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Chapter 10: t(10;17)(p15;921) results in ZMYND11/MBTD1

Figure 10.1. Fusion of ZMYND11 and MBTD1. (A) Sequence of ZMYND11 exon 12 fused to MBTD1 exon 3.
In red the sequence found in the sample obtained at diagnosis. In green the sequence found in the sample
at time of relapse. (B) Fusion protein of ZMYND11/MBTD1. In blue the protein originating from ZMYND11,
in red the protein originating from MBTD1, * indicates the stopcodon. (C) Schematic overview of the fused
exons in ZMYND11/MBTD1 and MBTD1/ZMYND11. The purple rectangles indicate untranslated region of
the exon. A green arrow indicates a start-codon. The white rectangles indicate translated region of the
exon. (D) Schematic overview of the different domains of ZMYND11, MBTD1 and ZMYND11/MBTD1.



performed to create three clusters.
Results and discussion

The index patient was a 13 year old boy, who was diagnosed with pediatric AML with FAB
type-MO. The white blood cell count at diagnosis was 6.5x10°/L. Immunophenotyping
showed the leukemic blasts to be positive for CD7, CD33, CD34, CD45, CD56, CD117,
and negative for MPO and HLA-DR. Conventional karyotyping showed 46,XY,t(10;17)
(p15;921)[9]/46,XY[1]. The boy was treated according to the DCOG ANLL97/MRC
AML 12 protocol. He achieved complete remission 4 weeks after start treatment, but
relapsed 11 months after diagnosis. Conventional karyotyping at this time showed
47,XY,t(10;17)(p15;921),+13[1]/48,idem,+7[11]/46,XY[8]. He was treated with
reinduction chemotherapy according to the Relapsed AML2001/01 protocol and stem
cell transplantation with a matched unrelated donor. The post-transplantation period
was complicated due to severe graft versus host disease (GVHD) of the skin, intestines
and liver, followed by pulmonary chronic GVHD. He was treated with high dose immune-
suppressive therapy. Unfortunately he died 30 months after initial diagnosis due to a
combination of infection and hemorrhage.

Screening for all aforementioned mutational hot-spot areas and other known
AML gene rearrangements was negative. Samples of this patient from diagnosis and
relapse were screened for the ZMYND11/MBTD1 fusion and MBTD1/ZMYND11 fusion
with the designed primer sets. Direct sequencing was performed for obtained bands
present on agarose gel. This led to the identification of the fusion product ZMYND11/
MBTD1 and its reciprocal product in both bone marrow and peripheral blood samples
taken at initial diagnosis and relapse. Sequencing showed that the translocation
resulted in an in-frame fusion fusing exon 12 of ZMYND11 to exon 3 of MBTDI1,
encoding a 1054 amino acid long protein (Figure 10.1A and 10.1B) on the der(17). The
reciprocal product MBTD1/ZMYND11 resulted in fusion of exon 2 of MBTD1 to exon 13
of ZMYND11. Because exon 1, 2 and a minor part of exon 3 of MBTD1 encode part of
the 5" untranslated region, no productive start codon is encoded in this fusion transcript
(Figure 10.1C) on the der(10).

Gene expression profiling was available for the initial diagnosis sample,
but not for the relapse sample. HOX genes have various roles in hematopoiesis, and
dysregulation may lead as a common pathway to leukemogenesis induced by various
underlying genetic events.™ Different HOX expression patterns are described and the
distinct HOX expression pattern is most likely the result of the underlying translocation
or mutation activating different HOX-genes.*** In previous studies we could identify
three distinct clusters of pediatric AML cases based on HOX expression.% > Although
overexpression of several HOX genes is described to correlate with poor outcome,
other studies describe outcome to be correlated with the underlying translocation or
mutation resulting in the aberrant HOX expression.'**” Understanding the underlying
mechanism causing HOX gene dysregulation, may lead to the development of targeted
treatment options for the HOX overexpressing cases. The development of DOTI1L
inhibitors for KMT2A-rerranged leukemias is a prime example of this.*®

To investigate the HOX expression in this case we used the first three principal
components, together 85% component variance, to form the three requested clusters
based on k-means clustering using (Figure 10.2A). This method identified the previously
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described HOX clusters.'® * 1> performing a principal component analysis on all these
HOX genes, the index-patient clustered in the group with high HOXA expressing cases,
showing an expression profile similar to the expression observed in KMT2A-rearranged
cases (Figure 10.2B).

ZMYND11, also known as BS69, is a tumor suppressor, specifically repressing
active genes through binding of H3.3K36me3.** ZMYND11 contains a PHD finger,
bromodomain, PWWP domain and a MYND domain (Figure 10.1D). In the fusion
product ZMYND11/MBTD1, the MYND domain is replaced by the full length MBTD1
protein (Figure 10.1D). Wen et al showed that deletion of the MYND domain did not
affect the binding of H3K36me3.® MBTD1 is a poorly characterized putative Polycomb
Group (PcG) protein, which functions as transcriptional repressor of genes affecting
differentiation and tumor suppression.?*?* MBTD1 contains four malignant brain
tumor (MBT) repeats, which specifically recognize H4K20me1/2.2% 2% In another family
member of MBTD1, the dSfmbt protein, the MBT repeats are described to specifically
bind mono- or dimethylated states of the H3 and H4 histones, thereby targeting HOX
gene Polycomb response elements, required for silencing HOX gene expression.?®
Together, the genes involved in this fusion are likely to play a role in gene repression
by epigenetic mechanisms, and may conceivably be responsible for the observed high
HOXA expression.

In conclusion, we identified in this pediatric AML case the genes involved in the
t(10;17)(p15;921), resulting in fusion of ZMYND11 and MBTD1 on the der(17)t(10;17).
This fusion might result in HOXA overexpression, which is a well-known leukemogenic
pathway in AML.
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Figure 10.2. HOX expression in pediatric AML. (A) Three clusters were created using k-means clustering
using all available HOX-gene probesets. The index patient is indicated with a halo. (B) Principal component
analysis based on HOX genes. Indicated in red with halo is the index case harboring the ZMYND11/MBTD1
fusion.
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Supplementary Data
Supplementary Table 10.1. Overview of cases of t(10;17)(p15;921) described in

literature.

id karyotype Type Age at diagnosis reference

1 46,XY,del(6)(q14916),t(10;17)(p15;- AML-M1 NA Barjesteh van Waalwijk van
g21),?der(11) (range 15.2-76.8 y) | Doorn-Khosrovani S et al., 2003

2 46,XY,t(10;17)(p15;921)/47,idem,+13 | AML-M1 13y Tempescul A et al., 2007
46,XX,t(10;17)(p15;q21)/46,idem,-

3 der(11)del(11)(q13923)t(11;13)(q14;- | AML-M1 40y Tempescul A et al., 2007
q34),der (13)t(11;13)(g23;q934)

NA

46,XX,t(10;17)(p15;921)/47,idem,+7 - i .

4 ( )(p15;021)/47,idem,+ AML-MO (range 20-86 ) Dicker F et al., 2007
46,XY,t(10;17)(p15;921)/46,idem,-

5 del(6)(q15923),del(9)(p21p22),- AML-MO 16y Pollak C et al., 1987
del(14) (q21924)

6 46,XY,i(7)(q10),t(10;17)(p15;q21) AML-M1 11y Shah D et al., 2001

7 46,XX,t(10;17)(p15;q21)[241/46,XX[3] | Pre B-ALL 6-y Silva ML et al., 2002

Abbreviations; id indicates identification number; AML-M, AML FAB-type; v, years.

Supplementary Table 10.2. Primers used for identification of involved genes and the
breakpoint of ZMYND11/MBTD1.

Primer id Location Direction | Used together with Primer sequence
1 ZMYND11 exon 8 Fw 5 5’-TTGCGAGGATGCTATATAAAG-3’
2 ZMYND11 exon 10 Fw 5 5’-GGCCAGCCAAAGTCAT-3’
3 ZMYND11 exon 12-13 Fw 5 5’-GAGCCCAAAAAGGAAGAA-3’
4 ZMYND11 exon 13 Fw 5 5’-AAGCGGGAGACAGAGC-3’
5 MBTD1 exon 3 Rv 1-4 5’-TGCCCATTGTTTTTGATAA-3’
6 MBTD1 exon 1 Fw 7-9 5’-AGGCCCTGATGGAAAA-3’
7 ZMYND11 exon 11 Rv 6 5’-CCTCGGTCCTCATTCTTAG-3’
8 ZMYND11 exon 13 Rv 6 5’-ATCCGGTCTTTGAAGTCAT-3’
9 ZMYND11 exon 15 Rv 6 5’-ACCGCTGTGTCTGAAAAG-3’

Abbreviations; id indicates identification number; Fw, forward; Ry, reverse.
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Summary

In studies presented in this thesis, novel recurrent aberrations were identified in
pediatric AML, with a specific focus on pediatric non-Down syndrome AMKL. With
the identification of NUP98/KDM5A, HOX-rearrangements and GATAIs mutations
in pediatric AMKL, a standard risk and high risk group could be identified in patients
diagnosed with this rare subtype of AML.

Chapter 2 describes the identification of the fusion of NUP98 to JARID1A
(later referred to as KDM5A) as a novel recurrent event in approximately 11% of
patients with pediatric AMKL. This is a cryptic fusion, because the telomeric location
of both genes, and therefore it can easily be missed with conventional karyotyping.
The frequency of the NUP98/KDM5A fusion in AMKL was comparable to the RBM15/
MKL1 fusion (~10%). Patients with this abnormality showed poor outcome compared
to the latter group, although this did not reach statistical significance, most likely due
to small numbers. Murine models previously showed the capacity of NUP98/KDM5A
to result in a differentiation arrest with a short latency time to develop leukemia. This
suggested that the translocation of NUP98/KDM5A can indeed be classified as a type-2
aberration, based on the model of genetic events in AML as postulated by Kelly et al.>
2 AML patients carrying the CBFA2T3/GLIS2 fusion, another cryptic event, had a similar
poor outcome. These three fusions are more or less specific for pediatric AMKL, as
they are rarely or never seen in other morphological subtypes of pediatric AML. The
fourth group identified in this study consisted of the MLL-rearranged (later referred
to as KMT2A) cases, which are not specific for AMKL, but are also found in other
morphologic leukemia subtypes. Fusions of KMT2A with the partner-genes MLLT3 and
MLLT10 were most frequently found in this study.** Altogether, we identified a driving
leukemic aberration in roughly 60% of the pediatric AMKL cases.

Recent evidence showed that NUP98 aberrations, specifically NUP98/NSD1, are
frequently co-expressed with FLT3/ITD (in 56—91%) and WT1 mutations (in 36-50%). In
the samples positive for a NUP98/KDM5A-aberration in this study, all were negative
for an aberration in one of these genes, suggesting the presence of another specific
leukemic mechanism in NUP98/KDM5A rearranged AMKL.>® In chapter 3, RB1, a tumor
suppressor which is linked to proliferation by its role in cell cycle checkpoints, and one of
the most frequently described cancer genes, was identified to be deleted in all NUP98/
KDMS5A positive non-Down syndrome AMKL. Interestingly, RB1 deletions were not found
in non-AMKL NUP98/KDMJ5A rearranged cases, or any other subtype of pediatric AML,
underlining its specificity for cooperation with translocation NUP98/KDM5A in pediatric
AMKL. Furthermore, this chapter describes the evidence that loss of RB1 is required to
offset a NUP98/KDM5A induced cell cycle arrest, and the combination results in both
a differentiation arrest and proliferation advantage. A decreased proliferation rate was
observed in NUP98/KDM5A expressing, early myeloid cells, accompanied with a GO-
G1 cell cycle arrest, which could be rescued by RB1 depletion. This is consistent with
the idea that the NUP98/KDM5A fusion protein constitutes a loss of KDM5A function
in regulating RB1, leading to an anti-proliferative effect. While it was shown that the
NUP98/KDM5A fusion also prevents differentiation through up-regulation of HOXA and
HOXB genes, creating a stem cell phenotype, this anti-proliferative effect may prevent
the development of a full blown leukemia with two RB1 copies present. Therefore was
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hypothesized that loss of one RB1 allele is required to compensate for this effect. In the
majority of cases the other RB1 allele was intact, contrary to the “classical” loss of RB1
function in for instance retinoblastoma, which requires loss of both alleles.®”

The use of next-generation sequencing, including RNA-sequencing and whole
exome sequencing, on pediatric non-Down Syndrome AMKL samples, led to the
identification of more distinct cytogenetic groups within pediatric non-Down syndrome
AMKL, as described in chapter 4. Using samples derived from an international
collaboration, two additional groups next to the in chapter 2 described aberrations,
were identified. In 9% of the cases, a truncating GATA1 mutation was found. This is
the driving leukemic aberration found in the majority of Down syndrome AMKL cases.
The patients in whom a GATAI mutation was identified were however not diagnosed
with Down syndrome, but the GATA1 mutations were frequently seen in combination
with an acquired trisomy of chromosome 21. Another group that was identified were
HOX-rearrangements. We analyzed gene expression signatures to confirm the unique
character of all cytogenetic groups identified in this study, and samples clustered
according to specific group and were distinct from any of the other cytogenetic
groups identified. Similar to KMT2A-rearrangements and NUP98-KDM5A positive
cases, the HOX-rearrangements were characterized by a ‘HOX signature’, but in these
cases the HOX gene showing upregulation was the specific HOX gene involved in the
translocation. HOX genes play a significant role in normal hematopoietic development
and deregulated expression has a central role in the etiology of several subtypes of
acute leukemia, in part through the acquisition of enhanced self-renewal.? In this study
the leukemic potential was further studied using murine colony formation assays to
assess the ability to serially replate HOX-rearrangements, which showed differences in
replating-capacity for the different HOX-fusions.

In the study described in chapter 5, the aim was to further refine the current
risk group stratification within pediatric non-Down syndrome AMKL. We reported an
international collaborative study on the prognostic value of the recently identified
recurrent cytogenetic aberrations found in non-Down syndrome pediatric AMKL, with a
special focus on cases positive for NUP98/KDMS5A, CBFA2T3/GLIS2, RBM15/MKL1 and
KMT2A-rearrangements. Cases positive for these translocations represented 46% of the
pediatric AML cases in this study, and harboring translocation CBFA2T3/GLIS2, NUP98/
KDM5A, or a KMT2A-rearrangement appeared to be an independent prognostic factor
for poor outcome. This poor outcome was mainly due to a high incidence of relapse in
these patients. This study showed, similar to the study described in chapter 2, that age
was not an independent prognostic factor in pediatric non-DS AMKL, nor was sex, nor
WBC, nor treatment with a SCT. In addition, there were no differences in presenting
characteristics between the various genetic groups with the exception of RBM15/MKL1
positive cases, which presented with a significantly lower age at diagnosis (median age
0.7 years, range 0.1-2.7). When looking at treatment, we could not provide an answer
whether children benefitted from SCT. In general, the value of SCT for pediatric AML is
under discussion: there is clear evidence that SCT has anti-leukemic potential, but this
may be off-set by transplant-related mortality.®** Nevertheless, SCT in first remission
is recommended for high risk cases in many AML treatment protocols, as defined by
specific high-risk genetic aberrations or poor early response to treatment (high MRD



after 1 or 2 courses of chemotherapy). Based on our results, no definitive answer could
be provided on the potential benefit of SCT in pediatric AMKL, but we suggest that
children with good-risk AMKL may be spared from this intensive treatment.

In part 2 of this thesis, we analyzed the presence of different aberrations in a
pediatric AML cohort, including all morphologic subtypes. In chapter 6, ETV6, a well-
known gene to be aberrant in other types of leukemia, was studied, based on a finding
by the COG groups of ETV6 abnormalities in AML as presented at the ASH 2012.2 Using
MLPA, direct sequencing and FISH, we identified deletions, mutations and translocations
in the ETV6 gene as recurrent events in pediatric AML in 7% of the cases. ETV6
mutations were found in 2.2% of the cases included in this cohort, which is comparable
to the frequency found in adult AML.? Additionally we found ETV6 deletions in 1.6%
of patients in our cohort, and ETV6 translocation in 9/275 (3.3%) cases, however, we
only screened the patients without any known type Il mutation, assuming that type Il
aberrations are mutually exclusive. This was a much lower frequency in comparison
to the frequency of ETV6 translocations found in pediatric ALL.}* Comparing gene
expression patterns of mutated and deleted cases versus other pediatric AML patients,
several genes were upregulated, such as CLDN5, BIRC7 and DPEP1. These three genes
have been described as up-regulated in ETV6-silenced in T-ALL.**' This suggested
that the mutations and deletions in our series also result in impaired ETV6 function.
In addition, we identified 4 different ETV6 translocations in this cohort. Next to ETV6/
MN1, identified in 6 cases, we identified single cases of ETV6/ARNT, ETV6/HOXCas2
and ETV6/HOXA11as. The translocations involving HOX antisense genes both showed
high HOX expression specific for the HOX gene involved in this fusion, confirming the
HOX gene upregulation in the HOX-rearrangements found in chapter 4. Although the
number of patients with ETV6 aberrations was low, the survival analyses suggested that
ETV6 aberrations associated with a poor clinical outcome.

To investigate the presence of ETV6 aberrations in pediatric AML, we used
the MLPA probe mix, which also contained probes for the analysis of IKZF1. Chapter
7 describes the identification of /IKZF1 deletions as recurrent event in pediatric AML.
IKZF1, localized on chromosome 7, has been widely studied in the context of B-cell
differentiation and ALL, both in adults and children. Reduced /KZF1 gene function is a
well-known recurrent event in B-Cell Precursor (BCP-)ALL, and caused by focal IKZF1
deletions in approximately 15%. The frequency however is greatly enriched in BCR/ABL1
positive BCP-ALL at 70%-80%.% 9 In this study, focal IKZF1 deletions were shown to be a
recurrent event in pediatric AML, although in a low frequency, and not in combination
with BCR/ABL1. In contrast, mutations of IKFZ1, also found in BCP-ALL patients, were
not detected in this AML cohort. In pediatric de novo AML, monosomy 7 is a recurrent
cytogenetic abnormality seen in ~4% of the cases, and monosomy 7 is also seen in
myelodysplastic syndrome (MDS) and juvenile myelomonocytic leukemia (JMML)
which could progressed towards AML.2> %! In this pediatric de novo AML cohort, 8 cases
(3.1%) of monosomy 7 were identified. We found a statistically significant correlation
in gene expression profile between focally /IKZF1 deleted cases (n=3) and monosomy
7 cases, when analyzing the expression of non-chromosome 7 genes. The similarity of
gene expression signatures between AML cases with monosomy 7 and those with a
focal IKZF1 deletion suggested that /KZF1 may be one of the driving oncogenic events
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in monosomy 7 pediatric AML.

In chapter 8 and 9, mutations described in adult AML were analyzed for their
frequency in pediatric AML. Mutations in BCOR and BCORL1 were identified in adult
AML using whole exome sequencing, and given their frequency in adult cytogenetically
normal AML we studied a pediatric cohort for their frequency.?> 2 BCOR mutations
were identified in 6.3% of the pediatric cytogenetically normal AML cases, which was
comparable to the frequency in adult CN-AML. The frequency of BCORL1 mutations was
significantly lower than in adults. This may be due to the enrichment for secondary AML
and treatment-related AML in the adult cohort: 73 of 173 (42%) in the adult cohort of Li
et al., versus 12 of 230 (5%) in this cohort.?>** Expression levels of BCOR-mutated cases
did not significantly deviate from the non-mutated pediatric AML patients, which was
in accordance with findings in adult AML patients. In adult AML, BCORL1 mutations did
not affect mRNA levels, similar to the finding of our single case. In the adult CN-AML
cohort, the presence of BCOR mutations conferred a poor outcome. In our cohort, the
low frequency of mutations did not allow survival analysis to be performed, and is yet
to be determined in a larger cohort.

Mutations in PHF6, an X-linked tumor suppressor gene, with a role in
transcriptional regulation, were previously identified as germline mutation causing
Borjeson-Forssman-Lehmann syndrome.? 26 Mutations of PHF6 are reported in adult
T-ALL, and somatic mutations in PHF6 were identified in 3% of adult AML, predominantly
in males, in cases classified as French-American-British (FAB) MO, M1 and M2, 272
Given the presence in adult AML, we studied a pediatric cohort to reduce the number
of cases with unknown aberrations. In chapter 9, we identified mutations in PHF6
in 6/318 (2%; 95% Cl: 0.9-4.1%) AML cases. They were exclusively found in FAB-MO,
M1 and M2, representing 6/143 (4%; 95%Cl: 1.9-8.9%) pediatric FAB M0, M1 and M2
cases. Presenting with a significantly lower mRNA expression of PHF6, mutations were
predicted to result in a loss of function. In contrast to T-ALL and adult AML, we found
mutations of PHF6 in both female and male patients in pediatric AML. The potential
prognostic impact of PHF6 mutations needs to be determined in a larger series.

In chapter 10, a translocation resulting in high HOX expression was described.
The recurrent described t(10;17)(p15;921) was analyzed for its breakpoints using
reverse transcriptase PCR in a single case found in a pediatric de novo AML cohort.
This resulted in the identification of translocation of ZMYND11 and MBTD1. The case
harboring this fusion was identified with a high HOXA expression, suggesting the fusion
to result in a well-known leukemogenic pathway in AML.



Samenvatting

In dit proefschrift worden nieuwe afwijkingen beschreven die voorkomen bij AML op
de kinderleeftijd, met specifieke aandacht voor acute megakaryoblastaire leukemia
(AMKL) bij kinderen zonder Downsyndroom. Met de ontdekking van NUP98/KDM5A,
HOX-herschikkingen en GATA1s mutaties in de leukemische cellen van deze kinderen, is
er een groep met een slechte prognose, en een groep met een gemiddelde prognose
geidentificeerd, met een direct gevolg voor risicostratificatie en behandeling voor
kinderen met deze zeldzame groep binnen de AML.

In hoofdstuk 2 wordt de fusie van NUP98 met JARID1A (later hernoemd tot
KDMJ5A) beschreven. Deze afwijking is gevonden in ongeveer 11% van de kinderen
met AMKL. Het is een cryptische translocatie die vaak wordt gemist met conventionele
karyotypering, gezien de telomerische locatie van de genen die getransloceerd zijn. Het
voorkomen van deze translocatie is vergelijkbaar met de in AMKL veel beschreven fusie
van RBM15 en MKL1, maar geeft een infauste prognose in vergelijking met deze fusie.
In vivo studies hebben aangetoond dat NUP98/KDM5A leidt tot een differentiatiestop,
deze fusie wordt daarom gezien als type-2-afwijking zoals beschreven door Kelly et
al. ¥? In deze studie werd ook de translocatie CBFA2T3/GLIS2 gevonden, een andere
cryptische afwijking, met eveneens een slechte prognose. Als vierde groep binnen de
AMKL-patiénten op de kinderleeftijd werden de KMT2A-herschikkingen gevonden,
en dan met name KMT2A/MLLT3 en KMT2A/MLLT10. ** Deze laatste groep wordt
bij alle morfologische subtypes van AML gevonden, terwijl de andere groepen maar
zeer zelden voorkomen bij andere morfologische subtypes en voornamelijk worden
gezien bij AMKL. In deze studie is de onderliggende afwijking in 60% van de patiénten
gevonden.

Naast de type-2-afwijkingen zoals beschreven door Kelly et al, is er ook gezocht
naar additionele afwijkingen binnen de groep van NUP98/KDM5A getransloceerde
patiénten. In hoofdstuk 3 wordt de deletie van RB1 besproken, eentumorsuppressorgen,
met een belangrijke rol in de proliferatie van de cel, met name vanwege zijn rol in
het checkpoint van de celcyclus. In alle NUP98/KDM5A positieve AMKL-patiénten
werd een deletie van RB1 gevonden, en bij geen enkele andere AML-patiént. Deze
deleties waren nog niet eerder beschreven in AML op de kinderleeftijd, maar deleties
van chromosoomband 13ql4, de locatie van RB1, waren al wel geobserveerd in
AMKL-cellen. >3° In een cellijn model werd gevonden dat NUP98/KDM5A leidde tot
hoge Hoxa en Hoxb expressie, zoals ook gezien werd in patiénten, en dat de fusie een
differentiatiestop gaf, maar eveneens een stop gaf van de GO- naar de G1l-fase in de
celcyclus. De deletie van RB1 zorgde er in dit model voor dat deze stop in de celcyclus
afzwakte, en de combinatie van NUP98/KDM5A en een RB1 deletie resulteerde in een
differentiatiestop met daarbij een proliferatie voordeel.

Doorhetgebruikvannieuwe, meersensitieve, technieken, zoalsRNA-sequencing
en whole exome sequencing, werden nog twee nieuwe groepen geidentificeerd binnen
de AMKL op de kinderleeftijd. In hoofdstuk 4 is de identificatie van GATAI mutaties,
voorkomend in 9% van de kinderen met AMKL zonder Downsyndroom, en de groep
van HOX-herschikkingen beschreven. De GATA1-mutaties zijn de meest voorkomende
afwijking gevonden in AMKL bij kinderen met het Downsyndroom. In de patiénten
zonder Downsyndroom in deze studie worden in de meerderheid van de patiénten in
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de leukemiecel ook een additioneel chromosoom 21 gevonden. De HOX-herschikkingen
bestaan uit fusies met een HOX-gen. Hiervan werden verschillende varianten gevonden.
Met behulp van genexpressieprofielen werd gevonden dat de samples met een HOX-
herschikking een gelijkend genexpressieprofiel hadden. Ook alle andere groepen
gevonden in deze studie lieten een uniek genexpressieprofiel zien, waarbij de samples
van patiénten met dezelfde afwijking bij elkaar groepeerden en de verschillende
subgroepen niet bij elkaar. Daarnaast werd een specifieke HOX-expressie gezien bij de
samples met een HOX-herschikking, naast de bekende HOX-profielen bij samples positief
voor NUP98/KDM5A of KMT2A-herschikkingen. HOX-genen spelen een belangrijke rol
in de normale hematopoése en verschillende studies hebben aangetoond dat een
gedereguleerde HOX-expressie een rol kan spelen in het ontstaan van leukemie. In deze
studie hebben we het leukemisch effect van de HOX-herschikkingen bekeken door de
capaciteit te analyseren om de cellen positief voor een HOX-herschikking in serie uit te
platen. Deze methode liet zien dat verschillende HOX-herschikkingen een matige tot
grote capaciteit hebben om in serie uitgeplaat te worden.

In hoofdstuk 5 is gekeken naar de prognostische waarde van de meest
voorkomende cytogenetische subgroepen binnen de AMKL op de kinderleeftijd
van kinderen zonder Downsyndroom. Er werd een internationale samenwerking
gevormd, waarbij er 153 patiénten werden geanalyseerd voor de aanwezigheid van
NUP98/KDM5A, CBFA2T3/GLIS2, RBM15/MKL1 of KMT2A-herschikkingen en er werd
gekeken naar uitkomstparameters. Tot nu toe werden alle kinderen met AMKL zonder
Downsyndroom geclassificeerd als hoogrisico. Indien de leukemiecel cel positief was
voor CBFA2T3/GLIS2, NUP98/KDMS5A, of een KMT2A-herschikking, resulteerde ditin een
ongunstige overlevingskans. Deze slechte overlevingskans was met name het gevolg van
de hoge incidentie van recidieven bij deze patiénten. Wanneer de leukemiecel negatief
was voor een van deze translocaties was de overlevingskans groter, overeenkomend met
de standaardrisicogroep. AMKL bij kinderen zonder Downsyndroom ontstaat meestal
op zeer jonge leeftijd, met een gemiddelde diagnose leeftijd onder de twee jaar. Onze
studie toonde aan dat leeftijd geen onafhankelijke factor is voor prognose binnen deze
ziekte, evenals geslacht en hoeveelheid aanwezige witte bloedcellen. Er waren geen
verschillen in patiéntkarakteristieken tussen de verschillende groepen, met uitzondering
van de leeftijd van diagnose van kinderen met RBM15/MKL1-positieve AMKL; zij waren
bij diagnose significant jonger dan de andere kinderen met AMKL. Een belangrijk verschil
in de therapieprotocollen van de verschillende samenwerkende groepen binnen deze
studie, is het toepassen van een hematopoietische stamcel transplantatie (hSCT) in het
geval van een beschikbare donor. In een multivariaatanalyse bleek het behandelen met
een hSCT niet van invloed op de overlevingskans. Over de waarde van een hSCT binnen
de behandeling van AML op de kinderleeftijd wordt gediscussieerd; een succesvolle hSCT
heeft een antileukemisch effect, maar er is een hoge kans op transplantatiegerelateerde
mortaliteit. >* Desalniettemin wordt in vele therapieprotocollen een hSCT in eerste
remissie aangeraden voor hoogrisicogroepen binnen de AML. Hoogrisicogroepen
worden gedefinieerd door specifieke hoogrisico genetische afwijkingen of aan de
hand van de slechte vroege respons op chemotherapeutische behandeling (hoge
minimale residuale ziekte na het eerste of tweede blok van de chemotherapie). Onze
resultaten toonden geen meerwaarde aan van een hSCT als behandeling van AMKL op



de kinderleeftijd. Kinderen vallend in de standaardrisicogroep zouden mogelijk niet in
aanmerking komen voor deze intensieve behandeling. Kinderen zonder Downsyndroom
met AMKL die niet tot een van de vier groepen in deze studie behoorden, zouden
mogelijk een GATA1 mutatie of HOX-herschikking kunnen hebben. We hadden echter
niet de mogelijkheid om dit te testen bij gebrek aan voldoende of kwalitatief goed
patiéntmateriaal.

In deel 2 van dit proefschrift hebben we de aanwezigheid van afwijkingen van
verschillende genen bestudeerd in een cohort met alle morfologische subtypes van AML
op de kinderleeftijd. In hoofdstuk 6 zijn afwijkingen van ETV6, een gen bekend door de
afwijkingen in andere types van leukemie, bestudeerd, door de vondst van afwijkingen
van dit gen binnen AML door de Children’s Oncology Group (Noord-Amerika), zoals
gepresenteerd op de ASH 2012. > Door MLPA, direct sequencing en FISH te gebruiken,
identificeerden we deleties, mutaties en translocaties van dit gen, voorkomend bij
7% van de onderzochte patiénten met AML op de kinderleeftijd. ETV6-mutaties zijn
gevonden bij 2.2% van de geteste patiénten, wat overeenkomt met de beschreven
frequentie van AML bij volwassenen. ** Daarnaast werden ETV6-deleties gevonden bij
1.6%, en ETV6-translocaties bij 3.3% van de kinderen in dit cohort. De translocaties
komen veel minder vaak voor dan ETV6-translocaties bij kinderen met acute lymfatische
leukemie (ALL). '* Bij de vergelijking tussen genexpressieprofielen van kinderen met
ETV6-mutaties of -deleties versus de profielen van alle andere kinderen met AML in
deze studie, vonden we verschillende genen met overexpressie, onder andere CLDNS5,
BIRC7 en DPEP1. De overexpressie van deze drie genen is ook beschreven bij T-ALL met
ETV6-afwijkingen resulterend in een verminderde functie. *>'7 Dit suggereert dat de
mutaties en deleties die we in deze studie hebben gevonden, ook resulteren in een
dergelijke ETV6-afwijking. Hiernaast hebben we in deze studie vier verschillende ETV6-
translocaties geidentificeerd. Naast ETV6/MNX1, een bekende ETV6-translocatie bij
jonge kinderen met AML die we in zes gevallen vonden, identificeerden we drie unieke
casus met ETV6/ARNT, ETV6/HOXCas2 en ETV6/HOXA1las. De translocaties met een
HOX-antisense gen gaven hoge HOX-expressie specifiek voor het betrokken HOX-gen. Dit
bevestigt de resultaten die we eerder bespraken in hoofdstuk 4. Hoewel de hoeveelheid
gevonden ETV6-afwijkingen relatief laag waren voor een goede statistische analyse van
de overlevingskans, suggereerde de analyse een slechte overlevingskans voor kinderen
met AML met een ETV6-afwijking.

Voor de studie naar ETV6-afwijkingen bij AML op de kinderleeftijd, hebben we
MLPA gebruikt met een probe mix, welke onder andere ook probes bevatte voor het
gen IKZF1. In hoofdstuk 7 beschrijven we de vondst van IKZF1-deleties binnen AML.
IKZF1 is een gen dat gelokaliseerd is op chromosoom 7. Dit gen is uitgebreid bestudeerd
met betrekking tot de B-cel differentiatie en binnen de ALL zowel op de kinderleeftijd
als bij volwassenen. Verminderde IKZF1-genfunctie is een veelvoorkomende afwijking
bij B-cel precursor (BCP-)ALL en wordt in 15% van deze gevallen veroorzaakt door
een focale IKZF1-deletie. Dit komt voornamelijk voor bij BCR/ABL1 positieve BCP-
ALL, waarbij IKZF1-deleties voorkomen in 70-80% van de gevallen. % In onze studie
vonden we focale IKZF1-deleties, maar nooit in combinatie met BCR/ABL1. Ook konden
we geen mutaties van /IKZF1 vinden, zoals wel beschreven bij BCP-ALL. Bij AML op de
kinderleeftijd werd eerder al het voorkomen van een monosomie van chromosoom

199




Chapter 11: Samenvatting

7 beschreven, dit komt voor bij ongeveer 4% van alle AML op de kinderleeftijd. Ook
wordt monosomie 7 gezien bij het myelodysplastisch syndroom (MDS) en bij juveniele
myelomonocytaire leukemie (JMML), die beiden kunnen uitgroeien tot AML. 2> Qok in
ons cohort vonden we in 3.1% van de casus een monosomie 7. We vonden een statistisch
significante correlatie in genexpressieprofielen tussen de focale IKZF1-gedeleteerde
casus (n=3) en de casus met monosomie 7 (n=8), van de genen die zich niet bevonden
op chromosoom 7. Deze overeenkomst in genexpressieprofielen suggereert dat IKZF1
een belangrijk gen leidend tot leukemie is bij de patiénten met een monosomie 7.

In hoofdstuk 8 en 9 wordt de frequentie van mutaties in genen beschreven,
die eerder werden gevonden bij AML van volwassenen. Mutaties in BCOR en BCORL1
werden bij volwassenen met AML gevonden door middel van whole exome sequencing.
Gezien de hoge frequentie met name bij cytogenetisch normale patiénten, onderzochten
wij een cohort van AML van de kinderleeftijd.?* 2 Wij vonden BCOR mutaties in
6.3% van ons cytogenetisch normale cohort, vergelijkbaar met het voorkomen bij
volwassenen. We vonden een lagere frequentie van BCORLI-mutaties in vergelijking
met volwassenen. Een oorzaak hiervan kan zijn dat het volwassencohort was verrijkt
met secundaire- en therapie-gerelateerde AML; 73/173 (42%) in het volwassencohort
van Li et al., versus 12/230 (5%) in ons kindercohort. 222* BCOR-genexpressie was niet
significant verschillend tussen de BCOR-gemuteerde en niet-gemuteerde patiénten, een
vergelijkbaar resultaat met de bevindingen bij volwassen patienten. Ook de BCORL1-
mutatie leidde niet tot veranderde genexpressie in het volwassencohort, dezelfde
bevinding als bij de BCORL1-gemuteerde casus uit ons cohort. In het volwassencohort
leidde een BCOR-mutatie tot een lagere overlevingskans. In ons cohort vonden wij te
weinig casus voor een betrouwbare analyse met betrekking tot overlevingskans. Dit zal
in een groter cohort plaats moeten vinden.

Mutaties van PHF6, een tumorsuppressorgen op het X-chromosoom, met een
rol in transcriptionele regulatie, zijn gevonden als germline mutatie leidend tot het
Borjeson-Forssman- Lehmannsyndroom. 226 Mutaties in dit gen zijn ook geidentificeerd
in T-ALL en AML bij volwassenen. De mutaties werden voornamelijk gevonden bij
mannen, en alleen in het geval van AML bij de morfologische classificaties French-
American-British (FAB) MO, M1 en M2. ?7* Gezien het voorkomen bij mutaties in dit gen
bij AML bij volwassenen, hebben we een kindercohort geanalyseerd voor mutaties van
PHF6. In hoofdstuk 9 wordt beschreven dat mutaties voorkomen bij 6/318 (2%; 95%
Cl: 0.9-4.1%) kinderen met AML. Ook bij kinderen zijn ze louter gevonden bij FAB MO,
M1 en M2. Gezien de significant lagere mRNA-expressie van PHF6, wordt voorspeld dat
deze PHF6-mutaties leiden tot een verlies van de functie van het gen. In tegenstelling
tot de bevindingen bij T-ALL en AML bij volwassenen, werden de mutaties bij zowel
vrouwen als mannen gevonden. De prognostische waarde van deze mutaties moet
worden beoordeeld in een groter cohort.

In hoofdstuk 10 wordt een translocatie beschreven welke resulteert in hoge
HOX-expressie. Het breekpunt van de vaker beschreven t(10;17)(p15;921) werd,
geanalyseerd met behulp van reverse transcriptase PCR, in een unieke casus gevonden
in een cohort van AML ontstaan op de kinderleeftijd. Dit resulteerde in de identificatie
van de fusie van ZMYND11 en MBTD1. Deze casus resulteerde in hoge HOXA-expressie,
dat frequent wordt gezien als oorzaak van het ontstaan van leukemie, zoals AML.
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International collaboration is needed to study rare diseases such as pediatric AMKL

Pediatric AML is a heterogeneous disease. By unraveling the underlying aberrations
resulting in pediatric AML, potential disease-driving mutations may be identified, which
may be important for risk stratification and targeted therapy, with the final aim to
improve prognosis. To study rare diseases such as pediatric non-Down syndrome AMKL,
international collaboration was set-up to be able to not only identify aberrations, but
also analyze their prognostic impact. In the studies discussed in this thesis, samples
from various regions of Europe, Asia and North America were included. A potential
drawback of that approach is that patients were treated on different protocols over a
longer period of time, which is not ideal to study prognostic factors. However, all AML
treatment protocols consisted of intensive chemotherapy using an anthracycline and
cytarabine backbone, including stem cell transplantation in selected cases. Moreover,
when comparing the clinical characteristics and outcome data of the AMKL patients in
chapter 5 versus a population-based cohort of the AML-BFM Study Group, no significant
differences were found, suggesting that this cohort was a representative sample for
pediatric AMKL. This thesis shows, that with intensive international collaboration, new
risk groups can be identified.

Next generation sequencing contributes to the unravelling of aberrations which can be
used for risk-group stratification

Inaba et al described AMKL risk groups based on cytogenetic analysis obtained with
conventional karyotyping, resulting in three groups; good risk in patients with AMKL
carrying 7p abnormalities; poor risk in cases with monosomy 7, or 9p abnormalities
including the KMT2A/MLLT3, -13/13g- and -15; and intermediate risk in all others.!
This risk classification may be difficult, since AMKL is frequently associated with
myelofibrosis, which renders it difficult to obtain sufficient material for cytogenetic
analysis. In this thesis, we showed in chapter 5 that 32/153 (21%) patients lacked data
on karyotype, comparable to the findings of Inaba et al* in pediatric AMKL, but a much
higher percentage than reported on missing karyotypes in pediatric AML including all
morphology subtypes (7-13%).2 Moreover, conventional karyotyping will not reveal
cryptic translocations, such as CBFA2T3/GLIS2 or NUP98/KDM5A. Using RT-PCR as
screening method, we were able to classify 12/32 cases without an available karyotype,
not only including the aforementioned cryptic translocations, but patients harboring
KMT2A-rearrangements and RBM15/MKL1 as well. Therefore, screening of the most
frequent recurrent aberrations with PCR will add value to risk stratification next to
cytogenetic analysis based on conventional karyotyping, revealing additional groups
with poor outcome. Although the overall survival is poor for non-DS AMKL in general,
with a 4-year probability of overall survival of ~56% in this study, NUP98/KDM5A,
CBFA2T3/GLIS2 and KMT2A-rearranged cases fared worse. Using RNA-sequencing, we
were able to identify two additional genetic groups within pediatric AMKL; the GATA1
mutated cases, and cases with HOX-rearrangements, interestingly both predicting for
better survival. Altogether we identified an aberration in over 80% of the pediatric
AMKL cases (chapter 4 and Figure 12.1).

The group of HOX-rearrangements has a wide variety of different HOX genes
and partner genes involved, and with that, targeted screening for any of these fusions is
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hardly feasible. This emphasizes the need for next generation sequencing as screening
tool. Screening for these translocations combined with conventional karyotyping in
pediatric non-AMKL is advisable for accurate risk-group stratification. Based on our data
we suggest that within pediatric non-Down syndrome AMKL NUP98/KDM5A, CBFA2T3/
GLIS2 and KMT2A-rearrangements are stratified as high risk patients. Moreover,
we propose that RBM15/MKL1, GATAls mutated cases and HOX-rearrangements
are stratified as standard risk, with a 5-year pOS of 65+17%, 100%, and 77%+12%,
respectively.® For proper risk group stratification conventional karyotyping combined
with screening for NUP98/KDM5A, CBFA2T3/GLIS2, KMT2A-rearrangements, RBM15/
MKL1 and mutational screening of GATA1 may be used if next generation sequencing
is not feasible.

Fusions seen in pediatric non-Down Syndrome AMKL might be present at birth before
the development of frank leukemia

Pediatric non-Down Syndrome AMKL arises at a median age below two years. **°
Greaves et al showed that AML fusion genes can be detected in circulating bone marrow
cells derived from neonatal Guthrie cards, suggesting the fusion gene, although in small
subclones, to be present in utero.® In Down syndrome AMKL, the GATA1s mutation
induces transient myeloproliferative disease originating in the fetal liver, followed by
spontaneous remission in ~80% of cases, and in approximately 20% followed by the
development of AMKL before the age of 4-5 years.”° Guthrie cards may show whether
the most frequent identified somatic aberrations in non-Down syndrome AMKL, such
as NUP98/KDM5A, RBM15/MKL1, and CBFA2T3/GLIS2, all seen in leukemias which
present themselves at a very young age, might be present at birth as well, which later,
in combination with a second hit, such as a RB1 deletion, may result in frank leukemia.
Analyzing the presence of the fusion genes specific for pediatric AMKL may reveal
new insights in the development of frank leukemia, and may be an explanation of the
specific age pattern for these types of leukemia. Since the incidence of pediatric AML
is 0.4-1.6 per 100.000 individuals, screening in non-Down syndrome newborns will not
contribute to early detection. In Down syndrome screening by Guthrie cards may be
useful, since ~20% of the cases with a transient myeloid leukemia will develop AML.

Non-Down syndrome GATA1 mutated AMKL cases may potentially benefit from less
intensive chemotherapy

AMKL in children with Down syndrome is treated with a reduced chemotherapy
treatment protocol compared to non-Down syndrome patients. Given the favorable
prognostic outcome of GATA1 mutated cases in pediatric non-Down Syndrome AMKL
not harboring any other fusion event (in our cohort 0/7 patients had an event), it
may be interesting to see whether patients with this specific genotype of pediatric
AMKL could be treated with a reduced chemotherapy treatment protocol. The GATA1
mutation is most likely resulting in a reduced expression of cytidine deaminase.!*
Cytidine deaminase is an enzyme that converts cytarabine in its inactive metabolite.'?3
The decreased expression of cytidine deaminase results in a higher intracellular
concentration, and therefore a lower dose of cytarabine may have a higher potential in
anti-leukemic effect in these patients.'*** When comparing the drug sensitivity of Down
syndrome AML versus non-Down syndrome AML, Down syndrome AML cells were not



only more sensitive for cytarabine, but also for daunorubicin, idarubicin, mitoxantrone,
etoposide, 6-thioguanine, amsacrine, vincristine, and busulfan.’ This effect was not
observed in Down syndrome ALL, suggesting that the GATA1 mutation is responsible
for this effect. Further research should be performed to investigate whether non-Down
syndrome GATA1s mutated AMKL cells show a similar sensitivity for chemotherapy
as seen in Down syndrome AMKL, to optimize treatment protocols for this specific
subgroup of non-Down syndrome AML. In case chemotherapy can be reduced without
compromising anti-leukemic efficacy this will also diminish treatment-related morbidity
and mortality, further improving outcome. Nevertheless, it is important to acknowledge
that GATA1 was not mutually exclusive in our patient cohort. The combination with
NUP98/KDM5A, as seen in our cohort in one patient, may lead to a poorer outcome.

Future strategies to treat pediatric AML: newly identified drugable targets and
immunotherapy may lead to improved outcome of pediatric AML

One option to improve outcome of pediatric AML is through targeted therapy, since
intensification of the current treatment protocols is not feasible due to the high
incidence of treatment related morbidity and mortality. Targeted therapy could focus
on disrupting the complexes formed by fusion genes. In the KMT2A-rearranged cases,
DOTLL inhibitors are currently under investigation. DOT1L is a protein that is recruited
in the KMT2A-complex, resulting in the HOXA9 and MEIS-overexpression that drive the
leukemogenesis.’®*® Where in vitro and in vivo models show a great potential for DOT1L
inhibitors, clinical studies so far have not shown the promising results anticipated by
preclinical models.?®

Another interesting player in the field of immunotherapy is the category of
bispecific T-cell engager (BIiTE) antibodies. These anti-cancer drugs use the ability to
bind T-cells via the CD3 receptor, and tumor cells via a tumor specific molecule; for
instance CD19 for ALL, or CD33 for AML cells. This causes T-cells to exert cytotoxic
activity, resulting in apoptosis of the leukemic cells.?>?2 In other types of cancer, such
as Non-Hodkin’s lymphomas and ALL, clinical studies showed a therapeutic potential
for BiTE-antibodies.?*?¢ A drawback for this therapy is that CD33 is not specific for the
leukemic cell; as CD33 is also expressed on healthy myeloid cell progenitors. Therefore
this therapy may result in severe neutropenia, precluding its use to for instance induce
remission in a pre-SCT window. Clinical studies in adults are initiated and should provide
insight in how to best use these drugs.

Chimeric antigen receptor expressing T (CART) cells already showed great
potential in the treatment of CD19-positive ALL and lymphoma.?”* The difficulty
in using CART cells in AML is the lack of antibodies only expressed at the leukemic
cells, similar to BITES. Targeting a specific antibody on an AML cell may therefore also
attack healthy cells in the myeloid lineage and may therefore lead to neutropenia.®
Specific antibodies or combinations of antibodies that will not attack non-malignant
cells need to be developed both for BITES and CART technology.? Further optimization
and extension of this concept of anti-cancer therapy may well lead to striking clinical
benefits, without harming the healthy myeloid progenitors.

Perspective

In this thesis, specific novel translocations resulting in HOX upregulation are described,
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which can be classified according to the HOX clusters as previosuly reported by us
(Figure 12.2).32 These cases may benefit from targeted therapy assigned to disrupt this
HOX upregulation in the future. For instance, we identified ZMYND11/MBTD1, NUP98/
KDMS5A, and HOX-rearrangements as new groups resulting in HOX overexpression
(Figure 12.2). Future research should be performed to investigate the interaction
between the HOX genes and the fusion proteins causing HOX-upregulation. This may
reveal potential targets for therapy. To find drugable targets in HOX-overexpressed cases
such as NUP98/KDM5A, methods unraveling protein-protein interaction, such as Chip-
sequencing, can be used to determine molecules involved in the protein interaction
of the fusion resulting in the HOX-overexpression. Finding key proteins involved in the
fusion-gene induced protein complexes resulting in leukemia will give lead towards
targeted therapy. Since HOX-upregulation is not specific for pediatric AML, finding
targets resulting in HOX-upregulation may be of interest for other leukemias as well.

Furthermore, screening of neonatal Guthrie cards may reveal the presence of
fusion genes in utero in non-Down syndrome patients. Analyzing the presence of the
fusion genes specific for pediatric AMKL may reveal new insights in the development of
leukemia, and may explain the early onset of the disease.

To investigate the potential of reduced chemotherapy as treatment for non-
Down syndrome AMKL with a GATA1s mutation, the ex-vivo drug sensitivity of non-
Down syndrome GATA1s mutated leukemic cells needs to be determined.

In conclusion, there is clear medical need for new therapeutic options in
pediatric AML, since survival is currently ~70%, and intensification of the current
chemotherapeutic protocols is not feasible due to high rates of treatment related
morbidity and mortality. We have identified multiple recurrent (cyto)genetic aberrations
in pediatric AML, which gives leads to new therapeutic options and better risk-group
stratification.
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Figure 12.1. Schematic overview of different aberrations found in pediatric non-Down Syndrome AMKL
using RNA-sequencing.
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Figure 12.2. Principal component analysis based on HOX genes. Three clusters were formed, cluster |
contains samples with low HOXA and HOXB expression, cluster Il contains samples with high HOXA
overexpression, such as KMT2A-rearrangements and ZMYND11/MBTD1, cluster Il contains samples
resulting in high HOXA and HOXB overexpression, including NUP98-rearrangments.
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