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ABSTRACT

Acute lymphoblastic leukaemia (ALL) is the most common paediatric cancer. Despite cure rates approaching 80%, resis-
tance to treatment and disease relapse remain a significant clinical problem. Identification of the genes and biological path-
ways responsible for chemoresistance is therefore crucial for the design of novel therapeutic approaches aiming to improve
patient survival. Mutations in the membrane transporter P-glycoprotein genes, genetic variations in drug-metabolising en-
zymes and defects in apoptotic pathways are mechanisms of chemoresistance common to a wide spectrum of cancers and al-
so play a role in paediatric ALL. In addition, several recent microarray studies have identified transcriptional profiles specifical-
ly associated with chemoresistance and pointed to a number of potentially novel therapeutic targets. These microarray stud-
ies have shown that genes discriminating between clinically responsive and resistant leukaemias tend to be involved in cel-
lular processes such as regulation of cell cycle, proliferation, and DNA repair. Here we review the outcomes of these microar-
ray studies and also present our own investigations into apoptotic resistance to DNA double strand breaks (DSBs) in paediat-
ric ALL. We present stratification of paediatric ALL by the profile of DNA damage response following ionising radiation (IR) in
vitro. This approach allows classification of ALL tumours at presentation into IR-apoptotic sensitive and IR-apoptotic resistant.
Furthermore, apoptotic resistant leukaemias exhibit abnormal response of NFkB pathway following irradiation and inhibition
of this pathway can sensitise leukaemic cells to IR-induced DSBs.
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INTRODUCTION

Leukaemias are the most common cancer in children.
Among these, acute lymphoblastic leukaemia (ALL) rep-
resents the most frequent subtype, constituting approx-
imately 25% of all paediatric tumours [1]. The disease
is characterised by maturation arrest and uncontrolled
proliferation of lymphoid progenitors in the bone mar-
row, and accumulation of malignant lymphoblasts in
the bone marrow and peripheral blood. Modern treat-
ment regimens are able to effectively cure ALL in more
than 75% of cases [1]. This is accomplished by careful
stratification of patients at diagnosis to optimise risk-
directed therapy with multiagent chemotherapeutic
drug regimens [2, 3]. However, high incidence of the
disease renders even the relatively low percentage of
treatment resistance considerable clinical burden, esti-
mated to be around 9.3 cases/106 children annually [4,
5]. The vast majority of relapses occur due to failure
of therapeutic drugs to completely eradicate the orig-
inal leukaemic clone and its subsequent re-expansion.
Over 70% of relapses happen within 3 years of initial
diagnosis [5], and are likely to be caused by develop-
ment of chemoresistance subsequent to patient expo-
sure to antileukaemic drugs [6]. Alternatively, the cause
of chemoresistance may be treatment-related selection
of primary drug-resistant subclones originally present
at initial diagnosis [7].

Relapsed disease is generally much less responsive to
treatment, and despite salvage chemotherapy regimens
and haematopoietic stem cell transplantation (HSCT),
most children with relapsed ALL eventually succumb
to their disease [8]. Consequently, the occurrence and

identification of chemoresistance in paediatric ALL is
of major clinical importance, and a significant effort has
been made in recent years to understand the molecular
mechanisms behind non-responsiveness to treatment.

MECHANISMS OF CHEMORESISTANCE IN
ALL COMMON WITH DIFFERENT CANCERS

The classical mechanism of chemoresistance in can-
cer cells arises via multidrug resistance (MDR), which
typically affects influx or efflux of drugs through altered
expression or kinetics of transmembrane transporter pro-
teins. Although there is conflicting evidence, two drug
resistance proteins currently thought to play a role in
treatment outcome in paediatric ALL are P-glycoprotein
(MDR1), which decreases intracellular anthracycline,
mitoxantrone, taxane, epipodophyllotoxin and vinca
alkaloid levels [9, 10], and lung resistance protein (LRP),
which is part of a ribonucleoprotein organelle known as
a “vault” thought to transport drugs away from intracel-
lular targets [11, 12].

In addition, there is significant evidence for the phar-
macogenetic impact of variations in activity of vari-
ous drug-metabolising proteins on treatment responses
in ALL. These variations are caused by polymorphic
sequence variants in genes encoding for drug metabo-
lising enzymes. For example, polymorphic variants of
the thiopurine inactivator thiopurine methytransferase
(TPMT), glutathione S-transferases (GSTs) involved in
response to prednisone, and overexpression of the folate
metabolism gene thymidylate synthase (TYMS) were all
shown to influence ALL treatment outcome [13-15].
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The role of programmed cell death - apoptosis - in
ALL chemoresistance has also become a major research
focus in recent years. In response to diverse cellular sig-
nals, apoptosis proceeds through either the extrinsic or
intrinsic apoptotic pathways, both of which rely upon
activation of caspases for ultimate execution of substrate
cleavage [16]. The extrinsic pathway involves ligation of
cell surface receptors by their ligands, formation of the
death-induced signalling complex (DISC) followed by cas-
pase activation [17], while the intrinsic pathway results in
stress induced cytochrome c release from the mitochon-
dria leading to formation of the “apoptosome” complex
with procaspase 9 and Apafl and activation of the effec-
tor caspases 3, 6 and 7 [18]. Both of these pathways are
regulated by the tumour suppressor protein p53, which
acts as a sequence-specific transcription factor. Protein
p53 is known to be capable of activating more than 300
different promoter elements [19], and it is the coordina-
tion of expression of these genes and interaction of their
individual functions that leads to the range of p53-spe-
cific cellular effects [20].

Diverse alterations in apoptotic pathways have been
reported in paediatric ALL. Interestingly, although over
50% of all human cancers exhibit p53 mutational inactiva-
tion [21], less than 5% of paediatric ALL tumours actually
harbour detectable mutations in this gene at ALL diagno-
sis [22, 23]. In contrast, hypermethylation and transcrip-
tional silencing of p53 downstream target p21 has been
found to correlate with a poor prognosis in childhood
ALL [24]. Furthermore, overexpression of the anti-apop-
totic protein Bcl-2 has also been shown in chemoresistant
leukaemias [25, 26], whereas overexpression of the pro-
apoptotic proteins Bax and anti-apoptotic protein Mcl-1
has been associated with a greater risk of ALL relapse [27,
28]. Evidence for the involvement of the extrinsic path-
way in ALL chemoresistance is less clear. Upregulation
of both Fas and TRAIL-R2 in response to antineoplastic
drugs in ALL cells [29, 30] have been demonstrated, but
these molecules appear to mediate ALL sensitivity only
towards agents which cause their upregulation [29].

TABLE 1. Mechanisms of chemoresistance in paediatric ALL.

Specific or
common to Mechanism References
other cancers
Transmemrane tarnsporter proteins 912
(MDRT, LRP)
Common to Genetic ygriams indrug 13-15
other cancers ~ metabolizing enzymes
Defects in apoptotic pathway 16-30
Defects in pro-survival pathways 31-37
Specific expression of a set of genes
associated with resistance to single 38-40
therapeutic agents
Specific expression of a set of genes 39

associated with cross-resistance
Specific expression of a set of genes
associated with minimal residual 42-47
disease or relapse

Defective gene response to DNA
double strand breaks

Specific to ALL

60
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Finally, there have also been a number of reports of
mutations in pro-survival genes in paediatric ALL, which
render corresponding pathways hyperactive and can
affect therapeutic responses. For example, the pro-sur-
vival gene PTEN is found to be mutated at a frequency
of around 20% in childhood ALL [31] and an associa-
tion between chemoresistance and loss of PTEN has been
demonstrated [32]. Furthermore, constitutive activation
of NF-kB pathway has been reported at a frequency of
over 90% [33] in childhood ALL, whereas mutations in
various pro-survival Ras genes have been reported at fre-
quencies of 15-20% [34-37] (Table 1).

GENE EXPRESSION PATTERNS AND
CHEMORESISTANCE IN ALL

The advent of microarray technology in recent years
has dramatically changed understanding of chemoresis-
tance in leukaemic cells. This approach has facilitated dis-
section of molecular pathways involved in chemoresis-
tant ALL. In microarray experiments, thousands of gene
probes are affixed in a known configuration onto a solid
matrix. Subsequently, RNA is harvested from the cell type
of interest and labelled with fluorescent dyes to create a
target, which can be studied for presence, abundance and
identity of different genes. This target is then hybridised
to the tethered probe sequences and laser light is used to
excite the fluorescent dye. The resultant amount of fluo-
rescent emission is thus a representation of the hybridi-
sation intensity, and this gives an estimate of the relative
amounts of the different gene transcripts that are present.
Comparison of leukaemic samples with different biologi-
cal properties can therefore identify genes deregulated in
specific ALL subtypes.

Several research groups have sought to identify groups
of genes, termed “transcriptional signatures’, whose
expression can be directly associated with drug resis-
tance. In their first study, Holleman and colleagues have
shown that pattern of expression of a set of genes can dis-
tinguish resistance to the common chemotherapeutic
agents such as Prednisolone, Vincristine, Asparaginase and
Daunorubicin, and that no pattern of a single gene expres-
sion can be associated with resistance to all four agents
[38]. They found that high expression of a number of genes
involved in carbohydrate metabolism determines resis-
tance to Prednisolone, high expression of genes involved in
nucleic acid metabolism resistance to Vincristine, whereas
the high expression of genes involved in protein metabo-
lism determines resistance to Asparaginase (Table 1). By
subsequently expanding their cohort of ALL patients and
by addressing again genes associated with cross-resistance
to all four agents, these authors finally identified 45 genes
differentially expressed between resistant and sensitive ALL
samples whose expression pattern was significantly related
to treatment response [39]. These genes were involved in
regulation of transcription, cellular transport and cell cycle
maintenance. Using patterns of gene expression the authors
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could distinguish a subgroup of ALL tumours with cross
chemoresistance and inferior outcome from those which
exhibited only single drug resistance. The same authors
have also shown that transcriptional regulation of key
apoptosis genes can be linked to cellular drug resistance
and prognosis in paediatric B-lineage ALL [40]. Other
microarray studies have analysed transcriptional responses
to glucocorticoids but failed to define an expression signa-
ture for resistant tumours [41].

In a slightly different approach, several recent stud-
ies have used microarray analysis to ascertain underly-
ing molecular mechanisms of chemoresistance in paedi-
atric ALL by direct comparison between diagnostic and
relapsed samples. Using paired diagnostic/relapse sam-
ples, Staal et al [42] originally identified only a small
number of genes which differed in expression between
the two ALL subgroups. These authors identified upreg-
ulation of signalling molecules and transcription fac-
tors involved in cell proliferation and survival at relapse
rather than expected upregulation of multidrug resistance
markers [42]. Subsequently, Beesley et al [43] used the
same method of matched relapse and diagnostic samples
and identified a much larger set of discriminative genes,
many of which had been previously implicated in onco-
genesis. These authors were able to successfully predict
outcome in an independent cohort of 72 paediatric ALL
patients. Again, no classical multidrug resistance proteins
were identified as being discrepantly regulated at diagno-
sis. Bhojwani et al [44] used a large number of matched
samples in their efforts to identify relapse-associated bio-
logic pathways in childhood ALL and found significant
differences in expression of genes involved in cell-cycle
regulation, DNA repair and apoptosis between diagnos-
tic and early-relapse samples, although no discriminative
gene signatures could be found for late-relapse samples
[44]. The authors argued that transcriptional difference
between early and late relapses may relate to the fact that
patients with early relapse generally have more aggres-
sive disease compared to patients with later relapses.
The observation made by the authors that early relapses
correlate with overexpression of genes involved in cell-
cycle regulation was supported by the work of Kirschner-
Schwabe et al, who showed that early relapse patients had
a distinct expression signature of 83 genes compared with
late relapses which included many cell cycle genes with
function in mitosis [45].

Flotho et al used an alternative strategy to identify
genes involved in chemoresistance in paediatric ALL.
They analysed genes in 187 newly-diagnosed ALL sam-
ples and compared their expression profiles with MRD
results at day 19 [46]. This analysis found 674 genes
associated with MRD status and demonstrated that 40
genes could predict relapse in an independent cohort of
99 patients. Of these 40 genes, 14 showed independent
prognostic significance. What was particularly striking
in this set of data was the fact that the majority of the sig-
nificant genes played a role in cell proliferation, underex-
pression of which appeared to relate directly to increased

chemoresistance. The authors proposed the hypothesis
that their finding might reflect the reduced efficacy of
drugs used in paediatric ALL treatment regimens such as
Methotrexate, Daunorubicin, Vincristine and Cytarabine
against non-proliferating cells. Talby et al [47] applied a
similar approach, by defining chemosensitivity according
to the percentage of blasts present at day 21 after induc-
tion of therapy, and by analysing expression of 4205 genes
in 32 patients at this time point. They used RT-PCR to
further investigate differential expression of individual
genes, and found that a combination of just three genes -
CD34, SPI-B and BCR - was able to stratify ALL patients
as either chemosensitive or chemoresistant.

Despite the enormous power of microarary informa-
tion, it is important to note that the microarray approach
towards chemoresistance in ALL has certain limitations.
One major problem is the limited overlap between the
lists of genes associated with chemoresistance gener-
ated in different studies. Indeed, none of the presented
microarray studies have yet led to identification of repeat-
able set of genes whose pattern of expression can be used
in routine clinical practice. Consequently, there have been
several recent criticisms of the design of microarray stud-
ies and the need for extensive further evaluation of iden-
tified gene candidates [48-50].

The second important point is the lack of overlap
between microarray data addressing chemoresistance in
ALL and already established markers of ALL chemore-
sistance. Even in microarray experiments constructed
around samples with defined resistance to various drugs,
classical markers of resistance with known prognostic
impact such as the P-glycoprotein genes or detoxifying
enzymes such as GSTs or TYMS are very rarely detected.
Whether this reflects identification of more subtle mech-
anisms of chemoresistance by microarray analysis or is an
indicator that different approaches to candidate identifi-
cation are needed remains to be determined.

DNA DAMAGE RESPONSE AND
CHEMORESISTANCE IN PAEDIATRIC ALL

Our laboratory has been particularly interested in ALL
responses to a specific type of DNA damage - DNA dou-
ble strand breaks (DSBs). Defects in responses to DNA
damage are known to have a role in development of
malignant disease, particularly those of lymphoid origin.
For example, patients with chromosome instability syn-
dromes such as Ataxia Telangiectasia (A-T) or Nijmegen
Breakage Syndrome, both of which are caused by muta-
tions in genes encoding proteins critical in the DNA dam-
age response, have an increased incidence of lymphoid
malignancy [51-53].

Sequence variants in the ATM gene have also been
shown to have a high prevalence in childhood ALL [54].
They are particularly associated with the pathogenesis
of childhood T-ALL [55]. We found that inactivation of
the ATM gene in chronic lymphocytic leukaemia severely
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affects the response of this leukaemia to DNA damaging
agents [56, 57, 58] and remains to be determined whether
ATM sequence variants can also impact on chemosensi-
tivity of paediatric ALL.

Classes of drugs used in common multiagent chemo-
therapeutic regimens in paediatric ALL include DNA-
damaging agents such as Etoposide and Doxorubicin,
antimetabolites such as Methotrexate and Cytosine
Arabinoside, mitotic inhibitors such as Vincristine and
nucleotide analogues such as 6-mercaptopurine. Many
of these agents induce killing by causing DNA damage in
form of DSBs. Etoposide, Doxorubicin, Methotrextate,
and Cytosine arabinoside have been shown to cause accu-
mulation of the p53 protein in cells subsequent to their
administration, clearly supporting a role for the induc-
tion of p53-dependent pathways in their mechanism of
action [59]. Therefore, examination of the integrity of
DNA damage response pathways could potentially prove
useful in identifying the underlying pathogenesis of non-
responsive ALL.

DNA-damaging agents and ionising radiation (IR)
induce an early upregulation of p53 and its downstream
transcriptional targets, including the cell cycle regulator
p21, followed by later cleavage of procaspases and their
downstream substrates such as PARP1. Thus, irradiation
induced expression of p53, p21, PARP1 and pro-caspases
3,7 and 9 can serve as a tool to identify ALL samples with
defective responses to DNA DSBs.

Using a stratification system with IR as a model to
induce DNA damage in vitro, we have demonstrated that
a post-irradiation expression of p53, p21 and PARP1 and
pro-caspases 3, 7 and 9 delineates two major response
types in paediatric B-precursor ALL: a “sensitive” pheno-
type which shows a reduction in PARP1 expression by 8
hours post-IR, and a “resistant” phenotype which main-
tains PARP1 expression at this time and up to 24 hours
post-IR [60]. These results reflected patients’ responses in
vivo. Sensitive patients showed a good blast clearance at
day 8 or 15 of induction treatment and low risk minimal
residual disease (MRD) at day 28. Furthermore, microar-
ray comparison between leukaemias with two types of
DNA damage response identified a number of genes
abnormally upregulated in response to IR in resistant leu-
kaemias, including the members of pro-survival NF-kB
pathway [60]. We subsequently used these observations
to devise a treatment strategy that could restore response
to IR in vitro in resistant tumours. We have shown that
inhibition of the NF-kB pathway can re-establish sensitiv-
ity to IR in resistant paediatric ALL tumours. Therefore,
microararray analysis based on damage response classi-
fication of paediatric ALL can potentially provide new
therapeutic targets.

CONCLUSION

Recent years have seen a dramatic shift in approach
to study of the mechanisms behind chemosensitivity of
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leukaemic cells. Microarray analysis provides a way of
addressing multiple and possibly interacting mechanisms
of chemoresistance in paediatric ALL. More importantly,
this approach allows identification of novel therapeutic
targets. The number of new compounds that target spe-
cific cellular pathways is growing daily. It is, therefore,
likely that future treatment strategies will improve sur-
vival of patients with ALL by specifically targeting the
genes and pathways that are found to be deregulated in
chemoresistant ALL.
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CPMCKW APXWMB 3A LIEJTOKYMHO JIEKAPCTBO

MOJIEKYNNTAPHA MEXAH3MW XEMOPE3UCTEHLIMIE Y
AKYTHOJ TIMMOOBJIACTHOJ JIEYKEMWJU KOA AELIE

TatjaHa CTAHKOBWT, Eliot MARSTON
CR-UK Institute for Cancer Studies, University of Birmingham, Birmingham, UK

KPATAK CAAPKA)J

AKyTHa numoobnacTHa neykemuja (AJ1J1) je HajyuecTanmje
MaNIMrHo obosbere Kog fee. Ynpkoc Tome wto ce 80% pele ¢
0BVIM 060sberbeM AaHac 3neyn, pe3ncTeHumja Ha NpUMetbeHy
Tepanujy Kop aeue ¢ AJIJT v farbe npefcTaBba 036MbaH Kiu-
HYKM Npobnem. 360r Tora Npeno3HaBakbe reHa 1 6MoNoWKNX
npoueca Koju n3asunBajy xeMopesncteHuujy kog 6onecHmka c
AJIN1 npeAcTaBsba Kibyy y AU3ajHMpatby HOBKX 06/MKa Neyetba
1y Hanopuma fa ce nobosblla NpexunBrbaBame 6onecHrKa ¢
OBVIM TUNOM neykemuje. MyTauuje y MeMOpaHCKIM TpaHCNop-
TeprMa Tna P-rMmnKonpoTenHa, reHeTCcKe Bapujauje y eH3u-
MMMa 3a MeTabonvcare nekoa U owTtehera y npoLecy npo-
rpamvpaHe cmpTy hennje npeacTasbajy MexaHn3me xemope-
3nCcTeHUmje Koju cy 3ajeaHnyku 3a AJTJT u octana manurHa 06o-
mbera. CKopalutbe CTyAuje orwTe reHcke ekcnpecunje nomohy
MVKPOYMMOBa yKa3ane Cy Ha HoBe 00sIMke XeMope3nCcTeHLM-
je y peujoj AJIT n, cxopHO ToMe, Ha HOBe 06NMKe Neyera. OBa
UCTpaxmBara Cy NMokasarna fia reHu Koju AUCKPUMUHULLY MeDhy
CEH3UTVIBHNUM PE3VCTEHTHUM NleyKkemmnjama yuecTsyjy y henuj-
CKUM npovecrma Koju perynuwy henvjcku umknyc, nponudepa-
uujy n penapaumjy owteherba HK. Y oBom peBurjckom unaHky
npuKasaHu cy pesyntati CTyauja OnwWwTX reHCKUX eKcrnpecuja

y Aeujoj AJIJ1. Takohe cy npuKasaHu 1 AUCKYTOBaHMW Hallwy con-
CTBEHV pe3ynTaTyi Be3aHU 3a O4TOBOP IeyKeMUjCKIX 6racTta Kog
feue c AJ1J1 Ha gBocTpyke npeknpae AHK n3assaHe xemmnotepa-
nujom. MprKasaHn cy u NpuHUUNK Knacudukauumje neykemuja
Ha CEH3UTKBHE 1 Pe3NCTEHTHE, 3aCHOBaHU Ha HIIXOBOM OArO-
Bopy Ha owTeherbe [HK in vitro. Takohe cy AucKyToBaHuW pe3yn-
TaTV KOju CyrepuLly fla pe3nCTeHTHE ieyKeMuje nokasyjy nope-
meheH ogrosop NFkB henujcke Kackaze Ha 3payetbe, Kao 1 3a-
naare fja MHX1oMLMja OBOr OroBOpPa MOXe NOHOBO fja yCrno-
CTaBV CEH3UTMBHOCT Neykemujckunx henwja.

KmbyuHe peun: akyTHa numpobnactHa neykemuja (AJ1J1); xemo-
pe3ucTteHuwja; ogrosop Ha owTeherwe [HK; mukpoumn
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