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Summary y 
Hypermethylationn of gene promoters has been implicated in tissue-specific expression. The human 

Deathh Receptor-3 (DR3/TNFRSF25A) gene is exclusively expressed in lymphocytes. Here, we describe 

thatt the DR3 promoter-associated CpG island was unmethylated in lymphocytes of 10 normal 

donors.. In contrast, in non-expressing tissues of lung, kidney and breast were invariably 

hypermethylatedd for DR3. Similarly, 18/18 tumor cell lines from breast, colon, lung, thyroid, prostate 

andd neuro-ectodermal (PNET and neuroblastoma) tissues were methylated. The timing and pattern 

off de novo methylation during human embryonic development is largely unknown. In a panel of 

humann embryonic tissues from 4-9 weeks post conception, we found less DR3 methylation as in 

thee adult tissues, implying that methylation patterns evolve beyond the first trimester. Analysis of 

haematopoieticc malignancies revealed cases of aberrant DR3 methylation. Although infrequent in 

leukemiaa samples (1/23 AML; 3/29 ALL), it occurred in 19/53 non-Hodgkin's lymphoma (NHL). 

Fromm the 8 diagnostic subgroups of NHL in which we found hypermethylation, pediatric Burkitt's 

lymphomass stood out with 7/8 methylated samples. DR3 is a human tissue-specific gene with a 

strongg association between promoter hypermethylation and expression. DR3 methylation in NHL, 

particularlyy pediatric Burkitt's lymphomas, suggests that this pro-apoptotic gene is a candidate 

tumorr suppressor gene. 



DR3:: tissue-specific methylation 

Introduction n 
Thee role of DNA methylation in the regulation of tissue-specific gene expression is still unclear. 

DNAA methylation takes part in the complex chromatin remodeling processes that regulate the 

transcriptionall activity of genes and is associated with the attraction of transcriptional repressive 

proteinn complexes1. The importance of DNA methylation is well understood for specific regulatory 

processes,, such as the silencing of the inactivated X-chromosome and imprinted genes2, 3 and in 

pathologicall processes, like many types of cancer4,5. Of specific interest is the question whether 

regionall hypermethylation of promoter-associated CG rich areas (CpG islands) is involved in the 

silencingg of tissue-specific genes and developmentally expressed genes. Methylation of promoter 

sequencess is considered to induce a (semi-) permanent silencing of genes, which is much more 

difficultt to reverse than other chromatin remodeling processes, such as histone deacetylation or 

methylationn of histone H3 lysine 9. Although CpG island methylation is an attractive model for the 

(semi-)) permanent silencing of tissue-specific genes, it has been difficult to identify clear examples 

off such genes, particularly in humans6. In the mouse and rat, the tissue-specific genes HoxAB and 

galectin-1havee been identified as genes with a strong correlation between promoter 

hypermethylationn and expression regulation7-8. For human tissue-specific genes, the association 

betweenn silencing and hypermethylation has mainly been described for CpG-poor promoter 

sequencess or sequences outside the gene promoter and the regulatory role of this type of 

methylationn is doubtful9,10. The only known human gene in which promoter methylation seems 

too have a role in cell type-specific expression is 5ERPINB5, encoding the maspin protein11. Maspin 

iss expressed in a cell type-restricted manner in epithelial cells of the airway, breast, skin and 

prostate.. The expression is inversely correlated with methylation of the SERPINB5 promoter. 

Inn this paper we describe the serendipitously uncovered tissue-specific methylation pattern of the 

promoter-associatedd CpG island of DR3. The DR3 gene codes for a pro-apoptotic receptor of the 

Tumorr Necrosis Factor Receptor Super Family (TNFRSF). The DR3 gene maps to chromosome 1 p36.3, 

aa region often deleted in pediatric neuroblastoma and other tumors12. In an analysis of this specific 

regionn for aberrantly methylated genes in neuroblastomas13, DR3 surfaced as a gene with a 

methylationn pattern strongly correlating to the expression in human adult tissues. The expression 

patternn of the full-length transcript of DR3 has been well established, since the gene was initially 

describedd multiple times under different names. Independently, thesee studies found identical expression 

patternss limited to lymphocytes and tissues enriched in lymphocytes (spleen and thymus)14"19. Other 

tissues,, such as brain, heart, prostate, testis, ovary, small intestines and colon did not express DR3 

mRNA.. In lymphocyte subgroups, DR3 mRNA was expressed abundantly in phyto-haemagglutinin 

activatedd peripheral blood lymphocytes (PBL), and in CD4+ and CD8+ subsets17,19. 

Too the best of our knowledge this is the first human tissue-specific gene with an expression pattern 

correspondingg to the methylation status of a promoter-associated CpG island. Furthermore, we 

analyzedd the rate at which the methylation pattern of DR3 establishes in several human fetal 
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tissuess between 4 and 9 weeks post conception. Lastly, we show that aberrant methylation of DR3 

iss frequent in several types of non-Hodgkin's lymphomas, particularly pediatric Burkitt's lymphoma. 

Materialss and methods 
DNAA extraction and Methylation Specific PCR 
Genomicc DNA was isolated from cell lines, primary tissues, and fetal tissues using standard 

procedures.. Approximately 1 (ig of DNA was bisulfite-modified, as described20,21. PCR reactions 

aree hot started at 95 C for 15 min, by using 0.25 u,l (5 U/(il) of HotStarTaq DNA polymerase 

(Qiagen).. Reactions were performed at 60 C annealing temperature. Each PCR reaction was 

loadedd on a 6 % non-denaturing polyacrylamide gel, stained with ethidium bromide and directly 

visualizedd under UV illumination. Genomic DNA treated with Sss1 methylase (New England Biolabs; 

ass instructed by manufacturer's protocol) and after bisulfite modification was used as positive 

controll for methylated DNA. 

Thee primer sequences for DR3 are (5' to 3'): TGTGGGGTTGAAGGTGGAATTATGAT (unmethylated 

sense);; GGGTTGAAGGCGGAATTACGAC (methylated sense); CACCACACAACCCCACAACCA 

(unmethylatedd antisense); CGCAACCCCGCGACCG (methylated antisense), expected product 

lengths:: methylated 96 bp; unmethylated 105 bp. The PCR product of the unmethylated PCR gives 

risee to a double banding in 10-15% of individuals. Sequence analysis was performed after cloning 

off band fragments into a TOPO TA cloning system (Invitrogen Corporation). Three band fragments 

weree cloned and of each, 5 clones were isolated for sequencing. All 15/15 clones revealed equal 

sequences,, which corresponded to the expected sequence of the DNA enclosed by the primers 

(dataa not shown). Polymorphisms, deletions and/or insertions were excluded. We concluded that 

dimerizationn or differences in coiling and tertiary structure of the PCR product best explains the 

observedd difference in mobility through the gel. 

Humann fetal tissues 
Humann fetal tissues were obtained from interrupted pregnancies between 6-12 weeks (estimated 

4-100 weeks post conception) for non-medical reasons and according to Dutch law. The local 

ethicall committee approved the study, and informed consent was obtained in all individuals. Fetal 

tissuess were visually identified and snap-frozen in liquid nitrogen, before DNA isolation. 

Celll lines and tumor tissues 
Celll lines were cultured at 37 , 5% C02, using Dulbecco's Modified Essential Medium (DMEM; 

Gibco)) containing 10% Fetal Calf Serum, 292 |ig/ml L-Glutamine, 1% 100x MEM (Non-essential 

aminoo acids medium, Gibco) and 0,5% Penicillin/Streptomycin solution. Normal tissues and tumor 

sampless were obtained from the department of pathology of two institutes: The Johns Hopkins 

Medicall Center, Baltimore, MA and The Erasmus Medical Center, Rotterdam, The Netherlands. 
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Informedd consent was obtained for all patient samples. Peripheral blood samples were obtained 

fromm healthy volunteers. 

Results s 
Methylationn of DR3 in tumor cell lines 

Inn a large survey for hypermethylated candidate tumor suppressor genes (TSG' s) on chromosomal 

regionn 1p36.3-pter13, we tested DR3 in a panel of 10 neuroblastoma cell lines. A 500 base pair 

sequencee around the DR3 gene transcription start site fulfills the criteria for a CpG is land2 2 , 2 3
: 

withh a C+G count of 72% and an observed CpG/expected CpG of 1.5 (Fig. 1). Multiple primers 

weree tested for methylation specific PCR analysis of the island, which all rendered similar results 

taggccgagcagagggggcacctggtcggactcggttgggctcgggcggccc c 

cgcctccccccgcccgccaggcgggcccttctcgacggcgcggggcgggccc c 

Primerss Sense 1 

tgcgggcgcggggctgaaggcggaaccacgacgggcagagagcacggagcc c 

Primerss Sense 2 

gggaagcccctgggcgcccgtcggagggctlatggagcagcggccgcggggc c fatq q 
Primerss Antisense 1 

tgcgcggcggtggcggcggcg g 

Primerss Antisense 2 

Figuree 1. Promotersequence 
DR3. . 
Partiall CpG island of DR3 
promoterr and the position of 
methylationn specific PCR primer 
sequences.. CG-dinucleotides 
aree annotated in bold and the 
transcriptionn start site by an 
arrow. . 

(dataa only shown for primer set 1 described in Materials and Methods). Surprisingly, DR3 was 

completelyy hypermethylated in 10/10 tested neuroblastoma cell lines (fig. 1B). This unusual methylation 

patternn was further tested in an additional 9 cell lines of adult solid tumors, from breast (HS57), 

colonn (Lobo), lung (V1752 and A549), thyroid (Kat 18), prostate (Dupro) and neuro-ectodermal 

(Primitivee Neuro-Ectodermal Tumor; PNET-CHP100) tissues. Similar to the neuroblastoma cell lines, 

DR33 was found completely methylated in 9/9 solid-tumor cell lines (Fig. 2). Two leukemia cell lines 

K5622 and KG1A, were unmethylated (data not shown). The emerging methylation pattern seemed 

too reflect the expression pattern of the gene in normal tissues: DR3 is exclusively expressed in leukocytes 

orr tissues enriched in leukocytes or lymphocytes, such as liver and spleen. DR3 seems densely 

methylatedd in cell lines from any tissue, except from hematopoetic cells. 

Figuree 2. Methylation Specific PCR for DR3 in solid tumor cell lines. 

Methylationn pattern of DR3 in a cell line panel 
off neuroblastoma (NB), breast (Br-Ca), colon 
(Co-Ca),, non-small cell lung cancer (NSCLC), 
prostatee (Pros-Ca), primitive neuro-ectodermal 
tumorr (PNET), and thyroid (Thy-Ca). U: PCR 
productt from unmethylated bisulfite altered 
primers,, M: PCR product from methylated 
bisulfitee altered primers. 
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Methylationn of DR3 in normal, adult tissues 
Wee tested the DR3 methylation pattern in 10 PBL samples and several adult tissues from lung, 

kidney,, and breast for methylation. All PBL samples were completely unmethylated for DR3 (Fig. 3). 

However,, in the non-expressing tissues, variable amounts of methylation were detected, ranging 

fromm 50 % (lung, kidney) to 100 % (breast) per sample (Fig. 3). These results are consistent with 

thee tissue specific expression of this gene in lymphocytes, but not in epithelial tissues. 

Figuree 3. Methylation Specific PCR for DR3 in normal tissues 

PBL ll  PBL 2 PBL 3 

VV M O M Ü 

PBLL  4 L m g l k m g 2 Kdji y BW ^ t r l H ,0 

U M U M U M U MM  U M Ü M U M 

Periferall blood lymphocytes (PBL) from 4 healthy individuals are unmethylated and contrast within variable 
methylationn seen in normal tissues from lung, kidney (Kdny) and female breast(Brst). In vitro methylated DNA 
wass used as a control for methylated PCR products (+ctrl). U: PCR product from unmethylated bisulfite altered 
primers,, M: PCR product from methylated bisulfite altered primers. Double product bands are visible in 10-
15%% of individuals, as explained in Materials and Methods. 

Methylationn of human fetal tissues 
Thee observed methylation pattern for DR3 must arise during the fetal period. In general, the 

genomee is wiped clean of DNA methylation immediately after fertilization and a wave of de novo 

methylationn then establishes the adult pattern of methylation24 ' 25. The rate of this de novo 

methylationn is uncertain. We investigated the methylation status of several non-hematological 

tissuess in human embryo's ranging from 4-9 weeks p.c. Term placental tissue was hemi-methylated. 

Thee fetal tissues showed a variable methylation per tissue. For each gestational age several tissues 

fromm a single individual were tested. The amount of methylation was not consistent between the 

differentt tissues, and was most prominent in the tissues from 5, 6, and 9 weeks p.c. (See Fig 4). 

Figuree 4. Methylation Specific PCR for DR3 in fetal human tissues. 

UU M U M U M UU M U M UU M U M U U M M 

AA W k pc 

Brainn Gut Umb 

UU M U M U M 

Gull  Extr 

UU M U M 

55 W k pc 

Extrr  Brain 

UU M U M 

66 W k pc 77 W k pc 88 Wkpc 

H, 0 0 

Methylationn specific patterns of placenta 
(Plac)) at 38 weeks (Term) and various human 
fetall tissues between 4-9 Wk post conception 
(pc).. Tissues from each gestational age were 
derivedd from a single individual. In vitro 
methylatedd DNA was used as a control for 
methylatedd PCR products (+ctrl). U: PCR 
productt from unmethylated bisulfite altered 
primers,, M: PCR product from methylated 
bisulfitee altered primers. Double product 
bandss are visible in 10-15% of individuals, as 
explainedd in Materials and Methods. 
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Figuree 5. Methylation Specific PCR for DR3 in hematological malignancies 

DR33 methylation pattern in representative 
sampless of fresh AML, ALL, and pediatric 
Burkitt'ss lymphoma (BL) samples. U: PCR product 
fromm unmethylated bisulfite altered primers, 
M:: PCR product from methylated bisulfite altered 
primers.. For explanation of double product 
bandss (BL3), see Materials and Methods. 

Wee did not observe a clear increase in the amount of methylation towards the older fetuses. The 

methylationn still seemed less than 50% at week 9 p.c. in the semi-quantitative MSP. Based on the 

intra-individuall variation and the absence of abundant methylation in all gestational ages up to 9 

weekss p.c, we conclude that the methylation of DR3 doesn't seem to have reached the pattern of 

thee adult tissues at the end of the first trimester of pregnancy. 

Methylationn of DR3 in hematological malignancies 
DR33 is exclusively expressed in normal leukocytes. DR3 is a pro-apoptotic gene concerned with the 

negativee selection of thymocytes during lineage specific development26. Loss of DR3 could be 

consistentt with increased survival of thymocytes and the induction of malignancies. Since DR3 

silencingg seems regulated by DNA methylation, we investigated the methylation pattern in groups 

off different hematological malignancies. In total we tested 23 AML samples, 29 ALL samples, 53 

non-Hodgkin'' s lymphomas (NHL; 45 adult NHL samples of variable histological subtypes and 8 

pediatricc Burkitt's lymphoma samples). Methylation of at least 50% or more of the PCR product 

wass found in 1/23 of the acute myeloid leukemia (AML) samples (4%), 3/29 acute lymphoblastic 

leukemiaa (ALL) (10%), and 19/53 NHL (36%). The methylation in the group of NHL was equally 

spreadd over several histological subtypes: large cell anaplastic lymphoma, follicular small cleaved 

lymphoma,, lymphoblastic lymphoma, diffuse large cell lymphoma, marginal zone lymphoma, 

follicularr large cell lymphoma and adult Burkitt's lymphoma. However, pediatric Burkitt's lymphomas 

stoodd out with dense and partial methylation in 7/8 samples (Fig 5). We conclude that in AML and 

ALLL the low amount of methylation reflects the unmethylated state of normal PBL. However in 

lymphomas,, a significant amount of methylation was found. Since the NHL samples all contained 

80%% tumor cells or more, this observed methylation is most likely a switch from unmethylated 

normall hematological cells to methylated cells in the tumor. This aberrant methylation was most 

prominentt in pediatric Burkitt's lymphoma. 

Discussion n 
Here,, we demonstrated that DR3, a tissue-specific gene exclusively expressed in leukocytes, is 

hypermethylatedd in non-expressing tissues while completely unmethylated in expressing leukocytes. 

Thee tissue-specific hypermethylation is located in a CpG island in the 5' region of the gene, just 

AML ll  AML : AML 3 AML 4 ALL 1 ALL 2 ALL 3 ALL 4 ALL S ALL 6 

UU M U M U M U M U M U M U M U M U M U M 

BL11 BL2 BL3 BL4 BL5 BL6 BL7 BLB 

UU M P M U M U M D M U M U M D M 
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upstreamm of the transcription start site. The differential methylation pattern was observed in cell 

liness from several solid tissues (neuroblastoma, colon, breast, prostate, lung, thyroid, neuro-

ectodermall lineage; all completely methylated) and from AML and ALL (unmethylated). The tissue-

specificc methylation pattern was also observed in normal tissues: Normal PBL were invariably 

unmethylated,, whereas tissues from lung, breast and kidney were methylated, with variable amounts 

off methylation ranging from 50-100%. 

Althoughh it has previously been brought forward that tissue-specific genes are regulated by 

methylation,, only one clear example has recently been described for the human gene 5ERPINB5, 

(encodingg maspin11) with promoter-methylation regulated cell type-specific expression. In rat and 

mousee similar observations have been made for galectin-1 and the homeobox gene HOXA57, 8. 

Thee human HoxA5 gene has a similar CpG-rich promoter as the mouse sequence and HoxA5 is 

expressedd in a stage- and lineage-specific manner in developing human blood cells 27. In several 

humann cancer cell lines and tissues, aberrant methylation of the human HoxA5 gene has been 

reported,, but unfortunately, the human HoxA5 gene has not been studied concerning its methylation 

patternn in normal tissues28. The human sequence of the Galectin-1 gene surrounding the 

transcriptionall start site does not fulfill the criteria of a CpG island and should be characterizedd as 

CpGG poor (www.ncbi.nlm.nih.gov/; accession code M57678). 

Historically,, other tissue-specific genes with a tissue-specific methylation pattern have been reported, 

suchh as the rat tyrosine aminotransferase gene, the ovalbumin gene and the p-globin gene in 

chicken,, and the human ySP-globin locus29"32. However these genes do not have a promoter-

associatedd CpG island. The observed methylation was in the CpG-poor promoter or located outside 

thee 5' promoter area of the genes. In general, it is now believed that methylation of non-CpG 

islandd regions does not show an obvious correlation with silencing of genes6,10 and the observed 

methylationn patterns are most likely to result from the altered expression, rather than being the 

regulatoryy mechanism responsible for it. 

Inn human embryo's varying from 4-9 weeks p.c, we observed that the DR3 methylation pattern 

didd not reflect the pattern as seen in the adult tissues, but seemed undermethylated. Our 

understandingg of the establishment of methylation patterns in the developing embryo is limited 

andd most data are based on mouse studies. It is thought that after fertilization, genome-wide 

demethylationn is followed by waves of de novo methylation upon embryo implantation24,25. In 

thee mouse, de novo methylation is considered to be nearly completed around the time of 

implantationn in the uterus, 4.5 days p.c. Implantation of the human embryo takes place around 8-

99 days p.c. Our data show that remethylation and tissue-specific methylation for DR3 as seen in 

thee adult tissues are not yet fully established at the end of the first trimester of pregnancy, at 9 

weekss p.c. Interestingly, a similar observation was made for HoxA5 in the mouse. The methylation 

patternn of the tissue-specific HoxA5 gene was not yet established 18,5 days p.c.8, and it was 

suggestedd that the establishment of developmentally important and tissue-specifically expressed 
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geness like the Hox genes differs from what is known for non-developmental genes. Our data 

suggestt a similar pattern for the tissue-specific human gene DR3. 

Thee DR3 gene codes for a pro-apoptotic death receptor, a member of the death domain containing 

familyy of Tumor Necrosis Factor Receptors. Upon stimulation, the DR3 protein can connect to two 

intracellularr pathways: activation of Caspase 8 leading to apoptosis and activation of the 

transcriptionn factor NF-kappa-B15. In DR3-null mice it was established that negative selection of 

thymocytess was impaired. Positive selection and superantigen-induced negative selection were 

normal26.. Thus, it seems thatt the DR3 gene product is involved in lymphoid cell homeostasis and 

developmentt (negative selection) of blood cell subsets. It implies that loss of DR3 could increase 

celll survival of developing leucocytes, raising the possibility that DR3 could act as a tumor suppressor 

genee in these cells. The aberrant methylation of DR3 in several NHL samples contrasts with the 

normallyy unmethylated leucocytes. We concluded that DR3 may be an aberrantly methylated 

tumorr suppressor gene for NHL, particularly pediatric Burkitt's lymphoma. This is based on the 

factt that the tumor samples consisted of 80% or more tumor cells, suggesting that the observed 

methylationn originates from the tumor cells rather than from the minority of normal cells. Burkitt's 

lymphomaa is an immature B-cell neoplasm. Mature B-cells are completely unmethylated. They 

accountt for approximately 15 % of PBL, and methylation of such a subset would be detected by 

thee sensitive methylation specific PCR. The normal methylation pattern for DR3 in immature B-cells 

iss not known. However, methylation was not present in different hematological malignancies, 

suchh as AML and ALL. Therefore, we conclude that the observed methylation in NHL and pediatric 

Burkitt'ss lymphoma samples is specific and an aberration from the normal situation. Similar findings 

off aberrant methylation in cancer tissue have also been reported for SERPINB5. The cell type-

specificc gene SERPINB5 is unmethylated in normal breast epithelial cells, and hypermethylated in 

humann breast cancers33. Loss of the SERPINB5 encoded protein maspin correlates with increased 

metastaticc potential in breast cancer and other tumors34. These observations indicate that maspin 

actss as a tumor suppressor gene, which can by silenced by aberrant gene methylation. 

Inn conclusion, the tissue-specific expression of the human pro-apoptotic and leukocyte specific 

receptorr DR3 seems regulated by the differential methylation of a CpG rich promoter. The 

developmentt of its methylation pattern in human embryos seems to evolve beyond the first trimester 

off pregnancy. The specific role of DR3 in the negative selection of lymphocytes implies that the 

functionn of DR3 is important in the development of normal lymphocytes. The observed methylation 

off several NHL samples, particularly pediatric Burkitt's lymphoma suggests that DR3 may act as a 

tumorr suppressor gene. It will be important to further explore the precise role of DR3 in the 

developmentt of normal blood cells and pediatric Burkitt's lymphomas. 
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