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In vitro profiling of the sensitivity of pediatric leukemia cells to tipifarnib:
identification of T-cell ALL and FAB M5 AML as the most sensitive subsets

Bianca F. Goemans, Christian M. Zwaan, Amy Harlow, Anne H. Loonen, Brenda E. S. Gibson, Karel Hahlen, Dirk Reinhardt,
Ursula Creutzig, Michael C. Heinrich, and Gertjan J. L. Kaspers

Although the prognosis of pediatric leuke-
mias has improved considerably, many
patients still have relapses. Tipifarnib, a
farnesyl transferase inhibitor (FTI), was
developed to target malignancies with
activated RAS, including leukemia. We
tested 52 pediatric acute myeloid leuke-
mia (AML) and 36 pediatric acute lympho-
blastic leukemia (ALL) samples for in
vitro sensitivity to tipifarnib using a total
cell-kill assay and compared these results
to those obtained with normal bone marrow

(N BM) samples (n = 25). AML samples
were significantly more sensitive to tipi-
farnib compared to B-cell precursor ALL
(BCP ALL) or N BM samples. Within
AML, French-American-British (FAB) M5
samples were most sensitive to tipifarnib.
T-cell ALL samples were significantly
more sensitive than BCP ALL and N BM
samples. In AML there was a marked correla-
tion between tipifarnib resistance and
daunorubicin or etoposide resistance, but
not to cytarabine or 6-thioguanine. RAS mu-

tations were present in 32% of AML and 18%
of ALL samples, but there was no correla-
tion between RAS mutational status and
sensitivity to tipifarnib. Future studies are
needed to identify biomarkers predictive of
tipifarnib sensitivity. In addition, clinical stud-
ies, especially in T-cell ALL, seem war-
ranted. (Blood. 2005;106:3532-3537)
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Introduction

Although the prognosis of pediatric acute lymphoblastic leukemia
(ALL) and acute myeloid leukemia (AML) has improved consider-
ably over the past 20 years, many patients still have relapses.
Therefore, further improvements in treatment are important. The
success of imatinib in the treatment of chronic myelogenous
leukemia has led to enthusiasm for the development of novel agents
that target signaling abnormalities found in leukemic cells. One
such agent is tipifarnib (Zarnestra), an orally available nonpeptido-
mimetic farnesyl transferase inhibitor (FTI), specifically developed
to target RAS-driven malignancies.!

The RAS gene family consists of 3 G-proteins: neuroblastoma
RAS (NRAS), Kirsten RAS (KRAS), and Harvey RAS (HRAS).?
The RAS proteins are important in relaying proliferation and
survival signals from cell-membrane receptors to intracellular
signal-transduction pathways. Mutations in exon 1 and 2 of RAS
family genes induce constitutive activation of RAS-mitogen-
activated protein kinase (MAPK) signaling and have been identified in
numerous malignancies, including hematologic malignancies such as
AML.>* Mutations of NRAS or KRAS are found in 13% to 20% of cases
of adult AML.>7 In addition, RAS mutations occur in approximately
15% of pediatric patients with AML and ALL.%'> Mutations in HRAS
have never been detected in pediatric AML or ALL samples.®1416 Tn

addition to mutated RAS, signaling from other leukemia-associated
oncoproteins such as KIT or fms-related tyrosine kinase 3 (FLT3) are
dependent, in part, on signaling via the RAS-MAPK pathway. There-
fore, FTIs might be effective in inhibiting proliferation and survival of
leukemic cells with oncogenic events upstream of RAS or directly
involving RAS family members.

RAS is synthesized as a precursor protein that needs several
posttranslational modifications to become functional, including
prenylation.! Prenylation is catalyzed by 3 different enzymes,
farnesyl protein transferase (FPTase), geranylgeranyl transferase
type I (GGTase I), and geranylgeranyl transferase type II (GGTase
II). Farnesylation is the dominant class of posttranslational modifi-
cation required for proper RAS function.!” Notably, the addition of
a farnesyl group is essential for proper intracellular localization of
RAS to the inner surface of the cell membrane. Nonprenylated
RAS cannot function in intracellular signaling. FTIs were devel-
oped to inhibit this process and thus interfere with the function
of RAS. One such FTI is tipifarnib, which was previously known
as R115777.

Tipifarnib is currently being evaluated in phase 2 and 3 clinical
studies for many different malignancies, including hematologic
malignancies. In the original phase 1 study in high-risk leukemias
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(AML, ALL, and chronic myeloid leukemia [CML]), 29% of
patients responded, including 2 of 34 patients who reached
complete response (CR) and toxicities were acceptable with
neurotoxicity as the dose-limiting toxicity.'® None of the patients
included in the phase 1 trial harbored a RAS mutation. In a large
phase 2 study in untreated elderly patients with AML, CR was
obtained in 18%, and an additional 16% of patients obtained a
partial response (PR).!?

In this study, we show that pediatric AML and T-cell ALL
(T-ALL) cells have a similar sensitivity to tipifarnib, and both are
more sensitive to tipifarnib in vitro than pediatric B-cell precursor
(BCP) ALL or normal bone marrow (N BM) mononuclear cells.
Within AML, French-American-British (FAB) M5 samples were
most sensitive. Patient samples that were resistant to tipifarnib
were also resistant to etoposide or daunorubicin, but not to
cytarabine or 6-thioguanine. However, tipifarnib sensitivity did not
correlate with the RAS mutational status of the samples. In fact,
blasts with a RAS mutation may either be sensitive or resistant to
tipifarnib. Future studies are needed to identify biomarkers predic-
tive of tipifarnib sensitivity.

Patients, materials, and methods

Patient samples

BM or peripheral-blood (PB) samples from 113 children (= 18 years of
age) were successfully tested for tipifarnib sensitivity using the methyl-
thiazol-tetrazolium (MTT) assay. This group consisted of 52 samples from
patients with newly diagnosed AML (35 BM and 17 PB samples), 36 with
newly diagnosed ALL (27 BM and 9 PB samples), and 25 healthy children
(all BM samples). The patient characteristics are presented in Table 1. The
samples from healthy children were from children who underwent elective
anesthesia for an ophthalmologic procedure with informed consent accord-
ing to the Declaration of Helsinki. The study was approved by the Medical
Ethical Committee of our hospital as well as by the Dutch Central
Committee for Medical Research in Humans. Three collaborative groups
participated in this study: the AML-Berlin-Frankfurt-Miinster Study Group
(AML-BFM-SG; Miinster, Germany), the MRC Childhood Leukaemia
Working Party (Glasgow, United Kingdom), and the Dutch Childhood
Oncology Group (DCOG; The Hague, The Netherlands). All study groups

Table 1. Clinical characteristics of the patients included
in this study

AML ALL N BM
No. of patients 52 36 25
Sex, % male 62 66 56
Age, y, median (p25-p75) 9.6 (3.2-12.5) 5.4 (2.6-8.4) 8.1 (6.3-11.8)

WBC count, X 109L,
median (p25-p75)

FAB classification, no.

MO

M1

M2

M3

M4

M5

M7

Unavailable
Immunophenotype

BCP ALL 25 —

T-cell ALL 11 —

58.0 (19.0-157.0)  55.5 (6.4-193.0) —

- o
A = 20~ O BADN
|
|

The p25-p75 indicates 25th to 75th percentile. WBC indicates white blood cell;
FAB, French-American-British morphology classification; BCP, B-cell precursor.
— indicates not applicable.
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performed central review of the diagnosis, classification, and clinical
follow-up of the patients.

Drug resistance testing

Mononuclear cells were isolated by density gradient centrifugation with
Ficoll Isopaque (both for the leukemic as well as the N BM samples). In the
leukemic samples, when the blast percentage was low (< 80%) as
determined by May-Griinwald-Giemsa (MGG) staining, contaminating
Iymphocytes were removed using immunomagnetic beads.?0 Cellular drug
resistance was measured using the MTT assay, a 4-day total cell-kill assay,
as described before.2!?2 Results from BM and PB samples were evaluated
together because this does not influence the results of in vitro drug-
resistance testing.?!->3 Tipifarnib (kindly provided by Johnson & Johnson
R&D, Titusville, NY) was dissolved in dimethyl sulfoxide (DMSO) and
diluted further using culture medium (maximum final DMSO concentration
0.1%). Tipifarnib was tested in 6 different concentrations, in duplicate, with
a concentration range of 0.008 to 25 pg/mL. The concentration range was
established empirically, providing the best dose-response curves. The
median coefficient of variation for the duplicates was below 10%. In the
AML samples a panel of 4 different drugs was tested in addition to
tipifarnib, including those frequently used in AML treatment (range of
concentrations): etoposide (0.05-50 wg/mL), cytarabine (0.002-2.5 pg/
mL), 6-thioguanine (1.56-50 pwg/mL), and daunorubicin (0.002-2 pg/mL).
For ALL samples prednisolone (0.008-250 pg/mL), vincristine (0.05-50
pg/mL), and L-asparaginase (0.003-10 IU/mL), commonly used drugs in
the treatment of ALL, were tested in addition to tipifarnib.

Isolated cells (AML, 0.8-1.0 X 10%well; ALL, 2.0 X 10%well) were
exposed to the selected drugs. Four wells contained only culture medium
and 6 wells contained culture medium with cells to determine the control
cell survival (CCS). After 4 days of culture, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (Sigma, Saint Louis, MO) was added and
cells were incubated for another 6 hours. After 6 hours, formed formazan
crystals were dissolved using acidified isopropanol. The colored product
was measured spectrophotometrically at 560 and 720 nm. The optic density
(OD) is linearly related to the number of viable cells. Cytotoxicity was
calculated at each drug concentration by the equation: (OD treated
well/mean OD control wells) X 100% after correction for the background
OD of the wells with culture medium only. Results were considered
evaluable only if (1) the control wells contained equal to or more than 70%
leukemic cells after 4 days of culture (determined by morphology after
MGG staining); (2) if the mean OD, after correction for background, at day
4 exceeded 0.05 arbitrary units; and (3) when the LCs, duplicates of one
patient were within the same dilution step. The LCsy value, the drug
concentration that kills 50% of the leukemic cells, was used as a measure of
resistance.

Mutation detection

After isolation of the blasts, cytospin slides were prepared and stored at
—20°C. After thawing, gDNA was extracted by rehydrating the slides and
purifying the DNA using the QiaAmp DNA Mini Kit (Qiagen, Valencia,
CA). Mutational analysis of NRAS and KRAS was possible in 44 newly
diagnosed AML samples and 22 newly diagnosed ALL samples. The other
samples could not be tested due to lack of cells.

For NRAS and KRAS mutation detection, the purified DNA was
subjected to 45 cycles of polymerase chain reaction (PCR) using the
High-Fidelity PCR System (no. 1732078; Roche, Basel, Switzerland). A
nested PCR was performed in cases of low amplification yield. Primers and
conditions were described in detail before.!!?* For the nested PCR, 1 wL of
the initial PCR product was used as template for the nested PCR and
amplified an additional 25 cycles. Negative controls were included in every
set of amplifications. For nested PCRs, 1 pL of the negative control (water
only) from the first-stage PCR was amplified as an additional negative
control. Aliquots of the final PCR were screened for mutations on a
Transgenomic WAVE high-performance liquid chromatography (HPLC)
system (D-HPLC; Transgenomic, Omaha, NE) by running an HPLC under
nondenaturing conditions and partially denaturing conditions. D-HPLC—
detected mutations were confirmed by 2 methods: (1) reamplification of the
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Figure 1. In vitro tipifarnib sensitivity of untreated ALL cells and N BM cells as
measured with a total cell-kill assay. Results are depicted in LCs values (p.g/mL),
the concentration of tipifarnib needed to kill 50% of the cells. Each symbol represents
the LCsp value of an individual sample; the horizontal line depicts the median LCsq
value. Within AML, samples classified as FAB M5 AML are more sensitive to tipifarnib
in vitro than other AML samples (P = .021). Within ALL T-ALL samples are more
sensitive to tipifarnib in vitro than BCP ALL samples (P = .029). BCP ALL and N BM
cells are relatively resistant to tipifarnib in vitro when compared to AML blasts (BCP
ALL versus AML P = .01, N BM versus AML, P < .001). *Statistically significant at
P < .05 level. Non-FAB M5 indicates all FAB types other than FAB M5.

exon and repeat D-HPLC analysis on a different day, and (2) bidirectional
sequence analysis on an ABI 377 sequencer using the BigDye terminator kit
(Applied Biosystems, Foster City, CA).

Statistical analysis

To assess differences in the distribution of continuous data, the nonparamet-
ric Mann-Whitney U test was used. P = .05 was considered statistically
significant (2-tailed test). The correlation between resistance to tipifarnib
and resistance to other frequently used cytotoxic drugs was analyzed using
the Spearman correlation coefficient (rtho). P = .05 was considered statisti-
cally significant (2-tailed test).

Results
Sensitivity to tipifarnib

A total of 88 pediatric acute leukemia samples were successfully
tested using the MTT assay to determine sensitivity to tipifarnib.
Tipifarnib cytotoxicity was dose-dependent in the concentration
range tested. There were large interindividual differences in
tipifarnib sensitivity, that is, LCsy values ranged from 0.18 to more
than 25 pg/mL (140-fold). The tipifarnib median LCs, values and
ranges in the different subgroups are depicted in Figure 1.

AML samples were more sensitive to tipifarnib compared to
BCP ALL samples (2.8-fold, median LCs, 3.1 versus 8.8 pg/mL;
P = .01; Figure 1). Within AML, FAB M5 samples were more
sensitive to tipifarnib than samples with other FAB types (1.7-fold,
median LCsg, 2.2 versus 3.7 wg/mL; P = .021; Figure 1). Within
ALL, T-ALL samples were more sensitive to tipifarnib than BCP
ALL (4.2-fold, median LCsy, 2.1 versus 8.8 pwg/mL; P = .029;
Figure 1). There was no statistically significant difference in
sensitivity to tipifarnib between T-ALL samples and AML samples
(median LCsg, 2.1 versus 3.1 pg/mL; P = .36).

Bone marrow mononuclear cells from 25 healthy children were
tested and these samples were more resistant to tipifarnib when
compared to AML samples (2-fold, median LCsy, 6.1 versus
3.1 pg/mL; P < .001) and T-ALL samples (2.9-fold, median LCsy,
6.1 versus 2.1 pg/mL; P =.001). There was no statistically
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significant difference in sensitivity to tipifarnib between N BM and
BCP ALL samples (median LCsg, 6.1 versus 8.8 pg/mL; P = .49).

Is tipifarnib resistance associated with resistance
to conventional cytotoxic drugs?

In addition to the novel agent tipifarnib, most samples were also
tested for sensitivity to conventional cytotoxic drugs. In samples in
which both tipifarnib and the conventional drug were tested, we
analyzed whether tipifarnib resistance was correlated to resistance
to other drugs, using the Spearman rho correlation coefficient.
Within the AML samples tested, there was a marked correlation
between tipifarnib resistance and resistance to etoposide (p = 0.53,
P <.001) or daunorubicin (p = 0.62, P < .001), whereas there
was only a weak correlation between resistance to tipifarnib and
resistance to cytarabine (p = 0.36, P = .01) or 6-thioguanine
(p = 0.32, P = .03; Table 2).

Within ALL there was no correlation between resistance to
tipifarnib and resistance to vincristine (p = 0.009, P = .96),
L-asparaginase (p = 0.003, P = .99), or prednisolone (p = —0.35,
P = .05; Table 2). Among samples with T-ALL or BCP ALL, there
was no correlation between resistance to tipifarnib and resistance to
vincristine, L-asparaginase, or prednisolone (data not shown).

RAS mutations and tipifarnib sensitivity

We were able to examine NRAS and KRAS mutations in 44 newly
diagnosed AML samples and 22 newly diagnosed ALL samples.
Overall, 14 of 44 AML (32%) and 4 of 22 ALL (18.2%) samples
had a RAS mutation. NRAS mutations (9 of 44, 20.5%) were more
frequent than KRAS mutations (5 of 44, 11.4%) in AML, whereas
there was no difference in the incidence of NRAS (2 of 22, 9.1%)
and KRAS (2 of 22, 9.1%) mutations in ALL. We hypothesized that
tipifarnib might have greater activity against leukemic cells with
mutated NRAS or KRAS. We therefore compared the in vitro
sensitivity to tipifarnib in patient samples with and without RAS
mutations. The median LCs, values and ranges for AML samples
with and without RAS mutations are depicted in Figure 2A. There
were no statistically significant differences in the in vitro sensitivity
to tipifarnib between AML samples with and without RAS muta-
tions (median LCsg, 3.5 versus 2.4 pg/mL, P = .24). Not only was
there no difference in the median LCs, value, but both RAS mutated
and wild-type subgroups contained samples that were relatively
sensitive or resistant compared with the median. There was no

Table 2. Correlation between in vitro intrinsic resistance
to tipifarnib and resistance to other cytotoxic drugs
in untreated pediatric AML and ALL samples

Median LCs value,

pg/mL (p25-p75) Spearman p* P No.

AML
Tipifarnib 3.1 (1.58-5.45) — — 52
Daunorubicin 0.17 (0.10-0.30) 0.62 < .001 50
Etoposide 2.99 (1.64-8.0) 0.53 < .001 49
Cytarabine 0.37 (0.13-0.67) 0.36 .01 50
6-Thioguanine 5.0 (2.94-7.65) 0.32 .03 49

ALL
Tipifarnib 4.8 (1.87-10.4) — — 36
Prednisolone 0.32 (0.05-6.2) -0.35 .05 32
Vincristine 0.70 (0.13-6.7) 0.009 .96 32
L-Asparaginase 0.14 (0.03-0.94) 0.003 .99 32

— indicates not analyzed.
*Spearman p correlation coefficient for the correlation between tipifarnib resis-

tance and resistance to the other tested drug.
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Figure 2. The relationship between in vitro tipifarnib sensitivity and RAS
mutational status in pediatric untreated AML and ALL samples. In vitro tipifarnib
test results are depicted in LCso values (n.g/mL), the concentration of tipifarnib
needed to kill 50% of the cells. Each symbol represents the LCsq value of an individual
sample; the horizontal line depicts the median LC50 values. RAS mutational status is
stated as either absence (wild-type RAS) or presence (RAS mutated). RAS mutated
samples comprise mutations in either NRAS or KRAS, which are also depicted
separately. (A) There were no differences in in vitro tipifarnib sensitivity between
pediatric AML patients with and without RAS mutations (P = .20). In addition, there
was no difference in sensitivity to tipifarnib between NRAS and KRAS mutated AML
samples (P = .24). (B) There was no difference in in vitro tipifarnib sensitivity
between RAS mutated ALL samples and wild-type RAS ALL samples. There were
only 2 patients in both the NRAS and KRAS mutated subgroups.

difference in tipifarnib sensitivity between NRAS and KRAS
mutated AML blasts (3.2 versus 4.9 pg/mL; P = .24).

Only 4 samples in the ALL cohort screened had an RAS
mutation (Figure 2B). The 4 ALL samples with RAS mutations
appeared more sensitive to tipifarnib than the 18 ALL samples
without a RAS mutation (median LCs, 3.8 versus 8.5 pwg/mL), but a
meaningful statistical analysis was not possible because of the low
number of samples with RAS mutations. Because KRAS or NRAS
mutations were each found in only 2 patients, we cannot draw
conclusions concerning differences in sensitivity between NRAS or
KRAS mutated ALL samples and ALL samples with wild-type
NRAS and KRAS genes.

Discussion

In this study, we determined the tipifarnib sensitivity of pediatric
leukemic samples and N BM mononuclear cells. Tipifarnib was
initially developed as a targeted drug, interfering with the function
of RAS. RAS is involved in the development and progress of many
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malignancies including leukemia. RAS acts as a cellular switch that
normally is activated in response to other molecular events such as
ligand-dependent activation of growth factor receptors (eg, FLT3).
In human cancer cells, RAS can either be activated by overexpres-
sion of these receptors or by oncogenic gain-of-function tyrosine
kinases (eg, BCR-ABL) and RAS mutations.'3?>26 Thus, a drug
targeting activated RAS could potentially benefit a large number of
pediatric leukemia patients.

We found large, 140-fold, interindividual differences in the in
vitro sensitivity of AML and ALL blasts to tipifarnib. The
concentration range tested includes concentrations achieved in the
adult phase 1 study, where at a dose level of 600 mg twice daily
tipifarnib peak plasma concentrations were 1.8 pg/mL.!8

Pediatric AML samples were more sensitive to tipifarnib in
vitro than pediatric BCP ALL samples. This result is congruent
with the results from a phase 1 trial conducted in patients with
poor-risk leukemias that included both AML and ALL cases.'® In
this study, none of the 6 patients with ALL responded, whereas
32% of patients with AML showed a response when treated with
tipifarnib. In the published adult clinical trial of tipifarnib for
poor-risk leukemias, no patients with T-ALL were included.'®
Within AML, FAB M5 samples were most sensitive to tipifarnib.
T-ALL samples were significantly more sensitive to tipifarnib than
BCP ALL samples and in the same concentration range as AML
samples. This is remarkable because we showed previously that
pediatric T-ALL samples usually are more resistant to cytotoxic
drugs in vitro, as were the T-ALL samples tested for vincristine,
prednisolone, and L-asparaginase in this study (data not shown).?’
These results suggest that further preclinical and clinical studies of
tipifarnib in T-ALL are needed. The N BM samples were more
resistant to tipifarnib than the AML and T-ALL samples, reflecting
the therapeutic index. The BCP ALL samples were as resistant to
tipifarnib as the N BM samples.

In AML, a moderate to strong correlation was found between
intrinsic resistance to tipifarnib and resistance to daunorubicin or
etoposide, but only a weak correlation between resistance to
cytarabine or 6-thioguanine and resistance to tipifarnib. In the ALL
samples there was no correlation between resistance to tipifarnib
and resistance to prednisolone, vincristine, or L-asparaginase.
These data suggest that combining tipifarnib with cytarabine or
6-thioguanine may be more efficacious than combining it with
daunorubicin or etoposide. Notably, this resistance profile was
determined using cells from untreated patients and therefore
reflects intrinsic resistance at diagnosis. Currently, 2 clinical trials
are evaluating the toxicity and efficacy of tipifarnib combined with
conventional cytotoxic drugs. One study combines tipifarnib with
idarubicin and cytarabine and the other combines tipifarnib and
etoposide. One possible explanation for the correlation between in
vitro resistance to tipifarnib and in vitro resistance to daunorubicin
or etoposide could be their recognized status as P-glycoprotein
substrates. There are conflicting data on the status of tipifarnib as a
P-glycoprotein substrate.?$3% However, P-glycoprotein is ex-
pressed in less than 10% of newly diagnosed pediatric AML
samples and is therefore unlikely to be the cause of the intrinsic
drug resistance observed in the samples we tested.3! Another
explanation for the observed correlation could be that these drugs
share a common mechanism of action.

The causes of clinical resistance to FTIs, intrinsic or acquired,
are not known yet. To study intrinsic tipifarnib resistance, cells
from patients treated in clinical trials with tipifarnib are being
analyzed using microarray analysis to determine what differences
are found in responsive versus unresponsive patients.’?> In the
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tipifarnib monotherapy phase 1 trial in heavily pretreated relapsed
and refractory leukemia, the CR rate in AML was only 8%.
However, in an ongoing clinical study of monotherapy with
tipifarnib in untreated elderly patients with AML, a CR rate of 18%
has been reported with an overall response rate of 34%.!319 This
difference in clinical response to tipifarnib between untreated and
pretreated AML could be caused by additional, acquired, resistance
between tipifarnib and drugs used in first-line treatment of AML
such as daunorubicin and etoposide. In addition, in an in vitro
study, cells with certain mutations in FTase 3 were resistant to
treatment with the FTI lonafarnib and in 2 patients who developed
clinical FTI resistance identical mutations were described.3?

Because tipifarnib was originally developed to target malignan-
cies with RAS mutations, we compared the RAS genotype with the
in vitro sensitivity to tipifarnib and found that 32% of the AML and
18% of the samples from patients with ALL had a mutation in
either NRAS or KRAS. However, there was no correlation of RAS
genotype with in vitro sensitivity to tipifarnib in either ALL or
AML. Patients with RAS mutations could be either relatively
sensitive or relatively resistant to tipifarnib. Previous reports
already indicated that malignant cells with wild-type RAS could be
sensitive to tipifarnib, but we are the first to describe that leukemic
blasts with RAS mutations can be resistant in vitro to the cytotoxic
effects of tipifarnib.'®3* One explanation for the lack of correlation
between RAS mutational status and sensitivity to tipifarnib may be
that farnesylation is only one form of prenylation, and RAS
proteins are also subject to other types of prenylation. Notably,
HRAS undergoes farnesylation but not geranylgeranylation, whereas
NRAS and KRAS can undergo farnesylation or geranylgeranyla-
tion.!” NRAS and KRAS become subject to geranylgeranylation
when cells are treated with FTIs, allowing attachment to the cell
membrane and participation in signal transduction. Therefore,
geranylgeranylation of RAS could overcome the inhibitory effects
of tipifarnib on RAS farnesylation and explain the lack of correlation
between RAS mutations and in vitro sensitivity to tipifarnib.

Tipifarnib is a general inhibitor of farnesylation and thus not
only affects RAS prenylation, but also interferes with the function
of many other proteins that need farnesylation for normal function.
The mediator of the cytotoxic effects of tipifarnib is thought to be
one of these proteins. Cell-cycle-regulatory proteins that require
farnesylation, such as RhoB and CENP-E, would be likely
candidates for mediating the effects of tipifarnib. There are reports
that an increase in geranylgeranylated RhoB (resulting from
inhibition of farnesylation) inhibits proliferation and induces
apoptosis.?3-3¢ Treatment of cells with an FTI alters the interaction
between CENP-E and the microtubules, resulting in an accumula-
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tion of cells prior to metaphase.3” Recently, a study identified Rab
geranylgeranyl transferase, in addition to farnesyl transferase, as a
target of many FTIs.?® Because the target for tipifarnib induced
cytotoxicity is unknown, further investigation is warranted.

It should be noted that the differences in tipifarnib sensitivity
we observed were larger within the subgroups than between the
subgroups. This phenomenon has also been described for other
drugs that we have previously reported on. For instance, it is well
known that pediatric AML is clinically much more resistant to
chemotherapy than pediatric ALL. Notably, we previously found
that AML was 2.6-fold more resistant to daunorubicin and 4.9-fold
more resistant to etoposide in vitro than ALL.?> Therefore, we
believe that the differences described in this study are clinically
relevant. Moreover, we have previously reported that in vitro drug
resistance testing has prognostic significance both in ALL (where a
combined prednisolone-vincristine-asparaginase score was most
predictive) and AML (resistance to cytarabine).?!-3

In conclusion, pediatric AML and T-ALL samples are more
sensitive to tipifarnib than N BM and BCP ALL samples. We
identified AML FAB M5 and T-cell ALL as the most tipifarnib-
sensitive subsets of pediatric acute leukemia. These results suggest
that tipifarnib might be an active agent in the treatment of T-ALL.
Further preclinical studies are needed to confirm this observation.
In AML we observed a marked correlation between resistance to
tipifarnib and resistance to daunorubicin or etoposide. In contrast,
there was only a weak correlation between resistance to tipifarnib
and resistance to cytarabine or 6-thioguanine. These results suggest
that combining tipifarnib and cytarabine might be efficacious in
AML. There was no correlation between tipifarnib resistance and
resistance to commonly used ALL drugs. Interestingly, sensitivity
to tipifarnib was independent of RAS mutational status. Patients
without RAS mutations can be sensitive to tipifarnib and patients
with a RAS mutation can be resistant. Further studies are needed to
identify robust biomarkers that are predictive of clinical response
to tipifarnib.

Acknowledgments

The authors wish to thank all the hospitals and clinicians participat-
ing in the AML-BFM Study Group, the MRC Childhood Leukae-
mia Working Party, and the Dutch Childhood Oncology Group, as
well as their reference laboratories, who provided us with the
patient samples and the clinical and cell-biologic data. The
technicians of the research laboratory of Pediatric Oncology of the
VU university medical center handled all samples.

1.

Beaupre DM, Kurzrock R. RAS and leukemia:
from basic mechanisms to gene-directed therapy.
J Clin Oncol. 1999;17:1071-1079.

point mutation of N-ras and K-ras oncogenes in
myelodysplastic syndrome and acute myelog-
enous leukemia. Oncology. 1992;49:114-122.

1.

rearrangements. Genes Chromosomes Cancer.
1998;21:270-275.

Goemans BF, Zwaan CM, Miller M, et al. Muta-

2. Bos JL. ras oncogenes in human cancer: a re- 7. Kiyoi H, Naoe T, Nakano Y, et al. Prognostic impli- tions in KIT and RAS are frequent events in pedi-
view. Cancer Res. 1989;49:4682-4689. cation of FLT3 and N-RAS gene mutations in atric core binding factor acute myeloid leukemia.
3. Radich JP, Kopecky KJ, Willman CL, et al. N-ras acute myeloid leukemia. Blood. 1999;93:3074- Leukemia. 2005;19:1536-1542.
mutations in adult de novo acute myelogenous 3080. 12. Meshinchi S, Stirewalt DL, Alonzo TA, et al. Acti-
leukemia: prevalence and clinical significance. 8. Farr C, Gill R, Katz F, Gibbons B, Marshall CJ. vating mutations of RTK/ras signal transduction
Blood. 1990;76:801-807. Analysis of ras gene mutations in childhood my- pathway in pediatric acute myeloid leukemia.
4. Neubauer A, Dodge RK, George SL, et al. Prog- eloid leukaemia. Br J Haematol. 1991;77:323- Blood. 2003;102:1474-1479.
nostic importance of mutations in the ras proto- 327. 13. Perentesis JP, Bhatia S, Boyle E, et al. RAS on-
oncogenes in de novo acute myeloid leukemia. 9. Lubbert M, Mirro J Jr, Kitchingman G, et al. cogene mutations and outcome of therapy for
Blood. 1994;83:1603-1611. Prevalence of N-ras mutations in children with childhood acute lymphoblastic leukemia. Leuke-
5. Kemmer K, Corless CL, Fletcher JA, et al. KIT myelodysplastic syndromes and acute myeloid mia. 2004;18:685-692.
mutations are common in testicular seminomas. leukemia. Oncogene. 1992;7:263-268. 14. Sheng XM, Kawamura M, Ohnishi H, et al. Muta-
Am J Pathol. 2004;164:305-313. 10. Mahgoub N, Parker RI, Hosler MR, et al. RAS tions of the RAS genes in childhood acute my-
6. Nakagawa T, Saitoh S, Imoto S, et al. Multiple mutations in pediatric leukemias with MLL gene eloid leukemia, myelodysplastic syndrome and

20z ke £z uo 3sanb Aq Jpd-ze£5£005022084Z/0ZL9€91/2€SE/01/901 4pd-ajoiE/POoO|g/8U suoedlqndyse/:diy wouy papeojumoq



BLOOD, 15 NOVEMBER 2005 - VOLUME 106, NUMBER 10

15.

16.

17.

18.

19.

20.

21.

22.

juvenile chronic myelocytic leukemia. Leuk Res.
1997;21:697-701.

Vogelstein B, Civin Cl, Preisinger AC, et al. RAS
gene mutations in childhood acute myeloid leuke-
mia: a Pediatric Oncology Group study. Genes
Chromosomes Cancer. 1990;2:159-162.

Lubbert M, Mirro J Jr, Miller CW, et al. N-ras gene
point mutations in childhood acute lymphocytic
leukemia correlate with a poor prognosis. Blood.
1990;75:1163-1169.

Zhang FL, Kirschmeier P, Carr D, et al. Charac-
terization of Ha-ras, N-ras, Ki-Ras4A, and Ki-
Ras4B as in vitro substrates for farnesyl protein
transferase and geranylgeranyl protein trans-
ferase type I. J Biol Chem. 1997;272:10232-
10239.

Karp JE, Lancet JE, Kaufmann SH, et al. Clinical
and biologic activity of the farnesyltransferase
inhibitor R115777 in adults with refractory and
relapsed acute leukemias: a phase 1 clinical-lab-
oratory correlative trial. Blood. 2001;97:3361-
3369.

Lancet JE, Gotlib J, Gojo |, et al. Tipifarnib (Zar-
nestra) in previously untreated poor-risk AML of
the elderly: updated results of a multicenter
phase 2 trial [abstract]. Blood. 2004;104:249a.
Abstract 874.

Kaspers GJL, Veerman AJP, Pieters R, et al.
Mononuclear cells contaminating acute lympho-
blastic leukaemic samples tested for cellular drug
resistance using the methyl-thiazol-tetrazolium
assay. Br J Cancer. 1994;70:1047-1052.

Klumper E, Pieters R, Kaspers GJL, et al. In vitro
chemosensitivity assessed with the MTT assay in
childhood acute non-lymphoblastic leukemia.
Leukemia. 1995;9:1864-1869.

Zwaan CM, Kaspers GJL, Pieters R, et al. Cellu-
lar drug resistance profiles in childhood acute my-
eloid leukemia: differences between FAB types

23.

24.

25.

26.

27.

28.

29.

30.

31.

and comparison with acute lymphoblastic leuke-
mia. Blood. 2000;96:2879-2886.

Kaspers GJ, Pieters R, Van Zantwijk CH, et al. In
vitro drug sensitivity of normal peripheral blood
lymphocytes and childhood leukaemic cells from
bone marrow and peripheral blood. Br J Cancer.
1991;64:469-474.

Cruz F III, Rubin BP, Wilson D, et al. Absence of
BRAF and NRAS mutations in uveal melanoma.
Cancer Res. 2003;63:5761-5766.

Mizuki M, Fenski R, Halfter H, et al. FIt3 muta-
tions from patients with acute myeloid leukemia
induce transformation of 32D cells mediated by
the Ras and STAT5 pathways. Blood. 2000;96:
3907-3914.

Puil L, Liu J, Gish G, et al. Ber-Abl oncoproteins
bind directly to activators of the Ras signalling
pathway. EMBO J. 1994;13:764-773.

Pieters R, Den Boer ML, Durian M, et al. Relation
between age, immunophenotype and in vitro drug
resistance in 395 children with acute lymphoblas-
tic leukemia—implications for treatment of in-
fants. Leukemia. 1998;12:1344-1348.

Smith V, Rowlands MG, Barrie E, Workman P,
Kelland LR. Establishment and characterization
of acquired resistance to the farnesyl protein
transferase inhibitor R115777 in a human colon
cancer cell line. Clin Cancer Res. 2002;8:2002-
2009.

Sparreboom A, Marsh S, Mathijssen RH, Verweij
J, McLeod HL. Pharmacogenetics of tipifarnib
(R115777) transport and metabolism in cancer
patients. Invest New Drugs. 2004;22:285-289.
Sonneveld P, List AF. Chemotherapy resistance
in acute myeloid leukaemia. Best Pract Res Clin
Haematol. 2001;14:211-233.

Sievers EL, Smith FO, Woods WG, et al. Cell sur-
face expression of the multidrug resistance P-
glycoprotein (P-170) as detected by monoclonal

IN VITRO TIPIFARNIB SENSITIVITY INACUTE LEUKEMIA

32.

33.

34.

35.

36.

37.

38.

39.

3537

antibody MRK-16 in pediatric acute myeloid leu-
kemia fails to define a poor prognostic group: a
report from the Children’s Cancer Group. Leuke-
mia. 1995;9:2042-2048.

Raponi M, Lowenberg B, Lancet JE, et al. Identifi-
cation of molecular predictors of response to
ZARNESTRA™ (tipifarnib, R115777) in relapsed
and refractory acute myeloid leukemia [abstract].
Blood. 2004;104:246a. Abstract 861.

Raz T, Mohammad A, Daley GQ. Resistance to
the farnesyl transferase inhibitor SCH66336/lona-
farnib caused by mutations in the target protein
farnesyl transferase beta [abstract]. Blood. 2004;
104:133a. Abstract 455.

Cox AD, Der CJ. Farnesyltransferase inhibitors
and cancer treatment: targeting simply Ras? Bio-
chim Biophys Acta. 1997;1333:F51-F71.

Du W, Prendergast GC. Geranylgeranylated
RhoB mediates suppression of human tumor cell
growth by farnesyltransferase inhibitors. Cancer
Res. 1999;59:5492-5496.

Kamasani U, Huang M, Duhadaway JB, et al. Cy-
clin B1 is a critical target of RhoB in the cell sui-
cide program triggered by farnesyl transferase
inhibition. Cancer Res. 2004;64:8389-8396.

Ashar HR, James L, Gray K, et al. Farnesyl trans-
ferase inhibitors block the farnesylation of CENP-E
and CENP-F and alter the association of CENP-E
with the microtubules. J Biol Chem. 2000;275:
30451-30457.

Lackner MR, Kindt RM, Carroll PM, et al. Chemi-
cal genetics identifies Rab geranylgeranyl trans-
ferase as an apoptotic target of farnesyl trans-
ferase inhibitors. Cancer Cell. 2005;7:325-336.

Den Boer ML, Harms DO, Pieters R, et al. Patient
stratification based on prednisolone-vincristine-
asparaginase resistance profiles in children with
acute lymphoblastic leukemia. J Clin Oncol.
2003;21:3262-3268.

20z ke £z uo 3sanb Aq Jpd-ze£5£005022084Z/0ZL9€91/2€SE/01/901 4pd-ajoiE/POoO|g/8U suoedlqndyse/:diy wouy papeojumoq



