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The tumor suppressor genes MGMT and DAPK1 become methylated in several cancers including diffuse
large B-cell lymphoma (DLBCL). However, allelic methylation patterns have not been investigated in
DLBCL. We developed a fast and cost-efficient method for the analysis of allelic methylation based on
pyrosequencing of methylation specific PCR (MSP) products including a SNP. Allelic methylation patterns
were reliably analyzed in standards of known allelic methylation status even when diluted in unmethylated
DNA to below 1% methylation. When studying 148 DLBCL patients MGMT and DAPK1 methylation was
observed in 19% and 89%, respectively, and among methylated and heterozygous patients 29% and 55%,
respectively, were biallelically methylated. An association between the T-allele of the rs16906252 SNP and
MGMT methylation was observed (p-value 5 0.04), and DAPK1 methylation of the A-allele was associated
with shorter overall survival (p-value 5 0.006). In future cancer research allelic MSP-pyrosequencing may be
used to study a wide range of other loci.

D
iffuse Large B-Cell lymphoma (DLBCL) is the most common type of non-Hodgkin’s lymphoma in adults.
However, DLBCL represent a heterogeneous group of lymphomas, with different sensitivity to the stand-
ard rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP) treatment.

The MGMT gene is implicated in several human malignancies including DLBCL due to its function as a DNA
repair gene. Specifically, the MGMT protein removes alkyl adducts from the O6 position of guanine thereby
preventing G . A mutations in the genome. When MGMT is inactivated or lost this may contribute to tumor
development and progression, however, it may also result in increased sensitivity to alkylating agents. It has been
shown that MGMT promoter methylation, as assessed by methylation specific PCR (MSP), predicts response to
the alkylating agent temozolomide in glioblastoma patients1,2. In DLBCL, early studies suggest MGMT promoter
methylation as a useful marker for predicting survival in patients treated with multidrug regimens including the
alkylating agent cyclophosphamide3,4. However, these results were obtained before the introduction of rituximab,
a monoclonal antibody against CD20, which is primarily found on the surface of B cells. A more recent study of 53
DLBCL patients who received R-CHOP showed that inactivation of MGMT does not appear to play a role as a
marker of response to this treatment5.

A functional role of MGMT methylation in DLBCL has been confirmed several times at the RNA and protein
levels3,5,6, and in other cancers a strong association between the T-allele of the rs16906252 MGMT promoter SNP
and MGMT promoter methylation has been observed7–10. The T-allele has been shown to confer an approximately
30% reduction in MGMT promoter activity compared to the wild-type haplotype using a luciferase reporter
assay11. This reduced activity may, in turn, predispose the allele to become methylated. Interestingly, it has also
been shown that the presence of a T-allele may result in longer overall survival in glioblastoma patients treated
with temozolomide and that patients carrying both the T-allele and MGMT methylation survived longer com-
pared to patients having either the T-allele or MGMT methylation11.

DAPK1 is a pro-apoptotic gene, which undergo methylation mediated silencing in several cancers12,13, includ-
ing DLBCL, where hypermethylation of its promoter has been shown to be an independent prognostic factor in
predicting shortened overall survival14.

OPEN

SUBJECT AREAS:
B-CELL LYMPHOMA

TUMOUR SUPPRESSORS

ONCOGENESIS

CANCER GENETICS

Received
14 May 2013

Accepted
11 September 2013

Published
27 September 2013

Correspondence and
requests for materials

should be addressed to
L.S.K. (lasse.sommer.
kristensen@regionh.
dk) or K.G. (kirsten.

groenbaek@rh.
regionh.dk)

SCIENTIFIC REPORTS | 3 : 2789 | DOI: 10.1038/srep02789 1



Most studies of MGMT and DAPK1 methylation have been per-
formed using traditional MSP. However, traditional MSP assays do
not provide information on the methylation status of individual
alleles. Furthermore, MSP may be prone to false-positive results
caused by amplification of unmethylated or incompletely bisulfite
converted molecules15–17. Allelic methylation information is tra-
ditionally obtained by bisulfite sequencing of single clones, however,
this method is labor-intensive, expensive, and may not be suitable for
use in clinical settings18.

We have developed a novel method for allelic methylation analysis
based on pyrosequencing of MSP products including a SNP. Non-
CpG cytosines and CpG sites are also interrogated by the assays as a
control for the amplification of fully converted and methylated tem-
plates, respectively. Initially, the analytical sensitivity of the assays
and their ability to distinguish different allelic methylation states
were investigated using standards of known allelic methylation sta-
tus. Then 148 samples from DLBCL patients were genotyped for the
SNPs used to provide allelic methylation information and tested
using the allelic MSP-pyrosequencing assays. It was investigated if
MGMT methylation was associated with the T-allele of the
rs16906252 SNP, and if any of the DAPK1 alleles were associated
with methylation. Finally, potential correlations of MGMT or
DAPK1 methylation and MGMT or DAPK1 SNP genotypes with
clinical parameters were investigated.

Results
The allelic MSP-pyrosequencing assays can resolve the methy-
lation status of individual alleles. Standards of known allelic
methylation status were tested using the allelic MGMT and DAPK1
MSP-pyrosequencing assays. When using the MGMT assay a strong
signal from both alleles was observed for the standard having both
alleles methylated (53% T, 47% C). For the standard having only the
T-allele methylated a strong signal was only observed from the T-
allele (96% T, 4% C), and for the standard having only the C-allele
methylated a strong signal was only observed from the C-allele (5%
T, 95% C) (Fig. 1). When using the DAPK1 assay a strong signal from
both alleles was observed for the standard having both alleles
methylated (45% A, 55% G). For the standard having only the A-
allele methylated a signal was only observed from the A-allele (100%
A, 0% G), and for the standard having only the G-allele methylated a
signal was only observed from the G-allele (0% A, 100% G) (data not
shown).

Sensitivity of the allelic MSP-pyrosequencing assays. The bialle-
lically methylated standards were diluted in unmethylated DNA to
10%, 2.5%, 1.25%, and 0.625% methylation and analyzed using the
allelic MGMT and DAPK1 MSP-pyrosequencing assays. Each
experiment was repeated three times. For all of the standards a
band of the expected size could be observed on an agarose gel and

Figure 1 | The MGMT allelic MSP-pyrosequencing assay. The non-CpG C position analyzed is highlighted in yellow. The antisense strand was analyzed.

(A) Allelic MSP-pyrosequencing on a standard having both alleles methylated. (B) Allelic MSP-pyrosequencing on a standard having only the T-allele

methylated. (C) Allelic MSP-pyrosequencing on a standard having only the C-allele methylated.
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all were successfully pyrosequenced. For both assays a signal of at
least 27% from one of the alleles could be observed for all dilutions
(Fig. 2). Thus, the assays can be expected to be able to resolve the
methylation status of individual alleles even in samples containing
low-level methylation.

Genotyping the rs16906252 MGMT and the rs13300553 DAPK1
SNPs in DLBCL samples. For the MGMT SNP 129 of the patients
were homozygous for the C-allele, one patient was homozygous for
the T-allele, and 18 patients were heterozygous (data not shown).
The frequency of the T-allele was 7% and 12% carried the T-allele,
conforming to Hardy–Weinberg equilibrium (p-value 5 0.67). This
is close to what has previously been reported in a study using healthy
individuals19. For the DAPK1 SNP 48 of the patients were
homozygous for the A-allele, 28 patients were homozygous for the
G-allele, and 67 patients were heterozygous (data not shown). For
five patients no data was obtained. The frequency of the A-allele was
57% and 81% carried the A-allele, conforming to Hardy–Weinberg
equilibrium (p-value 5 0.60). The results have been summarized in
Supplementary Table S1.

MGMT methylation analysis of DLBCL samples using allelic MSP-
pyrosequencing. Thirty-two of the 148 samples analyzed were
methylation positive as assessed by gel electrophoresis of the MSP
products. Twenty-eight of these samples were confirmed to be
methylated by pyrosequencing. The two CpG sites (serving as a
control for the amplification of methylated molecules) analyzed by
pyrosequencing were both methylated above 90% in all samples,
except for the sample from patient ID 78. This sample was
heterogeneously methylated (one site methylated at 96% and the

other at 38%). Seven of the 28 methylated samples were hetero-
zygous. Two of these were methylated at both alleles (patient ID 23
and 39), four were methylated only at the T-allele (patient ID 32, 88,
96, and 135) (defined as C-allele below 20%), and one was methylated
only at the C-allele (patient ID 56) (defined as T-allele below 20%).
The results for three samples having different allelic MGMT methy-
lation patterns are shown in Fig. 3. The frequency of methylated
samples was 22% by gel electrophoresis and 19% by pyrose-
quencing. All 148 samples amplified using primers specific for
unmethylated DNA and a band of the expected size could be
observed on the gel (data not shown). A significant association
between MGMT methylation and the T-allele of the rs16906252
SNP was observed (p-value 5 0.04). Methylation frequencies were
similar between FFPE samples and fresh frozen samples (p-value 5

0.80). The results have been summarized in Supplementary Table S1.
Bisulfite conversion and allelic MSP-pyrosequencing were repeated
for three samples having different allelic MGMT methylation
patterns (patient ID 23, 32, and 56). The same results were
observed as for the first analysis (data not shown).

Confirmation of the allelic MGMT methylation results. Methyla-
tion independent PCR (MIP) pyrosequencing was used to investigate
the methylation levels of six CpG sites surrounding the rs16906252
SNP in the five heterozygous fresh frozen samples showing methyla-
tion by allelic MSP-pyrosequencing. The average methylation levels
for the two samples having both alleles methylated (patient ID 23 and
39) and the three samples having only one allele methylated (patient
ID 32, 56, and 88) were 26.5% and 23.7%, and 15.2%, 18%, and 3.7%,
respectively. However, a PCR bias towards amplification of the
unmethylated allele was observed by sequencing a standard of 50%

Figure 2 | The sensitivity of the allelic MSP-pyrosequencing assays. The standards having both alleles methylated were serially diluted into

unmethylated DNA and tested using the allelic MSP-pyrosequencing assays. The experiments were repeated three times for each of the assays. It can be

observed that a signal from both alleles above 25% can be detected down to 0.675% methylation. For MGMT the antisense strand was analyzed. (A) The

MGMT assay (B) The DAPK assay.
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methylated DNA as the average methylation level of this sample was
29%. Examples are shown in Supplementary Fig. S1. Bisulfite sequ-
encing of single clones was performed for three samples having
different allelic MGMT methylation patterns (patient ID 23, 32,
and 56). Heavily methylated C- and T-alleles were observed for
patient ID 23. For patient ID 32 most of the sequenced alleles were
unmethylated C-alleles. Given the PCR bias towards amplification of
unmethylated DNA this was expected. One heavily methylated T-
allele and a heterogeneously methylated C-allele were also observed
for this patient. For patient ID 56 most of the sequenced alleles were
unmethylated T-alleles, again as expected. One heavily methylated
C-allele and a few heterogeneously methylated T-alleles were also
observed for this patient (Fig. 4). Thus, the data from allelic MSP-
pyrosequencing and bisulfite sequencing of single clones correlated
well, and it was confirmed that the allelic MSP-pyrosequencing assay
is stringent, as heterogeneously methylated molecules are not
amplified.

MGMT methylation according to patient characteristics among
R-CHOP treated patients. The clinical characteristics of R-CHOP
treated patients as a function of MGMT methylation status are shown
in Table 1. We found no significant differences in patient or disease
characteristics according to MGMT methylation status. Also, accord-
ing to MGMT methylation status no significant difference in the

response rate was observed. Survival analysis according to MGMT
methylation status did not reveal any significant differences when
evaluating overall survival (Fig. 5A). The same was true for survival
analysis according to presence of the T-allele of the rs16906252 SNP
(Fig. 5B).

DAPK1 methylation analysis of DLBCL samples using allelic
MSP-pyrosequencing. Of the 146 samples analyzed 130 were
methylation positive as assessed by gel electrophoresis of the MSP
products. Of these 127 were confirmed to be methylated by
pyrosequencing. Three samples showed failed bisulfite conversion
and were scored as uncertain methylation status (data not shown).
The three CpG sites analyzed by pyrosequencing were on average
methylated above 85% in the majority of the samples. Heterogeneous
methylation patterns (defined as less than 85% average methylation)
were observed for the samples from patient ID 20 (80%, 74%, 96%),
patient ID 92 (64%, 63%, 97%), patient ID 95 (49%, 97%, 98%),
patient ID 109 (51%, 97%, 98%), patient ID 123 (99%, 13%, 99%),
patient ID 128 (98%, 98%, 14%), patient ID 138 (96%, 41%, 97%),
and patient ID 146 (96%, 41%, 97%). Fifty-eight of the 130
methylated samples were heterozygous. Thirty-two of these were
methylated at both alleles, 15 were methylated only at the A-allele
(defined as G-allele below 20%), and 11 were methylated only at the
G-allele (defined as A-allele below 30%). The results for three

Figure 3 | Allelic MGMT methylation analysis in DLBCL samples. The non-CpG C position analyzed is highlighted in yellow. The antisense strand was

analyzed. (A) Patient ID 23 was methylated at both alleles. (B) Patient ID 32 was methylated at the T-allele. (C) Patient ID 56 was methylated at the

C-allele.
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representative samples having different allelic DAPK1 methylation
patterns are shown in Supplementary Fig. S2. The frequency of
methylated samples was 89.0% by gel electrophoresis and 88.8% by
pyrosequencing. All unmethylated samples amplified using primers
specific for unmethylated DNA and a band of the expected size could

be observed on an agarose gel (data not shown). No significant
associations between DAPK1 methylation and genotypes of the
rs13300553 SNP were observed. Methylation frequencies were simi-
lar between FFPE samples and fresh frozen samples (p-value 5 0.88).
The results have been summarized in Supplementary Table S1.

Figure 4 | Bisulfite sequencing of single clones for patient ID 23, 32, and 56. ND is no data (A) For patient ID 23, heavily methylated C- and T-alleles

could be observed. (B) For patient ID 32, most of the clones successfully sequenced were unmethylated C-alleles, while one heavily methylated T-allele was

observed. Part of the sequencing trace for this allele is shown, and the SNP position is underlined. (C) For patient ID 56, most of the sequenced clones were

unmethylated T-alleles, while one heavily methylated C-allele was observed.
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DAPK1 methylation according to patient characteristics among
R-CHOP treated patients. Clinical characteristics of R-CHOP
treated patients as a function of DAPK1 methylation status were
investigated similar to what was done as a function of MGMT
methylation shown in Table 1. No significant difference in patient
or disease characteristics according to DAPK1 methylation status
was observed (data not shown). Also, according to DAPK1
methylation status no significant difference in the response rate
was observed. Survival analysis according to DAPK1 methylation
status did not reveal any significant differences when evaluating
overall survival, however, a tendency towards longer survival of
patients without DAPK1 methylation could be observed (Fig. 6A).
For survival analysis according to the genotypes of the rs13300553
SNP a significantly shorter survival was associated with the A-allele
(Fig. 6B). Among the heterozygous individuals of the rs13300553
SNP survival analysis according to allelic methylation revealed a
significantly shorter survival associated with methylation of the A-
allele (Fig. 6C).

Methylation analysis of DLBCL cell lines. MGMT and DAPK1
methylation analyses were performed for seven DLBCL cell lines:
DB, DOHH2, Farage, HT, Pfeiffer, RL, and Toledo. For MGMT
only the DOHH2 and Toledo cell lines were methylated. Both of
these cell lines were homozygous for the C-allele of the rs16906252
SNP. For DAPK1 all seven cell lines were methylated. Farage, DB,
DOHH2, and Toledo were heterozygous for the rs13300553 SNP,
and these were all methylated at both alleles (data not shown).

Discussion
We developed a fast and reliable method for allelic methylation
analysis at single loci based on MSP followed by pyrosequencing.
Compared to bisulfite sequencing of single clones this method
does not suffer from PCR bias and cloning bias, and is fast and

cost-effective. While bisulfite sequencing of single clones takes sev-
eral days to perform, allelic MSP-pyrosequencing can be performed
in less than four hours. The costs associated with cloning and sequen-
cing of several clones per sample are at least 10 fold higher compared
to allelic MSP-pyrosequencing, which only requires a single sequen-
cing reaction. Allelic MSP-pyrosequencing also has the advantage of
a higher analytical sensitivity. We have shown that allelic methyla-
tion patterns can be reliably analyzed in samples methylated at levels
below 1% when using 25 ng input DNA. To obtain a similar analyt-
ical sensitivity using bisulfite sequencing would require sequencing
hundreds of clones.

Compared to conventional MSP20 (which does not provide allelic
methylation information) and allelic SMART-MSP8,19, allelic MSP-
pyrosequencing has the advantage of analyzing additional CpG sites
and non-CpG cytosines as a control for the amplification of fully
methylated and bisulfite-converted molecules, respectively.

MIP followed by pyrosequencing using allele-specific sequencing
primers incorporating a SNP in the 39 end to discriminate the alleles
has also been used to analyze allelic methylation patterns21. This
method requires four independent pyrosequencing reactions, one
for each genotype and two negative controls using primers that do
not recognize either allele and, in general, methods using MIP pri-
mers have a low analytical sensitivity compared to MSP based meth-
ods and may potentially be compromised by PCR bias22,23.

Traditional MIP-based assays, such as combined bisulfite restric-
tion analysis (COBRA)24 and Melting curve analysis (MCA)25, mea-
sure the percentage of methylation in a sample, which is often a
mixture of malignant and non-malignant cells likely to show differ-
ent methylation patterns. Therefore, a measurement of about 50%
methylation using a MIP based method could mean that all cells in
the sample were methylated at only one allele, or that half of the cells
were methylated at both alleles. As the fraction of tumor cells in a
sample is normally difficult to determine with high accuracy26, and

Table 1 | Clinical characteristics of R-CHOP treated patients as a function of MGMT methylation status

Total (n 5 75) Unmethylated (n 5 60) Methylated (n 5 15) p-value

Sex 0.91
Men 39 31 8
Women 36 29 7
Extranodal involvement 0.80
Yes 32 25 7
No 41 33 8
Missing 2 2 0
Stage 0.49
I-II 36 30 6
III-IV 39 30 9
Elevated LDH 0.16
Yes 33 24 9
No 42 36 6
B symptoms 0.12
Yes 31 22 9
No 40 36 6
Missing 2 2 0
IPI score 0.41
0–2 54 44 10
3–5 21 16 5
Performance score* 0.35
Good 69 56 13
Bad 6 4 2
Response 0.097
CR/Cru 62 51 11
PD/PR 6 3 3
Missing/Mors 7 6 1
Age, mean (range) 60.8 (22–86) 60.6 years (22–83) 61.5 years (27–86) 0.84
*Eastern Cooperative Oncology Group.
LDH, lactate dehydrogenase; IPI, international prognostic index; CR, complete response, unconfirmed complete response; PD, progressive disease; PR, partial response.
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intra-tumor heterogeneity with respect to methylation patterns can-
not be ruled out, traditional MIP-based assays cannot provide allelic
methylation information.

Alternatively, deep sequencing27 or methylation analysis on SNP
arrays28 may be used to obtain allelic methylation information,
however, these approaches require specialized equipment and

complicated bioinformatic analyses and may not be recommendable
for analyzing single loci.

Using allelic MSP-pyrosequencing we analyzed the methylation
status of the MGMT gene in 148 DLBCL patients. We detected
methylation in 19% of the patient samples, and the amplified mole-
cules appeared to be homogeneously methylated in all samples, as

Figure 5 | Overall survival after frontline R-CHOP treatment according to MGMT methylation status and rs16906252 genotypes. (A) Overall survival

according to MGMT methylation status. (B) Overall survival according to rs16906252 genotype.
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Figure 6 | Overall survival after frontline R-CHOP treatment according to DAPK1 methylation status, rs13300553 genotypes, and allelic DAPK
methylation patterns. (A) Overall survival according to DAPK1 methylation. (B) Overall survival according to rs13300553 genotypes. (C) Overall

survival according to allelic DAPK1 methylation patterns in individuals heterozygous for rs13300553.
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both of the CpG sites analyzed by pyrosequencing was above 90%,
with the exception of one sample for which one site showed a sig-
nificantly lower methylation level. In addition, the bisulfite conver-
sion status as assessed by pyrosequencing was excellent for all
methylation positive samples, of which seven were heterozygous
for the rs16906252 SNP. Two of these were shown to be methylated
at both alleles, four were methylated only at the T-allele, and one was
methylated only at the C-allele. When analyzing these samples by
MIP pyrosequencing the methylation levels were found to be higher
for the two samples showing bi-allelic methylation as could be
expected and allelic methylation patterns were confirmed by bisulfite
sequencing of single clones, which also revealed some heteroge-
neously methylated molecules not amplifiable by the MSP primers.

Most previous studies of MGMT methylation in DLBCL have been
performed using conventional MSP3,5,29,30. These studies found
slightly higher frequencies of methylation positive patients com-
pared to our study. This may, in part, be explained by slight differ-
ences in primer design, and the analytical sensitivity of each
particular assay. It is also possible that our assay is more stringent
as we used an annealing temperature of 70uC. The use of less strin-
gent PCR conditions may result in amplification of heterogeneously
methylated molecules15. The frequency of methylated DLBCL sam-
ples may also be influenced by the percentage of tumor cells in the
samples and contamination with peripheral blood cells, which have
been shown to be methylated at low levels in healthy individuals19.
However, the samples analyzed in the present study contained at
least 50% tumor cells.

An association between MGMT methylation and the T-allele of
the rs16906252 SNP was observed in this patient cohort. In compar-
ison, several previous studies have found more statistically signifi-
cant associations between MGMT methylation and the T-allele of the
rs16906252 SNP7–10,19. However, these studies were not of DLBCL,
and it cannot be excluded that the effect of the T-allele on MGMT
methylation propensity is cell-type specific.

We did not observe any significant differences in overall survival
according to MGMT methylation status or genotypes of the
rs16906252 SNP among the R-CHOP treated patients. This was
expected as a recent study of a R-CHOP treated cohort of DLBCL
patients found no difference in response or survival according to
MGMT methylation status5. We speculate that the negative effects
of having a silenced MGMT tumor suppressor gene in these patients
are larger than the positive effects of not being able to repair the DNA
damage introduced by the treatment, which consists of several other
classes of chemotherapeutica than the alkylating agent, cyclopho-
sphamide. To this end, it may be interesting to compare whole-gen-
ome or exome sequencing data to MGMT methylation data in a large
patient cohort, though an association between MGMT methylation
and G . A mutations may not be observed for single genes in
DLBCL, such as TP5330.

In future projects it may also be interesting to investigate if mono-
allelic methylation of MGMT results in complete silencing or a
reduced expression of the protein, as we found more cases of mono-
allelic than biallelic methylation in the present study. If patients with
detectable MGMT methylation only have one allele methylated and
still express the protein this may have implications for its use as a
predictive biomarker in other diseases such as glioblastoma multi-
forme, as such patients may not respond or require different drug
doses.

Methylation analysis of the DAPK1 promoter was successfully
performed for 146 of the DLBCL samples using allelic MSP-
pyrosequencing. Methylation was detected in 89% of the patient
samples, and the amplified molecules appeared to be homoge-
neously methylated in all samples, except eight, where the average
methylation level of the three CpG sites was below 85%. These
were interpreted as being heterogeneously methylated. In addi-
tion, three samples showed failed bisulfite conversion status as

assessed by pyrosequencing. These could potentially be false posi-
tives and were scored as uncertain methylation status. Among the
methylated samples 58 were heterozygous, and biallelic methyla-
tion was observed for 55% of these.

Other previous studies of DAPK1 methylation in DLBCL also
found high methylation frequencies of DAPK1 promoter methyla-
tion31–33, and DAPK1 methylation at low levels has been found in B
cells from normal individuals34. Though not statistically significant
(p-value 5 0.12), a tendency towards a shortened overall survival
among patients with DAPK1 methylation was observed, similar to
what has previously been published14. Interestingly, we found a rela-
tively high fraction of the heterozygous samples to be methylated at
only one allele, and we observed a statistically significant correlation
between methylation of the A-allele and overall survival (p-value 5
0.006). Likewise, carrying the A-allele was associated with shortened
overall survival (p-value 5 0.016). While these data are preliminary,
and should be interpreted with caution, it could be interesting to
further investigate a possible role of allelic DAPK1 methylation pat-
terns in the pathogenesis of DLBCL.

A current limitation of allelic MSP-pyrosequencing is that is does
not measure the actual amount of methylation in the promoter.
However, the use of a real-time PCR instrument instead of a tra-
ditional thermocycler would allow quantitative methylation infor-
mation to be obtained35,36.

In conclusion, we have developed a novel MSP-based pyrosequen-
cing assay, which is capable of resolving the methylation status of
individual alleles. The assays presented here were designed to analyze
the methylation status of the MGMT and DAPK1 genes using the
rs16906252 and rs13300553 SNPs, respectively, for the allelic ana-
lysis. Many other frequently methylated tumor suppressor genes,
such as APC, BRCA1, CDH1, CDH13, HIC1, hMLH1, RUNX3, and
SOCS1 harbor polymorphic SNPs in their promoter CpG islands,
which will allow allelic methylation analyses to be performed.
Thus, allelic MSP-pyrosequencing may be valuable for the analysis
of DNA methylation of many different tumor suppressor genes in
different malignancies.

Methods
Patient samples and DNA extraction. Fresh frozen lymphoma biopsies were
obtained from 93 cases and Formalin-Fixed Paraffin Embedded (FFPE) lymphoma
biopsies were obtained from 55 cases diagnosed with DLBCL. The diagnoses were
based on standard histology and immunphenotyping according to the 2008 WHO
lymphoma classification using anti-CD20, -CD79alpha, CD43, and -BCL2. The
fraction of tumor cells was more than 50% of the total tissue for all samples. All
patients were treated with antracycline containing regimens, however, only 75
patients received immunotherapy with rituximab.

For the fresh frozen samples genomic DNA was isolated after proteinase K
digestion using the Purescript DNA Isolation Kit (Gentra Systems, Minneapolis, MN,
USA). For the FFPE samples five to seven sections of 10 mm were cut from the FFPE
blocks and deparaffinization was performed using xylene followed by two rounds of
ethanol treatment. DNA was extracted using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany).

DNA from peripheral blood (PB), obtained from healthy donors, was extracted
following a modified salt precipitation protocol as previously described37. Written
informed consent was obtained from all subjects.

The project has been approved by the regional ethics committees (De
Videnskabsetiske Komitéer, Region Midtjylland and Region Hovedstaden).

Genotyping the rs16906252 MGMT SNP. Genotyping was performed using
pyrosequencing. The primer sequences are listed in Supplementary Table S2. PCR
cycling was performed on the Gene PCR System 9700 (Applied Biosystems, Foster
City, CA, USA). The cycling protocol started with one cycle of 95uC for 15 min for
enzyme activation, followed by 38 cycles of 94uC for 20 s, 60uC for 20 s, 72uC for 20 s,
and one cycle of 72uC for 10 min. For the reaction mixtures the PyroMark PCR
Master Mix (Qiagen) was used at a final concentration at 1 3, resulting in a final
MgCl2 concentration of 1.5 mM. Final primer concentrations were 200 nM of each
primer, and 25 ng of DNA was used. The final reaction volume was 25 mL. Samples
were sequenced on the PyroMark Q24 (Qiagen) using the PyroMark Gold Q24
reagents (Qiagen), according to the manufactures’ instructions.

Genotyping the rs13300553 DAPK1 SNP. Genotyping was performed using Sanger
sequencing. The PCR product was created with primers containing an M13-tag
(Supplementary Table S2). The cycling protocol started with one cycle of 95uC for
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15 min, followed by 38 cycles of 95uC for 10 s, 63uC for 20 s, 72uC for 20 s, and one
cycle of 72uC for 10 min. For the reaction mixtures the PyroMark PCR Master Mix
(Qiagen) was used at a final concentration at 1 3, resulting in a final MgCl2
concentration of 1.5 mM. Final primer concentrations were 200 nM of each primer,
and 25 ng of DNA was used. The final reaction volume was 25 mL. The sequencing
reaction was done using an M13 primer corresponding to the M13-tag of the forward
PCR primer.

Preparation of controls for DNA methylation analysis. Standards of known MGMT
and DAPK1 allelic methylation status were prepared by M.SssI (New England
Biolabs, Ipswich, MA, USA) treatment, according to the manufactures’ instructions,
of PB DNA samples of known genotypes for the rs16906252 and rs13300553 SNPs.
Thus, standards having both alleles methylated were created by M.SssI treatment of a
heterozygous sample. Standards having only the C-allele or G-allele methylated was
created by mixing an M.SssI treated sample homozygous for the C-allele or G-allele
with an untreated and unmethylated sample homozygous for the T-allele or A-allele,
and vice versa for the standard having only the T-allele or A-allele methylated.
Standards of 10%, 2.5%, 1.25%, and 0.625% methylation were prepared by serially
diluting the standards having both alleles methylated into unmethylated DNA.
Unmethylated DNA was prepared by whole genome amplification of genomic DNA
(Roche, Mannheim, Germany) as previously described36. Universal methylated DNA
(Chemicon International, Temecula, CA, USA) was also used as a positive
methylation control in all of the DNA methylation assays.

Cell lines. Diffuse large B-cell derived lymphoma cell lines: Farage, DB, DOHH2, HT,
Pfeiffer, RL, and Toledo were purchased from the American Type Culture Collection
(ATCC). The cells were cultured in RPMI 1640 medium with Glutamax
supplemented with 10% fetal calf serum.

Bisulfite conversion. 250 ng DNA from fresh frozen patient samples and controls
were converted with the EZ DNA Methylation kit (Zymo Research) according to the
manufactures’ recommendations, with slight modifications; samples were incubated
at 42uC for 30 minutes instead of 37uC for 15 minutes. For the bisulfite reaction the
alternative incubation conditions described in the appendix were used. For the FFPE
samples one mg of DNA was converted using the same protocol.

Allelic MSP-pyrosequencing. The MGMT MSP primers were designed to target the
antisense strand and amplify the region surrounding the rs16906252 SNP. The
DAPK1 MSP primers were designed to target the sense strand and amplify the region
surrounding the rs13300553 SNP. Several non-CpG cytosines in each of the primers
select against the amplification of incompletely converted molecules. Unmethylation
specific PCR (uMSP) assays were designed to target the same regions (Supplementary
Fig. S3A and S3B). The primer sequences are listed in Supplementary Table S2. PCR
cycling was performed on the Gene PCR System 9700 (Applied Biosystems). The
cycling protocols started with one cycle of 95uC for 15 min, followed by 45 cycles of
94uC for 20 s, 70uC (MGMT MSP) or 64uC (MGMT uMSP) or 66uC (DAPK1 MSP) or
64uC (DAPK1 uMSP) for 20 s, 72uC for 20 s, and one cycle of 72uC for 10 min. For
the reaction mixtures the PyroMark PCR Master Mix (Qiagen) was used at a final
concentration at 1 3, resulting in a final MgCl2 concentration of 1.5 mM. Final
primer concentrations were 200 nM of each primer, and 25 ng (fresh frozen samples
and controls) or 100–400 ng (FFPE samples) of bisulfite converted DNA was used.
The final reaction volumes were 25 mL. The PCR amplified DNA was run on a 2%
agarose gel stained with ethidium bromide and visualized under UV-light. Samples,
for which a band of the expected size was observed, were sequenced on the PyroMark
Q24 (Qiagen) using the PyroMark Gold Q24 reagents (Qiagen), according to the
manufactures’ instructions.

Methylation independent PCR pyrosequencing assay. A traditional methylation
independent PCR (MIP) pyrosequencing assay38 was designed to target the antisense
strand of MGMT to allow simultaneous confirmation of the samples genotype for the
rs16906252 SNP (Supplementary Fig. S3C). The sequencing primer was placed to
allow six CpG sites around the rs16906252 SNP to be interrogated. The primers were
designed to be methylation independent by avoiding CpG sites. When CpG sites
could not be avoided a base that is equally mismatched to methylated and
unmethylated states were placed at the potentially variable position. The primer
sequences are listed in Supplementary Table S2. PCR cycling was performed on the
Gene PCR System 9700 (Applied Biosystems). The cycling protocol started with one
cycle of 95uC for 15 min, followed by 45 cycles of 94uC for 20 s, 58uC for 20 s, 72uC
for 20 s, and one cycle of 72uC for 10 min. For the reaction mixtures the PyroMark
PCR Master Mix (Qiagen) was used at a final concentration at 1 3, resulting in a final
MgCl2 concentration of 1.5 mM. Final primer concentrations were 200 nM of each
primer, and 25 ng (fresh frozen samples and controls) or 100 ng (FFPE samples) of
bisulfite converted DNA was used. The final reaction volume was 25 mL. Samples
were sequenced on the PyroMark Q24 (Qiagen) using the PyroMark Gold Q24
reagents (Qiagen), according to the manufactures’ instructions.

Bisulfite sequencing of single clones. To analyze the methylation status of individual
alleles, bisulfite-converted DNA was amplified using MIP primers targeting the
antisense strand (Supplementary Fig. S3C). The primer sequences are listed in
Supplementary Table S2. PCR cycling was performed on the Gene PCR System 9700
(Applied Biosystems). The cycling protocols started with one cycle of 95uC for
15 min, followed by 45 cycles of 94uC for 20 s, 58uC for 20 s, 72uC for 20 s, and one

cycle of 72uC for 10 min. For the reaction mixtures the 1 3 PCR buffer, resulting in a
final MgCl2 concentration of 1.5 mM, 666 nmol/L of each primer, 133 mmol/L of
each dNTP, 0.5 U of HotStarTaq (Qiagen), and 25 ng of bisulfite converted DNA in a
final volume of 15 mL. The PCR amplified DNA was run on a 2% agarose gel stained
with ethidium bromide and visualized under UV-light, and cloned into the pCR2.1
vector using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA, USA) as previously
described39. Plasmid DNA from individual clones was sequenced using an M13
primer (59-CAGGAAACAGCTATGACC-39) on the ABI Genetic Analyzer 3130 XL
(Applied Biosystems) using the BigDye terminator kit v1.1 (Applied Biosystems)
according to the manufactures’ instructions.

Statistical analysis. Statistical analyses were performed in SPSS 19.0 for Windows
(SPSS Inc.). Associations between the genotypes and methylation as well as Hardy–
Weinberg equilibrium were assessed using Pearson chi-square tests. Correlations
between overall survival and genotype or methylation status were estimated using the
Kaplan-Meier method with the use of a log-rank test. The clinical characteristics and
treatment outcomes were compared according to methylation status using one-way
ANOVA, Person chi-squared tests, or Fisher exact tests when expected values were
below five. Any differences were considered to be statistically significant when the p-
value was , 0.05.
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