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Abstract

Acute myeloid leukemia with myelodysplasia-related changes (AML-MRC) is a heterogeneous
hematological disorder defined by morphological, genetic, and clinical features. Patients with AML-
MRC often show cytogenetic changes, which are associated with poor prognosis. Straightforward
criteria for AML-MRC diagnosis and a more rigorous characterization of the genetic abnormali-
ties accompanying this disease are needed. Here we describe an informative AML-MRC case,
showing two separate, but concurrent, chromothripsis events, occurred at the onset of the tu-
mor, and originating an unbalanced t(5;7) translocation and a derivative chromosome 12 with a
highly rearranged short arm. Conversely, despite chromothripsis has been often associated with
genomic amplification in cancer, in this case a large marker chromosome harboring amplified
sequences from chromosomes 19 and 22 arose from a stepwise mechanism. Notably, the patient
also showed a TP53 mutated status, known to be associated with an increased susceptibility
towards chromothripsis and a poor prognosis. Our results indicate that multiple chromothripsis
events may occur early in neoplastic transformation and act in a synergistic way with progressive
chromosomal alterations to determine a dramatic impact on disease outcome, as suggested by
the gene expression profile analysis.
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Introduction neous disorder with poor prognosis, defined by morphologi-
cal, genetic, and clinical features. Genetic abnormalities, such

Acute myeloid leukemia with myelodysplasia-related changes @S —5/del(5q), —7/del(7q), and/or complex karyotypes are of-
(AML-MRC) mostly affects elderly adults. It is a heteroge- ~ ten detected and associated with AML-MRC [1]. The pres-
ence of >20% blasts in peripheral blood (PB) or bone marrow

and multi-lineage dysplasia affecting >50% cells in two or
more myeloid lineages is often thought to be straightforward
criteria for AML-MRC diagnosis. However, these parameters
are not always consistent and may overlap with other leukemic
disorders such as acute erythroleukemia [2]. Consequently,
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there is need for a more rigorous characterization of the ge-
netic abnormalities accompanying this disease. Less ambigu-
ous criteria would present a welcome aid to clinical diagnos-
tics.

A one-step catastrophic genomic event causing chromo-
some pulverization and the subsequent random re-joining of
the fragments [3], known as chromothripsis, was recently de-
scribed as a factor influencing patient prognosis and AML
disease biology [3,4]. Given the complexity of the rearrange-
ments associated with AML-MRC, we thought that it would
be worthwhile establishing the possible leukemogenic role of
chromothripsis also in this leukemia subtype.

Here we describe a case of AML-MRC with a complex
karyotype, as seen from classical cytogenetic and FISH anal-
yses. We performed a detailed and customized analysis of
both SNP array and whole genome sequencing (WGS) data,
which revealed two independent alterations arising from chro-
mothripsis, i.e. an unbalanced translocation involving chro-
mosomes 5 and 7 and a complex rearrangement of the short
arm of chromosome 12. Conversely, although amplifications
are often associated with chromothripsis in their genesis in
many tumor types [5], the amplification of chromosomes 19
and 22 found in the present case on a marker chromosome
was originated by a step-wise mechanism.

We also investigated the allelic status at TP53 locus,
whose mutation is presently considered the only predispos-
ing genetic alteration towards chromotripsis[4,6], and the
transcriptomic impact of these aberrations on both leukemo-
genesis and disease outcome. Our results show that chro-
mothripsis is synergistic with progressive chromosomal alter-
ations, and has a dramatic impact on disease outcome.

Material and methods

Fluorescent in situ hybridization (FISH) and
PCR-based assays

FISH, Multicolor-FISH (M-FISH), RT-PCR (Reverse
transcriptase-Polymerase Chain Reaction), and Sanger
sequencing were performed following previous descriptions
[7,8].

Whole genome sequencing (WGS) and
identification of structural variants (SVs)

WGS was performed using the lllumina HiSeq X Ten sys-
tem at the New York Genome Center (New York, US), in a
paired-end 150-cycle run (mean coverage 40 x). Reads were
aligned to the human reference genome (GRCh37/hg19)
using BWA-MEM (v.0.7.12) (http://bio-bwa.sourceforge.net/)
and PCR duplicates were removed using Picard (v.1.119)
(http://picard.sourceforge.net/). SVs were identified using the
DELLY software (v.0.7.1) [9].

SNP array analysis

The copy number analysis of the patient’s PB DNA was ac-
complished on a Genome-wide human SNP array 6.0 accord-
ing to manufacturer protocols (Affymetrix, Santa Clara, CA,
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USA). Data were analyzed with the Partek Genomic Suite
Software (Partek Inc.), by using the hidden Markov model
method and a baseline of 270 HapMap samples.

Chromothripsis analysis

To infer chromothripsis, according to Korbel and Campbell
[10], and as previously reported [11], WGS and SNP ar-
ray data were analyzed to evaluate the occurrence of the
following criteria: “clustering of breakpoints” (5—-10 break-
points within 50kbp genomic segments), “randomness of
DNA segments order and fragment joins” (not conserved or-
der of the breakpoints and equal distribution of rearrangement
types), “ability to walk the derivative chromosome” (absence
of nested fragments), “regularity of oscillating copy number
states” (more than 10 copy number switches between only
two or three states), “interspersed regions with loss and reten-
tion of heterozygosity” (oscillating pattern of diploid segments
with retained heterozygosity and deleted regions with loss-of-
heterozygosity). We could not investigate the “prevalence of
rearrangements affecting a specific haplotype” criterion, as
germline DNA was not available.

WGS mutational analysis and TP53 cDNA-cloning

Using WGS data, variants in gene coding sequences were
identified by snpEff, snpSift and GATK VariantAnnotator mod-
ule [12] and classified by their effect (non synonymous cod-
ing, nonsense, etc.). We then compared the detected vari-
ants with information from COSMIC (https://cancer.sanger.
ac.uk/cosmic) [13], and returned variants ordered by a pri-
oritization score based on a Functional Analysis through
Hidden Markov Models (FATHMM) Somatic (http://fathmm.
biocompute.org.uk/) [14]. TP53 cDNA cloning was performed
using the TOPO® TA Cloning® Kit (Thermo Fisher Scientific,
Waltham, MA USA), according to manufacturer’s instructions.

Gene expression analysis

Gene expression profiling was accomplished on an Affymetrix
GeneChip Human Exon 1.0 ST Array according to the manu-
facturer’s instructions (Affymetrix, Santa Clara, CA). All exon
array data were analyzed using the Partek Genomic Suite
6.6 software. Principal Component Analysis (PCA) was per-
formed to underlie outliers’ samples; the Analysis of Variance
(ANOVA) was used to identify differentially expressed genes
using a p-value <0.01. Six technical replicates of the patient’s
gene expression profile were compared to technical dupli-
cates of three AML cases with a normal karyotype.

Results and discussion

An 87 vyear-old female patient was admitted to the
Belluno Central Hospital in January 2012 because of
dyspnea, fatigue, and pallor as well as laboratory evi-
dence of leukocytosis, anemia, thrombocytopenia, and
increased bone marrow blasts. By integrating morpho-
logical, immunological, clinical and cytogenetic parame-
ters, the patient was diagnosed with AML-MRC (WHO,
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ICD-0 code 9895/3). Cytogenetic analysis performed on
the PB of the patient revealed the following karyotype:
45,XX,del(5)(q13),der(11)(?::p13—qter),der(12)add(?p12),

—16,—19,—22,+mar1,+mar2 [20] (Supplementary Fig. 1).
She was subjected to supportive therapy due to the pres-
ence of co-morbidities but, unfortunately, she died three
months later for severe sepsis. Combined cytogenetic and
molecular assays were carried out to finely characterize
the genetic abnormalities of the tumor sample. SNP-array
revealed extensive losses at chromosomes 5, 7, 12, 16,
19 and 22, gains at chromosomes 11, 12, 14, 19, 21 and
22, including low-level amplifications (19q13.32—q13.41;
22g11.21, 229q11.23, and 22q12.1—q12.2; Supplementary
Table 1 and Fig. 1A). Q-banding and M-FISH assays re-
vealed that all the analyzed metaphases shared a reciprocal
translocation between the long arms of chromosomes 5 and
7, an intra-chromosomal rearrangement of 12p, and a large
marker chromosome derived from chromosomes 11, 19 and
22 (Supplementary Fig. 1, Fig. 1B). These alterations likely
represented early events in the neoplastic transformation of
the patient, suggesting a potential leukemogenic role. By
WGS and FISH analyses, we defined the complex structure
of both the reciprocal translocation and the marker chro-
mosome (Fig. 1C, E, Supplementary Fig. 2, Supplementary
Table 2). The reciprocal translocation showed a complex
architecture, joining regions from 5q13.2—23.3 and 7q11.23-
g21.3 (Fig. 1C and Supplementary Table 2). The marker
chromosome had a short arm and centromere both derived
from chromosome 19, and a long arm with an alternate pat-
tern of amplified sequences from 19q and 22q, fused to 11q
(Fig. 1E, Supplementary Fig. 2). By combining Q-banding,
M-FISH and FISH results, the karyotype was refined as fol-
lows: 45,XX,der(5)ins(5;7)(5pter—5013.2::7911.23—g21.3::
5923.3—5qter),  der(7)ins(7;5)(7pter—7q11.23::5q13.2—
23.3::7g21.3—7qter),der(11)(?::p13—qter), der(12)add(12)
(p12).ish der(12)(wcp12+),—16,—19,—22,+mar1.ish der(16)
(wep16+),+mar2.ish  der(19)(wcp11+,wcp19+,wcp22+).
SNP array, FISH, and WGS revealed multiple deletions
on both derivative chromosomes 5 and 7, leading to an
oscillating copy number (CN) state (Supplementary Tables
1 and 2). Intriguingly, we observed clustering structural
variations at the translocation boundaries, in both 5q and 7q
(including the previously described deletions). Two clusters
were found on der(5) [71.4 Mb (10 breakpoints, BPs) and
130.2 Mb (14 BPs)] and three on der(7)[93.4-101.7 Mb (95
BPs), 115.7-116.9 Mb (28 BPs), and 142 Mb (36 BPs)]
(Fig. 1C, light blue squares). Most of these SVs resulted in
5q-7q fusions (Fig. 1C). A similar oscillating CN profile was
observed on the derivative 12p, showing multiple alternating
duplicated/deleted regions (Fig. 1D, Supplementary Table 1).
Due to the complexity of the rearrangements, we investigated
whether their genesis might arise from chromothripsis. Since
at least two of the six criteria to infer chromothripsis should
be fulfilled to invoke this event [10], our analysis ruled out
its occurrence in the genesis of 19g-22q amplifications. As
a matter of fact, we observed the applicability of only one
chromothripsis criterion (the “clustering of breakpoints”) for
chromosomes 19 and 22, as well as for chromosome 11 (the
“regularity of Oscillating Copy-Number States”). Conversely,
the t(5,7) translocation and the derivative 12p showed the
crucial hallmarks of this catastrophic event, such as the SV
clustering and the oscillating CN variation profile (Table 1,
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Fig. 1C-E). The analyses disclosed a simultaneous and
locally restricted shattering of 5q and 7q, as well as of 12p,
which likely occurred at tumor onset.

Patients undergoing chromothripsis often show alteration
of TP53, described as an event closely associated with chro-
mosome shattering [6]. This association was also reported
in hematological disorders [3], often with a complex kary-
otype and poor prognosis in AML [4]. Notably, our WGS mu-
tational analysis revealed the occurrence of two single nu-
cleotide variants in the TP53 coding sequence (COSM43545
and COSM117591), resulting in amino acidic substitutions
(H168R and R337C, respectively). H168R substitution is
known to affect the TP53 DNA binding domain, while R337C
substitution decreases its tetramerization capability. Both
these mutations, impairing TP53 functions, were already
described in cancer [15,16]. They were associated with a
FATHMM prediction score close to one, revealing their poten-
tial role in promoting neoplastic transformation. In the patient,
the variant allele frequency of the two mutations was 46.2%
(COSM43545) and 40% (COSM117591), suggesting a het-
erozygous status for both. In addition, a cDNA-cloning assay
followed by Sanger sequencing showed that the patient was a
compound heterozygous for these mutations (Supplementary
Fig. 3).

To identify genes whose expression level was altered as
a consequence of the described rearrangements, we per-
formed a gene expression profiling analysis by comparing
our patient to three AML cases with a normal karyotype
(Supplementary Table 3). The 19g amplification resulted in
the overexpression of two genes encoding for CD177 and
SIGLECS (Sialic Acid Binding Ig Like Lectin 5) myeloid mark-
ers, both already reported in myeloproliferative diseases, but
with a yet not well-defined pathogenic and clinical role [17,18].
The 22q amplification was associated with an overexpres-
sion of OSBP2 (Oxysterol-Binding Protein 2, also known as
ORPA4L), and MN1 (Meningioma 1 gene). OSBP2 has a doc-
umented role in promoting cell survival and proliferation [19],
while MN1 has been reported to have a leukemogenic role
and cause transcriptional suppression of TP53 [20]. Both the
MN1 overexpression and the TP53 mutations likely resulted
in the total impairment of TP53 activity in the patient. More-
over, 5q losses caused a significant down-regulation of EGR1
(5931.2), CSNK1A1 (5032), HDAC3 (5931.3), and G3BP1
(5933) tumor suppressor genes, whose low expression is re-
lated to a decrease of patient survival in myeloid neoplasms;
all these genes are reported as targets of del(5q) in myelodys-
plastic syndromes [21]. Intriguingly, HDAC3 was reported to
play a pivotal role in the maintenance of chromatin structure
and genome stability [22]. We hypothesize that the concerted
impairment of TP53and HDAC3may predispose cells to chro-
mothripsis and/or facilitate cell survival following the catas-
trophic event, likely causing tumor progression. Conversely,
none of the 7q deregulated genes was reported as involved
in leukemia. Notably, the CUX1 tumor suppressor gene, tar-
get of 7q deletion in AML [23], was not downregulated in our
case. Finally, the rearrangements affecting chromosome 12p
led to the overexpression of the histone demethylase KDM5A,
amplified in several cancers and known to improve cell growth
and suppress cell senescence and differentiation [24].

In summary, we describe an AML-MRC case with two con-
current separate chromothripsis events, involved in the gen-
esis of a complex unbalanced t(5;7) translocation, and intra-
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Fig. 1 Chromosomal alterations in the patient. (A) Schematic representation of the SNP array results. Blue arrows: gains; red
arrows: losses. (B) M-FISH pseudocolored image of a PB metaphase. (C-E) CIRCOS plots representing the genomic structure of the
rearrangements shared among all the analyzed metaphases: (C) the t(5;7) unbalanced translocation; (D) the short arm of chromosome
12, (E) the marker chromosome. SNP array CN values (in grey) and relevant deregulated genes (in blue) are also shown. Consistently
colored curved lines indicate intra-chromosomal SVs, while black curved lines represent inter-chromosomal SVs. In C, the pale blue
squares pinpoint SV clustering regions, while the red and green solid lines indicate regions translocated to der(7) and der(5), respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 Overall results of the chromothripsis analysis performed for chromosomes 5, 7, 12, 11, 19, and 22.

Chromosome Clustering of Randomness of fragment Ability to walk Regularity of Interspersed
breakpoints joins and Randomness of the derivative oscillating copy regions with loss
segment order chromosome number state and retention of
heterozygosity
5 Y Y N Y Y Y
7 Y Y N N Y Y
12 Y Y N N Y N
11 N Y N N Y N
19 Y Y N N N N
22 Y Y N N N N

Y and N indicate if the results of the chromothripsis analyses meet each specific criterion (Y) or not (N). Please note that the “randomness
of DNA segments order and fragment joins” is composed by two sub-criteria, one of which is negative for all the analyzed chromosomes.
Therefore, due to the conflicting results, we considered it as not validated in our analysis.
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chromosomal rearrangements of 12p. We also found a marker
chromosome with 19/22 amplifications, likely derived from
progressive events (i.e. the gradual acquisition of amplified
segments). All these alterations were shared by all the inves-
tigated tumor cells, thus likely occurred at the onset of the
tumor and had a role in its establishment. The possible co-
existence of rearrangements arisen from chromothripsis and
step-wise chromosomal alterations indicates that both mech-
anisms might act in a synergistic manner, disrupting the pa-
tient’s expression profile and causing the rapid evolution of
the disease.

Overall, our results strongly suggest that chromothripsis,
together with TP53 impairment, might have a crucial role in
the AML-MRC leukemogenesis, underlining the correlation
between this phenomenon and poor prognosis [4]. However,
this hypothesis needs to be validated by further studies in
additional cases of this tumor type.
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