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Abstract

Aim— We investigated candidate genes associated with thiopurine metabolism and clinical
response in childhood acute lymphoblastic leukemia.

Materials & methods— We performed genome-wide SNP association studies of 6-thioguanine
and 6-mercaptopurine cytotoxicity using lymphoblastoid cell lines. We then genotyped the top
SNPs associated with lymphoblastoid cell line cytotoxicity, together with tagSNPs for genes in the
‘ thiopurine pathway’ (686 total SNPs), in DNA from 589 Caucasian UK ALL97 patients.
Functional validation studies were performed by siRNA knockdown in cancer cell lines.

Results— SNPs in the thiopurine pathway ge#d3CC4 ABCC5 IMPDHL1, ITPA, SLC28A3and
XDH, and SNPs located within or ne&FP6AP2 FRMD4B GNG2 KCNMAlandNME1, were
associated with clinical response and measures of thiopurine metabolism. Functional validation
showed shifts in cytotoxicity for these genes.

Conclusion— The clinical response to thiopurines may be regulated by variation in known
thiopurine pathway genes and additional novel genes outside of the thiopurine pathway.
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The thiopurine drugs 6-mercaptopurine (6-MP) and 6-thioguanine (6-TG) are used in the
consolidation and maintenance phases of treatment protocols for childhood acute
lymphoblastic leukemia (ALL) [1]. 6-MP is the established thiopurine in the maintenance
phase; when used during maintenance therapy 6-TG carries a greater risk of severe adverse
effects [2,3] but, it may be more effective for specific subgroups of patients [1]. Although
these drugs represent an important component of the pharmacologic therapy of this disease,
there are wide variations in efficacy and their use carries a risk of myelosuppression and, in
some protocols, secondary neoplasia [4— 9]. Pharmacogenomics, the study of the role of
inheritance in variation in drug response phenotypes [10], may help us better understand and
predict individual variation in the occurrence of both adverse drug responses and relapse
during the treatment of childhood ALL. Previous studies of thiopurine pharmacogenomics
have focused on SNPs in ‘ thiopurine pathway’ genes [11], such as TPMT, an enzyme that
catalyzes th&methylation of thiopurines [4]. Polymorphisms in the gene encoding this
enzyme are associated with elevated levels of the active thiopurine metabolites, 6-TG
nucleotides (6-TGNSs), and, as a result, with myelosuppression [12,13]. Therefore,
genotyping offPMT or measuring red blood cell (RBC) TPMT enzyme activity are used
clinically to help optimize thiopurine therapy [4,14].

Altered thiopurine disposition has also been reported to be associated with polymorphisms
in a number of candidate genes [15]. Polymorphisms in the gene encoding the ABCC4 drug
transporter [16— 18] and in thBA gene have been associated with neutropenia and
thrombocytopenia during thiopurine therapy [19,20]. Although somatic ‘ tumor’ mutations
obviously influence response to drug therapy, thiopurine pharmacogenetics (e.g., TPMT)
serves to emphasize the fact that germline polymorphisms can also play an important role in
drug response [10]. However, the possible contribution of nonthiopurine pathway genes to
variation in thiopurine response remains unclear. A number of genome-wide association
studies (GWAS) have reported germline SNPs associated with the risk for the occurrence of
ALL [21- 23] and ALL treatment response phenotypes [24— 27]. Germline GWAS studies
have identified SNPs associated with relapse risk in methotrexate, dexamethasone and
asparaginase pharmacologic phenotypes [26] and, with respect to thiopurine metabolism,
SNPs associated with modulations in TPMT activity [27].

Focusing on thiopurine metabolism, we had previously utilized a cellular model system that
consists of a large panel of lymphoblastoid cell lines (LCLs) for which we have generated
dense genomic data, both SNPs and expression array data, to study the cytotoxicity of both
6-MP and 6-TG [28,29]. Specifically, we associated 6-MP and 6-TG cytotoxicity (igg), IC
values with genome-wide expression array data. As a result of those studies we reported a
novel * cellular circulation’ of thiopurines that involved extrusion of nucleotide
monophosphates by ABCC4, hydrolysis of the nucleotides outside of the cell by the ecto-
enzyme NT5E and transport of the resultant nucleosides back into the cell by SLC29 [30].
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The LCL model system used to perform those studies has repeatedly proven to be a
powerful tool for both generating pharmacogenomic hypotheses and for pursuing SNP
signals identified during clinical GWAS [28,29,31— 34].

In the present study, we followed up our previous report using expression array data but, this
time utilizing SNP association data from the same LCLs. Specifically we have applied a

‘ three-tiered’ experimental strategy to investigate candidate genes associated with clinical
response in patients with childhood ALL. We began with studies of 176 LCLs from the
ethnically diverse Coriell * Human Variation Panel' [30,35] for which we had performed
GWAS of the association of SNPs and gene expression with 6-TG and 6-MP cytotoxicity
(ICsg values) [30]. As the second step, we genotyped SNPs identified during the SNP
GWAS performed with the LCLs as well as thiopurine pathway gene tagSNPs using DNA
from Caucasian children with ALL who were enrolled in the UK ALL97 clinical trial. We
observed novel associations for several of these SNPs with clinical measures of treatment
response, disease outcome and thiopurine metabolite concentrations. For the third step,
candidate genes identified by genotyping clinical DNA samples from the ALL patients were
selected for functional validation, which was performed by determining the effect of sSiRNA
gene knockdown on 6-MP and 6-TG cytotoxicity studies in cancer cell lines.

Materials & methods

Cell lines

LCLs from 58 African— American, 58 European— American, and 60 Han Chinese— American
unrelated healthy subjects (sample sets HD100AA, HD100CAU and HD100CHI) were
purchased from the Coriell Cell Repository (NJ, USA). These cell lines had been generated
from blood samples collected and anonymized by the National Institute of General Medical
Sciences (NIGMS). All subjects had provided written consent for the use of their samples

for research purposes. This study was reviewed and approved by the Mayo Clinic
Institutional Review Board. HeLa (human cervical carcinoma), U87MG and U251 (human
glioma) as well as OVCAR10 (ovarian cancer) cell lines were purchased from the American
Type Culture Collection (VA, USA).

Drugs & cell proliferation assays

6-MP and 6-TG were purchased from Sigma Aldrich (MO, USA). Cytotoxicity assays were
performed using the CellTiter 96Aqueous Non-Radioactive Cell Proliferation Assay
(Promega Corporation, WI, USA) after 72 h drug exposure over a range of drug
concentrations (see Supplementary tablevivat.futuremedicine.com/doi/suppl/10.2217/
pgs.13.266or concentrations) for lymphoblastoid, HeLa, OVCAR10, U87MG and U251
cell lines.

LCL genomic data

DNA from the Human Variation Panel LCLs had been genotyped in the Mayo Clinic
Genotype Shared Resource (GSR) using lllumina HumanHap 550K and 510S BeadChips.
The Coriell Institute also genotyped and made available Affymetrix SNP Array 6.0 Chip
data for these cell lines. As a result, approximately 1.3 million uniqgue SNPs were available
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for each cell line. Total RNA was also extracted from each of the LCLs using the Qiagen
RNeasy Mini kit (Qiagen, Inc., CA, USA) and RNA quality was tested using an Agilent

2100 Bioanalyzer, followed by hybridization to Affymetrix U133 Plus 2.0 GeneChips. Basal
MRNA expression data were normalized using guanine cytosine robust multiarray analysis
[36]. These data are available in the NCBI database under accession number GSE24277. In
an analysis of 1.3 million SNPs one would predict 130 SNPs to be associated with 6-TG or
6-MP 1Csg at a 1 x 10* level. No adjustment was made for multiple testing, although a
conservative Bonferroni cutoff of p < 7.28 x2@vould account for the 686 SNPs analyzed.
For these reasons SNPs with an association <T4vi€re considered for further study.

UK ALL97 clinical trial

The UK Medical Research Council (MRC) ALL97 trial (UK ALL97, registration number
ISRCTN26727615) compared the efficacy and toxicity of dexamethasone and 6-TG
(experimental arm) with prednisone and 6-MP (standard approach arm). This trial recruited
ALL patients aged 1— 18 years who were newly diagnosed with their first episode of ALL.
The patients were diagnosed in the UK and Ireland between January 1997 and June 2002.
Patient ethnicity was recorded at trial recruitment by asking the parents. Treatment centers
obtained local ethics committee approval and informed consent from patients and/or parents.
The trial included an add-on pharmacogenetic and drug metabolism study designed to
investigate inter- and intra-patient variability in response to thiopurines. Background
treatment regimens underwent several modifications during the trial, but randomizations and
biological studies were retained. Patients were randomly allocated to daily oral 6-TG
(standard dose 40 mgfror 6-MP (standard dose 75 mdjnauring interim and continuing
maintenance. Thiopurine doses were titrated to achieve target neutrophil and platelet counts.
Detalils of the titration protocols, treatment regimens and modifications have been reported
previously [3,37].

Blood samples were requested at disease diagnosis and during thiopurine maintenance
chemotherapy. During maintenance chemotherapy, blood samples were obtained after at
least 7 days at the standard protocol thiopurine dose or at the maximum tolerated dose, but
not within 2 months of a red cell transfusion. Blood samples were obtained at the earliest
convenient time point after the criteria described above were met. If maintenance therapy
had been interrupted or the dosage reduced, the sample was obtained after the recovery of
cell counts during the next cycle of thiopurine therapy. The use of these DNA samples and
associated clinical data to perform the present study was reviewed and approved by the
Sheffield Local Research Ethics Committee (reference 08/H1308/279).

TPMT activity & thiopurine metabolite assays

The concentrations of the 6-TGN and methyl-mercaptopurine nucleotide (MeMPN)
thiopurine metabolites and TPMT activity were measured by HPLC, as described previously
[38,39]. The TPMT activity assay was modified to measure the methylmercaptopurine
product directly [2]. Metabolite assay results are reported as pmol/8RBI0s and TPMT
activity as units/ml packed RBCs.
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DNA extracted from blood samples (Nucleon BACC1, Manchester, UK) was genotyped for
TPMT*3A TPMT*3BandTPMT*3C by amplification of exons 7 and 10 using intron-based
primers [40]. A 10 pl aliquot of the PCR product was digested for 4 hiMvitbl at 60°C to
detectTPMT*3B (wild-type fragments 226 bp and 100 bp, variant allele, 326 bp, not
digested) andcclat 37°C to detecEPMT*3C (wild-type, 437 bp, not digested, variant

allele fragments 268 bp and 169 bpPMT*3Ais a double mutant containing both the exon

7 and exon 10 variant alleles. The restriction digestion products were analyzed on 4% poly-
acrylamide gelsTPMT*2 was determined by sequencing exon 5 of A& T gene using an

ABI 3730 capillary sequencer (Applied Biosystems, Warrington, UK) with dye-primer
chemistry. SNPs selected for genotyping using DNA from the ALL97 patients were quality-
tested by lllumina, arranged in a customized genotyping panel and genotyped using the
lllumina GoldenGate system (CA, USA).

Transient transfection & RNAI

siRNAs used to perform the gene knockdown studies were purchased from Dharmacon
RNAI Technologies (CO, USA). The cell lines studied were transfected with
Lipofectaminé” RNAIMAX (Invitrogen, CA, USA). Briefly, approximately 4— 5 3 1@lls

were plated in a 96-well format and were transfected with 5 nM of the appropriate siRNA.
After 24 h, a series of drug concentrations was added, followed by incubation for 72 h.
Cytotoxicity was measured as described previously, and total RNA was isolated from the
cells using the Qiagen RNeasy kit. Primers were purchased from Qiagen, and quantitative
reverse transcription (qRT)-PCR was performed using the one-step, Brilliant%®BRn
gqRT-PCR master mix kit (Stratagene, CA, USA) with the StepOnéFReal-Time PCR
System (Applied Biosystems, CA, USA). All experiments were performed in triplicate with
B-actin as an internal control. The efficiency of siRNA knockdown was estimated by
guantitative PCR, comparing the mRNA expression of the siRNA knockdown genes with
nontargeting siRNA as a control. The nontargeting siRNA was designed to target no known
genes in the human cells lines and so determine baseline gene-expression levels. The
efficiency of gene-expression knockdown ranged from 70— 90%.

Statistical methods & association analysis

The statistical methods for LCL analysis, including adjusting for ethnicity, have been
previously described [30]. For the functional validation studies best fit curves, before and
after gene knockdown, were fitted using GraphPad Prism Software (CA, USA). The data
was fitted to a four parameter nonlinear regression, curve fit, model selecting a variable
slope and sigmoidal dose— response curve. Statistical significance was calculated using the
Student’ s t-test for paired data in the GraphPad software. Survival was calculated from the
start of treatment to death or last follow-up, while relapse-free survival was calculated from
start of treatment to relapse/death, or last follow-up. Association of survival and relapse
phenotypes and SNPs was assessed using Cox proportional hazard models. All other
phenotypes were transformed because of skewness, using a van der Waerden rank
transformation, and association with SNPs was assessed using linear regression. Increase in
model R was derived from the difference in model % adding genotype beyond
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covariates, and direction of the genotype effect was the sign of the effect of the genotype in
the regression model. All analyses were adjusted for TPMT ‘ metabolizer status’ , and the
treatment received. SNP genotypes were modeled with an additive genetic model (count of
rare alleles).

For the thiopurine studies, within the UK ALL97 clinical trial, 87% of the patients enrolled
were Caucasian and 13% belonged to other ethnic groups (5.4% Asian [Indian or Pakistani
decent], 3.3% mixed race, 1.5% black, 0.5% Oriental and 2.3% unknown or non-Caucasian).
Analysis was restricted to the Caucasian cohort; blood and DNA samples were obtained
from 589 Caucasian children. Demographic data for these patients are summarized in table
1. The SNPs genotyped using DNA samples from these patients were selected from two
sources: SNPs identified during 6-TG and 6-MP cytotoxicity GWAS conducted with the
Human Variation Panel of LCLs; and tagSNPs for genes encoding proteins in the thiopurine
pathway as defined by PharmGKB [101].

Subsequent paragraphs describe first, the Human Variation Panel LCL Model System
GWAS that was used to identify the majority of SNPs used to genotype the clinical samples;
second the results of the clinical sample genotyping; and, third, the functional validation of
selected genes related to SNPs that displayed associations with the clinical phenotypes
studied.

Human Variation Panel 6-TG & 6-MP cytotoxicity GWAS

The Manhattan plots for the LCL thiopurine GWAS, depicted graphically in Figure 1,
showed that 153 SNPs with p < 1 x4@vere associated with 6-TG 4gvalues and 130

with 6-MP 1G5q values, but only six of those SNPs were common to both drugs (Figure 1C).
All SNPs with p < 1 x 10* for both LCL 6-TG and 6-MP GWAS are listed in

Supplementary tables 2a & 2b, with an asterix indicating SNPs that were common to both 6-
TG and 6-MP. The top SNP for 6-TG cytotoxicity was rs6097295 (p = 2.34’x 118

0.40). This SNP mapped to chromosome 20 (Figure 1a) in the first intron b Hi#&2gene

and the variant allele for this SNP was associated with increased resistance. Two other SNPs
with low p-values mapped to the saff@HZ2intron. The most striking SNP signal
observed in the 6-MP GWAS mapped to chromosome 17 (Figure 1b), with the top SNP,
rs4794227 (r = —0.38; p = 1.31 x M) located in the 3UTR of theUTP18gene. The
variant allele for this SNP was associated with decreased 6-MPth@t is, enhanced
sensitivity.

SNPs with p-values <1 x Iffrom the LCL GWAS (Figure 1C) as well as a group of
tagSNPs for thiopurine pathway genes were then genotyped using DNA samples from
patients enrolled in the UK ALL97 trials [3]. A graphical outline of the process of SNP
selection is shown in Figure 2. Specifically, 403 SNPs were selected from the 6-TG and 6-
MP LCL GWAS (p < 1 x 10% Supplementary tables 2a, 2b, Figure 1C & Figure 2a). That
number included 114 from the SNP peak on a 380 kb region of chromosome 17 observed
during the 6-MP GWAS (Figure 1b). SNPs with low p-values within this region other than
those genotyped during the GWAS were imputed using CEU HapMap 3 data. The
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PharmGKB database and HapMap 2 data were used to select an additional 387 thiopurine
pathway tagSNPs (Figure 2b). Therefore, 790 SNPs were submitted to lllumina, and a final
total of 686 SNPs passed quality control, were successfully genotyped using DNA from UK
ALL97 patients and were analyzed for their possible association with clinical phenotypes.

Association analysis for UK ALL97 patients

Possible associations between the SNPs genotyped in the 589 patients studied and patient-
related phenotypes were investigated. These phenotypes included patient RBC TPMT
activities at both disease diagnosis and relapse, patient RBC drug metabolite concentrations
(6-TGNs and MeMPNSs), disease relapse and patient survival. It should be noted that some
of the DNA samples had been obtained at the time of initial diagnosis while others were
obtained during remission maintenance chemotherapy. For the survival, relapse and TPMT
activity phenotypes, genotypes from both * diagnosis’ and ‘ chemotherapy’ samples were
used to perform the association analyses, while — for obvious reasons — only genotypes from
the chemotherapy samples could be used to perform association analyses for 6-TGN and
MeMPN concentrations or the MeMPN:6-TGN ratio because those phenotypes were only
available after the initiation of chemotherapy. Comparison of genotypes showed a 99%
concordance between genotypes for diagnosis and chemotherapy samples from the patients
for which both types of DNA samples were available (n = 104). Although there is good
agreement between the genotypes, it is not complete. For this reason, because the at
diagnosis genotype sample was derived from white blood cells containing predominantly
leukemic cells, the diagnosis and chemotherapy samples were analyzed separately in the
association analysis of survival and relapse. tables 2 & 3 summarize the association of SNPs
and clinical phenotypes.

TPMT genotype associations

TPMT genotype is associated with striking variation in TPMT activity and, as a result, with
risk for the occurrence of serious adverse drug reactions in patients treated with thiopurines
[4]. Our association analysis (Supplementary table 3) confirmed BT genotype was

highly associated with level of TPMT activity during chemotherapy (2.90°431,0RBC
MeMPN:6-TGN ratio (5.63 x 1) and RBC 6-TGN concentrations (p = 1.62 <% 0n

these patients. HoweverPMT genotype (analyzed as wild-type or variant allele) was not
significantly associated with either survival or relapse (Supplementary table 3). The ALL97
protocol adjusted drug dose in TPMT deficient patients to a starting dose of 10% of the
standard 75 mg ™ protocol dose. For all patients the thiopurine dose was titrated to target
blood cell counts for a degree of controlled myelosuppression. A small cohort of problem
patients (drug sensitivity or nonresponse) had thiopurine dosage adjusted based on drug
metabolite levels. This lack of association of TPMT with outcome measures has been
observed in similar protocols [41]. In order to determine whether additional SNPs, beyond
those iNTPMT, might be associated with clinical phenotypes in ALL patients, association
analyses were performed after adjusting™®MT genotype and TPMT enzyme activity as
covariates. Since results adjusted T®MT genotype and TPMT enzyme activity during
chemotherapy did not differ significantly, in subsequent paragraphs we will only report
results adjusted forPMT genotype.

Pharmacogenomic#uthor manuscript; available in PMC 2015 March 01.
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Associations with treatment outcomes

Included among the strongest associations with treatment outcomes were those seen for the
rs7321807 and rs7325256 (linkage disequilibridm L) SNPs in the thiopurine pathway
geneABCC4 with hazard ratio values of 6.28 and 4.48 for relapse and survival, respectively
(tables 2 & 3). A hazard ratio >1 indicates a worse survival or an increased risk of relapse.
Other thiopurine pathway SNPs associated with these clinical disease-related outcomes
mapped to the introns &BBCCH IMPDHL1, ITPAandXDH. An intronic SNP inTPA,

rs7270101, previously reported to be associated with thiopurine metabolism and febrile
neutropenia in US ALL patients [20] and a poorer event-free survival in Asian ALL patients
[42], was also associated with increased risk for relapse in the ALL97 patients (tables 2 &
3).

Nonthiopurine pathway SNPs associated with the survival and relapse phenotypes were
located in or near th2P4, RAD51AP2VSNL1 A2BP1landMAPK4genes (tables 4 & 5).

Since these SNPs had been selected from among top SNPs associated with 6-TG and 6-MP
IC5q values observed during the LCL GWAS, and since SNPs that were positively
associated with 16 values during those studies would be expected to be related to drug
resistance, potentially resulting in worse outcomes (hazard ratio >1), the results listed in
table 4 & 5 for outcomes were all compatible with predictions from the LCL thiopurine
cytotoxicity GWAS.

Associations with RBC TPMT activity & thiopurine metabolite concentrations

Reductions in on-chemotherapy RBC TPMT activity were associated with SNPs in introns

of the thiopurine pathway gen¥®H, IMPDH1, SLC28A3andABCC4(tables 2 & 3). A

SNP in the nonthiopurine pathway gér@M8A6P(rs1040637) was associated with

increased TPMT activity, while rs200148, which mapped betwéei andHIVEP2

(tables 4 & 5), was associated with reduced enzyme activity. In the LCLs, the rs200148 SNP
was associated with increased sensitivity to 6-TG and 6-MP, as would be expected for a
reduction in TPMT activity [4].

As anticipated [4], levels of 6-TGNSs, active thiopurine metabolites, were negatively
correlated with on-chemotherapy TPMT activity (6-M&=r—-0.247, p <0.0001, 6-TGg F
-0.266, p < 0.0001). 6-TGN and MeMPN concentrations and the MeMPN:TGN ratio were
associated with SNPs in the thiopurine pathway géR&4T, ABCC4and inSLC28A3

(tables 2 & 3). Intronic SNPs in the nonthiopurine pathway g€m#412, FRMD4Band
GNG2were associated with reduced levels of MeMPNSs (p < 0.01). SNPs that mapped to
KCNMAlandPAG1lwere associated with increased 6-TGN levels in patients treated with 6-
MP (tables 4 & 5).

SNP associations with gene expression

Since SNPs can regulate gene expression in eittisoatransfashion [35], we took

advantage of the LCL model system, with the full realization that LCLs are not
lymphoblasts, to test for associations of SNPs that were associated with clinical phenotypes
(tables 2, 3, 4 & 5) with mRNA expression data in the Human Variation Panel LCLs
(Supplementary table 4). For example, fiRA intronic SNP rs7270101 was associated (p
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=5.07 x 109 with reduced expression of its gene. These observations confirmed a previous
report that this SNP altered splicing and was associated with decf€R#eekpression and
decreased ITPA enzyme activity [43]. The rs7321807 and rs7325256 SANBE@®were

in linkage disequilibrium é= 1) and were associated (p = 3.37 %314nd 3.90 x 1) with
increased expression ABCC4in LCLs (Supplementary table 4). These associations for
ABCC4SNPs were not significant after correcting for multiple comparisons, but their
possible functional role was supported by their association with worse clinical outcomes for
the UK ALL97 patients (tables 2 & 3). By studying possibéss expression associations

for SNPs, we found that rs200148 in the region betwt®¥iEP2 andAlG1 was associated

with both reduced TPMT activity (table 5) and with expression of the thiopurine pathway
genesADA (p = 7.39 x 10% andGART(p = 1.46 x 10’; Supplementary table 4).

Candidate gene functional validation

Discussion

As the final step in our series of experiments, we selected a panel of genes to study for their
effects on thiopurine cytotoxicity in cancer cell lines as a functional test of the associations
that we had observed. Genes were selected for functional validation if SNPs associated with
at least one phenotype with p < 0.01 (tables 2, 3, 4 & 5) were located in or near (<200 kb)
that gene. GWAS identified six SNPs associated with both 6-TG and 6-MP cytotoxicity,
functional validation was performed for two of the€&€(ND2andC100rf11§ together with

SNPs associated with clinical outcome. We did not prioritize pseudo-genes or genes without
names, rather we investigated SNPs in known functional geneaDAandGARTgenes

were added as a result of dtans expression association analysis of top SNPs in the LCLs
(Supplementary table 4). A total of 21 genes were selected for functional testing. Each of
these genes was required to be expressed in at least two tumor cell lines out of a panel
composed of HeLa, OVCAR10, U251 and U87MG. We first obtained basal expression array
data for all four cell lines. In order to proceed with testing, we required an intensity level

that indicated sufficient mMRNA for siRNA gene knockdown to be meaningful and for qRT-
PCR to measure both basal gene expression and the efficiency of siRNA knockdown.

Validation required that sSiRNA knockdown result in a significant shift of the cytotoxicity

curve for at least two cell lines. For example, after the knockdowT B6AP2 FRMD4B

GNG2 KCNMAL1, UTP1&ndNMEL the cell lines were more resistant to both drugs

(Figure 3). Functional validation of thiopurine pathway genes showed significant shifts of
cytotoxicity curves in the anticipated direction (p < 0.05)TBMT andITPA (Figure 3) as

well asABCC4 ADA andSLC28A3n Hela cells (Supplementary Figure 1). The anticipated
increase in sensitivity was observed aftBMT knockdown, while increased resistance was
observed afteBLC28A3knockdown — as anticipated based on our previous LCL-expression
studies [30]. The overall results of the functional analyses are summarized in Supplementary
table 5.

We have applied a ‘ three-tiered’ experimental strategy in an attempt to identify and
functionally validate novel associations of SNPs, and their corresponding genes, with
variation in thiopurine response phenotypes in UK ALL97 patients. The SNPs were initially
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identified on the basis of 6-TG and 6-MP cytotoxicity GWAS performed with LCLs or as
tagSNPs for thiopurine pathway genes. Obviously, p-values of I4dl@ing the LCL

GWAS were not genome-wide significant after correction for multiple comparisons, but the
purpose was to identify * candidate’ SNPs to test by genotyping clinical samples to determine
whether they might be associated with clinical phenotypes for ALL patients treated with
thiopurines. It should be emphasized that all of these patients were treated with thiopurines,
but they were also treated with several other drugs. We anticipated, correctly, that
associations determined using clinical samples would probably be inconclusive, which is

why we also included a final functional validation step for candidate SNPs associated with
clinical phenotypes as the final step in our three-tiered strategy.

The LCL studies identified only six SNPs associated with both 6-TG and 6-pMRdies.

This is perhaps a direct reflection of the differing activation pathways for the two
thiopurines (6-TG forms TGNSs directly whereas 6-MP forms a variety of nucleotide
metabolites prior to TGN formation), coupled to the limitations of studying drug metabolism
in a cell-line system, a system that cannot reflect the presystemic metabolism and intra- and
inter-cellular drug metabolite transfer that ocdarsivo. Therefore the LCL model system

is of greatest value for the study of pharmacodynamic effects rather than pharmacokinetic
effects. Because the LCL system is unable to address many genes encoding proteins
involved in pharmacokinetics we added tagSNPs for thiopurine pathway genes when we
analyzed the clinical samples. In our validation studies, when we knocked-down both
thiopurine pathway and nonthiopurine pathway genes, we found that 20 (out of 25 genes
tested) altered the resistance to both 6-TG and 6-MP.

The most significant associations observed were for intronic SNFsG28A3with reduced
6-TGN levels and MeMPN:6-TGN ratios during 6-MP therapy andBEZC4intronic

SNPs with relapse and survival (tables 2 & 3). KnockdowBLdZ28AFesulted in

increased drug resistance (Supplementary Figure 1). A large number of SNPs associated
with treatment outcome in ALL97 patients mapped to genes encoding the ABCC4 and
ABCCS transporters (tables 2 & 3). These genes encode proteins that can extrude nucleotide
monophosphates from the cell [16,30]. Increased expressiB@EC4is associated with

the rs7321807 and rs7325256 SNPs (Supplementary table 4), which may explain drug
resistance with increased risk of relapse, as observed in this study. As anticipated,
knockdown ofABCC4in HelLa cells resulted in lower ¢gvalues and increased thiopurine
sensitivity (Supplementary Figure 1), in agreement with results reported by Krishnamurthy
et al.and Liet al, both of whom showed that decreased expressiéBGfC4results in the
intracellular accumulation of 6-TGNs and increased drug sensitivity [16,30].

The rs7270101 SNP iTPA has been reported to alter splicing and is associated with
decreasedilTPA expression and enzyme activity [43], resulting in the accumulation of
thioinosine triphosphate and reduced production of 6-TGNs. Our knockddwR Af

(Figure 3) resulted in increasedsiGralues in OVCAR10 and U251 cells, demonstrating

that reducedTPA expression in tumor cells results in thiopurine resistance. These
observations may be related to both the increased risk of relapse in the patients in this study
who carried this polymorphism (tables 2 & 3) and to the decreased survival associated with
ITPA polymorphisms reported in Asian ALL patients [42].
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TPMT enzyme activity is inversely correlated with 6-TGN levels [4]. Reduced RBC 6-TGN
concentrations as a result of elevated TPMT activity may increase the risk of relapse [44],
while high levels of 6-TGNs may result in myelosuppression [4,8]. However, SNPs located
in regions of the genome other thERMT itself may also influence level of TPMT activity
[27,45]. For example, we observed an association of reduced TPMT activity with the
rs200148 SNP that lies betweglG1 andHIVEP2 (tables 4 & 5). This SNP was also
negatively associated with expression of the thiopurine pathwayAdeAé LCLs
(Supplementary table 4). We also showed that sSiRNA knockdovbAfresulted in

increased sensitivity to 6-TG and 6-MP in HelLa cells (Supplementary Figure 1), similar to
the effect offPMT knockdown. Although it was not possible to perform siRNA knockdown
for all of the candidate genes that we identified, we did show that knockdoATrP&AP2,
GNG2, FRMD4B, NME1, KCNMAdAndUTP18resulted in increased resistance to
thiopurine drug-induced cytotoxicity (Figure 4 & Supplementary table 5). Possible
mechanisms responsible for these observations should be pursued in the course of future
studies.

It should be emphasized that LCLs, like all model systems, have limitations. However, it
should be emphasized once again that this LCL model system has already repeatedly
demonstrated its power to generate pharmacogenomic hypotheses [28,32,33,46] and to
pursue pharmacogenomic hypotheses from clinical GWAS [31,34,47]. The present study
shows that SNPs identified during GWAS performed with this model system may help lead
us to genomic regions of possible importance for thiopurine treatment response. It should
also be emphasized, as pointed out earlier, that mutations in the tumor genome obviously
play a critical role in variation in antineoplastic drug response, but our studies show that
germline polymorphisms can also play an important role in variation in response to
antineoplastic drug therapy [10].

In summary, we have applied a three-tiered research strategy to identify, test using clinical
samples, and functionally validate the relationships among SNPs, clinical outcomes, gene
expression and the cytotoxicity of thiopurine drugs used to treat childhood ALL. We
observed a series of novel associations with clinical response phenotypes in ALL patients,
but few of these associations were significant after correcting for multiple comparisons (p <
7.1 x 10°). That is why our use of a three-step research strategy, utilizing three different
systems, was essential. We used Hela, U251, U87M and OVCAR10 cancer cell lines for
the final functional validation; chosen because the target genes were expressed in these cell
lines and their use was without the technical difficulties associated with validation in
nonadherent cell lines.

In conclusion, the results of the studies described here contribute to our understanding of the
pharmacogenomics of thiopurine response in the therapy of childhood ALL. We did not
identify any new, strong candidate genes but confirmed earlier reports of the functional
importance, and impact, of genes in the thiopurine pathway — especially ABC and SLC
transporter genes — and added novel nonthiopurine pathway candidate genes of potential
importance for clinical drug-response phenotypes. These results may also point to a future in
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which panels of biomarkers might help to better optimize and monitor thiopurine therapy of
childhood ALL.

Future perspective

Our study has shown that germline polymorphisms can play an important role in the
variation in response to the chemotherapy of childhood ALL. We specifically concentrated
on the response to thiopurine therapy because, for many successful ALL protocols,
thiopurine maintenance chemotherapy is the backbone of the long-term (2 to 3 years)
continuing chemotherapy. Treatment outcome after disease relapse remains poor and so the
delivery of optimum drug therapy in first remission is of prime importance. The most
significant associations with treatment outcome were observed for SNPs in the genes
encoding ABC and SLC transporters: a large number of SNPs mapped to genes encoding
ABCC4andABCC5,observations that confirm earlier reports of their clinical importance.

Also within genes influencing thiopurine metabolite formation, we observed an increased
relapse risk with the rs7270100PA polymorphism and reduced ITPA expression in the
knockdown studies resulted in increased thiopurine resistance. These results indicate SNPs
that could modulate the response to thiopurine drugs and future studies should investigate
these SNPs as a biomarker panel, along with indices of TPMT status and thiopurine
metabolite formation, which could be used to optimize the delivery of thiopurine drugs.
Potentially, the biomarkers could identify thiopurine * good response’ patients in whom the
intensity of total chemotherapy could potentially be reduced/@medversathe

identification of thiopurine nonresponders who may require additional risk-directed
intensification of therapy.

Additionally, our studies showed that knockdowmAGPP6AP2, GNG2, FRMD4B, NME1,
KCNMA1andUTP18,genes that were associated with clinical phenotypes but not directly
associated with thiopurine metabolism or recirculation, resulted in an increased resistance to
thiopurine drug-induced cytotoxicity. Possible mechanisms responsible for these
observations should be pursued in the course of future studies; this may enable an increased
understanding of the underlying processes that play a role in thiopurine response and
treatment outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary
Aim
 We investigated candidate genes associated with the clinical response to
thiopurine drugs in the treatment of childhood lymphoblastic leukemia (ALL)

‘ Human variation panel’ 6-thioguanine & 6-mercaptopurine cytotoxicity genome-
wide association study

» Genome-wide SNP association studies for 6-thioguanine (6-TG) and 6-
mercaptopurine (6-MP) cytotoxicity in lymphoblastoid cell lines (LCLS)
identified 289 SNPs. Only six were common to both 6-TG and 6-MP.

« The LCL top SNPs, along with tagSNPs for genes in the thiopurine pathway
set of genes involved in the metabolism and intercellular transport of thiopur
drugs) were used for genotyping clinical samples.

Association analysis for UK ALL97 patients

e Thiopurine pathway genes, especially the ABC transporters but also SNPs i
genes influencing thiopurine metabolite formatitMEDH1, ITPAandXDH),
were associated with disease relapse and overall survival.

 The ABC and SLC transporter SNPs were also associated with intracellular
thiopurine drug metabolite (6-thioguanine nucleotides and 6-
methylmercaptopurine nucleotides) concentrations and TPMT activity.

» In addition, nonthiopurine pathway genéd P6AP2, FRMD4B, GNG2,
KCNMAlandNME1) were associated with these clinical phenotypes (diseast
relapse, overall survival, thiopurine metabolite formation; p < 0.01).

Candidate gene functional validation

» Knockdown studies of candidate genes showed significant shifts in cytotoxig
that resulted in altered resistance to 6-MP and/or 6-TG.

Conclusion

» The clinical response to thiopurines is regulated by a number of genes invol
in thiopurine metabolism and recirculation in addition to novel genes outside
the known thiopurine pathways.

» siRNA knockdown of nonthiopurine candidate genes resulted in increased
resistance, or sensitivity, to thiopurine drug-induced cytotoxicity. The possib
mechanisms responsible for these observations should be pursued.

« Variation in the clinical response to thiopurines may be regulated by a panel
thiopurine pathway and nonpathway genes; no novel candidates with large
effect size were identified in these studies.
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Figure 1. Genome-wide association studies for SNP associations with thiopurinestSalues in
lymphoblastoid cell lines
Manhattan plots for lymphoblastoid cell line GWAS fog§@alues for(A) 6-TG and(B) 6-

MP. (C) Overlap of top SNPs for 6-TG and 6-MP with p-values of €1The blue line
denotes p < 1 x T6; SNPs with an association <1 x f@vere considered for further study.
Red dots denote thiopurine pathway SNPs.

6-MP: 6-mercaptopurine; 6-TG: 6-thioguanine; GWAS: Genome-wide association study.
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Figure 2. Selection of SNPs for genotyping samples from acute lymphoblastic leukemia patients
(A) Top SNPs associated with 6-TG and 6-MBglZalues in LCLs. Additional SNPs in a

region of chromosome 17 were selected from the CEU Hapmap?2 data over approximately
380 kb extending across a SNP * signal’ on chromosome 17 that was observed during the
LCL GWAS for 6-MP G value.(B) Thiopurine pathway SNPs. These SNPs were in or

near genes (<200 kb) encoding proteins known to be involved in the thiopurine pathway as

defined by PharmGKB.

6-MP: 6-mercaptopurine; 6-TG: 6-thioguanine; GWAS: Genome-wide association study;

LCL: Lymphoblastoid cell lines.
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Figure 3. Functional validation of candidate genes in cancer cell lines
(A) * Nonthiopurine pathway’ gen@). Thiopurine pathway genes. Cytotoxicity curves

after gene knockdown followed by drug treatment are shown for top candidate genes that
showed consistent ‘ shifts’ in at least two cell lines. In this screening test best fit parameters
of a four parameter nonlinear regression model were calculated and statistical significance
was calculated. p-values are indicated if they were <0.05. In cases where the curves did not
fit the model GNG2andKCNMA1lin U87M cells andNME1in U251 cells, all for 6-TG
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cytotoxicity) the curves could not be compared therefore p-values could not be calculated
although a clear curve shift can be observed.
6-MP: 6-mercaptopurine; 6-TG: 6-thioguanine.
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Demographic data for the 589 UK ALL97 Caucasian children studied.

Table 1

Variable Name or value n (%) or value (range)
Gender Male 330 (56.0)
Female 259 (44.0)
Age, median (range) - 4 (1- 16)
WBC group <10 250 (42.4)
10- 19.9 88 (14.9)
20- 50.9 101 (17.1)
50— 99.9 63 (10.7)
100+ 87 (14.8)
Outcome, relapse Male 74
Female 43
Outcome, death Male 44
Female 39
6-mpT Sample number 258
Dose, mg/rA 75 (14— 125)
Derived TGNs 377 (66— 1928)
Derived MeMPNs 7698 (66— 1928)
TPMT activity 14.1 (2.8- 23)
6-TGT Sample number 217
Dose, mg/m 40 (10— 78)
Derived TGNs 2030 (96— 6874)
TPMT activity 13.7 (0- 21)
Genotype available Diagnosis only 219 (37.2)
Chemotherapy only 266 (45.2)

Diagnosis and chemotherapy 104 (17.7)

TPMT genotype§

*1/*1
*1/*3A
*1/*3C
*1/*2
*3A/*3A
*3C/*3C

530 (90)
51 (8.7)
5(0.8)
1(0.2)
1(0.2)
1(0.2)

Metabolite assay data are reported as pmol/88>¢&ﬂ blood cells and TPMT activity as units/ml red blood cells.

+

iCIinicaI association analysis was performed after adjustmefFbIT genotype.

Summary of thiopurine assays during thiopurine maintenance chemotherapy. Values are listed as median (range).
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MeMPN: Methyl-mercaptopurine nucleotide metabolite; TGN: Thioguanine nucleotide; WBC group: White blood cell count at disease diagnosis

(x20%).
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Top thiopurine pathway SNPs associated with clinical phenotypes in UK ALL97 patients: treatment outcomes.

Phenotype SNP ID Chr Gene Locaton MAF HR  p-value
Survival (* chemotherapy’ genotypes) rs9838667 3ABCC5 Intron 0.22 0.40 9.19 x 103
rs4148586 3 ABCC5 Intron 0.34 2.23 1.66 x 104
rs3817404 3 ABCC5 Intron 0.34 2.23 1.67 x 104
rs7636910 3 ABCC5 Intron 0.40 1.82 451x108
rs2293001 3 ABCC5  Intron 0.40 1.82 451 x103
rs4731449 7 IMPDH1  Intron 0.13 1.96 7.89 x 103
rs1729767 13 ABCC4 Intron 0.28 0.39 2.30x108
Survival (‘ diagnosis’ genotypes) rs206846 2 XDH Intron 0.39 2.60 1.65x 103
rs4584690 13 ABCC4 Intron 0.12 3.11 1.58 x10*
rs1750190 13 ABCC4 Intron 0.46 0.39 8.83x 103
rs1189443 13 ABCC4 Intron 0.16 254 263 x 103
rs1729747 13 ABCC4 Intron 0.15 242 4.19 x 103
rs12864844 13 ABCC4 Intron 0.12 291 6.51x10*
rs7321807 13 ABCC4 Intron 0.03 4.48 7.64 x 103
rs7325256 13 ABCC4 Intron 0.03 4.48 7.64 x 103
Relapse (‘ chemotherapy’ genotypes) rs4148586 3ABCC5 Intron 0.34 2.17 4.45x 10%
rs3817404 3 ABCC5 Intron 0.34 2.18 4.16 x 10
rs7636910 3 ABCC5 Intron 0.40 1.79 8.36 x 10°
rs2293001 3 ABCC5 Intron 0.40 1.79 8.36 x 103
rs1729767 13 ABCC4 Intron 0.28 0.34 2.13x10°
Relapse (* diagnosis’ genotypes) rs206846 2XDH Intron 0.39 2.55 7.01x 1083
rs4584690 13 ABCC4 Intron 0.12 2.61 7.71x108
rs7321807 13 ABCC4 Intron 0.03 6.28 1.45x 103
rs7325256 13 ABCC4 Intron 0.03 6.28 1.45 x 103
rs7270101 20 ITPA Intron 0.15 2.72 6.76 x 103

Chr: Chromosome; HR: Hazard ratio; MAF: Minor allele frequency.
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Table 3

Top thiopurine pathway SNPs associated with clinical phenotypes in UK ALL97 patients: TPMT activity and thiopurine metabolites. z
=
Phenotype SNP ID Chr  Gene Location MAF (Direction) Increase in rt  p-value g
TPMT activity rs494852 2 XDH Intron 0.19 (-) 0.015 5.24 x 104 §

rs4731448 7 IMPDH1  Intron 0.24 (-) 0.033 3.03 x 108

rs17428030 9  SLC28A3 Intron 0.09 (-)0.030 3.93 x 103

rs17268122 13 ABCC4  Intron 0.22  (-)0.030 4.24 x 103

6-TG, 6-TGN rs9556455 13 ABCC4  Intron 0.14  (-)0.046 5.76 x 103

6-MP, MeMPN rs12201199 6 TPMT Intron 0.06 (-)0.032 6.02 x 103

rs4588940 9  SLC28A3 Intron 047 (-)0.071 3.38 x 10°

rs4305983 9  SLC28A3 Intron 028 (-)0.089 3.07 x 108

rs7043257 9  SLC28A3 Intron 0.20 (-)0.042 1.59 x 103

rs7035753 9  SLC28A3 Intron 0.38  (-)0.031 6.99 x 103

rs17087144 9  SLC28A3 Intron 0.33  (+)0.049 6.00 x 10*

6-MP, MeMPN/6-TGN  rs1142345 6 TPMT Exon (ns) 0.05 (=) 0.026 7.90 x 103

rs12201199 6  TPMT Intron 0.06 (-)0.028 6.41 x 103

rs4588940 9  SLC28A3 Intron 0.47  (-)0.055 1.12 x 10*

rs4305983 9  SLC28A3 Intron 0.28 () 0.063 3.42 x 10°

rs7043257 9  SLC28A3 Intron 0.20 (-)0.030 438 x 108

rs17087144 9 SLC28A3 Intron 0.33 (+) 0.030 4.48 x 108

TProportion of variability in the phenotype explained by genotype beyond the covariates.

6-TG, 6-TGNs are 6-TGN levels measured in patients treated with 6-TG. 6-MP, 6-TGNs are 6-TGN levels measured in patients treated with 6-MP. Likewise 6-MP, MeMPN and 6-MP, MeMPN/6-TGN are
MeMPN levels and the MeMPN:6-TGN ratio measured in patients treated with 6-MP.

6-MP: 6-mercaptopurine; 6-TG: 6-thioguanine; 6-TGN: 6-thioguanine nucleotide; Chr: Chromosome; MAF: Minor allele frequency; MeMPN: Methyl-mercaptopurine nucleotide; ns: Nonsynonymous
SNP.
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Top ‘ nonthiopurine pathway’ SNPs associated with clinical phenotypes in UK ALL97 patients: treatment outcomes.

Phenotype SNP ID Chr Gene/nearby genes Location MAF HR p-value

Survival rs156543H 1 ZP4 5-FR 024 272 8.06 x 103
rs424827 2 RAD51AP2 5-FR 0.31 2.32 6.57 x 103
rs2710688 2 VSNL1 Intron 0.36 2,51 3.67 x 108
rs5917990 X ATP6AP2 Flanking 0.34 1.88 8.47 x 108

Relapse rs665312 2 RAD51AP2 Exon(s) 0.32 2.58 8.04 x 108
rs424827 2 RAD51AP2 UTR 0.31 2.62 514 x 103
rs7017705 8 048 032 292x10%
rs13273490 8 049 3.84 1.03x10%
rs992407% 16 A2BP1 Intron 0.43 2.65 5.92 x 103
1s11662176 18 MAPK4 Intron 0.33 1.86 5.95x 103
rs9953685 18 MAPK4 Intron 0.33 1.80 8.37 x 103

Top SNPs were selected if p < 0.01.
Association analysis was performed using chemotheraﬁgliagnosis genotypes.

Chr: Chromosome; FR: Flanking region; HR: Hazard ratio; MAF: Minor allele frequency; s: Synonymous SNP.

‘e 19 equITe\

Gz abed



"TO YoIre GTOZ DI Ul ajgejreae “duasnuew Joyingalwouabosewseyd

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

Table 5
Top ‘ nonthiopurine pathway’ SNPs associated with clinical phenotypes in UK ALL97 patients: TPMT activity and thiopurine metabolites. =z
QD
, 3
Phenotype SNP ID Chr  Gene/nearby gene(s) Location ~MAF (pjrection) Increase in RRT ~ P-value 53
@
TPMT activity rs1040637 6  FAMBSAGP 5-FR 0.38  (+)0.013 5.82 x 103 o
rs200148 6 HIVEP2, AIG1 5-FR 0.44  (-)0.028 4.95 x 108
6-TG, 6-TGN rs2215290 17 NME1 5-FR 0.10  (-)0.048 4.56 x 108
rs3760467 17 NMEL, NME2 TFBS 0.10  (-)0.048 456 x 103
rs1558254 17 NMEL, NME2 Intron 0.10  (-)0.048 456 x 108
6-MP, 6-TGN rs877419 8  PAGL 3'-FR 0.49  (-)0.052 6.99 x 10
rs11001976 10 KCNMAL Intron 0.11  (+)0.038 4.06 x 108
rs17480656 10 KCNMA1 Intron 0.11 (+) 0.042 2.31 x 103
rs12765834 10 KCNMAL Intron 0.11  (+)0.042 2.31x 103
rs17389791 10 KCNMAL Intron 0.10  (+)0.042 2.31x 103
rs11001997 10 KCNMAL Intron 0.10  (+)0.042 2.31 x 103
6-MP, MeMPN rs11707515 3 FRMD4B Intron 025 (-)0.028 9.86 x 103
rs6549198 3  FRMD4B Intron 0.25 (-)0.031 7.03 x 103
rs10473594 5  CDH12 Intron 022  (-)0.036 3.62 x 103
rs12886319 14 GNG2 Intron 0.15 (-)0.069 421 x 105
6-MP, MeMPN/6-TGN ~ rs12886319 14 GNG2 Intron 0.15 (-)0.046 432 x 104
rs3748483 20 SLC24A3 Flanking 0.31  (+)0.036 1.89 x 103

Top SNPs were selected if p < 0.01. 6-TG, 6-TGN are 6-TGN levels measured in patients treated with 6-TG. 6-MP, 6-TGNs are 6-TGN levels measured in patients treated with 6-MP. Likewise 6-MP,
MeMPN and 6-MP, MeMPN/6-TGN are MeMPN levels and the MeMPN:6-TGN ratio measured in patients treated with 6-MP.

TProportion of variability in the phenotype explained by genotype beyond the covariates.
Association analysis was performed using chemotheraﬁyiagnosis genotypes.

6-MP: 6-mercaptopurine; 6-TG: 6-thioguanine; 6-TGN: 6-thioguanine nucleotide; Chr: Chromosome; FR: Flanking region; HR: Hazard ratio; MAF: Minor allele frequency; MeMPN: Methyl-
mercaptopurine nucleotide; s: Synonymous SNP; TFBS: Transcription factor binding site.
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