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DNAmethylationmight havea significant role in preventingnormal
differentiation inpediatric cancers.Weuseda genomewidemethod
for detecting regions of CpG methylation on the basis of the in-
creased melting temperature of methylated DNA, termed denatu-
rationanalysis ofmethylationdifferences (DAMD).Using theDAMD
assay, we find common regions of cancer-specific methylation
changes in primarymedulloblastomas in critical developmental reg-
ulatory pathways, including Sonic hedgehog (Shh),Wingless (Wnt),
retinoic acid receptor (RAR), and bone morphogenetic protein
(BMP). One of the commonly methylated loci is the PTCH1-1C pro-
moter, a negative regulator of the Shh pathway that is methylated
in both primary patient samples and human medulloblastoma cell
lines. Treatmentwith theDNAmethyltransferase inhibitor 5-aza-2′-
deoxycytidine (5-aza-dC) increases theexpressionofPTCH1andoth-
er methylated loci. Whereas genetic mutations in PTCH1 have pre-
viouslybeen shown to lead tomedulloblastoma, our study indicates
that epigenetic silencing of PTCH1, and other critical developmental
loci, by DNA methylation is a fundamental process of pediatric me-
dulloblastoma formation. This finding warrants strong considera-
tion for DNA demethylating agents in future clinical trials for
children with this disease.
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Whereas cancer is widely viewed as a genetic disease, the role
of epigenetic modifications, especially cytosine methylation

in the promoter regions of genes, has been a major research focus
in attempting to delineate the mechanisms leading to the for-
mation of cancer, as well as for biomarker discovery (1). Genomic
DNA of cancer cells is generally hypomethylated compared to
DNA of normal cells, but displays a striking hypermethylation in
the promoter regions of a subset of genes. This DNA hyper-
methylation has been correlated with transcriptional repression,
indicating that epigenetic silencing of tumor suppressor genesmay
be an early step in the process of carcinogenesis (2).
In this report, we describe a genomewide DNA methylation

assay that identifies CpG methylation on the basis of the bio-
physical property that 5-methylcytosine increases the melting
temperature (Tm) of DNA. We show that this denaturation
analysis of methylation differences method detects differentially
methylated loci with high CpG density. Assessment of differ-
ential methylation in pediatric medulloblastomas compared to
normal cerebellum DNA identifies cancer-specific methylation
of genes associated with developmental processes. Of particular
interest is cancer-specific methylation of the PTCH1-1C pro-
moter, a negative regulator of the Sonic hedgehog (Shh) path-
way. Whereas genetic mutations in PTCH1 have been described
in human medulloblastomas, this demonstrates that epigenetic
silencing by DNA methylation of PTCH1 contributes to the
formation of this childhood cancer and suggests the use of DNA
demethylating agents as a potential strategy for therapy.

Results
AnAssay toDetectPalindromeFormationEnriches forCpGMethylation.
Earlier work from our laboratory focused on identifying regions of
the genome susceptible to DNA palindrome formation, a rate-
limiting step in gene amplification. We previously described a
method to obtain a genomewide analysis of palindrome formation
(GAPF) on the basis of the efficient intrastrand base pairing in
large palindromic sequences (3). Palindromic sequences can rap-
idly anneal intramolecularly to form “snap-back” DNA under
conditions that do not favor intermolecular annealing. This snap-
backpropertywas used to enrich for palindromic sequences in total
genomic DNA by denaturing the DNA at 100°C in the presence of
100 mMNaCl, rapidly renaturing it by cooling, and then digesting
the mixture with the single-strand-specific nuclease S1. Snap-back
DNA formed frompalindromes is double stranded and resistant to
S1, whereas the remainder of genomic DNA is single stranded and
thus is sensitive to S1 digestion (Fig. 1A). Using this assay, we have
shown that de novo palindromes can form in cancers (3, 4) and that
the GAPF-positive signals at the CTSK and EMC1 loci in Co-
lo320DM cells represent DNApalindromes that define the border
of an amplicon (4).
Because the presence of 5-methylcytosine increases the Tm of

a DNA duplex (5–7), we recognized that a similar technique
could be developed to identify regions of differential CpG
methylation (Fig. 1B), and, indeed, we can detect both palin-
dromes and regions of differential CpG methylation when we
denature the DNA at 100°C in 100 mM NaCl (Fig. 2). To op-
timize the GAPF assay for the detection of palindromes, we
added 50% formamide to the denaturation step. Formamide will
decrease the Tm of duplex DNA 0.72°C for every 1% of for-
mamide added (8) and denaturation at 100°C in 50% formamide
eliminated the GAPF signals at the methylated loci and en-
hanced the signals at palindromes (compare Fig. 2B and 2A).
Therefore, adding a high concentration of formamide, or using
another stringent denaturation technique such as alkaline de-
naturation, will be critical for future studies using the GAPF
procedure to identify palindromes.
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Denaturation Analysis of Methylation Differences (DAMD) Identifies
Methylated Loci in the Colon Cancer Cell Line HCT116. To determine
whether the higher Tm of methylated DNA can effectively be
used to identify regions of differential DNA methylation ge-
nomewide, we modified the original GAPF assay to identify a
range of Tm differences by performing the denaturation under

two conditions: (i) 100 mM NaCl and (ii) 100 mM NaCl with
0.5% formamide, both at 100°C. Similar to the original GAPF
procedure, the denatured DNA was rapidly cooled, subjected to
S1 nuclease digestion, amplified by ligation-mediated PCR, la-
beled, and applied to a tiling array. Because we were interested
in identifying differential methylation in CpG islands, we used
the Affymetrix GeneChip Human Promoter 1.0R Array con-
sisting of >25,500 promoter regions with an average coverage
from −7.5 to +2.45 kb relative to the transcriptional start site. As
a test of the ability of this assay to identify differentially me-
thylated regions, we compared the signal from the colorectal
cancer cell line HCT116 to a double DNA methyltransferase
knockout (DKO) derivative that was generated by disrupting
DNMT1 and DNMT3b, reducing global DNA methylation ∼95%
(9). We obtained positive signals (HCT116 > DKO) [log2(signal
ratio) > 1.2 and P < 0.001] in the promoter regions of 805 genes,
563 from the 100-mM NaCl sample (Table S1) and 455 from the
100-mM NaCl 0.5% formamide sample (Table S2). No negative
signals (DKO > HCT116) were identified.
The positive signals showed a strong correlation with regions

previously known to behypermethylated inHCT116 relative to the
DKO line. For example, theTIMP3 gene ismethylated inHCT116
cells and unmethylated in DKO cells (9), and our assay shows a
positive signal in the TIMP3 promoter, as well as other loci known
to be methylated in HCT116, such as SEZ6L (10), SFRP1 (10),
SFRP5 (10),GATA4 (11),GATA5 (11), INHIBINα (11), NEURL
(12),HOXD1 (12, 13),HIC1 (14),RASGRF2 (13), andCHFR (15)
(Fig. S1). We confirmed CpGmethylation at the DAMD-positive
loci by randomly choosing five loci for bisulfite sequence analysis
(CXCL12, HDGFRP3, NPTX1, SOX7, and UCHL1). All were
heavily methylated in HCT116 compared to DKO (Fig. 2D).
These data demonstrate that the DAMD assay can be used to
identify differentially methylated loci in genomewide screens.

ComparisonofDAMDtoMethylatedDNA Immunoprecipitation (MeDIP)
and theMethyl-CpGBindingDomain (MBD).The 805 DAMD-positive
promoter regions identified represent a substantially larger
number of differentially methylated promoters than identified in
a study comparing the same cell types using MeDIP (13). One
possibility for this finding is that the denaturation conditions used
in the Jacinto study (95°C for 10 min) may not have been suffi-
cient to completely denature these heavily methylated regions of
the genome. Because the antibody to 5-methylcytosine recognizes
only single-stranded DNA (16), these regions would not have
been captured by the antibody.
To directly compare the DAMD assay to other genomewide

DNA methylation techniques, we interrogated the methylation
state of 19 loci (2 unmethylated controls and 17 methylated loci)
from HCT116 and DKO cells, using the MeDIP method (17) and
another affinity-based method that utilizes the MBD from the
human MBD2 protein (18). The methylated loci were chosen on
the basis of previous validation by bisulfite sequence- or methyl-
ation-specific PCR analysis in HCT116 and DKO cells in prior
publications (10–15, 19). For MeDIP, the sonicated input DNA
was fully denatured by incubating at 100°C in Tris-EDTA (TE) for
10 min with rapid cooling in an ice water bath (17). Each method
was performed in triplicate, and quantitative real-time PCR
(qPCR) for each locus was used to determine fold enrichment of
HCT116 compared to DKO. For the 2 unmethylated loci tested,
all three methods did not show any enrichment (Fig. 3). For the
methylated loci, however, the DAMD assay had significantly
higher enrichment for the majority of loci tested compared to the
other twomethods (Fig. 3 andTable S3).All of themethylated loci
tested contain CpG islands classified as high-CpG promoters
(HCPs) (as described in ref. 20), with the exception of the H19
locus, which has an intermediate-CpG promoter (ICP).

Fig. 1. Schematic of the genomewide analysis of palindrome formation
(GAPF) and denaturation analysis of methylation differences (DAMD) assays.
(A) GAPF assay. Palindromic sequences can rapidly anneal intramolecularly to
form “snap-back” DNA under conditions that do not favor intermolecular
annealing. This snap-backproperty is used toenrich for palindromic sequences
in total genomic DNA by denaturing theDNA at 100°C, rapidly renaturing it in
the presence of 100mMNaCl, and then digesting themixture with the single-
strand-specific nuclease S1. Snap-back DNA formed from palindromes is
double strandedand resistant toS1,whereas the remainderofgenomicDNA is
single stranded and thus is sensitive to S1 digestion. Ligation-mediated PCR is
performed, and then the DNA is labeled and hybridized to a microarray for
analysis. (B) DAMDassay.DNAmanipulations are the sameas thoseperformed
in GAPF. During the denaturation step of the assay, the increase in the Tm
caused by 5-methylcytosine renders methylated DNA resistant to denatura-
tion compared to unmethylated DNA. After rapid cooling, the methylated
DNA remains double stranded and resistant to S1 nuclease, whereas the same
unmethylated sequence in the reference sample is single stranded and thus
sensitive to S1 digestion.
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CommonRegionsof CpGDNAMethylation inPrimaryMedulloblastoma
Samples Detected Using DAMD. To test the hypothesis that DAMD
can be used to identify cancer-specific methylation changes from
patient samples, we analyzed four medulloblastoma biopsy speci-
mens using the same two denaturation conditions as in theHCT116/
DKO experiments and the Affymetrix Human Promoter array.
Comparison of the medulloblastoma signals to adult normal cer-

ebellumas a reference identified bothDAMD-positive andDAMD-
negative regions, some of which were shared between individual
tumor samples (Fig. 4, A and B, and Table S4). Among the loci
identified as DAMD-positive were members of the Notch-Hes,
Sonic hedgehog (Shh), and Wingless (Wnt) pathways, pathways
implicated in both normal development and the pathogenesis of
medulloblastoma(21).Forexample,PRDM8, a negative regulatorof
theNotch-Hespathway (22),AXIN2, a negative regulator of theWnt
pathway (23), and bothPTCH1 andHIC1, negative regulators of the
Shh pathway (24), were DAMD-positive. HIC1 is known to be fre-
quently methylated in medulloblastoma (25) and was DAMD-
positive in all four samples. PTCH1methylation, which has not been
previously identified in human medulloblastoma, was DAMD-
positive in threeof the samples andconfirmedbybisulfite sequencing
in one of the samples (Fig. 4C). Gene ontology analysis on the three
tumors with the highest number of DAMD-positive loci identified
the retinoic acid receptor (RAR) and bone morphogenetic protein
(BMP) pathways as subject to methylation in the medulloblastomas
(Fig. 4D and Table S5). Therefore, the DAMD assay identifies
common regions of methylation in multiple pathways critical for cell
differentiation, indicating thatDNAmethylation has a critical role in
preventing differentiation in these pediatric cancers.
In our previous study of DNA palindromes in cancer, we

found common genomic regions between different medullo-
blastoma samples that scored as positive using the original
GAPF assay (3), which we now know identifies both palindromes
and regions of differential DNA methylation. To determine
whether the common signals in the current analysis were due to
methylation or palindromes, we performed the modified GAPF
(with 50% formamide) on one of the primary medulloblastoma
patient samples (R147) and used adult normal cerebellum as a
control. Of the 364 DAMD-positive loci, only 4 were positive
with the formamide-modified GAPF assay (AQP12A, DDT,
TCEB3C, and TPSG1). Interestingly, 3 of these 4 loci map to
DNA inverted repeats in the genome (26), and 1 of these (DDT)
maps to a recently identified region of copy number variation
(27). Thus, these results indicate that nearly all of the positive
loci identified with the DAMD denaturation conditions, and with
the original GAPF protocol that did not include 50% for-
mamide, represent differential DNA methylation.

DNA Methylation Suppresses Expression of Developmental Genes in
Medulloblastoma. In a previous study, PTCH1 mRNA expression
was decreased, with concomitant Shh pathway activation, in a
subset of medulloblastoma patient samples. Bisulfite sequence
analysis of thePTCH1-1B promoter region (CpG island 2 in Fig. 5)
failed to show any CpG hypermethylation (28). The DAMD-
positive signal, however, mapped to the PTCH1-1C promoter
region (CpG island 1 in Fig. 5), which was not evaluated in the
previous study, implying that methylation of this promoter region
could be responsible for silencing the PTCH1 gene. To determine
whether methylation suppresses PTCH1 expression in medullo-
blastoma, we screened four medulloblastoma cell lines (D283,
D341, DAOY, and UW228) and found that three of the four cell
lines (D283, D341, and UW228) displayed a similar level of DNA
hypermethylation of thePTCH1-1C promoter region compared to
the primary patient sample (Fig. 4C and Fig. S2). Interestingly,
DAOY had a methylation pattern consistent with one PTCH1
allele being hypermethylated (Fig. 4C). This pattern has been
observed in mouse models of medulloblastoma where the ex-
pressed PTCH1 allele harbors an inactivating mutation, whereas
the wild-type PTCH1 allele is epigenetically silenced by DNA
methylation (29), which suggests that a similar process occurs in
human medulloblastoma.
To determine whether methylation suppresses PTCH1 mRNA

expression, we performed RT-PCR analysis of RNA from
UW228 cells treated with the DNA methyltransferase inhibitor
5-aza-2′-deoxycytidine (5-aza-dC), as well as of RNA obtained

Fig. 2. Identification of differentially methylated genomic regions by de-
naturation. (A and B) Tiling array analysis of GAPF-positive regions in Co-
lo320DM (Colo) cells compared to primary skin fibroblasts (HDF). The Upper
pair of graphs is from the original GAPF method (100 mM NaCl) and the
Lower pair is GAPF with the addition of formamide (100 mM NaCl, 50%
formamide). Graphically displayed are P values (−10 log10, light shading) and
signal [log2(signal ratio), dark shading], and the solid bars below each graph
depict (−10 log10) P values >40 (= P < 0.001) and log2(signal ratio) > 1.5,
where Colo > HDF. Gene names and mRNA structures (exon, large rectangle;
intron, thin line; UTR, small rectangle; arrow, direction of transcription) are
shown at the bottom of each panel. (Scale bars, ∼5 kb.) (A) The palindromes
at CTSK and ECM1 are identified by the original GAPF assay and enhanced
by the addition of 50% formamide. (B) Nonpalindromic loci showing a
positive signal with the original GAPF assay that disappear with the addition
of 50% formamide. The open rectangle labeled bgs depicts the area sub-
jected to bisulfite genomic sequence analysis shown in C. (C) Bisulfite DNA
sequence analysis of the nonpalindromic loci in B shows dense CpG meth-
ylation in Colo compared to HDF. Solid circles represent CpG methylation,
and open circles depict unmodified CpG dinucleotides. (D) Bisulfite sequence
analysis of DAMD-positive loci in HCT116 cells shows heavy CpG DNA
methylation. Individual clones are shown for HCT116 (HCT) and DKO.
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from normal adult cerebellum. When compared to normal cer-
ebellum, the mock-treated UW228 cells demonstrated decreased
expression of the PTCH1-1C isoform, which was partially re-
stored with treatment of 5-aza-dC (SI Materials and Methods and
Fig. 5). In addition, all PTCH1 isoforms were modestly increased
with 5-aza-dC treatment and two other genes that were identified
by DAMD as being hypermethylated in primary medullo-
blastoma samples and UW228, AXIN2 (two of four primary
samples) and PRDM8 (all four primary samples), also showed
increased expression with 5-aza-dC treatment. In summary, al-
though genetic alterations of PTCH1 have been described in
human medulloblastomas (30, 31), this is a demonstration that
epigenetic suppression of PTCH1 expression by DNA methyl-
ation occurs in this disease.

Discussion
In this report, we show that an assay originally designed to identify
genomic regions of tissue-specific DNA palindrome formation (3)
also enriches for differentialCpGDNAmethylation.Bymodifying
the denaturation conditions, the assay can be made more specific
for DNA palindromes (GAPF) or enrich for different states of
CpGmethylation (DAMD), thereby allowing for the identification
of cancer-specific genomic and epigenomic alterations.
We directly compared DAMD to MeDIP and another affinity-

based purification method using a MBD protein. For the
majority of the loci tested, DAMD provided a higher level of
enrichment than the other two methods. It should be noted,
however, that all but one of the methylated loci are classified as
HCPs, and the one locus (H19) that falls in the ICP category had
the lowest enrichment for DAMD (approximately fourfold).
Like MeDIP and MBD, DAMD does not depend on the pres-
ence and optimal spacing of methylation-sensitive restriction
enzyme recognition sites as used in the CHARM (32) and HELP
(33) assays. One potential advantage for the detection of DNA
methylation by DAMD is that the assay, in principle, can detect
DNA methylation changes from a limited number of cancer cells
in a background of normal cells or tissue following optimization
of the denaturation conditions to achieve complete digestion of
the unmethylated allele but not the methylated allele.
In this study, we used conditions to identify heavily methylated

CpG-rich regions; however, it should be possible to “tune”DAMD
to enrich for different amounts of DNA methylation at a broad
range of CpG densities across the genome. By adjusting salt con-
centration, denaturation temperature, and formamide concen-
tration, the assay has the potential to identify a gradient of CpG
methylation densities, such as those found at ICPs and LCPs.
Similarly, the addition of a high concentration of formamide al-
lowed us to make the GAPF assay more specific for DNA palin-
dromes by increasing the efficiency of theDNAdenaturation step.

It is important to note, however, that our previous study using the
original GAPF procedure (3) identified both palindromes and
regions of differential methylation and needs to be interpreted
with these current findings in mind.
How does DAMD enrich for regions of differentially methy-

lated DNA? The melting temperature (Tm) of DNA is primarily
determined by sequence composition (34). It previously has been
observed that cytosine methylation at the C-5 position increases
the melting temperature (Tm) of naked DNA (5, 6). It is there-
fore likely that DAMD enriches for differential DNA methyl-
ation on the basis of the increase in Tm caused by methylated
cytosine, and this conclusion is supported by the highly increased
density of CpG methylation at DAMD-positive loci as de-
termined by bisulfite sequence analysis. It has been hypothesized
that the increase in the stability of duplex DNA caused by cy-
tosine methylation is a result of changes in base–base stacking
interactions (35). This effect of methylated cytosine on duplex
DNA has previously been used to detect methylation patterns of
specific loci by using denaturing gradient gel electrophoresis
(36), but this technique is not amenable to genomewide studies.
DAMD takes advantage of this biochemical property of methy-
lated cytosine to detect differential DNA methylation in a ge-
nomewide assay. Although the bisulfite sequencing confirms that
the DAMD-positive loci are differentially CpG methylated, we
recognize that other modifications, such as the recently described
5-hydroxymethylcytosine (37, 38), might also alter the Tm and
contribute to the DAMD-positive signal and protect against bi-
sulfite modification, which will require additional studies.
Our analysis of primary medulloblastoma samples indicates

that the DAMD assay can identify biomarkers of disease. We
discovered that PTCH1 can be inactivated in medulloblastoma
through DNA hypermethylation. PTCH1 has previously been
shown to have a number of isoforms generated by alternative use
of different first exons (39–41). Interestingly, the hyper-
methylated CpG island identified by DAMD is adjacent to the
promoter for the PTCH1-1C isoform, and expression of this
isoform is abundant in normal cerebellum, although repressed in
a medulloblastoma cell line. This repression can be partially al-
leviated by treating cells with 5-aza-dC. A previously published
analysis of the function of the different PTCH1 isoforms dem-
onstrated that the PTCH1-1B and -1C isoforms were the most
potent inhibitors of the Shh pathway, acting at the level of in-
hibiting Smoothened and the transcription factors GLI1 and
GLI2 (42). Together with our data, this suggests the expression
of PTCH1-1C inhibits Shh signaling and cellular growth in nor-
mal cerebellar development, whereas in a subset of medullo-
blastomas PTCH1 is inactivated by transcriptional silencing
through DNA methylation of the PTCH1-1C promoter. Very
recently, a paper describing the response of metastatic me-

Fig. 3. Comparison of DAMD vs.
MeDIP vs.MBD.Quantitative real-
time PCR (qPCR) analysis of 19 loci
(2 unmethylated, 17 methylated)
depicting fold enrichment
(HCT116/DKO) for each method is
shown. Each method was per-
formed in triplicate, and mean
and standard deviation for the
fold enrichment are displayed on
a log10 scale.
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dulloblastoma to an inhibitor of the Shh signaling pathway was
reported (43). Our study indicates that an inhibitor of DNA
methylation, such as 5-aza-dC, which readily crosses the blood–
brain barrier, might result in the reexpression of PTCH1 and
other developmental genes in a potentially large subset of me-
dulloblastoma patients and improve existing therapies. Sup-
porting this strategy, a recent preclinical study in a Ptch+/−

mouse model of medulloblastoma and rhabdomyosarcoma
treated mice with 5-aza-dC combined with the histone deacety-
lase inhibitor valproic acid and found that the previously hy-

permethylated wild-type Ptch allele was reactivated and tumor
formation was efficiently prevented (44). Assessing the methyl-
ation status of PTCH1 and other developmental genes in the
RAR and BMP pathways may aid in selecting which patients will
benefit from this type of epigenetically targeted therapy.
Gene ontology analysis on the three tumors with the highest

number of DAMD-positive loci identified members of the RAR
and BMP signaling pathways (Fig. 4D and Table S5). Two tu-
mors had methylated promoters for genes that have a normal
role in the inhibition of BMP signaling (Chordin, Smurf1, Erk1/
2, and Smad7). Preclinical studies have shown that isotretinoin
and all-trans retinoic acid (ATRA) induce programmed cell
death in a subset of medulloblastoma cells through a mechanism
that involves induction of BMP2-mediated phosphorylation of
p38 MAP kinase (45) and that resistant medulloblastoma cells
failed to express BMP2 in response to retinoids. In that study,
retinoid-resistant medulloblastoma cells could be induced to
undergo apoptosis if treated with BMP-2, indicating that reg-
ulation of the BMP pathway is a central mechanism de-
termining retinoid sensitivity or resistance in medulloblastoma.
In this regard, it is very interesting that our current study shows
that a subset of medulloblastomas have methylated compo-
nents of the BMP signaling pathway. A phase III treatment
study (ACNS0332) is currently being conducted by the Child-
ren’s Oncology Group to determine whether isotretinoin
increases long-term event-free survival for high-risk medullo-
blastoma patients. Our study suggests that it might be in-
formative to determine whether components of the BMP and
RAR pathways are methylated in tumors that respond, or do
not respond, to ATRA. In a broader context, the development
of clinical assays based on DAMD may aid in early detection of
disease, disease diagnosis, measurement of response to treat-
ment, and evaluation of minimal residual disease monitoring
for disease recurrence.

Materials and Methods
Ethics Statement. Preexisting patient de-identified samples were obtained in
accordance with IRB protocol.

Fig. 4. DAMD identifies common loci among primary
medulloblastoma samples. (A) DAMD-positive and (B)
DAMD-negative genes are depicted from four primary
medulloblastomasamples (R123,R147, R160, andR162).
Cerebellum from one normal individual was used as a
control. The total number of DAMD-positive or DAMD-
negative loci for each sample is shown, and common
regions between the four samples are depicted on the
Venn diagram. (C) Bisulfite sequence analysis of the
PTCH1-1CDAMD-positive promoter region is shown for
one of the medulloblastoma samples (R160), two hu-
man medulloblastoma cell lines [UW228 (UW) and
DAOY], and the normal cerebellum control. Solid circles
represent CpG methylation, and open circles depict
unmodified CpG dinucleotides. (D) Gene ontology
analysis of DAMD-positive loci in R147, R160, and R162
medulloblastoma samples. The top six canonical path-
ways (Ingenuity Pathways Analysis software) enriched
are shown. The solid line represents a threshold of P <
0.05. GnRH, gonadotropin-releasing hormone; RAR,
retinoic acid receptor; CRH, corticotropin-releasing
hormone; BMP, bone morphogenetic protein.

Fig. 5. PTCH1 repression is alleviated by 5-aza-2′-deoxycytidine treatment.
Reverse transcriptase PCR (RT-PCR) analysis is shown of PTCH1 isoforms, AX-
IN2, and PRDM8 from the human medulloblastoma cell line UW228 and nor-
mal cerebellum. UW228 was treated with either 5 μM 5-aza-2′-deoxycytidine
(5-aza-dC) or vehicle alone (DMSO, Mock) for 72 h and RNA was analyzed by
RT-PCR (SIMaterials andMethods).−, no RT control. A schematic of the PTCH1
promoter region with alternative splicing events and CpG islands 1 (analyzed
in Fig. 4C) and 2 (evaluated in ref. 28) is depicted (adapted from ref. 42).
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DAMD Assay. Genomic DNA was isolated from cells (Qiagen Blood and Cell
Culture DNA kit), and a total of 2 μg of genomic DNA was used as starting
material for the DAMD assay. The sample was evenly split and 1 μg was
digested with KpnI (10 units) and 1 μg was digested with SbfI (10 units) for at
least 8 h in a total volume of 20 μL for each digestion. Enzymes were heat
inactivated at 65°C for 20 min, and digests were combined and then split
between two tubes. To the 20-μL DNA mixture, 27.36 μL of water and 1.64 μL
of 3 M NaCl were added. For the formamide variation of the protocol to
enrich for DNA palindromes, formamide was added to a final concentration
of 50% before DNA denaturation. Denaturation was performed by boiling
samples in a water bath for 7 min followed by rapid cooling using an ice-
water bath. S1 (Invitrogen) digestion was performed by adding 6 μL 10× S1
nuclease buffer, 4 μL 3 M NaCl, and 1 μL of S1 (diluted to 100 units/μL using
S1 dilution buffer). Samples were incubated for 60 min at 37°C. S1 was in-
activated by extraction with phenol followed by a phenol:chloroform ex-
traction. DNA was ethanol precipitated in the presence of 20 μg of glycogen,
and the DNA pellet was resuspended in 80 μL of 1/10 TE. The sample was
divided evenly into two tubes, one subjected to digestion with MseI (40
units) and the other tube with MspI (40 units) for at least 4 h at 37°C (final
volume of each digestion was 50 μL). Restriction enzymes were heat in-
activated at 65°C for 20 min. Ligation-mediated PCR was performed as de-
scribed (4). Amplified DNA was quantitated and 7.5 μg of DNA was
fragmented: 44 μL DNA (7.5 μg total), 5 μL 10× DNase I buffer, and 1 μL
DNase I (diluted to 0.017 unit in 1× DNase I buffer) for 35 min at 37°C and
then heat inactivation at 95°C for 15 min. Fragmented DNA was labeled with
biotin using the Affymetrix GeneChip Whole-Transcript Double-Stranded
Target kit. See Table S6 for primers used in this study.

Tiling Array and Statistical Analysis. Affymetrix Human Tiling 2.0R Arrays and
1.0R Promoter Arrays were analyzed using Tiling Array Software (v 1.1.02,
Affymetrix). Raw datawere scaled to a target intensity of 100 and normalized
by quantile normalization. For probe analysis, a bandwidth of 250 bp was
used and perfect match probes were used in a Wilcoxon rank sum two-sided
test. Two independent replicates were used for sample and control unless
otherwise stated. Signal and P-value thresholds are stated for each experi-
ment. For all experiments, a maximum gap of ≤100 and minimum run of >30
bp were used. Data were visualized using the Integrated Genome Database
Browser (v 5.12, Affymetrix). For the generation of gene lists, .bed files
generated in the above analysis were imported into NimbleScan software
(v 2.4), and a gene was denoted as positive if the region of interest mapped
to −7 kb to +1.5 kb of the transcriptional start site. Gene ontology functional
annotation for DAMD-positive loci from medulloblastoma samples was done
using Ingenuity Pathways Analysis software (v 7.5).
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