Convergence of dispersed regulatory mutations
reveals candidate driver genes in prostate cancer
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Some patterns of recurrence might be hard to detect.
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SUMMARY

The analysis of exonic DNA from prostate cancers
has identified recurrently mutated genes, but the
spectrum of genome-wide alterations has not been
profiled ively in this di We

the genomes of 57 prostate tumors and matched
normal tissues to
and to study how thefy aocumulate during oncogen-

Lharvard.edu (LA.G.)

chy of genomic lesions in prostate tumors, we
charted a path of oncogenic events along which
chromoplexy may drive prostate carcinogenesis.

INTRODUCTION

Though often curable at early stages, clinically advanced pros-
tate cancer causes over 250,000 deaths worldwide annually
(Jemal et al., 2011). Identifying prostate cancers that require

esis and prog 1. By n the of
genomic rearrangements, we identified abundant
DNA and deleti that arise in a

highly interdependent manner. This phenomenon,
which we term “chromoplexy,” frequently accounts
for the dysregulation of prostate cancer genes and
appears to disrupt multiple cancer genes coordi-
nately. Our modeling suggests that chromoplexy
may induce considerable genomic derangement
over relatively few events in prostate cancer and
other neoplasms, supporting a model of punctuated
cancer evolution. By characterizing the clonal hierar-
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treatment and gaining durable control of advanced
disease comprise two pressing public health needs. A deeper
understanding of the molecular genetic changes that occur dur-
ing the development of invasive and metastatic tumors may pro-
vide useful insights into these problems.

Genetic studies of prostate cancer have revealed numerous
recurrent DNA alterations that dysregulate genes involved in
prostatic chromatin i ll-cycle regu-
lation, and androgen signaling, among other processes (Baca
and Garraway, 2012). Cnromosomal deletions accumulate early
in prostate carcinogt and tumor sup-
pressor genes (TSGs) such as PTEN, TP53, and CDKN18B (Shen
and Abate-Shen, 2010). In addition, recent exome sequencing of
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Oncogene-mediated alterations in

chromatin conformation
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Emerging evidence suggests that chromatin adopts a nonrandom
3D topology and that the organization of genes into

Results

hubs and domains affects their transcriptional status. How chroma-
tin conformation changes in dlsnsgs such as cancer is poorly un-
derstood. how iption factors, which
bind to thousands of sites across the genome, influence gene reg-
ulation by globally altering the topology of chromatin requires
further investigation. To address these questions, we performed
unblised high-resolution mapplng of intra- and interchromosome
upon of ERG, an ic transcrip-
tion factor freq uenHy overexpressed in pmsta\: raneer asaresultof
a gene fusion. i m g
conformation capture (Hi- C), ERG bindmg, and gene eurmlon, we
factor is
iated with global, ducible, and functionally coherent
changes in chromatin organization. The results presented here have
broader implications, as genomic alterations in other cancer types
frequently give rise to aberrant transcription factor expression, e.g.,
EWS-FLI1, ¢-Myc, n-Myc, and PML-RARa.

ounting evidence suggests that many genes dynamically
colocalize to shared nuclear wmpan.menls lha! favor gene

ERG Is iated with Chromatin Topology. To test
our hypothesis, we used stable isogenic, normal benign prostate
epithelial cell lines (RWPEL1) (21) that differ with respect to
ERG cwerexpmssion (17) (Fig. S14). To test whether ERG
overexpression is associated with global changes in chromatin
structure, we unbiased ion mapping
using the Hi-C technique (22) from both RWPEI-ERG and
RWPEI-GFP cells, with biological replicates (Fig. 14 and Fig.
$14). Successful fill-in and ligation were determined as previously
reported (22) by testing for a known interaction between two
distant genomic loci located on chromosome 6 (23) (Fig. S1B).
The Hi-C libraries were paired-end sequenced using an Illumina
GAllx platform. Following alignment to the human genome
(hgl8) and filtering to remove unligated and self-ligated DNA,
we identified intrachromosomal (or cis-) and interchromosomal
(or trans-) interactions in both RWPEI cell lines. Correlation

producible. Biological replicate interactions were therefore com-
hmed l‘ur further analyses. In total, we identified 18.4 million

activation or silencing (1-3). As d
conformation capture (3C) (4), ligand-bound androgen recep-
tors (AR) and estrogen reoep!ors mediate looped chromatin

resulting in dij iption of target genes
(5, 6). In embryonic carcinoma cells, the PolyComb complex
subunit EZH2 represses some of its target genes via the for-

(orm ) and 183 million interchromosomal (or
trans-) interactions in RWPEI-ERG cells (Dataset S1). We also
identified 16.9 million cis- and 18.6 million trans-interactions in
RWPEI-GFP cells.

To visualize global patterns of cis-interactions, we binned the
genome (chromosomes 1-22, X) into 1-Mb intervals and calcu-
lated the ratio between observed and expected number of

mation of similar looped i (7). Trans-int

actions that regulate gene expression have also been reported mtcr;fcn_uns ::;:n acu;g cach mw:ﬁ: s:::.mviz e;_:‘chg epn:;:[idf
(8-10). These data suggest that . TegU-  genomic intervals interact with the same intervals, on the basis of
lators are capable of inducing changes in the ion that if two loci are close in nuclear space, their

These studies have mainly focused on local chromatin suumures,
and it is still unclear whether more global changes occur in the
process of oncogene-mediated transformation. A broader im-
plication of these observations is that global chromatin organi-
zation changes could impact functional and phenotypic aspects
of cancer.

To globally i i diated ch in struc-
ture changes we (ocused on ERG, the ETS-family Lrans«cnpuun
factor most | d and d in prostate

cancer through the TMPRSS2-ERG and olher gene fusions in-
volving androgen-responsive promoters (11-13). ERG interacts
with several cofactors (14) and other transcription factors in-
cluding AR to regulate the expression of thousands of genes that
favor dedifferentiation, cell invasion, and neoplastic transforma-
tion of prostate epithelium when overexpressed (15-20). We
therefore hypothesized that changes in global gene expression
induced by ERG overexpression could be associated with global
changes in the 3D structure of chromosomes.
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patterns of interaction with other loci should be highly corre-
lated. Confirming prior observations (22), the heat maps showed
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Generate chromatin states in prostate (RWPE1)
and mutation rates in prostate cancer
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Assemble gene plexi in normal prostate (RWPE1)
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Gene plexi are large and heterogeneous



Regional heterogeneity

Number of 100bp tiles

Mutational class

Bin1 Bin 2 Bin3 Bind 5 6 7 8 9 10 11 12 13 14 Bin15
10M-
1M -
100k 1M-
100K+
10k -
10K+
1k4 1K-
100 -
1004 10
10 1_| T T T T T T T T 1
d 1 5 10 15
Mutational bin Bin
01 ! ! L L . :
0 1 2 4 8 16 32 64 128

Number of mutations in 50kb tile

Regional mutation rates at the 50kb scale follow a power-law distribution



Plexus tile decomposition & mutation tally

Observed number of tiles in each state and mutation rate bin for ITM2A
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Observed number of mutations in each state for each patient for ITM2A
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Plexus mutational heterogeneity serves as input to permutation test



Plexus recurrence test
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Plexus recurrence test

Mutational enrichment score matrix P-values
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Mutation tallies for each chromatin state and
annotation are normalized and tested independently
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Plexus visualization: scallops
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Cancer plexi in prostate cancer
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Cancer plexi in prostate cancer
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Cancer plexi in prostate cancer

Enriched chromatin state All regulatory chromatin states Panel -

Gene State P-val. Nmut Nelmt Nchr CnvEImt ChvPlex Nmut Nelmt Nchr CnvEImt CnvPlex Gene function
ITM2A 58 16 9 12 25% (2)
INSRR 76 17 . 38% (2)
ZCCHC16 63 25 33% N/A
ZBED2 72 35 (2)
SPANXN3 24 7 (1)
PLCB4 79 24 o i (1)
coa3 58 alil mitochondr  (3)
EDNRA N/A
CRY2 (1)
ZC3H12B (2)
C140rf180 11% 51% 142 52 N/A
IDO2 08 2% [87% | 189 72 (2)
RRAD 47 13 20% 51% 180 57 (1)

SLC25A5 68 2 17 (d) mitochondr  (3)

18% 143 50 918
SSX3 enh  4E-06 53 14 104 31 i 25%  78% (c) |spermatogen (1)

Genes converge at the pathway level
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Plexus mutations in dysregulated genes

Normal prostate Prostate tumor

16 prostate cancer patients
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Plexus mutations in dysregulated genes

Genes with dysregulated-normal tumor sample instance pairs
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Plexus mutations in dysregulated genes

Proximal
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Dysregulated genes are enriched for plexus mutations at all distances.




Plexus mutations in dysregulated genes

reg

Up-regulated genes Up-regulated genes
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Mutations are enriched in enhancers and low regions.



Out-of-context de-repression
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Disruptive mutations in ‘low’ elements are
enriched in enhancers and promoters in other tissues



Out-of-context de-repression

= ADRENAL B HEART = OVARY
70| ™ BLOOD M |IPSC = PANCREAS
BRAIN_CELL_LINE = KIDNEY I PLACENTA
B BRAIN_TISSUE = LIVER SKIN
BREAST B LUNG_CELL_LINE B SPLEEN
B ESC B LUNG B STROMAL_CONNECTIVE
B ESC_DERIVED B MUSCLE_CELL_LINE THYMUS
60 { m FAT Gl B MUSCLE_TISSUE B VASCULAR
°
50 B
(2 o
(0] ° [5)
&) or
= [ °
© ° o ®
< o o
c '
(0] ° ]
o 40 - o0 o o °
> CI
© o0 00 o o
> ) ¢ [
e " [ X)
B3 )
° °
30 - . = .
° o oo
° o S x@b
[ ] \{b
N
SYEPN
@ @
o e0 o 4 <
N &
20 - ° oo
o o ° O
o o0 (%) O
& : \6{‘ 6{9
N ;
° ° . O
[ ]
o ¢
I I I I I I
10 20 30 40 50 60

# mutated enhancers




