LETTERS TO THE EDITOR

TP53, ETV6 and RUNX1 germline variants in a case
series of patients developing secondary neoplasms
after treatment for childhood acute lymphoblastic
leukemia

Today, most children with acute lymphoblastic
leukemia (ALL) can be cured by treatment regimens con-
sisting of combination chemotherapy supplemented in
certain patient populations with preventive or therapeu-
tic cranial irradiation (CI) and/or an allogeneic
hematopoietic stem cell transplantation (HSCT).'
Unfortunately, after undergoing ALL therapy up to 10%
of patients develop secondary malignant neoplasms
(SMN)** with cure rates often being dismal.* Therefore,
an improved understanding of the underlying pathobiol-
ogy of SMN, the development of strategies to identify
patients at risk and, ideally, the development of preven-
tive actions for SMN are of great clinical interest.

The role of germline genetic variation in the patho-
physiology of SMN is poorly understood. Here, we ana-
lyzed three candidate genes, TP53, ETVé6 and RUNX1, to
characterize their potential contribution to SMN devel-
opment after treatment for ALL. Besides their frequent
genetic aberration in pediatric ALL, the three genes were
chosen because of their described roles as predisposition
genes for hematologic and/or solid malignancies.”’

Employing targeted sequencing to characterize the fre-
quency of single nucleotide variants (SNV) in these genes,
we analyzed a cohort of patients with SMN after treat-
ment on one of seven consecutive ALL-BFM protocols for
treatment of pediatric ALL (ALL-BEM 79 to
AIEOP-BEMALL 2000; for trial details see the Omnline
Supplementary Methods). The study was approved by the
Ethics Committee of the University Hospital Schleswig-
Holstein at Kiel, Germany. In the observation period
from 1984 to 2008, 168 patients were identified who
developed an SMN after treatment for pediatric ALL; 49
had sufficient material available for analysis. Clinical
characteristics of the patients are given in Table 1 and
Online Supplementary Table S1. The median follow up for
the entire patient cohort was 10.6 years as of April, 2013.
DNA was isolated from remission bone marrow and ana-
lyzed employing two different multiplex PCR-based Ion
AmpliSeq™ Panels (Life Technologies, Darmstadt,
Germany) according to the manufacturer’s instructions.
The first panel, the Ion AmpliSeq'™ TP53 Panel, com-
pletely covered all coding exons of TP53 and was applied
in 49 patient samples. The second panel interrogated the
complete coding regions of ETVé and RUNX1 and was
used for 38 patients with sufficient material available
after TP53 analysis. Only SNV with a minimum coverage
of 500x and a PHRED quality of 20 were included.
Physical positions of the identified variants refer to
GRCh37.p13 and the following transcripts: TP53:

ENST00000269305 (NM_000546.5); ETVé:
ENST00000396373 (NM_001987.4) and RUNXT":
ENST00000437180 (NM_001754.4). SPSS (IBM

Deutschland GmbH, Ehningen, Germany) was used for
computerized calculations and the statistical language R
was used to plot the identified variants.

In TP53 analyses, only one of 49 (2%) genotyped SMN
patients carried a heterozygous non-synonymous variant
within the coding region. This rare missense SNV,
p-Asn235Ser (rs144340710), was detected in a patient
developing a small round cell sarcoma after T-cell ALL
(Online Supplementary Tables S2 and S3 and Online
Supplementary Figure S1). The in silico scores from
Polyphen and Sift algorithms indicated a benign effect for

this change. Regarding ETV6, three of 38 (8%) patients
carried a heterozygous non-synonymous SNV; two of
them developed an acute myeloid leukemia (AML) and
another patient an osteosarcoma (Figure 1A and Ounline
Supplementary Tables S2 and S3). Initially, all three
patients were diagnosed with pre-B-cell ALL and only the
patient with the solid SMN received CI. One frameshift
insertion (p.lle48Glyfs*2) and a missense variant
(p-Leu79Pro) were observed in exon 2, which is part of
the pointed domain; an additional missense substitution
(p-Arg399Gly) was detected in exon 7 within the C-ter-
minal DNA-binding ETS domain. None of these variants
was recorded in the databases dbSNP (build 150), the
1000Genomes Project, the NHLBI GO Exome
Sequencing Project, Exome Aggregation Consortium or
the Catalogue Of Somatic Mutations In Cancer
(COSMIC). For both missense variants the prediction
scores implied a probably damaging effect. Molecular
modeling" of p.Arg399Gly suggested that the change
might impair the DNA-binding qualities of the ETS
domain (Online Supplementary Figure S2). Finally, we iden-
tified two of 38 (5%) patients with heterozygous coding
variants in RUNX1 (Figure 1B and Ouline Supplementary
Table S2). One patient, initially diagnosed with T-cell
ALL, carried a nonsense insertion (p.Leu253Argfs*3) in
exon 7. A second patient, initially diagnosed with pre-B-
cell ALL, demonstrated a probably damaging (Polyphen)
missense SNV (p.Leub56Ser, rs111527738) located in the
N-terminal RUNT domain. Both patients with RUNX1
variants developed hematologic SMN and received CI
during ALL therapy. The described ETV6 and RUNX1
SNV were mutually exclusive. Further clinical character-
istics of the six SMN patients with SNV in either TP53,
ETV6 or RUNX1 are shown in Online Supplementary Table
S3.

The low frequency of germline TP53 SNV in our case
series suggests that alterations in this frequently mutated
tumor suppressor gene are important, but may not play a
major role in the pathobiology of SMN after treatment
for ALL on BFM protocols. However, in an analysis from
the ALL-BFM relapse study group, four patients carrying
a TP53 missense SNV were identified, and two of these
patients developed an SMN.® The rare missense TP53
variant p.Asn235Ser (MAF 0.0003, in individuals of
European ancestry, ExAC database) detected in our study
is located in the DNA-binding domain. Interestingly, the
same variant, which is of uncertain significance, was pre-
viously reported in two studies of childhood ALL
patients.*"In the first study, one of 588 acute leukemia
patients in the Pediatric Cancer Genome Project (PCGP)
was identified as a carrier.” In the second study, compris-
ing 3,801 pre-B-cell ALL patients from Children’s
Oncology Group (COG) trials, the variant p.Asn235Ser
was observed in three patients, one of whom developed
an SMN.”In the later study, five of 34 (15%) SMN
patients were identified with pathogenic TP53 SNV with-
in the common isoform of TP53 (NM_000546); all of
these patients received HSCT and two of five received
irradiation during ALL therapy. The patient observed in
our study developed a small round cell sarcoma after
treatment for ALL including CI (Online Supplementary
Table S3).

Regarding ETVé, a large US study by Moriyama et al.
revealed that 35 of 4,405 childhood ALL patients (<1%)
harbored germline SNV in this gene.” Here, we report
three of 38 patients (8%) developing an SMN after ALL
therapy. Taking the study by Moriyama et al. as a hypo-
thetical reference population for our findings results in an

odds ratio (OR) of 10.7 (P=0.0001). This may suggest that
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ALL patients carrying an ETV6 SNV might be at an
increased risk of SMN. A second US study on ETV6 in
childhood ALL identified two of 472 patients (<1%) with
germline variants.”” Remarkably, one of the affected
patients was diagnosed with a secondary vulvar squa-
mous cell carcinoma. The variant p.Arg399Gly detected
in our study resides in the ETS domain, as do most of the
previously described ETV6 germline variants.”'”"

Molecular modeling of p.Arg399Gly implied a similar
putative effect on the ETVé binding capacity as it was
shown for a different change (p.Arg399Cys") at the same
residue. For the latter, functional assays revealed a dimin-
ished binding capacity and a partial cytoplasmic seques-
tration of the variant ETV6 protein.””" In line with previ-
ous studies, the ETVé variants reported here are sup-
posed to confer a damaging effect and the potential to

LETTERS TO THE EDITOR

Table 1. Characteristics of patients diagnosed with secondary malignant neoplasms after treatment on ALL-BFM trials 79 to 2000 included
in targeted sequencing analyses in comparison to secondary malignant neoplasm patients not included.
All patients diagnosed
with SMN (n=168), n(%)

SMN patients included in
TP53 analysis
(n=49), n(%)

SMN patients included in
ETV6 and RUNX1
analysis (n=38), n(%)

Sex

Male 101 (60.1%) 30 (61.2%) 22 (57.9%)

Female 67 (39.9%) 19 (38.8%) 16 (42.1%)
Age [y]

1-6 104 (61.9%) 28 (57.1%) 22 (57.9%)

>6 64 (38.1%) 21 (42.9%) 16 (42.1%)
Initial white blood cell count x10°(/L)

<10 75 (44.6%) 15 (30.6%) 10 (26.3%)

=10 <50 54 (32.1%) 16 (32.7%) 14 (36.8%)

=50 <100 18 (10.7%) 8 (16.3%) 5 (13.2%)

=100 21 (12.5%) 10 (20.4%) 9 (23.7%)
Immunophenotype

B 112 (66.7%) 31 (63.3%) 24 (63.2%)

T 33 (19.6%) 16 (32.7%) 12 (31.6%)

Other/not characterized 23 (13.7%) 2 (4.1%) 2 (5.3%)
BFM study

ALL-BFM 79 4 (2.4%) 2 (4.1%) 1 (2.6%)

ALL-BFM 81 19 (11.3%) 6 (12.2%) 2 (5.3%)

ALL-BFM 83 11 (6.5%) 3 (6.1%) 2 (5.3%)

ALL-BFM 86 18 (10.7%) 7 (14.3%) 6 (15.8%)

ALL-BFM 90 42 (25.0%) 13 (26.5%) 10 (26.3%)

ALL-BFM 95 41 (24.4%) 8 (16.3%) 8 (21.1%)

ALL-BFM 2000 33 (19.6%) 10 (20.4%) 9 (23.7%)
Cranial irradiation”

No 67 (39.9%) 13 (26.5%) 11 (28.9%)

Yes 101 (60.1%) 36 (73.5%) 27 (11.1%)
Risk group?

Standard 52 (31.7%) 11 (23.4%) 8 (21.6%)

Intermediate 91 (55.5%) 28 (59.6%) 21 (56.8%)

High 21 (12.8%) 8 (17.0%) 8 (21.6%)
SMN?

Hematologic 78 (46.4%) 24 (49.0%) 18 (47.4%)

Brain tumors 41 (24.4%) 9 (18.4%) 8 (21.1%)

Other solid tumors 49 (29.2%) 16 (32.7%) 12 (31.6%)
Time to SMN [y]

<3 43 (25.6%) 17 (34.7%) 14 (36.8%)

>3<10 84 (50.0%) 25 (51.0%) 20 (52.6%)

=10 41 (24.4%) 7 (14.3%) 4 (10.5%)

SMN: secondary malignant neoplasm: n: number; y: years; BFM: Berlin-Frankfurt-Miinster; ALL: acute lymphoblastic leukemia. 'Cranial irradiation (CI) ranged from 12 to 30
gray (Gy),depending on study,risk stratification of the patient,tumor load and central nervous system (CNS) involvement.Since ALL-BFM 83, CI was eliminated for standard
risk patients and since ALL-BFM 90, only < 18 Gy were applied. Starting with ALL-BFM 95 and ALL-BFM 2000, preventive CI at 12 Gy was only applied in T-cell ALL and high-
risk patients; CNS-positive patients received 18 Gy (<2 years, 12 Gy; <1 year,no CI).*Patients from ALL-BFM 79 (n=4) were not included, because there were only two risk
groups in that study.*Specific diagnosis of SMN included in TP53 genotyping were as follows: hematologic SMN: Hodgkin lymphoma (n=1),non-Hodgkin lymphoma (n=1),
malignant rhabdoid tumor (n=1), acute myeloid leukemia (AML)/myelodysplastic syndromes (MDS) (n=22); brain tumors: astrocytoma (n=1), glioblastoma (n=4),
meningeoma (n=1), oligodendroglioma (n=1), primitive neuroectodermal tumor of CNS (n=2); other solid tumors: Ewing sarcoma/peripheral primitive neuroectodermal
tumor (n=4), osteosarcoma (n=1),synovial sarcoma (n=1),small round cell sarcoma (not specified) (n=9). Specific diagnosis of SMN included in £7V6 and RUNXI geno-
typing were as follows: hematologic SMN: AML/MDS (n=15), bilineage leukemia (n=1), Hodgkin lymphoma (n=1), non-Hodgkin lymphoma (n=1); brain tumors: astrocy-
toma (n=1), glioblastoma (n=4), meningeoma (n=1), primitive neuroectodermal tumor of CNS (n=2); other solid tumors: Ewing sarcoma/peripheral primitive neuroecto-
dermal tumor (n=4), malignant rhabdoid tumor (n=1), osteosarcoma (n=1),small round cell sarcoma (not specified) (n=6).

haematologica 2019; 104:e403



LETTERS TO THE EDITOR

- Missense variant (SMN)
-O- Missense variant (ALL, published)
-@-Splice site variant (ALL, published)

-0~ Frameshift variant (SMN)
-®-Frameshift variant (ALL, published)
- Frameshift variant (SMN, published)

-0-Nonsense variant (SMN)
-»-Nonsense variant (ALL, published)

®
©
g
A o 2
o~ 2 =
B = oc < 1] 02> o
- » n o £ £ °E D oo 08 2322002
EL8 382528 T, 00295 O 2,00, I, JOF, T=2L00Z JITL
FOSL 150 Q —LlasSwuw 1) NN STRIDDOASVHINB R HAN
ORI OH oD DONOO — re] gq'vmmnowgwwhoowmo’mmo;mﬂ'
LESITS8es BeBE e PRI CR S A
[ o= 0 - 17} = C <
®a>002IT0] <2<03a < <-J<<F0n<I<ISE I I0 <]
000000000 Q00000 Q Q0000000000000 000QQQQ0
°
L ] L ] L ]
[ ] o L LR J L ] o [ IR 2 L]
ETV6
[ 2 o e 3 s mer 4 s : 5 : L 6 L7 1L 8 |
1 100 200 300 400
Pointed domain [ ETS domain
B ®
§
L2
05 £ > g
g g 2 ]
N© o o o
[ropre] [ o
D 3 I B=] =1
[} 2 =2 @
=4 < 9 -
oo o o a
<
RUNX1 I |
[2 ]3] g L5 18] 7 [ —cT—] 9 |
1 100 200 300 400

[ RUNT domain [ central domain

@ Carboxy-terminal domain

Figure 1. Location, type and distribution of ETV6 and RUNX1 germline alterations detected in childhood acute lymphoblastic leukemia (ALL) patients. (A) ETV6
and (B) RUNX1 germline variants of the current study, observed in childhood ALL patients developing secondary malignant neoplasms (SMN) are indicated by
rhombs and black lines. ALL-related germline alterations reported in the literature”******¢ are represented by circles and gray lines. Germline variants published
for childhood ALL patients developing SMN™ are indicated by rhombs and gray lines. Only one individual from each kindred, reported in the literature, was includ-

ed for plotting.>***

alter the biological function, either due to truncation or
by structural modulation of the transcription factor.

Inherited RUNX1 mutations have been related to famil-
ial platelet disorder and demonstrated to predispose to
myelodysplastic syndrome (MDS), ALL and AML, includ-
ing therapy-related AML." Here, we report two SMN
patients carrying monoallelic germline RUNX7 SNV: one
patient developed secondary MDS/AML after ALL treat-
ment including CI with 12 Gy, the second a bilineage
acute leukemia/AML after similar treatment exposure.
Prior to the primary ALL, none of these patients was
diagnosed with a previous malignancy. Unfortunately,
information on family histories is not available to us. A
previous study on acute childhood leukemia patients,
including at least 426 ALL, revealed that four ALL
patients (<1%) carried a probably damaging RUNX1
germline mutation.® Compared to this study, we found an
approximately 4-fold higher frequency of RUNX7 SNV in
patients developing an SMN after ALL treatment on ALL-
BEM protocols. Using the study by Zhang et al. as a hypo-
thetical reference population for our findings results in an
OR of 4.7 (P=0.071)."

Clearly, there are several limitations to our pilot study.

One severe drawback is the lack of an appropriate con-
trol group to allow for methodologically sound risk
assessments in our population. In addition, due to the
sequencing approach used herein, we cannot exclude the
potential contribution of larger deletions in our investi-
gated candidate genes to the risk of SMN. There was also
no access to neoplastic tissue at ALL or SMN diagnosis to
analyze for somatic mutations in the second alleles in any
of the patients. Furthermore, employing remission bone
marrow samples for analysis, we cannot completely
exclude clonal hematopoiesis as an underlying mecha-
nism for our observations; however, the latter phenome-
non is rare in younger individuals"” and all reported het-
erozygous alterations in our study had at least 50% vari-
ant sequencing reads.

To conclude, in comparison to published data, we
found higher frequencies of ETV6 and RUNX1 alterations
in patients developing an SMN after treatment for ALL
on ALL-BFM protocols. Further studies employing appro-
priate control groups need to clarify the potential contri-
bution of germline variants in TP53, ETVé6 and RUNX1 to
the development of SMN after treatment for ALL on BEM
protocols.
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