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Chromotbhripsis is a frequent event and underlies typical
genetic changes in early T-cell precursor lymphoblastic

leukemia in adults
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Chromothripsis is a mitotic catastrophe that arises from multiple double strand breaks and incorrect re-joining of one or a few
chromosomes. We report on incidence, distribution, and features of chromothriptic events in T-cell acute lymphoblastic leukemias
(T-ALL). SNP array was performed in 103 T-ALL (39 ETP/near ETP, 59 non-ETP, and 5 with unknown stage of differentiation),
including 38 children and 65 adults. Chromothripsis was detected in 11.6% of all T-ALL and occurred only in adult cases with an
immature phenotype (12/39 cases; 30%). It affected 1 to 4 chromosomes, and recurrently involved chromosomes 1, 6, 7, and 17.
Abnormalities of genes typically associated with T-ALL were found at breakpoints of chromothripsis. In addition, it gave rise to new/
rare alterations, such as, the SFPQ::ZFP36L2 fusion, reported in pediatric T-ALL, deletions of putative suppressors, such as IKZF2 and
CSMD1, and amplification of the BCL2 gene. Compared to negative cases, chromothripsis positive T-ALL had a significantly higher
level of MYCN expression, and a significant downregulation of RGCC, which is typically induced by TP53 in response to DNA
damage. Furthermore we identified mutations and/or deletions of DNA repair/genome stability genes in all cases, and an

association with NUP214 rearrangements in 33% of cases.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL), accounts for 15% of
pediatric and 20-25% of adult acute lymphoblastic leukemias
(ALL). It results from a multistep process leading to the
accumulation of multiple genetic abnormalities, that affect cell
cycle control, self-renewal capacity, cell differentiation, prolifera-
tion and apoptosis, and epigenetic modulation [1].

High expression of (onco)genes, coding for transcription factors
pivotal for hematopoiesis and/or T-cell development, have been
identified by gene expression profile and shown to distinguish
unique T-ALL subgroups, i.e., TAL/LMO, HOXA, TLX3, TLX1, NKX2-1/
2-2, and MEF2C [1]. These oncogenes co-operate with deregulated
activity of signaling transduction pathways (NOTCH, JAK/STAT, RAS/
MEK/ERK, PI3K/AKT, WNT), epigenetic modifiers (EZH2, DNMT3A,

PHF6, PRC2 members), and/or protein translation (RPL22, RPL10) to
elicit the leukemia phenotype. Diverse molecular mechanisms, i.e.,
activating and inactivating mutations, balanced/unbalanced chro-
mosome rearrangements, and/or copy number abnormalities
(CNA), underlie gene deregulation [1].

First described by Stephens a et al. [2]. chromothripsis is
thought to be a one-step catastrophic event that leads to the
generation of multiple rearrangements as a consequence of
locally clustered DNA double strand breaks [2-5]. Based on single
nucleotide polymorphism array (SNPa), it has been defined by the
presence of at least ten changes in segmental copy number
between two or three states [3]. Afterwards, applying whole
exome and whole genome sequencing, chromothripsis has been
redefined as any rearrangement characterized by at least 3 of the
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following events: (1) pronounced clustering of breakpoints across
the chromosome; (2) copy number profiles oscillating between
two/three states; (3) prevalence of regions with interspersed loss
and retention of heterozygosity; (4) prevalence of rearrangements
affecting a single allele; (5) randomness of DNA fragment joins and
order; and (6) ability to “walk” the derivative chromosome by
joining breakpoints [4].

The advent of high resolution genome analyses, has greatly
enhanced the detection of chromothriptic events which appear to
be a widespread phenomenon, with an overall prevalence of
~50% in different human cancer subtypes, such as lung,
esophageal, bladder, prostate, and breast adenocarcinomas
[6, 7]. Chromothripsis is considered an early event that promotes
cancer development either disrupting tumor suppressor genes or
activating oncogenes, through CNA or the generation of fusion
genes [7].

In hematopoietic neoplasms, chromothripsis has been found in
B-cell acute lymphoblastic leukemia with iIAMP21, myelodysplastic
syndromes with complex chromosomal aberrations, acute myeloid
leukemia, multiple myeloma, and chronic lymphocytic leukemia
[8-13]. T-ALL were not included in the analysis of large series of
tumors [6, 7, 14]. However, Sanders et al. [15]. showed the
occurrence of subclonal chromothriptic events in a case of
pediatric T-ALL. In addition, Ratnaparkhe et al. [16]. reported a
~4% incidence of chromothripsis in sporadic T-ALL. Lastly,
germline chromothriptic events have been reported in congenital
disorders [17], and are commonly observed in patients with ataxia
telangiectasia (A-T), Nijmegen breakage syndrome, and Bloom
syndrome, all depending on impaired DNA repair system [17].
Interestingly, these patients also have a high incidence of
chromothripsis in solid or hematological tumors, developing in
their life [16]. In particular, it appeared to be a frequent
phenomenon in T-ALL arising in A-T subjects [16].

From our SNP array study of a large cohort of pediatric and
adult T-ALL chromothriptic events emerged in approximately 11%
of adult cases, all with an immature phenotype, and provided
insight on key underlying biological events.

PATIENTS

The investigated T-ALL cohort (=103) included 65 adults and 38
children (median age: 24), and had a prevalence of unclassified (38
cases) and immature (39 cases) cases (Supplementary Tables 1-4,
and Supplementary methods). They were all characterized by
combined interphase fluorescence in situ hybridization assay [18].
NOTCH1/FBXW7 hot-spot mutations were detected in 60/101 stu-
died. Patients or their parents/guardians gave informed consent
for sample collection and molecular analyses, in agreement with
the Declaration of Helsinki. The study was approved by the local
bio-ethical committee (CER, research project 3397/18).

MATERIALS AND METHODS

Karyotyping was done after G-banding with Wright stain and described
according to the ISCN (2021). Single nucleotide polymorphism array
(SNPa), RNA microarray analysis, Sanger and targeted sequencing are fully
described in Supplementary methods (see also Supplementary Tables 1-4
for patient characteristics). Details on RNA sequencing and Whole Genome
Sequencing (WGS), performed by Novogene (Cambridge, UK), and data
analysis are provided in Supplementary methods.

RESULTS

SNP array and WGS

Overall, SNPa detected 830 events (Supplementary Table 5). There
were 536 losses, 225 gains, and 69 copy neutral loss of
heterozygosity (cnLOH). A significantly higher number of events
were found in ETP/near ETP (media/median of 13/11 per case,
range: 0-79) than in non-ETP cases (media/median 5/5, range:
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0-14) (unpaired t test: p value 0.0003). Furthermore, an unequal
distribution of copy number abnormalities (CNA) was observed
among the main genetic subgroups: cases of the TAL/LMO
subgroup had the lowest number of events (median 3; range
1-12) while cases belonging to the TLX7 subgroup the highest
(median 8.5; range 4-12) (unpaired t test: p value 0.0087)
(Supplementary Table 5).

Chromothriptic patterns

According to published criteria [3, 4], chromothriptic events were
detected in 12/103 patients (11.6%), all with an immature
phenotype (10 ETP and 2 near-ETP) (Table 1). They had a range
of 10-23 segmental CNA in a 50-218 Mb region, and involved one
(=7 cases), two (=3 cases), three (=1 case), or four (=1 case)
chromosomes. Chromosomes 1, 6, 7, and 17, were recurrently
affected (Table 1). All chromothriptic events were confirmed by
WGS in the 5 cases analyzed (Supplementary Table 6).

As expected, cth+ cases had a significantly higher number of
events (media/median 29.3/26) than chromothripsis-negative (cth—)
ones, the latter including both ETP/near-ETP (media/median 5/5)
and non-ETP cases (media/median 5/4) (unpaired t test: p value
0.0001) (Supplementary Table 7). Instead, among cth— cases, the
incidence of CNA and cnLOH did not differ between ETP/near-ETP
and non-ETP ALL cases (Supplementary Table 7).

Chromothripsis generated T-ALL-related oncogenic events
Overall, 14 genes typically involved in T-ALL were affected in
chromothriptic rearrangements (Supplementary Tables 8, 9).
However, they also affected genes/regions not yet related to
human cancer, or known to be involved in solid tumors, or
leukemia subtypes other than T-ALL.

Primary oncogenic abnormadlities. The typical TRB@::HOXA rear-
rangement was produced by chromothripsis in two cases (nos. 5
and 7, Table 1). In both, chromosome 7 had segmental copy
number changes, at 7p15 band, within the HOXA cluster, and at
7934, within the TRB@ locus (Fig. 1a). FISH confirmed the
TRB@::HOXA rearrangement in both (Fig. 1b), and demonstrated
the structural involvement of #7 in a ring chromosome (Fig. 1¢), in
case no. 7.

Genomic losses typically associated with T-ALL. A least 13
oncosuppressor genes which are recurrently deleted in T-ALL,
were lost due to chromothripsis (Supplementary Table 9 and
Supplementary Fig. 1). In three cases (nos. 2, 11, and 12),
chromothripsis at chromosome 1p produced a deletion with a
shared 470 kb region, at 1p36.32-p36.31. This region, which was
also deleted in five cth— T-ALL cases, encompasses two putative
oncosuppressor genes, i.e.,, CHD5 and RPL22. At chromosome 5, it
caused the deletion of TCF7, at 5931.1 (case no. 1). In the 3 cases
with chromothripsis at the long arm of chromosome 6 (nos. 5, 6,
and 9), a common deleted region (CDR) of 2,7 Mb, at 6q15,
involved the IncRNA T5G7, and the ephrin receptor EPHA?7. This
CDR was also found in 14 cth— cases, with variable interstitial
del(6q) (Supplementary Table 9). Among cases with a chromo-
triptic chromosome 7, case no. 10 had a 2.9 Mb deletion, at
7p12.3-p12.1, involving IKZF1, which was also deleted in 4 cth— T-
ALL, whereas case no. 3, had a deletion of EZH2, at 7q36. At
chromosome 9, the deletion of CDKN2AB was produced by
chromothripsis in case no. 5. A chromothriptic event at chromo-
some 12p13 provoked the deletion of both ETV6 and CDKNI1B
(case no. 8). In case no. 3, with a single chromothriptic
chromosome 16, the oncosuppressor gene CTCF underwent
partial monoallelic loss; CTCF was also deleted in 9 cth— cases.
Likewise, chromothripsis of chromosome 17, caused loss of TP53/
17p13.1 and of SUZ12/17q11 in 2 cases (nos. 2 and 8) (all patient
numbers referred to Table 1). The overall number of T-ALL cases
harboring these deletions, is indicated in Supplementary Table 9.

Leukemia (2022) 36:2577 - 2585
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o @ » ‘g e New CNAs and fusion transcripts. Chromothripsis caused focal
b § gg <3 S CNA at new putative oncogenic regions/genes (Supplementary
S5 = & 0~ 3 Table 9), as observed in case no. 9, with chromothripsis at
23 S5 S5 £ chromosome 2 and whole or partial deletion monoallelic of
w's <w» Q& g NUP35, TFPI, CREB1 and IKZF2; in case no. 6 with chromothripsis at
2 chromosome 8, and a focal deletion of the oncosuppressor gene
2 ° CSMD1 [19]; and in case no. 8, in which chromothripsis produced
g s the amplification of BCL2, at 18921.33 (copy number state > 4)
o g (Fig. 1d-f) (patient numbers referred to Table 1). The 3'CSMD1
:‘g_ _;:% partial deletion and BCL2 amplification were confirmed by FISH
,-=: c - ; (Supp!ementary Results). o
g £ ° o B Besides CNA, the aberrant recombination of genes at chromo-
s = = e s thripsis breakpoints generated fusion transcripts, as demonstrated by
S = = S c RNASeq studies (Supplementary results and Supplementary Table 10).
H In case no. 1 (Table 1), chromothripsis at chromosome 5 disrupted
@ £ STARD4/5q22.1, with loss of the 3'region, and TCERG1/5q32, that lost
5 g Z _ g9_33_ g the 5’ end, and produced the STARD4:TCERGT fusion; FISH confirmed
E o T 2 g g 20 3 g the 5022.1-g32 interstitial deletion and the gene fusion (Supplemen-
s '§ 2 g — g3 T E _4zg g E g tary Rgsults). In case no. 114 (Table 1‘), chromothripsis at chromosome
= 2 z T § e. o e, g NG s o e, g 2z 1p (Fig. 1g) was associated with a reciprocal t(1;2)(p36;p21)
E Sza < § i § I & = DHS § = < translocation (Fig. 1h) which involved the splicing factor SFPQ
3 ESE0K SEsERs pzges pe (1p34.3) and ZFP36L2 (2p21), and produced the SFPQ:ZFP36L.2 fusion
s (Fig. 1i, upper panel). The rearrangement of ZFP36L2 was also
E 3z 3z 3 *5 detected by FISH, using a specific dual-color break-apart assay, in
2 E g = 5 diagnostic and relapse samples, but not in hematological remission
> = s % S (Fig. 1i, lower panel) (Supplementary results). Supervised hierarchical
g g g ‘_qc‘, 5 analysis showed that this case clustered within the HOXA subgroup
DS = = Z (Supplementary Fig. 3) and had high levels of HOXA13 expression
£ (Supplementary Fig. 4).
[
v
§ Differentially expressed genes in cth+ immature T-ALL
g Supervised hierarchical RNA microarray analysis of cth+ (=11) vs
3 cth— (=57) cases identified 121 differentially expressed genes
‘52;_- (DEG): 65 down- and 56 up- regulated (fold change =+2.0 and
s 9 FDR < 0.05) (Supplementary Table 11). Cth+ cases were character-
§ & ized by a significant over-expression of MYCN, GATA2 and CD33, as
% g3 observed in immature T-ALL, and down-regulation of ATM and
2z °3 RGCC, both involved in DNA Double-Strand Break Repair and
] £° Apoptosis; no other DNA repair/mismatch or genomic stability
= g 2 genes belonged to the DEGs. Focusing on immature T-ALL (=33),
%_ 3 s RNA microarray revealed that 64 DEG (44 down- and 20 up-
) 5 2 regulated) distinguished cth+ (=11) from cth— (=22) cases: MYCN
S o] e (up-regulated; fold change 5.57) (Fig. 2a) and RGCC (down-
= c N 25 regulated; fold change of —8.02) were amongst the top
< g - E & - E 52 deregulated genes (Supplementary Table 13 and, Fig. 2b).
T 2 T=Q 53 EQ RNA-Seq identified 111 DEGs, i.e, 50 down- and 61 up-
e = 5ed 5% g3 regulated, that distinguished cth+ from cth— T-ALL cases
= 3 S = €% (Supplementary Fig. 2a, Supplementary Table 12), and confirmed
=R the downregulation of RGCC. Functional analysis showed the
3z g downregulation of nitric oxide related genes (i.e., AOXT and HBAT)
T3 and the upregulation of the NOTCH signaling (including MFAP2,
g 2% JAG2 and DLK1 genes), as the top enriched pathways in cth+
g g€ T-ALL (FDR < 0.1) (Supplementary Fig. 2b). Moreover, the expres-
= T2 sion profile of cth+ cases was characterized by the over-
R ®] expression of EZH2 targets (FDR < 0.1) (Supplementary Fig. 2c).
@'E 2 % Specifically, 30 out of 111 DEGs (27%) were EZH2 targets and 24 of
. A% g g §, them were upregulated (Supplementary Table 12).
NS g8
g = o Recurrent genomic abnormalities in cth-+ T-ALL
% o ;;fJEr «3 sf_g Conventional cytogenetics was informative in 7/12 cth+ T-ALL
- 2 c e~ c g cases (Table 1). The karyotype was complex (=3 abnormalities) in 4
g g g cases, it showed 1 structural abnormality in 1, while it was
*E S i ~ & 2 normal in 2. CI-FISH detected HOXA cis— (TRB:HOXA in 3,
S < = = g 9 g mir181:HOXA in 1) or trans- activating abnormalities (SET:NUP214
< o in 3, SQSTM1:NUP214 in 1, PICALM:MLLTI0 in 1), in 9 cases
< g :‘E (Table 1), while the primary oncogenic abnormality was not
2 8 ©° = o &g identified in the remaining 3. Recurrent monoallelic deletions
= o e affected TP53 (=3), RBI (=5), TCF7 (=6), CDKN1B (=6), and the
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Fig. 1 Known and novel oncogenic events associated with chromothripsis. Chromothripsis generated oncogenetic events in T-ALL: a SNPa
profile of chromosome 7 showing breakpoints within the HOXA gene cluster and TRB@ (case no. 7, Table 1); b A double color double fusion FISH
assay confirmed the TRB@:HOXA rearrangement in an interphase nucleus, i.e,, 2 fusions, 1 orange and 1 green signal (case no. 7); ¢ Metaphase FISH,
with whole chromosome paint 7 (green), showed that one chromosome 7 was involved in a ring chromosome (white arrow) (case no. 7); d SNPa
profile of chromosome 18 with a gain at BCL2 locus (case no. 8, Table 1); e, f FISH with the LSI BCL2 break-apart FISH probe (Vysis-Abbott, Milan,
Italy) confirmed the gene was present as clusters of multiple fusion signals in interphase nuclei (e) and in an abnormal metaphase (f) (white
arrows); g SNPa profile of chromosome 1 with a breakpoint at SFPQ (case no. 11, Table 1); h The G-banded karyotype of case no. 11 showing the
reciprocal translocation between chromosomes 1 and 2 (black arrows); i The SFPQ-ZFP36L2 in frame fusion transcript detected by RNA sequencing
(upper part); the rearrangement of ZFP36L2 was confirmed by the break-apart FISH assay with RP11-339H12 (orange) and RP11-391M15 (green)
that gave 2 fusions and 1 orange signal) indicating a breakpoint occurred within clone RP11-339H12 (case no. 11).

6q14-q15 region (=7) (Table 1). NOTCH1/FBXW7 hot-spot muta- The Sophia Myeloid Solution (Sophia Genetics) detected 18
tions were found in 7/12 cases, while no pathogenetic variants of gene variants (range: 1-4 per case), in 10/12 cth+ cases
TERT promoter, or TERT rearrangements/CNA were identified. (Supplementary Table 14), with a variant allele fraction (VAF)
Likewise, no abnormalities of MYCN were detected. ranging from 32% to 96,6%. Recurrent mutations of transcription
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Fig. 2 Genetic events associated with chromosome instability in T-ALL with chromothripsis. RNA microarray showed that: a the levels of
MYCN expression were significantly higher in chromothripsis positive (cth-+) (=11 cases) than chromothripsis negative (cth—) (=22 cases)
cases (FDR p value 0,0215) (Mann-Whitney test, p = 0.0002) and that; b RGCC expression was significantly lower in cth+ (=11) than cth— (=22)
cases (FDR p value 0,0254) (Mann-Whitney test, p < 0.0001). The expression of MYCN and RGCC was indicated as log signal. ¢ The heat-map
reports on the types and distribution of alterations affecting DNA repair/chromosome stability genes, in the 12 cth+ T-ALL cases (patient
numbers refer to Table 1). Bar graphs, i.e,, top left and bottom right, respectively indicate the number of genomic events for each case and the
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factors, i.e, WT1, ETV6, and RUNX1 (2 cases each), as well as of
epigenetic modulators, i.e. IDH2 (=1), ASXL1 (=1), DNMT3A (=1),
and EZH2 (=3) were identified. Overall, targeted sequencing and
SNPa detected 1-2 mutations/deletions of epigenetic modulators
in 8 cases (Table 1) (Fig. 2c).

DNA/mismatch repair and genomic stability genes

Among CNA identified by SNPa, monoallelic losses encompassing
BRCA2, ERCC6L2, FANCC, PMS2CL, RAD23B, RAD50, RGCC, RPA3, XPA
and XRCC2, were significantly associated with cth+ T-ALL cases. As
reported above, only RGCC was significantly downregulated
(Supplementary Table 15).

Overall, the Hereditary Cancer Solution (Sophia Genetics) detected
16 single nucleotide variants (SNV) (9 in cth+ and 7 in cth— T-ALL
cases) with a VAF range from 10.1% to 51.8% (Supplementary
Table 16). Among them, 4 somatic pathogenic/likely pathogenic
variants were identified in three cases of cth-+ T-ALL: BRCA2 (=1),
STK11 (=1), and PTEN (=2 in a single case). Instead, 3 somatic
pathogenic/likely pathogenic variants (1 ATM, 1 MUTYH, and 1 PTEN)
were detected in 2 cth— T-ALL cases. Five VUS (4 germline and
1 somatic) were also found (Supplementary Table 16).

RNASeq analysis of 235 candidate genes (Supplementary
Table 17), identified two additional pathogenetic variants in 4
cth+ cases. Both variants were previously reported in solid tumors
[20]: the BLM c.1544del, p.N515Mfs*16 (COSM252959) was found
in cases nos. 1 and 12; the ATR c.2320del, p.[774Yfs*5
(COSM214499) in cases nos. 4 and 10 (Fig. 2c). WGS analysis of
the exonic and splicing regions of the 235 candidate genes
(Supplementary Table 17), detected pathogenetic/likely pathoge-
netic somatic SNV and/or insertion/deletion (Indel), in all cases.
Specifically, cases UPN878, UPN880 and UPN884 had 3 variants,
UPN886 5, and UPN882 20 (Supplementary Tables 18, 19). Overall,
copy number abnormalities and/or variants of DNA repair/
genomic stability genes were detected in all cases (range of
events: 1-9; median: 3) (Fig. 2¢) (Supplementary Table 19).

Clinical characteristics of patients with cth+ T-ALL
Chromotripsis was only detected in the adult T-ALL population,
predominantly in young patients (age range: 19-62; median =
25.5 years) (Table 1). There were 8 males and 4 females. All cases
displayed an immature phenotype and were classified as ETP
(=10) (cases nos. 1, 3-7, 9-12, Table 1) or near-ETP ALL (=2) (cases
nos. 2 and 8, Table 1) [1, 18, 21-23]. The follow-up was available in
all patients: 3 of them were treated with pediatric-oriented
protocols and were alive at 30 (no. 6, AIEOP-BFM ALL 2009,
NCT01117441), 10 (case no. 3) and 48 (case no. 8) months from
diagnosis (the latter two cases were treated according to the
GIMEMA LAL1913-NCT02067143 induction phase and after
achieving the complete remission underwent unrelated hemato-
poietic stem cell transplantation); 9 patients died from disease
progression/relapse 1-48 months after diagnosis (median:
12 months) (Supplementary Table 20).

DISCUSSION

Chromothripsis is a widespread phenomenon in human cancers,
reported in both solid and hematological tumors [6, 7], and linked
with poor outcome [7, 8]. So far, no studies are available on its
incidence, distribution, and features in sporadic T-ALL.

By applying a whole genome SNP array to a wide range of
pediatric and adult T-ALL, we estimated that chromothripsis
occurred in ~11% of T-ALL, specifically in 30% of ETP/near-ETP of
Adults. Correlation with prognosis and outcome was precluded
due to the relatively small cohort of patients and heterogenous
treatments.

The genomic profile of chr+ cases was largely overlapping with
that of chr- ETP/near ETP ALL, as both subgroups showed a high
rate of abnormalities associated with HOXA over-expression and
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recurrent deletions of TCF7, CDKN1B, RB1, and/or NF1. In addition,
abnormalities of epigenetic modulators, typical for immature T-
ALL, were detected in 66% of cth+ cases [1, 18].

We found that cytogenetics did not reflect the genomic
instability of the disease, as chromothripsis was indifferently
present in cases with normal and complex karyotypes. Although in
T-ALL of patients with Ataxia Telangiectasia the typical pattern of
chromothripsis involved acrocentric chromosomes [16], this group
was not specifically affected in sporadic T-ALL. In fact, we found
the recurrent involvement of chromosomes 1, 6, 7, and 17. Similar
results were found by Zhang et al. [24], who detected
chromothripsis on metacentric and submetacentric chromosomes
but not on acrocentric ones, in ETP-ALL. Moreover, hotspot
regions leading to specific copy number changes and breakpoints
were identified.

Chromothripsis is an oncogenetic mechanism

As regards the specific hotspots, chromothripsis must be counted
among the molecular mechanisms that generate oncogenic
events typical of T-ALL, similarly to what has been observed in
other human tumors. Interestingly, besides producing rearrange-
ments and CNA of oncogenes/oncosuppressors recurrently
involved in T-ALL, such as RPL22, TCF7, IKZF1, EZH2, CDKN2AB,
ETV6, CDKN1B, TP53, and rearrangement of the HOXA locus, our
study provided evidence that it also generated new putative
leukemogenic events, broadening the spectrum of oncogenic
lesions linked to T-ALL pathogenesis/progression. Although
detected in single cases, some of these events deserve attention.
For istance, at chromosome 2g34, chromothripsis caused loss of
the transcription factor IKZF2 which frequently undergoes
intragenic deletions in adult T-cell leukemia/lymphoma (ATL)
[25], and that we also found deleted in ~3% of our cth— T-ALL
cases. Similarly, deletion of CSMDI (CUB and Sushi multiple
domains 1), a tumor suppressor gene at 8p23, which has been
associated with poor prognosis in many solid tumors, including
breast, gastric, squamous, head and neck, and hepatocellular
carcinomas [19, 26] emerged as recurrent CNA in T-ALL, occurring
in 2% of cth— cases. In a single case with chromothripsis at 18q,
we observed the amplification of BCL2, that fits with the well-
established upregulation of BCL2 in immature T-ALL [24].

Chromothripsis also produced the SFPQ:ZFP36L2 fusion in a
case assigned to the HOXA subgroup of T-ALL, by RNA expression
studies. Interestingly, fusions of ZFP36L2 with different partners,
including SFPQ, have been reported in pediatric and adult T-ALL
without evidence of subtype-specific oncogenic rearrangements,
as in our case [22, 27].

ZFP36L2 (zinc finger protein 36-like 2) is a critical factor in
hematopoiesis, where it has a role in maintaining self-renewal of
early colony forming erythroid progenitors [24, 28]. In thymocyte
development it is expressed at high levels in CD4+ T cells [29, 30].
Targets of ZFP36L2 include oncogenes and tumor suppressors,
such as NOTCHI1, EZH2, MYC, SPL.1, LMO2, LYL1, and TALI.
Interestingly, ZFP36L2 knock-out mice develop T-ALL [29]. Overall,
these data indicate the putative oncogenic role of the
SFPQ:ZFP36L2 fusion in T-ALL, especially related to the HOXA
subgroup.

Chromothripsis and chromosome instability

Our study identified three main factors involved in chromosome
instability in cht+ T-ALL, in particular, upregulation of MYCN,
defects of DNA repair/genome stability genes, and genetic
abnormalities at NUP214 nuclear pore complex (NPC) gene.

An association between complex genomic rearrangements/
catastrophic events and DNA repair defects, inefficient apoptosis,
and MYC/MYCN amplification/overexpression has been reported in
mouse models [14]. Likewise, mutations of DNA repair genes, TP53
inactivation, and MYC/MYCN amplification/overexpression, co-occur
in diverse human tumors harboring chromothriptic events [14].
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RNA microarrays showed that MYCN was one of the three most
up-regulated genes distinguishing cth+ from cth— ETP/near-ETP
ALL cases. MYCN, a negative regulator of NDRG1 (N-myc
downstream-regulated gene 1), has a pivotal role in spindle
checkpoint, microtubule functioning, and centrosome home-
ostasis [31-33]. The role of MYCN in controlling genome stability
has been strengthened in transgenic zebrafish, where, mismatch
repair, homologous recombination, and base excision repair
pathways are typically abolished [33]. Our findings not only
confirmed that high levels of MYCN are typically associated with
an immature phenotype [34] but also provided the first evidence
of an association between MYCN expression and the occurrence of
chromothripsis in human immature T-ALL.

Elevated levels of MYCN have been related to both gain/
amplification and the L44P hot-spot variant [14, 22, 35] which were
not found in our series. Instead, alterations of the PRC2 complex,
one of the major negative regulators of MYCN, were present in 66%
of our cases which harbored SUZ12 deletions and/or EZH2
mutations. The abrogation of the PRC2 activity may explain the
high levels of MYCN expression in cth+ ETP-ALL [36] as observed in
T-ALL cell lines, where induced EZH2 inactivation correlates with an
immature signature, transcriptional up-regulation of MYCN, and an
increased MYCN-driven replication stress [37]. In agreement with
these findings, the signature of our cth+ ETP-ALL was character-
ized by deregulation of as many as 30 EZH2 targets.

As reported in solid tumors [14], MYCN overexpression was
associated with abnormalities of DNA repair/genome stability genes
in all our cth+ T-ALL cases, consistent with the hypothesis that DNA
repair factors play a central role in the onset of chromothripsis
[7, 14]. Loss of at least one DNA repair gene was found in all of our
cth+ cases, while non-silent variants of ATR, BLM, BRCA2, MSH3,
ERCC4, ERCC6L2, FANCI, FANCM, POLE, POLH, PTEN, RFWD3, STKI11,
and/or XPC were detected in 7/12 cth+ cases, with ATR and BLM as
the only recurrently involved genes. In contrast, variants of ATM and/
or TP53, which are closely linked to chromothripsis in human
cancers, were not found [6-8]. Interestingly, deletion/down-regula-
tion of RGCC, encoding for a protein which is induced by p53 in
response to DNA damage [38, 39] was significantly associated with
cth+ T-ALL. RGCC behaves as putative oncosuppressor in pediatric
B-ALL, multiple myeloma, and other tumor types, where it was
found to be epigenetically silenced [40, 41].

Lastly, alterations of NUP214, a component of the nuclear pore
complex (NPC), which is known to play a pivotal role in preserving
the genome integrity, were detected in 33% of cases [42, 43]. It is
worth mentioning, that NUP214 binds and stabilizes the DDX19
RNA helicase, a protein that contributes to maintain the genomic
stability, by preventing spontaneous DNA damage [44]. This
function is likely abrogated in cells with SET:NUP214 or
SQSTM1::NUP214, as both fusion proteins localize in specific
nuclear bodies and do not exert their shuttling activity [45].

In conclusion, this study provided new insights to the under-
standing of the genomic complexity of immature T-ALL. In
particular, chromothripsis emerged as a frequent mechanism
generating major oncogenetic events in a subset of ETP/near-ETP
of young adults. A wider case series needs to be studied to
estimate whether chromothripsis has a negative clinical impact in
T-ALL, as in solid tumors.

DATA AVAILABILITY
Data were deposited at the public repository Gene Expression Omnibus (GEO) (http://
www.ncbi.nlm.nih.gov/geo/) with accession number GSE205270.
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