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Abstract

The use of genome-wide copy-number analysis and massive parallel sequencing has
revolutionized the understanding of the clonal architecture of pediatric acute lymphoblastic
leukemia (ALL) by demonstrating that this disease is composed of highly variable clonal
ancestries following the rules of Darwinian selection. The current study aimed to analyze the
molecular composition of childhood ALL biopsies and patient-derived xenografts with particular
emphasis on mechanisms associated with acquired chemoresistance. Genomic DNA from seven
primary pediatric ALL patient samples, 29 serially passaged xenografts, and six in vivo selected
chemoresistant xenografts were analyzed with 250K single-nucleotide polymorphism arrays.
Copy-number analysis of non—drug-selected xenografts confirmed a highly variable molecular
pattern of variegated subclones. Whereas primary patient samples from initial diagnosis displayed
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a mean of 5.7 copy-number alterations per sample, serially passaged xenografts contained a mean
of 8.2 and chemoresistant xenografts a mean of 10.5 copy-number alterations per sample,
respectively. Resistance to cytarabine was explained by a new homozygous deletion of the DCK
gene, whereas methotrexate resistance was associated with monoallelic deletion of FPGS and
mutation of the remaining allele. This study demonstrates that selecting for chemoresistance in
xenografted human ALL cells can reveal novel mechanisms associated with drug resistance.

Current treatment of pediatric acute lymphoblastic leukemia (ALL) consists of empirically
optimized combinations of antileukemic drugs such as glucocorticoids, vincristine (VCR),
asparaginase, methotrexate (MTX), mercaptopurine, cytarabine (ARA-C),
cyclophosphamide, and others [1], which achieve five-year survival rates of 80% to 90% [2].
However, deaths due to relapse, primary treatment failure, or disease progression still occur
in 10% to 15% of cases [2]. The elucidation of biological mechanisms for such relapses
would improve treatment outcome for pediatric ALL.

In this context, xenograft models of ALL in immunodeficient (NOD/SCID) mice have
proven to be valuable tools to study this disease in vivo [3-5]. Primary ALL cells derived
from patient biopsies have minimal capacity for proliferation using currently available in
vitro cell culture techniques. Xenograft models allow massive cell expansion and facilitate in
vivo preclinical testing of experimental therapies. Moreover, the process of serial
xenotransplantation has enabled the identification and study of rare subsets of leukemia
cells, which possess repopulation capacity, giving support for the tumor stem cell concept in
leukemia and solid tumors [6,7].

With regard to the molecular pathogenesis of pediatric and adult ALL, substantially new
understanding has been gained by the analysis of primary ALL samples with high density
single-nucleotide polymorphism (SNP) arrays. Single-nucleotide polymorphism arrays allow
a detailed genome-wide mapping for cryptic copy-number alterations (CNAs) and loss of
heterozygosity such as copy-number neutral loss of heterozygosity (CNLOH), adding to the
discovery of several important and prognostically relevant genomic lesions such as
microdeletions of /KZF1and PAX5in ALL [8-12].

The combination of xenotransplantation models with high throughput genomic analysis,
including SNP arrays, has recently led to the discovery that the subclonal architecture of
ALL and acute myeloid leukemia cells is complex and variegated with linear or branching
evolutionary histories [13-15].

In light of this, the aim of the current study was to assess the molecular composition of
childhood ALL samples xenografted in immunodeficient mice with and without chemo-
therapeutic drug selection pressure. We explored the possibility of using this model to
determine molecular mechanisms of chemoresistance when ALL xenografts were exposed in
vivo to various chemotherapeutic agents used in the standard treatment of pediatric ALL.
Single-nucleotide polymorphism arrays were used to perform a genome-wide copy-number
analysis to compare several parameters: (1) xenografts compared with their matched primary
biopsy, (2) xenografts subjected to up to four serial passages in comparison with their
primary diagnostic sample, and (3) xenografts rendered chemoresistant in vivo against single
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chemotherapeutic compounds versus their passage-matched control cells. Our findings
indicate that ALL continues to clonally evolve following the process of xenografting and
that these cells had the capacity to quickly give rise to clones carrying molecular lesions
associated with chemoresistance, which were sometimes not detectable in diagnostic
samples by current methods.

Materials and methods

Development of xenografts, selection of in vivo—derived drug-resistant sublines, and study
of in vivo drug responses

All experimental studies were approved by the Human Research Ethics Committee and the
Animal Care and Ethics Committee of the University of New South Wales. Procedures by
which xenografts from childhood ALL biopsies in immune-deficient NOD/SCID
(NOD.CB17-Prkdc$¢/@SzJ) mice were established have been described in detail previously
[5,16]. Briefly, to establish initial xenografts, 2.5-10 x 108 mononuclear cells from bone
marrow or peripheral blood biopsies were injected into the tail veins of 5- to 8-week-old
female NOD/SCID mice. On the day of inoculation, mice received 250 cG of total body
irradiation at a dose rate of 325 cG/min by parallel opposed 4 MV x-rays. Patient and
xenograft characteristics are presented in Table 1 and have in part been described previously
[16-18]. Continuous xenografts were established by inoculating 5 x 10 spleen-derived cells
from highly engrafted mice into the tail veins of secondary recipient mice. For all mouse
experiments involving patient-derived xenografts, the number of mice that successfully
engrafted compared with the number inoculated exceeded 90%.

For in vivo selection of drug resistant sublines of xenografts ALL3 and ALL17, mice were
treated with single agent vincristine (0.5 mg/kg weekly), cytarabine (100 mg/kg Monday
through Friday every 3 weeks), methotrexate (5 mg/kg Monday through Friday every 2
weeks), or dexamethasone (DEX; 15 mg/kg Monday through Friday weekly). All drugs
were administered by intraperitoneal (IP) injection. Leukemia engraftment and response to
drug treatment were assessed by weekly enumeration of the proportion of human CD45*
cells in the peripheral blood (%huCD45) [5]. Owing to previous experience showing that
low level dissemination of xenograft cells into the peripheral blood is associated with high
level infiltration of bone marrow and spleen [19], drug treatments were initiated when the
%huCD45 reached 1% and continued until the %huCD45 increased through the drug
treatments or until animals experienced leukemia- or drug-related morbidity. The number of
emerging chemoresistant xenograft lines compared with the number of mice inoculated is
depicted in Supplementary Table E1 (online only, available at www.exphem.org).

For confirmation of in vivo drug resistance, spleen-derived cells were engrafted into groups
of three to four secondary recipient mice. Drug treatments were initiated when the
%huCD45 reached 1% and consisted of vincristine (0.5 mg/kg IP x 4 weeks), cytarabine
(100 mg/kg Monday through Friday IP every 3 weeks x 4), methotrexate (5 mg/kg Monday
through Friday IP every 2 weeks x 4), or dexamethasone (15 mg/kg IP Monday through
Friday weekly x 4). Individual mouse event-free survival (EFS) was calculated as the days
from treatment initiation until the % huCD45 reached 25% or mice exhibited signs of
leukemia-related morbidity. Event-free survival was represented graphically by Kaplan-
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Meier analysis, and survival curves were compared by the log rank test. The efficacy of drug
treatment was evaluated by leukemia growth delay (LGD), calculated as the difference
between the median EFS of vehicle control and drug-treated cohorts.

Extraction of genomic DNA

Genomic DNA (gDNA) was isolated with the DNeasy Blood and Tissue kit (QIAGEN,
Valencia, CA) either from mononuclear cells of primary pediatric ALL biopsy samples
obtained at diagnosis or relapse or from spleen-derived xenograft cells at a purity of >90%
huCD45*. A total of /7= 42 gDNA samples were analyzed (Tables 1 and 2).

High density single-nucleotide polymorphism array analysis

Approximately 250 ng of gDNA from each sample was processed according to the genomic
mapping 250K Nspl protocol and hybridized to 250K Nspl SNP arrays using the GeneChip
Fluidics station 450 and GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA) as described
previously [20,21]. Data analysis of deletions, amplifications, and CNLOH was performed
using the CNAG software (Copy Number Analyzer for Affymetrix GeneChip, Cancer
Genomics Projekt, University of Tokyo, Japan) with nonmatched references as previously
described [20,21]. Size, position, and location of genes contained in CNAs were determined
with the University of California, Santa Clara, Genome Browser (http://genome.ucsc.edu/)
and the Ensemble Genome Browser (http://www.ensembl.org/index.html). We excluded
CNA:s involving immunoreceptor and immunoglobulin genes from analysis. Genomic copy-
number polymorphisms were excluded by comparison of the detected genomic lesions with
the registered copy-number polymorphisms in these genome browsers.

Validation of copy number alterations and sequencing of mutations

Results

For confirmation of genomic copy-number changes, Sybr-green quantitative real-time
polymerase chain reaction (PCR) was performed on the gDNA of an in vivo cytarabine-
selected subline (ALL17-ARA-C-R) and its corresponding passage-matched control sample
(ALL17-CTL1) according to the 22ACT method [22] on a Lightcycler 480 (Roche,
Mannheim, Germany). The relative allele dosage of the putatively deleted genomic region in
the drug-selected sample was compared with the same region in the control sample and with
the allele dosage in the genomic regions flanking the deletion in both samples. All primer
sequences are available on request. Sequencing of the FPGS gene was performed by direct
Sanger sequencing of PCR-amplified genomic DNA on a 3130 Genetic Analyzer (Applied
Biosystems, Waltham, MA). Deep sequencing of the identified FPGS mutation was carried
out in a basic amplicon sequencing setup on a 454 GS Junior System (Roche).

Single-nucleotide polymorphism array analysis of serial xenograft passages reveals
heterogenic patterns of genomic alterations and indicates a diverse clonal architecture in
acute lymphoblastic leukemia

To investigate the influence of serial passaging on DNA CNAs, we utilized a large panel of
continuous xenografts that had previously been established in NOD/SCID mice for up to
four passages [5] as well as patient biopsy samples obtained at diagnosis or relapse (Tables 1

Exp Hematol. Author manuscript; available in PMC 2018 April 11.


http://genome.ucsc.edu/
http://www.ensembl.org/index.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nowak et al.

Page 5

and 2). A total of seven primary pediatric ALL patient samples obtained at diagnosis or
relapse, 29 untreated xenografts, and six in vivo drug-selected xenograft sublines were
interrogated for acquired CNAs (Table 2). A mean of 5.7 CNAs/sample from the primary
patient samples, 8.2 CNAs/sample in the untreated ALL xenografts, and 10.5 CNAs/sample
in the in vivo drug-selected xenografts were identified (Table 3). Most CNAs were
heterozygous and homozygous deletions, but duplications, amplifications, and CNLOHs
were also present and frequently affected common target genes such as COKNZA/
CDKNZB, PAX5, and ETV6. A complete and detailed documentation of all 343 identified
CNA:s is contained in Supplementary Tables E2—E4 (online only, available at
www.exphem.org).

In the 29 untreated xenograft samples, seven sets had been serially passaged up to four times
from the original diagnosis biopsy specimen. The CNAs of these seven sets showed that the
xenografts established at first passage very frequently displayed genomic alterations
different from those present in the original biopsy. Furthermore, serial transplantations
following establishment of the initial xenograft revealed that their CNAs also diverged in a
variegated fashion. In some of the xenograft lines with changing genomic profiles, specific
genomic alterations were retained in all subsequent passages, while others were gained or
lost in some xenografts.

This level of complexity is highlighted in Figure 1, which provides an overview of different
patterns of genomic alterations found in serial transplantations of the diagnosis sample from
which xenograft ALL25 was established as well as the patient's biopsy obtained at relapse.
While an unbalanced £2A-PBX1 translocation was retained throughout all samples of this
case (primary and xenografts), the cells of the first-passage xenograft harbored additional
deletions of /KZF1, PAX5, and other regions. By contrast, the second-passage xenograft
showed the identical genotype as the primary patient sample. From this, it can be
hypothesized that the predominant clone detected in the first xenograft passage evolved from
the predominant clone in the primary patient sample by acquisition of additional genomic
deletions. However, the predominating clone in the second xenograft passage must have
grown from the minor E2A-PBX1-only clone, which persisted in the first-passage
xenograft. The third- and fourth-passage xenografts displayed a third clone, carrying a
homozygous deletion of COKNZA/B and additional deletions at other loci. It cannot be
determined from these data whether this new clone was an evolved clone from the clone-
engrafted second-passage xenograft or an outgrowth of a minor clone already present in the
primary patient sample and then carried over in the serial transplantations. However, the data
make clear that the analyzed ALL sample consists of a highly complex clonal architecture
with multiple clonal populations with distinctly diverging molecular profiles. Interestingly,
in this case, the only constant alteration was the unbalanced £2A-PBX1 translocation, while
other important recurrent molecular alterations typical for ALL, such as deletions of /KZF1,
PAXS, and CDKNZ2A/B, occurred only intermittently.

As depicted for ALL25, almost all analyzed series of primary patient samples and their
serially transplanted xenografts showed diverse genetic architectures. Similarly to ALL25,
all cases displayed CNAs, which were retained in all samples, suggesting that these may be
important driver lesions of these cells, while other lesions displayed great variability. Table 4
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summarizes this observation, showing that constant lesions consisted of ALL-typical
translocations, such as £2A-PBX1 or ETV6-RUNXI, but also recurrent homozygous
deletions of CDKNZA/B. Interestingly, other commonly affected genes in ALL, such as
IKZF1and PAX5, were found in the variable set of lesions. Detailed CNA visualization in
the sets of xenograft passages are shown in Supplementary Figures E1-E26 (online only,
available at www.exphem.org).

In vivo selection of drug-resistant xenograft sublines and analysis of patterns of in vivo
drug resistance

To assess the effects of in vivo selection with established chemotherapeutic drugs on DNA
CNAs, drug-resistant sublines were generated by treating mice engrafted with second-
passage ALL3 and ALL17 cells with single agent vincristine, cytarabine, methotrexate, or
dexamethasone. Figure 2 depicts the emergence of the ALL3 and ALL17 sublines following
exposure to single-agent drug treatments. The frequency with which drug-resistant lines
emerged remained relatively consistent across all four drugs (mean = 41%, range = 40% to
50%; Supplementary Table E1, online only, available at www.exphem.org). However, drug-
resistant sublines emerged at a markedly higher frequency for ALL17 (71%) compared with
ALL3 (17%).

To confirm that the emergence of xenograft cells during in vivo drug treatments was due to
the acquisition of cellular drug resistance rather than host-derived epiphenomena, spleen-
derived cells from ALL3 and ALL17 drug-selected sublines were retransplanted into
secondary recipient mice to test their in vivo drug responses. For each of the sublines tested,
marked resistance to the selecting drug was observed (Table 5; Supplementary Figure E27;
online only, available at www.exphem.org). The LGDs for vincristine and dexamethasone
were approximately halved for ALL17-VCR-R1 and ALL17-DEX-R, respectively, and
reduced by almost 90% for vincristine in ALL3-VCR-R, compared with their respective
passage-matched control sublines. The acquisition of methotrexate resistance by ALL17-
MTX-R was more profound, with an almost complete loss of in vivo drug sensitivity.
Similarly, ALL17-ARA-C-R cells were profoundly resistant to cytarabine, with an
approximately tenfold reduction in LGD compared with passage-matched control cells.
These results confirmed that the in vivo emergence of drug-selected sublines is associated
with profound levels of resistance to the selecting drug.

We next sought to determine whether the in vivo drug-selected sublines exhibited cross-
resistance to established drugs used in the treatment of pediatric ALL. When treated with
vincristine, cytarabine, methotrexate, or dexamethasone, the EFS of mice engrafted with
ALL17-ARA-C-R, ALL17-MTX-R, and ALL17-DEX-R was not significantly different
compared with passage-matched controls, indicating that resistance was only apparent to the
selecting drug (Table 5).

Single-nucleotide polymorphism array analysis of in vivo drug-selected xenografts reveals
genomic lesions involved in chemoresistance

To gain a greater understanding of mechanisms of chemoresistance in pediatric ALL, the in
vivo drug-selected sublines were subjected to SNP array analysis and compared with their
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respective passage-matched controls. A total of seven newly acquired CNAs were identified
in ALL3-VCR-R, ALL17-ARA-C-R, and ALL17-MTX-R (Table 6).

The vincristine-selected ALL3-VCR-R subline displayed a newly acquired partial deletion
of CDK6 on chromosome 7g21.2 (Table 6; Supplementary Figure E28A, online only,
available at www.exphem.org) and a new trisomy 18 (Table 6; Supplementary Figure E28B,
online only, available at www.exphem.org). In ALL17-ARA-C-R, we observed a
homozygous deletion of part of the DCK gene (Fig. 3A and Table 6). This deletion was
detected by three SNP probe sets of the array (Fig. 3B). Fine mapping and measurement of
the allelic dosage by quantitative real-time PCR of genomic DNA confirmed a homozygous
deletion of exons 3 and 4 of DCK (Fig. 3C).

The methotrexate-resistant xenograft subline ALL17-MTX-R displayed enlargement of an
already-existing heterozygous deletion on chromosome 9q encompassing over 50 genes
(Fig. 4A). One gene in this newly deleted region was FPGS, which is directly involved in
methotrexate metabolism [23]. Direct Sanger sequencing of the remaining allele of this gene
revealed a newly acquired missense mutation at codon 470 (p.H470R) that was not found in
the passage-matched control sample (Fig. 4B). There was no corresponding entry to this
variant in the Cosmic database (http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/).
According to analysis with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), this
mutation was predicted to be possibly damaging with a score of 0.551 (sensitivity: 0.88;
specificity: 0.91). Interestingly, there is a registered nonsynonymous SNP in close proximity
to this mutation (rs35789560, p.R466C), which has negative effects on the enzyme kinetics
[24]. To elucidate whether this mutation was already present at low levels in the untreated
control sample, amplicon deep sequencing of this region was performed. Despite reaching
twelvethousand-fold coverage of the analyzed region, the mutation could not be detected,
even at low levels, in the control sample.

Discussion

New, powerful genomic high-throughput techniques, such as genome-wide copy-number
analysis using SNP arrays and massive parallel DNA sequencing techniques, allow insights
into the heterogeneity of the ALL genome. It is composed, not of a linearly and sequentially
developed dominant clone but of a large collection of variable subclonal populations with a
complex branching architecture of ancestry as shown here and by others [14,15]. For cancer
genomics and therapy, this has the wide-ranging consequence of opening a new avenue to
study the specific molecular profiles of disease-founding cell clones.

Existing studies assessing the molecular profiles of ALL relapse samples in comparison with
their diagnostic sample have shown that many of the lesions of the relapse clone overlap
with lesions of the predominant diagnostic clone, suggesting a common founding origin, but
other lesions in the relapse clones differed. In these cases, it was sometimes possible by
using sensitive molecular techniques to show that such altered relapse clones were already
present in low proportions at diagnosis, suggesting that relapse alterations confer resistance
to treatment [1,25,26]. To address mechanisms of resistance acquisition, several strategies
have been employed previously, such as whole-exome sequencing approaches of ALL
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relapse samples versus their diagnosis samples, leading to the identification of activation
mutations of drug-inactivating enzymes [27]. Another approach consisted of treating ALL
cell lines in vivo to investigate specific pathways involved in drug-induced cell killing such
as reversal of glucocorticoid resistance by Akt inhibition [28]. Artificial induction of
chemoresistance in ALL cell lines xenografted into immunodeficient mice has been used to
test the biological behavior of resistant lines in the setting of graft-versus-leukemia effect
[29] or multidrug-resistant mechanisms under treatment with vincristine [30]. However, a
targeted analysis of the molecular dynamics of primary ALL cells in vivo under active
selection pressure by standard ALL treatment compounds, such as glucocorticoids,
vincristine, methotrexate, or cytarabine, has not been performed to our knowledge.

By analysis with high-density SNP arrays of 29 ALL xenografts at different stages of serial
transplantation and seven primary patient samples, we confirmed that the ALL xenografts in
our study displayed a variegated subclonal branching architecture as shown previously
[14,15]. This was evidenced by emergence and clearance of variable clones with different
genomic lesions. It was interesting that some lesions, such as £2A-PBX1 and ETV6-
RUNX1 translocations, were retained in all clones, suggesting that these may be important
founder or driver lesions, while other ALL-typical genomic deletions containing PAX5 or
IKZF1 remained variable, suggesting that these may be dispensable. Although PAX5and
IKZF1 could robustly be detected in larger deletions, it is possible that microdeletions of
these two genes have been missed in other samples due to relatively low probe coverage on
the microarrays for these regions.

Having demonstrated variegated clonal architecture in ALL xenografts, we next showed that
the established xenografts could be artificially rendered chemoresistant in vivo against single
drugs by repeatedly treating them with standard antileukemic drugs used in the clinic, and
thereby we established a new model for studying in vivo chemoresistance. The subsequent
copy-number analysis of the xenografted samples showed that there was a trend toward an
increased mean number of CNAs in serially passaged xenografts compared with their
matched primary patient samples. In the chemoresistant xenografts, the mean number of
CNAs was even higher. However, this could also be a reflection of the subtype of the
primary leukemia from which these xenografts were derived, since these biopsy samples
were not available for a baseline comparison. Nevertheless, these data are in line with
previous results indicating that the procedure of xenografting alone allows for the selection
of aggressive subclones already present in the primary diagnostic patient sample, whose
molecular profile more closely resembles relapse samples of these patients than the
diagnostic sample [31]. This could be a reflection of clonal evolution to adapt to restraints
associated with the new xenogeneic microenvironment.

In the data from six pairs of chemoresistant ALL xenografts versus their untreated controls,
vincristine-, cytarabine-, and methotrexate-resistant samples displayed newly acquired
genomic CNAs, while the dexamethasone-resistant sample did not display any new CNAs.
This could perhaps be explained by the far higher genotoxicity of the other three drugs,
which are all able to induce increased oxidative stress and DNA breakage [32-34] and may
therefore cause an increased occurrence of the observed structural copy-number alterations
and DNA breakage as compared with glucocorticoid-induced apoptosis [35]. For the case of
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vincristine resistance (sample series ALL3), it is unclear how the observed newly acquired
genomic changes of a partial CDK6 deletion and trisomy 18 mediate resistance against the
drug. Known mechanisms of resistance against vincristine are limited to observations of a
multidrug resistance phenotype, tubulin alterations, and resistance to vincristine-induced
apoptosis [36]. Interestingly, the sample pair of ALL3 did not display a genomic deletion of
CDKNZA. Therefore, the partial deletion of CDK®6 in the vincristine-resistant sample could
represent a mechanism of altering cell-cycle regulation to overcome apoptotic signaling
induced by vincristine.

In the other two cases of either cytarabine or methotrexate resistance, the newly acquired
mechanisms of molecular resistance were more accessible to interpretation. The cytarabine-
resistant cells (xenograft ALL-17) developed a homozygous deletion of the DCK gene.
Deoxycytidine kinase is an enzyme that catalyzes the initial step of the 5"-phosphorylation
of three of the four natural deoxyribonucleosides: deoxycytidine, deoxyguanosine, and
deoxy-adenosine. Deoxycytidine Kinase is also an essential enzyme for the phosphorylation
of cytarabine and other nucleoside analogues to their monophosphate forms [37-39].
Disruptions of the function of the DCK gene, such as by reduced expression of
deoxycytidine kinase, have been associated with resistance to cytarabine [40-42]. To our
knowledge, this is the first report of a partial homozygous deletion of DCK (exons 3-4) as a
mechanism of cytarabine resistance.

The methotrexate-resistant xenograft (ALL17-MTX-R) displayed an enlarged deletion of the
long arm of chromosome 9 in comparison to its passage-matched control xenograft. Within
the newly acquired deletion is the coding region for the gene FPGS, which catalyzes the
polyglutamylation of folates and antifolates after uptake into the cell [43,44]. This
metabolism creates antifolate polyanions that can no longer be effluxed out of cells, thereby
leading to enhanced intracellular retention and increased cytotoxic activity. Therefore, loss
of FPGS activity is an established mechanism of resistance to antifolates dependent on
polyglutamylation in vitro and in vivo [45,46]. Inactivating mutations of FPGS have been
associated with resistance to antifolate therapy [47,48]. In these previously reported cases,
the mutations of FPGS were biallelic, implying that the gene function can be rescued by a
remaining intact allele if the other one is mutated. The biological effect of the acquired
missense mutation H470 R in the FPGS gene in our study has not been proven functionally.
However, it is highly likely to induce resistance to methotrexate, because neither an
extended heterozygous deletion, nor the preexistence of the mutation, even by deep
sequencing with greater than twelvethousandfold coverage, could be detected in the passage-
matched control sample. Although anecdotal, the circumstance that this mutation could not
be detected in the control sample is of special note because, ostensibly, the molecular
analysis of artificially rendered chemoresistant subclones of ALL xenografts in this study
tested one step further the hypothesis of complex branching clonal architecture in ALL.
According to this notion, the mutation should have been detectable in a minor subclone in
the diagnostic sample. However, this case emphasizes a second possibility—namely that
under the additional pressure of chemotherapy, the genomic variability of ALL cells in vivo
is too high even to allow for rapid emergence of new chemoresistant subclones under
therapy.
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In conclusion, we present a comprehensive genome-wide analysis of pediatric ALL
xenografts and confirm recent findings of the complex branching subclonal architecture of
ALL. Importantly, we demonstrate for the first time that the model of inducing
chemoresistance in xenografted human ALL cells in immunodeficient mice is highly
efficient in detecting molecular alterations that confer chemoresistance against established
drugs used in the treatment of pediatric ALL. Ultimately, if expanded, this experimental
paradigm could be used to catalogue recurrent molecular changes in ALL cells upon
induction of chemoresistance. Knowledge of such molecular lesions would, in the future,
offer the possibility to prescreen patients with relapse to establish predictive models for
response to different relapse therapeutic regimens with the aim of improving clinical
outcomes. Moreover, this approach should yield a large number of target genes for
development of strategies to circumvent resistance to therapy.
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Figure 1.
Heterogeneous clonal composition of serial ALL xenografts detected by SNP array

genotyping. Boxes contain views from SNP array copy-number analysis of primary ALL
patient samples from initial diagnosis (ALL25-P-DX), relapse (ALL25-P-R), and four serial
ALL xenograft passages of ALL25 (ALL25-1-4). The copy number is visualized by red
dots, which represent one SNP each (top of each box). The blue line represents a smoothed
signal of copy number. In the diploid human genome, normal copy number = 2. Downward
deviation of the copy-number signal indicates either a heterozygous or homozygous
deletion; upward deviation indicates either duplication or amplification. An unbalanced
t(1,19) translocation (E2A-PBX1 fusion product) is present in all samples—patient and
xenograft samples. Other genomic alterations are variable and allow the inference of
different subclones. Red circle: predominating clone in the primary patient sample
containing an unbalanced E2A-PBXI translocation. This clone is also found in the second-
passage xenograft and the primary sample from relapse. Blue circle: predominating clone in
xenograft passage 1. Apart from the unbalanced £2A-PBX1 translocation, this clone
contains additional lesions, such as deletions of /KZF1, PAX5, and BACHZ, which could
have evolved from the earlier (red) clone. Finding the red clone in xenograft passage 2 must
mean that this clone persisted as a minor subclone in xenograft passage 1 and cannot have
evolved from the predominating clone of that passage (crossed arrow). Green circle:
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predominating clone in xenograft passages 3 and 4, which contain additional lesions in the
form of CDKNZA/B deletions and a duplication of PAX5.
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Figure 2.

In vivo selection of drug-resistant xenograft sublines. Mice were inoculated with (A)
second-passage ALL3 or (B-E) ALL17 xenograft cells and monitored for engraftment by
weekly tail-vein bleeds. When the percentage of cells positive for human CD45 (%huCD45)
reached 1%, treatments were initiated with vincristine, cytarabine, methotrexate, or
dexamethasone, as detailed in Materials and methods. Mice were culled and spleen-derived
cells harvested for subsequent analysis when the %huCD45 increased through the drug
treatments or when animals experienced leukemia- or drug-related morbidity. Gray bars
indicate drug treatment periods. Gray lines indicate passage-matched control mice; black
lines indicate drug-treated mice.
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Figure 3.
Newly acquired deletion of DCK upon in vivo induction of chemoresistance against ARA-C

in an ALL xenograft. (A) Magnified visualization of copy-number analysis by SNP array of
part of chromosome 4q in an untreated ALL xenograft (ALL17-CTL1) and its Ara-C—
resistant subclone (ALL17-ARA-C-R) with a new partial homozygous deletion of DCK. (B)
The detection of the deletion is only covered by 3 SNPs on the array, which is why the
absolute intensity values of these three SNPs were depicted in separate graphs. These show
that, as compared with the untreated ALL control sample (left), DCKis heterozygously
deleted in the region of the SNP rs4694360 (copy number 5 1) and homozygously deleted in
the region of the SNPs rs16845668 and rs4694362 (copy number = 0). (C) Deletion was
validated by quantitative real-time PCR of this region in the untreated sample (left) and the
ARA-C resistant sample (right). AraC = Cytarabine.
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Figure 4.
Newly acquired deletion of FPGS upon in vivo induction of chemoresistance against MTX

in an ALL xenograft. (A) Visualization of copy-number analysis by SNP array of
chromosome 9 in an untreated ALL xenograft (ALL17-CTL1) and its MTX-resistant
subclone (ALL17-MTX-R) with a new telomeric extended heterozygous deletion of the long
arm of chromosome 9. (B) Sequencing of FPGS revealed a newly acquired missense
mutation in the remaining allele of /PGS in codon 470, putatively leading to a loss of
function in the remaining allele of FPGS.
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Table 4
Summary of constant and variable CNAs in serial xenotransplants

Series Constant CNAs Variable CNAs

ALL25 unbalanced £2A-PBX1 translocation deletions of /KZF1, CDKNZA/B, BACHZ, and others

ALL26 unbalanced ETV6-RUNXI translocation deletions of BTGI1, CEP135, ZCCHC?7, and others; UPD Chr.12p

ALL27  homozygous deletion of CDKN2A/B, del5q35  dup2q, del3q, del4p, del5p, del8p, deletion of /KZF1, del10q, del17p, and others

ALL28  hyperdiploid none

ALL29  homozygous deletion of CDKNZA/B deletion of £7V6, del3q13.11, dup6ép, dup8p22, and dup13ql4.2

ALL30  deletion of PTEN duplication of /KZF1, dup7p21.3, and others

ALL31la homozygous deletion of COKNZA/B dup4p12 and del9q

Del = deletion; dup = duplication; UPD = uniparental disomy.
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