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Expression of DNA methyltransferadesiIMT1, 3A,and3Bin normal
hematopoiesis and in acute and chronic myelogenous leukemia

Shin-ichi Mizuno, Takahito Chijiwa, Takashi Okamura, Koichi Akashi, Yasuyuki Fukumaki, Yoshiyuki Niho, and Hiroyuki Sasaki

Aberrant hypermethylation of tumor sup-
pressor genes plays an important role

in the development of many tumors.
Recently identified new DNA methyl-
transferase ( DNMT) genes, DNMT3A and
DNMT3B, code for de novo methyltrans-
ferases. To determine the roles of
DNMT3A, DNMT3B, as wellas DNMT1,in
the development of leukemia, competi-
tive polymerase chain reaction (PCR)
assays were performed and the expres-
sion levels of DNMTs were measured in
normal hematopoiesis, 33 cases of acute

expressed, although at different levels, in
T lymphocytes, monocytes, neutrophils,
and normal bone marrow cells. Interest-
ingly, DNMT3B was expressed at high
levels in CD34 * bone marrow cells but
down-regulated in differentiated cells. In
AML, 5.3-, 4.4-, and 11.7-fold mean in-
creases were seenin the levels of DNMTI1,
3A, and 3B, respectively, compared with
the control bone marrow cells. Although
CML cells in the chronic phase did not
show significant changes, cells in the
acute phase showed 3.2-, 4.5-, and 3.4-

served that the p15/NAK4E gene, a cell
cycle regulator, was methylated in 24 of
33 (72%) cases of AML. Furthermore,
AML cells with methylated  p15/NAK4B
tended to express higher levels of
DNMT1 and 3B. In conclusion,
were substantially overexpressed in leu-
kemia cells in a leukemia type- and
stage-specific manner. Up-regulated
DNMTs may contribute to the pathogen-
esis of leukemia by inducing aberrant
regional hypermethylation. (Blood. 2001,
97:1172-1179)

DNMTs

fold mean increases in the levels of
DNMT1, 3A, and 3B, respectively. Using
methylation-specific PCR, it was ob-

myelogenous leukemia (AML), and 17
cases of chronic myelogenous leuke-

mia (CML). All genes were constitutively © 2001 by The American Society of Hematology

Introduction

DNA methylation plays an important role in tissue- and stag€ALL) and acute myelogenous leukemia (AM¥92° Furthermore,
specific gene regulatiok? genomic imprinting# and X-chromo- hypermethylation ofp15NAK4B js observed concomitant with th
some inactivatioff,and has been shown to be essential for normdisease progression in myelodysplastic syndrome (MDSi.
mammalian developmefitRecent studies have revealed that botaddition to these tumor-related genes, a number of other genegare
global DNA hypomethylation and regional hypermethylation occuroncurrently hypermethylated in AM#2, suggesting that there?‘?L
in tumorigenesig:® Such aberrant DNA methylation is observed irmight be a dysregulation in the normal DNA methylatiog
a nonrandom, tumor type-specific man#eln particular, certain mechanism, by which the leukemic cells become predispose@to
types of tumors show regional hypermethylation of CpG islands/permethylation.
associated with the promoter regions of tumor suppressor genesUntil recently, only one mammalian DNA methyltransferasé
such asRB VHL,12 p1gNAK4AL3 gndhMLH1.14 Furthermore, the DNMT1, had been known, which has a higher maintenance DI§A
regional hypermethylation is often associated with the inactivationethylase activity rather than a de novo methylase act|V|tyj,n
of the tumor suppressor gen€sThese data suggest that thisvitro.23 Recently, new mammalian DNA methyltransferase gengs,
epigenetic process has a pathogenetic role in the clonal evolutbNMT3A and DNMT3B have been clone#:26 Both the mouse
of cancef® Dnmt3aand 3b (the orthologs of huma®NMTg enzymes weret:i
In hematologic malignancies, aberrant DNA hypermethylatioshown to methylate hemimethylated and unmethylated DNA wigh
is thought to have relevance to leukemogen&sisor example, equal efficiencies in vitré* In transgenicDrosophila melano- 5
during the progression of chronic myelogenous leukemia (CMLyaste; Dnmt3a clearly exhibited de novo methylase activitys
the ABL1 promoter of theBCR-ABLfusion gene becomes signifi- whereadDnmtldid not?” Furthermore, a simultaneous inactivatiof§
cantly hypermethylatetl:18Also, aberrant hypermethylation of theof both Dnmt3a and Dnmt3b blocked the de novo methylationk
p13NAK4B tumor suppressor gene is associated with its inactivati@etivity in embryonic stem cells and embry&Sssuggesting that
in at least half of the patients with acute lymphoblastic leukemihese enzymes are the long sought de novo methyltransferases.
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To understand the mechanisms underlying the aberrant, tundesigned not to amplify genomic fragments, considering the exon-intron
type-specific hypermethylation, it is important to know the role gfrganization.
each DNA methyltransferase in the pathogenetic process. In colon
cancer, |ncre_aseIENMT1expreSS|on has been demonstrated whegyical samples and cell lines
compared with normal mucog&ln both colon and lung cancers,
DNMT1 activity increases progressively, along with the advancéleparinized peripheral blood and bone marrow cells were collected from
ment of their tumor stag®3! In hematologic malignancies, Patients with AML and CML, and from healthy donors after obtaining their
overexpression 0DNMT1 was shown in 12 leukemia sample§nf°rmed consent. Immediately after harvest, mononuclear cells (MNCs)
including AML, ALL, and MDS32 As to DNMT3A and 3B were isolated by sedimentation on Ficoll-Hypaque gradients. More than

) ) : ) 0 .
Robertson and coworkers have recently shown that both genesg%é’ of the MNC populations from AML and acute phase CML were
feukemic blasts. Granulocyte fractions were collected from normal periph-

well asDNMT1, Qre up-regulated in some malignancies, sgch ae?al blood with Polymorphperp (Nycomed Pharma, Oslo, Norway). Plastic-
bladder, colon, kidney, and pancreas tumors, though at diffe

) . r%{'&xnerent cells from normal MNCs were used as the monocyte fraction.
leVE|S'25_X'e and CO”eagueS have also rept_)rted the InCreasggripheral lymphocytes were collected as nonadherent cells from normal
expression of all DNMTsin several tumor cell line%: MNCs, and T lymphocytes were enriched by negative selection, using

We have obtainedNMT3A and 3B complementary DNAS pynabeads M-450 CD19 (Dynal, Oslo, Norway). Purified T lymphocytes
(cDNAs) independently from the other laboratories by databagere stimulated with 2.5.g/mL phytohemagglutinin (PHA; Sigma Chemi-
search. Then we have set out to study the roles of these enzymesairCo, St Louis, MO) for 72 hours and used as the activated T cells. €D34
the pathogenesis of hematologic malignancies. In the present stutjis were isolated from normal bone marrow cells by positive selectign,
we report the expression levels @NMT3A DNMT3B, and using Dynabeads M-450 CD34 (Dynéf)and a flow cytometric analysisg
DNMT1in normal hematopoiesis, AML, and CML, studied by econfirmed that more than 95% of the cells were CD34 addition to these ‘_c"t
competitive polymerase chain reaction (PCR) assay. Furthermdi@!s, an Epstein-Barr virus (EBV)-transformed B-lymphocyte cell ling
in AML cases, we have investigated whether the expression levét§L). and 3 human leukemic cell lines (HL60, K562, and KU81z%
of DNMTs are correlated with aberrant hypermethylation of thg}alntamed under the standard conditions were used in this study.
p13NAK4Btumor suppressor gene.

In vitro assay for hematopoietic progenitors

oneolgndysey/:d:

Clonogenic progenitor assays were performed using the methylcellulf!?se
Materials and methods culture systend® Five hundred CD34 cells were cultured in 1 mL Iscove
) modified Dulbecco medium (GIBCO, Grand Island, NY) supplementgd
Cloning of the human DNMT3A and 3B cDNAs with 30% fetal calf serum (ICN Biochemicals, Osaka, Japan), 50 %g

We performed a TBLASTN sear&hof the dbEST database using modifiedr€combinant human interleukin-3 (rhIL-3), 50 ng recombinant human stgm
mouse Dnmtl motif IV sequences as queries and identified 3 matchifg! factor (thSCF), 10 ng rhiL-6, 10 ng recombinant human granulocyg-
mouse EST sequences (AA177277, AA116694, and AA1550177) andmcrophage colony-stimulating factor (rhGM-CSF), 10 ng recombinght
matching human EST sequences (W76111, N88352, AA361360, afidman granulocyte CSF (thG-CSF), 3 U recombinant human erythroppi-
AA216697). Two of the human EST clones deposited by the 1.M.A.G.Etin (all cytokines were from Kirin Brewery Co, Tokyo, Japan)s305M &

Consortium were obtained from Research Genetics and sequenced in tRgiercaptoethanol, and 0.88% methylcellulose in 35-mm Nunc 171699
entirety. These sequences were identical to the corresponding part of ehiure dishes (Nunc Inc, Naperville, IL) at 37°C under a humidifiedl

DNMT3A and DNMT3B cDNAs discovered by Robertson and col-atmosphere with 5% COAfter 14 days of culture, individual colonies weres
league®® and Xie and coworker®¥ PCR primers (Table)were prepared to picked up using finely drawn-out Pasteur pipettes and processed forthe

amplify part of the catalytic domain of each DNMT3 cDNA. They werereverse transcriptase-PCR (RT-PCR) analysis. 5
e
2
Table 1. Oligonucleotide primers §
Nucleotide position* Target size Competitor size E
Oligonucleotide sequence (exon number) (bp) (bp) %
5’ GAPDH primer 5'-AAGGCTGAGAACGGGAAGCTTGTCATCAAT-3 180-210 (exon 4) 500 710 §
3’ GAPDH primer 5'-TTCCCGTTCAGCTCAGGGATGACCTTGCCC-3 651-680 (exon 8) ®
5’ PCNA primer 5'-TCCATCCTCAAGAAGGTGTTGGAG-3 27-50 (exon 1) 664 782
3’ PCNA primer 5'-CAGACATACTGAGTGTCACCGTTG-3 668-691 (exon 5)
5’ DNMT1 primer 5'-ACCGCTTCTACTTCCTCGAGGCCTA-3 3242-3266 (exon 28) 335 460
3’ DNMT1 primer 5'-GTTGCAGTCCTCTGTGAACACTGTGG-3 3551-3576 (exon 30)
5’ DNMT3A primer 5'-CACACAGAAGCATATCCAGGAGTG-3 2070-20931 551 668
3’ DNMT3A primer 5'-AGTGGACTGGGAAACCAAATACCC-3 2597-2620
5’ DNMT3B primer 5'-AATGTGAATCCAGCCAGGAAAGGC-3 1942-1965 (exon 17) 190 331
3’ DNMT3B primer 5'-ACTGGATTACACTCCAGGAACCGT-3 2109-2132 (exons 18/19)
5’ p15-M primer} 5'-GCGTTCGTATTTTGCGGTT-3 148
3’ p15-M primer 5'-CGTACAATAACCGAACGACCGA-3
5’ p15-U primer§ 5'-TGTGATGTGTTTGTATTTTGTGGTT-3 154
3’ p15-U primer 5'-CCATACAATAACCAAACAACCAA-3

The 5" and 3’ primers of a pair for standard and competitive RT-PCR were designed for sequences in different exons so that they amplify only cDNA and not genomic DNA.
Target size refers to the size of the PCR products from the gene transcripts and competitor size refers to the size of the PCR products from the competitor DNA. For
methylation-specific PCR, primers designed by Herman and coworkers3® were used.

*The nucleotide sequence positions are relative to the ATG start.

1The exon-intron organization has not been determined.

$M primer, a primer specific for methylated DNA.

8U primer, a primer specific for unmethylated DNA.
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Isolation of RNA and RT-PCR analysis fragment from\ DNA into the uniqueSadl site of a 500-bpgGAPDHCcDNA

) . .. fragment cloned in a plasmid vector pCR2.1 (Invitrogen, Gronigen, The
Total RNA was extracted from various cell samples by acid the guanldlnﬁ/

etherlands). The®CNA competitor was prepared by cloning a 118-b
phenol/chloroform methotf To isolate RNA from the individually picked Hadll fragmzant from bX174 gNA into thcfStS site ofya 664-k§]pPCNA P
up colonies, MS2 phage RNA '(Boehringer Mannheim, Mar!nheim, Ge(EDNA fragment in pCR2.1. Th&©ONMT1 competitor was prepared by
many) was.added asacarrier. F|r§t—strand cD_NAwas synthesized figm 2inserting a 125-bindlll fragment from\ DNA into the Hindlll site of a
total RNA in a 50pL reaction mixture containing random hexamers a§35-bp DNMT1 cDNA fragment in a modified pBluescriptSK vector
primers '?y using a CDNA sy_nthe5|s kit (Stratagene, La Jolla, CA)' fne from which theHindlll site within the multicloning site had been deleted.
cDNA mixture was brought |n_to 25L 1 X PCR buffer, 10 mM Tris-HCI The DNMT3A competitor was prepared by inserting a 117-BpPl
(pH 9.5). 50 mM KCl, 0.1% Triton X-100), 0.2 mM of each dNTP, 1.5 meragment from\ DNA into the BstPI site of a 551-b@DNMT3A cDNA

MgClz, 10 pmol of each primer, and 2.0 U of Tag-DNA pOIymer""S?ragment in pCR2.1. ThBNMT3B competitor was prepared by cloning a

(Promega, Madison, WI). The primers used are listed in Table 1. PCR Wffl—prthHBSl fragment from pBR322 DNA into théisp/ site of a
performed in a Perkin Elmer GeneAmp PCR System 9600. Each PCR cygi -bp DNMT3B cDNA fragment in pCR2.1. All the above cDNA

consisted of denaturgtion at 9°4°C for 39 seconds, annealing at 55°C forfﬁé) ments were amplified from RNA of HL60 cells by RT-PCR.
seconds, and extension at 72°C for 1 minute. The PCR cycle_numbers werer o copy number of each competitor plasmid was determined and 3- or
26 for GAPDH 30 for DNMT1and3A, and 35 forDNMT3B (Figure 1) 4_ ¢4 consecutive dilutions were prepared. PCR was performed under the

Under the CC')ndItIO.nS _used, the C,DNAS were exponentially ampll.fled, a'E‘Egnditions described above. Series of PCR products were electrophoresed
thus a semiquantitative estimation of the products was possible (d%ﬁla 1.5% agarose gel, stained with Vistra green (Amersham, Heidelberg,

not shown). Germany), exposed to a Fluorimager (Molecular Dynamics, Sunnyvae,
CA) and quantitated using ImageQuant Software version 4.1 (Molegu-
lar Dynamics). 3
To develop a competitive PCR as&&for each gene, a competitor plasmid ~ T0 calculate the initial amount of target transcripts, a range of dilutionzs
containing an extra DNA fragment in the target sequence was prepared. Th@hich the ratio of the products from the competitor to the products fr&n
GAPDH competitor plasmid was prepared by inserting a 2108dl  the target was between 0.2 and 5.0 were taken. Then, log(products ffom
competitor/products from target) was plotted against log(initial molecuEr
amount of added competitor). A regression analysis revealed that gwis

Competitive PCR for quantitative analysis

\\c, 0\\g provided a near-linear curve in each case. The initial amount of target DEA
ALY N was then determined from the equivalence point of the curve, whire

P QL &, L : . 2

O O ~S,\ [8) a\\\\\ \‘\ «0 log(products from competitor/products from targetp. Expression levels 3
@ {9 \(\00 'b'é Q°‘9 \(\(f’ va of eachDNMT were displayed as relative values by setting the mean of @e

Q 00 Q & & ) é levels in normal bone samples as 1, after normalizing the level\dfiT
@ &0‘(\«\\\@ OQQ’OQQ’ ) ?‘C}Q\ by those ofGAPDHor PCNAIn the same sample.
B

_ = DNMT1 Bisulfite modification and methylation-specific PCR

Onep.g genomic DNA was denatured in Q@ 0.2 M NaOH at 37°C for 10

- DNMTSA minutes and then added with 3@ 10 mM hydroquinone (Sigma, St Louis,§
MO) and 520p.L 3 M sodium bisulfite (pH 5.0) (Sigma). Samples werg,

incubated at 50°C for 16 hours under mineral oil. Modified DNA was

= DNMT3B purified using the Wizard purification resin and the Vacuum Manifolgl

(Promega) and eluted into 50 water. After addition of 5.6.L of 3M R

NaOH (final 0.3 M), samples were let stand at room temperature fog5
BRSPS [ caroH

minutes for final desulphonation. After ethanol precipitation, samples W§re
dissolved in 50uL water. Bisulfite treatment of DNA converts allg

1 1/S/26/3pd-ajonie/poolq

unmethylated, but not methylated, cytosines to ur&®ils. g
Based on the sequence differences resulting from this modificatign,
qé.\ methylation-specific PCR (MSP) was performed for pi&€NA*8 gene with £
\),C’J‘ \)"‘\ \)'(9 f" g)Q' %,\"L 6"}, the primer sets designed by Herman and colleagues (TaBfePOR was
(5( cf( cf( é( Q\/ \Lo *(_O performed in a 5QxL reaction mixture containing 100 ng bisulfite modifie®
C D DNA, 1 X PCR reaction buffer (Promega), 0.2 mM of each dNTP, 1.5 mM

MgCl,, 20 pmol of each primer, and 5% dimethylsulfoxide. Reactions were
_ m DNMT1 initiated by a hot start procedure: an initial denaturation at 95°C for 5
minutes, a further incubation at 98°C for 30 seconds, and then an addition of

m DNMT3A 2.0 U Tag-DNA polymerase (Promega). This was followed by 35 cycles of

_ 30 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C. A final
extension was done at 72°C for 10 minutes. Products were loaded on a 2%

_ u DNMTSB agarose gel, stained with ethidium bromide, and observed under UV
illumination.

BN R ceroH

Figure 1. Expression of DNMTs in normal hematopoiesis and leukemia cell
lines. Expression of DNMTs was assayed by a standard RT-PCR method in normal
peripheral cells and bone marrow cells (A), resting and PHA-activated T cells (B),
various colonies formed in hematopoietic progenitor assays (C), and 3 leukemia cell
lines (D). With the cells other than the hematopoietic progenitor colonies, PCR
amplification was performed for 26 cycles for GAPDH (a housekeeping control), 30
cycles for DNMT1 and 3A, and 35 cycles for DNMT3B (A,B,D). To amplify transcripts
from the picked hematopoietic colonies, PCR was performed for 35 cycles for
DNMT1, 3A, and GAPDH, and 40 cycles for DNMT3B.

Statistical analysis

To compare theDNMT levels between different sample categories, the
Kruskal-Wallis test with the Bonferroni method for multiple comparisons
was used. The strength of the association between the expression levels of
eachDNMT in different sample categories was calculated by the Spearman
rank-correlation coefficient. The Mann-Whitney test was used to
compare the expression levels@NMTsbetween 2 sample groups with or
without p15NAK4B methylation.
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competitors and targets (Figure 2A) and graphs used to measure the

Results expression levels of the transcripts (Figure 2B) are shown.

As shown in Figure 2C, expression &fiNMT1 was rather
Expression of DNMTs in normal hematopoiesis uniform in various cell types except neutrophils, where its expres-
and leukemia cell lines sion was relatively wealDNMT3Awas expressed at higher levels

We first examined whether theBNMT genes were expressed inin T lymphocytes and neutrophils than in other cells although the

normal hematopoiesis. By a standard RT-PCR method, transcri iferences were not so distinct (Figure 2C). It was characteristic,
from all DNMTswere detected in peripheral neutrophils, mono?owever, that CD34 cells expresse®NMT3B at a level about

cytes, T lymphocytes, total bone marrow cells, CD3#one 5-fold higher than that in normal bone marrow cells (Figures 2C
marrow Ce”S, and various colonies derived from the CD8&dlls and lA) Furthermore, in contrast to the CD%”S, differentiated
(Figure 1A-C). HoweverDNMT3Bwas expressed at levels lowercells such as neutrophils and monocytes showed very low levels of
than those of the other 2 genes, because 5 or more additional PRIRMT3B expression (Figure 2C), indicating that this gene is
cycles were required to obtain band signals comparable to thosededmatically down-regulated on hematopoietic cell differentiation,
DNMT1 and 3A. DNMT3B expression was especially low inat least in some lineages. In addition, on activation with PHA, T
differentiated cell populations such as neutrophils, monocytBsnphocytes showed a 2-fold increase in expressioDRMT1
(Figure 1A), and colonies of both the myeloid and erythroidnd3B (Figures 2C and 1B). Thus, allBNMTswere expressed at
lineages (Figure 1C). In contrast, total bone marrow cells anfétectable levels in normal hematopoietic cells, and their expr@s-
CD34" cells expresseddNMT3B at somewhat higher levels sion levels varied among cell types and differentiation conditiogs.
(Figure 1A). We also examined 3 established leukemia cell lines

HL60, KU812, and K562, by a standard PCR method and found )

that all 3 genes are respectively expressed at levels higher tHf{{V/Ts were overexpressed in AML

those in normal hematopoiesis (Figure 1D). This suggests thgf oy the possible role oDNMTs in leukemogenesis, wes
overexpression dbNMTsmight have some relevance to IeUI(em":analyzed their expression levels in 33 AML cases by competitge

trarjrsfortr)r;a.tlon (dlscussedtlatgrf). o ENMT . PCR. When normalized by tf8APDH levels, we observed 5.3- &
0 obtain more accurate information expression In é and 11.7-fold mean increasesDhNMT1, 3A, and3B levels,

o . 4,
normal hematopoiesis, we adopted the competitive PCR methg . . . . é
respectively, compared with their levels in normal bone marrgw

using a synthetic mimic DNA as an internal control. Competitive . =
PCR is an effective method to address an expression level o ee{ls (Figures 3A-C and 4A-C), although the exact level varlgd

certain gen€&, however, it has been reported that there could om ca;e to case (Figure 3A-C). Thgse '”C,re"?s,es in the m§a”
some pitfalls for making an absolute estimation of targetsIn expression levels odDNMTswere statistically significant (Figureg

this study, we demonstrated the results as fold-increase or decré¥&&°)- It is noteworthy that among theBNMT genesDNMT3B &
relative to the mean value of the same gene in control bone marr8{iPWed the largest fold increase (11.7-fold; Figure 4C). Hovx_/evgr,
cells after the normalization of the level of expression of eacinen the meaNMT3Blevel in AML cells was compared with 3
DNMT in a particular sample b@APDH (a housekeeping control) that in CD34 cells, only 2.4-fold mean increase was observ§d
or PCNA(a cell proliferation marker) in that sample (Figures 2 anffFigure 4C). It is also interesting that all 4 M3 AML patientg

3). Examples showing actual PCR-amplified bands from bogxpressed lower levels of aDNMTs compared with the otherg
subtypes (Figure 3A-C) although the number of cases studied @as

C rather small.
e J— — ; DTS Several reports pointed out that, in colon canBétMTsappear g
_.._..,{,ag.ilbpJ ' II'| n |"'| i I'LI to be overexpressed when the levels are normalized by those ®f a
" P A il housekeeping gene but not overexpressed when corrected by those
CO34 posiive cale DNMT3A . . 4 ]
e g = ] of cell proliferation marker gene:*3 To exclude the possibility ¢
o 1 FI n r| r] that the observed overexpression was due to accelerated acell

dny wouy pap

suolnedl

6 Aq p

{1906p)
B 0 S proliferation of the AML cells, we corrected the levelsDNMTs §
Ferenuhowiels; SO0dpoarie el . by those of a cell proliferation marké*CNA (Figures 3D-F and
s, . ; n ! III 4D-F). As aresult, the overexpressionafiMTsin 3 leukemia cell
? . i ;w L %% !:l lines was clearly canceled (Figure 3D-F). However, the overexpres-
g \ _ i I ’%%%ﬁ% *Q"%Q} sion of allDNMTsin AML was not affected, or became even more
s B I o L RE AT evident, by this treatment (Figures 3D-F and 4D-F).
| brmosmrc s Lo oBuas xsez0 Because the extent of overexpression varied among the AML
Log (competior copies added) cases, we next investigated whether theDBIMT genes are
Figure 2. Expression levels of DNMTs in normal hematopoietic cells measured overexpressed coordinately or independently. As shown in Figure

by competitive PCR. (A) Examples of the competitive PCR assay for DNMT3B. 5, ana|ysis of the expression levels in AML cases showed

Phosphorimages of 2 agarose gels stained with Vistra green are shown. The lanes . . = .
contained the products amplified from a constant amount of the cDNA mixture, and coordinate overexpression BNMTs When the values obtained by

the competitor DNA prepared in successive 3-fold dilutions. (B) Graphs show the ~GAPDH correction were used, moderate correlations between
regression analysis of the results obtained in panel A. The initial amount of target DNMTlandSB(r =0.464,P = .0065) and betweeDNMT3Aand

DNA was estimated by the point where log(products from competitor/products from _ _ .
target) = 0. (C) Levels of the DNMT transcripts in normal hematopoietic cells. The 3B (I’ =0.568,P = '0006) were observed (Flgure SB'C)' Further-

number of samples are neutrophils, n = 3; monocytes, n = 3; peripheral T cells, more, when the values kﬁ‘CNACOI’FECtiOI’I were used, we observed
n = 3; PHA-activated T cells, n = 3; bone marrow cells, n = 6; CD34" cells, n = 5. strong correlations betweé}NMTlandSA(r — 0.737,p < _0001)’

The levels of DNMTs are displayed as relative values calculated such that the mean _
of the normal bone marrow cells would equal a value of 1 after correcting the DNMT1 and 3B (I’ =0.8339,P < '0001)‘ andDNMT3A and 3B

variations by the levels of GAPDH. (r = 0.794,P < .0001) (Figure 5D-F).
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Figure 3. Expression levels of DNMTs in normal cells
and individual leukemia cases measured by competi-

tive PCR. Expression levels of DNMT1 (A,D), 3A (B,E),
and 3B (C,F) in CD34" cells, leukemia cell lines, AML,
and CML were assayed by competitive PCR. The levels
of DNMTs were displayed as in Figure 2, but normaliza-
tion was done by using the levels of either GAPDH (A-C)
or PCNA (D-F). Lane 1 shows the mean value of the
levels in normal bone marrow cells; lanes 2-6, CD34*
cells; lane 7, EBV-transformed B-cell line; lane 8, HL60;
lane 9, KU812; lane 10, K562; lane 11, AML (FAB
subtype MO); lanes 12 and 13, AML (M1); lanes 14-24,
AML (M2); lanes 25-28, AML (M3); lanes 29-31, AML
(M4); lane 32, AML (M5); lanes 33 and 34, AML (M6);
lanes 35 and 36, AML (M7); lanes 37-39, AML (mixed
lineage); lanes 40-47, CML (chronic phase); lanes 48-52,
CML (myeloid crisis); lanes 53-56, CML (lymphoid crisis).

A15

L L " =
Lane12 7 1114 25 203337 40 4853 Lane12 7 1114 25 203337 40 4853

CD34 Cell AML CML CD34 Cell AML CML
lines lines
Expression of DNMTs in CML Interestingly, the AML cases with methylatgud SNAK4B had a

Chroni | leukemia is distinct f AML with it tendency to express higher levels BNMT1, 3B, and poten-
ronic myelogenous leukeémia Is distinct from WIN WShially 3A, compared to the cases with unmethylaferENAK48

phﬁS'Cv\(;"n.'Cal cqursedth?‘t reflects the cllonall eé;':ﬂt_'lfm. Ofé?\;:llfem(%igure 7). Although a statistically significant result was ol&
cells. We Investigated the expression levels SN tained only forDNMT1 (P = .0147), our findings suggests that

cells in each clinical phase. In contrast to AML, CML cells in theﬁhe overexpresse®NMTs play a role in aberrant regiona
chronic phase express@NMTsat levels almost equal to those inhypermethylation observed in AML

normal bone marrow cells (Figures 3A-C and 4A-C). CML cells in
the acute phase showed 3.2-, 4.5-, and 3.4-fold mean increases-in
the expression levels oDNMT1, 3A, and 3B, respectively,

compared with their levels in normal bone marrow cells (Figur«Q'SCUSSlon

26;1: \?V?\ti:?r;g)e.)?sr;?i?nl_iégglg\ﬁéﬁgirgrsrzggév S;X?;?Z?gzheﬁw the present paper, we have described the expression levef of
P g tpe 3DNMTsin normal hematopoiesis and leukemia cells. We

3D-F and 4D-F). It is of interest that the overexpression -
DNMT3B was not evident in acute phase CML when the megrl]rst found that alDNMTsare expressed at detectable levels in

expression level was compared to that in CD84lls (Figures 3C norm_a_l hematopoietic cells. However, ther_e are some gene-
and 4C). specific features such as the down-regulatiorDOMT3B on

differentiation of hematopoietic progenitor cells and the induc-
tion of bothDNMT1 and3B on activation of peripheral T cells.
These findings are of interest from the viewpoint of hematopoi-
etic cell differentiation because it has been reported that some
It has been reported that a tumor suppressor geh8\A*B is hematopoietic cell-specific genes, such as those coding for
frequently methylated and silenced in AMP:20 Under the myeloperoxidasé® globin*” c-fms?8 and G-CSF receptdf are
physiologic condition, expression qf15NA48 is induced by regulated by methylation in a lineage- and differentiation-
transforming growth factop (TGF8)** and its protein product dependent manner. In addition, it is known that differentiation of
inhibits cell cycle progressioff.To explore the possible role of naive T cells into Th1l or Th2 cells is accompanied by changes in
the DNMT overexpression ipl15NA4B methylation, we investi methylation at the genes coding for cytokines such as inter-
gated the methylation status of the promoter region of this geferon+y, IL-4, and IL-13%0 Furthermore, the importance of

in our AML samples. By using methylation-specific PCRONMT3Bin the hematopoietic system has been also shown in
(Figure 6 represents the result8)we observed thap15NAK4B  |CF (immunodeficiency, centromeric instability, facial anoma-
was methylated in 24 (72%) of the 33 cases of AML (Table 2}ies) syndrome. ICF syndrome is a rare autosomal recessive
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Methylation status of p15/NAK4B and its correlation with  DNMT
overexpression in AML
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cases. The levels of DNMTs were corrected by GAPDH (A-C) or PCNA (D-F) and the
correlation coefficients were calculated by the Spearman rank-correlation method.
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o /- NS PCNA Furthermore, DNMTs were coordinately, not indepen-g
Q’»O 6’0 ‘90(,, Q”o ’5»0 C‘(,,o dently, up-regulated in AML cells. These results suggest tlat
4 ’)’c\/@/ v /)’c\/ / AML cells may possess higher maintenance and de nagyo

, , ) methyltransferase activities than normal hematopoietic cells and
Figure 4. Summary of the expression levels of DNMTs in AML and CML . N .
measured by competitive PCR.  Expression levels of DNMTs, corrected by the these methyltranSferases may contribute to the IeUkemOQen-gSIS
levels of GAPDH (A-C) or PCNA (D-F) transcripts are shown. The Kruskal-Wallistest Dy inducing aberrant methylation. Among the FAB subtypes,
with the Bonfu_arro_nimethod for multiple co_mparisohwgs usedto_co.mpar.eths_s levelsof  however, M3 (4 cases) showed only a minimal increase in é’le
iazh ()DSIYKT;n<d|gi)rent sample categories. *, ** indicates statistical significance (*, expression levels dNMTs Although this observation has to bé’g

T confirmed in other M3 cases, it suggests that the possible r@es

of DNMTsin leukemogenesis vary among subtypes of AML. ¢

disorder characterized by variable immunologic defects, such asIn contrast to AML, CML shows phase-dependent expressign
a decreased number of lymphocytes and variable reductiongh DNMTs In the chronic phase, levels dNMTs are not ¥
serum immunoglobulin leve52and recently, mutations were Significantly different from those in normal bone marrow cells.
identified in DNMT3B in some ICF patient35354 Although However, CML cells in the acute phase expressed higher levels
how the defects inDNMT3B cause immunologic disorders ©f DNMTsthan normal bone marrow cellBNMT1and3A, but
remains unknown, it has been proposed that a loss of the proféf 3B, are also expressed at higher levels in acute phase CML
methylation pattern may impair stage-specific gene regulatiot€!!S than in CD34 cells. Thus, the expression pattern of
resulting in interference with lymphocyte maturation. There-
fore, the expression dNMTsin hematopoietic cells is thought
to have important roles for the differentiation process o

blood cells.
We next found that alDNMTs are substantially overex- U-primers

¢ M-primers

pressed in most cases of AML when compared to normal bon N 40» Q0 éb- & & ®
marrow cells. Also, aIDNMTsare expressed at higher levels in \;ﬁ‘b Q,@ @V @V tx,\) tx‘\) @‘v @V
AML cells than in CD34 cells, although this is statistically MY v v w» C C

significant only forDNMTL1 In addition, this overexpression Figure 6. Methylation-specific PCR for the p15  NAK48 promoter in normal bone

observed in AML is not due to the accelerated proliferation dparrow cells and leukemia samples.  Three of the 4 AML cases gave the
methylation-specific PCR band, whereas normal bone marrow cells and CML cases

the leukemic cells because the data are baSICélly uhaﬁeCted el’r%%d only the unmethylated DNA-specific band. M-primer indicates primers
after corrected by the levels of a cell proliferation markegpecific for methylated DNA; U-primers, primers specific for unmethylated DNA.
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DNMTsin CML was different from that of AML, suggesting that p=0.0147" p=0.0570
there might be different roles @NMTsfor leukemogensis. The A s D -
near-normal expression @NMTsin chronic phase is compat- ] 20 J l
ible with the fact that the increased cell population in this phase 6 1
is seemingly mature myeloid cells with essentially normal 15 -
morphology and function. These results also suggest that DNMT1 4 1 I
DNMTs are not involved in the onset or maintenance of the 104 1
chronic phase but could be associated with blast crisis. Because 2 4 5 -
the ABL1 promoter nested within thBCR-ABLfusion gene has
been demonstrated to be methylated with disease progres- 0 0
sionl718 it is conceivable that the overexpress@NMTs M U M U
methylate tthBLl promoter region, apq this in turn leads to p=0.9223 p=0.8836
clonal evolution. In the future study, it is important to know B E %7
whether DNMTs are overexpressed prior to blastic crisis in 6 -
progenitor cells of CML. 15 -
The overexpresseDNMTs could be involved in the develop- 4
ment of leukemia by inducing hypermethylation of tumor suppres- DNMT3A 10 - o
sor genes. We focused @i3NAK4b hecause this gene frequently 3
becomes inactivated with disease progression in acute leukemia 27 5 - %’
and MDS by hypermethylation of its’5CpG islandt®2* The %
protein product ofp19NAK4B is a cell cycle regulator induced by 0 0 3
TGF$4* and involved in the inhibition of Gphase progressidfi. M U M U g
It has been reported that a loss of sensitivity of leukemia cells to p=02225 = 00637 2;
growth inhibition by TGFB is correlated with the inactivation of c F - ’ 5
p15NAK4B19 Consistent with the previous reports, this gene was 16 o ] l- 8
methylated in 23 of the 33 (72%) cases with AML. Furthermore, 30 = %
we observed that the AML cases with hypermethylgi@gNAK4B 12 4 ] g
had a tendency to show higher levelsifIMT1 and3B although DNMT3B A 20 - 'I g
the correlation was statistically significant only IDNMTL1 These 8 g
results suggest that up-regulat€dNMTs could have roles for . 10 E
p13NAK4B methylation, although further studies will be required to s
test this possibility. 0 0 §
We studied the expression levels BNMTsto gain a clue to M U M U 3
their roles in aberrant reglona! hypermethylatlon |r1 IeUKeml_fa—igure 7. Comparisons of the expression levels of DNMTs between the AML %
Although DNMTs were substantially overexpressed in leukeMigroups with or without — p15M4K4 methylation. The levels of DNMTs were 3
cellsin a leukemia type- and stage_—specific_manner, the mechan'_r@rrietr:]tiﬁgatmlGﬁiPﬁ; (ﬁ-;)eor ZﬁNa i(ta-:;)-etThhT;teevdel olf ;ﬁg;ihC:;r;ciﬁg b);iAI‘JNEth;I 3
responsible for aberrant methylation remains to be solved. As for %thylate . , ks ( A)g( oty an. Cg’mparifons were masle by e et R
DNMTY, it has been proposed that a loss of p21 function in CanG@hitney Utest. M indicates methylated cases; U, unmethylated cases. 5
facilitates the formation of DNA-DNMT1-PCNA complexes, result- E
ing in aberrant methylation of CpG islaf®?® However, the &

mechanisms of recently identified de novo methyltransferasé®is at least 4 alternatively spliced transcripts, which are expre%sed
DNMT3Aand3B, for aberrant methylation are largely unknown. Irin a tissue-specific mannérBecause 2 of the splice variants lack
the study ofD. melanogasterinduced expression of bofhbnmt1l the highly conserved sequence motifs in the methyltransferzse
and Dnmt3a cooperated to establish and maintain methylatiogatalytic domain, it will be important to know which splice variantg
resulting in increased methylati8h As we have also observed are overexpressed in leukemia.

coordinate overexpression DPNMTsin AML, there is a possibility ~ In conclusion, theDNMT genes were expressed constitu-
that DNMTsact cooperatively in leukemia for the establishment dfvely in normal hematopoiesis and were overexpressed in some

aberrant hypermethylation. It should also be noted BI¥MT3B  types of leukemia. The overexpres€@NMTswith maintenance
or de novo methyltransferase activity may contribute to the

pathogenesis of leukemia by inducing aberrant regional hyper-

Table 2. Summary of the methylation status of p15  "™MA“® in AML methylation. Further studies will be needed to clarify the precise
FAB type No. of patients No. of methylated cases (%)  pathogenetic roles oDNMTsin clonal evolution of leukemia
MO 1 0(0) and to develop therapeutic alternatives designed to suppress
M1 2 1 (50) abnormal hypermethylation.
M2 11 8(72)
M3 4 3(75)
M4 3 3 (100)
M ! 1 (100) Acknowledgment
M6 2 2 (100)
M7 2 1 (50) The authors are indebted to Dr Naoko Kinukawa (Department of
Mix 3 2 (66)

Medical Informatics, Faculty of Medicine, Kyushu University) for

Total 2 202 statistical analysis of the data.
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