
Abstract. Aim: Identification of signal transduction genes
related to drug resistance in pediatric acute lymphoblastic
leukemia (ALL). Materials and Methods: Ex vivo drug
resistance in 107 children, divided into study and validation
groups, was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazoliumbromide (MTT) drug resistance
assay. The gene expression profile was identified by
microarray analysis and validated by quantitative reverse
transcription polymerase chain reaction. Results: A set of
five genes involved in signal transduction, present in each
resistance profile, was identified. The expression of four
genes was up-regulated: Gardner-Rasheed feline sarcoma
viral oncogene homolog, v-Fgr (FGR), S100 calcium binding
protein A11 (S100A11), formyl peptide receptor 1 (FPR1),
ArfGAP with RhoGAP domain, ankyrin repeat and PH1
domain (ARAP1), while the expression of growth hormone 1
(GH1) was found to be down-regulated in resistant leukemia
blasts. Conclusion: Ex vivo exposure of leukemia cells to
anticancer drugs induces changes in the expression of genes
involved in cell signaling pathways. These genes play an
important role in the mechanism of cellular drug resistance.
With improvements in diagnosis and treatment, currently
more than 98% children with acute lymphoblastic leukemia

(ALL) achieve remission, however disease relapses are noted
in about 20% of children (1, 2). In most therapeutic protocols
an induction therapy includes glucocorticoids, vincristine,
daunorubicin and L-asparaginase. Therapy of relapsed ALL
is based on cytarabine and methotrexate, while pre-transplant
conditioning consists mostly of total body irradiation and
etoposide or busulfan, cyclophosphamide and fludarabine.

Development of resistance to antileukemia drugs is an
important problem in the treatment of ALL. A number of
mechanisms associated with this process has been described,
including reduced intracellular drug transport, overexpression
of multidrug-resistance proteins, such as the ABC
transporters, lack of sensitivity to apoptosis, enzymatic drug
detoxification and altered drug pharmacokinetics. Changes in
the expression of genes involved in cell cycle regulation,
DNA repair, cell communication and drug metabolism can
also contribute to cellular drug resistance (3, 4). 

Microarray-based studies have enabled the analysis of
expression levels of a large number of clinically relevant
genes. Studies based on microarray technology have
identified genes that were associated with treatment failure
and have shown that many genetic changes had occurred
between diagnosis and relapse (5, 6). No data is yet available
on the expression profile of signal transduction genes in
drug-resistant leukemia cells. The objective of this study was
to identify cell signaling pathway genes related to ex vivo
drug resistance in pediatric ALL.

Materials and Methods 

Patients. A total of 107 children (median 8 years, range 0.8-18
years) diagnosed with ALL were analyzed in the study. The patients
were divided into two groups: the microarray study group included
56 patients (48 de novo, 8 relapsed), for whom microarray and
quantitative reverse transcription polymerase chain reaction qRT-
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PCR analyses were performed. The second group, consisting of 51
patients (44 de novo cases, 7 of relapse), was regarded as an
independent qRT-PCR validation group. 

Microarray analysis. Leukemia cells were isolated from bone marrow
aspirate by centrifugation over Ficoll-Hypaque. Only samples with at
least 90% of leukemic blasts were included in the study. Gene
expression profiles, using RNA derived from leukemic blasts, were
analyzed using Affymetrix HG-U133A GeneChip arrays (Affymetrix,
Inc., Santa Clara, CA, USA) and 13,835 unique probe sets were
determined, as previously described (5). 

Drug resistance. Expression of genes was analyzed with respect to
ex vivo drug resistance of leukemia cells to prednisolone, L-
asparaginase, vincristine, etoposide and fludarabine, was
determined by the use of the MTT assay, as described previously
(7). The drug concentration that was inhibitory to 50% of the cells
was calculated from the dose response curve and was used as a
measure for in vitro drug resistance in each sample. The median
value of ex vivo resistance to each drug for all patients was selected
as the cut-off value discriminative between resistant and sensitive
samples for the purpose of selection of genes in microarray
analyses. Gene expression was compared among resistant and
sensitive patients.

Gene ontology. The genes were functionally classified into the
following signaling pathways: apoptosis (P00006), JAK/STAT
(P00038), interleukin (P00036), integrin (P00034), inflammation
mediated by chemokine and cytokine (P00031), Wnt (P00057), toll
receptor (P00054), endothelin (P00019), epidermal growth factor
receptor - EGFR (P00018), transforming growth factor beta - TGFβ

(P00052), vascular endothelial growth factor - VEGF (P00056),
platelet-derived growth factor - PDGF (P00047), and cadherin
(P00012). 

RT-PCR. To validate the array results, qRT-PCR was performed on
selected genes from 107 patients, using random hexamer priming
and High Fidelity Reverse Transcriptase (Roche Diagnostics, Basel,
Switzerland) to generate cDNA. Real-time PCRs were performed
using FastStart SYBR Green Master (Roche Diagnostics) and the
Mastercycler ep realplex (Eppendorf INC, Hamburg, Germany). The
study was approved by the Local Bioethical Committee.

Statistical analysis. Differentially expressed genes were identified
using the significance analysis of microarrays statistics with a false
discovery rate (FDR). For each gene the correlation coefficient
between gene expression level, the in vitro drug-resistance (R), the
p-value and the fold change (FC) were also determined. A p-value
of 0.05 was considered statistically significant. Gene Ontology (GO)
and pathway comparisons were conducted based on the lists of
filtered genes for each drug-resistance profile. Many of the genes
were classified into more than one category. All analyses were
carried out using The PANTHER (Protein ANalysis THrough
Evolutionary Relationships) Classification System, version 7.0 (SRI
International, Menlo Park, CA, USA).

Results

Microarray analysis revealed differential expression of signal
transduction genes, significant for resistance profiles for
prednisolone (97 genes), vincristine (97 genes), asparaginase
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Table I. Common signal transduction genes associated with drug resistance. The values of gene expression difference between resistant and sensitive
leukemia patients are presented.

Gene symbol Gene name ASP PRE VCR VP16 FLU

ANXA3 Annexin 2.064 2.064 2.064 1.644 1.000
ARAP1 ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 1 1.095 1.095 1.095 1.087 1.103
CEACAM8 Carcinoembryonic antigen-related cell adhesion molecule 8 1.498 1.498 1.498 1.273 1.000
FCER1G Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide 1.572 1.572 1.572 1.466 1.000
FGR Gardner-Rasheed feline sarcoma viral (v-Fgr) oncogene homolog 1.668 1.668 1.668 1.642 1.529
FPR1 Formyl peptide receptor 1 1.795 1.795 1.795 1.617 1.723
GCA Grancalcin, EF-hand calcium-binding protein 1.327 1.327 1.327 1.304 1.000
GH1 Growth hormone 1 0.815 0.875 0.875 0.887 0.978
IL8RB Interleukin 8 receptor, beta interleukin 8 receptor 1.000 1.105 1.250 1.102 1.000
ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) 1.000 1.278 1.278 1.329 1.251
PIP4K2A Phosphatidylinositol-5-phosphate 4-kinase, type II, alpha 1.000 1.000 1.181 1.167 1.181
RAB27A RAB27A, member RAS oncogene family 1.000 1.175 1.175 1.142 1.000
RAB31 RAB31, member RAS oncogene family 1.597 1.452 1.735 1.684 1.000
S100A11 S100 calcium-binding protein A11 1.346 1.346 1.346 1.404 1.460
S100A12 S100 calcium-binding protein A12 1.627 1.000 1.627 1.521 1.000
S100A8 S100 calcium-binding protein A8 1.150 1.203 1.203 1.149 1.000
S100A9 S100 calcium-binding protein A9 1.000 1.233 1.233 1.294 1.000
S100P S100 calcium-binding protein P 1.000 1.597 1.597 1.294 1.000
SIGLEC5 Sialic acid binding Ig-like lectin 5 1.108 1.000 1.110 1.247 1.000
WNK1 Serine/threonine-protein kinase WNK 1.094 1.134 1.000 1.000 1.140
XCL1 Chemokine (C motif) ligand 1 1.268 1.000 1.268 2.012 1.000

PRE, Prednisolone; VCR, vincristine; ASP, asparaginase; VP16, etoposide; FLU, fludarabine.



(108 genes), etoposide (209 genes) and fludarabine (114
genes). An overexpression of most genes involved in cellular
signal transduction was observed, while only several genes
were shown to be expressed at a lower lever in resistant cells.

Correlations of gene expression profiles, based on cellular
resistance to tested drugs were analyzed for repeatability.
Genes that were present in at least three profiles were subjected
to separate analysis; overall 21 genes were identified. For 20
of these genes, up-regulation of their expression in the resistant
blasts was found, and for one gene only, growth hormone 1
(GH1), lower expression was observed (Table I).

Finally, out of all genes involved in signal transduction
pathways, a set of five genes was identified. These genes
were present in each resistance profile, namely: Gardner-
Rasheed feline sarcoma viral (v-Fgr) oncogene homolog
(FGR), S100 calcium binding protein A11 (S100A11), growth
hormone 1 (GH1), formyl peptide receptor 1 (FPR1) and
ArfGAP with RhoGAP domain, ankyrin repeat and PH
domain 1 (ARAP1). Validation studies of gene expression, by
qRT-PCR techniques were carried out for several genes from
each profile (Table II).

Discussion

The processes of proliferation, differentiation and apoptosis
in normal tissues are strictly regulated by a number of
external signals transmitted by receptors that activate
intracellular signal transduction pathways. As yet no
correlation between changes in the expression levels of
signal transduction genes and cellular drug resistance has
been determined in ALL. In this study, we identified a set of

genes playing a role in resistance for five antileukemia drugs.
Expression of these genes was significantly changed in each
expression profile. 

FGR is a member of the SRC family of protein tyrosine
kinases. The protein localizes to plasma membrane ruffles,
and is a negative regulator of cell migration and adhesion
induced by the beta-2 integrin signal transduction pathway.
The kinase activity of SRC is frequently activated, with
greater increase observed during cancer progression and
metastasis (8). Changes in activity of SRC family genes
correspond to lack of sensitivity to chemotherapy of solid
tumors (pancreatic and mammary carcinoma) (9). Results of
Hu et al. (10) indicated SRC family kinases as therapeutic
targets in Philadelphia chromosome-positive (Ph+) acute
leukemia and suggested that simultaneous inhibition of SRC
and BCR-ABL kinases might influence positive treatment in
patients with Ph+ B-ALL. 

S100A11 is involved in a variety of intracellular activities
including Ca2+ signaling pathway, cell growth and motility,
cell cycle progression, transcription, and cell differentiation.
Changes in expression level of S100A11 were detected in
adenoma and colorectal carcinoma, melanoma, prostate,
bladder and breast cancer (11). Overexpression of S100A11
is associated with cancer progression, invasion, metastasis
and poor survival. S100A11 with DNA repair and
recombination protein RAD54B participate in the
modulation of response to treatment with bleomycin (12). 

FPR1 belongs to the G-protein coupled seven
transmembrane receptor family and is expressed in
differentiated myeloid cells. It plays a role in regulating
neutrophil chemotaxis in response to various ligands (13). 
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Table II. Comparison of relative changes in expression level of selected genes, obtained by microarray and quantitative reverse transcription
polymerase chain reaction (QPCR) techniques.

Gene Drug Microarray experiment QPCR

R FCH FCH-MA FCH-VA 
(p-value) (p-value)

MNDA (myeloid cell nuclear differentiation antigen) PRE 0.493 6.102 3.992 (0.033) 5.633 (0.033)
ASP 0.510 6.303 4.643 (0.030) 6.814 (0.022)
VP16 0.443 1.522 3.615 (0.020) 2.304 (ns)

GH1 (growth hormone 1) PRE –0.516 0.570 0.126 (0.006) 0.230 (0.038)
VCR –0.592 0.607 0.142 (0.049) 0.050 (<0.001)
ASP –0.434 0.704 0.105 (0.013) 0.112 (0.013)
VP16 –0.427 0.887 0.090 (0.030) 0.995 (ns)
FLU –0.463 0.978 0.102 (0.012) 0.084 (0.084)

FRY (Furry homolog (Drosophila)) FLU 0.650 3.183 3.756 (0.035) 5.052 (0.010)
HLA-DQA1 (Major histocompatibility complex class II DQ alpha 1) FLU –0.501 0.782 0.076 (0.026) 0.004 (<0.001)
NUDT21 (Nudix (nucleoside diphosphate linked moiety X)-type motif 21) VP16 –0.551 0.740 0.144 (0.041) 0.595 (ns)
RHOG (Ras homolog gene family, member G (rho G)) VP16 0.596 1.141 11.320 (0.004) 4.399 (ns)

R, Correlation coefficient; FCH, fold change; MA, microarray group; VA, validation group; PRE, prednisolone; VCR, vincristine; ASP, asparaginase;
VP16, etoposide; FLU, fludarabine; ns, not significant (p>0.05)



ARAP1 controls the endocytic traffic of EGFR.
Overexpression of ARAP1 slowed CBL-(Cas-Br-M (murine)
ecotropic retroviral transforming sequence)-dependent
degradation of the EGFR by reduced ubiquitination (14).
ARAP1 is probably involved in the regulation of the cell-
specific trafficking of death receptor DR4 and thus might
affect the efficacy of tumor necrosis factor related apoptosis-
inducing ligand (TRAIL)-mediated apoptosis (15). 

GH1, after binding with the appropriate receptor controls
cell proliferation, differentiation and apoptosis. This gene
plays an important role in growth control. It regulates the
absorption of amino acids, and protein synthesis in tissues.
A crucial role of GH1 is the activation of the secretion of
tissue insulin-like growth factor 1 (IGF-1), which stimulates
both the differentiation and proliferation of myoblasts (16).
GH1 activates the release and oxidation of free fatty acids
(FFA), which leads to reduction in oxidation of glucose and
protein. The most visible metabolic effect of GH1 is to
increase lipolysis and FFA concentrations. A decrease in
expression of GH1 is linked with the development of insulin
resistance (17). The reduced number of GH1 transcripts in
resistant lymphoblasts may be associated with increased
oxidation of glucose and intensive metabolism of cells. 

In conclusion, this study indicates that signal transduction
genes might play a significant role as regulators of response and
sensitivity to antileukemia drugs. Genes identified in this study
may provide new insight into the underlying processes of drug
resistance and may potentially indicate new targets for anticancer
therapy. Ultimately, knowledge of the biology, biochemistry, and
mutational analysis of signal transduction genes will lead to a
better understanding of drug resistance in leukemia cells.
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