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Epigenome analyses using BAC microarrays identify
evolutionary conservation of tissue-specific methylation
of SHANK3
Tsui-Ting Ching1,6, Alika K Maunakea1,6, Peter Jun1, Chibo Hong1, Giuseppe Zardo1, Daniel Pinkel2,
Donna G Albertson3, Jane Fridlyand4, Jian-Hua Mao3, Ksenya Shchors3, William A Weiss5 & Joseph F Costello1
CpG islands are present in one-half of all human and mouse
genes and typically overlap with promoters or exons. We
developed a method for high-resolution analysis of the
methylation status of CpG islands genome-wide, using arrays
of BAC clones and the methylation-sensitive restriction enzyme
NotI. Here we demonstrate the accuracy and specificity of
the method. By computationally mapping all NotI sites,
methylation events can be defined with single-nucleotide
precision throughout the genome. We also demonstrate the
unique expandability of the array method using a different
methylation-sensitive restriction enzyme, BssHII. We identified
and validated new CpG island loci that are methylated in
a tissue-specific manner in normal human tissues. The
methylation status of the CpG islands is associated with gene
expression for several genes, including SHANK3, which
encodes a structural protein in neuronal postsynaptic densities.
Defects in SHANK3 seem to underlie human 22q13 deletion
syndrome. Furthermore, these patterns for SHANK3 are
conserved in mice and rats.
DNA methylation is essential for a properly functioning genome1–6.
DNA methylation involves transfer of a methyl group to cytosine in a
CpG dinucleotide by DNA methyltransferases that create (DNMT3a,
DNMT3b) or maintain (DNMT1) methylation patterns. CpGs are five
times more abundant in CpG islands than in the rest of the genome7–9.
CpG islands are B200 bp to several kilobases in length and nearly
always encompass gene promoters or exons9–11. CpG islands associated with imprinted genes12, genes on the inactive X chromosome in
females13 and some tissue-specific genes can be differentially methylated14–18, whereas many CpG islands are thought to be unmethylated
in all normal tissues. The methylation status of most of the estimated
30,000 CpG islands19–21 has not yet been assessed in multiple tissues.
Array comparative genomic hybridization is a quantitative, highresolution method for measuring copy number across the genome22–25.
The arrays consist of thousands of BAC clones distributed across the

genome and are capable of accurately distinguishing single-copy gain
and loss in cancer, as well as copy-number polymorphisms in normal
tissue26. Because many BAC clones contain CpG islands, we propose
that these arrays are ideally suited for large-scale CpG island methylation analyses. We designed a method to use methylation-sensitive
restriction enzymes and BAC clone arrays to determine the methylation status of CpG islands genome-wide in different tissues. The
method is applicable to any organism for which BAC arrays have
been developed and to normal and disease tissue. The method can also
be expanded to assess many methylation-sensitive restriction enzyme
sites and can be applied to updated tiling path arrays27. We demonstrate the utility of the array by identifying new CpG island loci that are
subject to tissue-specific methylation and gene expression in human
tissue. Using a comparative epigenomics approach, we also show that
the differential methylation and expression of one of the genes is
conserved in rodents.
RESULTS
Methylation analysis using BAC microarrays
We designed a method to use arrays of BAC clones22,23,25 and
methylation-sensitive enzymes for analysis of CpG island methylation
status (Fig. 1a). To assess the methylation status of CpG islands, we
used NotI sites as indicators, because its endonuclease activity is
inhibited by methylation and 94% of NotI sites are within CpG
islands28,29. Using a custom Perl script, we estimate that 2,500 NotI
sites can be analyzed using this prototype methylation array.
To prove that the signal intensities across the array are from
unmethylated NotI fragments, we compared a self-self hybridization
to a hybridization of peripheral blood lymphocyte (PBL) DNA that
was first methylated in vitro and cohybridized with untreated PBL
DNA. Following in vitro methylation, the sample was spiked with
DNA from two unmethylated BAC clones that contain NotI sites. We
then prepared the methylated genomic DNA–unmethylated BAC
mixture (Fig. 1a) and labeled it with Cy3. For the self-self hybridization, equivalent amounts of Cy3 (red) and Cy5 (green) signal resulted
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Figure 1 Detection of methylation differences using a BAC clone array. (a) The methylation array procedure. Genomic DNA was digested with EcoRV and a
methylation-sensitive enzyme, such as NotI. The cleaved ends of unmethylated NotI fragments were filled in with biotin-dNTPs and isolated on streptavidincoated magnetic beads, whereas the methylated fragments and most non-CpG-island DNA were eliminated. The purified fragments were hybridized to arrays
of BAC clones printed in triplicate. The BAC arrays consisted of 2,413 unique BAC clones with an average interval of B1 Mb across the human genome25.
m, methylation. (b) Hybridization signals on the array were derived from unmethylated DNA. Two array sections from a control PBL-PBL hybridization
showing equivalent amounts of Cy3 (red) and Cy5 (green) hybridization signal. BACs without NotI sites had little or no signal intensity, whereas most BACs
containing NotI sites had a signal. (c) The same array sections as in b from untreated PBL DNA labeled with Cy5 (green) and cohybridized with in vitro
methylated PBL DNA spiked with 5 ng of two unmethylated BAC DNAs (RP11-15M23 at position G14 and RP11-23D23 at L19; in PBLs, both these sites
are normally methylated; data not shown) and then labeled with Cy3 (red). The in vitro methylation significantly reduced the Cy3 signal for most spots,
whereas the Cy5 signal from untreated PBL DNA was maintained. (d) Average log2 ratios of ten BACs containing NotI sites with the highest intensity in b
and c (experiment 1). This M.SssI array experiment was repeated with very similar results (experiment 2). m, methylated by M.SssI.

in a yellow signal (Fig. 1b). In contrast, the in vitro methylation of PBL
DNA significantly reduced the Cy3 (red) signal for most spots,
whereas the Cy5 (green) signal from untreated PBL DNA was maintained (Figs. 1c). The unmethylated NotI fragments copurified from
the two admixed BAC clones hybridized to their corresponding spots
specifically (Fig. 1c). Consistent with the array image, the average log2
ratio of BACs containing NotI sites in the control self-self hybridization was –0.07, indicating an equivalent signal from test and reference
DNA. In contrast, the average log2 ratio of these BACs after in vitro
methylation was significantly lower (average log2 ratio–0.82, P o 0.01;
Figs. 1c,d). As expected, the log2 ratios of the purified BACs added to
the Cy3 channel were significantly higher than those in the control
self-self hybridization (Fig. 1d). We obtained very similar results
when we repeated this experiment (Fig. 1d). Hybridization signals
on the array were therefore predominately generated from unmethylated NotI fragments.
To evaluate the quality of the array data, we looked for the presence
of spatial effects of a considerable size and for intensity dependence
of the log2 ratios. We normalized the log2 ratios using global median
shift to ease the across-array comparisons. We evaluated intensity
dependence by considering the shape of the lowess smoothers in each
subarray (Fig. 2). We evaluated the geometric effects by comparing
print-tip–specific log2 ratio distributions in each array (Fig. 2).
The geometric aspect of the array was judged to be satisfactory if
the variability in individual subarrays was approximately constant
and less than 0.2 and if the interquartile range of each print-tip
distribution contained zero. We accepted the array if none of the
lowess lines showed considerable departure from a horizontal line and
there was no significant geometric dependence. We found a lack of an
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intensity-dependent effect and a lack of strong spatial print-specific
effects in the arrays (Fig. 2).
We determined a conservative sample-specific cutoff for declaring a
clone to be differentially methylated. For each sample, we calculated
the median absolute deviation (MAD) computed over the autosomal
clones present in at least 50% of the samples. In the second iteration of
the MAD calculation, we used only those clones that were within 2.5
MAD of zero. We computed the conservative threshold for calling
methylation differences as the maximum of either three times the
MAD for a given sample or 0.5. Among repeated self-self hybridizations of acceptable quality, between zero and five autosomal clones
exceeded the resulting threshold with the median of 1 (Fig. 3a). This is
well within the typical range for the BAC arrays used in standard array
comparative genomic hybridization25.
Tissue-specific methylation at CpG islands
To test for tissue- and cell-type-specific methylation of CpG islands, we
carried out a self-self hybridization (PBL) and a comparative hybridization (astrocytes versus PBLs; Fig. 3). In the self-self hybridization, the
distribution of the log2 ratios was narrow (Fig. 3a). In contrast,
comparison of astrocyte DNA versus PBL DNA showed that a
significant subset of clones had log2 ratios outside the sample threshold
(Fig. 3b). These results suggest that there were differences in the
methylation status of many NotI sites, possibly CpG islands, between
the astrocytes and PBLs.
To extend these results to a larger set of CpG islands, we developed a
protocol for using BssHII as the methylation-sensitive enzyme. We
observed specific hybridization to BAC clones containing BssHII sites,
many of which do not contain NotI sites. The results of cohybridiza-
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Figure 2 The log2 ratios of cohybridizations of NotI fragments did not have either intensity-dependent effects or geographic location-specific effects.
Plots of the relationship between log2 ratio of the two signals (M value) and total intensity (log2 of average Cy3 and Cy5 signals; A value; top row) and plots
comparing the distributions of the M values across the subarrays and showing the sizes of the print tip–specific effects, if any (bottom row) of self-self
hybridizations (plot 1 of each row, PBL versus PBL) and either normal brain versus PBLs or astrocytes (Astro) versus PBLs (plots 2 and 3 of each row).
The M values were shifted by their global median to ease the effect-size interpretation. The dotted horizontal curves are the lowess-fitted print tip–specific
regressions. Because variability across the subarrays is similar, we used global median normalization in our subsequent analysis.

tions of BssHII fragments from PBL versus PBL and brain versus PBL
yielded overall results similar to those of the arrays hybridized with
NotI fragments (Fig. 3c,d and Supplementary Fig. 1 online).
Together, the NotI and BssHII protocols will allow us to interrogate
different CpG islands in a single BAC or different CpGs in a single
CpG island, depending on the restriction-site distribution.
To confirm that these differences were generated by changes in
methylation, we carried out 7–12 bisulfite-sequencing reactions for
each of 25 data points on the arrays for loci that seemed to be
differentially methylated in a small panel of human tissues and
primary cell cultures, including brain, fetal astrocytes, keratinocytes
and PBLs. We found an association between the log2 ratios from the
array and the degree of methylation in the NotI sites or BssHII site and
adjacent CpGs (Figs. 4 and 5). The NotI site of RP11-218N6 is
adjacent to a CpG island at the 5¢ end of C2orf32, a gene of unknown
function (Supplementary Fig. 2 online). Bisulfite sequencing of the
NotI site and adjacent CpGs in each direction showed tissue-specific
methylation (Fig. 4b). To determine whether the differential methylation was associated with gene expression status, we assessed levels of
C2orf32 mRNA by real-time RT-PCR analysis of the same set of tissues
(Fig. 4b). C2orf32 mRNA was undetectable in PBLs and keratinocytes,
where this region was methylated, but expression was moderate in
astrocytes and high in brain, where the region remained unmethy-
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lated. We obtained similar results for another CpG-rich region in the
gene PRKCZ (Fig. 4c), which contains two NotI sites. A candidate
from the BssHII arrays, BAC clone RP11-96D22, had a consistently
positive log2 ratio 40.5 in uncultured brain samples relative to PBLs,
suggestive of more methylation in PBLs than in brain at this BssHII
site (Fig. 4d). The BssHII site is in an intragenic CpG island associated
with ARHGEF17, a gene encoding a Rho guanine nucleotide exchange
factor. Consistent with the array results, the ARHGEF17 CpG island
was unmethylated at nearly all CpGs (in two contiguous regions of
bisulfite analysis) in brain, where it is expressed, and was densely
methylated in PBLs, which do not express ARHGEF17 (Fig. 4d). The
CpG island was also unmethylated in astrocytes and keratinocytes,
which express low levels of ARHGEF17. These data validate the array
method in detecting methylation differences and identify new examples of tissue-specific methylation associated with specific geneexpression states.
Another candidate for differential CpG island methylation, CTA799F10, had high log2 ratios in brain, astrocytes and keratinocytes
relative to PBLs, suggesting that there is more methylation in PBLs.
We identified a CpG island containing a NotI site in this region in the
gene SHANK3 (refs. 30,31; Fig. 5a), which encodes a structural
protein found in neuronal postsynaptic densities. Haploinsufficiency
through deletion or intragenic translocation of SHANK3 is thought
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Figure 3 Detection of methylation differences between cell types using NotI or BssHII. (a) Log2 ratios from an array hybridization of NotI fragments
independently isolated from two aliquots of a male PBL DNA (red dots). (b) Log2 ratios from the self-self hybridization in a, and a comparative hybridization
between normal human astrocytes and PBL DNA (blue dots). (c) Log2 ratios from an array hybridization of BssHII fragments independently isolated from two
aliquots of a male PBL DNA (red dots). (d) Log2 ratios from the self-self hybridization of BssHII fragments, and a comparative hybridization between normal
human brain and PBL DNA (blue dots). Data are plotted as the mean log2 ratio of triplicate spots for each clone, and only those log2 ratios with a standard
deviation less than 0.1 were considered valid. The BACs are ordered from left to right by their position in the genome starting at chromosome 1p (see also
Supplementary Fig. 1 online).

to underlie the severe neurologic symptoms of 22q13 deletion syndrome in humans31–33. A chromosomal breakpoint in one affected
individual occurs precisely in this CpG island31,34. Consistent with
the array results, bisulfite sequencing showed that this CpG island
was extensively methylated in PBLs, whereas methylation in other
tissues was low or absent (Fig. 5b). SHANK3 is expressed in brain
tissue, where it is primarily unmethylated, but it is not detectable in
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b

Not I

PBLs, where the CpG island is methylated. Thus, the unmethylated
state seems to be permissive for SHANK3 expression whereas methylation of the CpG island appears repressive. The methylation and
expression status of SHANK3, and the association of defects in
SHANK3 with a severe disease phenotype in humans, suggests that
the tissue-specific methylation status of this CpG island is of some
functional importance.
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Figure 4 Validation of the array results by bisulfite-sequencing and gene-expression analysis. Log2 ratios from the array correlate well with the methylation
status of the NotI (a–c) and BssHII (d) sites, and adjacent CpGs (see also Supplementary Fig. 2 online). (a) Methylation analysis in and around the NotI site
of BAC clone RP11-60M20 located on chromosome 2q14.2. (b) Methylation analysis in and around the NotI site of BAC clone RP11-218N6 located on
chromosome 2p14, and quantitative gene-expression analysis of the associated gene C2orf32. (c) Methylation analysis in and around the NotI site of BAC
clone RP11-82D16 located on chromosome 1p36.33, and quantitative gene-expression analysis of the associated gene PRKCZ. We assessed methylation
in both NotI sites in this local region by carrying out two PCRs on contiguous regions (I and II). (d) Methylation analysis in and around the BssHII site of
BAC clone RP11-96D22 located on chromosome 11q13.4, and quantitative gene-expression analysis of the associated gene ARHGEF17. We assessed
methylation across 53 CpGs by carrying out two PCRs on contiguous regions (I and II). Each row of circles represents a summary of the methylation status
of cytosines of CpGs after bisulfite treatment and sequencing. n, number of independent clones sequenced. Open circles, 0–33% clones were methylated
at the CpG; gray circles, 34–66% methylated; black circles, 67–100% methylated. The total percentage methylation was calculated considering the
methylation status of all CpGs in all sequence reactions for the given sample. The relative mRNA levels of each gene relative to control GUSB were
determined by real-time RT-PCR, done in triplicate (mean 7 s.d.). ND, not detectable after 45 PCR cycles. The expression analysis was repeated two
additional times and showed similar results. NA, not analyzed.
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Figure 5 Evolutionary conservation of tissue-specific CpG island methylation
and gene expression in SHANK3. (a) The SHANK3 locus aligned to BAC
clone CTA-799F10 at chromosome 22q13.33. (b) Tissue-specific
methylation and gene expression of SHANK3. The arrow indicates the
position of the putative transcription start site. (c) The mouse Shank3 locus
at chromosome 15qE3. The nucleotide sequences of the CpG island in
mouse was 485% identical to that in human DNA and satisfied the criteria
for CpG islands. (d) Tissue-specific methylation and gene expression of
Shank3 were conserved in the mouse. PBL1 and brain1 were from strain
C57BL/6J, and PBL2 and brain2 were from strain FVBN. Methylation data
are shown as in Figure 4. The percentage methylation was calculated
considering the methylation status of all CpGs in all sequence reactions for
the given sample. The mRNA levels of human and mouse SHANK3 were
assessed in triplicate using quantitative RT-PCR, relative to human and
mouse GUSB (mean 7 s.d.). The RT-PCR was repeated two more times with
similar results. NA, not analyzed; ND, not detectable after 45 PCR cycles.

Comparative epigenomics of SHANK3
Identification of gene-regulatory elements is a main goal of current
research and has been advanced at the DNA sequence level through
comparative genomics. Here we reasoned that a comparative epigenomics approach could help determine whether the differential
methylation of the CpG island of SHANK3 is conserved between
divergent species and whether the methylation status has a functional
impact on gene expression. We therefore assessed the methylation
status and mRNA levels of Shank3 in analogous mouse tissues
(Fig. 5c,d). Shank3 was densely methylated in PBLs, whereas partial
or no methylation was observed in brain, astrocytes or keratinocytes, a
pattern very similar to that observed in the corresponding human
tissues. The methylation and expression pattern in PBLs and brain was
very similar in both C57BL/6J and FVBN mice. In rat PBLs, Shank3
was similarly densely methylated, whereas in rat brain it was partially
methylated (Supplementary Fig. 3 online). The tissue-specific expression of SHANK3 was also conserved in the mouse (Fig. 5d) and rat
(Supplementary Fig. 3 online). The apparent conservation of tissuespecific CpG island methylation and gene-expression patterns for
SHANK3 over B75 million years suggests that they are of some
functional importance.
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DISCUSSION
Our method allows methylation analysis across the genome with singlenucleotide precision. Because even generic BAC arrays can be used for
the methylation array method, it is applicable to all species24 and can
provide comprehensive methylation analysis using complete tiling-path
arrays27 and alternative methylation-sensitive enzyme combinations. As
with restriction landmark genomic scanning and other genome-scale
methylation screens35,36, one possible limitation of our BAC array
method is the presence of SNPs, which might create or eliminate a
restriction site, leading to a false positive or negative result. To address
this problem, we wrote a Perl script that maps all known SNPs to the
restriction sites being tested on the array. Thus, we can know a priori
whether a common polymorphism might influence the array results.
This limitation will be irrelevant when comparing multiple samples
from one individual or from a panel of genetically similar organisms.
We applied the logic of comparative genomics to our epigenomic
data from the array and found that the tissue-specific pattern of CpG
island methylation of SHANK3 was very similar in mouse, human
and rat tissues. Two different mouse strains also yielded similar
methylation and gene-expression results, further supporting our
conclusions. Conservation suggests function, which can be tested by
further in-depth understanding of other cis- and trans-acting factors
that regulate SHANK3. The presence or absence of relevant transcription factors, modifications to other portions of SHANK3 or the
histones bound to it and structural changes in positioning of cisacting elements in each cell type might also have a role. We also tested
Arhgef17 in mice and found a lack of conservation of the CpG island
methylation (data not shown). These data suggest that SHANK3
methylation patterns may be evolutionarily conserved in a genespecific manner rather than simply being one part of mechanism
that is entirely conserved. This does not necessarily imply that
ARHGEF17 methylation is nonfunctional in humans, particularly if
the pattern is conserved across a large population. Conservation of
protein (histone) methylation and acetylation patterns between mice
and humans has also been reported37.
Despite the general knowledge that methylation patterns are tissue
specific, the genomic location and function of most of these sites is
unknown. Early studies suggested that there were substantial differences in the total 5-methylcytosine content of different tissues38. Our
results show that the intragenic CpG islands of SHANK3 and
ARHGEF17 have tissue-specific methylation and gene expression.
The mechanism by which intragenic methylation might modulate
levels of gene expression is not known, although a recent report
suggests that intragenic methylation may result in exclusion of RNA
polymerase II, reducing the efficiency of transcription elongation39.
Our results extend recent reports from the human epigenome
project16, restriction landmark genomic scanning15 and elsewhere18,40
that CpG islands can be methylated in specific tissues. Nevertheless,
a substantial fraction of the genome remains to be explored in any
tissue, and very few genes have been studied for methylation in more
than a handful of normal tissues or specific cell types18. The method
we report here should be useful for further identification of such sites,
including 5¢ and intragenic CpG islands, as well as of non-CpG-island
sequences. By determining the distribution of other methylationsensitive restriction enzymes in relation to genes, CpG islands or
repeat sequences, as we have for NotI and BssHII, we can examine
new sets of CpG islands or non-CpG-island sequences. Our approach
is applicable to many important issues, including normal epigenetic
variation in the population, epigenetic reprogramming in cloned
organisms, tissue-specific methylation, imprinting and aberrant
methylation in cancer and other diseases.
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METHODS
Tissues. We obtained normal brain samples from the Neurosurgery Tissue
Bank at the University of California San Francisco (UCSF). We obtained
samples with informed consent, and their use was approved by the Committee
on Human Research at UCSF. We collected adult PBLs from healthy volunteers.
We purchased normal human primary adult keratinocytes and normal human
fetal astrocytes from Cambrex and cultured them for fewer than three passages.
We obtained mouse tissues from the FVBN, C57BL/6J and NIH/Ola strains.
Mouse whole brain, purified primary astrocytes (postnatal day 10) and PBLs
were derived from normal FVBN mice. We also analyzed an additional brain
sample from a C57BL/6J mouse and obtained similar results. We isolated
keratinocytes from the skin of normal newborn NIH/Ola pups by physical
separation of the epidermal layer from whole skin. We obtained rat brain and
PBLs from Sprague-Dawley rats.
Methylation array analysis. We blocked the ends of genomic DNA (2 mg) from
normal tissue samples in a 10-ml reaction by adding nucleotide analogs
(aS-dGTP, aS-dCTP, ddATP and ddTTP) with DNA polymerase followed by
heat inactivation (65 1C for 30 min). We digested DNA with 20 U of NotI
(or BssHII) and 20 U of EcoRV for 4 h at 37 1C. We filled in the cleaved NotI (or
BssHII) ends with biotin-dGTP and biotin-dCTP (NEN) using sequenase V2.0
(USB). We separated the biotinylated fragments by incubating them with
magnetic streptavidin beads (M-280; Dynal) at 25 1C for 30 min. We removed
the supernatant and then washed the beads three times with B&W buffer
(10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 2 M NaCl). We released the DNA
fragments from the beads in 98% formamide-containing 10 mM EDTA at
65 1C for 5 min. Amino-allyl-dUTP (Sigma) was incorporated into the purified
fragments using the Bioprime DNA Labeling System (Life Technologies). We
removed free nucleotides using PCR purification columns (Qiagen). Cy5 and
Cy3 dye esters were coupled to amino-allyl-dUTP–labeled test and reference
samples, respectively. We washed slides using the established protocols for array
comparative genomic hybridization22,23,25.
We quantified and summarized array images using UCSF SPOT and SPROC
software with default parameters41. We removed from further analysis those
clones for which fewer than two replicate spots were retained or for which the
standard deviation of replicate spots exceeded 0.1. We also filtered out those
clones present in fewer than 50% of the samples. We assessed the quality of the
samples using tools available in the R/Bioconductor42 freely available package
‘marray.’ We calculated the conservative sample-specific threshold as described
in the Results.
Predicting fragment hybridization computationally. We used the University
of California Santa Cruz July 2003 freeze of the human genome for our in silico
analysis. We downloaded the whole-chromosome assemblies, the BAC endsequences, CpG islands and National Institutes of Health SNP annotations and
analyzed them using a custom Perl program on a Windows XP workstation.
The program simulates the array experiment and generates a list of restriction
fragments using the enzyme pairs across the genome and the BAC clones they
overlap. Fragments residing on CpG islands are also identified, and restriction
sites residing on recognized polymorphisms are flagged. The program can be
adjusted for any restriction-enzyme combination and can process the entire
human genome in less than 30 min. We predict that 870 BACs on the existing
array contain one or more NotI sites and that B1,700 contain BssHII sites. The
Perl script is available on request.
In vitro methylation of genomic DNA. We digested 2 mg of total genomic
DNA from normal human PBLs with 4 U of EcoRV (NEB) for 2 h at 37 1C
followed by heat inactivation for 20 min at 80 1C and phenol-chloroformisoamyl (25:24:1) extraction. We then precipitated DNA with 3 M sodium
acetate and ethanol and resuspended the pellet in 20 ml of water. We treated the
digested DNA with 100 U of M.SssI (NEB) for 4 h at 37 1C in accordance with
the manufacturer’s instructions. The enzyme was heat-inactivated for 20 min at
65 1C, and DNA was purified and processed for array hybridization. We used
the M.SssI-treated DNA as a test sample along with untreated PBL DNA as a
reference. To ensure that appropriate labeling and hybridization of NotI-selected
fragments could occur in M.SssI-treated DNA, we added 5 ng of untreated
DNA from two human BAC clones (RP11-15M23 and RP11-23D23) to the
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M.SssI-methylated PBL DNA before NotI digestion and fragment selection. We
verified these clones containing NotI sites by end-sequencing; they correspond
to chromosome 7: 40858466–40697704 (RP11-15M23) and chromosome 7:
870718–698268 (RP11-23D23; July 2003 freeze of the human genome from the
University of California Santa Cruz genome browser).
Bisulfite treatment, PCR and sequencing. We treated total genomic DNA with
sodium bisulfite as described43, carried out PCR using primers listed in
Supplementary Table 1 online and cloned products into pCR2.1/TOPO
(Invitrogen). We selected 7–13 individual colonies and sequenced inserts using
the ABI 3700 automated DNA sequencer.
Real-time RT-PCR. We measured expression of all genes analyzed from mouse,
rat and human samples by real-time RT-PCR using the Opticon2 Continuous
Fluorescence Detector (MJ Research). We purchased primers and probes from
IDT and Applied Biosystems (Supplementary Table 1 online).
URL. The R/Bioconductor package ‘marray’ is available at http://www.
bioconductor.org/repository/devel/vignette/marray.pdf.
Note: Supplementary information is available on the Nature Genetics website.
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