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Severe congenital neutropenia (SCN) is a
BM failure syndrome with a high risk of
progression to acute myeloid leukemia
(AML). The underlying genetic changes
involved in SCN evolution to AML are
largely unknown. We obtained serial he-
matopoietic samples from an SCN patient
who developed AML 17 years after the
initiation of G-CSF treatment. Next-
generation sequencing was performed to
identify mutations during disease pro-
gression. In the AML phase, we found

12 acquired nonsynonymous mutations.
Three of these, in CSF3R, LLGL2, and
ZC3H18, co-occurred in a subpopulation
of progenitor cells already in the early
SCN phase. This population expanded
over time, whereas clones harboring only
CSF3R mutations disappeared from the
BM. The other 9 mutations were only
apparent in the AML cells and affected
known AML-associated genes (RUNX1
and ASXL1) and chromatin remodelers
(SUZ12 and EP300). In addition, a novel

CSF3R mutation that conferred autono-
mous proliferation to myeloid progeni-
tors was found. We conclude that progres-
sion from SCN to AML is a multistep
process, with distinct mutations arising
early during the SCN phase and others
later in AML development. The sequential
gain of 2 CSF3R mutations implicates
abnormal G-CSF signaling as a driver of
leukemic transformation in this case of
SCN. (Blood. 2012;119(22):5071-5077)

Introduction

Severe congenital neutropenia (SCN) is a BM failure syndrome
characterized by strongly reduced neutrophil counts and recurrent,
potentially life-threatening, opportunistic bacterial infections. Treat-
ment with G-CSF elevates peripheral neutrophil counts and
reduces the risk of infections.! Leukemic progression of SCN is a
major concern, with an estimated overall cumulative incidence of
approximately 20% after 15 years of G-CSF treatment.?
Constitutional mutations in the gene encoding neutrophil elas-
tase (ELANE) are common defects in SCN.? In addition, the
acquisition of nonsense mutations in the gene encoding the G-CSF
receptor (CSF3R) is a unique feature in SCN patients.*”7 These
mutations lead to the expression of truncated CSF3R proteins, also
known as the & forms. In cell-line models, truncated CSF3R
proteins are hampered in transducing the signals required for
proper neutrophil differentiation, confer increased proliferative
responses to G-CSF treatment, but do not cause leukemia in
mice.+6811 CSF3R3 mutations can be detected in approximately
30% of SCN patients. In some cases, distinct clones with different
CSF3R3 mutations are present for many years.”'? After evolution
of SCN toward acute myeloid leukemia (AML), CSF3RS muta-
tions are found in approximately 80% of patients.!> Until now, all
reported SCN/AML patients harboring a CSF3Rd mutation in the
SCN phase also carry this mutation in the leukemic phase. These
observations suggest that leukemic progression in SCN follows a
unique pattern, with CSF3R3 mutations as an early event, followed

by additional genetic and epigenetic events that are essential for
full leukemic transformation. Chromosomal aberrations such as
loss of chromosome 7 and gain of chromosome 21 are apparent in
AML arising from SCN and other BM failure syndromes such as
Fanconi anemia and Shwachman-Diamond syndrome.'* However,
mutations that are quite commonly seen in de novo AML have not
been reported in AML arising from SCN.!# Therefore, the addi-
tional molecular events involved in leukemic progression of SCN
remain largely unknown.

To identify the sequential genetic events in leukemic progression of
SCN to AML, we collected serial hematopoietic samples from an SCN
patient who developed AML after 17 years of G-CSF therapy. Using
whole-exome sequencing (WES), we found 12 somatic nonsynony-
mous mutations in the leukemic blasts of this patient. Three of these
mutations, the known CSF3R mutation and mutations in LLGL2 and
ZC3H18, were already present at low frequencies in the early SCN
phase 15 years before AML was diagnosed. Myeloid colony analysis
showed that these 3 “early” mutations coexisted in the same hematopoi-
etic progenitors in a small subpopulation of BM cells. Six years later, in
the “intermediate” SCN phase, still 9 years before the AML became
overt, we observed an expansion of the clone harboring all 3 mutations.
The other 9 mutations were only apparent in the AML cells. The latter
“late-appearing” mutations comprise a second, novel CSF3R mutation
in addition to a series of new and known AML-associated mutations.
The novel CSF3R mutation is located on the already mutated
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Figure 1. Chronologic overview of the clinical course of a SCN/AML patient. Distinct events in the disease course are indicated above the timeline, such as the diagnosis
of SCN, the initiation of G-CSF therapy, the discovery of the CSF3R-d715 mutation, and the diagnosis of AML.

CSF3R-d715 allele and causes growth factor independence of myeloid
progenitors.

Methods

Case reports

A 27-year-old male SCN patient was diagnosed with AML 17 years after the
start of G-CSF treatment (10 pg/kg/d), on which he reached normal
neutrophil counts. The patient had a constitutional heterozygous ELANE
mutation, G174R. At the age of 12, 2 years after G-CSF treatment was
initiated, a CSF3R & mutation (CSF3R-d715) was discovered in the BM.° At
the time of AML diagnosis, the peripheral blood contained 24% blasts and
dysplasia was observed in the BM. G-CSF treatment was stopped at this
point. Six weeks later, a BM analysis revealed 17% blasts. Immunopheno-
typically, these blasts were of a myeloid nature (ie, positive for CD34,
CDI117, CD13, CD133, CD33, MPO, and CD90). Because no HLA-
identical donor was available, the patient received a matched unrelated
donor allogeneic BM transplantation. Induction therapy was given accord-
ing to the induction therapy scheme HOVON42A of the Hemato-Oncology
Foundation for Adults in the Netherlands.!> At initiation of induction
therapy, the BM contained 15.7% blasts with 10%-50% dysplasia in all
lineages. Routine cytogenetic and molecular diagnostics revealed a trisomy
21 (47, XY, +21[14]/46, XY[4]) with no additional abnormalities (AML-
ETO, CBFB/MYHI1I1, FLT3ITD, FLT3TKD, mutations in NPM1, NRAS,
KRAS, c¢-KIT, JAK2, and CEBPA). After the second induction cycle, trisomy
21 was undetectable in a BM cytogenetic analysis. The matched unrelated
donor transplantation was administered after myeloablative conditioning
with chemotherapy and total body irradiation. Two months after the
transplantation, 28% blasts were detected in the BM, indicating a recur-
rence of the AML, and the patient died 3.5 months after the transplantation.
Figure 1 gives a schematic overview of the disease history.

Patient cell samples

Ficoll gradient-separated BM cells from the SCN phases and CD34%
leukemic blasts from the peripheral blood in the leukemic phase were used.
Control DNA was isolated from BM-derived fibroblasts. All cell samples
were obtained and frozen according to established procedures for viable cell
cryopreservation, as described previously.!® The study was performed
under the permission of the Institutional Review Board of the Erasmus
Medical Center, registration number MEC-2008-387 for biobanking and
MEC-2012-030 for the genetic analysis of leukemic progression in SCN
patients.

Nucleotide sequencing

WES. Sequencing libraries were prepared according to the SureSelect
Target Enrichment system (protocol Version 2.2.1, November 2010;
Illumina). In brief, 3 g of genomic DNA was sheared to fragments of
approximately 170 bp using the S-series Single Tube Sample Preparation
System, Model S2 (Covaris). Fragment sizes were checked on the
Bioanalyzer (Agilent Technologies). Adapter-ligated libraries were pre-
pared according to the manufacturer’s protocol using the Paired-End
Genomic DNA Sample Prep Kit PE-102-1001 (Illumina); 5 cycles of
amplification were used. Five hundred nanograms of prepped library was
taken for hybridization with the SureSelect Human All Exon Kit (G3362A;

Agilent Technologies). A 5.5pM sample concentration was loaded for
sequencing on the Hiseq2000 (Illumina) using 101-bp paired-end reads.

Sequencing reads were processed with CASAVA Pipeline (Version 1.7;
Illumina). For alignment, the Hg18/NCBI36 assembly (March 2006) was
used. Detection of single nucleotide variants, deletions, and insertions was
performed with otherwise default settings while snpCovCutoff and indels-
CovCutoff were switched off. Variations detected in the AML sample in
2 independent sequence runs were further analyzed after removal of
germline variations (present in the fibroblasts) and single nucleotide
polymorphisms!” and then nonsynonymous variants were determined. The
Integrative Genome Browser was used for sequence read visualization.'$

Sanger sequencing. WES results were validated by Sanger sequenc-
ing, which was performed according to the manufacturer’s protocol
(Applied Biosystems) using the primers indicated in supplemental Table 1
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article). Before amplicon generation, genomic DNA or
cDNA was first amplified using a Whole Genome Amplification kit
(WGAZ2; Sigma-Aldrich). DNA was purified with a PCR purification kit
(QIAGEN) according to the manufacturer’s protocol and diluted to
50 ng/pL. One hundred nanograms of amplified DNA was used for
amplicon generation. The cycling conditions were: 30 seconds at 95°C,
30 seconds at the indicated annealing temperature (supplemental Table 1),
and 45 seconds at 72°C for 35 cycles. In some cases, the unamplified
material was used directly for Sanger sequencing (supplemental Table 1).

Amplicon-based deep sequencing. Amplicons were generated and
purified according to the Amplicon Library Preparation Method Manual
(May 2010 Version; Roche). Primers and annealing temperatures are
indicated in supplemental Table 2; 35 cycles were used for amplification.
DNA-enriched beads carrying the amplification products were generated
according to the emPCR Amplification Method Manual Lib-A (May 2010
Version; Roche); a beads-to-amplicon ratio of 1:2 was used. Amplicons
were analyzed with GS Junior (Roche). Sequence reads were analyzed
using the GS Amplicon Variant Analyzer (Roche). For the SCN samples,
coverage of at least 1600 was achieved to identify mutations present in
minor clones within the BM. For the AML sample, coverage of 80 was
considered sufficient to validate mutations.

Human myeloid colony assay

BM was thawed at 37°C, washed twice with IMDM (GIBCO Invitrogen)
with 10% FCS (PAA Laboratories). For every 4 mL of culture medium,
2.9 mL of MethoCult (H4230; StemCell Technologies), 980 L of IMDM,
and human GM-CSF (Immunex), human G-CSF (Neupogen; Amgen), and
human IL-3 (R&D Systems) in final concentrations of, respectively,
2 ng/mL, 200 ng/mL, and 25 ng/mL were used. Cells were plated at a
density of 0.8 X 10%/mL. After 2 weeks, genomic DNA of single colonies
was isolated, followed by amplification using the Whole Genome Amplifi-
cation kit and Sanger sequencing of CSF3R-d715, LLGL2, and ZC3H]18, as
described in “Sanger sequencing.” Results were validated in an independent
round of whole genome amplification for: (1) colonies harboring a
mutation, (2) colonies with unclear sequences, and (3) several randomly
chosen nonmutated colonies to rule out amplification artifacts. All colonies
harboring mutations in CSF3R, LLGL2, or ZC3H18 were also analyzed for
the presence of the remaining 9 mutations found in the AML sample.

Murine colony assays

Four different CSF3R expression constructs (WT, d715, T595I, and
d715-T5951) were generated and retrovirally transduced into BM cells of
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Table 1. Somatic nonsynonymous mutations in SCN/AML
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RefSeq reference Genomic DNA change

Gene symbol transcript (NCBI36/hg18) cDNA change Mutation type Amino acid change Protein change
ASXL1 NM_015338.5 g.chr20:30485948dupA c.1772dupA Indel frameshift Frameshift and p.Y591*
premature stop
CCDC155 NM_144688.4 g.chr19:54601976C — T c.820C —»T Missense Arg — Trp p.R274W
CSF3R-T595/ NM_000760.3 g.chr1:36706021G — A c.1853C - T Missense Thr — lle p.T5951t
CSF3R-d715 NM_000760.3 g.chr1:36704841G — A c.2215C > T Nonsense Gln —* p.Q716*t
EP300 NM_001429.3 g.chr22:39902447_ ¢.5030_ Indel frameshift Frameshift and p.V1677Dfs*30
39902453delTGGAGAC 5036delTGGAGAC premature stop
FBXO18 NM_032807.3 g.chr10:6003435C — G c.2372C - G Missense Ala — Gly p.A791G
LAMBT1 NM_002291.2 g.chr7:107387385delG c.2445delC Indel frameshift Frameshift and p.P815Pfs*65
premature stop
LLGL2 NM_004524.2 g.chr17:71070826G — C c.665G — C Missense Arg — Pro p.R222P
MGA NM_001164273.1 g.chr15:39787311C — T c.2282C —>T Missense Pro — Leu p.P761L
RUNX1 NM_001754.4 g.chr21:35153662C — T c.592G — A Missense Asp — Asn p.D198N
suziz2 NM_015355.2 g.chr17:27346889_ €.1789_1791dupATT Indel Insertion lle p.597dupl
27346891dupATT
ZC3H18 NM_144604.3 g.chr16:87192175delC ¢.777delC Indel frameshift Frameshift and p.P259Pfs*15

premature stop

All 12 somatic nonsynonymous mutations identified in the AML phase are listed. For each mutation, Refseq reference transcripts, the position of the mutation on genomic
DNA, the cDNA and protein level, the mutation type, and the effect on the protein are indicated. See also supplemental Figures 1-3.

tAmino acid numbers based on earlier publications.48

Csf3r-deficient FVB/N mice.'® Colony assays of these transduced progeni-
tors were performed as described previously.2?

Further details of these procedures are provided in supplemental
Methods.

Results
WES reveals acquired mutations in SCN/AML

WES was performed on genomic DNA from the CD34" leukemic
blast fraction and the fibroblast control sample. Acquired nonsyn-
onymous mutations were detected by identification of single
nucleotide variants and small insertions and deletions, followed by
subtraction of variants present in the control fibroblasts and known
single nucleotide polymorphisms.!” Twelve nonsynonymous ac-
quired mutations were identified and validated by Sanger sequenc-
ing (supplemental Figure 1 and Table 1). Except for the mutation in
FBXO018, all mutations occurred in evolutionary conserved amino
acids (supplemental Figure 2). With the exception of LAMBI, all
mutant transcripts were detectably expressed in the leukemic blasts
(supplemental Figure 3). Mutations in ASXL/ and RUNXI are
known in myeloid malignancies.?!??> Deletions in EP300, distinct
from the 7-bp deletion found in this patient, have been reported in
lymphomas.?*?* The ATT insertion in SUZI2 duplicates an isoleu-
cine at amino acid position 597 located in the conserved VEFS-
box. Mutations in this region, which is involved in the interaction
between SUZ12 and the histone methyltransferase EZH2 in the
polycomb repressor complex 2 (PRC2), have also been identified
recently in myelodysplastic syndrome/myeloproliferative neo-
plasm (MDS/MPN) with 17q abnormalities.”> As expected, the
previously identified CSF3RS mutation (CSF3R-d715) was present
in the leukemic blasts but, remarkably a new CSF3R mutation,
T5951, was now also present. Furthermore, the CSF3R-T5951
mutation was located on the same allele as the 8 mutation, as
determined by Sanger sequencing of single amplicons generated
from cDNA. Using exome sequencing data from 199 AML cases
reported by The Cancer Genome Atlas (TCGA), a similar single
CSF3R-T595I mutation was detected. In addition, mutations in
ASXLI (n = 5), CCDC155 (n = 1), LLGL2 (n = 1), MGA (n = 1),

RUNXI (n = 17),SUZI2 (n = 2),and ZC3H18 (n = 2) were found
in the TCGA dataset (supplemental Table 3; R.G.V. and The Cancer
Genome Atlas disease working group, unpublished data, January
2012.

Amplicon-based sequencing reveals an early preleukemic
clone that expands over time

Amplicon-based deep sequencing was applied to analyze the
presence of all 12 somatic mutations in the BM samples obtained at
15 and 9 years before AML was diagnosed (Figure 1). Not only the
known CSF3R-d715 mutation, but also mutations in LLGL2 and
ZC3HI8 were already present in these earlier disease phases
(Figure 2A and supplemental Table 4). We investigated the clonal
hierarchy of these mutations in single myeloid colonies cultured
from the earliest BM sample (15 years before AML diagnosis). In
the individual colonies (n = 88), the mutation status of CSF3R-
d715, LLGL2, and ZC3HI8 was determined. Fifteen colonies
(17%) harbored both the CSF3R-d715 and the LLGL2 mutation,
whereas none of the colonies exhibited exclusively either the
LLGL2 or the CSF3R-d715 mutation (Figure 2B and supplemental
Table 5). Two of the CSF3R-d715—- and LLGL2-mutated colonies
also carried the ZC3H18 mutation (Figure 2B and supplemental
Table 5), indicating that this mutation had emerged later in time.
None of the other 9 mutations found in the AML cells was apparent
in these colonies (supplemental Table 5).

A previous study found that multiple CSF3R3 mutations can be
present in distinct progenitors in the BM of an individual SCN
patient.” In agreement with this finding, in the present study, we
found myeloid colonies with CSF3R-d717 (n = 2) and CSF3R-
d725 (n = 1; Figure 2B and supplemental Table 5). Each of these
mutations and an additional & mutation (CSF3R-d730) were
detected in the SCN phase at low frequencies by amplicon-based
deep sequencing (Figure 2C and supplemental Table 6). None of
these variant CSF3R mutant clones harbored LLGL2 or ZC3HI8
mutations, nor were they seen as dominant clones in AML (Figure
2 and supplemental Tables 5 and 6). No viably frozen cells were
available from the BM sample obtained 9 years before AML
development, and colony analysis could not be performed at this
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Figure 2. Acquisition of mutations in the evolution of SCN to AML. (A) The 12 somatic nonsynonymous mutations identified in the leukemic blasts were analyzed in the
SCN phase using amplicon-based deep sequencing. The percentage of mutated amplicons per mutation is shown. Based on their frequencies in the AML population, all
mutations are considered to be heterozygous, implying that the number of cells carrying the mutations is estimated to be twice the number of mutated amplicons. (B) Single
myeloid colonies grown from the BM sample obtained 15 years before leukemia development were analyzed for the presence of mutations in CSF3R, LLGL2, and ZC3H18
(see supplemental Table 5 for more information). (C) The presence of different CSF3R mutations in the BM obtained 15 and 9 years before leukemia development and in the
leukemic phase was investigated by amplicon-based deep sequencing. The percentage of mutated amplicons per mutation is shown. 7595/ indicates the CSF3R mutation

T5951; d715-d730, CSF3Rd mutations at amino acid positions 715-730.

stage. However, by amplicon-based deep sequencing, we observed
a parallel increase of the CSF3R-d715, LLGL2, and ZC3HIS8
mutations from 15 to 9 years before AML development (Figure
2A). Together with the finding that these mutations are present in
the same myeloid progenitor cells (Figure 2B), this observation is
consistent with a selective outgrowth of clones carrying these
3 mutations.

Sequential gain of a second CSF3R mutation results in G-CSF
independence

A new CSF3R mutation, which was acquired at the CSF3R-d715
mutant allele, was found exclusively in the AML blasts and
changed a polar threonine residue at amino acid position 595 into a
nonpolar isoleucine. This residue is located in a highly conserved
threonine-rich region in the extracellular domain of the G-CSF
receptor (supplemental Figure 2). Introduction of human CSF3R
mutant receptors carrying this new 7595/ mutation (Figure 3A)
into Csf3r-deficient primary mouse BM progenitors resulted in the
autonomous outgrowth of myeloid colony-forming cells (Figure
3 and supplemental Table 7). Thus, in the AML phase of disease
evolution, 2 different coexisting mutations, the 7595/ single amino
acid substitution and the CSF3R-d715 mutation, had accumulated

in the gene encoding the G-CSF receptor. Because expression of
the new CSF3R mutant without the 8 mutation conferred G-CSF
independence, as did the mutant receptor carrying both the & and
the extracellular mutation, this gain of function can be attributed
entirely to the 75951 mutation. However, the 75951/d715 colonies
were bigger than the 75951 colonies (supplemental Figure 4),
which is suggestive of a higher proliferation capacity by the
addition of the CSF3R-d715 mutant.

Discussion

The results of the present study identified nonsynonymous muta-
tions acquired in an SCN patient who progressed to AML. The
availability of sequential hematopoietic samples from the child-
hood SCN phase to overt AML, spanning a period of 17 years,
provided the unique opportunity to identify the early and late
genetic defects associated with leukemic progression (Figure 4).
The CSF3R-d715 mutation and a mutation in LLGL2, which
encodes the human homolog of the Drosophila lethal giant larvae
(Lgl) gene, were the first 2 acquired mutations in the early SCN
phase. Loss of Lg/ in Drosophila leads to inadequate distribution of
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Figure 3. Functional analysis of CSF3R mutants in myeloid progenitor cell
assays. In vitro colony growth of Csf3r-deficient murine hematopoietic progenitor
cells expressing different CSF3R mutants. (A) Graphical representation of the
different CSF3R constructs. Wild-type (wt), 7595/ (containing the extracellular
mutation at amino acid position 595), d715 (containing the intracellular mutation
Q716X, causing the introduction of a stop codon at amino acid position 716), and
T5951/d715, containing both mutations as found in the SCN/AML patient. Ig indicates
the Ig-like domain; CRH, cytokine receptor homology domain; FNIII, fibronectin type
Il repeats; TM, transmembrane domain; and cyto, cytoplasmic domain. Nomencla-
ture has been adopted from Layton et al.*2 (B) Colonies were grown in the presence
of puromycin without growth factor (no GF) or with 100 ng/mL of human G-CSF. The
induced colony growth is dependent on the transduction efficiency and the type of
CSF3R construct. The transduction efficiency can be deduced from the number of
GM-CSF-induced colonies under puromycin selection, because the CSF3R con-
structs confer puromycin resistance, but do not affect GM-CSF—induced colony
growth. Therefore, by dividing the number of colonies by the number of GM-CSF—
induced colonies, the transduction efficiency was corrected for.

the cell polarity protein Numb, resulting in inappropriate cell-fate
determinations and tumor formation in epithelial tissues and the
brain.?®?% In humans, the NUMB protein has been implicated in
controlling the balance between symmetric and asymmetric hema-
topoietic stem-cell divisions. Interestingly, deregulation of NUMB
expression has been associated with blast transformation of chronic
myeloid leukemia.?®3° How the LLGL2 mutation found in the
present study affects hematopoietic stem-cell divisions is still
unknown; however, the fact that CSF3R-d715 and LLGL2 muta-
tions were uniformly present in the same myeloid cell could
suggest that they cooperate. Hierarchically, the next genetic
abnormality occurring in the early SCN phase in the CSF3R-d715—
and LLGL2-mutated clone was a mutation in ZC3H18. ZC3H18 is
a putative mRNA-binding protein that has an as-yet-unknown
function, but has been shown to be essential for differentiation in
trypanosomes.’!

In addition, we found small subpopulations harboring distinct
CSF3Rd mutations in the BM at the early SCN stage. All these
clones disappeared during the disease course except the CSF3R-
d715 clone, which evolved toward AML. The different CSF3Rd
mutations cause expression of distinct truncated G-CSF receptors
that all have similar consequences for signaling, resulting in a
sustained activation of STAT5.8 STATS is a transcription factor

SEQUENTIAL GAIN OF MUTATIONS IN LEUKEMOGENESIS 5075

implicated in abnormal signaling responses of leukemic cells with
mutated forms of the FLT3 receptor (FLT3-ITD) in AML and the
BCR-ABL fusion protein in CML.3>3 Furthermore, why one of
these CSF3Rd mutant clones survived in vivo and progressed
toward a fully transformed AML clone whereas the other CSF3R%
variants were extinguished during disease development remains
unexplained. However, it is conceivable that the additional muta-
tions in LLGL2 and ZC3H18, which were exclusively present in the
CSF3R-d715 clone, conferred a competitive growth advantage of
this particular subclone representative of essential early steps in
leukemic progression that cooperate with the aberrant signaling
from the truncated G-CSF receptor.

In addition to early genetic events, we found 9 mutations that
occurred later in the process of leukemic transformation. Of
particular interest is the novel CSF3R mutation (7595]), which
appeared exclusively in the AML stage and imposed growth factor
independence on an already functionally defective G-CSF receptor.
A different mutation in the CSF3R transmembrane domain, CSF3R-
T617N, which had a similar downstream effect, was found
previously to be a constitutive mutation in a family with hereditary
chronic neutrophilia and an acquired mutation in 2 AML patients.
This mutation is suggested to cause ligand-independent ho-
modimerization and to induce growth factor—independent prolifera-
tion and differentiation.?*3> The major difference between the
T617N and the 75951 mutation in our patient is that the latter was
located on the already affected CSF3R-d715 allele, which has been
shown to cause increased proliferation and impaired differentiation
in cell-line and animal models®3%37 and which could explain the
increase in colony size between the T5951 and the 75951/d715
mutants. The acquisition of autonomous growth abilities by
myeloid progenitor cells that already express a hyperresponsive
G-CSF receptor mutant strongly suggests that perturbed G-CSF
signaling was of vital importance for malignant transformation in
this case of SCN. To our knowledge, this is the first example of a
gain of 2 different mutations in the same receptor in the process of
malignant transformation. An important but still open question is
whether the administration of G-CSF to this patient contributed to the
acquisition of this additional mutation. It is possible that the continuous
proliferative pressure imposed by G-CSF on clones carrying mutations
in CSF3R-d715 and LLGL2, and later also in ZC3H18, may have
provided the context for the selection of a clone harboring this
self-activating CSF3R mutation, pushing it to become an autono-
mously proliferating and dominant leukemic clone.

Abnormalities appearing in the AML phase included mutations
in ASXLI, SUZI2, and EP300, all genes encoding proteins
involved in chromatin modification. Mutations in ASXL/ have been
reported previously in AML and are associated with an unfavorable
prognosis.®® SUZ12 is a member of the PRC2 complex that also
contains EZH2, the histone methyl transferase responsible for the
di- and trimethylation of lysine 27 in the tail of histone 3 (H3K27),
imposing a chromatin mark that represses gene expression. Muta-
tions affecting EZH2 and, less frequently SUZI2 have been
detected in MDS/MPN patients.?>340 In contrast, mutations in
EP300 and the highly related CREBBP, encoding histone acetyl
transferases that act as transcriptional coactivators, have not yet
been reported in myeloid malignancies, but are the most frequent
structural abnormalities in follicular lymphoma and diffuse large
B-cell lymphoma.??* Mutations in CCDC155, encoding coiled-
coil domain—containing protein 155 with unknown function;
FBXO18, encoding a DNA helicase involved in DNA repair and
genomic integrity; LAMBI, encoding an extracellular matrix
protein; and MGA, encoding a Max gene associated antagonist of
Myc oncoproteins, all represent novel mutations with currently
unknown functional significance.
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Figure 4. Schematic representation of the clonal evolution of SCN to AML. The sequential genetic events, starting with the presence of a germline mutation in ELANE are
indicated. A sequential gain of CSF3R5 mutations and an LLGL2 mutation is observed in the early SCN phase. Only the clone harboring the CSF3R-d715 and the LLGL2
mutation gained an additional mutation in ZC3H18, followed by its expansion in the intermediate SCN phase. Gain of 9 additional mutations and trisomy 21 in the mutated
population preceded complete transformation to AML. CSF3R-d715-d730 indicates CSF3R5 mutations at amino acid positions 715-730.

Recurrence is an important criterion used to discriminate driver
from passenger mutations in the process of malignant transforma-
tion. Interestingly, mutations in CCDCI155, LLGL2, MGA, and
ZC3H18 were also reported recently by the TCGA consortium in a
panel of AML patients (n = 199), albeit at low frequencies.
Because frequencies of specific mutations have been shown to vary
with the natural history of AML, for example, de novo versus
secondary to MDS/MPN or different BM failure syndromes,'##! it
will be of interest to establish how often the newly identified genes
are affected in distinct subtypes of secondary AML. Specifically, it
will be important to determine whether LLGL2, ZC3HIS8, or
functionally related genes are more generally affected in BM
failure syndromes prone to progression to AML and to establish
how these mutations contribute to malignant transformation in
conjunction with cooperative gene defects.

Acknowledgments

This research was supported by the Center of Translational
Molecular Medicine, the Dutch Cancer Society KWF kankerbestri-
jding, and the E-Rare project ELA2-CN.

References

Authorship

Contribution: R.B. designed and performed the research, collected,
analyzed, and interpreted the data, and wrote the manuscript;
M.G.V. performed the research and collected the data; M.A.S.
contributed analytical tools and analyzed and interpreted the data;
PM.H.v.S. performed the research and collected the data; J.R.H.
performed the research; L.B. and W.M.G.-K. collected the samples;
A.J.P.V. contributed samples and patient information; P.J.M.V.
collected samples and analyzed and interpreted the data; R.G.V.
analyzed and provided the TCGA consortium sequencing data;
B.L. analyzed and interpreted the data and wrote the manuscript;
and LP.T. supervised the project, collected the samples, designed
the research, analyzed and interpreted the data, and wrote the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Ivo P. Touw, PhD, Department of Hematology,
Erasmus University Medical Center, Dr Molewaterplein 50, 3015 GE
Rotterdam, The Netherlands; e-mail: i.touw @erasmusmc.nl.

1. Dale DC, Bonilla MA, Davis MW, et al. Arandom-

in patients with acute myeloid leukemia preceded

Results of a long-term survey. Blood. 2007;

N

1<

»

ized controlled phase Il trial of recombinant hu-
man granulocyte colony-stimulating factor (fil-
grastim) for treatment of severe chronic
neutropenia. Blood. 1993;81(10):2496-2502.

. Rosenberg PS, Zeidler C, Bolyard AA, et al.
Stable long-term risk of leukaemia in patients with
severe congenital neutropenia maintained on G-
CSF therapy. Br J Haematol. 2010;150(2):196-
199.

Dale DC, Link DC. The many causes of severe
congenital neutropenia. N Engl J Med. 2009;
360(1):3-5.

Dong F, Brynes RK, Tidow N, Welte K,
Lowenberg B, Touw IP. Mutations in the gene for
the granulocyte colony-stimulating-factor receptor

by severe congenital neutropenia. N Engl J Med.
1995;333(8):487-493.

. Dong F, Dale DC, Bonilla MA, et al. Mutations in

the granulocyte colony-stimulating factor receptor
gene in patients with severe congenital neutrope-
nia. Leukemia. 1997;11(1):120-125.

. Dong F, Hoefsloot LH, Schelen AM, et al. Identifi-

cation of a nonsense mutation in the granulocyte-
colony-stimulating factor receptor in severe con-
genital neutropenia. Proc Nat/ Acad Sci U S A.
1994;91(10):4480-4484.

. Germeshausen M, Ballmaier M, Welte K. Inci-

dence of CSF3R mutations in severe congenital
neutropenia and relevance for leukemogenesis:

©

©

109(1):93-99.

. Hermans MH, Antonissen C, Ward AC, Mayen AE,

Ploemacher RE, Touw IP. Sustained receptor ac-
tivation and hyperproliferation in response to

granulocyte colony-stimulating factor (G-CSF) in
mice with a severe congenital neutropenia/acute
myeloid leukemia-derived mutation in the G-CSF
receptor gene. J Exp Med. 1999;189(4):683-692.

. Touw IP, van de Geijn GJ. Granulocyte colony-

stimulating factor and its receptor in normal my-
eloid cell development, leukemia and related
blood cell disorders. Front Biosci. 2007;12:800-815.

. Dong F, van Buitenen C, Pouwels K, Hoefsloot LH,

Lowenberg B, Touw IP. Distinct cytoplasmic regions
of the human granulocyte colony-stimulating factor

¥20g aunr g0 uo 3senb Aq jpd'1 205002 1 2208UZ/S80Z6Y /1 L0S/2Z/6 L/pd-ajoie/poojqAausuoledligndyse//:djy woly papeojumoq



BLOOD, 31 MAY 2012 - VOLUME 119, NUMBER 22

1.

12.

18.

14.

15.

16.

17.

18.

19.

20.

21.

receptor involved in induction of proliferation and
maturation. Mol Cell Biol. 1993;13(12):7774-7781.

Fukunaga R, Ishizaka-lkeda E, Nagata S. Growth
and differentiation signals mediated by different
regions in the cytoplasmic domain of granulocyte
colony-stimulating factor receptor. Cell. 1993;
74(6):1079-1087.

Germeshausen M, Skokowa J, Ballmaier M,
Zeidler C, Welte K. G-CSF receptor mutations in
patients with congenital neutropenia. Curr Opin
Hematol. 2008;15(4):332-337.

Freedman MH, Bonilla MA, Fier C, et al. Myelo-
dysplasia syndrome and acute myeloid leukemia
in patients with congenital neutropenia receiving
G-CSF therapy. Blood. 2000;96(2):429-436.

Link DC, Kunter G, Kasai Y, et al. Distinct pat-
terns of mutations occurring in de novo AML ver-
sus AML arising in the setting of severe congeni-
tal neutropenia. Blood. 2007;110(5):1648-1655.

HOVON. Clinical picture: AML (Acute Myeloide
Leukemia). Trial: HOVON 42 A AML/SAKK. Avail-
able from: http://www.hovon.nl/studies/studies-
perziektebeeld/aml.html?action=showstudie&studie_
id=2&categorie_id=4. Accessed February 2012.

Valk PJ, Verhaak RG, Beijen MA, et al. Prognosti-
cally useful gene-expression profiles in acute my-
eloid leukemia. N Engl J Med. 2004;350(16):
1617-1628.

Sherry ST, Ward MH, Kholodov M, et al. dbSNP:
the NCBI database of genetic variation. Nucleic
Acids Res. 2001;29(1):308-311.

Robinson JT, Thorvaldsdottir H, Winckler W, et al.
Integrative genomics viewer. Nat Biotechnol.
2011;29(1):24-26.

Hermans MH, van de Geijn GJ, Antonissen C,

et al. Signaling mechanisms coupled to tyrosines
in the granulocyte colony-stimulating factor re-
ceptor orchestrate G-CSF-induced expansion of
myeloid progenitor cells. Blood. 2003;101(7):
2584-2590.

Palande K, Roovers O, Gits J, et al. Peroxiredoxin-
controlled G-CSF signalling at the endoplasmic re-
ticulum-early endosome interface. J Cell Sci. 2011;
124(Pt 21):3695-3705.

Carbuccia N, Trouplin V, Gelsi-Boyer V, et al. Mu-
tual exclusion of ASXL1 and NPM1 mutations in a

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

SEQUENTIAL GAIN OF MUTATIONS IN LEUKEMOGENESIS

series of acute myeloid leukemias. Leukemia.
2010;24(2):469-473.

Taketani T, Taki T, Takita J, et al. AML1/RUNX1
mutations are infrequent, but related to AML-MO,
acquired trisomy 21, and leukemic transformation
in pediatric hematologic malignancies. Genes
Chromosomes Cancer. 2003;38(1):1-7.

Morin RD, Mendez-Lago M, Mungall AJ, et al.
Frequent mutation of histone-modifying genes in
nonHodgkin lymphoma. Nature. 2011;476(7360):
298-303.

Pasqualucci L, Dominguez-Sola D, Chiarenza A,
et al. Inactivating mutations of acetyltransferase
genes in B-cell ymphoma. Nature. 2011;
471(7337):189-195.

Score J, Hidalgo-Curtis C, Jones AV, et al. Inacti-
vation of polycomb repressive complex 2 compo-
nents in myeloproliferative and myelodysplastic/
myeloproliferative neoplasms. Blood. 2012;
119(5):1208-1213.

Ohshiro T, Yagami T, Zhang C, Matsuzaki F. Role
of cortical tumour-suppressor proteins in asym-
metric division of Drosophila neuroblast. Nature.
2000;408(6812):593-596.

Gateff E. Malignant neoplasms of genetic origin
in Drosophila melanogaster. Science. 1978;
200(4349):1448-1459.

Peng CY, Manning L, Albertson R, Doe CQ. The
tumour-suppressor genes Igl and dig regulate
basal protein targeting in Drosophila neuroblasts.
Nature. 2000;408(6812):596-600.

Ito T, Kwon HY, Zimdahl B, et al. Regulation of
myeloid leukaemia by the cell-fate determinant
Musashi. Nature. 2010;466(7307):765-768.

Kharas MG, Lengner CJ, Al-Shahrour F, et al.
Musashi-2 regulates normal hematopoiesis and
promotes aggressive myeloid leukemia. Nat Med.
2010;16(8):903-908.

Benz C, Mulindwa J, Ouna B, Clayton C. The
Trypanosoma brucei zinc finger protein ZC3H18
is involved in differentiation. Mol Biochem Parasi-
tol. 2011;177(2):148-151.

Mizuki M, Fenski R, Halfter H, et al. FIt3 muta-
tions from patients with acute myeloid leukemia
induce transformation of 32D cells mediated by
the Ras and STAT5 pathways. Blood. 2000;
96(12):3907-3914.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

5077

Shuai K, Halpern J, ten Hoeve J, Rao X,
Sawyers CL. Constitutive activation of STAT5 by
the BCR-ABL oncogene in chronic myelogenous
leukemia. Oncogene. 1996;13(2):247-254.

Forbes LV, Gale RE, Pizzey A, Pouwels K,
Nathwani A, Linch DC. An activating mutation in
the transmembrane domain of the granulocyte
colony-stimulating factor receptor in patients with
acute myeloid leukemia. Oncogene. 2002;21(39):
5981-5989.

Plo 1, Zhang Y, Le Couedic JP, et al. An activating
mutation in the CSF3R gene induces a hereditary
chronic neutrophilia. J Exp Med. 2009;206(8):
1701-1707.

McLemore ML, Poursine-Laurent J, Link DC. In-
creased granulocyte colony-stimulating factor
responsiveness but normal resting granulopoiesis
in mice carrying a targeted granulocyte colony-
stimulating factor receptor mutation derived from
a patient with severe congenital neutropenia.

J Clin Invest. 1998;102(3):483-492.

Ward AC, Smith L, de Koning JP, van Aesch Y,
Touw IP. Multiple signals mediate proliferation,
differentiation, and survival from the granulo-
cyte colony-stimulating factor receptor in my-
eloid 32D cells. J Biol Chem. 1999;274(21):
14956-14962.

Pratcorona M, Abbas S, Sanders MA, et al. Ac-
quired mutations in ASXL1 in acute myeloid leu-
kemia: prevalence and prognostic value. Haema-
tologica. 2012;97(3):388-392.

Ernst T, Chase AJ, Score J, et al. Inactivating mu-
tations of the histone methyltransferase gene
EZH2 in myeloid disorders. Nat Genet. 2010;
42(8):722-726.

Nikoloski G, Langemeijer SM, Kuiper RP, et al.
Somatic mutations of the histone methyltrans-
ferase gene EZH2 in myelodysplastic syndromes.
Nat Genet. 2010;42(8):665-667.

Yoshida K, Sanada M, Shiraishi Y, et al. Frequent
pathway mutations of splicing machinery in my-
elodysplasia. Nature. 2011;478(7367):64-69.
Layton JE, Hall NE, Connell F, Venhorst J,
Treutlein HR. Identification of ligand-binding site
11l on the immunoglobulin-like domain of the
granulocyte colony-stimulating factor receptor.

J Biol Chem. 2001;276(39):36779-36787.

¥20g aunr g0 uo 3senb Aq jpd'1 205002 1 2208UZ/S80Z6Y /1 L0S/2Z/6 L/pd-ajoie/poojqAausuoledligndyse//:djy woly papeojumoq



