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Functional role of alternatively spliced deoxycytidine kinase in sensitivity
to cytarabine of acute myeloid leukemic cells

Marjan J. T. Veuger, Mirjam H. M. Heemskerk, M. Willy Honders, Roel Willemze, and Renée M. Y. Barge

Development of resistance to cytarabine
(AraC) is a major problem in the treatment
of patients with acute myeloid leukemia
(AML). Inactivation of deoxycytidine ki-
nase (dCK) plays an important role in
AraC resistance in vitro. We have identi-
fied inactive, alternatively spliced dCK
forms in leukemic blasts from patients
with resistant AML. Because these dCK-
spliced variants were only detectable in
resistant AML, it was hypothesized that
they might play a role in AraC resistance
in vivo. In the current study, the biologic
role of the alternatively spliced dCK forms
in AraC resistance was further investi-

gated by retroviral transductions in rat
leukemic cells. Introduction of inactive,
alternatively spliced dCK forms into AraC-
resistant K7 cells, with no endogenous
wild-type (wt) dCK activity, could not re-
store AraC sensitivity, whereas wt dCK
fully restored the AraC-sensitive pheno-
type. Transfection of alternatively spliced
dCK forms into AraC-sensitive KA cells,
as well as in human leukemic U937 cells
and in phytohemagglutinin-stimulated T
cells, did not significantly change sensi-
tivity toward AraC. In addition, cotrans-
duction of wt dCK with alternatively
spliced dCK in K7 cells did not result in

altered sensitivity to AraC compared with
K7 cells only transduced with wt dCK.
These data indicate that the alternatively
spliced dCK forms cannot act as a domi-
nant-negative inhibitor on dCK wt activity
when they are coexpressed in a single
cell. However, a cell expressing alterna-
tively spliced dCK forms that has lost wt
dCK expression is resistant to the cyto-
toxic effects of AraC. (Blood. 2002;99:
1373-1380)

© 2002 by The American Society of Hematology

Introduction

Cytarabine (18-arabinofuranosylcytosine [AraC]), a deoxycyti- Resistance to AraC in vitro has primarily been correlated with
dine (dC) analogue, is the most effective cytotoxic agent in thrautational inactivation of dCK, resulting in a block in the
treatment of acute myeloid leukemia (AML). In the cytoplasm of @hosphorylation of AraC to AraCTP:18This leads to the inability
cell, AraC is phosphorylated into a triphosphate form (Ara-CTPdf AraC to incorporate into DNA. Mutational inactivation of dCK
which competes with dCTP for incorporation into DNA. Whenevein patients with refractory or relapsed AML is, however, rarely
it is incorporated into DNA, it blocks DNA synthesis by inhibitingobserved??! indicating that a different resistance mechanism
the function of DNA and RNA polymeraséd AraC phosphoryla- might be responsible for AraC resistance in vivo. Recently, we
tion is catalyzed by 3 different kinases. The most essential stepdemonstrated the expression of alternatively spliced dCK frag-
the AraC activation is phosphorylation into the monophosphateents in coexpression with wild-type (wt) dCK in purified
form, which is catalyzed by deoxycytidine kinase (dCK; EQeukemic blasts and phytohemagglutinin (PHA)—stimulated T cells
2.7.1.74) dCK functions as a 60-kd homodimer, consisting of Zrom patients with resistant AMB2 Four different alternatively
identical subunits of 30.5 kd each. The gene encoding human dGgliced dCK variants were detected in 7 of 12 purified leukemic
consists of 7 exorfsunder the control of ubiquitously expressedlast samples from patients with clinically resistant AML and in 6
transcription factors such as Spl and E2[EICK is expressed in of 12 PHA-stimulated T cells, generated from bone marrow (BM)
the cytoplasm of most mammalian cells, with highest expressionsamples from patients with resistant AML. The 4 alternatively
thymus and T-lymphocyte lineags. spliced dCK variants did show deletions of exon 5, exons 3 to 4,
Patients with AML are treated with combination chemotherapgxons 3 to 6, or exons 2 to 6. These spliced variants of dCK code
consisting of AraC and an anthracycline antibiotic (eg, daunorubior inactive dCK proteins in vitro, with lower molecular weights.
cin, idarubicin), occasionally supplemented by a third dfug.Alternatively spliced dCK forms with deletion exons 2 to 3 and
Combination chemotherapy treatment induces complete remissexons 2 to 5 were also detected in an AraC-resistant rat leukemic
(CR) in 30% to 80% of patients with previously untreated AMLcell line22 Aberrant dCK fragments with deletion exon 5 were
However, only approximately 30% to 40% of patients who achieyereviously described by others in 2 human AraC-resistant cell
CR have prolonged leukemia-free survi¥aMultiple drug resis- lines!21>Given that the alternatively spliced dCK forms were not
tance to AraC and anthracyclines is thought to explain the lack détected in purified leukemic blasts from patients with clinically
long-term leukemia-free survival in patients with AML. sensitive AML or in BM and PHAT cells from healthy donors, we
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hypothesize that these inactive, alternatively spliced dCK fornteneration of PHA-stimulated T cells of a patient with
may contribute to the process of AraC resistance in patients with AMtlinically resistant AML

In th_ls StUdy_ we further Inve_stlgate the _b|0|09lc role of theib\fter Ficoll-Hypaque (Sigma, St Louis) density-gradient centrifugation, a
alternatively spliced dCK forms in AraC resistance. Sole €XPré8sne marrow sample from a patient with clinically resistant AML was

sion of inactive, alternatively spliced dCK forms probably make fawed and cultured in the presence of 120 U/mL interleukin-2 (IL-2)
cell resistant to the cytotoxic effects of AraC. This was analyzed Qioussel-Uclaf, Paris, France) and pg/mL (mM) PHA (Murex Diagnos-
retroviral transduction of human alternatively spliced dCK formfics, Dartford, United Kingdom) in HEPES-buffered RPMI 1640 medium
or wt dCK into AraC-resistant rat leukemic cells (K7 cells with nupplemented with 10% human AB Rh-negative serum, 4 mM L-glutamine,
endogenous dCK expression). Because the alternatively splié@dvg/mL (mM) streptomycin, 50 U/mL penicillin, and 0.5 mM amphoteri-
dCK forms were always found in coexpression with wt dCK?ib-B. After 3 days of PHA 'stinjulatic_m, PHA Was'washed away and
alternatively spliced dCK forms may also be coexpressed with &§mulated T cells were maintained in medium with fresh IL-2 (120
dCK in a single cell. This might result in sequestration of wt deJ/mL).ZST cells were stimulated every 2 weeks with a mixture of irradiated
monomers from the cell by the formation of heterodimers betwe&l{09¢neic peripheral blood mononuclear cells, Epstein-Barr virus—
. . transformed B cells, 0.8g/mL (mM) PHA, and 100 U/mL IL-2.
alternatively spliced monomers and wt dCK monomers. In this
heterodimer, the alternatively spliced dCK forms might function as
a dominant-negative inhibitor of wt dCK activity, probably resultConstruction of retroviral vectors and generation of
ing in the reduced expression of active dCK enzyme reflected rigiroviral supernatants

decregsed SenSItIYIty to AraC. This hy_pOtheSIS_ was tested Bxeﬂy, the complete coding region of human dCK and different alterna-
retrovwal transdycnon of human alternatively spllceq dCK formﬁvely spliced dCK forms were amplified by nested reverse transcription—
into AraC-sensitive rat leukemic cells (KA cells with wt dCK 51 merase chain reaction (RT-PCR) amplification using human specific
expression) and by double transductions of human wt and hum@tk primers (A7x B5 and T5BanHl X B6-BarHl, Table 1). PCR
alternatively spliced dCK in resistant K7 cells. In additionproducts were sequenced to exclude mutations and were cloned into
alternatively spliced dCK forms were transduced in a humastroviral vectors. Moloney murine leukemia virus—based retrovirus vector
leukemia cell line, U937, and in PHA-stimulated T cells generatdRS and packaging ceb—NX-A were kindly provided by G. Nolan
from a patient with resistant AML. Obviously, the alternatively(Stanford University, Palo Alto, CAY Two bicistronic retroviral vectors
spliced dCK forms might not be directly involved in Aracwere cqnstructed as describeq by Heemskerk &t \alild-type dCK was
resistance; they may be an epi-phenomenon and not play a prim%{ ned in the pLZRS vector with truncated nerve' growth fagtor receptor
role in AraC resistance development. In this report we describe tﬁgGF'R) as.th? marker gene, and cDNA encoding alteratively Spl'ce.d

e . . K forms missing exon 5, exons 3 to 4, or exons 3 to 6 were cloned in
results of AraC sensitivity studies in cells transduced with alterna-

tivel liced dCK lucidating th ible biologi | LZRS vectors with green fluorescence protein (GFP) as the marker gene.
IVely splice orms elucidating the possible DIOIOgIC rOl€ Opeyroyiral vectors encoding for GFP alone were used as control vectors.

alternatively spliced dCK forms in AraC resistance. Constructs were transfected inge-NX-A cells using calcium phosphate
(Life Technologies, Gaithersburg, MD) and were cultured in the presence of
2 pg/mL (mM) puromycin (Clontech Laboratories, Palo Alto, CA).
Between 10 and 14 days after transfectiorx (P cells were plated per

Materials and methods 10-cm Petri dishes (Becton Dickinson, San Jose, CA), in 10 mL Iscoves
) modified Dulbecco medium (BioWhittaker Europe, Verviers, Belgium)
Chemicals supplemented with 10% fetal bovine serum without puromycin. After 24

hours, medium was refreshed, and the next day retroviral supernatants were

Cytarabine (2-chloro-2deoxyadenosine, g-D-arabinofuranosylcytosine),
harvested and frozen at70°C.

adenosine 5triphosphate magnesium salt, uridinetBphosphate sodium
salt, and bovine serum albumin (BSA) were purchased from Sigma (Sigma
Chemical, St Louis, MO). Creatine kinase and creatine phosphate were

. . . . Table 1. PCR primers with corresponding annealing temperatures
obtained from Boehringer (Mannheim, Germany), and NaF was obtalrmrP P P 9 g temp

from Merck (Darmstadt, Germany). _ _ Annealing
Primer 5'-3' Primer sequence temperature, °C
Human dCK

Cell lines and culture conditions Forward
AraC-sensitive rat leukemic cell line RCL/0 was originally purchased from AT TCT TTG CCG GAC GAG CTC TG 65
TNO (Rijswijk, The Netherlands} AraC-sensitive cell line RO/1 (desig T5-BamHI  GGA AGG ATC CAC CAT GGC CAC CCC GCC - 70
nated KA in this article) was derived from the RCL/O cell line by limiting CAA
dilution. An AraC-resistant cell line was derived after limiting dilution of an A6 TAA GGA ATG GCC ACC CCG CC 55
ex vivo—generated AraC-resistant leukemic cell line, designated K7 in thid?¢/¢"s¢
article24In this cell line AraC resistance was caused by the deletion of dCK. TGG AAC CAT TTG GCT GCC TG 65

Rat leukemic cell lines were cultured in HEPES-buffered RPMI 1640 B8-BamHl CGC TGG ATC CAA GAT CAC AAA GTA CTC - 70
medium supplemented with 10% fetal calf serum, 4 mM L-glutamine, 50 AA
rg/mL (mM) streptomycin, 50 U/mL penicillin, and 0.pg/mL (mM) B6 CAA GAT CAC AAA GTA CTC AA 55
amphotericin-B. The K7 cell line was cultured in the presence of additionBf" 4K
5% rat serum from brown Norway rats or Wistar rats. The resistant cell IineForWard

ATG GCC ACC CCA CCT AAG AGG TT 65

was frequently tested for the resistance phenotype by culturing the cells in ?;O
the presence of 1@ M AraC.
Human myelomonocytic leukemic U937 (CRL-1593.2; American Type

GGA TCC TAA TAC GAC TCA CTA TAG GAA 55
CAG ACC ACC ATG GCC ACC CCA ccT

Culture Collection [ATCC], Rockville, MD) cells were cultured in HEPES- R AAG AGG
buffered RPMI 1640 medium supplemented with 10% fetal calf serum, 4 everse TTG CCT GTT GTC TCC TGT GC 65
mM L-glutamine, 50png/mL (mM) streptomycin, 50 U/mL penicillin and

TGC AAT CAC AAA GTA CTC AA 55

0.5 pg/mL (mM) amphotericin-B.
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Retroviral transduction of leukemic cells with dCK variants 2 mM dithiothreitol, and 10% glycerol. Protein concentrations were
determined by Bio-Rad protein as$agBio-Rad, Munich, Germany). dCK
activity was estimated in 2QL cellular extracts using 0.01 m&H-labeled
(k-t@ﬁlorodeoxyadenosine (2-CdA) as substrate. Duplicate experiments were

bi h fib in f Hoo RetroNectin: Tak lperformed in reaction mixture containing 20 mM Tris-HCI, pH 7.4, 5 mM
recombinant human fibronectin fragments CH-296 (RetroNectin; Ta al@\gUTP, 27 U/mL creatine phosphokinase, 7.5 mM creatine phosphate,

Otzu, Japan) or 10 mg/mL DOTAP N-[1-(-2,3-Dioleoyloxy)propyll-N.N.N-7 53 1 3 Bg/mL 3H-labeled 2-CdA (specific activity, 1.48 10'* Bg/
trimethylammoniummethylsulfat (Roche, Indianapolis, IN). Briefly 30° mmol), 10 mM unlabeled 2-CdA, 7 mM NaF, 0.2% ’BSA and 0.2 mM
KA cells were cultured on CH-296—coated Petri dishes together with 1 rTH?trahydrouridine to block cytidine-deaminase activity. Reactions were
thawed virus supernatant for 6 hours, washed, and transferred to 24'Wﬁ“ﬁated by the addition of= 0.1 mg total protein per reaction (20 cell

culture plates. For DOTAP transfections, 1 mL supematant was pre'n%iitract) and were incubated at 37°C for 20, 40, and 60 minutes. At each time

bated with 10 mg/mL DOTAP on ice for 10 minutes. \ﬁrus—DOTA'P mixture, ;i 50uL aliquots were spotted on DEAE-coated paper discs (Whatman
was added to X 10° K7 cells, transferred to 24-well plates, and incubate

. E-81; Whatman International, Maidstone, United Kingdom). Filters were
at37°C. . ) L dried and washed 4 times in 1 mM ammonium formate. Phosphorylated
Three to 5 days afte.r transduction, transduction efﬂmencps WeBbstrates bound to the filters were eluted from the filters by 0.6 M HCI-1.5
measured by the expression of_the marker gdRER or ANG'_:'R usiNg v NaCl, and®H-labeled reaction products were determined by scintillation
flow cytometry. ANGF-R expression was detected using murine am'hum%z)unting in Atomlight (Packard Bioscience, Groningen, The Netherlands)
NGF-R monoclonal antibody (mAb) 20.4 (ATCC). As second ant'bOdXJsing an LKB Rackbeta scintillation counter. Enzyme kinetic properties

goat antimouse phycoerythrin-labeled polyclonal antibodies (Immunotewere calculated by linear regression analysis and given in pmolnirg
Marseilles, France) were used. In all cases comparable expression Ievel[% | protein

the marker genewere observed irrespective of the transduction efficiencies.

Trangluced cells were purified by fluorescence-activated cell sorter (FAC@:K Western blot analysis

analysis on a FACSVantage (Becton Dickinson, Mountain View, CA) on

the basis of marker gene expression to obtain pure populations of trad&K protein expression was detected by Western blot analysis using a

Exponentially growing cells (KA, K7, U937, and PHA T cells) were

Hanenberg et & with minor modifications, previously describ&tysing

duced cells. wt-specific dCK-pep monoclonal antibody (mAb), which was kindly
provided by Prof I. Talianidis (Institute of Molecular Biology and Biotech-
Cell viability assays and cell division time nology, Heraklion, Greecé).Western blot analysis was performed as

. - . ) ) described previousl Briefly, 5 X 10f cells were lysed in 10@Q.L lysis
Cell metabolic activity was measured with the cell proliferation reage%ﬁer(so mM Tris-HCI, pH 7.6, 5 mM dithiothreitol, 20% vol/vol glycerol,

WST-1 (Boehringer) to determine igvalues, which were determined at ) 504 yol/vol Nonidet P40, and 25% volivol protease inhibitor cocktail
least 3 different times in triplicate experiments. Cells(8.0* cells per (Boehringer) by freeze-thawing. Protein concentrations were determined by
9_6—We|| plate) were incubated in triplicate experiments in the presence 8f; raq protein assa.Electrophoresis of 30.g protein was carried out in
different concentr'atlons qurfeaC at37°C for 24, 48, and 72 hours. After 205.12.5% sodium dodecyl sulfate—polyacrylamide gel electrophoresis mini-
44-, or 68-hour incubation in the presence of AraC, cell viability wage| 4t 100 v for 2 hours. Proteins were transferred to nitrocellulose
_analyze_d by_the addition of_lQL WST—l solution. Aﬂer_g— and 4'h0ur,membranes (0.45:m; Bio-Rad) and were blocked overnight in 1%
incubation with WST—l, colorimetric changes were quantified by measuringnanced chemiluminescence-blocking reagent (BM Chemiluminescence
the absorbance in a spectrophotometer at 450 nm. Blotting Substrate; Boehringer). dCK protein was detected by staining with

Doubling time of the cells was calculated from eosin counting after zﬁCK—pep mAb (1:5000) for 2 hours in blotting buffer containing 10 mM
48, and 72 hours of exponential growth at 37°C in duplicate experimen{ﬁis_Hd pH 8.0, 150 mM NaCl, and 0.05% Tween-20, followed by

Cell division times were always determined in parallel with cytotoxicity assaysyorseradish peroxidase—conjugated anti—rabbit immunoglobulin G (L:

o ) ) 40 000; Promega, Madison, WI). Immunocomplexes were visualized by
dCK reverse transcription—polymerase chain reaction chemiluminescence reaction using BM Chemiluminescence Blotting Sub-

RNA isolations and cDNA synthesis were performed as described predfrate (Boehringer) and were detected on Fuji Super RX film.
ously?* Briefly, total cellular RNA was isolated from &@ells by using o )
TRIzol (Gibco BRL, Life Technologies, Gaithersburg, MD) according to>tatistical analysis
the manufacturer’s protocol. Two micrograms total RNA was reversgagistical differences were established by the Wilcoxon rank sum test for
transcnt_)ed into single-strand pDNA. The cDNA yield was determlned h}!npaired data (Mann-Whitney test).
performing PCR on cDNA derived from the GAPDH housekeeping gene,
generating 450 bp.
The amount of cDNA for dCK RT-PCR amplification was standardize
to the GAPDH-PCR yield. Full-length rat dCK was amplified in a neste&esuItS
PCR using rat-specific PCR primers. The first PCR was performed with @Eaneration of rat leukemic cell lines expressing human
primers A10X B5 and T7X B6 (Table 1). For the detection of human- — . .
specific DNA sequences, human-specific PCR primersxAB5; Table 1)  Wild-type dCK or alternatively spliced dCK
were used that could amplify cDNA sequences cloned into the pLZ?%n
i

) : ” : B photropic retroviral producer lines from the packaging cell
vector. PCR reactions were performed in a reaction mixture containing 1. . :
mM MgCly, 50 mM KCI, 10 mM Tris-HCI, pH 8.4, 0.2 mg BSA, 0.25 mM ine d)—_NX-A were established after calcium phosphate transfec-
each dNTP, 50 pmol each primer, and 1 U Taq Polymerase (Perkin—EIm@P—nS with pLZRSwt dCK'lRE_SANGFR' pLZRSéeletion exon 5
Cetus, Foster City, CA). PCR was started after denaturation for 5 minute§¥§¢ K-IRES-GFP, pLZRSieletion exons 3-4 dGKRES-GFP, and
95°C, followed by 30 cycles consisting of 48 seconds at 95°C, 48 secondPhZRS-deletion exons 3-6 dGKRES-GFP. Transduced cells were
primer-specific annealing temperatures (Table 1), 48 seconds at 72°C, ashgiched by FACS sorting on the basisA{IGFR or GFP marker

final elongation at 72°C for 5 minutes. gene expression. More than 97% positive cell populations were
. obtained after 1 or 2 rounds of FACS sorting.
dCK activity assay Target gene expression in the different transduced cell lines was

dCK activities were measured in duplicate experiments using a dciialyzed by RT-PCR analysis, using human- or rat-specific dCK
protocol as originally described by Cheng é®atith minor modification. PCR primers. As can be seen in Figure 1, wt rat dCK was observed

Briefly, 107 cells were lysed in 7QuL lysis buffer containing 20 mM in the nontransduced cell line KA and in transduced KA cells
Tris-HClI, pH 7.5, 100 mM KCI, 20 mM NacCl, 4 mM MgGl1 mM CaC},  (Figure 1A, upper figure). No rat dCK could be demonstrated in the
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A

rat dCK 600

human dCK

Figure 1. Target gene expression in retrovirally transduced cells. Target gene expression after retroviral transfection was analyzed by RT-PCR amplifications using
rat-specific (upper panel) or human-specific (lower panel) dCK PCR-primers. (A) KA cells. (B) K7 cells. Lane 1, parental cells; lane 2, cells transduced with empty vector
controls; lane 3, cells transduced with human wt dCK; lane 4, cells transduced with deletion exon 5 human dCK; lane 5, cells transduced with deletion exons 3 to 4 human dCK;
lane 6, cells transduced with deletion exons 3 to 6 dCK. PCR fragments were separated on a 1.5% agarose gel and visualized by ethidium bromide staining.

AraC-resistant K7 cells or in retrovirally transduced K7 cellpmol/min X mg total protein versus 4.15 1.37 pmol/minX mg

(Figure 1B, upper panel). PCR amplifications using human-specifatal protein, respectively).

dCK primers, confirmed wt human dCK expression in cells In AraC-resistant K7 cells with no detectable endogenous dCK

transduced with pLZRS# dCK-IRES-ANGFR. Human spliced activity, high dCK activity was restored after transduction with

variants of dCK were observed in cells that were transduced witluman wt dCK (dCK activity 941.3 207.6 pmol/minxX mg total

alternatively spliced dCK variants (Figure 1A-B, lower panel).  protein). More important, no dCKctivity could be measured in K7
Because antibodies recognizing alternatively spliced dCK vagells transduced with different alternatively spliced variants of dCK.

ants are unavailable, we were only able to demonstrate wt human

dCK protein expression in AraC-sensitive and -resistant cellsaC sensitivity of retrovirally transduced rat leukemic cells

transduced with wt human dCK. As can been seen in Figure 2, wt

dCK was properly translated into proteins of 30.5 kd in the KA anti/e analyzed the effects of the introduction of different dCK spliced
the K7 cell lines transduced with human wt dCK. variants on sensitivity for AraC by WST-1 assay. Metabolic

activities were measured in cells exposed for 24, 48, and 72 hours
to increasing concentrations of AraC. As can be seen in Figure 3A,
the incubation of KA cells in the presence of increasing concentra-
dCK activity was analyzed in cellular extracts of retrovirall)}ions ofAraC_resuIted in decreasgd mgtabolic activity. Trans_fggtion
transduced rat leukemic cell lines resistant or sensitive to Ara@¥ KA cells with human wt dCK highly increased AraC sensitivity
Results of dCK activity measurements are presented in Tabledter 72-hourAraC incubation. This increased _sensmwty for AraC
Introduction of human wt dCK into AraC-sensitive KA cellsiesulted in a decrease of the AraGg4Concentration by a factor 18
increased dCK activity by a factor 50 compared with the nontran@fter 72 hours of AraC incubation compared with the nontrans-
duced KA cells (201.5¢ 10.9 pmol/minx mg total protein versus duced cell line KA (IGo concentration 0.69- 0.26 .M for the
4.15+ 1.37 pmol/minx mg total protein, respectively). A 2-fold Nontransduced cell line KA and 0.0370.007 uM for KA/wt
increase in dCK activity was observed in KA cells transduced with
thig(]jat:;:)s/ Sgh:;:;dldgch ;nigsmsnimrﬁgntgtgr p?’c(;ttlgl:]y Ir;rzagsfable 2. dCK activities in retrovirally transduced rat leukemic cell lines

u , 9. . i in versu

dCK activity in retrovirally transduced cells

4.15+ 1.37 pmol/minxX mg total protein for the nontransduced Cells dCK activity
KA cell line). A similar 2- to 3-fold increase in dCK activity was KA 4.15 = 1.37
detected in cells transduced with control vector (GFP) (11 @99 KA/GFP 11.6 = 0.99
KAWL 2015 + 10.9
KA/del 5 9.81 + 3.95
Marker KA/del 3-4 9.09 + 3.27
(kd) KA/del 3-6 6.94 + 1.64
KA KA/wt K7 K7/wt  K7/wttdel 5 K7 _
st K7IGFP _
50 K7/t 941.3 = 207.6
o K7/del 5 _
30 305 kd K7/del 3-4 _
K7/del 3-6 —

Figure 2. Wild-type human dCK protein detection by Western blot analysis.
Proteins (30 w.g) were separated by 12.5% SDS-PAGE and transferred to nitrocellu- dCK activities were measured in cellular extracts using 0.01 mM 3H-labeled
lose membranes. Human dCK proteins were detected by staining with human  2-CdA as substrates in duplicate experiments. dCK activities are given in pmol/min X
dCK-pep mAb. mg total protein (mean = SD).
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Table 4. IC 5o concentrations of retrovirally transduced rat leukemic K7 cells

i AraC-sensitive cells Cells ICso concentration, M
o K7 > 100
E K7/GFP > 100
=
& 10 K7/wt 0.040 + 0.029
s K7/del 5 > 100
= o8
(=] Kt/del 3-4 > 100
s " Kt/del 3-6 > 100
E 04 1 . . .
- ICso values were determined by 4 independent WST-1 assays, each performed in

0.2

triplicate experiments. ICso concentrations are presented as mean = SD.

0.0 ¥ I :
0.E+00 1.E-07 3.E-07 6.E-07 9.E-07 2.E-D06 S5.E-06 1.E-05

AraC concentration Because AraC is S-phase specific, we determined the cell

division times in parallel with AraC sensitivity assays. No changes

B AraC-resistant cells in cell-doubling times could be observed among cells that were or
14 were not retrovirally transduced (1682.7 hours versus 169 2.8

hours for KA and transduced KA cells, respectively, and 15.5.3
hours versus 17.% 1.8 hours for K7 and transduced K7 cells,
respectively).

o8
Cotransduction of wild-type dCK and deletion exon 5
alternatively spliced dCK

06

o4

fraction control

To investigate the possible dominant-negative effect of alterna-
tively spliced dCK fragments on wt dCK activity, K7/wt cells were

eiae isws  deos iror  1eoe  1eos  1ces  COtransduced with deletion exon 5 dCK spliced variant. Cotrans-

AraC concentration duced cells were FACS sorted on the basis\BfGFR and GFP

. . . o . .

Figure 3. Dose-response curves of retrovirally transduced rat leukemic cell expression, which re_SU|ted in 97% pure populations (F_Igure 4A).
lines. Metabolic activities of the cells in the presence of increasing concentrations of ~ 1arg€t gene expression was analyzed by RT-PCR using human-
AraC for 72 hours was analyzed by the cell proliferation assay WST-1. Y-axis (fraction  specific dCK primers. Wild-type human dCK and deletion exon 5
control) represehts thfs _metabolic activity of the cells in the presence of AraC div_ided constructs were equa”y expressed in these cells (Figure 4B).
by the metabolic activity of cells grown in the absence of AraC. (A) Retrovirally .. . .
transduced KA cells. (B) Retrovirally transduced K7 cells. (#) untransduced control dCK activity in double-transd.uced cells was determined (?n
cells; (W) cells transduced with empty vectors; (A) cells transduced with wt dCK;  cellular extracts and compared with K7 cells only transduced with
(O) cells with deletion exon 5 dCK; (A) cells with deletion exons 3to 4 dCK; (L) cells  human wt dCK expression. No difference in dCK activity could be
with deletion exons 3 to 6. observed between these 2 cell lines, as can be seen in Table 5 (dCK
activity 941.3= 207.6 pmol/minx mg for K7/wt cells and
007.5=+ 483.9 pmol/minx mg for K7/wt+del 5 cells).

Sensitivity of double-transduced cells (K7Adel 5 cells) for
AraC (Figure 4C) was analyzed in WST-1 assays, as previously
described. |G, concentrations of the K7 cell line and transduced
7 cells (K7/wt and K7/wi-del 5 cells) are presented in Table 6. A
odest, nonsignificant decrease in AraC sensitivity was detected in

0.2

dCK; Table 3). Introduction of 1 of 3 alternatively spliced dC
forms did change the sensitivity to AraC by a factor 2 (Table 3).
However, a similar increase in §gconcentration was observed in
KA cells transduced with empty vector (KA/GFP).

In the AraC-resistant K7 cell line, no reduced metabolic activit
was measured at high concentrations of AraC (up todlM®AraC)
(Figure 3B). No cha}nge in the reS|stance. phenotype of the .Cetl 7 double-transduced cells after 48 hours of AraC incubation
could be detected in cells transduced with human alternativi

spliced dCK variants o in the cells transduced with control vecta = .40). This minor decreased sensitivity was abolished, how-

Inptrloduction \éf rlluman v:/t dCK restored sgnsiti\\;\i/tl t0 AraC \;t th ver, after 72-hour incubation with increasing AraC concentrations.

same levels observed in the KA cells transduceZi with human err 72-hour AraC incubation, no significant decrease in AraC
. . nsitivity w rved in the K7 I le-tran

dCK (ICsq concentration, KZ> 100 .M; ICsq concentration, K7 Sensitivity was observed in the K7Avtel 5 double-transduced

wt dCK 0.040=0.029 uM; sy concentration Kawt dck {58 SIRPERC W O BRSSO TR T o o
0.037= 0.007 pM; Table 4; Figure 3B). Similar results were y P g

- o . AraC was similar in K7/wt cells and the double-transduced cells
observed after determinirfgi-thymidine incorporation in untrans K7/wt+del 5 (Figure 4C). In addition, no changes in cell division
duced cells or transduced KA and K7 cells exposed to increasi{l ' .

fh ing the WST-1 [
concentrations of AraC for 24, 48, and 72 hours (data not shown};mgs 1V;85ri gbssir(\)/jrds ?:rnlzg f:e?ls 186 8 ;Zsﬁzirgﬁsfr&%%b g

cells, and 16.8+ 2.0 hours for double-transduced cells K7wdel 5).

Table 3. IC 5, concentrations of retrovirally transduced rat leukemic KA cells

Cells ICso concentration, p.M Effects of alternatively spliced dCK forms on AraC sensitivity
KA 0.69 = 0.26 in human leukemic cells
KA/GFP 1.73 = 0.99
KA/t 0.037 + 0.007 To investigate the influence of the alternatively spliced human dCK
KA/del 5 1.53 = 1.38 forms on AraC sensitivity in human cells, human myelomonocytic
KA/del 3-4 1.67 =1.32 leukemic cells (U937) were transduced with different alternatively
KA/del 3-6 147 +1.05 spliced forms of dCK and human wt dCK. Wild-type dCK protein

ICso values (mean + SD) were determined by 3 independent WST-1 assays, express?on was de_tected by Western blot anaI)_/sis i_n all transduced
each performed in triplicate experiments, after 72-hour AraC incubation. cells, with highly increased wt dCK expression in U937 cells

20z AeN 82 uo 3sanb Aq 4pd-¢/€1020708U/0901891/ELE L/¥/66/4Pd-8l0IHE/POO|GARU SUOKedlqndyse//:diy woly papeojumoq



1378 VEUGERetal BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4

A C Figure 4. Double-transduced K7 cells with wt dCK
48 h AraC and deletion exon 5 dCK. (A) Transduced cells were
enriched by FACS sorting on the basis of truncated
NGFR and GFP as marker genes. (B) Target gene
expression was determined by RT-PCR analysis using
human-specific dCK PCR primers. PCR fragments were
separated on 1.5% agarose gels and visualized by
ethidium bromide staining. (C) Dose-response curves
were generated by WST-1 assays after 48 and 72 hours
of AraC incubation. Metabolic activities of the cells in the
presence of increasing concentrations of AraC (x-axis)
were analyzed by the cell proliferation assay WST-1.
Y-axis (fraction control) represents the metabolic activity
of the cells in the presence of AraC divided by the
B o AraC concentration metabolic activity of cells grown in the absence of AraC.

@ 72 h AraC (¢) untransduced K7 cells; (A) K7/wt cells; and (X)
K7/wt+del 5 double-transduced cells.
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transduced with human wt dCK (data not shown). Endogenotesistance to AraC in patients with AML because mutations in the
dCK activity was high in nontransduced U937 cells (58 dCK gene are rarely found in patients with refractory or relapsed
pmol/minxX mg total protein; Table 7), as determined in cellulaAML. 2% |n a recent study we demonstrated 4 different alterna
extracts. No major changes in dCK activity were observed wheively spliced dCK variants in coexpression with wt dCK in
cells were transduced with empty vector or alternatively splicqalrified leukemic blasts from 7 of 12 patients with resistant AML
dCK forms, whereas transduction of human wt dCK increased dCifd in 6 of 12 PHA-stimulated T cells generated from patients with
activity more than 6 times (Table 7). Introduction of alternativelyesistant AML. These 4 alternatively spliced dCK forms code for
spliced dCK forms did not change thesi@oncentration for AraC dCK proteins with lower molecular weights and are shown to be
compared with nontransduced cells. Unexpectedly, the overexpremctive in vitro??2 Because these alternatively spliced dCK variants
sion of human wt dCK in U937 with endogenous human dCkvere not detectable in patients with sensitive AML, we hypoth-
expression did not increase the sensitivity for the cytotoxic effeatsized that these alternatively spliced dCK forms might have
of AraC in these cells compared with U937 cells (Table 7). Noontributed to the process of AraC resistance in patients with AML.
major changes in cell division times between nontransduced U9GWen that the alternatively spliced dCK forms were always found
cells and transduced U937 cells could be observed by eosincoexpression with wt dCK in purified blast cell populations, it is
counting (32.7+ 2.2 hours versus 27 F 3.5 hours for U937 and plausible that alternatively spliced dCK forms are coexpressed with
transduced U937 cells, respectively). wt dCK in a single cell. It is also conceivable, because of the
heterogeneous characteristics of AML, that alternatively spliced
dCK forms are exclusively expressed in a specific population of
Discussion leukemic cells with no endogenous wt dCK expression. Expression
studies of the alternatively spliced dCK forms are unavailable
Resistance to chemotherapy is a major problem in the treatmenbettause no antibodies recognizing the alternatively spliced dCK
patients with AML. The exact mechanisms of acquired resistanf@ms have been generated thus far. Therefore, we cannot exclude
to the cytotoxic effects of AraC in patients with resistant AML aré¢hat these alternatively spliced dCK forms are instable in vivo.
still unknown. Regarding AraC resistance in vitro, alterations in To investigate the effects of the expression of alternatively
dCK activity, either by mutational inactivation or genomic rearrangespliced dCK in a cell with no endogenous wt dCK expression on
ments, are most frequently associated with resistance to AraC.
Mutational inactivation of dCK is, however, not thought to confefa®!e 8- ICso concentrations of double-transduced K7 cells

ICs0 (1M)
L AraC incubati 48 h 72h
Table 5. dCK activity of double-transduced K7 cells rat Incubation
Cells dCK activity K7 > 100 > 100
K7/wt 0.032 = 0.011* 0.040 = 0.029t

K7 - K7/wt + del 5 0.078 + 0.078 0.029 * 0.009
K7/wt 941.3 + 207.6
K7/wt + del 5 1007.5 *+ 483.9 ICs concentrations (presented as mean = SD) of double-transduced cells and

untransduced cells were calculated from 3 independent WST-1 assays, each
dCK activities were determined in cellular extracts in duplicate experiments using performed in duplicate.

0.01 mM 3H-labeled 2-CdA as a substrate. dCK activities are given in pmol/min X mg *P = .40.

(mean = SD). TP = .56.
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Table 7. dCK activities and IC 5o concentrations in retrovirally transduced long-term dominant-negative effect on the activity of wt dCK
Y937 cells proteins when coexpressed in a single cell.
Cells dCK activity Cs0, M In addition, in human leukemic cells (U937) expressing high
U937 158 + 0.006 2.97 =223 levels of endogenous wt dCK, no decreased sensitivity for AraC
U937/GFP 135 + 0.002 4.39 =270 was observed when these cells were transduced with the alterna-
U937iwt > 1000 242+ 1.9 tively spliced dCK forms. Unexpectedly, no increased sensitivity
U937/del 5 110 + 0.002 4.05 =340 for AraC was observed in U937 cells transduced with human wt
U937/del 3-4 142 + 0.008 2,94+ 1.79

dCK, possibly because of the high level of endogenous wt dCK
activity (higher than KA cells by a factor of 38). Maximal AraC

dCK activities (pmol/min x mg) were calculated from dCK phosphorylation — phosphorylation that cannot be increased by the introduction of
assays using 0.01 mM 2—CdA as a substrate and were performed .in duplicate exogenous wt dCcK might already occur at short time intervals in
experiments. ICso concentrations for AraC were calculated from 3 independent
WST-1 assays, each performed in triplicate experiments and presented as mean *+ SD. the nontransduced cells.

Previously, we detected alternatively spliced dCK forms in
PHA-stimulated T cells from patients with resistant ANRLAfter

AraC sensitivity, alternatively spliced dCK forms were transduceitie transduction of alternatively spliced dCK forms in PHA-
into AraC-resistant K7 cells. Introduction of human wt dCK intsstimulated T cells, no changes in sensitivity for AraC could be
K7 cells restored full AraC sensitivity, implicating that the retrovidemonstrated (data not shown).
ral vectors were properly translated. This is consistent with findings Since alternatively spliced dCK forms are observed in nonleuke-
of our previous study in which restored sensitivity to AraC waBlic (PHAT) cells from resistant AML, they might be a result of a
described in an AraC (and Decitabine)—resistant rat leukemic c&lpre general defect in the splicing machinery playing a role in the
line after transfection of rat wt dCR Introduction of different susceptibility of a patient with AML to respond to chemotherapy or
alternatively spliced dCK variants into K7 cells could not restor8ven to contract leukemia. Alternative splicing of the folypolyglu-
the AraC sensitive phenotype, indicating that the alternativelgmate synthetase (EFGS), which catalyzes the glutamination of
spliced dCK proteins are inactive in vivo, which is consistent witfplate antimetabolites in mammalian cells and tumors, is thought to
the in vitro data previously reportéd These observations imply play a role in refractoriness of AML cells for antifolates such as
that a cell that expresses alternatively spliced dCK forms but tHA€thotrexate (MTX}*3" These data indicate that the alternative
has lost wt dCK expression is still resistant to the cytotoxic effecBlicing of genes playing a key role the biosynthesis of precursors
of AraC. of DNA and RNA, may result in resistance to antimetabolites such

The possible dominant-negative effect of alternatively splicetf AraC and methotrexate. Previously, a more general defect in the
dCK forms on endogenous wt dCK activity by the formation ofPlicing machinery was shown to be induced by the TLS-ERG
heterodimers was analyzed by the transduction of alternativél}y©lCid leukemia—associated fusion gene frequently observed in
spliced dCK forms into rat leukemic cells with endogenous wt dC L.% This fusion gene has been shown to alter the splicing of
expression (KA cells). Overexpression of wt dCK increased AraED44 mRNA?9_whose sp_ll_ce varlants_ have bgen implicated in
sensitivity by a factor 18. Two previous studies have alreadg_mor progressioff: In _ao_ldmon, this fusion prot_eln was shov_vn to
described an increase in AraC sensitivity in AraC-sensitive ceffdtiate Ieukemogene5|_s_|n normal_hematop0|et|c délimggestln_g
after retroviral transduction with wt dCK. Transduction of wt dCKthat a d_efect n the splicing machlr_lery can affect th_e expression of
increased AraC sensitivity by factors from 2 to 100 in 3 differer©"es involved in leukemogenesis and perhaps in sensitivity to
carcinoma cell lineg whereas a decrease in theggdConcentration chemotherapy. . . .
by a factor 10 was observed in gliosarcoma c¥lls.contrast to wt In conclusion, in this study we show that the alternatively

dCK transductions, the introduction of alternatively spliced humapy liced dCK forms cannot restore sensitivity to AraC when they are

dCK forms into KA cells did not alter the Kz concentrations for exclusw_ely expres_s_,ed in a cell with no er_ldoggnous wt d_CK
. : expression. In addition, we demonstrate that inactive, alternatively
AraC compared with cells that were transduced with control vectgr ;. ; .
- . . SPlICEd dCK forms do not confer a long-term dominant-negative

or with nontransduced cells. Although a relatively high degree g

. . . . effect on wt dCK activity when they are coexpressed in a single
0,
identity between rat and human dCK (89.1% identity at th_gell. In this situation, alternatively splicing of dCK might be an

. o . . )
nucleotide level and 91.9% identity at the amino acid level) ('fpi-phenomenon in resistant AML caused by a defect in the

- . . . -
Sgiefn?’ we preV|oAusIc3:/ obs_erved d'ﬁlereEt a_Iternallltl\l/_er shpllce_ plicing machinery and not directly involved in the development of
orms in an AraC-resistant rat leukemic cell line than ify _~ ccicioncain patients with AML.

human leukemic cell® To exclude the possible inability of
heterodimerization between human and rat dCK, we cotransduced

human wt dCK with human alternatively spliced dCK into ra%\cknowledgments

leukemic cells (K7) with no endogenous dCK expression. The

minor, nonsignificant decrease in AraC sensitivity detected after ¥e thank Prof Dr S. Eriksson (Department of Veterinary Med-
to 48 hours of AraC incubation in K7/widel 5 dCK cells, ical Chemistry, Swedish University of Agricultural Sciences,
compared with K7/wt cells, suggests a delayed effect of AraBiomedical Centre, Uppsala, Sweden) and Prof Dr I. Talianidis
cytotoxicity on double-positive cells. This decreased sensitivity f@tnstitute of Molecular Biology and Biotechnology, Fo.R.T.H.,
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U937/del 3-6 124 + 0.000 2.69 + 2.06
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