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DNA methylation analyses of urothelial
carcinoma reveal distinct epigenetic subtypes
and an association between gene copy humber

and methylation status
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MS, molecular subtype; NMI, non-muscle invasive; PRC2, polycomb repressive complex 2; SAT, sample adaptive threshold;

TF, transcription factor; UC, urothelial carcinoma

We assessed DNA methylation and copy number status of 27,000 CpGs in 149 urothelial carcinomas and integrated the
findings with gene expression and mutation data. Methylation was associated with gene expression for 1,332 CpGs, of
which 26% showed positive correlation with expression, i.e., high methylation and high gene expression levels. These
positively correlated CpGs were part of specific transcription factor binding sites, such as sites for MYC and CREBP1, or
located in gene bodies. Furthermore, we found genes with copy number gains, low expression and high methylation
levels, revealing an association between methylation and copy number levels. This phenomenon was typically observed
for developmental genes, such as HOX genes and tumor suppressor genes. In contrast, we also identified genes with
copy number gains, high expression and low methylation levels. This was for instance observed for some keratin genes.
Tumor cases could be grouped into four subgroups, termed epitypes, by their DNA methylation profiles. One epitype
was influenced by the presence of infiltrating immune cells, two epitypes were mainly composed of non-muscle
invasive tumors, and the remaining epitype of muscle invasive tumors. The polycomb complex protein EZH2 that blocks
differentiation in embryonic stem cells showed increased expression both at the mRNA and protein levels in the muscle
invasive epitype, together with methylation of polycomb target genes and HOX genes. Our data highlights HOX gene

silencing and EZH2 expression as mechanisms to promote a more undifferentiated and aggressive state in UC.

Introduction

Urothelial carcinoma (UC) of the bladder is one of the most
common cancer forms in the western world and has one of the
highest lifetime costs per patient.! The major clinical distinction
is between the non-muscle invasive Ta and T1 and the muscle
invasive (MI) = T2 tumors. A significant effort to characterize
bladder cancer at the molecular level has been undertaken during
recent years. Mutations in FGFR3, PIK3CA and 1p53 are fre-
quently observed? and several recurrent copy number aberrations
have been identified including frequent losses of chromosome
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arms 2q, 8p, 9p and 9q, as well as gains of 1q and 6p.? In addi-
tion, gene expression profiling has greatly contributed to our

understanding of bladder tumor biology**

and gene expression
analysis in combination with array-CGH and gene mutation
analyses has revealed the presence of two distinct molecular
subtypes of urothelial carcinoma.” Epigenetic changes by DNA
methylation at CG dinucleotide sites (CpGs) are frequent events
in tumor development.®’ Initially, DNA methylation studies
were limited to 5" promoter regions of a small number of genes.'
Microarray technology has recently allowed investigating the

cancer methylome at a larger scale and made it possible to study
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Figure 1. Hypo- and hypermethylated CpGs in tumors. Hypomethyl-
ation, blue; hypermethylation, yellow. Vertical blue and yellow lines
indicate median CpG density of hypo- and hypermethylated CpGs, re-
spectively. X-axis, CpG density defined as fraction of CpGs in a 1,600 bp
window. Y-axis, difference in B-value between tumor and normal tissue.

DNA methylation from a genomic perspective.!! Apart from
revealing specific epigenetic tumor subtypes with distinct DNA
methylation signatures in, e.g., breast cancer,'*™ 2
and hematological neoplasms,'® DNA methylation has also been

colon cancer

shown to exhibit recurring local topologies.”*® High-throughput
DNA methylation analyses have also made it possible to identify
promising epigenetic biomarkers.!®' So far, most differential
DNA methylation has been attributed to genes that are essential
for developmental processes, often polycomb repressive complex
2 (PRC2) regulated genes.”? The present study aims to identify
stable tumor subgroups based on DNA methylation, and to refine
our understanding of bladder cancer by integrating the findings
with gene mutations, copy number alterations and gene expres-
sion data.

Results

DNA methylation in bladder cancer. Characteristics of DNA
methylation in UC. We measured the methylation status of indi-
vidual CpGs of 149 tumors using B-values that range from 0
(unmethylated) to 1 (fully methylated). In tumors, CpG-Island
CpGs (Island CpGs) showed significantly lower methylation
(B-values) levels than non-CpG-Island CpGs (non-Island CpGs).
Non-Island CpGs showed high B-value variation across the data
(Fig. S1) and several regions with hyper-variable DNA methyla-
tion, including the HOXA, HOXB and HOXD gene clusters, as
well as CDH8 and CDH11, were identified (Fig. S2). Hyper-
variable regions were enriched for membrane-related genes, e.g.,
the GO term “integral to plasma membrane” (fdr = 0.01) when
excluding HOX genes from the analysis.
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For comparison between tumor and normal samples (n = 6) we
used an average difference in B-value AR > 0.25 and AR <-0.25
as thresholds. A larger fraction was found to be hypomethylated
than hypermethylated in tumors, 1,567 and 386 CpGs, respec-
tively (Table S1). Of 1,567 hypomethylated CpGs, 1,161 (75%)
were non-Island CpGs and of 386 hypermethylated CpGs, 367
(95%) were Island CpGs, a significant enrichment (p < 2 x 107,
Fisher test) in the respective class of methylation states. Hence,
CpGs hypomethylated in tumors were preferentially located in
CpG poor regions, whereas hypermethylated CpGs were prefer-
entially located in CpG rich regions (Fig. 1). The differentially
methylated genes identified in the comparison showed a large
overlap with previously published data using the same platform.?!
Hypomethylated CpGs were enriched for immune-related genes
(GO term analysis, fdr < 107); hypermethylated CpGs showed
strong enrichment for developmental process (fdr < 10") and
homeobox-containing genes (INTERPRO, fdr < 10'%).

DNA methylation and gene expression. Positively correlated
CpGs show enrichment of specific transcription factor motifs. A total
of 1,332 CpGs (8.4%) showed significant correlation between
methylation and gene expression (fdr < 0.05, Spearman corre-
lation) (Table S1). Of the 1,332 CpGs, 45% were non-Island
CpGs, a significant overrepresentation of non-Island CpGs
(p < 1 x 107'¢) considering the proportions in the assessed CpGs.
Among the CpGs correlated with gene expression, methyla-
tion was associated with reduced gene expression for 981/1,332
CpGs (74%). Genes with a strong negative association included
members of the HOX genes and cytokeratins, such as HOXB2
(r=-0.70), KRT20 (r = -0.71) and KRT13 (r = -0.69). Notably,
a substantial number of CpGs show positive correlation between
methylation and gene expression. This group of 351 CpGs was
enriched for genes located to the extracellular region (fdr = 3 x
101°), e.g., COLI8AI (r = 0.52) and COL8A2 (r = 0.51), and
involved in defense response (fdr = 4 x 107), e.g., CCL2 (r = 0.51)
and LILRB3 (r = 0.51). CpGs associated with increased expres-
sion showed a trend (p < 0.025, Fisher exact test) to be located
in non-Island CpGs when compared with negatively associated
CpGs. To investigate whether the observed CpGs were located
within a specific sequence context, we performed a search for
motives overlapping the CpG using the MEME algorithm. This
analysis identified a highly enriched motif with E = 2 x 102,
compared with E = 10 obtained in a random sample of the
same size, with the consensus sequence ACG TGA TA (Fig. S3).
Further analyses revealed significant enrichment for several spe-
cific transcription factor binding sites covering the methylated
CpGs (Table 1), most of which were located in promoter regions
(Fig. 2). Binding sites for E2F (E2F1) were, on the other hand,
significantly under-represented (fdr < 6 x 10). By re-annotating
all CpGs on the platform into promoter and gene body CpGs we
observed a significant enrichment (p < 10-#) for CpGs located
within gene bodies among the positively correlated CpGs. No
transcription factor binding site enrichment was observed among
the CpGs showing negative association with methylation. Hence,
methylation of CpGs located within both gene bodies and tran-
scription factor binding sites is associated with increased gene
expression.
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DNA methylation and copy number alterations. We
sought to investigate the correlation between gene copy changes
and methylation status for individual CpGs. We developed a
method to obtain copy number information from the Illumina
Methylation27K BeadChip array (see Methods and Supplemental
Material). We validated the obtained copy number profiles using
array CGH data, which was available for 68 of the 149 cases.
Copy number data derived from the Illumina platform was highly
similar to array CGH data (Supplemental Material).

DNA methylation levels are associated with copy number changes.
With concurrent information of DNA methylation and copy
number for each CpG the relationship between methylation
and copy number levels could be analyzed in detail. To find
robust associations we limited the investigation to CpGs that
show variation in methylation levels (variance > 0.02; stan-
dard deviation > 0.14). The CpGs were divided into frequently
deleted and frequently gained sites. The observed correlations
were then compared with correlations obtained by reshuffling of
the genomic positions. For deleted CpGs no significant correla-
tions were observed whereas 103 gained CpGs showed signifi-
cant correlation between methylation and gene copy status: 77
positively correlated and 26 negatively correlated (Table S1). The
positively correlated events were seen in tumor suppressor genes,
e.g., RASSFI and MLHI, and developmental genes, e.g., HOX
and MSXI. Almost all positively correlated CpGs were located
in CpG Islands (73/77, p < 107, Fisher’s exact test). Typically,
CpGs with positive correlation were unmethylated when present
in normal copy numbers and showed increased methylation in
tumors with gains, as demonstrated by, e.g., RASSFI and HOXB4
(Fig. 3A). The negatively correlated events were enriched for
keratin genes (fdr = 0.003), with no preference regarding Island
or non-Island CpGs (p = 0.56). We then set out to determine
if the correlated CpGs have an impact on gene expression. As
seen in Figure 3B, cases with concomitant gain and demethyl-
ation of KR720 are among the high expressers, demonstrating
a combined effect of copy number gain and demethylation on
gene expression. Compared with gained sites not associated with
methylation, the correlation of copy number with gene expression
was statistically higher for genes that showed demethylation and
gains (p = 0.028, t-test). The correlation with gene expression was
lower for genes showing methylation and gains compared with
non-associated sites (p = 0.001, t-test; Fig. 3C), i.e., the expression
of genes with this methylation pattern is associated to gene copy
numbers to a lesser extent.

Copy number changes have a larger impact on gene expression
than DNA methylation levels. In contrast to the low fraction of
genes influenced by CpG methylation (8.4%), 44% of the same
genes showed significant correlation between copy numbers and
gene expression using the same criteria for significance. The asso-
ciation was positive in > 99% of cases, i.e., upregulation was seen
when genes were gained and downregulation when deleted. Thus,
our data indicate that the tumor phenotype (i.e., the gene expres-
sion profile) is to a larger extent affected by gene copy numbers
than by gene promoter CpG methylation.

Epigenetic subtypes of bladder cancer. We used hierarchi-
cal clustering analyses (HCA) of bootstrapped data sets based
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Table 1. Enriched TF motifs covering CpGs with positive correlation to
gene expression

Motifs Fdr', Pos. vs. All Fdr, Pos. vs. Neg.
MYCMAX 5.11E-05 3.58E-04
CLOCKBMAL 1.80E-04 8.52E-04
EBOX 1.80E-04 8.52E-04
MAX 1.80E-04 8.52E-04
MYC 1.80E-04 8.52E-04
NMYC 1.80E-04 8.52E-04
USF2 1.80E-04 8.52E-04
USF 2.76E-04 8.52E-04
STRA13 1.95E-03 9.47E-04
ARNT 2.41E-03 1.38E-03
SREBP1 6.23E-03 2.28E-03
CREBP1 9.55E-03 1.11E-03
KID3 1.06E-02 3.20E-03
ZF5 1.26E-02 4.37E-01
HIF1 4.77E-02 1.50E-01

'Fishers exact test corrected for multiple testing with fdr.

on the CpGs that showed highest variation in DNA methylation
levels (Supplemental Material) to identify four major subtypes
of bladder cancer: Epitypes A, B, C and D (Fig. 4; Supplemental
Material). The available data indicated a possible further divi-
sion of Epitypes A and C, Al and A2, and CI and C2. We tested
the robustness of the results by repeating the procedure with
and without background-correction, using the 15% top varying
CpGs, resulting in highly similar epitypes. The robustness was
further confirmed using M-values, i.e., converted 3-values.®
Biological context of epitypes. Non-Island CpGs were over-
represented among the CpGs that defined epitypes (Fig. 4A).
However, some epitype splits were dependent on Island/non-
Island categories (Table S2), e.g., the splits between Al and A2,
and C1 and C2. Gene Ontology analysis assigned biological
processes to all epitypes, supporting their biological relevance
(Table S2). Both gene expression data and pathological eval-
uation showed that Epitype D is infiltrated by immune cells.
The average tumor cell content of Epitype D is low (66%)
compared with Epitypes A/B/C (81%, p = 4 x 10°), which
is mainly attributed to the presence of cells positively stained
for CD3 (T-cells), CD68 (myeloid cells) and & smooth mus-
cle actin (fibroblasts) (Table S3). In particular, the CD3 data
indicates a stronger presence of T-cells in Epitype D (p = 2 x
107). Furthermore, a multidimensional scaling analysis of vari-
ous tissue types revealed Epitype D to show high similarity to
blood leukocytes (Fig. S4A). A common methylation pattern
among cell types from external studies, such as B-cells, T-cells,
monocytes, mesenchymal cells and embryonic stem cells, can
be observed (Fig. S5). This pattern is to some extent evident
in Epitype D, but not in Epitypes A/B/C (Fig. S5). Epitype
D shows demethylation of immune gene CpGs. Notably, the
age-related methylation signature defined in blood cells** only
shows correlation with age within Epitype D (r = 0.4, p = 0.008,
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Figure 2. Transcription factor binding motifs contain CpGs that show a positive association between methylation and gene expression levels. UCSC
genome browser view of MYCMAX_01/02 and CREBP1_01/Q2 transcription factor motifs. Each part contains the following tracks from top to bottom:
coordinates of human hg18 genome. CpGs present on lllumina’s 27K platform. Transcription factor motifs, red; RefSeq genes, blue.

Fig. S4B). This further suggests that Epitype D is infiltrated by
hematological cells.

A subsequent MDS analysis revealed Epitype B to differ the
most from normal urothelial samples (Fig. 5). The epitypes differ
with respect to stage, with Epitypes A and B dominated by non-
muscle invasive (NMI) tumors and C and D by muscle-invasive
(MI) tumors (p = 2 x 10"*). With respect to pathological grade,
A and B were of lower grade (G, and G,) and C and D of higher
grade (p = 2 x 10”) (Fig. 4B). Epitypes also differ in disease spe-
cific survival as determined by Kaplan-Meier analysis (p = 0.035,
logrank test), with Epitype A having good prognosis, B inter-
mediate and C poor prognosis (Fig. S6). Epitype D was left out
from the analysis as the tumor-infiltrating leukocytes/lympho-
cytes dominated the epitype. At the genomic level, FGFR3 muta-
tions were more frequent in Epitypes A and B (p = 2 x 107). Loss
of 9q was enriched in Epitypes A and B (p = 5 x 10) whereas
amplification of 6p and the number of focal genomic amplifi-
cations (FGA), an indicator of genomic instability, were more
frequent in Epitype C (p = 2 x 10~ and p = 3 x 107, respectively)
(Fig. 4B). 7p53 and PIK3CA mutation frequencies did not differ

www.landesbioscience.com
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significantly between epitypes. Epitypes A and B were strongly
associated to molecular subtype 1 (MS1) and Epitype C and D
to molecular subtype 2 (MS2) (p < 10%), as defined by Lindgren
etal.” (Fig. 4B). Hence, the identified UC epitypes are associated
with specific genomic and gene alterations, as well as gene expres-
sion subtypes, known to be important for UC classification and
development.

EZH2 expression and HOX gene methylation in aggressive
tumors. Expression of the Polycomb gene EZH2, the catalytic
subunit of the PRC2 complex that keeps embryonic stem cells in
an undifferentiated state,” was assessed both by gene expression
and by IHC (Supplemental Material). High EZH2 expression
was observed in Epitype C and associated with methylation of
PRC2 target genes identified in embryonic stem cells” (r = 0.43,
p =5 x 10®) (Fig. 4C; Fig. S7). EZH2 expression was also cor-
related with methylation of the remaining genes not targeted by
PRC2 (r = 0.37, p = 4 x 10°); however, PRC2 target methylation
showed additional association with EZH2 expression in a multi-
variate analysis (p = 0.004). PRC2 target methylation overlaps
with methylation of HOX gene family members and with genes
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Figure 3. Methylation of CpG sites is associated to copy number levels. (A) Methylation in cases with gains. RASSF1 (two CpGs), ZMYND10, MSX1, TERT
and HOXB4 CpG sites show methylation in samples with gains. X-axis, DNA methylation as -values. Y-axis, log-ratio of copy number. Solid horizontal
line, copy number = 2; red points, cases with gains; black points, cases with normal copy number or losses. (B) Demethylation in cases with gains at
KRT20 site. Lower plot, expression is increased in cases that show demethylation and gains; dashed line shows correlation of expression and methyla-
tion levels. (C) Effect of copy number on gene expression stratified by CpGs that are uncorrelated in cases with gains, methylated in cases with gains,
and de-methylated in cases with gains. Y-axis, correlation of copy number and gene expression. p value from t-test.

defined by the GO term “developmental processes,” all of them
methylated in Epitype C (Fig. 4C). These findings suggest that
developmental processes are repressed by DNA methylation in
Epitype C, partly regulated by £ZH2. In contrast, MBD2, a gene
involved in maintaining an unmethylated state, is expressed at
higher levels in Epitype A (p = 0.002) (Fig. 4C), in line with the
observation that Epitype A shows lower levels of methylation and
Epitype C shows higher levels of methylation.

Discussion

We performed DNA methylation profiling of urothelial carcino-
mas with the major aim to detect DNA methylation subtypes,
i.e., UC epitypes. The cases were selected from a larger cohort for
which gene expression and mutation data, as well as array CGH
data for a subset, were available. As array CGH was not available
for the whole set we devised a method to obtain relative CpG copy
numbers from Illumina’s Methylation27K BeadChip platform.
We further observed that copy number alterations modified the
B-values by shifting the proportion of true signal to background
signal (Supplemental Material). This produces B-value changes
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and spurious correlations of the B-value to copy number and,
consequently, to gene expression, as there is a general correlation
between gene copy number and gene expression.?® We corrected
for this by subtracting the background signal for each individual
probe. In uncorrected data, 13.1% of CpGs were correlated with
expression. Background correction resulted in a reduction of asso-
ciated CpGs to 8.4%. Hence, not properly corrected B-values in
data obtained from tumors with genomic alterations may result
in overoptimistic correlations.

After correction, we observed biologically meaningful asso-
ciations between gene copy numbers and methylation states for
specific CpGs. In genomic regions frequently gained in UC, we
detected CpGs preferentially demethylated or methylated. The
biological outcome of these two processes is that gene expression
of developmental genes is less sensitive to copy number gains,
whereas DNA demethylation for some keratin genes results in
increased correlation between gene copy numbers and expres-
sion. The extent of these associations may be underestimated in
the present data as the applied platform only contains a limited
number of CpGs for each gene. Further studies are needed to
determine whether the methylation change occurs at the gained
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Figure 4. Epitypes in their genomic and histopathologcial context. (A) Heat map of 25% most varying CpGs. Left bar, green, Island CpGs; gray, non-
Island CpGs. Heat map color code, blue, low methylation levels to yellow, high methylation levels. Epitypes as noted in the upper bar. Tumors within
an Epitype are ordered by molecular subtype (MS types). N, normal urothelium. (B) Patient information and molecular annotations. MS types: green,
MS1; red, MS2. Age is colored from young age, green to old age, red. Gender: pink, female; blue, male. Histological stage, green, Ta; blue, T1; red, T2 or
higher. Histological grade: green, grade 1; blue, grade 2; red, grade 3. FGFR3, TP53 and PIK3CA mutations: gray, not mutated; black, mutated. No. FGA
(Number of focal genomic amplifications) is the number of continuous stretches with more than 5 gained CpGs: light green, 0-4 gains; dark green,
5-8 gains; orange, 9-12 gains; red, more than 12 gains. 9q losses of more than 1 x SAT are indicated in dark green and of more than 2.5 x SAT in light
green. The 6p amplicon ranges from E2F3 to SOX4; with gains more than 1 x SAT in orange and more than 2.5 x SAT in red. (C) EZH2 mRNA and protein
expression (IHC), MBD2 mRNA expression, as well as mean methylation levels of PRC2 target genes, HOX genes and genes with GO term “developmen-
tal processes.” Data has been partitioned in ten quantiles and color is in ten colors from pink, low expression/methylation to black, high expression/

methylation.

allele and whether the change in DNA methylation or the gain in
copy number occurs first. Irrespectively, the findings emphasize
the dynamic character of DNA methylation and point to a pro-
cess in which parts of the methylome may interact with changes
in the cancer genome.

As expected, when significant association between CpG meth-
ylation and expression was seen, the associations were negative,
i.e., gene downregulation when methylated, in the majority of the
cases. However, for a substantial fraction of the cases CpG meth-
ylation was coupled with increased gene expression. Positively
associated CpGs were predominantly located in CpG-poor pro-
moters as well as in gene bodies. The association of gene body
methylation with transcription is consistent with previous reports
in reference 27. In addition, the positively associated CpGs were
enriched for being part of specific transcription factor binding
sites, of which MYC/MAX/EBOX-related, USF and CREBBP1
binding sites were among the most prominent. Specific CpG
methylation has been found to affect the binding of the cog-
nate transcriptions factors, e.g., MYC/MAX and MAD/MAX,*
NMYC,? USE;**' CREB* and HIF1.>* How this may induce
increased expression is far from clear. The simplest mechanism
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would be that motif methylation inhibits the binding of a tran-
scriptional repressor.® In this context, it is notable that MYC may
act as a transcriptional repressor by recruiting DNA methyltrans-
ferases as co-repressors.*® It is thus conceivable that inactivation
of MYC binding could prevent promoter methylation and gene
silencing for a subset of genes. In case of the CREB-binding site,
it has been shown that the methylated version is bound by C/
EBPa whereas the unmethylated version is bound by the CREB
protein, resulting in tissue specific gene expression programs.*
Hence, the positive association between CpG methylation and
gene expression may be the outcome of several different mecha-
nisms, of which modification of transcription factor binding sites
is one. The scale of this effect, in terms of number of affected
genes, may at present not be fully appreciated.

We used a bootstrap approach to arrive at four robust
Epitypes: A, B, C and D. Non-Island CpGs were enriched among
the epitype-discriminating CpGs, reminiscent of what is seen for
human normal tissues that are predominantly discriminated by
CpGs on CpG Island shores.” Epitype D tumors showed a meth-
ylation pattern similar to immune cells and were infiltrated by
immune cells. On the other hand, non-tumoral cell content is
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of minor relevance for Epitypes A/B/C. Consequently, Epitype
D was not considered a true epitype of UC cells. The epitypes
adhere to the two major molecular subtypes of UC.” Apart from
showing distinct methylation patterns, the epitypes differed at
the genomic level for alterations common in UC: Epitypes A and
B showed frequent FGFR3 mutations and losses of 9q whereas
Epitype C showed signs of genomic instability and frequent 6p
amplifications. The expression of EZH2, a regulator of polycomb
targets and a major inhibitor of differentiation, showed increased
expression in Epitype C, as determined both by mRNA and pro-
tein expression. EZH2 expression was strongly associated with
DNA methylation of polycomb target genes, PRC2 targets, and
with genes described by the GO term “development.” This sug-
gests that an epigenetic program has been activated or preserved,
that promotes a more undifferentiated state in Epitype C cells.
This is line with the finding that Epitype C is associated with
bad prognosis.

The presence of possible urothelial cancer epitypes has been
suggested in previous investigations. Wolff et al. associated spe-
cific DNA methylation profiles to bladder cancer tumor stage.”
On the same platform Wilhelm-Bernartzi et al. could delineate
four DNA methylation subtypes, of which two were associated
with invasive cases.?’ However, these investigations were limited
to a small number of CpG positions by the use of the Illumina
Golden Gate platform. Also, the results of Kandimalla et al.
using a CpG Island based platform, point to the possible presence
of several DNA methylation subtypes.*® Our investigation differs
from the previous ones in that: first, we used a more compre-
hensive CpG platform that includes both Island and non-Island
CpGs; second, we set out to define DNA methylation subtypes,
epitypes, independent of pathological classification and; third,
we integrate the epigenetic data with gene expression and gene
copy number data. Both Wolff et al. and Kandimalla et al. show
that genes methylated in tumor samples compared with normal
samples are predominantly polycomb target genes. We were able
to expand these results and show that, in fact, polycomb target
methylation is a feature of the most aggressive epitype.

The importance of DNA methylation for HOX gene regula-
tion became obvious from several of the analyses performed. The
HOXA, -B and -D clusters were among the hyper-variable regions
detected in our data. The same regions have been described by
Vallot et al.”® as regions with coordinated gene expression in
absence of genomic alterations, regulated by chromatin modi-
fication. The distinct behavior of the three HOX gene families
emphasizes their importance in bladder cancer development. The
link between Epitype C and cellular differentiation was also seen
in the behavior of several HOX genes that showed increased meth-
ylation associated with decreased gene expression. Furthermore,
members from these HOX gene clusters showed an on-state in
Epitypes A and B, and an off-state in Epitype C. The down-
regulation of HOX genes in Epitype C implies that HOX gene
expression may suppress aggressive growth. HOXB2 has, in line
with this, been reported to be hypermethylated in aggressive UC
tumors.”” A similar association between HOX gene methylation
inactivation and aggressive growth has been reported for breast
cancer,®® ovarian cancer”” and leukemias.®® A further indication
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Figure 5. MDS analysis. A two-dimensional MDS representation of the
similarities among tumors. Green, Epitype A samples; blue, Epitype B
samples; red, Epitype C samples; black, normal urothelium. Epitype D
samples were omitted from the analysis.

of the suggested tumor suppressor like activity of the HOX genes
was the observed methylation of HOXB4, -B5 and -B8 genes
when gained. Notably, HOX genes are repressed in pluripotent
cells and activated upon differentiation.”! Repression of HOX
genes in Epitype C may thus facilitate tumor evolution toward a
more stem cell-like behavior. Taken together, our findings high-
light HOX gene silencing and EZH2 expression as important
mechanisms to maintain UC in an undifferentiated and more
aggressive state.

In conclusion, we have highlighted two aspects of DNA meth-
ylation. First, the association between gene copy numbers and
DNA methylation and, second, the possible activation of genes
through site specific methylation of transcription factor bind-
ings sites. These findings emphasize the dynamic behavior of
the cancer methylome. In addition, we show that UC consists of
distince DNA methylation subtypes, epitypes, that are related to
pathological staging and grading as well as molecular subtypes.”
We believe that detailed understanding of the UC methylome
dynamics and epitypes combined with data on the transcrip-
tomic and genomic levels will enable the precise classification of
UC into tumor subtypes of importance for clinical behavior and
treatment response.

Materials and Methods

Samples. We assayed 149 tumors from 149 patients, 53 Ta, 45
T1 and 51 MI tumors, for genome-wide methylation analysis
using the Illumina Infinium HumanMethylation27K BeadChip.
As controls, we used threee technical replicates of one tumor
sample and six samples from normal bladder urothelium without
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bladder cancer history. Informed consent was obtained from all
patients; the study has been approved by the local ethics commit-
tee. Tumor cell content for 133 of 149 samples was obtained from
adjacent Imm tissue microarray cores. The proportion of tumor
cells for Epitypes A, B, C and D is on average 85%, 85%, 76%
and 66% respectively (Table S3). For details on sample prepara-
tion and hybridization see Supplemental Material. Raw intensi-
ties for methylated and unmethylated probes of each CpG site
were extracted from Illumina’s GenomeStudio, available at the
Gene Expression Omnibus (GSE33510). Genome wide expres-
sion data were available for all samples (GSE32894). Array CGH
data were available for 68 tumor samples (GSE32549).

Preprocessing of methylation data. In line with a previous
report, we find B-values of low-varying CpGs to be influenced
by copy numbers (Supplemental Material).*> This is, however,
caused by probe-specific background rather than Illumina’s
constant offset of 100 as suggested previously in reference 42,
and has an impact on B-values on a large scale. Consequently,
we aimed to subtract the probe-specific background. Probe-
specific background was estimated using the unmethylated
channel from hybridizations of SssI methylated control DNAs,
and then subtracted from the data to obtain M' (methylated)
and U' (unmethylated) signals (Supplemental Material). Values
below zero were set to zero and 2,524 sites with mean (M' + U")
< 3,000 were removed from the data. Beta values were calcu-
lated as B = M'/(M' + U"), not using lllumina’s offset. Missing
values were imputed using k-nearest neighbor imputation (k =
10).% Batch effects induced by bisulfite-treatment were adjusted
(Supplemental Material). CpGs located in chromosomes X and
Y were removed from the subsequent analyses to obtain the final
B-value matrix. For the definition of epitypes, the top 25% CpGs
in B-value variation across tumors were used, and for integration
with copy number data, CpGs with 3-value variance > 0.02 were
considered. Chromosome X and Y CpGs were included for copy
number analysis.

Copy number data from methylation27K beadchip. The
overall intensity for each CpG site reflects the copy number level
described by I = U + M. To account for dye specific signal inten-
sity the data was quantile-normalized with respect to the dye-
channels.* The sites were calibrated using samples with normal
copy numbers (Supplemental Material) and then adjusted for
batch effects (Supplemental Material). For each sample the data
was segmented using the CBS algorithm,” and a sample-adaptive
threshold (SAT) was calculated to obtain a sample-specific cut-
off for calling of amplifications and deletions.

Definition of CpG islands, hyper-variable regions and epi-
types. We used Illumina’s CpG Island definition that is based
on NCBIs relaxed island definition.”” For identification of hyper-
variable regions only the CpG with highest B-value variation
for each gene was included. To call significant hyper-variable
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regions, we calculated the 0.995 and 0.005 quantiles for each
chromosome, obtained from smoothing values of 500 data sets
with reshuffled genome positions; i.e., values above and below
these quantiles are of p value < 0.01. The epitypes were iden-
tified using hierarchical clustering analyses (HCA) of 2,000
bootstrapped data sets as previously described by Lindgren et al.”
(Supplemental Material).

Gene signatures. CpGs with age-related methylation changes
were obtained from Teschendorff et al. PRC2 target gene signa-
ture was obtained from Lee et al.” Genes with GO term “devel-
opmental processes” were retrieved® and genes with the GO term
“cell cycle” removed prior to analysis.

Identification of transcription factor binding sites.
Correlation analysis of methylation to gene expression levels was
compared with permuted data sets to obtain false discovery rates
(Supplemental Material). We used MEME for motif discovery
in positively correlated CpGs, with the respective CpG sites +5
bp as input (MEME settings 4 to 8 bp motif).” To further char-
acterize the genomic CpG context we re-annotated the CpGs in
respect to promoters (transcription start site -1,500 to +500) and
gene bodies (transcriptions start site +501 to transcription ter-
mination site -500). We used the SMART algorithm to charac-
terize transcription factor binding sites overlapping the CpGs.*
We extracted the flanking genomic sequence (£25 bp) for each
CpG and analyzed both strands for the presence of high scoring
transcription factor (TF) binding motifs in at least one strand
(SMART settings CSS = 1.0, MSS = 0.9). We filtered the hits
in order to identify core motifs overlapping the Illumina CpG-
site by at least one base. In this analysis no distinctions were
made between different position weight matrices for the same
transcription factor, e.g., MYC_01, MYC_02 and MYC_03. As
background list for binding site enrichment analysis we employed
the genes used for correlation analysis between methylation and
expression levels.
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