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ABSTRACT

Death-associated protein (DAP) kinase a novel gene
regulating apoptosis induced by IFNsy. In B-cell malignan-
cies, loss ofDAP kinaseexpression is commonly associated
with promoter hypermethylation. These characteristics of
DAP kinasemay be of particular relevance in multiple my-
eloma (MM), a B-lineage malignancy in which prolonged
survival capacity of the malignant plasma cells may be
critical in the induction and maintenance of tumor cells.

Purpose: The involvement and potential role of DAP
kinasein MM pathogenesis was examined.

Experimental Designin this investigation, methylation-
specific PCR was conducted on primary MM and MM cell
lines. Methylation status findings were correlated with clin-
ical parameters.

Results: We first demonstrated frequent DAP kinase
hypermethylation in 24 of 36 primary MMs (20 of 26 at
diagnosis and 4 of 10 with relapse/residual MM after treat-
ment), 1 of 2 patients with monoclonal gammopathy of
undetermined significance, and 1 of 3 MM cell lines studied.
The high frequency of DAP kinase hypermethylation was
similarly observed in MM of different stages, immunoglob-
ulin isotypes, and histological grades, with or without plas-
macytomas. Although not statistically significant, the overall
survival of patients with DAP kinasemethylation was nota-
bly shortened among 23 MM patients followed prospectively
(P = 0.38 by Kaplan-Meier method and log-rank test). This
preliminary finding suggests prognostic implications ofDAP
kinasein MM that may deserve further investigation.

Conclusions: Our data suggest an important role for
DAP kinasein MM tumorigenesis.

Received 11/6/00; revised 2/17/01; accepted 3/1/01.

INTRODUCTION

Programmed cell death or apoptosis is a critical process in
normal B-cell function in the immune system (1). Increasing
evidence supports the argument that apoptosis and its regulation
play a role in tumorigenesis (2, 3). These features may be of
particular relevance in MM,a low proliferative B-cell malig-
nancy characterized by prolonged survival capacity of the ma-
lignant plasma cells. It is possible that protective mechanisms,
which inhibit or suppress apoptosis, may participate in induction
or maintenance of the malignant MM clone (4).

A number of cytokines are involved in MM pathogenesis
(5-38). Interleukin 6 inhibits apoptosis and supports the growth
of MM cells (5). IFNs mediate MM growth inhibition via
modification of the cell cycle and the interleukin 6 signaling
mechanism (6). IFNx has been used in the maintenance therapy
of some MM patients (7). Because occasional growth stimula-
tion by IFN-« was also observed in some MM cell lines (8),
IFN-vy, which shows consistent antiproliferative activity, has
been suggested as a potential alternative in MM management (6).

DAP kinase is a novel calcium/calmodulin-dependent and
cytoskeletal-associated serine/threonine kinase with death-
inducing functions (9). Overexpression BAP kinasekilled
Hela cells in the absence of any external stimuli (9). Mapped to
chromosome 9g34.1, tHRAP kinasegene was initially isolated
as a positive mediator of apoptosis induced by HrNising a
strategy of functional cloning (10, 11). Loss of expression of
DAP kinasewas frequently found in B-cell ymphoma and some
carcinoma cell lines, which highlights its potential role as a
tumor suppressor (12). In B-cell malignancies, the loss of ex-
pression was commonly associated with hypermethylation of
the DAP kinaseCpG island (13). Recently, DAP kinase has also
been found to mediate apoptosis induced by T&NBnd Fas,
whose expression is found in some MM cell lines and patient-
derived primary cells (14-17). However, a poor response to
Fas-induced apoptosis was observed in a majority of the MM
cases and a correlation between Fas antigen expression and
susceptibility to Fas-mediated apoptosis in MM could not be
established (15-17).

These findings have prompted us to examine the methyl-
ation status oDAP kinasein MM, which may have potential
implications in our understanding of its pathogenesis and prog-
nosis.
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MATERIALS AND METHODS Table 1 DAP kinase methylation in 36 MM patients
Patients and MM Cell Lines. After obtaining informed DAP kinase methylation
consent, BM materials were taken from 38 patients recruited for
. . . . . Pretreatment Posttreatment
the study (36 patients with MM and 2 patients with MGUS) in group group Total
the Chinese University of Hong Kong, the Prince of Wales (N = 26) (N = 10) (N = 36)
Hospital between March 1996 and June 2000. The diagnosis angtage
staging classification were made in accordance with the major | 11 212 3/3
and minor criteria of Durie (18) and Durie and Salmon (19). I 13@3 ig 1:;//528
Morphologically, the MMs were classified into three histolog- Immunoglobulin isotype
ical subtypes, namely, mature, intermediate, and blastic, as Gk 719 417 11/16
described previously (20). Three human MM-derived cell lines, ?\ Sg 0/2 2//59
K
HS-Sultan, NCI-H929, and U266 (ATCC, Manassas, VA), were AN 11 on 12
also analyzed. DA 1/1 11
Normal Controls and Positive Control. Thirty normal K 1/2 1/2
PB samples were obtained from healthy volunteer staff and * 071 01
tudents of the Chinese University of Hong Kong t Histology
students of the Chinese University of Hong Kong to serve as e 5/7 1/3 6/11
normal controls. Raji (ATCC), a Burkitt's lymphoma cell line, Intermediate 9/12 3/4 12/16
was used as a methylated control (12, 13). Blastic 6/7 0/2 6/9
DNA Extraction and MSP.  The buffy coat fraction was " lasmacytoma
. . ) ) Present 3/4 2/4 5/8
isolated from BM aspirate, and total genomic DNA was ex-  apgent 17/22 2/6 19/28
tracted using standard SDS-proteinase K treatment, followed by
phenol/chloroform/isoamylalcohol extraction. DNA methyla- Total 20/26 (77%)  4/10 (40%)  24/36 (67%)
tion patterns in the CpG island GfAP kinasewere determined #0ne MM patient had no evidence of MM in BM{G% of mature

by chemical treatment with sodium bisulfite (CpGenome DNA Plasma cells) but had DAP kinase methylation.
Modification Kit; Intergen) and subsequent use of the previ-
ously described PCR procedure (13, 21, 22). Bisulfite treatmen
allows differentiation between methylated and unmethylated ESUIfTS o )

cytosine residues to be distinguished and detected by sequence- " atient Characteristics. A total of 38 patients, 36 MM
specific PCR primers (13, 21, 22). Bisulfite-treated buffy coat patients (_16 @, 9 G\, 5 Ak, 2 AN, 1 DA, 2 BJR;, and 1 BJR)

DNA (1 pg) was amplified using primers DAPUF ‘(& GA- a_nd 2 patients with MQUS (Band Gc), were analyzed deAP
GGA-TAG-TTG-GAT-TGA-GTT-AAT-GTT-3) and DAPUR klnasehypermethylatlon (Table 1). The male:female ratio was
(5'-CAA-ATC-CCT-CCC-AAA-CAC-CAA-3) for the un- 1.731, with a median age pf 66 years (ran.ge, 29—.89 years). Five
methylated sequence and primers DAPME-GSA-TAG- patients defaulted, 15 patients died (median survival, 7 months),

TCG-GAT-CGA-GTT-AAC-GTC-3) and DAPMR (3-CCC- and 18 were still alive after a median follow-up time of 23

. ) i N months. In the MM group, 26 patients were analyzed at diag-
;;CP%AR;A v@ac':scf:o?gScé;)u:r: trt]ﬁemeeé?gztrid SDe,\?:T;e“(ffé_ nosis, and 10 patients were analyzed at variable times after
i .K't d AmpliTag Gold ? P E El E " treatment (median treatment duration, 12 months). Twenty-eight
lon BIt and AmpliTaq ->01d polymerase ( eran-Eimer, Foster patients had stage Il disease, five patients had stage Il disease,
Clty,_CA) according to th? conditions 'descrlbed previously (13)'and three patients had stage | disease. Eight patients had plas-
In b”ef’ 25 pl of PCR mixture contained’d PCR buffer [10 macytomas, as documented by histology. Six plasmacytomas
mm Tris-HCI (pH 8.3) and 50 m KCI], 2 mm MgCl,, de-

) . ) involved bone, one plasmacytoma was found in chest wall
oxynucleotide Frlphos_pha_tes (ea(_:h at 25@), primers (1pm muscle, and one plasmacytoma was found in pleura. Histolog-
each per reaction), bisulfite-modified DNA (80 ng) or unmod-

h i - ically, 10 MMs were classified as mature, 16 MMs were clas-
ified DNA (80 ng), and 1 unit of AmpliTaq Gold polymerase. gified as intermediate, and 9 MMs were classified as blastic.

Reactions were hot started at 95°C for 10 min, and the annealingyne patient who fulfilled the other criteria of MM had less than
temperature was 58°C. Amplification was carried out in a Ther-goy of mature plasma cells in the BM at both diagnosis and
mal Cycler 480 (Perkin-Elmer) for 35 cycles. Tghof the PCR  rgjapse. Excluding this patient, the mean percentage of plasma
reaction were eletrophoresed onto 10% polyacrylamide gelsge|| infiltration was 46+ 31% (range, 10—-100%). The complete
stained with ethidium bromide, and visualized under UV light. hlood count revealed a mean hemoglobin of 8:12.2 g/dl
Methylated control (Raji), unmethylated control (normal blood (range, 4.5-15 g/dl), WBC count of 6.5 2.6 X 10%liter
sample), and negative control (water blank) were included inrange, 2.7-1% 10%liter), and platelet count of 200.8
each experiment. 102.9% 10%liter (range, 9—46% 107liter). Most MM patients
Culture of Cell Lines. HS-Sultan, NCI-H929, and U266 were treated with melphalan and prednisone or dexamethasone
human MM-derived cell lines and the Raji (Burkitt's lym- with or without radiotherapy. A few patients were treated with
phoma) cell line were purchased from ATCC. These cell linesvincristine, adriamycin, and dexamethasone or with cyclophos-
were cultured in RPMI 1640 supplemented with 10% or 15%phamide, etoposide, vincristine, adriamycin, and dexametha-
heat-inactivated fetal bovine serum (Life Technologies, Inc.,sone. One patient with stable MM was given supportive blood
Gaithersburg, MD). transfusions only.
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Fig. 1 Methylation of the CpG island of the
DAP kinasegene in primary MM and in MM cell
lines. Examples of the MSP analysis @ for-
B ,§‘ mal controls N1-N9 and B) MM cell lines

O
HS-Sultan, U266and NCI-H and primary
§- \2(3?" S-Sul 266and NCI-H92 d pri
ft:(.\? N, K i~ O MM samples P1-P7 are shown. The presence
& 0, ¢ % > of a visible PCR product in the Lanés$ (size,
F ¥ & 2 @ & - i
106 bp) orM (size, 98 bp) indicates the presence
of unmethylated and methylateDAP kinase
sas U MU MUMUMUMUMUM respectively. Raji served as the methylated con-
trol, whereas water was used as a negative con-
trol. The molecular weight markeip&174 RF
106 bp DNA/Hadlll fragments) is indicated on thieft.
Y A, the DAP kinasegene is unmethylated in all of

the PB samples from healthy donof, HS-
98 bp Sultan contains only methylated sequence,
whereas U266 and NCI-H929 contain only un-
methylated DAP kinase. In primary MM, P2, P3,
P6, and P7 contain both unmethylated and meth-
ylatedDAP kinasewhereas P1, P4, and P5 con-
tain only unmethylateddAP kinase
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Hypermethylation of DAP Kinasein Primary MM and peated normal morphological findings on BM examination
MM Cell Lines. The presence of a CpG island in the region (<5% plasma cells) during diagnosis and relag38P kinase
of the first 525 bp of thdAP kinasetranscription start site and hypermethylation was detected in this patient's BM sample at
transcriptional silencing associated wilbAP kinase hyper- relapse. It is also noteworthy that of the two patients with
methylation have been documented previously (12, 13) UsinglGUS tested, one demonstratodP kinasehypermethylation.
MSP with primer sequences as described previously (13, 23),  Clinical Correlation of DAP KinaseMethylation. The
we found no promoter hypermethylation of thAP kinasegene  incidence ofDAP kinasemethylation in the pretreatment and
in the 30 PB samples from normal healthy controls tested. Fivgposttreatment MM group was 77% and 40%, respectively. As a
of these samples are shownNs-N5in Fig. 1A. These data are  whole, DAP kinase methylation was observed at similar fre-
consistent with previous studies, which showed no evidence ofjuencies in MM of all stages (60—100%), paraprotein isotypes
methylation of the gene in both normal controls and EBV- (50-100%), and histological grades (50—-75%) and in MM with
immortalized lymphoblastoid cell lines (12, 13). In contrast, a or without plasmacytoma (63—68%), findings that suggest that
high frequency of hypermethylation of DAP kinase was found DAP kinasemethylation is an early event during MM patho-
in the primary MM (67%; Table 1; Fig.B). Among the three  genesis. This suggestion is further supported by the presence of
MM cell lines tested, HS-Sultan demonstratBd\P kinase  DAP kinasemethylation in one of the two patients with MGUS,
methylation. In all of theDAP kinasemethylated primary MM  which may represent a pre-MM condition. In terms of survival,
cases, unmethylated DNA bands were also observed as a resaltnong 23 MM patients followed prospectively, the median
of the presence of normal BM cellular elements in all thesesurvival time for 17 patients witlDAP kinasemethylation at
samples (Fig. B). On the contrary, the HS-Sultan MM cell line diagnosis was 11.3 months, which represents a 3-fold reduction
revealed a complete methylation pattern with absence of theompared with the 34-month survival time for 6 patients with
unmethylated band (Fig.B). One patient was diagnosed with unmethylatedDAP kinase(P = 0.38 by the Kaplan-Meier
MM because of the presence of bone plasmacytomas and sigrethod and log-rank test; Fig. 2). Moreover, a generally poorer
nificant Gk paraproteinemia with immunoparesis. Despite re-treatment response was observed in patients with methylated
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DAPK U (N=6)

Fig. 2 Kaplan-Meier survival curves for 23 MM
patients according to DAP kinase methylation cat-
egory P = 0.38 by the Kaplan-Meier method and
log-rank test). Probability refers to proportion sur-
viving among MM patients. Seventeen MM pa-
tients had methylated DAP kinaseAPK M), and
six MM patients had unmethylated DAP kinase
(DAPK U).

DAPK M (N=17)

Probability

0 ’ 10 ' 20 30 40

Qverall Survival in Month

DAP kinaseas compared with patients with unmethylai2dP with loss of transcription, which was restored after demethyla-
kinase In the methylatedAP kinasegroup, 2 patients were tion treatment with 5-aza’zZleoxycytidine concomitant with
treated at the plateau phase, and the remaining 15 patients withe reappearance of the unmethylated alleles detected by*MSP.
active disease showed variable responses to chemotherapy that It has been postulated that lossIDAP kinasemay confer
were considered good (rapidly decreasing paraprotein levela selective advantage during the multiple stages of metastasis
with improvement of symptoms), fair (slowly settling response), for tumor cells with resistance to various apoptotic stimuli
or poor (progressive disease) for 5 patients in each category. lancountered after detachment from the original tumor and trans-
contrast, among the six patients with unmethyldd#d® kinase  port in the circulation (24). In lung carcinoma, loss of DAP
one was in plateau phase, one demonstrated a fair response kimase has been associated with a more aggressive highly met-
chemotherapy, and the other four patients demonstrated goaaktatic phenotype. Thus, loss@AP kinaseexpression provides
responses to chemotherapy, which were also more sustainabée unigue mechanism that links suppression of apoptosis to
compared with the responses of patients with methyl&tae metastasis (24). Although slowly proliferating MM cells are

kinasewho also had a good initial response. localized predominantly in the BM, the disease manifests itself
in a disseminated form with the consistent presence of a circu-
DISCUSSION latory pool of MM precursors (25). Failure to eradicate and

MM is an invariably fatal malignancy of clonal plasma control this proliferative circulatory pool of MM cells may be
cells with a wide variability in clinical features, responses to the cause of the high fatality and poor treatment outcomes in this
treatment, and survival times among patients, which suggests @allgnancy. !t |s.p053|ble that.the selective advantage. conferred
high biological heterogeneity. The disease course is charactefY the inactivation ofDAP kinasemay play a role in the
ized by different phasesa) an inactive phasebf an active |nduct|_on and maintenance qf the circulatory MM tumor pool.
phase; andd] a fulminant phase with the frequent occurrence of The high frequency oDAP kinasehypermethylation in MM
extramedullary proliferation and an expansion of proliferative SUggests that it may play a critical role in the etiology of MM.
plasmablastic cells. The role of apoptosis and its regulation hakurthermore, its frequent occurrence in MM of all stages, im-
become increasingly important in tumorigenesis (2, BAP munpglobulln isotypes, and hlstgloglcal gradgs.and in MM with
kinase which was identified as a positive mediator of apoptosis®" Without plasmacytomas may indicate that it is an early event
induced by IFNy (9, 10), has been shown to be commonly I MM pa_thogene5|s. This |s_furt_her supported_ by the presence
inactivated by promoter hypermethylation in B-cell malignan- ©f DAP kinasehypermethylation in MGUS, which may repre-
cies (12, 13). In the present investigation, using MSP, we firstS€nt & pre-MM condition. _ o
demonstrated a high incidenceDAP kinasehypermethylation There was apparently a shorter (3-fold) survival duration in
in primary MM and in MM cell lines. Our finding is consistent the methylatedAP kinasegroup than in the unmethylaté&hP
with the type of DAP kinasealteration found previously in
B-cell malignancies and may extend its role in the pathogenesis
of this spectrum of diseases. In the HS-Sultan MM cell line, it
was also observed th&AP kinasemethylation was associated “Unpublished data.
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kinaseMM group (Fig. 2). In a recent study, a shorter 5-year 4. Tu, Y., Renner, S., Xu, F., Fleishman, A., Taylor, J., Weisz, J.,

survival rate has also been observed in patients with non-smaN’e?‘CIO, R., Rettig, M., Berenson, J., KFG}JEVIVSKI, SI-, Reed, J. g and
; ; ; Lichtenstein, A. BCL-X expression in multiple myeloma: possible in-

cell lung C.ancer withDAP .klnase hy.permethylatlon. (26). dicator of chemoresistance. Cancer R&8:,256-262, 1998.

Whether this poor prognosis for patients wilPAP kinase 5 Lichtenstein. A. Tu. Y. Fadv. C.. Vescio. R.. and B 'R

methylation in MM s related to enhanced survival of the cir- icwenstein, A, “U, Y., Fady, L., VEsClo, K., and Berenson, . -

. 8 terleukin-6 inhibits apoptosis of malignant plasma cells. Cell. Immunol.,
culatory MM precursor cells requires further study in the future. 1. 248256, 1995,

The Fas gntigen is a m_ember of the TNF receptor family ofg Haeiwy, R. G., and Berger, L. C. Growth control mechanisms in
proteins and is expressed in many neoplastic and normal cellgwuiltiple myeloma. Leuk. Lymphom&9: 465—475, 1998.
including hematopoietic cell lines, lymphoma cells, and acti-7. purie, B. G., and Giles, F. Myelomatosis (multiple myelonia).
vated normal T and B lymphocytes (27, 28). Although FasA. V. Hoffbrand, S. M. Lewis, and E. G. D. Tuddenham (eds.), Post-
expression was observed on some MM cell lines and patientgraduate Haematology, pp. 462—-478. Butterworth Heinemann, 1999.
derived primary cells, a poor response to Fas-induced apoptosf Jourdan, M., Zhang, X. G., Portier, M., Boiron, J. M., Bataille, R.,
was demonstrated in a majority of the MM cases (15-17) Theand Klein, B. INFe induces autocrine production of IL-6 in myeloma

. . . ' cell lines. J. Immunol.147: 4402—-4407, 1991.

high expression of Fas antigen and the low number of cells

induced to apoptose may suggest a defect in the Fas signali % Cohen, O., Feinstein, E., and Kimchi, A. DAP-kinase is &'Ca
pop Yy sugg g nc,%lmodulin-dependent, cytoskeletal-associated protein kinase, with cell

pathway. Consistent with these observations, it has been showdkath-inducing functions that depend on its catalytic activity. EMBO J.,
recently that expression 8fAP kinaseantisense RNA protected 16: 998-1008, 1997.
Hela cells from killing by anti-Fas/APO-1 agonistic antibodies 10. Deiss, L. P., Feinstein, E., Berissi, H., Cohen, O., and Kimchi, A.
(14). Thus DAP kinasenot only mediates cell deaths induced by Identification of a novel serine/threonine kinase and a novel 15-kD
IFN-y but also by TNFe and Fas activation (14). The high protein as potential mediators of theinterferon-induced cell death.
fre fDAP ki h thvlati Genes Dev.9: 15-30, 1995.

quency o inasehypermethylation (thus downstream

: : : : : : 11. Feinstein, E., Druck, T., Kastury, K., Berissi, H., Goodart, S. A.,
signaling defect) in primary MM found in this study may Overhauser, J., Kimchi, A., and Huebner, K. Assignment of DAP1 and

eXP'air?v in part, the POOf response of apoptosis induced by F_aéAPK-genes that positively mediate programmed cell death triggered
activation. However, it was also observed that pretreatment withhy INF-y to chromosome regions 5p12.2 and 9q34.1, respectively.

IFN-y augmented Fas-induced apoptosis in the MM cells (29).Genomics29: 305-307, 1995.

This suggests that ®AP kinaseindependent pathway may 12. Kissil, J. L., Feinstein, E., Cohen, O., Jones, P. A, Tsai, Y. C.,

operate in this latter death scenario. Knowles, M. A., Eydmann, M. E., and Kimchi, A. DAP-kinase loss of
We have demonstrated previously that there is a frequen?XpreSSion in various carcinoma and B-cell lymphoma cell lines: pos-

hypermethylation ofp16 and p15 genes in MM (20, 30, 31). Zg’éﬁgg“%@r_‘s for role as tumor suppressor gene. Oncogesie,

Taken together, these data support the argument that multiplg, Katzenellenbogen, R. A., Baylin, S. B., and Herman, J. G. Hyper-

epigenetic events may be a common and important mode Ofethylation of the DAP kinase CpG island is a common alteration in
gene inactivation that may coexist with other genetic alteration®-cell malignancies. Blood3: 4347—-4353, 1999.

in the constellation of changes associated with MM transforma-4. Cohen, O., Inbal, B., Kissil, J. L., Raveh, T., Berissi, H., Spivak-
tion. The therapeutic potential of IFNs acts via their effects onKroizaman, T., Feinstein, E., and Kimchi, A. DAP-kinase participates in
growth inhibition and induction of apoptosis (6). In MM, IF- TNF-a-and Fas-induced apoptosis and its function requires the death

. . . _dagmain. J. Cell Biol.146: 141-148, 1999.
has been used in maintenance therapy. Because occasmri . Shima, Y., Nishimoton, N., Ogata, A., Fujii, Y., Yoshizaki, K., and

growth-stimulatory effects on MM cells by IFN-were also Kishimoto, T. Myeloma cells express Fas antigen/APO-1 (CD95) but
observed (8), it has been suggested that {Fiiay be an  only some are sensitive to anti-Fas antibody resulting in apoptosis.
alternative (6). However, the treatment potential of HyNR Blood, 85: 757-764, 1995.

MM may likely be limited in the presence of a high incidence of 16. Westendorf, J. J., Lammert, J. M., and Jelinek, D. F. Expression and
DAP kinasemethylation, such as that found in this study. In function of Fas (AP.O—ll(CD95) in patient myeloma cells and myeloma
contrast, clinical evaluation of the use of a demethylating agentCeII lines. Blood 85: 3566 -3576, 1995,

. [ - - 17. Hata, H., Matsuzaki, H., Takeya, M., Yoshida, M., Sonoki, T.,
alone or in combination with other therapeutic agents, may b‘?\lagasaki, A.. Kuribayashi, N., Kawgm’ F. and Takatsuki, K. Expres-

worthwhile in MM, where concurrent methylation of multiple sjon of Fas/APO-1 (CD95) and apoptosis in tumor cells from patients

genes is involved (20, 30, 31). with plasma cell disorders. Bloo@6: 1939-1945, 1995.
18. Durie, B. G. Plasma cell disorders: recent advances in the biology
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