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Abstract

Cancer is characterized by gene expression aberrations. Studies have largely focused on coding
seguences and promoters, despite the fact that distal regulatory elements play a central rolein
controlling transcription patterns. Here we utilize the histone mark H3K4mel to analyze gain and
loss of enhancer activity genome wide in primary colon cancer lines relative to normal colon
crypts. We identified thousands of variant enhancer loci (VELS) that comprise asignature that is
robustly predictive of the in vivo colon cancer transcriptome. Furthermore, VEL s are enriched in
hapl otype blocks containing colon cancer genetic risk variants, implicating these genomic regions
in colon cancer pathogenesis. We propose that reproducible changes in the epigenome at enhancer
elements drive a unique transcriptional program to promote colon carcinogenesis.

REPORT

Although non-coding functional elements play a central role in establishing gene expression
patterns that drive normal development, cell-type identity, and evolutionary processes, their
potential involvement in the context of common cancers remains unknown. The mono- and
di-methylated forms of H3K4 (H3K4mel/2) broadly mark multiple classes of gene enhancer
elements (1-3). Here, we present an epigenomic comparison of H3K4mel-marked gene
enhancer elementsin a cohort of colorectal cancer (CRC) cell lines and normal colon
epithelial crypt cells, from which colon cancer is derived.
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We performed H3K4mel ChlP-seq analysis on 3 preparations of normal epithelial crypts as
well as primary CRC cell lines derived from 2 early stage tumors (V432 and V703), 2 late
stage tumors (V8 and VIP), and 5 liver metastases (V400, V457, V481, V503, VOM). On
average, we detected ~ 71,000 peaks significantly enriched for H3K4mel at a False
Discovery Rate of lessthan 5% (Table S1). The distribution of H3K4mel relative to
annotated genesis similar between colon cancer samples and crypt controls, with the
majority of H3K4mel sites mapping to intergenic and intronic regions located distal to
transcription start sites (fig. S1). We compared H3K4mel patterns between all 12 colon
samples and 9 unrelated human cell types (4). H3K4mel patterns in tumors are more similar
to colon crypt than non-colon cells, consistent with the notion that colon tumors are derived
from colon crypts (fig. S2). Moreover, thereis less variation between the colon samples than
between unrelated cell types.

We identified thousands of H3K4mel sites, or Variant Enhancer Loci (VELS), that are
differentialy enriched (lost or gained) in each of the CRC samples compared to normal
colon crypts (Fig.1A). On average, less than 0.05% of VELSs map to regions altered in DNA
copy number, and thus, the vast majority of VELs are unlikely to be the result of copy
number variations related to malignant transformation. VEL s comprise 28-61% of all
putative enhancers present in a given CRC sample (Fig. 1B). ChlP-seq analysis of H3K27ac,
an epigenetic mark of active enhancer elements, revealed that ~40% of gained VELs acquire
H3K27ac in CRC. 70% of lost VELs are enriched for H3K27ac in normal crypts, and show
virtually no detectable levels of H3K27ac in CRC (fig. S3). We also performed global
mapping of DNase | hypersensitive sitesin two CRC lines using DNase-seq (5). Consistent
with acquisition and loss of enhancer marks, virtually all gained VELs map to open
chromatin sensitiveto DNase | digestion, and lost VELSs map to DNase I-insensitive regions
(fig S3D and E). Collectively, the data indicate that multiple changes in chromatin state and
function accompany the changesin H3K4mel at VELSs. Lastly, we verified that H3K4mel
sites are functionally active using luciferase reporter assays (fig. $4).

A higher number of VELs than expected by random chance are common to multiple CRC
samples. Specifically, we detected 2604 gained VELs common to five or more lines, and
2047 lost VELs common to six or more CRC lines (P<0.001). Both unique and common
VELs are distributed relatively evenly among the CRC samples (Fig. 1D). 197 VELs are
shared between all 9 CRC samples. The universally common VELs are dispersed throughout
the genome on multiple chromosomes, and do not appear to cluster in any meaningful way
(fig. S5).

We ranked VEL s by their level of specificity in crypts and nine unrelated cell types.
Compared to a control set of H3K4mel sites invariant between CRC samples and crypts,
lost VELs are highly crypt specific, while gained VEL s are relatively non-crypt specific (fig.
S6A). These relationships also held true for common VELSs (fig. S6B). We also determined
that 67-92% of gained VELs map to H3K4mel-marked loci in any one of the nine non-
colon cell types, compared to 9-11% for lost VEL s and 24-31% for control enhancers (Fig.
1E). Collectively, these data indicate that in colon cancer, the chromatin configuration is
altered by acquisition of putative enhancer marks that are normally found in non-colon cell
types, and loss of putative enhancer marks that typify normal crypt differentiation status; the
net effect leading to aless colon specific phenotype.

Multiple approaches were used to assess the relationship between VELs and gene
expression. Compared to control genes not linked to gained VELS, genes linked to gained
VELs are generally expressed higher in CRC samples than crypts, and genes linked to lost
VELs are expressed lower in CRC samples than crypts (Fig. 2A and fig. S7). For all CRC
samples, the effect of lost VELSs on gene repression is more pronounced than the effect of
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gained VELs on gene overexpression, indicating that lost VELs are more likely than gained
VELsto confer afunctional effect. Overexpressed genes are 1.6 - 6.2 times more likely than
randomly selected control genesto have gained VEL s (Fig. 2B). Repressed genes are 2.8 —
8.7 times more likely than controls to have lost VELs (Fig. 2C). One VEL is generally
sufficient to confer an effect on gene expression, and additional VELs confer more marked
changesin arelatively quantitative fashion (Fig. 2, D and E, and fig. S8). Genes associated
with gained VELs are generally expressed at high levelsin crypt controls and become
further elevated in CRC (Fig. 2F, and fig. S9). Genes associated with lost VELs are
expressed at mid-high levelsin crypt controls and generally become either attenuated or
silenced in CRC (Fig. 2F, and fig. S9). These results are consistent with the above findings
indicating that the mgjority of lost VELs lose the active H3K 27ac enhancer mark, while the
minority of gained VEL s acquire H3K27ac. We a so found that correlations of global gene
expression between CRC samples and crypts improved when VEL genes were not
considered (fig. S10A). Common VELSs are also enriched for genes frequently dysregul ated
inthe CRC cdll lines (fig. S10B). Collectively, the dataindicate that gained and lost VELs
are highly predictive of local cancer-specific overexpressed and repressed genes,
respectively. Consistent with these positive correlations, lost VEL gene promoters often
show decreases of H3K4me3 and/or H3K27ac in CRC relative to crypts, and gained VEL
gene promoters show increases of H3K4me3 and/or H3K27ac in CRC relative to crypts (fig.
S11). However, thereis also aclass of VEL genes that do not show measurable differences
in promoter-associated H3K4me3/H3K 27ac between normal crypts and CRC, but clearly
show expression changes (fig. S11, B and C).

If VELs areindeed cancer-related events, then aberrantly expressed genes associated with
common VELSs ought to validate as aberrantly expressed in primary tumors. We determined
that overexpressed genes associated with gained VEL s common to 5-9 lines, and repressed
genes associated with lost VELs common to 6-8 lines validated as aberrantly expressed in
primary tumors at a rate 2-8 times higher than that determined when the VEL was not
considered (Fig. 3, A and B). These results suggest that VEL s are a signature predictive of
the in vivo colon cancer transcriptome more robustly than the aberrant gene expression
patterns associated with the colon cancer cell lines from which the VELs themselves were
identified. PDGH, a known colon tumor suppressor gene associated with the VEL signature
and repressed in CRC is shown in Figure 3C (6).

Twenty SNPs have been identified through GWAS studies to confer risk to CRC (7-18). We
utilized Variant Set Enrichment analyses (V SE) to test whether enhancers and VEL s were
significantly enriched among the 20 CRC-risk SNPs (or variantsin LD with the CRC risk
SNPs (clusters), designated as the Annotated Variant Set, or AV'S). Among the 20 clusters
of SNPs comprising the AV'S, 16 (80%) overlapped at |east one H3K4mel site in colon
crypt (Fig. 4A). Similar analyses in nine other cell typesindicated that the CRC AVS
association was specific to H3K4mel enhancers in colon crypt and HepG2 cells (Fig. 4B).
Furthermore, significant associations were detected between the AV S and low frequency
lost VELs (L1 and L2, Fig. 4B), and not common gained or lost VELs. An exampleis
shown in Figure 4C. Of the 8 SNPs associated with unique lost VELSs, five (rs719725,
rs6983267, rs10505477, rs7014346, rs3802842) were associated with enhancersin crypt and
HepG2 cells, and not in any other cell types, indicating that SNP/enhancer associations
exclusive to the disease-relevant tissue are particularly important. Although V SE tests for
enrichment of enhancersin linkage disequilibrium with the CRC AV S as awhole, we did
detect multiple instances in which individual risk SNPs (or variantsin strong LD with the
risk SNP) overlapped VELSs, despite the lack of significance with the entire AVS. For
example, rs4444235 was significantly associated with gains common to 7 CRC lines
(P=0.004). Rs4444235 maps to the enhancer of BMP4 and increases its expression (19).
Accordingly, gained VEL s at this locus correlate with increased BMP4 expression in CRC
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cell lines. Furthermore, lost VEL s associated with risk SNPs rs719725 and rs9929218 were
associated with reduced expression of potential target genes, IMJD2C and TMEDG, in CRC
samples containing the lost VEL s. Collectively, these findings provide further evidence that
enhancers and VEL s are relevant to CRC pathogenesis.

Our epigenomic comparison of H3K4mel-marked gene enhancer elements in colon cancer
cells suggest that central changes at enhancers drive a unique transcriptional program to
promote colon carcinogenesis. Lost VELSs appear to be more of a contributor to this
signature than gained VELSs, as lost VELSs confer a greater functional effect on expression
than gained VELS, are better predictors of gene expression in primary tumors than gained
VELSs, typify colon crypt identity, are far more concordant across tumors than gained VELS,
and are more robustly associated with CRC-risk SNPs than gained VELs. Most, but not all,
VELs are linked to changes in promoter-associated H3K4me3 and H3K27ac. Thus, VELSs
capture novel and global information about the chromatin state that is related to gene
expression. Moreover, these findings suggest that some of the VEL genesidentified in this
study would likely remain undiscovered through analysis of these promoter marks alone.
Lastly, the mgjority of VELSs are common to at least two of nine (>20%) CRC samples. The
commonality of the epigenetic colon cancer signature captured by VEL s contrasts with the
marked heterogeneity in mutations in colon cancer candidate driver genes reveaed by
genome sequencing and suggests either that VVEL s capture pathway outputs that are
downstream of sets of gene mutations or that they capture epigenetic alterations that are
independent of and more common than gene mutations (20-22). Clearly, the number of
enhancers consistently altered across multiple CRC tumorsislikely far greater than genes
commonly mutated in colon cancer. These findings, even when adjusted for the notion that
enhancers are 2-5 times more prevalent than genes, suggest that the epigenetic terrain at
gene enhancer elementsin colon cancer is less heterogenous than the genetic landscape of
protein coding genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

H3K4mel ChlP-seq identifies Variant Enhancer Loci (VELS). (A) UCSC browser views of
H3K4mel profiles from 3 normal cryptsand a CRC cell line (V400), illustrating an example
of agained (left) and alost (right) VEL . Heatmaps show the corresponding H3K4mel ChiP-
seq signals +/-5kb of VEL midpoints. (B) Number of VELs and unchanged H3K4mel-sites
in CRC samplesrelative to normal controls. (D) Number of unique and common VELSs. (D)
Distribution of VELs among CRC lines. Blue = VEL. (E) Percentage of control enhancers
and VELs that overlap with H3K4mel sitesin any of nine non-colon cell types. All
comparisons are significant by Chi Squared test (P < 10e-10).
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in CRC sample VV400. (F) Levels of al genes (grey) and aberrantly expressed genes (> 1.5-
fold relative to crypts) associated with VELsin CRC sample VV400.

Science Author manuscript; availablein PMC 2013 July 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Akhtar-Zaidi et al.

A.

Percent Validation in Primary Tumors

Page 8
*P<10e-7
0 100+ M Repressed control genes
o Il Repressed Lost VEL genes _
501 Il Overexpressed control genes g 901 TRAK2
I Overexpressed Gained VEL genes * - 80 % % % MUC4
40- . e SLC35A1
% * E 707 MOBKL28B
a 60 CNNM2
304 £ 50- B3GNT6
S CLMN
20- g 404 STAP2
= | DIP
g 30 —
10 E 20
o
o 101
o
0- oA
G5 G6 G7 L6 L7 L8 L9
VEL Category VEL Category
C.
. Scale
Normal Primary CRC o —20kb
g e x 43 27 M .-M..&.._ll Ao . ae A‘.-. [ WY
2\4
- 6 U | sima. NPT DTS TR Y TP Y
{ory
[ oI
% @ ST WY S VY N S
g v 0
5 Su SO W N SRR WP
& cul
6 ol B ST R NP
[P “SN'Y RN DU P ...‘. | - A..‘
v
S 3 . DY "UPRI JRTSORN W MR A
PTSRY T Y WP IPY 'V WY WY |
o 1A I ("
L [ YRV B aavosnlihc boriou sl
4

Figure 3.

Common VELs predict aberrant gene expression in primary tumors. (A) (Ieft) Red bars
represent the percentage of overexpressed genes associated with gained VELS common to
five or more lines (G5-G9) that validate as overexpressed in primary tumors. Black bars
represent the baseline predictive power when the VEL is not considered, i.e., the percentage
of overexpressed genesin 5 or more cell lines that validate as overexpressed in primary
tumors. G9 genes that validated as overexpressed in primary tumors are listed in brackets.
(right) same as l€eft, but for lost VEL s common to six or more lines (L6-L9). (B) Heatmap of
expression of VEL -associated genesin panel A (red and blue bars) in normal colon tissue
(n=16) and primary CRC tumors (n=120). (C) UCSC Browser view of H4K4mel ChlP-seq
signals across the PDGH locus, associated with alost VEL common to 6 CRC samples
(highlighted in yellow).
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Figure 4.

Colon enhancers and VEL s are associated with genetic risk variants for CRC. (A) Results of
V SE analysis showing that 16 of 20 CRC-risk SNP clusters map to H3K4mel-marked
enhancersin acolon crypt sample (C101, red diamond), compared to a null distribution
(grey). (B) (left) The results of V SE analyses testing the association between CRC-risk
SNPs and H3K4mel-sitesin 10 cell types. The red line represents the significance threshold
(P<0.001). The lower horizontal line represents the unadjusted significance threshold. The
individual CRC SNPs found to be associated with H3K4mel-enhancers in each cell type are
indicated in boxes, above each boxplot. (right) VSE analysis of the CRC-risk SNPs and
VELSs. Control enhancers are H3K4mel sites that are unchanged between CRC samples and
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crypts. L1 correspondsto unique lost VELS; L2-L9 to losses common to 2-9 lines. G1
corresponds to unique gained VELs; G2-G9 to gains shared between 2-9 lines. (C) Example
of alost VEL directly overlapping a CRC risk SNP shown within the relevant haplotype
block structure (red).
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