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ABSTRACT

ntrachromosomal amplification of chromosome 21 is a heterogeneous

chromosomal rearrangement occurring in 2% of cases of childhood

precursor B-cell acute lymphoblastic leukemia. These abnormalities
are too complex to engineer faithfully in animal models and are unrepre-
sented in leukemia cell lines. As a resource for future functional and pre-
clinical studies, we have created xenografts from the leukemic blasts of
patients with intrachromosomal amplification of chromosome 21 and
characterized them by in-vivo and ex-vivo luminescent imaging, flow
immunophenotyping, and histological and ultrastructural analyses of
bone marrow and the central nervous system. Investigation of up to three
generations of xenografts revealed phenotypic evolution, branching
genomic architecture and, compared with other B-cell acute lymphoblas-
tic leukemia genetic subtypes, greater clonal diversity of leukemia-initiat-
ing cells. In support of intrachromosomal amplification of chromosome
21 as a primary genetic abnormality, it was always retained through gen-
erations of xenografts, although we also observed the first example of
structural evolution of this rearrangement. Clonal segregation in
xenografts revealed convergent evolution of different secondary genomic
abnormalities implicating several known tumor suppressor genes and a
region, containing the B-cell adaptor, PIK3AP1, and nuclear receptor co-
repressor, LCOR, in the progression of B-cell acute lymphoblastic
leukemia. Tracking of mutations in patients and derived xenografts pro-
vided evidence for co-operation between abnormalities activating the
RAS pathway in B-cell acute lymphoblastic leukemia and for their aggres-
sive clonal expansion in the xeno-environment. Bi-allelic loss of the
CDKN2A/B locus was recurrently maintained or emergent in xenografts
and also strongly selected as RNA sequencing demonstrated a complete
absence of reads for genes associated with the deletions.

Introduction

Xenograft models of leukemia have been used to address a number of important
fundamental and translational research questions relating to: the nature of leukemia
stem cells, clonal evolution and experimental therapies."® Limiting dilution studies
have demonstrated that leukemia-initiating cells are common, while fluorescence i
situ hybridization (FISH), genomic arrays, analysis of immunoglobulin/T-cell recep-
tor rearrangements, immunophenotype and drug response have suggested that the
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disease can be propagated through multiple generations of
mice with high fidelity.

Intrachromosomal amplification of chromosome 21
(IAMP21) is an intriguing cytogenetic abnormality, defin-
ing a specific subgroup of approximately 2% of cases of
childhood precursor B-cell acute lymphoblastic leukemia
(B-ALL). Chromosome 21 genomic profiles, although high-
ly variable, always involve amplifications, flanked by
regions of normal copy number or deletion.”” We have
shown that the oncogenic potential of chromosome 21 is
optimized through a combination of catastrophic sequence
reorganization, driven by chromothripsis, deletion and
amplification, resulting from dicentric chromosome forma-
tion, breakage-fusion-bridge cycles and whole chromo-
some arm duplications." This mechanism has the potential
to produce a near infinite number of alternative derivative
chromosomes 21. The structure of the iAMP21 chromo-
some is stabilized by telomere acquisition or duplication,
while a combination of protected amplified genes are pos-
tulated to confer an overall growth advantage, leading to
the development of ALL. Several lines of evidence indicate
that iIAMP21 is a stable, primary genetic change: (i) among
530 patients, iAMP21 was reported as a sub-clonal abnor-
mality in only a single case;" (ii) the iAMP21 chromosome
morphology remains consistent between cells in the same
patient; and (iii) the same chromosome structure is
observed at diagnosis and relapse.” A range of specific sec-
ondary genetic abnormalities: CRLF2 activating rearrange-
ments, X chromosome gain, deletions of RB1, ETVé, the
long arm of chromosome 7 (7q) and 11¢, and mutations of
the RAS pathway frequently co-occur with iAMP21.%>

This distinct iAMP21-ALL subgroup is clinically defined
by older age (median 9 years), low white blood cell counts
and a high risk of relapse on standard therapy."" Intensive
therapy significantly reduces the risk of relapse"* but asso-
ciated morbidity highlights an urgent need for less toxic reg-
imens. Development of rational targeted therapies requires
understanding of the mechanism by which these rearrange-
ments initiate leukemia. However the requisite tools for
functional studies are lacking because no iAMP21-ALL cell
lines exist and the complex nature of the abnormalities
exclude their reproduction in engineered animal models. To
address this shortfall, we transplanted primary leukemia
cells from five iAMP21-ALL patients into NOD/LtSz-scid
IL2Ry null (NSG) mice. In-vivo luminescent imaging, to track
the physical development of ALL, was used to assess these
xenografts as potential models for functional and pre-clinical
studies. In addition, we characterized the disease morphol-
ogy at the microscopic and ultrastructural levels and, as a
first application, have performed extensive genomic analysis
to investigate clonal heterogeneity of iAMP21-ALL, from
which some intriguing findings have emerged.

Methods

Patients

Viable cells from children diagnosed with iAMP21-ALL, as
previously defined,” were provided by the Bloodwise
Childhood Leukaemia Cell Bank. Ethical approval was obtained
for all patients and informed consent was granted in accordance
with the Declaration of Helsinki. Karyotypes and demographic
details of the patients used to generate xenografts or as controls
for histological analysis are presented in Online Supplementary
Tables S1 - S3.

Xenografts and isolation of leukemia cells

Primografts were created by intrafemoral injection of patients’
cells into NSG mice, as previously described.' Between 2x10* and
2x10° primograft bone marrow or spleen cells from each mouse
were used in the same procedure to create secondary and tertiary
xenografts (Online Supplementary Table S4). Xenografts were culled
at end stage-disease as defined in the Ounline Supplementary
Methods. Bone marrow cells flushed from femora and disaggregat-
ed spleens were passed through 40 pm cell strainers. Leukemic
cells used for all experimental work were purified from spleen
preparations by separation over Ficoll-Paque [density 1.077 g/mL]
(G.E. Health Care, Buckinghamshire, UK). Proportions of human
and mouse cells and immunophenotypes of the human leukemia
fractions were determined by flow cytometry as described in the
Online Supplementary Methods.

Lentiviral transduction, in-vitro culture and in-vitro,
in-vivo and ex-vivo imaging of xenograft cells

Detailed procedures are provided in the Online Supplementary
Methods.

Histopathology and transmission electron microscopy
Detailed procedures are provided in the Online Supplementary
Methods.

Single nucleotide polymorphism arrays

DNA extraction and SNP6.0 array hybridization and analysis
were performed, as previously described.” To define regions of
chromosome 21 copy number evolution, single nucleotide poly-
morphism copy number values were subtracted between second-
ary xenografts 2°1B and 2°1A. Copy number abnormalities (CNA)
in immunoglobulin or T-cell receptor regions, those not involving
coding gene regions, present in patients’ remission samples or list-
ed in the Toronto Database of Genomic Variants, are not report-
ed. Genomic positions are those in the Hg19 database.

Fluorescence in situ hybridization and multiplex
ligation-dependent probe amplification

Dual color FISH on 100-200 interphase cells was performed
using fluorescently labeled BAC probes hybridizing to the
RUNX1 (RP11-773118) and APP (RP11-66H5 and RP11-15D13)
genomic regions or commercially available probes to the
CDKN2A/B genomic region and chromosome 9 centromere
(CytoCell, Cambridge, UK), as previously described.” Multiplex
ligation-dependent probe amplification (MLPA) was performed
using the SALSA MLPA 335 kit (MRC-Holland, the Netherlands),
as previously described.”

Analysis of RAS pathway mutations and RNA sequencing
Detailed procedures are provided in the Online Supplementary
Methods.

Results

Development of xenografts and characterization
by in-vivo and ex-vivo imaging

Of six primary and two relapsed cases of iAMP21-ALL
transplanted into femora of NSG mice, five, including one
relapsed case, developed ALL derived from the human
cells, in one or more animals (Online Supplementary Table
S1). The mean time to development of end-stage disease in
primografts was 30 weeks and splenomegaly was seen in
all engrafted animals. Secondary and tertiary xenografts
were established in three and one cases, respectively, and
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all were assigned unique identifiers indicating passage
number and patient of origin, for example 2°3e was one of
several secondary xenografts derived from patient 3.
Xenograft leukemia cells constituted between 40-92% of
bone marrow and 23-53% and 79-99% of crude and puri-
fied spleen samples, respectively (Online Supplementary
Table S4). Essentially all human cells isolated from
xenografts expressed the B-cell markers CD19 and CD10
but analysis of CD34 and CD38 demonstrated consider-
able phenotypic divergence between mice (Online
Supplementary Table S5 and Online Supplementary Figure S1).

To investigate their potential for use in in-vivo and in-
vitro functional studies, we transduced xenograft stocks
from four iAMP21-ALL patients with the pSLIEW
lentivirus vector that expresses luciferase and enhanced
green fluorescent protein (EGFP).”” Three days after trans-
duction, a total of 3x10° cells from each patient were
transplanted by intra-femoral injection into two NSG

mice each, here identified by the patients’ number fol-
lowed by a™*" or b**". Less than 1% of transduced cells
were EGFP-positive by fluorescence-activated cell sorting
analysis at this time point (Online Supplementary Figure S2)
or by fluorescence microscopy after 1 week of culture on
MS-5 feeder layers (data not shown); nevertheless, by 2-4
weeks following transplantation, luminescent signals,
clearly localized to the injected femora, were seen on
whole body imaging of all mice. Leukemia spread to
other bones and organs with noticeable variation in the
strength of signal at some sites (Online Supplementary
Figure S3). This variation was highlighted by measure-
ment of luminescent signals from organs post-mortem
and by analysis of the relationship between signal devel-
opment at different sites over time (Figure 1A,B and Table
1). Signal variation in the spleen was shown to relate to
the proportion of infiltrating blast cells that expressed
EGFP rather than to overall tumor load (Figure 1C, Table
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1 and Ounline Supplementary Table S4). Serial three-dimen-
sional reconstructions of one xenograft showed dramatic
increases in signals from the spleen and head between
weeks 11-15 (Figure 1D).

Morphology and ultrastructure of bone marrow and cen-
tral nervous system reveals patient-specific heterogene-
ity, including evidence for systemic bone marrow niche
destruction

To investigate bone marrow morphology and central
nervous system (CNS) involvement in the iAMP21-ALL
models, we examined sections through tibiae, sterna and
heads of the mice engrafted with SLIEW-transduced cells.
Control NSG bone marrow stained with hematoxylin and
eosin resembled that of a wild-type mouse” and was neg-
ative for anti-human CD19, CD45 and Ki-67 staining
(Figure 2A and Ounline Supplementary Figure S4). In
xenografts, two types of morphology were seen, both of
which differed from controls; type A, which closely resem-
bled that of iAMP21-ALL patients’ trephines (Figure 2B,G,
Online Supplementary Figures S4 and S5 and Omnline
Supplementary Table S2) and type B, which although abnor-
mal, clearly differed from the patients’ trephines (Figure
2C,G and Online Supplementary Figure S4). Cells in type A
but not type B sections were actively cycling and of human
origin as indicated by staining with anti-human Ki67,
CD19 and CDA45 antibodies (Figure 2D and Ounline
Supplementary Figure S4). Individual sections presented
with either type A or B morphology only with the excep-
tion of one sternal segment in which both types co-existed
(Figure 2D). There was relatively sharp demarcation
between the A and B type areas, suggesting that the
iAMP21 ALL cells were organized into massive clumps
that did not diffuse easily within the lumen.

We performed transmission electron microscopy of
decalcified sections of different tibiae or forelimb bones
from each mouse. Xenograft ultrastructure always differed
from that of wild-type controls and, as with bright field
microscopy, two distinct categories could be identified
(Figure 2E and Ounline Supplementary Figure S6). The first
was termed viable leukemia (VL), as mitotic figures were
present and cells appeared normal, although homogeneous
by comparison with controls. There were more connec-
tions and less extracellular space between cells in prepara-

tions from 4a/b™™" compared with controls and la/b™™*".

The second category, equivalent to histological type B, was
termed apoptotic (AP), as no mitotic figures were present
and cells were depleted in number with classical signs of
apoptosis, in the form of condensed chromatin localized to
the periphery of the nucleus.”

We also examined sections through the skulls and CNS
of seven of the eight xenografts (Figure 2F and Ounline
Supplementary Figure S7), revealing calvaria in all cases,
packed with homogeneously stained cells resembling the
A type morphology of tibial sections. CNS involvement
ranged from small foci of leukemia cells to heavy
meningeal infiltration, extending into the choroid plexus in
one case. Comparison of CNS histological grades for each
xenograft with bone marrow histopathology and transmis-
sion electron microscopy data (Table 2) showed heavy
CNS involvement only in 1a/b™™" and 4a/b*™™", correlating
with tibia marrow histological type A and transmission
electron microscopy type VL. We infer the proportion of
transduced cells infiltrating the CNS varied between mice
because luminescent signals from the head failed to corre-
late with histological grade (Table 2).

To investigate the relative incidence of the morphologi-
cal types we examined bone marrow sections, stained
with hematoxylin and eosin and anti-CD19, from 13 addi-
tional xenografts derived from seven B-ALL patients
(Online Supplementary Tables S3 and S6). Among these
cases, type B morphology was seen in two primografts,
one derived from a relapsed iAMP21-ALL patient and the
second from a case with high hyperdiploid ALL; areas of A
type morphology were also seen in both (Online
Supplementary Figure S8). Other xenografts displayed A
type morphology either exclusively (Ounline Supplementary
Figure S9) or infiltrating apparently normal mouse bone
marrow (Online Supplementary Figure S10). Interestingly
these latter cases supported our initial observation that the
ALL cells may grow in clumps because CD19-positive cells
formed distinct clusters.

Segregation of copy number abnormalities in xenografts
implicates known and novel genes in the progression of
acute lymphoblastic leukemia with intrachromosomal
amplification of chromosome 21

We used SNP6.0 array profiles to evaluate the genomic
stability of iAMP21-ALL in 21 xenografts from five
patients. Presentation and remission samples were avail-

Table 1. In-vivo and ex-vivo luminescent imaging data and spleen weights for xenografts transplanted with iAMP21-ALL cells transduced with

pSLIEW.

Whole Body Luminescence Dissected Organ Luminescence Spleen weight/ %

(photons/second) (photons/second) GFP +ve blasts*
Peak whole body  Peak injected Ratio Kidney Spleen
(PWB) femur (PIF) PWB/PIF Spleen Liver (mean) radiance/g

431 6.87E+08 2.53E+08 2.72 ND ND ND ND 0.83g/0.2
4PN 2.97E+08 5.09E+07 5.84 ND ND ND ND 0.81g/0.0
R 1.64E+09 1.90E+08 8.63 5.69E+08 3.TTE+07 1.49E+05 24TE+09 0.23g/44
Sy 1.81E+09 4.00E+08 453 3.85E+08 1.99E+07 3.02E+05 1.43E+09 0.27g /68%
[suevy 3.79E+08 244E+07 15.53 1.12E+07 4.10E+06 2.50E+05 2.11E+07 0.53g/1.6%
(R 1.57E+08 1.43E+07 10.83 2.60E+07 4.27E+06 1.84E+05 2.95E+07 0.88g/0.8%
25UV 3.30E+09 1.06E+08 3113 1.04E+09 9.84E+07 3.67E+05 2.60E+09 0.40g / 24%
A 3.65E+09 3.64E+08 10.03 3.10E+09 1.83E+08 6.65E+05 5.64E+09 0.55g / 26%

*blasts are CD19-positive cells isolated from spleen.
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able for all except patient 4. A core of three to 16 concor-  between four and 12 (Figure 3 and Ounline Supplementary
dant CNA, involving coding gene regions, were clonal at  Table S7). Clonal trisomies or copy number neutral loss of
presentation and retained in all xenografts (Online heterozygosity, present in each patients’ sample, were lost
Supplementary Table S7). The existence of competing sub-  after transplantation, while deletions and amplifications
clones and branching genomic evolution was demonstrat- were typically sub-clonal and either lost or increased in
ed by discordant CNA, which occurred at a rate of level or newly emergent as sub-clones in xenografts.

Figure 2. Histological sections of bone marrow from controls and xenografts transplanted with SLIEW transduced cells. (A) Control NSG mouse: hematoxylin and
eosin (H&E) stained femur showing heterogeneous cell types, abundant megakaryocytes and vascular structures. (B) H&E stained femur from 4a%®" showing tightly
packed homogeneously stained cells and an absence of megakaryocytes and vascular structures (image representative of six animals showing only morphology type
A). (C) H&E stained femur from 3b®®" showing heterogeneous cell types but in comparison with controls, loss of cellularity and organization, absence of vascular
structures, reduced numbers of megakaryocytes and presence of small darkly stained cells or cellular fragments (image representative of two animals showing mor-
phology type B). (D) The only example seen of co-existence of A and B type morphology in a sternal segment of 3bs: first left panel; H&E stained whole section
with box marking the region shown in the second left panel. Second left panel; H&E stained detail of a single sternum segment displaying both A and B type mor-
phologies. Middle panel; whole sections stained with anti-human CD19 and Ki-67 antibodies, arrowheads indicate three regions corresponding to high resolution
images in the right hand panels. Right hand panels; high resolution images of anti-CD19 and Ki-67 staining from regions 1, 2 and 3. Anti-CD19 and Ki67 stained
human leukemia cells remain tightly packed (region 2) with little diffusion to adjacent areas of acellular marrow (region 3). Anti-Ki67 and CD19 staining demonstrat-
ing that the proportion of cycling human cells are reduced in region 2 compared with region 1 suggesting a microenvironment less favorable for leukemia cell growth.
(E) Examples of TEM images of xenograft tibia sections. In 4a***" and 1a*® cells appear homogeneous compared with controls (Online Supplementary Figure S6)
and have a high nuclear to cytoplasmic ratio (VL morphology). 3a*'*¥ and 2a**" displaying evidence of cell death and characteristics of apoptosis, such as chromatin
clumping and nuclear fragmentation (AP morphology). Images are representative of four animals each showing VL and AP morphology. (F) Examples of skull and brain
sections from 3b*" (left panel) and 1b%"™ (right panel) showing heavy infiltration of the calvaria in both cases (arrow 1), light (3bS*") and heavy (1bs®" ) infiltration
of the meninges, respectively (arrow 2). Images are representative of seven animals. (G) Two examples of H&E stained patients’ trephines. The left hand panel is
from patient 1 for comparison with the leukemia cells from the same patient in a mouse (1a*"®) tibia section shown in (B). Images are representative of seven
iAMP21-ALL patients’ trephines analyzed. Scale bars are; (A, B, C) two right hand panels of (D and G) - 50 um, far left hand and two middle panels of (D) - 1 mm,
second from left panel of (D and F) 200 um and (E) - 10 um.
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Table 2. Summary of histological and ultrastructural (EM) data for bone marrow and CNS of mice transplanted with iAMP21-ALL cells.
Tibia/sternum

Calvaria CNS

H&E CcD19 CD45 H&E CD19 (grade) Peak head
luminescence*
45 A +ve +ve +ve VL NA +ve NA 8.3x10°
4 A +ve +ve +ve VL A +ve B 34x107
3at A +ve -ve +ve Ap A +ve 1-2 34x10°
3 AB +/-ve -ve +/-ve AP A +ve 1-2 2.3x10°
lave A +ve +ve +ve VL A +ve 3-4+CP 3.x10°
1b™& A +ve +ve +ve VL A +ve 4 6.4x10°
25 A +ve -ve +ve Ap A +ve 1 3.x10°
2% B -ve -ve -ve AP A +ve 2 6.3x10°

CNS: central nervous system; H&E: hematoxylin and eosin; EM: electron microscopy. *Units of luminescence are total flux (photons / second).

Exceptionally in xenografts of patient 1, a sharp transition
in genomic architecture, involving clonal gain of CNA of
three chromosomes, occurred. Chromosome 21 profiles
usually remained unchanged across samples (Online
Supplementary Figure S11), but interestingly in cells from
patient 1, we observed structural evolution of the iAMP21
chromosome, involving a small region of copy number
gain and nine distinct regions of loss of one or two copies
(Figure 3A and Online Supplementary Table S8). Importantly
the additional deletions did not affect two regions predict-
ed to contain critical oncogenes" but did re-define the
proximal boundary of the region of highest level of ampli-
fication’ from 21:32,813,553-37 to 21:33,949,423. By FISH,
we confirmed that the RUNX7 and APP gene regions were
maintained at the same level of amplification and reduced
in copy number from three to one, respectively. Additional
rearrangements included bi-allelic deletion of the short arm
of chromosome 9 (9p), resulting in homozygous loss of
CDKNZ2A/B, as confirmed by MLPA (Online Supplementary
Table S9), and mono-allelic deletion of 3p, involving the
CMTM genes 6-8. SNP6.0 array and FISH provided no evi-
dence of these CNA prior to their emergence in 2°la.
However, as previously reported, two reads in whole
genome sequencing data were consistent with the pres-
ence of a minor clone carrying the chromosome 3 deletion
in the patient’s cells at presentation."

Suggestive of convergent clonal evolution and highlight-
ing the relevance of specific chromosomal regions to dis-
ease progression, several were targeted by different abnor-
malities segregated in xenografts from the same patient.
Consistent with an oncogenic role for genes on Xp, patient
2 carried competing sub-clones marked by gain of a whole
X chromosome or isochromosome Xp (Figure 3B).
Whether emergence of a focal deletion of Xp, involving the
zinc finger genes, ZNF157 and ZNF41, was related to the
presence of the larger scale CNA remains unclear but they
were unlikely to have been driven by CRLF2 overexpres-
sion, as genetic analysis ruled out rearrangement of this
locus in the patient’s sample.” In patient 3 large overlap-
ping deletions of 12p, both involving ETV6, were segregat-
ed (Figure 3C). Although no patient’s material was avail-
able, differences in CNA involving the long arm of chro-
mosome 10 were identified in xenografts from a relapse
sample of patient 4 (Figure 3D). Strongly indicative of con-
vergent evolution and hence a role in leukemia progres-
sion, the same focal bi-allelic deletion, involving PIK3AP1
(BCAP) and LCOR (C100rf21), was nested within two dis-

tinctly different, large, mono-allelic 10q deletions.
Evidently of independent origin, as it was detected only in
a single xenograft, one of the large deletions also harbored
a second likely co-operating focal bi-allelic deletion that
resulted in loss of BLNK. Lastly, passage of patient 5 cells
in a primary xenograft resulted in concomitant loss of copy
number neutral loss of heterozygosity of 12q, with pro-
gression from sub-clonal to clonal deletion of a region of
12q containing SH2B3 (Figure 3E). Comparison between
relapse and the xenograft showed no overlap in progres-
sion of specific CNA, although interestingly the EBF1 gene
was targeted by different deletions in the two samples.

Mutations affecting the RAS pathway drive clonal
expansion

To investigate progression of mutations activating the
RAS pathway previously identified in patient 1 we per-
formed whole exome sequencing of selected and Sanger
sequencing of all derived xenografts (Figure 4A).
Interestingly, while an NF/ mutation remained clonal in all
samples, two different mutations affecting NRAS and one
of KRAS marked a dramatic clonal evolution. Remarkably
the KRAS mutation, present as a dominant clone in both
primary and one secondary xenograft was undetectable at
a read depth of over 6000 in the presentation sample and
also undetected in other xenografts which instead carried a
dominant NRAS mutation detected in only 1% of reads at
presentation. NRAS and FLIT3 mutations detected at pres-
entation in patients 3 and 5, respectively, were clonal in
xenografts while the FLIT3 mutation was lost at relapse
(Figure 4B,C).

Transcriptional environment associated with deletions
Anticipating that xenograft preparations, in contrast to
patients’ samples, would be free of non-leukemic human
cells, we used them to investigate the transcriptional envi-
ronment associated with bi-allelic deletions (Table 3). By
comparison with non-deleted samples, and confirming
clonal dominance of the chromosome 10 deletions, we
saw marked reductions in the levels of transcription of
PI3KAP1, LCOR and BLNK. Loss of the BLNK genomic
region also resulted in silencing of DNTT and OPALIN.
Three of the four sequenced xenografts carried bi-allelic 9p
deletions affecting CDKN1A/B. Indicating strong pressure
for clonal selection of bi-allelic loss, read counts within this
region were reduced to zero in deleted cases. Interestingly
two focal bi-allelic deletions were associated with silencing
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Figure 3. Analysis of evolution of copy number abnormalities in xenograft models. Panels in blue boxes show heat maps of copy number from SNP6.0 arrays for
chromosomal regions showing evidence of clonal genomic evolution in xenografts, P (presentation), R (remission), 1°,2° and 3° (primary, secondary and tertiary
xenografts). Box-flow diagrams illustrate loss, gain or change in level of genomic abnormalities. White boxes; sample analyzed, gray boxes; sample not analyzed, red
type; CN gain of one, purple; CN gain of two, light red; sub-clonal CN gain, black; CN loss of one, blue; CN loss of two, gray; subclonal loss, green CN-LOH. * indicates
deletion was detected by whole genome sequencing but not by SNP6.0 array. (A) Patient 1 - including heat maps of 9p demonstrating gain of bi-allelic deletion of a
region containing CDKN2A/B and focal mono-allelic deletion of a region of 3p containing the CMTM genes 6-8. Chromosome 21 heat maps illustrate a complex pat-
tern of copy number gain and loss characteristic of iAMP21 and also demonstrate additional CN changes in one 2° and all 3° xenografts. The color-coded bar depicts
regions of chromosome loss or gain in the derivative iIAMP21, [der(iAMP21)]. Green box; chromosome 21 CN profiles before and after iAMP21 evolution and showing
the position of probes used for FISH analysis. Upper black box; FISH image of metaphase and interphase cells showing multiple copies of the RUNX1 region and
three copies of the APP region at presentation. Lower black box; FISH images showing three or one copy of the APP region in cells from the patient, a 1° and two 2°
xenografts. (B) CNA discordant between patient 2 and xenografts including; loss of whole chromosome (WC) X, gain of an iso(Xp) and gain of a focal deletion of Xp
involving the genes ZNF157 and ZNF41. (C) CNA discordant between patient 3 and xenografts including different deletions involving ETV6 one of which potentially
resulted in a novel ETV6-BICD1 fusion gene. (D) Differences in copy number profiles between three 1° xenografts from patient 4. These included two different large
mono-allelic deletions of chromosome 10 (1 and 2) both of which contained a focal bi-allelic deletion (3), present in all xenografts and involving PIK3AP1 and LCOR.
A second bi-allelic deletion (4) was present in two xenografts only and involved BLNK. Other discordant CNA included complex rearrangements of 17q and 14q, focal
deletions of 4934.1, 16p13 and 2213.1 and a focal amplification of 4q13.2. E. Sub-clonal deletions at 2p25.1, 3q13.3 and 12q24.1 present in patient 5 became
dominant clones in the xenograft while a sub-clonal deletion of 3p21.3 was lost and sub-clonal deletions of 1q42.3 and 5933.3 (marked by red arrow 1) were gained.
In the patients’ relapse sample the 3p21.3 deletion became dominant while other sub-clonal abnormalities detected at presentation were lost. As with the xenograft
a focal deletion of 5033.1 (marked by red arrow 2) emerged at relapse. The two 5q deletions both resulted in loss of coding exons of EBF1. Genomic positions of
breakpoints derived from SNP6.0 analysis and genes contained within focal CNA, for all patients and xenografts, are annotated in Online Supplementary Table S7.
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Figure 4. Analysis of mutations affecting the RAS pathway. The key to the analytical methods used are shown top right. Blue boxes show non-synonymous RAS path-
way mutations identified. White boxes summarize the estimated variant allele (VA) frequencies and methods of analysis used for patients’ and xenograft samples.
(A) In patient 1 an NF1 mutation was clonal at presentation and in all xenografts. By contrast mutations of NRAS and KRAS showed marked fluctuations in VA fre-
quency; NRAS (1), present in the patient as a sub-clone, was detected in both 1° xenografts but not in blasts from 2° and 3° animals. NRAS (2), identified by high
depth targeted sequencing in 1% of patients’ sample reads, was undetected by whole exome sequencing in primografts but emerged as a dominant clone in 2°2a
and all derivative 3° xenografts. A mutation of KRAS, although undetected in more than 6000 reads by targeted sequencing of the patient’s sample, marked the
dominant clone present in primografts and 2°2b. Sanger sequence traces illustrate the relationship between the NF1, NRAS (2) and KRAS mutations in the two 2°
xenografts, traces shown for 2°1a are also representative of 1°1a and 1°1b, traces shown for 2°1b are also representative of 3°1a-g. (B) In patient 3 an NRAS
mutation identified in the patient remained clonal in all 1° and 2° xenografts. The Sanger sequencing trace shown for 1°3a is representative of all xenografts. (C)
In patient 5 a FLT3 itd, detected as a minor sub-clone by exome sequencing of the presentation sample, became dominant in the 1° xenograft as demonstrated by
the generation of two distinct exon 14 polymerase chain reaction (PCR) amplicons of equal intensity (first lane bottom right). In contrast only a single PCR product
was amplified from the relapse sample of this patient (second lane bottom right). Mutations detected in the patients’ presentation samples have been previously

published.®

not only of the physically deleted genes but also of TUSC1,
positioned more than 3 Mb away from the deletion bound-
aries.

Discussion

Compared with genetically engineered animal models,
xenografts bring several advantages to the study of ALL,
not least, their potential to fully recapitulate the spectrum
of genomic abnormalities that occur within individual
patients of a given genetic sub-type. This is particularly rel-
evant to iAMP21-ALL, in which the primary abnormality
is structurally complex, unique to each patient and impos-
sible to reproduce in engineered animal models. As there
are no cell lines carrying iAMP21, the xenografts presented
here represent an important resource for future functional
and pre-clinical studies.

Highlighting the potential of lentiviral constructs inte-
grated into xenograft cells, we demonstrated their i vivo
expression. However we observed considerable temporal
and spatial variation in signal development that, as demon-

strated by analysis of spleen and CNS, was apparently
related to heavy skewing of the ratios of transduced to
non-transduced cells at specific sites. It seems likely that
this skewing was caused largely by clonal expansion of
small founder populations, particularly as tracking of spe-
cific genomic abnormalities demonstrated aggressive
expansion of minor sub-clones in xenografts. As a conse-
quence, accurate analysis of disease burden by in-vivo
imaging, will in future require enrichment for EGFP-
expressing cells prior to engraftment.

Unexpectedly, light microscopy and transmission elec-
tron microscopy together provided strong evidence that
transplantation of NSG mice with iAMP21-ALL cells from
two patients led to destruction of the bone marrow niche.
As we saw no examples of similar morphology among
iAMP21-ALL patients’ samples, it seemed likely that this
phenomenon was xenograft-specific and a consequence of
initiating a heavy leukemic burden at one site. Cells popu-
lating the affected areas, although damaged, were hetero-
geneous and showed little if any staining with human
CD19 and CD45 suggesting they were of host origin.
Histology was therefore consistent with destruction hav-
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Table 3. The expression of genes in xenograft-derived iAMP21-ALL cells within and neighboring regions of bi-allelic deletion of chromosomes 10
and 9.

Chromosome 10 Xenograft
3°1e 1°4h 2°2¢ 2°3d
Gene Genomic position RCM RCM CN RCM RCM CN
ZNF5184 96,129,715-96,205,288 3513 2 2746 1 2474 2 3316 2
BLNK 96,191,702-96,271,587 18573 2 21 | 0 11315 2 6251 2
DNTT 96,304,396-96,338,564 166450 2 3 1 170269 2 215495 2
OPALIN 96,343 216-96,359,365 458 2 2 1 698 2 471 2
TLL2 96,364,606-96,513,918 235 2 1 1 152 2 111 2
TMISF3 96,518,109-96,587,452 14506 2 8325 1 12641 2 19522 2
PIK3API 96,593,312-96,720,514 35985 2 4 0 20616 2 28820 2
LCOR 96,832,260-96,981,043 8942 2 21 0 7568 2 4218 2
SLITI 96,998,038-97,185,920 0 2 0 1 0 2 0 2
ARHGAPI9 97,222,173-97,292,673 2486 2 4151 1 3164 2 3524 2

MTAP 21,802,543-21,937,651 1 0 918 1 2 0 1846 2
CDKN2A 21,967,753-21,995,301 0 0 0 0 0 0 883 2
CDKNZB 22,002,903-22,009,363 0 0 0 0 0 0 62 2
CDKN2B-AS1 21,994,778-22,121,097 0 0 0 0 0 0 82 2
DMRTAI 22,446,841-22,455,740 0 0 0 1 0 1 0 2
ELAVL2 23,690,104-23,826,337 0 0 0 1 0 1 0 2
TuscI 25,676,589-25,678,440 0 0 0 1 0 1 415 2
CAAPI 26,840,685-26,892,804 0 0 686 1 576 1 1307 2
PLAA 26,904,083-26,947,463 1 0 1411 1 1230 1 1939 2

Gene expression units are read counts / million (RCM). Regions of complete / near complete loss of expression and copy number (CN) of 0 are highlighted.

ing occurred in areas of normal bone marrow before malig-
nant cell infiltration suggesting systemic suppression of
normal hematopoiesis, possibly through a mechanism
such as cytokine scavenging, as recently reported to
account for cytopenia in acute myeloid leukemia.” The
effect did not correlate with late stage disease, as the mean
times between transplantation and culling were almost
identical and spleen weights were greater and CNS infiltra-
tion heavier for mice with no evidence of niche destruc-
tion. Further analysis demonstrated that niche destruction
is not restricted to the iAMP21-ALL subtype but is proba-
bly less common than suggested by our initial data.
Global analysis of genomes from the iAMP21-ALL
patients and xenografts revealed a dynamic branching of
genomic architecture, similar to that reported previously
for B-ALL.*”?** However the rate of newly emergent CNA
and their diversity in iAMP21-ALL xenografts suggested a
leukemia-initiating cell compartment characterized by
greater genetic heterogeneity compared with other B-ALL
sub-types. Genomic arrays revealed an average of five
CNA per transplanted iAMP21-ALL sample, while similar
analysis defined only a single change among seven
KMT2A-rearranged infant ALL samples engrafted into
multiple mice.”” Additionally, among 12 BCR-ABL1-posi-
tive ALL samples, half showed no CNA discordance in
xenografts.” The iAMP21-ALL primografts also developed
disease with a relatively long latency. Together with the
older age of patients at diagnosis of iAMP21-ALL," these
data suggest that the primary iAMP21 rearrangement con-
fers only a moderate growth advantage, producing an

indolent disease course over which diverse genetic sub-
clones are sampled. As genetic diversity has been linked to
clinical aggressiveness,” this clonal heterogeneity of
iAMP21-ALL may underlie the affected patients’ poor
response to standard therapy.”

Although each iAMP21 chromosome is unique with
respect to the balance of regions amplified and deleted,
within clinical trials patients are treated homogeneously."”
Our data support this approach, as they further confirm
iAMP21 to be a primary abnormality, because the region
identified as consistently amplified and spared from chro-
mothripsis," was always retained. However in xenografts
from one patient, we observed segregation of a structurally
evolved iAMP21 chromosome which, together with other
CNA, marked a clone that appeared to confer an excep-
tionally strong growth advantage. Structural evolution of
iAMP21 has not been reported previously, although only
few presentation/relapse pairs have been analyzed at the
whole genome level and FISH is usually targeted only to
the RUNX1 gene. This case demonstrates that even after
stabilization of the iAMP21 chromosome evident at the
time of diagnosis, these rearrangements can undergo fur-
ther evolution, potentially influencing clinical features and
treatment response. However this iAMP21 chromosome
may be atypical, as it was reported to be a ring chromo-
some, which are known to be inherently unstable struc-
tures.” It may be that other iAMP21 ring chromosomes
have a tendency to further evolution, but this case was the
only one included in this study. Whether this iAMP21
chromosomal evolution acted as a driver of leukemia pro-



gression remains uncertain, as it was co-selected with
other abnormalities, including an NRAS mutation and bi-
allelic loss of CDKN2A/B. Among the four other cases
transplanted, three were affected by concordant or discor-
dant CDKN2A deletions, two bi-allelic and one mono-allel-
ic, detected by MLPA only and without apparent involve-
ment of CDKN2B. Further suggesting strong selective pres-
sure for loss of CDKN2A/B in the xenografts, as evidenced
by RNA sequencing data, the bi-allelic deletions were all
highly clonal. As deletion of this locus only occurs in about
12% of iIAMP21-ALL patients,” these observations support
previous reports that CDKN2A/B loss is associated with
rapid disease manifestation” and is selected for in B-ALL
xenografts,’ and are also in keeping with a xenograft-spe-
cific expression signature enriched for cell cycle genes.”
Alternative mutations of NRAS and KRAS were also
strongly selected and both apparently cooperated with an
NF1 mutation in xenografts. To our knowledge NF1 and
RAS mutations have always been reported as mutually
exclusive in B-ALL patients, although their co-occurrence
in juvenile myelomoncytic leukemia has been associated
with aggressive disease. In mouse models, a combination
of NF1 deficiency and KRAS activating mutation reduced
the latency of myeloid malignancy compared with either
abnormality alone.”®*%

Other chromosomal regions were strongly implicated in
the progression of ALL, as targets of overlapping abnormal-
ities segregated in different clones of xenografts. These
included genes known to be involved in B-ALL; ETV6,
SH2B3 and BLNK (SLP-65),*** as well as novel candidate
tumor suppressor genes. Iwo distinct large deletions,
selected in different xenografts, resulted in conversion to
homozygosity of a micro-deletion involving PIK3AP1 and
LCOR. PIK3AP1 encodes an adaptor protein linking the B-
cell receptor and CD19 to activation of PISK/Akt."* A sim-
ilar function in the transduction of pre-B-cell receptor sig-
naling is likely and, although not previously implicated in
childhood leukemia, focal deletions of PIK3AP1 have been

reported in three cases of adult B-ALL.“* Combined with
our evidence of strong selective pressure for its conversion
from mono- to bi-allelic deletion, PIK3AP1 is an interesting
candidate, possibly worthy of addition to the growing list
of pre-B-cell receptor-related genes disrupted in childhood
B-ALL.” However a role for LCOR, which functions as a
co-repressor of several nuclear hormone receptors,® and
has been reported to interact with methyltransferase com-
plexes including polycomb repressive complex 2, should
not be discounted.

In conclusion, we present the first successful xenografts
of iAMP21-ALL and demonstrate their potential as experi-
mental models for functional investigation of this poorly
understood genetic subtype. These xenografts could also
serve as models in pre-clinical trials or for personalized
medicine, with the caveat that systemic niche destruction
occurred in some cases. Tracking of CNA, to investigate
genomic evolution in xenografts, revealed a surprisingly
high rate of instability and examples of marked divergence
in CN status of known leukemia driver genes. Further
genomic screening of iAMP21-ALL xenografts is likely to
reveal many more clonal abnormalities undetected in
patients’ samples, augmenting data generated from clinical
trial cohorts, as well as potentially guiding treatment in
individual cases.
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