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Abstract Background: Sequence-specific combinations
of purine analogs, such as fludarabine or 6-mercapto-
purine (6-MP), administered prior to cytosine arabinoside
(ara-C) have been shown to abrogate ara-C resistance in
human leukemia cells in vitro and in patients with
relapsed acute myeloid or lymphoblastic leukemias. The
two-drug combination of 6-MP plus ara-C results in
greater cytotoxicity than that achieved with either ara-C
or 6-MP alone. Further preclinical investigations have
shown that the addition of PEG-asparaginase (PEG-
ASNase) to the combination of 6-MP plus ara-C (6-MP +
ara-C + PEG-ASNase) results in 15.6-fold synergism
over that achieved with the two-drug regimen. This is
due to increased DNA damage leading to apoptotic cell
death. Purpose: Since the intravenous preparation of 6-
MP is no longer available and since oral 6-thioguanine
(6-TG) provides higher levels of intracellular thiogua-
nine nucleotides than an isotoxic dose of oral 6-MP, we
investigated the potential drug synergism of 6-TG plus
ara-C plus PEG-ASNase (TGAP) in myeloid (HL60/S,
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HL60/SN3, U937) and lymphoblastic (CEM/0, CEM/
ara-C/B, CEM/ara-C/I, MOLT-4) leukemia cell lines.
The CEM clones, MOLT-4 and HL60/SN3 cell lines
expressed functional or measurable p53 protein, while
the other cell lines did not. Methods: The MTT and
trypan blue dye exclusion assays were used to determine
drug cytotoxicity. In addition, cellular apoptosis and
cellular p53, p21/waf-1 and bcl-2 protein concentrations
were determined by FACS analysis and ELISA assays.
Results: Sequential exposure to 6-TG (24 h) plus ara-C
(24 h) plus PEG-ASNase (24 h) produced 1.3- to 18.3-
fold drug synergism over the two-drug combination of
6-TG plus ara-C. The molecular mechanism of syner-
gism was due to the fact that the three-drug combination
was capable of downregulating bcl-2 oncoprotein levels
in these cell lines even when p53 was absent. Conclusion:
These studies strongly demonstrate that the TGAP
regimen is highly synergistic in p53-null and p53-ex-
pressing leukemia cell lines. We conclude that this
combination regimen is collaterally sensitive with ara-C
and further evaluation in an investigational phase I trial
in relapsed leukemia patients is warranted.
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Introduction

Current chemotherapeutic treatments for relapsed acute
lymphoblastic and acute nonlymphoblastic leukemia
(ALL and ANLL) produce poor long-term results [28,
29]. The 5-year event-free survival is less than 10% with
chemotherapy treatment alone for pediatric ALL
patients who experience an early marrow relapse [11]. It
is assumed that when relapse occurs, the leukemic blasts
are clinically resistant to the prior chemotherapy [4, 5,
21, 28]. Thus, new chemotherapeutic regimens, consist-
ing of drugs with different mechanisms of action to
lessen the possibility of cross-resistance, are needed.
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Cytosine arabinoside (ara-C) is a pyrimidine analog,
which has long been used in the treatment of adult and
pediatric patients with ALL and ANLL [4, 5, 21, 22, 36,
47]. To overcome the leukemic cell resistance to ara-C due
to downregulation of deoxycytidine kinase (dCk) [5, 6,
22, 36, 47], sequence-specific combinations of purine
analogs followed by ara-C, such as fludarabine plus ara-C
or 6-mercaptopurine (6-MP) plus ara-C, have been
shown to increase intracellular concentrations of ara-
CTP in cells from patients with relapsed leukemia [7, 25,
48, 49]. The increased cytotoxicity found in vitro with
6-MP followed by ara-C has been attributed to the
enhanced activation of dCk by the pretreatment of the
leukemia cells with 6-MP, resulting in a fourfold in-
creased intracellular concentration of ara-CTP leading to
greater inhibition of DNA synthesis, and thus, a greater
leukemic cell kill [48, 49]. The in vitro studies have dem-
onstrated a dose-dependent effect of 6-MP in increasing
the intracellular ara-CTP concentration [48]. A phase |
trial of the combination regimen 6-MP plus ara-C (CCG-
0933) in pediatric patients with relapsed leukemias has
shown a response in 10 of 27 evaluable patients (5 ALL, 5
ANLL), 8 of whom had a complete response (CR) [49].

The protein inhibitors, L-asparaginase (ASNase) and
PEG-ASNase, are important antileukemic agents used in
both front-line therapy as well as in relapse protocols [3,
14, 15]. L-ASNases cause depletion of serum L-aspara-
gine (Asn) by deaminating the amino acid to L-aspartic
acid and ammonia. Since leukemic cells lack asparagine
synthetase, depletion of serum Asn leads to considerable
cell cytotoxicity [14, 15, 26]. The regimen comprising
ara-C followed by native E. coli ASNase (Capizzi 11
regimen) has been shown to be synergistic and effective
in comparison with high-dose ara-C (HDara-C) alone in
patients with relapsed leukemia [14, 15]. In a separate
study of 195 adult patients with refractory or relapsed
leukemia, the CR rate from the HDara-C plus native
ASNase regimen was 42% vs 12% from HDara-C alone.
The overall survival of the patients treated with the
combination was significantly greater than among those
treated with HDara-C alone (P =0.046) [16].

The inhibition of protein synthesis by ASNase de-
creases the cellular CTP and dCTP pools, enhancing the
anabolism of ara-CTP and incorporation of ara-CTP
into DNA [14]. In preclinical studies, the addition of
PEG-ASNase to the combination of 6-MP and ara-C
(6-MP + ara-C + PEG-ASNase) resulted in a 15.6-fold
synergism over that achieved with the two-drug regimen.
This is due to increased DNA damage leading to
apoptotic cell death [39].

The antimetabolites 6-thioguanine (6-TG) and 6-MP
have been used in the treatment of acute leukemias since
the 1950s [12]. 6-TG and 6-MP are prodrugs that require
conversion to the active triphosphate metabolite, thio-
guanylic acid for their cytotoxic effect [32, 42]. The tu-
mor suppressor gene p53 initiates the cascade of signals
toward apoptosis following DNA damage induced by
ionizing radiation or c%(]totoxic agents [33]. Functional
p53 can upregulate p21 VAF! which initiates the cascade

through cyclins to a G; phase arrest. Antiapoptotic
proteins, such as bcl-2, protect cells from the effect of
chemotherapeutic agents, thereby inhibiting cell death
[23, 45]. Preclinical studies have demonstrated that
DNA damage caused by ara-C can trigger upregulation
of p53 and p21WAF! in human leukemic cell lines. In
addition, combination regimens can downregulate bcl-2
protein levels in ara-C-resistant leukemic cell clones [40].
Since p53 has been shown to suppress the expression of
bcl-2 and activate bax, another promoter of apoptosis in
the bcl-2 family [27], the ratio of bcl-2 to p53 could be a
better indicator of leukemic cell survival or apoptotic
death following chemotherapy.

In this study, we investigated the potential synergism
of the three-drug sequence-specific combination of 6-TG
plus ara-C plus PEG-ASNase (TGAP) in myeloid
(HL60, U937) and lymphoblastic (CEM, MOLT-4)
leukemia cell lines. We evaluated the potential collateral
sensitivity of the three-drug combination chemotherapy
in the T-cell leukemia cell lines CEM/ara-C/B and
CEM /ara-C/I, which are 850-fold and greater than 10°-
fold, respectively, more resistant to ara-C than the
CEM/0 parent cell line. The results of the studies are
presented here.

Materials and methods

Drugs

6-TG was purchased from Sigma Chemical Company (St. Louis,
Mo.). Ara-C (cytarabine) was from Bedford Laboratories (Bed-
ford, Ohio) and PEG-ASNase (Oncaspar) was from Enzon (Pis-
cataway, N.J.). All other chemicals and reagents were of analytical
grade.

Cell lines

The promyelocytic leukemia cell lines, HL60/S and HL60/SN3,
were kindly provided by Dr. Peter Danenberg (USC Norris Cancer
Center, Los Angeles, Calif.). HL60/S cells lack functional p53. The
HL60/SN3 cells were stably transfected with a neomycin/wild-type
functional p53 expression vector [9]. The myeloid leukemia cell line
U937, and the T-cell lymphoblastic leukemia cell lines MOLT-4
and CCRF/CEM/0 were obtained from the American Type Cul-
ture Collection (Rockville, Md.). U937 cells lack p53 [20], while
MOLT-4 and CEM/0 cells express functional p53 [2, 8]. Recently,
using DNA arrays for p53, we have found that the U937 line has a
deletion on exon 5 of the p53 gene and that the CEM/O0 line has a
base substitution at exon 6, position 248, from a cgg to cag, which
leads to R248Q substitution, as has been reported recently [44, 50].
However, this missense mutation produces a p53 protein, which we
have repeatedly shown binds as a functional tetramer protein to the
consensus DNA sequence, hence, we consider this clone as a
p53(+) cell line [8].

The ara-C-resistant cell lines, CEM/ara-C/B and CEM/ara-C/I,
were developed in our laboratory by repeated treatments with ara-
C and are 850-fold and greater than 10°fold, respectively, more
resistant to ara-C than the parent CEM/0 cell line. Cell lines were
cultured in RPMI-1640 (Irvine Scientific, Santa Ana, Calif.) sup-
plemented with 10% FBS (Gemini BioProducts), 1% HEPES
buffer (Irvine Scientific) and 1% nonessential amino acids 100x
(Irvine Scientific) at 37°C in an atmosphere containing 5% CO,.
The culture medium for MOLT-4 cells also contained 1% sodium
pyruvate (Sigma Chemical Company).



Drug synergism studies

Myeloid and lymphoblastic leukemia cell lines were treated with
single drugs alone or with the drug combinations at 37°C in an
atmosphere containing 5% CO, as reported previously [48]. Cells
were incubated with 6-TG alone for 48 h at drug concentrations
ranging from 0.1 to 500 pM. In experiments involving the two-drug
combination, the cells were treated with various concentrations of
6-TG for 24 h followed by ara-C for 24 h at a dose ratio of 10:1 (6-
TG:ara-C). In studies involving the three-drug combination, the
cell lines were treated with a range of concentrations of 6-TG for
24 h followed by ara-C for 24 h followed by PEG-ASNase for 24 h
at a dose ratio of 10:1:0.1 (6-TG:ara-C:PEG-ASNase). The drug
concentrations for the combination treatments ranged from 0.1 to
50 uM 6-TG, 0.01 to 5 pM ara-C, and 0.001 to 0.5 TU/ml ASNase.

Cell viability

The viability of the leukemia cells following exposure to various
drugs was determined by the MTT and trypan blue dye exclusion
assays as reported previously [1, 8, 38, 46, 48]. The two cytotoxicity
assays measure early, or mitochondrial membrane changes (MTT),
vs late apoptotic loss of membrane integrity events. In addition, the
trypan blue membrane integrity assay measures late apoptotic
events and possible necrotic events induced by the DNA-damaging
drugs 6-TG and ara-C [48]. The MTT assay is based on the ability
of the mitochondrial enzyme succinate dehydrogenase of viable
cells to cleave the tetrazolium ring of MTT reducing the yellow salt
to blue formazan crystals [8].

Determination of 50% growth-inhibition concentrations (ICsq)

Leukemia cell survival was expressed as percent of control and
plotted against drug concentration. The 1Cs, values for single-drug
treatment, and the combination treatments were estimated from the
cell viability data utilizing the median-effect principle and probit
transformation. Thus, the dose to achieve the median effect values
(Dm), equivalent to ICs, values, for each drug treatment was
estimated [17, 38]. These principles allowed linearization of the
nonlinear dose-response curves of the biology data for extrapola-
tion of I1Cs values.

Annexin V and propidium iodide flow cytometry apoptosis assay

Apoptosis following drug treatment was evaluated by flow cy-
tometry with annexin V and propidium iodide (PI; R&D Systems,
Minneapolis, Minn.). The current protocols in flow cytometry
recommend the window settings for the classification of early vs
late apoptotic cell subsets [52]. The window settings were based on
the annexin V or PI stainings alone. In these studies, the percentiles
obtained from FACS analyses of apoptotic cells correlated with the
degree of cell viability loss as determined by the trypan blue dye

Table 1 ICs, values (uM) of 6-TG, TGA and TGAP in myeloid
and lymphoblastic leukemia cell lines as determined from the MTT
cell viability assay following treatment with 6-TG alone (48 h),
with the TGA regimen (6-TG for 24 h followed by ara-C for 24 h
at a dose ratio of 10:1), or with the TGAP regimen (6-TG for 24 h
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exclusion test and caspase-3 activation (unpublished laboratory
data). During early apoptosis, cells expose phosphatidyl serine onto
the outer membrane and bind annexin V, while cells in late apop-
tosis/necrosis are permeable to PI, which then binds to the cellular
DNA. Live cells are not stained with either annexin V or PI [52].
Cells were incubated with: (1) 10 uM 6-TG for 24 h followed by
10 uM ara-C for 24 h, (2) 10 pM 6-TG for 24 h followed by 1 1U/
ml PEG-ASNase, or (3) 10 pM 6-TG for 24 h followed by 10 pM
ara-C for 24 h followed by 1 IU/ml PEG-ASNase for 4 h.

Quantitation of p53, p21WVAF!

, and bcl-2 proteins

The p53, p21WAF! and bel-2 proteins were quantitated in p53-
expressing leukemia cell lines, HL60/SN3, MOLT-4, CEM/0 and
CEM/ara-C/1, before and after drug exposure utilizing the anti-
body/antigen sandwich ELISA method, employing mouse mon-
oclonal antibodies (Oncogene Research Products, Cambridge,
Mass.). The cells were treated for a total of 24 h with 10 uM 6-TG,
10 pM ara-C or 1 IU/ml PEG-ASNase alone or in combination
and the protein concentrations were determined in duplicate wells
as reported previously [8]. The two- and three-drug sequential
treatments consisted of 6-TG for 16 h followed by ara-C for 8 h
(TGA), or 6-TG for 20 h followed by PEG-ASNase for 4 h (TGP),
or 6-TG for 16 h followed by ara-C for 4 h followed by PEG-
ASNase for 4 h (TGAP). The lower limit of the standard calibra-
tion lines from the ELISA assays were 0.01 ng/ml, 0.1 ng/ml, and
1 U/ml for the p53, p21, and bcl-2 proteins, respectively. Once the
values of these proteins from the experimental treatments were
calculated, they were expressed as fold increases over negative
control, assayed at the same time, thus minimizing the possible
reproducibility error. The lower limits and linearity characteristics
of the standard calibration lines were superimposable on the ones
obtained a few years earlier in the laboratory. Hence these assays
were highly reproducible [8].

Results
Drug synergy studies

The myeloid (HL60/S, HL60/SN3, U937) and lym-
phoblastic (MOLT-4, CEM/ara-C/B, CEM/ara-C/I)
leukemic cell lines were treated during exponential
growth with a single drug, or with the two- and three-
drug combinations of 6-TG, ara-C and PEG-ASNase at
a dose ratio of 10:1:0.1. The MTT and trypan blue dye
exclusion assays were used to determine cell viability
after sequential incubation with these drugs. Cell sur-
vival was calculated as a percentage of untreated control
cells (mean of triplicates; Tables 1 and 2). Higher cyto-

followed by ara-C for 24 h followed by PEG-ASNase for 24 h at a
dose ratio of 10:1:0.1). The ICsy values were calculated using the
median effect principle and are reported as dose of 6-TG. The data
show a greater cytotoxic effect of TGAP than of TGA overall

Cell line p53 status 6-TG alone TGA TGAP Fold sensitivity, TGAP vs TGA
HL60/S - 143.2 14.4 8.2 1.8
HL60/SN3 + 90.6 23.6 3.7 6.3
U937 - 2.4x10° 30.9 11.0 2.8
MOLT-4 + 7.3 9.9 1.7 5.7
CEM/0 + 54.7 20.1 1.1 18.4
CEM/ara-C/B + - 15.5 9.2 1.7
CEM/ara-C/1 + 56.1 12.8 9.6 1.3
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Table 2 1Cs, values (uM) of 6-TG, TGA and TGAP in myeloid and
lymphoblastic leukemia cell lines as determined from the trypan
blue dye exclusion cell viability assay following treatment with 6-TG
alone (48 h), with the TGA regimen (6-TG for 24 h followed by ara-

C for 24 h at a dose ratio of 10:1), or with the TGAP regimen (6-TG
for 24 h followed by ara-C for 24 h followed by PEG-ASNase for
24 h at a dose ratio of 10:1:0.1). The ICso values were calculated
using the median effect principle and are reported as dose of 6-TG

Cell line p53 status 6-TG alone TGA TGAP Fold sensitivity, TGAP vs TGA
HL60/S - 102.5 6.7x10°* 0.01* 0.06*
HL60/SN3 + 90.6 0.2 6.6x107* 235.8
U937 - 6.3 1.2 0.1 11.3
MOLT-4 + 0.06 0.1 0.0034 39.2
CEM/0 + 9.8 0.0014* 0.05% 0.03%
CEM/ara-C/B + - 0.2 0.02 15.1
CEM/ara-C/1 + 5.9 0.3 0.1 2.0

“Dose-response graphs of the drug combinations indicate more cytotoxicity with the TGAP regimen

toxicity was observed with the three-drug TGAP regi-
men and with the two-drug TGA regimen than with 6-
TG alone in both myeloid and lymphoblastic leukemia
cell lines. The MTT assay produced median drug con-
centrations (Dm) (equivalent to ICs, concentrations) in
the U937 cell line of 2.4x10°, 30.9 and 11 pM, for 6-TG
alone, TGA, and TGAP, respectively. Since 6-TG was
the highest drug concentration in the combination, the
Dm was the estimated 6-TG concentration in the pres-
ence of the fixed combination ratio of 10:1:0.1.

Drug synergism was determined by a median effect
principle computer program and the results are pre-
sented in Tables 1 and 2. The Dm (ICsy) concentrations
in the MOLT-4 cell line were 7.3, 9.9 and 1.7 pM after
the single-, two- and three-drug treatment, respectively.
The cytotoxicity of the TGA regimen and the TGAP
regimen were p53-independent. The Dm (ICsj) concen-
trations in the p53-null HL60/S cell line were 148.2, 14.4,
and 8.2 pM, after the single-, two- and three-drug
treatment, respectively. The Dm (ICso) concentrations in
the p53-expressing HL60/SN3 cell line were 90.6, 23.6
and 3.7 uM after the single-, two- and three-drug
treatment, respectively. The three-drug TGAP regimen
showed 1.3- to 18-fold greater drug synergism in com-
parison to the two-drug TGA regimen (Table 1).

The trypan blue dye exclusion assay also showed sig-
nificant cytotoxicity of both the two- and three-drug
regimens in myeloid and lymphoblastic leukemia cell
lines (Table 2). The ICs, concentrations in the U937 cell
line were 1.2 and 0.1 pM for the TGA and TGAP regi-
mens, respectively. The ICsq concentrations in the
MOLT-4 cell line were 0.1 and 3.4x10* pM, for the TGA
and TGAP regimens, respectively. The TGAP regimen
showed 11- to 39-fold greater drug synergism in these cell
lines than the TGA regimen. The ICs, values showed that
in the p53-null HL60/S cell line, there was a 17-fold
§reater sensitivity with the TGA regimen (ICsy 6.7x10™

pM) than with the TGAP regimen (ICsy 0.01 pM), as
determined by the median effect principle. However, the
dose-response graphs of these two regimens plotted
against the fraction affected suggested that the TGAP
regimen was more cytotoxic. In the p53-expressing
HL60/SN3 cell line, the TGAP regimen exhibited a 236-
fold greater drug synergism than the TGA regimen with

ICso values of 0.2 pM and 6.6x10°* uM, respectively
(Table 2). The apparent lack of concordance in the 1Csq
values between the MTT and the trypan blue assay could
be explained by the fact that the MTT assay measures
early or mitochondrial membrane changes and the try-
pan blue assay measures late apoptotic (by loss of
membrane integrity) events. In addition, the trypan blue
assay also measures the possible necrotic events induced
by the DNA-damaging drugs, 6-TG and ara-C.

Collateral sensitivity

There was a significant response to the three-drug
TGAP regimen in the ara-C-resistant cell lines (Tables 1
and 2), indicating collateral sensitivity. The CEM/ara-C/
B and CEM/ara-C/I are T-lymphoblastic leukemia cell
lines, which apparently express functional p53 and are
850-fold and greater than 10°-fold, respectively, more
resistant to ara-C than the parent CEM/0 cell line. The
CEM/ara-C/I cell line has a sensitivity to 6-TG similar
to that of CEM/0, with ICs values of 56.1 and 54.7 pM,
respectively (Tables 1 and 2). In the CEM/0 cell line,
treatment with the TGA and TGAP regimens resulted in
1Cso values of 20.1 and 1.1 pM, respectively (Tables 1
and 2). In the CEM/ara-C/B cell line, the same treat-
ments yielded ICsy values of 15.5 and 9.2 uM for TGA
and TGAP, respectively. In the CEM/ara-C/I cell line,
the ICsq values were 12.8 and 9.6 pM, respectively.
There was a 1.3- to 18-fold synergism in these three cell
lines with the TGAP regimen. The TGAP regimen
induced a 0.5- to 1-log;q greater cell kill than the TGA
regimen in the CEM/ara-C/I cell line as determined by
the trypan-blue exclusion assay (Fig. 1).

Apoptosis studies following TGAP treatment

To evaluate apoptosis as the mechanism of cell death,
flow cytometry with annexin-V and PI was performed on
cells following drug treatment. Apoptosis was observed
after a 4-h incubation with ASNase, after 2 h with ara-C
and after 24 h with 6-TG in the HL60 cell lines (data not
shown). The maximum degree of apoptosis was observed
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Fig. 1a, b The CEM/ara-C/I T-cell ALL cell line was treated with
PEG-ASNase alone for 24 h (Q), 6-TG alone for 48 h (W), 6-TG
for 24 h followed by ara-C for 24 h at a dose ratio of 10:1 (O) or 6-
TG for 24 h followed by ara-C for 24 h followed by PEG-ASNase
for 24 h at a dose ratio of 10:1:0.1 (@). Cell viability was
determined by the trypan blue exclusion assay. a Cell viability
expressed as percent of control and transformed statistically by
Probit analysis; b cell survival versus drug concentration. 1Csq
values of the two- and three-drug combinations are one-tenth the
1C5q value of 6-TG used alone. With the three-drug combination of
6-TG + ara-C + PEG-ASNase, there is a 0.5- to 1-log;o greater
cell kill than with the two-drug combination of 6-TG + ara-C

after 24 h exposure to ASNase or ara-C (data not
shown). The duration of drug exposure for the combi-
nation regimens was based on these results.

Following sequential drug exposure, the myeloid cell
lines exhibited an increase in the frequency of apoptotic
cells in comparison with untreated cells. In the FACS
analyses the guidelines from the current flow cytometry
protocols in setting the windows for early or late
apoptotic cell compartments were followed. The control
analyses clearly showed that more than 95% of the
untreated cells were clustered in the lower left quadrant,
indicating that the control cells were negative for both
annexin V and PI (viable cells). These data were verified
by the trypan blue dye exclusion data. The HL60 cell
lines had a higher frequency of apoptotic cells than the
U937 cell line. After sequential treatment with TGA,
18% of HL60/SN3 cells were in early apoptosis and
64% in late apoptosis/necrosis (Table 3). In the HL60/
SN3 cell line the TGAP regimen resulted in 20% of the
cells being in early apoptosis and 69% in late apoptosis/
necrosis. The TGAP regimen resulted in a greater
number of total apoptotic events, 81% versus 89%, in
this cell line (Fig. 2). In the HL60/S cell line, there was
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greater cytotoxicity with the TGA regimen, with 31% of
the cells in early apoptosis and 40% in late apoptosis/
necrosis, whereas the TGAP regimen resulted in 21% of
cells in early apoptosis and 31% in late apoptosis/
necrosis. The myeloid cell line, U937, showed less
apoptosis than other cell lines with the combination drug
treatments with total apoptosis/necrosis of 29% and
22% for the TGA and TGAP regimens, respectively.

The TGA and TGAP regimens were effective in
inducing apoptosis in the ara-C-sensitive and ara-C-
resistant CEM and MOLT-4 lymphoblastic leukemia
cells (Table 3, Fig. 2). In the ara-C-sensitive CEM/0
parent cell line, the sequential treatment with TGA
resulted in 15% of cells in early apoptosis and 25% in
late apoptosis/necrosis. Following treatment with the
TGP regimen, 15% of the cells were in early apoptosis
and 23% were in late apoptosis/necrosis. Following
treatment with the TGAP regimen, 11% of the cells were
in early apoptosis and 24% in late apoptosis/necrosis.
Total apoptotic events were the same following treat-
ment with the TGA, TGP and TGAP regimens (39%,
39% and 35%, respectively). In the ara-C-resistant
CEM/ara-C/I cell line, following treatment with the
TGA regimen, 19% of the cells were in early apoptosis
and 35% in late apoptosis/necrosis. Following treatment
with the TGP regimen, 24% of the cells were in early
apoptosis and 35% in late apoptosis/necrosis, whereas
the TGAP regimen resulted in 19% of cells in early
apoptosis and 38% in late apoptosis/necrosis (total
apoptosis 53% vs 65% vs 58%). MOLT-4 showed
greater apoptosis than the CEM lines with 89%, 74%
and 69% of the cells in total apoptosis/necrosis follow-
ing treatment with the TGA, TGP and TGAP regimens,
respectively.
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Table 3 Apoptosis following treatment with drug combinations.
FACS analysis with annexin-V and PI of lymphoblastic and my-
eloid leukemia cell lines following sequential treatment with 10 pM
6-TG, 10 uM ara-C, and 1 IU/ml PEG-ASNase. The results are
expressed as percent of events counted. The TGA combination

regimen consisted of 6-TG (24 h) followed by ara-C (24 h), the
TGP regimen consisted of 6-TG (48 h) followed by PEG-ASNase
(4 h), and the TGAP regimen consisted of 6-TG (24 h) followed by
ara-C (24 h) followed by PEG-ASNase (4 h) (one event = one cell)

Cell line Drug treatment Treatment duration (h) Unstained cells Early apoptosis Early + late apoptosis
(% of total events) (% of total events)® (% of total events)®

HI60/SN3 TGA 48 18 18 81

TGAP 52 10 20 89
HL60/S TGA 48 28 31 70

TGAP 52 37 21 51
U937 TGA 48 63 3 29

TGP 52 82 3 17

TGAP 52 72 4 22
MOLT-4 TGA 48 10 19 89

TGP 52 26 13 74

TGAP 52 30 23 69
CEM/0 TGA 48 60 15 39

TGP 52 60 15 39

TGAP 52 64 11 35
CEM/ara-C/1 TGA 48 46 19 53

TGP 52 35 24 65

TGAP 52 41 19 58
#Annexin V-positive and PI-negative quadrant
®Annexin V-positive and PI-positive quadrant
Fig. 2a—f Determination of b. HL60Q/SN3 c. Uos7

apoptosis by flow cytometry
with annexin V and PI in
various leukemia cell lines

(a HL60/S, b HL60/SN3, ¢
U937, d MOLT-4, e CEM/0, f
CEM/ara-C/I) following treat-
ment with TGAP. Cells were
treated with 10 uM 6-TG (24 h)
followed by 10 puM ara-C (24 h)
followed by 1 IU/ml
PEG-ASNase (4 h)
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Expression of p53 and bcl-2 oncoproteins

To characterize the mechanisms of apoptosis following
treatment with combination drug regimens, we com-
pared the levels of the proapoptotic protein p53 in leu-
kemia cells with and without drug exposure.

We treated the p53-expressing HL60/SN3, MOLT-4,
CEM/0 and CEM/ara-C/I cell lines with 10 pM 6-TG
(24 h, 52 h), 10 uM ara-C (8 h, 28 h) or 1 IU/ml PEG-
ASNase (4 h, 24 h) alone or in combination. The two-
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and three-sequential drug combinations were the TGA,
TGP, and TGAP regimens as defined above. The
reduced duration of exposure was necessary to have
sufficient numbers of cells after treatment(s) for nuclear
extraction. P53 and bcl-2 protein concentrations were
determined as described in Materials and methods. The
negative control values for p53 averaged (mean=SD)
0.13+0.007 ng/10° cells (%CV 5.6%), 0.26+0.026 ng/
10° cells (%CV 10.1%), 1.95+0.025 ng/10° cells (%CV
2.46%) and 1.18+0.29 ng/10° cells (%CV 25.2%) for



the HL-60/SN-3 MOLT-4, CEM/0 and CEM/ara-C/I
cell lines, respectively. The negative control of bcl-2
oncoprotein averaged (mean=+SD) 182+22.67, 725.5+
642.1, 108.5+5.7, and 132.6+ 6 U/10° cells for the HL-
60/SN3, MOLT-4, CEM/0, and CEM/ara-C/I cell lines,
respectively. P21 was expressed in low quantities in all
cell lines that expressed p53.

Following treatment with single drugs, the upregu-
lation of p53 in four human leukemic lines was depen-
dent upon the duration of drug exposure with an overall
increase in p53 protein seen after 52 h of 6-TG, 28 h of
ara-C, and 4 h of PEG-ASNase exposure in comparison
with control untreated cells (Fig. 3). A 0.7- to 1.4-fold
change over the untreated control values in the p53
protein concentration was observed following a 52-h
exposure to 6-TG, with p53 increased in the HL60/SN3,
MOLT-4 and CEM/0 cell lines. P53 was decreased in the
CEM/ara-C/I cell line after 6-TG treatment (Fig. 3a).
P53 was uniformly increased in all the cell lines by 1.92-
to 2.67-fold following a 28-h exposure to ara-C
(Fig. 3b). Upregulation of p53 by PEG-ASNase was
seen after a 4-h exposure in the MOLT-4 and CEM/ara-
C/I cell lines, but was not seen until after a 24-h expo-
sure in the HL60/SN3 cell line. In the CEM/0 cell line,
p53 levels decreased after treatment with PEG-ASNase
(Fig. 3c). Prolonged exposure to PEG-ASNase resulted
in a decrease in the p53 protein level in MOLT-4 and
CEM cell lines, probably due to inhibition of protein
synthesis. Bcl-2 was downregulated following prolonged
exposure to 6-TG and PEG-ASNase in MOLT-4 and
CEM cell lines and appeared to be independent of the
p53 status.

The p53 protein levels in the HL60/SN3 cell line were
increased by all the combination regimens (Fig. 4). The
largest increases in p53 protein levels were observed after
treatment with the TGA regimen and the TGAP regi-
men as compared to untreated control cells. The p53
protein levels were increased after treatment with the
TGP regimen only in the MOLT-4 and CEM/0 cell lines
and increased with TGA only in the CEM/ara-C/I cell
line. Changes in the bcl-2 protein levels were variable in
the CEM/0 and CEM/ara-C/I lines (Fig. 4). The bcl-2 to
p53 ratio in the leukemic cells decreased by 30% to 61%
in the HL60/SN3 and MOLT-4 cells overall. The bcl-2
to p53 ratio was lowest after treatment with the TGA
regimen (58% and 61% for HL60/SN3 and MOLT-4,
respectively), and after treatment with the TGAP regi-
men (44% and 49%, respectively; Table 4). The bcl-2 to
p53 ratio decreased slightly after treatment with the
TGP regimen only in the CEM/O0 cell line and with the
TGA regimen only in the CEM/ara-C/I cell line.

Discussion

Combination regimens with nucleoside analogs and
other classes of antineoplastic drugs have been the cor-
nerstone of antileukemic therapies [5, 7, 15, 19, 25, 49].
The sequence-specific combination of 6-MP followed by
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Fig. 3a—¢ Expression of p53 and bcl-2 proteins following single
drug treatments. The p53 protein levels in leukemia cells with or
without drug exposure were compared. The p53-expressing HL60/
SN3, MOLT-4, CEM/0 and CEM/ara-C/I cell lines were treated
with (a) 10 uM 6-TG, (b) 10 pM ara-C or (¢) 1 IU/ml PEG-
ASNase. The upregulation of p53 was dependent upon the duration
of drug exposure with overall increases in p53 protein seen after
52h of 6-TG, 28 h of ara-C, and 4 h of PEG-ASNase in
comparison with untreated control cells. Bcl-2 was downregulated
following prolonged exposure to 6-TG and PEG-ASNase in
MOLT-4 and CEM cell lines and appeared to be independent of p53
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Fig. 4 Expression of p53 and
bel-2 proteins following treat- B -
ment with the TGA regimen
(10 pM 6-TG for 16 h +

10 pM ara-C for 8 h), the TGP
regimen (10 pM 6-TG for 20 h
+ 1 IU/ml PEG-ASNase for

4 h), or the TGAP regimen

(10 pM 6-TG for 16 h +

10 uM ara-C for4 h + 1 IU/ml
PEG-ASNase for 4 h). Total
treatment duration was 24 h,
with controls (untreated cells)
obtained after 24 h of growth.
P53 and bcl-2 protein concen-
trations were determined utiliz-
ing commercially available
antibodies in an antibody-
antigen sandwich ELISA as
described in Materials and
methods

Fold Change in Protein Concentration

Table 4 P53 and bcl-2 protein concentrations in p53-expressing
cell lines (HL60/SN3, MOLT-4, CEM/0 and CEM/ara-C/l) after
treatment with the TGA, TGP or TGAP combination regimens.
The TGA regimen consisted of 6-TG (16 h) followed by ara-C
(8 h), the TGP regimen of 6-TG (20 h) followed by PEG-ASNase

| p53
M bcl-2

0
':P@}& ,\a‘h ‘\é ‘\(f bééa\ ‘\{? «‘:} 4‘}3 (_,4\6& ’6’?— '\é«(}g (#56& ‘\@ ‘\é ,..\('l"g

HLGO/SN3 MOLT-4 CEM/O CEM/ara-C/l

(4 h), and the TGAP regimen of 6-TG (16 h) followed by ara-C
(4 h) followed by PEG-ASNase (4 h). The p53 and bcl-2 proteins
were quantitated by ELISA. One bcl-2 unit is the amount of bcl-2
protein found in 5.6x10* HL60 cells (Bcl-2 ELISA protocol)

Cell line Drug treatment  Treatment duration (h) P53 protein (ng/10° cells)  Bcl-2 protein (U/10° cells) Bcl-2/p53 ratio
HL60/SN3 Vehicle control 24 0.14 1152.0 8228.5
TGA 24 0.36 1197.6 3327
TGP 24 0.24 1353.9 5641
TGAP 24 0.36 1642.4 4562
MOLT-4 Vehicle control 24 0.26 725.5 2790.4
TGA 24 0.24 262.5 1094
TGP 24 0.40 766.6 1916.5
TGAP 24 0.18 255.6 1420
CEM/0 Vehicle control 24 1.95 108.5 56
TGA 24 1.63 224.7 138
TGP 24 2.83 127.6 45
TGAP 24 1.55 277.8 179.2
CEM/ara-C/1 Vehicle control 24 1.18 132.6 112.3
TGA 24 1.63 176.6 108.3
TGP 24 0.85 823.6 969
TGAP 24 0.11 209.7 1906.4

ara-C has synergistic antileukemic effects in the CEM
human T-cell ALL cell lines, sensitive and resistant to
ara-C [39, 49]. These studies demonstrated collateral
sensitivity by increasing the ara-CTP concentration and
led to the development of a phase I clinical trial with
intravenous 6-MP followed by a continuous infusion of
ara-C in pediatric patients with relapsed ALL and
ANLL and non-Hodgkin’s lymphoma with bone mar-
row involvement [48, 49]. The success of 6-MP plus ara-
C in the in vitro studies has been translated into the
clinical setting, with a 37% overall response rate and
80% of responding patients showing a CR [49]. The
molecular mechanism by which 6-MP could contribute
to cytotoxicity has been suggested to be via its DNA
hypomethylation ability as was reported previously [19,
30]. Therefore, 6-MP anabolites have the potential to

augment ara-C activation to ara-CTP [48]. The Capizzi
IT regimen utilizes the synergism between ara-C, an
S-phase DNA-damaging agent, and E. coli ASNase, a
protein inhibitor which may inhibit proteins responsible
for the repair of DNA damaged by ara-CTP [14, 15, 16].

Since the intravenous preparation of 6-MP is no
longer available and since oral 6-TG provides higher
levels of intracellular TG nucleotides than an isotoxic
dose of oral 6-MP [31], we investigated the potential
synergism of the TGAP regimen in both myeloid (HL60,
U937) and lymphoblastic (CEM, MOLT-4) leukemia
cell lines. In addition, we evaluated the potential col-
lateral sensitivity of the TGAP regimen in T-cell leuke-
mia cell lines with different degrees of resistance to
ara-C, the CEM/ara-C/B and CEM/ara-C/I cell lines.
These cell lines are 850-fold and greater than 10°-fold,



respectively, more resistant to ara-C than the CEM/0
parent cell line. They were developed in our laboratory
with repeated doses of ara-C, and are theoretical models
representing the relapsed leukemia patient population
[35].

There was significant activity of the TGAP regimen in
ara-C-resistant lymphoblastic leukemia cell lines, dem-
onstrating collateral sensitivity with ara-C. In particular,
in the CEM/ara-C/I cell line, which is over 10°-fold
resistant to ara-C, there was over 1-logq cell kill with a
submicromolar dose of ara-C in combination with a
submicromolar dose of 6-TG followed by PEG-ASNase
(Fig. 1b). This three-drug combination at doses of
10 uM 6-TG plus 1 uM ara-C plus 0.1 IU/ml PEG-
ASNase resulted in greater than 80% cell kill with re-
spect to untreated control cells. Even at relatively low
concentrations of the three drugs, significant cytotoxic-
ity was achieved. These concentrations have been
achieved in patients. Since all three drugs have different
mechanisms of action, there was less likelihood that
cross-resistance could have developed [1, 4, 22].

Leukemia cells at diagnosis appear to express func-
tional p53 with a low rate (2-10%) of mutations [53, 54].
Leukemia cells from relapsed patients, however, have a
much higher rate of mutations (up to 50%) which may
explain in part the poor outcome of relapsed patients to
subsequent therapies with p53-dependent mechanisms
[24, 34, 44, 53, 54]. Thus, mutations in p53 leading to
inactivation of the protein may be associated with
resistance to chemotherapy and decreased survival of
patients with hematological malignancies [23, 54].

Bcl-2, an antiapoptotic protein, is expressed in most
leukemias, lymphoblastic and myeloid [10, 18]. High
expression of the protein may protect cells from drug-
induced apoptosis and confer resistance to chemother-
apy [13]. However, bcl-2 levels alone do not predict
clinical response in ALL and ANLL [41, 51]. Thus, the
ratio of bcl-2 to p53 may be a more important molecular
parameter in predicting leukemic cell survival or apop-
totic death where a high or increasing bcl-2 to p53 ratio
would favor cell survival and a low or decreasing ratio
would favor apoptosis.

There was little difference in the cytotoxicity of
10 uM 6-TG between p53-null and p53-expressing HL60
cells after exposure for 24 h (data not shown). However,
after exposure for 48 h, a difference could be seen, with
more cytotoxicity in the p53-expressing HL60/SN3 cells.
The upregulation of p53 on exposure to 6-TG occurred
after 24 h in the HL60/SN3 cell line and occurred after
more than 48 h in leukemic cell lines constitutively ex-
pressing pS53, i.e. MOLT-4 and CEM (Fig. 3). This is in
agreement with the observation of Morgan et al. that
DNA fragmentation occurs after 24 h exposure to 6-TG
in HL60 cells but not in CEM cells [37].

Downregulation of bcl-2 was seen in the MOLT-4
and CEM/0 cell lines beginning 24 h after exposure to
10 uM 6-TG, but was more pronounced after 52 h of
exposure (Fig. 3). Downregulation of bcl-2 on exposure
to 1 IU/ml PEG-ASNase was observed after 4 h in the
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HL60/SN3, MOLT-4 and CEM/0 cell lines and the
protein concentration was not significantly changed at
24 h. The effect of 10 uM ara-C on bcl-2 protein levels
was variable. A decrease in the protein levels was seen
after 24 h exposure in CEM/0 cell line, but not in the
MOLT-4 or HL60/SN3 cell lines, the p53-expressing cell
lines. This was likely due to the high cytotoxicity of ara-
C at a dose of 10 pM in these cell lines (Tables 1 and 2).

The collateral sensitivity seen with the two- and three-
drug combination regimens in the ara-C-resistant cell
lines CEM/ara-C/B and CEM/ara-C/I suggests that the
addition of 6-TG could reverse ara-C resistance. In ad-
dition to other modes of development of resistance to
ara-C, resistance could also arise from the drug’s ability
to induce DNA hypermethylation and inactivate dCk,
the enzyme catalyzing the rate-limiting step in the con-
version of ara-C to its active metabolite [4, 5, 19, 21, 43,
47]. It has been shown that demethylating agents such as
5-aza-cytidine (5-aza-C), can reactivate dCk expression
and reverse ara-C resistance [5]. Both 6-MP and 6-TG
also have the ability to resensitize ara-C by hypo-
methylating DNA and allowing increased intracellular
conversion of ara-C to ara-CTP, the active metabolite,
resulting in an increased cytotoxic effect [5, 30, 48]. The
addition of PEG-ASNase to 6-TG and ara-C allowed an
independent mechanism of cell killing to enhance cyto-
toxicity and possibly lessen the development of further
drug resistance in these cell clones. This is a separate
mechanism for drug synergism than the one determined
for the fludarabine plus ara-C-containing regimens [6,
19, 25]. Thiopurines do not appear to inhibit ribonu-
cleotide reductase and they do not deplete dCTP as does
fludarabine [25, 40]. However, thiopurines decrease
DNA methylation [30, 43].

DNA hypermethylation occurs in the promoter
region of many genes including dCk, which then become
“silenced” [5, 43]. Agents such as 5-aza-C and thiopu-
rines cause DNA hypomethylation thus, allowing re-ex-
pression of dCk in ara-C-resistant leukemic cells [5, 48].
Re-expression of cytosolic dCk increases the cellular ara-
CTP concentration by approximately fivefold after
treatment with 6-MP followed by ara-C [48]. The dif-
ferences in the mechanisms of drug synergism between
fludarabine plus ara-C and 6-MP plus ara-C has been
demonstrated clinically in relapsed pediatric patients
with leukemias: CR was reinduced in patients in relapse
from fludarabine plus ara-C regimens with 6-MP plus
ara-C [49]. Future investigations will examine DNA hy-
pomethylation of ara-C by 6-TG in the TGAP regimen.

Overall, our present findings suggest that TGAP is a
better combination regimen in inducing drug synergism
in ara-C-resistant cell lines than found in previous
studies on the combination of 6-MP plus ara-C or 6-MP
plus ara-C plus PEG-ASNase [39, 48]. The flow cy-
tometry analyses demonstrated that following TGAP
treatment, cells of all cell lines sensitive and refractory to
ara-C underwent apoptotic cell death. Therefore, these
studies strongly indicate that the three-drug combina-
tion of TGAP has a significant drug synergistic anti-
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leukemic effect in both p53-null and p53-expressing cell
lines and reverses ara-C resistance. These results support
the clinical use of this combination in relapsed leukemia,
of which approximately 50% of cases have functional
p53. A pilot phase I clinical trial is currently in progress
at our institution using of oral 6-TG followed by ara-C
continuous infusion followed by intramuscular injection
of ASNase in pediatric patients with relapsed or
refractory leukemias.
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