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Figure 2. Hypermethylated genes in leukemic cell lines belong to many functional
groups. (A) Myeloid leukemia cell lines have increased CpG site methylation levels
(B-values), and a high frequency of aberrantly methylated CpG sites, compared with
normal CD34+ hematopoietic cells. The vertical boxes delineate the interquartile range in
B-values; T bars, 95% range of values. The horizontal line in the boxes indicates the
median values and the plus sign indicates the mean. The asterisk indicates significant
B-value difference with CD34" cells in a Tukey Studentized Range t test. The numbers
below the graph are the number of aberrantly methylated loci (compared with normal
CD34* control). The text explains why the frequency of aberrant methylation may be
underestimated if only B-values are analyzed. (B) Heat-map analysis showing the
methylation B-values of 58 CpG loci that were concordantly hypermethylated in all
6 leukemia cell lines. Red, black, and green correspond to high, medium, and low
methylation levels, respectively. Genes were grouped according to their functions: group |,
apoptosis and cell cycle; group Il, cell development; group lll, cell proliferation and
adhesion; group 1V, cell differentiation; group V, chromosome architecture; group VI, signal
transduction; and group VII, other.
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proportion of patients with aberrant methylation detected on the
specific chromosomes was much higher than the proportion of
patients with an identified chromosome lesion (Figure 4C). There-
fore, aberrant methylation was seen in all patients and also
appeared to be more widely distributed over the genome than
chromosome aberrations.

The average number of aberrantly methylated CpG sites was
higher in patients with complex cytogenetic abnormalities, but not
to a statistically significant extent (Figure 3A). Similarly, the
presence or absence of cytogenetic abnormalities did not correlate
with the average DNA methylation score as measured by logistic
regression.

Methylation at the FZD9locus is an independent predictor of
prognosis for patients with MDS/AML

The significant increase in aberrant CpG hypermethylation with
progression of disease from low-risk MDS to RAEB/AML sug-
gests that hypermethylation of specific genes could be predictive of
clinical outcomes. We reasoned that the genes most frequently
methylated in patients with advanced disease (RAEB/AML) may
be most useful in this regard. Therefore, methylation of ALOX12,
FZD9, GSTM1, HS3ST2, and HICI (genes that were concordantly
methylated in more than 70% of patients with RAEB/AML) were
correlated with overall survival.

FZDO is a receptor for Wnt in the Wnt pathway that is important
in carcinogenesis.” In these analyses, aberrant methylation of a
CpG site —458 bp from the transcription start-site of FZD9 was
significantly predictive of decreased survival at 12 months from
diagnosis (Figure 5A; P = .005). The B-value of methylation at
this site was also significantly predictive of survival in proportional
hazards regression analysis (P = .002; data not shown). This CpG
site was aberrantly methylated in 72% of patients with RAEB/
AML, 48% of patients with low-risk MDS, and 2% of controls
(Figure 5B). The hypermethylation of this CpG site inversely
correlated with FZD9 transcript expression measured by semiquan-
titative RT-PCR (Figure 5C).

Of 3 CpG sites at the FZD9 promoter locus, only 1 was
concordantly methylated. Furthermore, 50 CpG sites from 23 genes
surrounding the methylated FZD?9 site on chromosome 7 were not
extensively hypermethylated (Figure 5D). Therefore, hypermethyl-
ation of the FZD9 CpG site does not appear to be a component of a
more widespread or propagated hypermethylation.

Aberrant methylation and chromosomal abnormalities may
cooperate to completely silence a TSG (functional knockout).
Similarly, duplication of a methylated allele through UPD could
potentially lead to complete TSG silencing. Therefore, we
assessed the frequency of FZD9 methylation in patients with
deletion or duplication of one allele through chromosomal
abnormalities detected on standard metaphase karyotyping or
SNP-A. A total of 17 patients had chromosome 7 lesions that
affected the FZD9 locus (11 with monosomy 7, 3 with del7/7q
lesions, and 3 with UPD7q; Figure SE illustrates lesions
detected by SNP-A). Aberrant methylation was noted in 12
(71%) of 17 of patients with chromosome abnormalities at the
FZD9 locus compared with 99 (63%) of 157 of patients without
chromosome abnormalities at the FZD9 locus; this difference
was not statistically significant (P = .54, chi-test; Figure 5D;
Table 2). Clinical outcome was poorest in patients with the
combination of chromosome deletion of one FZD9 locus and
aberrant methylation of the remaining FZD9 locus (Figure 5F).
In multivariate analysis, chromosome 7 abnormalities and blasts
of 5% or greater were independent predictors of prognosis, and
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Figure 3. Aberrant promoter methylation correlates with disease evolution. (A) Patients with RAEB/AML show a higher average and median methylation (3-value;
P = .001) and a higher number of aberrantly methylated sites (P < .001) than those with low-risk MDS (aberrant methylation was defined as a methylation B-value for a CpG
site that was significantly greater (P < .001) than the methylation B-value for the corresponding site in the group of normal bone marrow controls). The number of aberrantly
methylated CpG sites in patients with complex cytogenetic abnormalities (defined as 3 or more abnormalities by standard metaphase karyotyping) is significantly higher
(P = .05) than in patients without complex cytogenetic abnormalities; however, the average methylation level (B-value) was not significantly different (P = .23). Each dot
represents the average array methylation level in a patient; the horizontal dashed line indicates the mean value for the patient group. Numbers below the graph represent the
average number of aberrantly methylated CpG sites (of 1505 sites analyzed) in each patient group. Normal indicates normal whole bone marrow; CD34" are normal CD34*
selected hematopoietic cells. (B) The number of concordantly hypermethylated sites by patient group, defined as CpG loci that were aberrantly methylated in more than 50% of
patients with RAEB/AML, low-risk MDS, and CMML, respectively. Each circle represents a patient group, and the overlapping areas represent common aberrantly methylated
genes. (C) CpG sites that became hypermethylated during evolution of RA to RCMD. Each dot represents a CpG site. The hypermethylated CpG sites are listed.
(D,E) Concordantly hypermethylated loci in patients with low-risk MDS and RAEB/AML, respectively. Each dot represents a CpG site. Genes shown more than once represent
those with more than one hypermethylated loci. The percentage refers to the proportion of patients with aberrant methylation at the specified locus.

aberrant FZD9 methylation approached statistical significance The mechanisms that drive aberrant DNA methylation are not
(Table 2). Complex cytogenetic abnormalities were associ- known. One possibility is that aberrant DNA methylation could in
ated with prognosis in univariate analysis, but this significance some way be triggered by chromosome instability. Although
was lost in multivariate analyses that included FZD9 methyl- aberrant methylation of FZD9 was more prevalent in patients with
ation, blasts of 5% or greater, and chromosome 7 abnormalities  blasts of 5% or greater, it was not associated with complex
(Table 2). cytogenetic abnormalities (Table 2).
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Discussion

Although aberrant methylation of specific genes has been noted
in MDS and AML,%0-28 identifying p15, E-cadherin, ER, MYODI,
and HIC 111262932 a5 examples of TSG silenced by hypermethyl-
ation, most earlier studies were limited to analysis of a few
specific loci.!13334 Therefore, the true extent of promoter
methylation in hematologic malignancy remains largely un-
known.20:2735:36. The data presented here represent the first
systematic study of bone marrow from a large cohort of patients
with MDS and AML with a methylation array. Furthermore, the
concurrent application of high-density SNP-A allowed a compari-
son of aberrant methylation with chromosome abnormalities in
the same individual cases.

The Golden Gate chip hybridization technology used by
Illumina methylation arrays constitutes a robust analytic methyl-
ation platform and produces reliable and highly reproducible
data.?® Technical replicates in 2 individual assay plates generated
comparable results. Fidelity of the array was also confirmed using
methylation-specific PCR for randomly selected genes. Finally,

methylation status of FZD9, a gene selected for more in-depth
analysis, showed that FZD9-associated CpG site methylation
correlated with decreased FZD9 transcript levels. The high-density
SNP-A has been validated in our previous work, in which we
confirmed the clinical significance and acquired somatic nature of
chromosome abnormalities detected by SNP-A in patients with
normal cytogenetics by standard karyotyping.?*

Using methylation arrays, we show abnormal promoter methyl-
ation in more than one-sixth of the genes analyzed in CD34™" and
CD34~ AML cell lines as well as primary RAEB or AML cells as
compared with control CD34% cells. The methylated genes have
designated roles in multiple cellular functions, including DNA
repair, cell-cycle control, regulation of development, differentia-
tion, and apoptosis. This observation agrees with other reports that
many fundamental pathways related to tumor pathogenesis are
inactivated by methylation.>®233738 Qur systematic analysis of a
large cohort of patients with MDS and AML supports that aberrant
methylation is a progressive process, noted in low-risk MDS and
significantly increasing in extent with more advanced disease.
Aberrant DNA methylation was seen in every sample and was more
common and more extensive than chromosome abnormalities
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Figure 5. Aberrant methylation at the FZD9 locus is a predictor of prognosis in MDS/AML. (A) FZD9 hypermethylation is associated with decreased 12-month survival.
(B) FZD9 methylation levels in individual patients classified by disease group. Each dot represents the methylation B-value of the FZD9 CpG site in an individual patient. The
average methylation B-value of this CpG site for each patient group is indicated by the horizontal line. (C) FZD9 methylation is inversely correlated to FZD9 transcript
expression. M represents the degree of FZD9 methylation in the sample; B, the FZD9 expression levels determined by semiquantitative RT-PCR, defined as fold change
compared with the control marked with an asterisk. (D) FZD9 CpG methylation is not part of a wider hypermethylation at its chromosome 7 locus. The height of the vertical bars
represents the frequency of aberrant hypermethylation of the CpG sites designated along the horizontal line. The space between bars marked with 0 indicates analyzed CpG
sites that were not hypermethylated in any patient. (E) Regions of chromosome deletion and UPD, detected by SNP-A, that involves the FZD9locus. FZD9is designated by the
vertical red bar. Red lines depict single SNP signal intensity, whereas green lines present an average value of SNP signal intensity. The horizontal purple bar represents areas
of chromosome deletion, whereas the horizontal blue bar represents areas of loss of heterozygosity through UPD. (F) Chromosomal deletion or duplication of an FZD9 allele,
combined with aberrant methylation of the remaining allele, is associated with a worse prognosis than either abnormality alone.
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Table 2. FZD9 methylation is an independent predictor of prognosis in MDS/AML

1323

FZD9 methylation is associated with = 5% FZD9 methylation is not associated with FZD9 methylation is not associated with

blasts; P = .005 chromosome 7 abnormalities; P = .54 complex chr abnormalities; P = .84
Blasts < 5%, Blasts = 5%, Normal chr7, Abnormal chr7, < 3 chrabnorm., = 3 chr abnorm.,
n =58 n =126 n =157 n=17 n =131 n =43
FZD9 unmethylated 50% (29/58) 29% (36/126) 37% (58/157) 29% (5/17) 37% (48/131) 35% (15/43)

FZD9 methylated 50% (29/58) 71% (90/126) 63% (99/157) 71% (12/17) 63% (83/131) 65% (28/43)

Chr 7 abnormalities and = 5% blast are independent predictors of 12-mo survival by
multivariate analysis. FZD9 methylation approaches significance.

Cox proportional hazards

regression analysis P
Blasts =5% .019
Chromosome 7

abnormality <.001
Complex chr abnormality .17
FZD9 methylation .064

The variables used in multivariate analysis were FZD9 methylation status, presence of chromosome 7 abnormalities, presence of complex chr abnormalities (= 3

abnormalities on cytogenetic analysis), and blasts = 5%.
Chr indicates chromosome; and blasts %, bone marrow myeloblast percent.

detected by a high-density SNP-A. The detected extent of chromo-
some aberrations is in keeping with studies using other techniques
such as fluorescence in situ hybridization (FISH) for recurrent
chromosome abnormalities.** Genome-wide DNA sequencing of
primary tissue to assess the contribution of mutation to TSG
silencing is not generally practical. When the coding sequences of
more than 13 000 genes were analyzed in breast and colon cancer
cell lines and xenografts, the estimate was for approximately
80 amino acid-altering mutant genes accumulated in each indi-
vidual tumor.*>*! Mutation rates may be higher in individual cancer
cases (“mutator phenotype” cases), but overall, genomic instability
at the chromosome level has been shown to be more prevalent than
genomic instability at the nucleotide level.'*

The extent and ubiquity of aberrant DNA methylation suggests
that it could be the dominant force for TSG silencing and clonal
variation that is then subject to positive selection in neoplastic
evolution. While the widespread nature of aberrant hypermethyl-
ation suggests that some “passenger” or epi-phenomenom effect is
plausible, the CpG sites represented in this array are believed to
play a role in regulating gene expression,!” suggesting their
methylation may well produce gene-expression changes that pro-
vide incremental competitive advantage. The association of methyl-
ation of specific genes with clinical outcome lends further support
to the hypothesis that aberrant methylation plays a pathogenic role
in MDS and its evolution to AML. In an effort to identify the
biologically and clinically most relevant sites of promoter hyper-
methylation, we reasoned that concordantly (frequently) hyperm-
ethylated CpG sites/genes might be more likely to represent events
that provide clonal advantage. In RAEB/AML, 51 CpG sites were
hypermethylated in more than 50% of patients, and 5 genes
(ALOX12, GSTM1, HICI, FZD9, and HS3ST2) were hypermethyl-
ated in more than 70% of patients (methylation of HICI in MDS
and AML has also been reported by others).?6#> We then examined
if the methylation status of these sites predicted clinical outcomes.
Analysis focused on FZD9 (frizzled 9), a receptor for Wnt in the
Wnt pathway that is important in carcinogenesis.>> FZD9 methyl-
ation was an independent predictor of decreased survival. As an
illustration of cooperation between chromosome aberrations and
aberrant DNA methylation to completely silence TSGs, clinical
outcome was poorest in patients with chromosome deletion of one
allele of FZD9 and aberrant methylation of the remaining allele.
This finding also suggests that in cases of chromosomal deletion,

DNA methylation analysis of the remaining chromosome might
identify a recessive TSG. Although studies to explain the mecha-
nisms by which FZD9 repression impacts MDS and AML out-
comes were beyond the scope of this study, the strong clinical
correlations of FZD9 methylation suggests that it is at least one of
the important TSGs on chromosome 7.

Loss of part of chromosome 7 (rather than the whole chromo-
some) is also frequently seen in MDS and AML and associated with
a poor prognosis. We demonstrate that sometimes, small chromo-
some aberrations are confined to the 7q11 region that incorporates
FZD9. However, there are more frequent deletions in the region of
7922 and 7q33.1743

The mechanisms responsible for producing aberrant DNA
methylation are unknown. Only one of 3 CpG sites at the FZD9
locus was a frequent target of aberrant methylation, and only the
methylated CpG site contained an E2F binding site. The E2F
family has an important role in hematopoiesis, and E2F binding is
prevented by DNA methylation**; however, we do not know if the
E2F binding site is relevant to the aberrant methylation of this site.
An analysis of the chromosome region around FZD9 demonstrated
that methylation of this particular CpG site did not appear to be a
part of propagated methylation of a wider chromosome region.
Another possibility is that aberrant DNA methylation could in
some way be triggered by chromosome instability. However,
aberrant DNA methylation and complex cytogenetic abnormalities
did not correlate to a statistically significant extent. Therefore,
aberrant DNA methylation and cytogenetic abnormalities can
cooperate to determine clinical outcome, but they appear to be
mechanistically independent processes.

Other genes that were highly concordantly hypermethylated in
RAEB/AML, including HICI, ALOXI12, and TNKI, were also
noted to be frequently deleted or subject to UPD on SNP array
analysis. 7SP50 and NTRKI were concordantly hypermethylated in
all 3 disease groups analyzed (low-risk MDS, RAEB/AML, and
CMML). Thus, it is possible that these 2 genes may be involved in
pathogenetic steps that are common across the spectrum of myeloid
malignancy. However, TSP50, which encodes a testis-specific
protease, has been noted to be frequently hypomethylated in breast
cancer.® Therefore, aberrant DNA methylation may have differ-
ences between cancer histologies*® as well as pancancer similari-
ties.*” NTRKI is one of 3 known neurotrophic tyrosine kinase
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receptors and plays roles in cell differentiation, nervous system
development, and tyrosine kinase signaling.*3

Previous studies of specific methylated loci in MDS and AML
have focused on genes such as p15, ER, and E-cadherin.'1262%-32 In
our analysis, frequent aberrant methylation was noted at CpG sites
at each one of these gene loci, with the highest aberrant methylation
rate being 48% for a CpG site in the p/5 promoter. However, as
discussed earlier, our broader analysis demonstrates that a number
of other CpG sites at other gene loci were even more frequently
aberrantly methylated. Even our study, limited to 1505 CpG sites,
is only a reconnaissance into the extent and significance of aberrant
methylation in leukemogenesis.

In conclusion, in this first comparison of high-throughput
microarray promoter CpG methylation and SNP karyotyping
analysis in MDS and AML,; the ubiquity, extent, and progression of
aberrant hypermethylation with disease stage suggests that it is the
dominant source of TSG silencing and clonal variation in the
neoplastic evolution of myeloid disease. This observation provides
further incentive to the development and refinement of drug
strategies to reverse aberrant DNA methylation.3!! Methylation
array analysis may identify candidate TSGs (eg, FZD9 on chromo-
some 7) that may account in part for the poor prognosis associated
with deletions of certain chromosomes in myeloid malignancies.
Accurate clinical insight into malignant disease stage and progno-
sis may benefit from routine measurement of aberrant methylation
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