics.php 3
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The majority of ENCODE cell lines are cancerous

ENCODE 2+3 Data Release
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Date

Dataset almost doubled in ENCODE3 as compared with ENCODE2
~69% of cell types in ENCODE are cancerous

Several top tier cell lines are enriched with various types of assays
Many new experimental assays in top tier cell lines to help genome

functional characterization
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ENCODE
human cell lines
(n=2,055")

Cancer cell lines Normal cell lines ENCODE 2 Jan 2011

(n=1,423) uniform signal
(n=1,058)

ENCODE 2 ENCODE 3
cancer cell lines cancer cell lines Normal cell lines
(n=1,053) (n=353) (n=584)

Uniform signal
(n=474) ‘----lll-----------------

Histone ChIP-seq, DNase-seq, FAIRE-seq

Epigenetic signal *Last Updated: 2/16/2016
**Includes subset of ENCODE 2 data from Jan 2011 data freeze

(n=149)
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En-Codec: a companion encyclopedia in ENCODE for cancer research
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En-Codec: Structure of the resource
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Key transcription factors by cell line

Cis- Response Elements
Accurate enhancer identification

i:ESCAPE (ChIP-Seq + DNase-seq)
CASPER (CapSTARR-seq + STARR-seq)

Accurate enchancer target prediction (JEME + HiC)

Background Mutation Rate + Burdening

Network analysis

Hierarchies

Rewiring

TF motif identification
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En-Codec: a cancer encyclopedia resource from ENCODE
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Cis- Response Elements
Accurate enhancer identification

i:ESCAPE (ChIP-Seq + DNase-seq)
CASPER (CapSTARR-seq + STARR-seq)

Accurate enchancer target prediction (JEME + HiC)

Background Mutation Rate + Burdening

Network analysis
Hierarchies
Rewiring

TF motif identification
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- Regulation power
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ESCAPE+CASPER: integrative approach for enhancer prediction

Chip-Seq  DNase-seq
>
@ CASPER enhancer
annotation
integration
CapSTARR-seq STARR-seq enhancer

Meta-profile Scan

T L. g 1

BII'I

Features .
/\—M W = Feature weight vector ngh confidence enhancers

— 1 in different cell types

DHS signal Histone marks
> < |
DHS y(n) . H3K27ac y(n) .

4/4/17 Gerstein Lab 9



Outline

1. Introduction to EN-codec resource
2. Multi-level integration from ENCODE benefits mutation burden analysis
o Raw signal level integration
o Annotation level integration
3. Interpreting transcriptional level regulatory changes through network rewiring analysis
o Quantification of regulatory changes
o Effect of highly rewired TFs in cancer
4. Integrating regulatory networks with tumor expression profiles identifies key regulators in cancer
o Identification of key regulators that driver T/N differential expression
o Investigating the cooperation pattern between key regulators

5. Variant prioritization scheme and small scale validations

4/4/17 Gerstein Lab 10



Multi-level data integration better enables recurrent variant analysis

How to evaluate the somatic mutation burden in cancer?
o Background mutation rate (BMR) modeling

o mutational heterogeneity control

Noncoding
annotations .

Cancer Type 2 Cancer Type 1

Cancer Type 3

— —

BDo=@eo=@e
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Late replicated regions
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Raw signal level integration enables accurate BMR modeling

Many features are correlated with BMR
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Data Processing and Normalization

Histone Marks eCLIP oo ChIA-Pet WGS

Data
Integration

Trimer Separation

Binning of Data

Model
Selection

— ATC ACG GGCACG =—

Overdispersion?

Negative Binomial %
Model
Training
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S T T
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Further
Analysis
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Burden Analysis For Test Regions
(Extended Gene)
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Correlation Heatmap of 1mb bins of features

Variances
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Performance in four different cancer types
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Correlation Observed vs Predicted
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Regression Coefficients

o How to improve BMR estimation accuracy
v" Use matched tissue data
v" Combine more features

v’ Detect overdispersion and correct if necessary

3.0-

2.5-
flag

E, 0 No-overDisp
% © overDisp
§ 20 cancer
8 == LIHC
‘G%’_ == LUAD
a == BRCA

1.5- == CLL

1.0-

14



Annotation level integration in mutation burden analysis
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Outline

1. Introduction to EN-codec resource
2. Multi-level integration from ENCODE benefits mutation burden analysis
o Raw signal level integration
o Annotation level integration
3. Interpreting transcriptional level regulatory changes through network rewiring analysis
o Quantification of regulatory changes
o Effect of highly rewired TFs in cancer
4. Integrating regulatory networks with tumor expression profiles identifies key regulators in cancer
o Identification of key regulators that driver T/N differential expression
o Investigating the cooperation pattern between key regulators

5. Variant prioritization scheme and small scale validations
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Cell Types specific network analysis helps to pinpoint regulation changes

Biosample ChIP TF count
A549 32
GM12878 | 101
H1-hESC 50
HelLa-S3 60
HepG2 97
IMR-90 9
K562 209
liver 7
lung 1
mammary-epithelial-cell 2
MCF-10A | 4
MCF-7 | 51

@ Cancer TFSS Target Expression
Correlation

4/4/17 Gerstein Lab 17



TF network rewiring schematic
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Kmeans clustering of TFs according to percentage of gain/loss edges

o NFE2 and RCOR1 were identified as one of the strongest member of gained group

o CTCF was identified as a member of common group

o YBX1 was identified as a member of loss group
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TF-Gene Network

Gainer

Rewiring in
Direct
Connection

Rewiring in
Gene
Community

1-

PML -

o
N
X

NBN -
MAZ -
MLLT1 -

S
. 1
% 2:3: at TFBS i

5000

Edges

o

MAX -
MXI1 -
ZNF143 -

Retained

Lost

MTA2 -

H di i]‘[ll\.l]ui_ﬂm-nnllrlllm

2xT 0.26
2x/| 0.03

SRF -
CEBPB -
FOS -
ATF3 -

OWOLITND =N
XX XX0O
HOLmLoN
Oy
= =z

MAFK -
USF2-
ETV6 -
ZNF274 -
USF1 -
ELK1 -
UBTF -
E2F4 -

N
o
om
L
O

Lol NNQ e O
GrOuLnO0>IrlL =~
OrWEoRETLWX<ISN
I QTx00ZL 557
N <
N Imm
mH-
)
||
{ .o”"“?!c.—\
..'l '...

—=
—

LN Q-
rOSihsSana
SSLLNG2a0s
ngZE Sgo

2x| 019 0.7

0.20

2xT 0.08 0.22
Retained ! -

2x| 045 0.07 0.5
0.17
Los!
0.33
% % %
KX
7 4

/ B
® [a]
B E _ +
x 8 x
S5 9
aoa
[

2xT 0.8 0.26
Gained -

0.06 0.10
0.01 0.08
0.02 0.17
%: &
% S S,
Q.? 00

Direct Rewiring index

hful]y-connected = Nf * Ngepe — 1

Gin + Gout

Lin + Loyt . (Gin + Gout + Lin + Lout)

rScorey = Gy F Gous
n ouf

Lin + Lout

rScorerg
rn%x(rScoreTF)
a

s COT€normalized =

nfully—connected

Gene community based
rewiring index

ZBED1 ZBTB33 ZBTB40
°
8
N
o
o
+
o +
a  + o A+ o &
ZNF143 ZNF274  ©
a
+
a
(<]
o o + [-] A+ B a7

20




Outline

1. Introduction to EN-codec resource
2. Multi-level integration from ENCODE benefits mutation burden analysis
o Raw signal level integration
o Annotation level integration
3. Interpreting transcriptional level regulatory changes through network rewiring analysis
o Quantification of regulatory changes
o Effect of highly rewired TFs in cancer
4. Integrating regulatory networks with tumor expression profiles identifies key regulators in cancer
o Identification of key regulators that driver T/N differential expression
o Investigating the cooperation pattern between key regulators

5. Variant prioritization scheme and small scale validations
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Pinpoint Key Regulators through generalized network analysis

AR

o Top tier TFs are slightly enriched with more cancer associated TFs

o Top tier TFs demonstrates stronger regulation power in cancer genomes

4/4/17 Gerstein Lab

It-valuel

15-

10-

*kk*%k

l *k*%k%k

1

*k*k%k

i

[ GEEERIOERGND 00 @& ¢ °

Tier

22




Pinpoint Key Regulators through generalized network analysis

TF regulation Score

Use t value of the final model to measure significance

Step1&2 Step 3: Cleaning >
| ENCODE] in each tumor c c A ineach cancer
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Variant prioritization Variant Validation

Vectors

Co-transfection MCE7 cells 48 hrs incubation
RRRRERRaae Luciferase
oSS gg:;x measurement
{ SS
(SESS0000000
Frmseeeseeeeeecesesseeeeeee Candidate Nano-luc
: ! i I
834 E(;l::g%;:?:zb;;eaks —b: Any recurrent variants? .@ relon contro
145,603 Jasper TF motif matches | _ | Any variants occurring in the same :@ PGL4.23 control —| enhancer H m|nP>-| luciferase I_
(+/- strand, with redundancies) . TF motif? '
R pGL4.23 mutant —| enhe{ncer H minP>—| luciferase |—
v
FremseEeEEeeneneenenmnEEEeY 24 2 e
. Any variants occurring in the same :_, . Any variants occurring within DHS ' . Any variants conserved (GERP)? ' @
' peak? Found 59 variants . . peaks? Found 18 variants ' | Found 11 variants '
v
e
. 5 Matches 26,478 potential TFBS ' . P '
Found 17 enriched motifs | | 'rom 834 EnhancerSeq peaks |—p- ANY Variants occurring in known | SAMPLE CHR POS REF | ALT TEST_START TEST_END
using Top 5% peaks (+/- strand, with redundancies) . motif? Found 39 variants !
I @ Sample01 chr16 85604242 c G 85603992 85604491
Found 22 enriched motifs |_, I\:Iz;hg;Z;ﬁ)::n%:tresnnal T::ss _>: Any variants occurring in known |
using Top 10% peaks (- strand. with re Sundane iog) ' 'motif? Found 38 variants ! Sample02 chr21 27541982 G A 27541732 27542231
- , With redunaancies, -
Sample03 chr8 21541726 A G 21541476 21541975
Recurrent BRCA non-coding variants within 834 EnhancerSeq peaks => None Sample04 chri? 38474408 ¢ s 38474158 38474657
. . ) o ) Sample05 chr20 43971343 G ¢ 43971093 43971592
Multiple BRCA non-coding variants occurring in a known TF motif => None
Sample06 chr7 1598567 ¢ T 1598317 1598816
Multiple BRCA non-coding varian rring in a Enhancer k (834) => 59 non-coding variant
ultiple BRCA non-coding variants occurring in a ancerSeq peak (834) 59 ¢ g S Sample07 chr20 58563412 ¢ T 58563162 58563661
BRCA variants in known TF motif with motif breaking power. Same type of analysis was done for E2 Sample08 chr7 150759483 C G 150759233 150759732
induced MCF-7 as well. Combining results from “untreated” and “E2 induced”, 46 variants
Sample09 chr7 5596005 T G 5595755 5596254
Sample10 chré 134700462 G T 134700212 134700711
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Normalized RLU

Regulator

« Network Position (hub, hierarchy)
* Network Rewiring

* Network Burden

« Gene Expresion

TF HM RP ME DS SS 3D

Element
B == = + Mutational Burden
Laa ‘oA + Chromatin Structure
at + Enhancer Target Linkage
- Target Gene Expression

TF HM RP ME DS SS 3D RT TX WG PD

AT CT A TCAC Nucleotide
CACAT A TCA TA
CC AT ACTCA AT * Mutation Function

ccorTGATCAc + Motif Impact
A

- Conservation

TF KD PD

Candidate Enhancer
with Mutation

=

c

5

2

SV40 late
polyA signal

\3

1 5 8 Samples

dg we+

dq %005+

== DNase
== H3K27ac
H3Kdme1

I
|
I
|
T
I
I
300 - |
I
I
I
I
I
I
I
: == H3K4me3

1 '
58,560,000 | 58,566,000
STARR-seq via ESCAPE
CASPER

-

dq g+

zet ACCTGAGT
ait ACCTGAGT

dq
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Summary of resource in ENCodec for cancer research

Raw Data

Signal tracks from de-duplicated ChlIP-seq, Dnase-seq, Repli-seq, RNA-seq, WGBS data

Germline/somatic variant calls from liver cancer patients

SNV/SV calls for several top tier cell lines

Annotation of TFs and RBPs

Tumor-normal pairs of cell types of many cancer types

Annotation

Cell type specific promoter usage

Enhancer predictions and gene linkages

TF & RBP network — cell type specific and generalized

Extended gene neighborhood

Software

Motiftool: motif gain/loss events events

NIMBus: mutation burden analysis tool

ESCAPE + Casper: enhancer prediction based on ChiIP-seq, Dnase-seq and STARR-seq

JEME: enhancer target prediction

Vinas: variant impact on cancer genome analysis tool

Analysis-release

Network hierarchies

Estimated BMR in various cancer types

TF rewiring status

TF/RBP regulation power in T/N cell types

regulatory status changes per gene

burdened elements
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Discussion



Ultimate question: a cancer cell is going through a more differentiated way or un-
differentiated

K562
3

1+3+6
7

Un-Differentiated direction:
! 54746

Differentiated direction:

H1
GM12878
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Loss (same direction)

Lost in H but K Lostin K but H
GM12578 GM12878
Gain (K) Gain (H)
K562 H1-hESC
Gain (same direction)

* Edges in the same direction vs. edges in the opposite direction
» TIP+enhancers for “rScore”, TSS only for “H1 similarity” n.edges

. GM12878 | 302,295
) More edges |n G+K .................................................

Gain dominant e e amn

F RFX5. SRF. CHD2ZNF143] MXI1| USF2| SUZ12{ SIX5! YY1 RAD21: CTCF. USF1iCEBPB| SP1| ATF3| EZH2. MAFK:

same.dir 1353:  1541: 2015: 2491: 2478: 1157: 1325 716: 1914: 1193
same.dirx2; 2706: 3082: 4030: 4982; 4956: 2314: 2650: 1432; 3828: 2386 :
opposite.dir 705: 1073: 2081: 2578: 2583: 1264: 1539 963: 3017: 2281

overall.dir 2001 2009: 1949: 2404: 2373: 1050 1111 469 811 105

% same dir 0.79 0.74 0.66 0.66 0.66 0.65 0.63 0.60 0.56 0.51

{GABPA: JUND: EGR1: MAX:

0.41i  0.40: 0.27: 0.22 0.1



TF-Gene Network
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