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Distribution, silencing potential and evolutionary impact
of promoter DNA methylation in the human genome

Michael Weber!, Ines Hellmann®3, Michael B Stadler!, Liliana Ramos*, Svante Piibo?, Michael Rebhan! &

Dirk Schiibeler!

To gain insight into the function of DNA methylation at cis-regulatory regions and its impact on gene expression, we measured
methylation, RNA polymerase occupancy and histone modifications at 16,000 promoters in primary human somatic and germline
cells. We find CpG-poor promoters hypermethylated in somatic cells, which does not preclude their activity. This methylation is
present in male gametes and results in evolutionary loss of CpG dinucleotides, as measured by divergence between humans and
primates. In contrast, strong CpG island promoters are mostly unmethylated, even when inactive. Weak CpG island promoters
are distinct, as they are preferential targets for de novo methylation in somatic cells. Notably, most germline-specific genes are
methylated in somatic cells, suggesting additional functional selection. These results show that promoter sequence and gene
function are major predictors of promoter methylation states. Moreover, we observe that inactive unmethylated CpG island
promoters show elevated levels of dimethylation of Lys4 of histone H3, suggesting that this chromatin mark may protect DNA

from methylation.

Cytosine methylation is the only covalent DNA modification
described in mammals. Genetic studies have established that this
epigenetic mark is required for embryonic development!, genomic
imprinting? and X-chromosome inactivation®, and alterations in DNA
methylation are linked to many human diseases, including cancer.
In mammals, methylation is restricted to CpG dinucleotides, which
are largely depleted from the genome except at short genomic regions

=ve, Called CpG islands, which commonly represent promoters®. Cytosine

@)
@methylation can interfere with transcription factor binding, yet

=" repression seems to occur largely indirectly, via recruitment of

methyl-CpG binding domain (MBD) proteins that induce chromatin
changes®. Consequently, the strength of repression could depend on
the local concentration of CpGs within the promoter. Indeed, it is
established that methylation of CpG-rich promoters is incompatible
with gene activity, yet no conclusive picture has emerged for promo-
ters containing low amounts of CpGs”®. Equally uncertain is the
contribution of promoter DNA methylation to tissue-specific gene
expression, which predicts a dynamic reprogramming during devel-
opment’. Most CpG island promoters remain unmethylated even in
cell types that do not express the gene!’. However, changes in DNA
methylation linked to tissue-specific gene expression have been seen
sporadically on CpG-rich promoters! "2, although other studies failed
to show such a connection based on the analysis of a small set of
genes'>4, This inconclusive picture is a consequence of the limited
number of genes analyzed and is further complicated by potential

artifacts resulting from studying immortalized cell lines, which accu-
mulate aberrant methylation in culture!®.

Genomic depletion of CpG dinucleotides in mammals is thought to
reflect inherent mutability of methylated cytosines as observed in
bacteria'® and in vitro'”. Moreover, deamination of an unmethylated
cytosine creates a uracil that is easily recognized by the base excision
repair machinery, yet deamination of a methylated cytosine creates a
thymine, leading to a potential C to T transition. Notably, two
enzymes (thymine DNA glycosylase (TDG) and MBD4) have been
reported to selectively remove thymine from a T:G mismatch in the
context of CpG dinucleotides'®!®, thus questioning if C to T transi-
tions are mandatory. In light of these repair pathways, the evolu-
tionary dynamics of CpGs could depend on positive or negative
selection for CpGs rather than methylation in the germline. However,
current estimates are mostly derived indirectly from sequence rather
than actual measurement of DNA methylation?>?!,

To test models on the genomic distribution of DNA methylation
and its impact on gene activity and sequence evolution, we generated
an epigenomic map of DNA methylation, RNA polymerase II
occupancy and chromatin state for 16,000 promoters in human
primary somatic and germline cells. We find that both methylation
frequency and its silencing potential are related to a gene’s
promoter sequence and the function of its product, and we
propose that weak CpG islands are predisposed to de novo methylation
during differentiation.
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Figure 1 Defining the promoter methylome in

human primary fibroblasts. (a) Input DNA and a &I/n\fit\ 2\9—3? c smc d o6 cnr:129500-120900 ko
5-methylcytosine (5mC)-enriched MeDIP >= = IN M log2 ratio T 0.4
samples were cohybridized to a high-density Y UBE2B ==  -0.879 02
oligonucleotide microarray representing HIST1H3B ==  -0.610 a
human promoters. Promoter methylation 245*23;::‘:)?";2“ PEX13 =  -0.560 g 0 0\1 \/\
levels are calculated as the average of T..g...r::' RCD1 ==  —0.537 E —o.zJ
oligonucleotide ratios (5mC bound over input) 700 bp +200 bp HOXA9 == -0.371 041 rogaia mesT TsGAIs
between —700 bp and +200 bp relative to ER ==  -0.353 i r
the transcription start site (Supplementary KCNAT == —0.265 c*,“:% cgpsz KLF14
Fig. 1). (b) To remove potentially falsely b [Refseq] [FirstEF| [mANAS| SMPDL3A ==  —0.245
annotated promoters, we filtered them based o IPO13 == —-0.065 e e 1156-19 P—0.388
on RefSeq, FirstEF and mRNA annotations F"te””g\ l / SFRS5 == —0.015 08, 1
(see Methods). The Venn diagram illustrates |15 509 validated promoters‘ NMEG = 0.060 0.6 1 %—I
that the validated promoters largely overlap : SURF1 = 0.088 T 0.4+
with promoters of RefSeq genes. MGC23280 = 0.242 0.2
(c) Validation of microarray results. Randomly Validated RefSeq POUSF1 == == 0378 a 07
. promoters promoters — 4 —0.2
selected promoters were amplified by AQP2 == 0.448 =
PCR from input (IN) and MeDIP-enriched (M) MYF5 == == 0.485 g 041
fractions. In each case, the PCR reflects the LDHC == == 0.723 10 061
enrichment measured on the microarray OXT == = 0.906 087 . 4 - ~ CpGisland
GPR109A == == 1.200 + — + Xinactivation

(given as a log?2 ratio). (d) Microarray
detection of DNA hypermethylation on the

promoter of the imprinted MEST gene, as previously described®®. The dots mark the methylation level (log2 ratio) of RefSeq gene promoters

shown below the graph. (e) Promoter DNA methylation on the X chromosome. Promoter sequences were matched to published X inactivation expression
data®®. Box plots show promoter methylation levels for genes subjected to (+) or escaping (-) X-inactivation, depending if promoters contain a CpG island.
Only CpG island promoters of genes that undergo X inactivation show hypermethylation. Here and in all figures, the blue line marks the median, lower and
upper limits of the box mark the 25t and 75t percentiles, and lower and upper horizontal lines mark the 10t and 90t percentiles. P values were

calculated using a t-test.

RESULTS

Profiling promoter DNA methylation in the human genome

To determine the methylation status for a comprehensive set of human
promoters, we enriched methylated DNA from human primary
fibroblasts using methylated DNA immunoprecipitation (MeDIP)
methodology?? and combined it with microarray detection. The
chosen array represents 24,134 putative human promoters, each
covered by 15 oligonucleotides spanning from 1.3 kb upstream to
0.2 kb downstream of the transcription start site (Fig. la). To

e eliminate potentially falsely assigned promoters that might represent

@)
@lntergenic regions, we used experimental and computational evidence

=" from various sources (see Methods) to generate a subset of 15,609

high-confidence promoters (Fig. 1b). These promoters largely over-
lapped with start sites of Ref Seq genes (Fig. 1b) and were used in all
further analyses. In addition, measurements were limited to oligo-
nucleotides from 700 bp upstream to 200 bp downstream of the
transcription start site, to reduce noise caused by distal oligonucleo-
tides residing in upstream intergenic regions (Supplementary Fig. 1
online). The measurements for each promoter proved to be highly
reproducible between biological replicates (R ranging from 0.91 to
0.95; see Supplementary Fig. 2 online and Methods), from which we
calculated a mean value.

Single-gene controls confirmed that the array measurements accu-
rately reflected the enrichment in the MeDIP procedure (Fig. 1c).
Among genes with high promoter DNA methylation, we detected a
number of imprinted genes previously shown to have allele-specific
promoter methylation (Fig. 1d). In agreement with the link between
promoter DNA methylation and X chromosome inactivation in
females®, we also observed that promoter DNA methylation was
higher on the X chromosome than on autosomes (Supplementary
Fig. 3 online). This reflects CpG island promoter methylation of
genes that undergo X inactivation; genes that escape X inactivation
were indistinguishable from autosomal genes (Fig. le). Notably,

non—CpG island promoters did not show differential DNA methyla-
tion in relation to their X inactivation status (Fig. le), suggesting
that their inactivation was not reflected in changes in DNA methyla-
tion (see below).

Promoter classes in relation to CpG frequency

Approximately 70% of human genes are linked to promoter CpG
islands, whereas the remaining promoters tend to be depleted in
CpGSZI. This is evident in our set of 15,609 promoters, which had two
distinct populations with high and low CpG frequency (Fig. 2).
However, both populations showed a substantial overlap correspond-
ing to promoters with intermediate CpG frequency. We hypothesized
that these might differ from low and high CpG promoters in their
regulation by DNA methylation. Therefore, we defined three classes of
promoters based on CpG ratio, GC content and length of CpG-rich
region (see Methods for details). High-CpG promoters (HCPs) and
low-CpG promoters (LCPs) form two nonoverlapping populations
that represent strong CpG islands and clear non—CpG island promo-
ters, respectively (Fig. 2). Promoters with intermediate CpG content
(ICPs) contain many promoters that are close to the CpG island
criteria introduced in ref. 23, and 91% of them (compared with 8%
of LCPs and 100% of HCPs) fulfill the less-stringent CpG island
criteria defined in ref. 24; therefore, ICPs will also be referred to as
‘weak’ CpG islands.

To estimate differences in expression patterns between the three
classes, we matched the promoters with a set of 2,018 housekeeping
genes defined from public expression data (see Methods). These
housekeeping genes are unevenly distributed in the classes, as they
are 1.2-fold overrepresented in the HCP class, 1.2-fold underrepre-
sented in ICPs and 2.3-fold underrepresented in LCPs (y? test: P =
4.6 x 107%). This agrees with previous reports showing that CpG
island promoters are more frequently, but not exclusively, associated

with housekeeping genes?!.
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Figure 2 Promoter classification based on CpG representation. The gray
histogram represents the distribution of observed versus expected CpG
frequencies for all 15,609 promoters analyzed, showing a bimodal
distribution of CpG-rich and CpG-poor promoters. To separate two
nonoverlapping populations, lower- and higher-stringency criteria were used
to define the low (LCPs, red, n = 3,627) and high (HCPs, blue, n = 9,928)
CpG content groups, as well as a smaller group with intermediate CpG
content (ICPs, green, n = 2,054) (see Methods for details on calculations).

Differential methylation of promoter classes in somatic cells

Figure 3a shows the DNA methylation levels in primary fibroblasts for
all autosomal promoters in the three classes relative to their CpG
content. In the case of HCPs, most promoters showed MeDIP
enrichments close to the median, whereas a small subset of promoters
showed strong enrichment (Fig. 3a). Bisulfite genomic sequencing
confirmed that the least-enriched HCPs were free of methylated
cytosines, whereas those with enrichments around the median con-
tained a few methylated cytosines, which, owing to the high CpG
content, translates into a low percentage of methylation (for example,
for CASP2, 4 out of 61 CpGs were methylated (7% methylation);

Figure 3 Frequency of DNA methylation in a LCP
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Fig. 3b and Supplementary Fig. 4). HCPs with MeDIP enrichment
above 0.4 were strongly methylated (Fig. 3b and Supplementary
Fig. 4), and these represent 3% (292 out of 9,527) of autosomal
HCPs. Therefore, as predicted from previous work?®, CpG islands
remain mostly free of DNA methylation even in terminally differ-
entiated cells, yet 3% of HCPs show high methylation.

Weak CpG islands showed a markedly higher frequency of DNA
methylation (Fig. 3a): 21% (385 out of 1,841) of autosomal ICPs
showed high methylation values (log2 ratio >0.4) indicative of
complete methylation, as confirmed by bisulfite genomic sequencing
(Fig. 3b). LCPs showed a different pattern of DNA methylation: we
observed a positive correlation between promoter enrichment and
CpG content (Fig. 3a). This dependency can be reconciled if most
LCPs show a high rate of CpG methylation, and consequently their
enrichment becomes a function of their number of CpGs. Indeed,
bisulfite genomic sequencing on randomly chosen promoters showed
that most LCPs were methylated (Fig. 3b and Supplementary Fig. 5
online). Thus, low enrichment in the LCP class does not reflect an
unmethylated state but rather the low abundance of substrate to be
recognized by the 5-methylcytosine (5mC) antibody. Similar to
HCPs, modest enrichments around the median represent few methy-
lated CpGs, yet in LCPs this translates into a high relative methylation
level owing to low CpG content (for example, 4.5 out of 5 CpGs
(90%) were methylated in EHF; Fig. 3b). We conclude that LCPs
are overall methylated, HCPs are almost exclusively unmethylated and
ICPs show a high frequency of methylation. Consequently, LCPs
and ICPs are largely overrepresented among hypermethylated
promoters (Fig. 3c).

Polymerase occupancy in relation to DNA methylation

Next, we determined the activity of all promoters by measuring RNA
polymerase II occupancy using chromatin immunoprecipitation

ICP

Total promoters

HCP c

promoter classes. (a) The scatter plots show the
DNA methylation levels for all promoters relative
to their CpG content (CpG/bp) for the three
promoter classes. Each spot represents one

promoter. The dashed line marks the threshold
(log2 ratio = 0.4) above which promoters
in ICP and HCP classes are classified as
hypermethylated based on bisulfite sequencing
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Additional bisulfite controls are shown in

Supplementary Figures 4 and 5. (c) Pie charts

showing the relative frequency of classes among
total promoters and hypermethylated promoters

(defined by log2 ratio > 0.4). LCPs and ICPs are largely overrepresented among hypermethylated promoters (2 test: P = 8 x 107258). Note that the
percentage of LCPs among hypermethylated promoters is underestimated, as many fully methylated LCPs do not contain sufficient CpGs to pass the 0.4

enrichment threshold (see text).
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Figure 4 Functional consequence of DNA methylation on promoter activity depends on CpG content. (a) Density histogram representing the promoter
enrichments for RNA polymerase Il (Pol Il). Active promoters (marked in green) are defined as having a log2 ratio >0. (b) The Venn diagram compares
active promoters identified in this study with TAF1/Pol Il binding sites identified in unrelated primary fibroblasts2®. Of the TAF1/Pol |l sites present on our
array, 94% (4,851 out of 5,176) are also scored as active. Notably, we also identify additional active promoters that presumably use initiation factors other
than TAF1 (ref. 50). (c) Density plot comparing the distribution of DNA methylation values for active (green) and inactive (orange) LCPs, which show no
significant differences. The P value was calculated using a Wilcoxon test. (d) Bisulfite genomic sequencing on selected active LCPs, confirming that these
are hypermethylated (Supplementary Fig. 5). (e) The left panels show the percentage of active and inactive promoters relative to increasing DNA methylation
for the ICP and HCP classes. The percentage of active promoters decreases with increasing methylation levels, showing that promoter activity and
hypermethylation are incompatible for ICPs and HCPs. Right panels show density plots comparing the distribution of DNA methylation values for active and
inactive promoters. The vertical dashed line marks the threshold for hypermethylation (log2 ratio = 0.4). These plots illustrate the high frequency of DNA
methylation among inactive ICPs, whereas most inactive HCPs remain unmethylated. P values were calculated using a Wilcoxon test.

(ChIP). The enrichment profile showed a bimodal distribution, which
we used to define a set of polymerase-bound and presumably active
promoters (Fig. 4a). A comparison with TAF-1 and polymerase II-
bound promoters identified in unrelated human fibroblasts?®> showed

epresented on our microarray, 94% were scored active in our data set

la.l marked similarity. Of those promoters identified in ref. 25 that are

(Fig. 4b). The frequency of activity varies between promoter classes,
with 66% of HCPs being active compared with 41% of ICPs and 11%
of LCPs. This reflects the enrichment of housekeeping genes in CpG
island promoters and the higher abundance of rarely expressed tissue-
specific genes in non-CpG island promoters, as demonstrated above.

Low CpG promoters showed no significant correlation between
gene activity and the abundance of methylated cytosines, suggesting
that active LCPs are not preferentially unmethylated. Indeed, the
distribution of DNA methylation values for active and inactive LCPs
was not different (Fig. 4c). Bisulfite sequencing on a number of active
LCPs confirmed their methylated state (Fig. 4d and Supplementary
Fig. 5). We confirmed that these methylated promoters are sites of
transcriptional initiation by showing that polymerase binding is biased
toward the predicted start sites (Supplementary Fig. 5). Notably, the
promoter of the highly expressed FGF7 gene was hypomethylated in
primary fibroblasts (Supplementary Fig. 5), opening the possibility
that a subset of LCPs is unmethylated when active. We conclude that
the majority of low CpG promoters are methylated in the inactive as
well as in the active state, implying that low concentrations of
methylated cytosines do not preclude gene activity.

In contrast to LCPs, the activity of ICPs and HCPs was negatively
correlated with their DNA methylation status. The percentage of active

genes decreased to low levels for promoters showing elevated DNA
methylation (Fig. 4e), indicating that DNA methylation of ICPs and
HCPs is largely incompatible with their activity. However, inactive
ICPs and HCPs differed in their frequency of DNA methylation.
Whereas the vast majority of inactive HCPs remained unmethylated, a
much higher proportion of inactive ICPs was hypermethylated
(Fig. 4e). Thus, HCPs remain unmethylated even when inactive,
whereas inactive ICPs are frequently methylated, implying that they
are less protected against de novo methylation.

Inactive CpG islands reside in active chromatin

To gain insight into potential mechanisms preventing DNA methyla-
tion of CpG island promoters, we tested if they are associated with an
established mark of transcriptionally active chromatin: dimethylation
of Lys4 of histone H3 (H3K4)?. Active promoters show overall higher
levels of dimethylated H3K4 than inactive promoters (Fig. 5a), con-
firming previous work in higher eukaryotes?>?’, but we were surprised
to find that inactive promoters formed two populations with different
levels of dimethylated H3K4 (Fig. 5a) that mirrored their DNA
methylation status. Inactive HCPs, which remain largely hypomethy-
lated, showed elevated H3K4 dimethylation compared with inactive
LCPs and most ICPs (Fig. 5b). The rarely methylated HCPs show no
enrichment of dimethylated H3K4, but they form too small of a group
to be visible in the density plot. Among inactive ICPs, only unmethy-
lated promoters showed enrichment of dimethylated H3K4 similar
to HCPs, whereas hypermethylated ones showed no enrichment
(Fig. 5c). We conclude that CpG-rich promoters that are pro-
tected from DNA methylation are associated with elevated levels of
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Figure 5 Elevated levels of H3K4 dimethylation mark inactive CpG islands. (a) Density plots comparing
H3K4 dimethylation profiles for active and inactive promoters of all classes. Active promoters show
uniform high H3K4 dimethylation, whereas inactive promoters show both intermediate and low levels
evident as two separate peaks. The P value was calculated using a Wilcoxon test. (b) Profiles of H3K4
dimethylation for inactive promoters in each promoter class. This shows that promoters with an
intermediate level of H3K4 dimethylation represent mainly HCPs and a subset of ICPs. The H3K4
dimethylation profile for active promoters is shown as a dashed line for comparison. (c) The box

plot represents the distribution of H3K4 dimethylation values for inactive ICPs and HCPs that are
hypomethylated (5mC log2 ratio <0.4) or hypermethylated (5mC log2 ratio >0.4). This demonstrates
that only hypomethylated promoters show elevated H3K4 dimethylation, whereas hypermethylated
promoters show no enrichment of H3K4 dimethylation. The P value was calculated using a t-test.
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absent in germ cells (Fig. 6a and Supplemen-

(04 P=2.11x107187
21 — tary Fig. 6). Among HCPs and ICPs that
T 14 were hypermethylated in the somatic sample,
i o] 86% (236 out of 276) and 49% (184 out of
g A 373), respectively, were unmethylated in
§ _1: sperm (Supplementary Fig. 6). Thus, most
§ -2 hypermethylation of CpG-rich promoters in
@ _3: fibroblasts seems to be somatically acquired,
04 04 indicating that a defined subset of CpG
5mC (log2) islands becomes de novo methylated during

development. Notably, the frequency of this
acquisition is higher in ICPs, suggesting that
weak CpG islands are more prone to methy-
lation during differentiation.

Evolutionary impact of CpG methylation

CpG depletion in the human genome is
thought to reflect a higher mutation rate of
methylated cytosines'® in the germline. Using
the promoter methylome of the sperm sam-
ple, we tested if promoter hypermethylation

dimethylated H3K4 in the absence of transcription. This shows that a
chromatin state can predict the DNA methylation state of inactive
CpG-rich promoters and opens the possibility that chromatin struc-
ture is functionally involved in protecting CpG-rich promoters from
DNA methylation.

Dynamic DNA methylation between soma and germline

To establish if the observed promoter methylation profiles are unique
to somatic cells, we determined the promoter methylome in mature
sperm, the product of the male germline. The MeDIP experiments
proved to be highly reproducible when comparing sperm samples
from the same (R = 0.95) or genetically unrelated donors (R = 0.91,
Supplementary Fig. 2). The LCP class showed high similarity in DNA
methylation patterns between fibroblasts and sperm (Fig. 6a and
Supplementary Fig. 6 online): 79% (373 out of 472) of the hyper-

la.l methylated promoters from fibroblasts were also highly enriched in

perm (Supplementary Fig. 6). Similar to fibroblasts, methylation

= enrichment of LCPs in sperm increased with CpG content

(Supplementary Fig. 6), indicating that constitutive methylation in
this class was present in both somatic cells and gametes. In contrast,
hypermethylation of ICPs and HCPs detected in fibroblasts was mostly

Figure 6 Promoter DNA methylation in the germline is associated with CpG
loss. (a) Comparison of DNA methylation of autosomal promoters in human
primary fibroblasts and sperm. In each class, promoters were grouped in
three bins based on their DNA methylation level in fibroblasts. For promoters
in each bin, we subtracted the methylation measurement in sperm from that
in fibroblasts. A positive value reflects higher methylation in somatic cells
than in the germline. The box plots illustrate that methylation of LCPs is
very similar between fibroblasts and sperm, whereas hypermethylation of
ICPs and HCPs detected in fibroblasts (log2 ratio >0.4) is largely specific
to somatic cells. (b) Comparison of human, chimpanzee and rhesus
sequence was used to define CpG loss and CpG gain in the human lineage
(see main text and Methods). CpG loss and gain are shown for each
promoter class, illustrating the higher rate of CpG loss in the constitutively
methylated LCP group compared with ICPs and HCPs. (c) CpG loss for ICPs,
sorted according to methylation status in sperm (hypermethylation: 5mC
log2 ratio > 0.4; hypomethylation: 5mC log2 ratio <0.4). This illustrates
the link between DNA methylation in the germline and a higher rate of
ongoing CpG depletion.

in germ cells was manifested in an increased
rate of CpG loss. To infer rates of ongoing CpG loss and gain in the
human lineage, we used the AMBIORE package?® to perform three-
way alignments of the human, chimpanzee and rhesus macaque
genomes (using rhesus as an outgroup to assess the directionality of
CpG mutations). This demonstrated that CpG loss was considerably
higher for LCPs than for ICPs and HCPs, whereas CpG gain and non-
CpG divergence was indistinguishable (Fig. 6b and data not shown).
Given that LCPs were mostly methylated in sperm, this favors the
model that DNA methylation induces CpG depletion in these pro-
moters. To further relate CpG loss with DNA methylation, we divided
the ICP class based on their methylation status in sperm and observed
that CpG loss was higher for methylated promoters than for the
unmethylated promoters (Fig. 6¢c). Therefore, within the same pro-
moter class, promoter DNA methylation in the product of the male
germline was associated with an increased evolutionary loss of CpGs.
Notably, ICPs seem to lose CpG noticeably faster than HCPs even
when unmethylated in sperm, which could reflect either temporary
methylation in the germline or an inherent selection for CpG loss
at ICPs.
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Figure 7 Methylation of promoters associated with germline-specific genes in somatic cells.

(a) Gene ontology analysis of autosomal ICPs and HCPs hypermethylated in fibroblasts. The dark
blue bars represent the frequency of GO terms among hypermethylated promoters relative to the
frequency among unmethylated promoters (which is set to 1). LCPs are excluded from this
ontology analysis because of their constitutive methylation. P values were false discovery rate
(FDR)-adjusted with the Babelomics FatiGO tool. (b) Promoter methylation in the histone gene
cluster on 6p21.3, showing that only the testis-specific variants of H2B (TSH2B) and H1 (H11)
are methylated in primary fibroblasts. Vertical bars represent the promoter methylation of
individual histone genes ranked by chromosomal position. (c) Comparison of promoter methylation
profiles of germline-specific genes versus total genes in WI38 primary fibroblasts and sperm cells.
The density plots show that most germline-specific genes are hypermethylated in somatic cells
and unmethylated in sperm. Only ICPs and HCPs are considered. The complete gene list is given
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in Supplementary Table 1. P values were calculated using a Wilcoxon test. (d) Methylation of

germline-specific genes in other somatic tissues. Candidate promoters were PCR amplified from input (IN) and MeDIP-enriched (M) fractions from WI38 and
HFL-1 primary fibroblasts, primary kidney and colon samples and sperm cells. Germline-specific promoters are methylated in all somatic tissue samples
tested. The promoter class of the tested genes is indicated on the right. The imprinted H19 ICR serves as positive control for methylation, and the

housekeeping genes UBE2B and HIST1H3B as unmethylated negative controls.

Promoter methylation of germline-specific genes in soma

Finally, to gain insights into the biological roles of DNA methylation
in somatic cells, we asked if methylated CpG-rich promoters in
primary fibroblasts regulate genes involved in specific biological
processes. Of the rarely hypermethylated HCPs, 17% are linked to
genes showing a testis-specific expression, according to GNF Sym-
Atlas®® (which does not provide expression data for the human female
germline), including well-studied genes expressed in both male and
female germline, such as DAZL, SPO11, SOX30, BRDT, ALE, TPTE or

=o» REC8 (refs. 30,31). To confirm this observation, we analyzed Gene

@Ontology annotations for methylated autosomal ICPs and HCPs and

=" observed a significant enrichment for ontology terms related to

generation of gametes (Fig. 7a). The only other enriched GO category
in the methylated fraction refers to perception of smell and reflects
DNA methylation of a small subgroup of olfactory receptor genes that
contain CpG-rich promoters (data not shown). This unique methyla-
tion of germline-specific genes is illustrated by the histone gene
cluster, where the testis-specific histone variants HISTIH2BA
(known as TSH2B) and HISTIHIT (known as HIt) show high
promoter DNA methylation, as reported in rodents*>> (Fig. 7b).
We confirmed this observation by PCR (Fig. 7) and bisulfite sequen-
cing (Supplementary Fig. 4). Notably, the majority of described
germline-specific genes (Supplementary Table 1 online) showed
hypermethylation (Fig. 7c), indicating that this process happens
quantitatively in this class of genes. This methylation of germline-
specific genes was absent in mature sperm (Fig. 7c,d), suggesting that
it is established after fertilization during somatic development. More-
over, it was not unique to the particular cells we studied, as we
observed it in genetically unrelated male fibroblasts and primary
samples from kidney and colon (Fig. 7d). We conclude that somatic
cells show a systematic methylation of promoters for germline-specific
genes, including strong CpG islands that are otherwise protected from
DNA methylation.

DISCUSSION

Previous models of the distribution and function of DNA methylation
at cis-regulatory regions have been deduced from small data sets
or inferred indirectly from DNA sequence. Moreover, the impact of
DNA methylation on transcription was determined using approaches
such as transient transfections”® or genomic targeting of random
integration sites®*, which do not necessarily recapitulate the
endogenous chromosomal situation. In each case, low sampling
numbers limited the potential to generalize findings, especially
when exceptions occur at low frequencies. Thus, our comprehensive
analysis of DNA methylation, polymerase occupancy and
chromatin state of 15,609 promoters provides a useful framework
to derive quantitative and predictive models of promoter DNA
methylation (Fig. 8).

We find the vast majority of strong CpG island promoters (HCPs)
hypomethylated on autosomes, in agreement with previous observa-
tions'»2%3% and computational predictions. Thus, even though DNA
methylation is sufficient to inactivate CpG island promoters, it is not
necessary, as most inactive CpG island promoters are unmethylated.
The fact that transcription seems not to be required to maintain a
hypomethylated state points to alternative mechanisms that protect
CpG islands against de novo methylation. Our results imply chromatin
structure as a putative pathway, as hypomethylated CpG islands show
elevated levels of H3K4 dimethylation even in the absence of tran-
scription. Dimethylation of H3K4 occurs uniformly on all CpG island
promoters, arguing that it is an inherent characteristic of CpG islands.
Equally notably, H3K4 dimethylation is not shared by the LCP class
(Fig. 5), which contain as few methylated cytosines as HCPs; there-
fore, H3K4 dimethylation seems to require a local concentration of
unmethylated CpGs. In line with this model, recruitment of H3K4
methylases by unmethylated CpGs has recently been suggested®”®,
Moreover, the euchromatic features of CpG islands do not seem to be
limited to H3K4 methylation, as a broad H3 hyperacetylation in CpG
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Figure 8 Regulation of promoter DNA methylation in the human genome.
Schematic representation of promoter CpG content (which translates into
the different classes) relative to frequency of hypermethylation, impact of
methylation on sequence evolution, ability of methylated state to repress
transcription and likelihood of de novo methylation in somatic cells. This
synopsis illustrates that weak CpG islands (ICPs) are prone to regulation
by DNA methylation, as they show frequent DNA methylation in somatic
cells, and this methylated state precludes their activation. The width of
each bar represents frequency of the event or strength in case of
transcriptional repression.

islands has been reported®®. These observations make it conceivable
that an active chromatin state is involved in precluding DNA methyl-
transferase (DNMT) recruitment to CpG islands. However, it also
raises the question of how spurious activation of such accessible
promoters is prevented.

In contrast to CpG islands, promoters with low CpG content
(LCPs) are predominantly methylated, in agreement with recent
bisulfite sequencing results on human chromosomes®. We now
show that this hypermethylation does not preclude gene expression.
The lack of repression of low abundance of 5mC is also illustrated in
the HCP class, where many active promoters contain a low percentage
of methylation (4%-7%; see Figs. 3 and 4). This indicates that

e repression by DNA methylation requires high 5mC density. In light

@of the prevailing model of an indirect repression pathway by MBD

=" protein, this suggests that MBD binding is not sufficient at low DNA

methylation density for active repression. However, this does not
exclude a role for low-density methylation in reducing transcriptional
noise that could be generated by spurious initiation*?. If it
indeed occurs, such regulation might be more prominent at tissue-
specific genes, which are enriched among LCPs. Of note, we also
observe a low number of LCPs that are unmethylated and active,
opening the possibility that at some LCPs, demethylation occurs upon
gene activation.

The dynamics and role of DNA methylation in somatic cell
differentiation is controversial'®. Our data argue that dynamic DNA
methylation cannot be a default repression mechanism for tissue-
specific gene expression, as most inactive CpG island promoters
remain unmethylated in primary cells. However, we identify several
hundred CpG island promoters (4% of the total number in the
studied fibroblasts) that are methylated in somatic cells but not in
the germline, demonstrating that somatic methylation of CpG islands
does occur at a significant rate in primary cells. Genomic imprinting is
unlikely to account for most of this methylation, as alleles were found
equally methylated in all six cases tested by bisulfite sequencing.
Notably, this soma-specific methylation occurs more frequently at
ICPs, indicating that weak CpG islands are preferential targets for
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de novo methylation in development (Fig. 8) and that the promoter
sequence is a determinant of dynamic methylation. Preliminary data
in mouse suggest that preferential targeting of weak CpG islands is a
general phenomenon in mammals (F. Mohn, M. Bibel and D.S,,
unpublished data). One possibility is that protection from de novo
methylation is a direct function of the local CpG density, making it
more likely for weak CpG islands to become de novo methylated.

Targets for CpG island de novo methylation in somatic cells are also
partly specified by the function of the linked gene, as germline-specific
genes are preferentially methylated. This observation is in agreement
with recent data on five genes in mouse*!*2, but we now show that it
is a quantitative process, because almost all CpG island promoters of
germline-specific genes are DNA methylated in somatic cells.
Although it remains to be determined how DNA methylation is
preferentially targeted to promoters of germline-specific genes and
how this process is temporarily coordinated, we speculate that DNA
methylation functions to preclude deleterious activation of meiotic
genes in somatic cells. This finding predicts that the frequently
observed ectopic expression of testis-specific genes in tumors entails
promoter demethylation?®. Notably, the preferential methylation of
germline promoters and the increased frequency of ICPs methylation
are probably independent processes, as most methylated germline-
specific genes fall in the HCP class (Supplementary Table 1).
Furthermore, germline-specific genes account only for a subgroup
of somatically methylated CpG islands. The remaining targets do
not represent defined ontology groups, yet we observe methylation of
several tissue-specific transcription factors (for example, CDXI,
TEDPI1, FHL2, NRF3, MYF5 and RUNX3), opening the possibility
that de novo methylation could be used in part to prevent alter-
native differentiation pathways by selectively repressing lineage-
specific genes.

The promoter methylome of male gametes also sheds light on the
evolutionary consequences of DNA methylation. When comparing the
human and chimpanzee genomes, we observe that promoters methy-
lated in the product of the male germline show a higher rate of
evolutionary CpG loss. Although the methylation state of other stages
of the male and female germline remains to be tested, this finding
provides evidence that the ongoing CpG depletion in the hominid
lineage is DNA methylation dependent. However, a subset of ICPs
(10% of total) show high methylation in sperm, but they are CpG rich.
These might reflect evolutionarily recent methylation events, and
consequently these promoters might have different epigenetic states
between human and chimpanzee. Further work is necessary to address
this possibility. At the same time, most ICPs are unmethylated in the
germline, thus raising the question of why these promoters have a
lower CpG content than expected. It is possible that this reflects a
specific selection for intermediate CpG content promoters in mam-
malian genomes.

Our results demonstrate that DNA methylation is primarily a
function of promoter CpG content, which results in a constitutive
hypo- or hypermethylated state. On top of this stable framework, we
identify a dynamic component that mediates soma-specific de novo
methylation preferential to weak CpG islands. Although the exact
mechanisms of targeting dynamic methylation are still elusive, our
results suggest that in primary cells, both frequency of reprogramming
and its impact on transcription are influenced by the composition of
individual cis-regulatory regions.

METHODS
Array design and analysis. Samples were hybridized to a microarray represent-
ing promoter regions of 24,134 human genes (NimbleGen Systems,
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HG17_min_promoter array). Each promoter is represented by up to 15 repeat-
masked 50-mer oligonucleotides positioned on average every 100 bp from —
1,300 bp to +200 bp relative to the transcription start site (TSS). Sample
labeling, hybridization and data extraction were performed according to
standard procedures by NimbleGen Systems. After hybridization, raw fluores-
cence values were extracted in a format compatible with Excel using a custom
Perl script. To minimize noise coming from intergenic regions, we considered
only oligonucleotides located in a window of 900 bp from the 5-most
oligonucleotide (=700 to +200 bp relative to the TSS). This filtering reduces
the average number of sampled oligonucleotides per promoter to 11.05 but
significantly increases the consistency of the measurements along each pro-
moter as shown by a reduced s.d. between oligonucleotide values of the same
promoter (Supplementary Fig. 1). Oligonucleotides showing an abnormally
high input signal were ignored (> 8,000 for MeDIP arrays and > 15,000 for
ChIP arrays, representing on average 2% of all oligonucleotides). We considered
promoters with at least seven oligonucleotide measurements after this filtering.
We calculated the bound-to-input ratio between Cy3 and Cy5 signals for each
oligonucleotide, and final promoter values are the mean of individual oligo-
nucleotide log2 ratios. The resulting promoter values were median normalized
to log2 = 0. All data processing and analysis was performed using Excel,
Spotfire DecisionSite and the R package (see URLs section below).

Promoter annotation. The promoter set present on the array was filtered
in silico to remove redundant promoters, promoters spanning less than 400 bp,
promoters on the Y chromosome and poorly supported promoters that might
reflect intergenic DNA methylation. For this, we retrieved the following
annotations from the University of California Santa Cruz (UCSC) genome
browser: (i) we matched promoters with the First Exon Finder (FirstEF)
predictions*, (ii) we counted RefSeq starts in a window of 300 bp around
the potential TSS (defined as 150 bp upstream of the most downstream
position of an oligonucleotide) and (iii) we counted mRNA starts in a window
of 150 bp around the potential TSS. Validated promoters were defined as
having either (i) a RefSeq start and a FirstEF prediction, (ii) a RefSeq start and
at least one mRNA, (iii) a FirstEF prediction and at least two mRNAs or (iv) at
least three mRNAs. All annotations refer to the May 2004 (hgl7) human
genome assembly. For the X inactivation analysis, we matched X-linked
promoters to the genes assayed in a recent comprehensive X inactivation
profile in human cells**. Genes were considered to escape X inactivation if they
were expressed in more than three out of nine of the somatic cell hybrids in this
publication. Housekeeping genes were identified with Affymetrix gene expres-
sion data from 79 tissues®® using the method described in ref. 46 (housekeeping
enes are defined as having a normalized expression level above 200 in all
issues). Matching of these genes to the promoter set identified a total of 2,018
housekeeping promoters. For comparison with the genome-wide TAF1/RNA
polymerase II data®®, we mapped the 9,328 TAF1 binding sites provided in
Supplementary Table S1 of ref. 25 to our set of promoters after having relocated
the promoters to the July 2003 (hgl6) assembly using BLAT. TAF1 sites and
promoters were considered to map if they had at least 1 bp overlap. The set of
autosomal genes with germline-specific expression was generated from pub-
lished literature®'¥’, and their expression was systematically verified with the
GNF SymAtlas?® (see URLs section below). The analysis of gene ontology was
performed by comparing the methylated autosomal ICPs and HCPs (5mC log2
ratio >0.4) with the unmethylated ones (5mC log2 ratio <0.3) using the
Babelomics FatiGO tool (see URL’s section below).

Definition of promoter classes. Promoters were classified in three categories to
distinguish strong CpG islands, weak CpG islands and sequences with no local
enrichment of CpGs. We determined the GC content and the ratio of observed
versus expected CpG dinucleotides in sliding 500-bp windows with 5-bp offset.
The CpG ratio was calculated using the following formula: (number of CpGs x
number of bp) / (number of Cs x number of Gs). The three categories of
promoters were determined as follows: HCPs (high-CpG promoters) contain a
500-bp area with CpG ratio above 0.75 and GC content above 55%; LCPs (low-
CpG promoters) do not contain a 500-bp area with a CpG ratio above 0.48;
and ICPs (intermediate CpG promoters) are neither HCPs nor LCPs. Thus, the
ICP class contains many ‘subthreshold” CpG islands (that is, CpG islands that
are small (below 500 bp), have moderate CpG richness and/or have a GC

content below 55%) with respect to the criteria defined in ref. 23. Conse-
quently, 91% of ICPs fulfill the less stringent CpG island criteria defined in
ref. 24. The computations above and the calculations of the number of CpGs
per bp and the ratio of observed versus expected CpGs over the entire promoter
were performed on the genomic sequence covered by the oligonucleotides plus
200 bp on both sides to account for the fact that DNA molecules containing
flanking regions can also contribute to the hybridization signal.

Biological samples. Human female WI38 primary lung fibroblasts were
obtained from the American Type Culture Collection (ATCC) and cultured
in DMEM containing 10% FCS (37 °C, 5% CO,). Primary samples from
kidney and colon were obtained from M. Haase (Dresden University of
Technology). Sperm samples were from two normospermic males attending
Nijmegen Medical Center for routine diagnosis. Collection and cryopreserva-
tion occurred with written consent of the donors for this study. Samples were
collected in sterile containers and purified by density gradient centrifugation
(Pure Sperm, Nidacom) for 20 min (500g). This procedure was repeated twice
to avoid contamination with other cell types. The purified sperm fraction was
then diluted 1:1 with TEST yolk buffer medium (TYB, Irvine Scientific) and
cooled in liquid nitrogen (vapor phase) for 15 min.

Methylation profiling by MeDIP. The MeDIP assay was performed on 4 pg
sonicated genomic DNA (300-1,000 bp) as previously described??. Per array,
the unamplified product of six MeDIP reactions (bound fraction) was
hybridized together with sonicated input DNA. Final promoter methylation
log2 ratios of bound over input signals represent the average of two or three
independent experiments, including one dye swap. In each case, biological
repeats showed high reproducibility (R = 0.92 for WI38 repeats, R = 0.95 and
R = 091 for sperm repeats, Supplementary Fig. 2). For the sperm versus
fibroblast comparison, we scaled individual arrays to have the same median
absolute deviation using the LIMMA package in R. We defined promoters that
gain methylation in fibroblasts as follows: log2 ratio in sperm <0.4 and Alog2
ratio (fibroblast versus sperm) >0.25. Standard PCR on single genes were
performed on 25 ng of input DNA and one-thirtieth of the immunoprecipi-
tated DNA. Primer sequences are given in Supplementary Table 2 online.

ChIP-on-chip. Six 10-cm dishes of WI38 fibroblasts grown to confluence were
cross-linked in medium containing 1% formaldehyde for 10 min at room
temperature, scraped off and rinsed with 10 ml 1x PBS. Pellets were
resuspended in 15 ml buffer 1 (10 mM Tris (pH 8.0), 10 mM EDTA,
0.5 mM EGTA, 0.25% Triton X-100) and twice in 15 ml buffer 2 (10 mM
Tris (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl). Then cells were
lysed in 1 ml lysis buffer (50 mM HEPES/KOH (pH 7.5), 500 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% DOC, 0.1% SDS, protease inhibitors) and
sonicated three times for 15 s (using a Branson sonicator, amplitude 70%).
For the immunoprecipitation, we incubated 70 pg of chromatin overnight at
4 °C with 10 pl N-20 antibody to RNA polymerase II (Santa Cruz Biotechnol-
ogy #sc-899) or 5 ul antibody to dimethylated H3K4 (Upstate #07030) and
then incubated the mixture for 3 h at 4 °C with 30 pl protein A-Sepharose
beads preblocked with tRNA. Beads were washed twice with 1 ml lysis buffer
and once with 1 ml DOC buffer (10 mM Tris (pH 8.0), 0.25 M LiCl, 0.5% NP-
40, 0.5% deoxycholate, I mM EDTA), and bound chromatin was eluted in 1%
SDS/0.1 M NaHCOs. After RNase A treatment, cross-linking was reversed by
overnight incubation at 65 °C followed by proteinase K digestion. DNA was
isolated by phenol/chloroform extraction followed by ethanol precipitation and
resuspension in 50 pl TE. A sample of the input chromatin was treated in the
same way to generate total input DNA. For the microarray analysis, we
amplified 20 ng of input DNA and 40 pl ChIP DNA by ligation-mediated
PCR (LMPCR) as described*®. A set of ten genes was tested by quantitative PCR
and showed similar bound-to-input ratios before and after amplification.
Promoter log2 ratios are the average of three independent experiments,
including one dye swap, that showed high reproducibility (R = 0.97 and
R = 0.95 for RNA polymerase II repeats; R = 0.98 and R = 0.99 for
dimethylated H3K4 repeats, Supplementary Fig. 2).

Bisulfite sequencing. Bisulfite genomic sequencing was performed as pre-
viously described??. Primer sequences are given in Supplementary Table 2.
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Divergence estimates. From the UCSC genome browser, we downloaded the
reciprocal best chain alignments of the chimpanzee genome (build PanTrol)
and the rhesus macaque genome (build RheMac2) with the human genome
(build hgl7). Positions of the first and the last NimbleGen oligonucleotides
on the human build hg17 plus 200 bp on each side were used as landmarks for
the assayed promoters. The human sequence was kept ungapped so that we
could easily create a three-way alignment. We considered only positions for
which the Arachne base quality values were >20. To estimate divergence, we
used the AMBIORE package?®, which is an implementation of a Bayesian
Markov chain Monte Carlo allowing for context-dependent and nonreversible
mutation rates. The initializing estimates were obtained from the concatenated

http://www.nature.com/naturegenetics

sequences of the three species. We specified seven types of mutations with
respect to their impact on CpG content: (i) non-CpG transitions, (ii) non-CpG
transversions, (iii) CpG-loss transitions, (iv) CpG-loss transversions, (v) CpG-
gain transitions, (vi) CpG-gain transversions and (vii) CCG—G = CGG—C.
According to the recommendations for rather short sequences, we sampled
1,000 estimates after the burn-in phase. The median and the 95% confidence
intervals of the 1,000 samples were determined. The 10% of the samples with
the most extreme confidence intervals were removed from their respective
mutation categories.

Accession codes. Microarray data are accessible from the Gene Expression
Omnibus (GSE6715).

URLs. Processed data can be downloaded from our project website (http:/
www.fmi.ch/members/dirk.schubeler/supplemental.htm). The R package can

be found at http://www.r-project.org. GNF SymAtlas can be found at http://

© 2007 Nature Publishing Group

symatlas.gnf.org. The Babelomics FatiGO tool can be found at http://fatigo.
bioinfo.cipf.es.

Note: Supplementary information is available on the Nature Genetics website.
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