proportions ranging from 0% to 38% have also been
reported, depending on the criteria for the excessive
Lyonization definition, the type of XCIP, and even the tis-
sue type. However, given that CIN patients and healthy
controls are age-matched, the differences in clonality
assessment obtained should be taken into account as
they cannot be attributed to the influence of age-related
skewing. Furthermore, no significant difference was
found in age distribution between subjects (patients or
controls) with clonal and those with non-clonal XCIP,
suggesting that our results are unlikely to be biased by
age.

The pathophysiological significance of the clonal pop-
ulations identified in CIN patients is obscure. They might
indicate a contraction of the stem cell pool resulting in
support of hematopoiesis by one or a few stem cells, as
previously described in aplastic anemia and hypoplastic
myelodysplastic syndromes (MDS).* Alternatively, they
might imply an early event in a transformation process
and although malignant evolution has been rarely report-
ed in CIN, a thorough long-term follow up of patients
with clonal populations is needed.” The clonal XCIP in
our patients should not be interpreted as indicative for
MDS diagnosis because the majority of these patients
had a long history of stable disease. Overall, we have pro-
vided evidence for possible clonal hematopoiesis in CIN.
However, clonality data cannot be currently used as a
diagnostic criterion for the disease and further studies
with newer technologies, such as comparative genomic
hybridization and single nucleotide polymorphism array-
based karyotyping, are required to confirm clonal pat-
terns of hematopoiesis in these patients.

Semeli Mastrodemou," Vasilios Vazgiourakis,* Matia
Velegraki," Konstantia Pavlaki," George N. Goulielmos,* and
Helen A. Papadalki'

'Department of Hematology, University of Crete School of
Medicine, Heraklion; and *Laboratory of Molecular Medicine and
Human Genetics, University of Crete School of Medicine,
Heraklion, Greece

Correspondence: Helen A. Papadaki, Department of Hematology,
University Hospital of Heraklion, P.O. Box 1352, Heraklion,
Crete, Greece. Phone: international +30.2810394629.

Fax: international +30.2810394632.

E-mail: epapadak@med.uoc.gr

Key words: chronic idzfymthic neutropenia, clonal hematopoiesis,
peripheral blood, female.

Funding: this work was partially supported by the grant 09SYN-
13-880 of the Greek Ministry of National Education and Religious
Affairs to HAP and a grant from the Hellenic Hematology
Association to SIV.

The online version of this article has a Supplementary Appendix.

Citation: Mastrodemou S, Vazgiourakis V, Velegraki M, Paviaki
K, Goulielmos GN, and Pawjgki HA. Clonal patterns of X-chro-
mosome inactivation in peripheral blood cells of female patients
with chronic idiopathic neutropenia. Haematologica
2012;97(12):1931-1933. doi:10.3324/haematol.2012.069310

The information provided by the authors about contributions from
persons listed as authors and in acknowledgments is available with
the full text of this paper at www.haematologica.org.

Financial and other disclosures provided by the authors using the
ICMJE (www.icmje.org) Uniform  Format for Disclosure of

Competing Interests are also available at vwww.haematologica.org.

References

1. Papadaki HA, Eliopoulos AG, Kosteas T, Gemetzi C, Damianaki A,
Koutala H, et al. Impaired granulocytopoiesis in patients with

chronic idiopathic neutropenia is associated with increased apopto-
sis of bone marrow myeloid progenitor cells. Blood. 2003;101
(7):2591-600.

2. Palmblad ], Papadaki HA. Chronic idiopathic neutropenias and
severe congenital neutropenia. Curr Opin Hematol. 2008;15(1):8-14.

3. Anan K, Ito M, Misawa M, Ohe Y, Kai S, Kohsaki M, et al. Clonal
analysis of peripheral blood and haemopoietic colonies in patients
with aplastic anaemia and refractory anaemia using the polymor
phic short tandem repeat on the human androgen-receptor
(HUMARA) gene. Br ] Haematol. 1995;89(4):838-44.

4. Tiu R, Gondek L, O'Keefe C, Maciejewski JP. Clonality of the stem
cell compartment during evolution of myelodysplastic syndromes
and other bone marrow failure syndromes. Leukemia. 2007;21(8):
1648-57.

5. Lyon ME Gene action in the X-chromosome of the mouse (Mus
musculus L.). Nature. 1961;190:372-3.

6. Beutler E, Yeh M, Fairbanks VE The normal human female as a
mosaic of X-chromosome activity: studies using the gene for C-6-
PD-deficiency as a marker. Proc Natl Acad Sci USA. 1962;48:9-16.

7. Guidetti F, Grazioli S, Capelli E Marini C, Gallicchio M, De Micheli
D, et al. Primitive hematopoietic stem cells shows a polyclonal pat-
tern in myelodysplastic syndromes. Haematologica. 2004;89(1):21-
8.

8. Cermak J, Belickova M, Krejcova H, Michalova K, Zilovcova S,
Zemanova Z, et al. The presence of clonal cell subpopulations in
peripheral blood and bone marrow of patients with refractory
cytopenia with multilineage dysplasia but not in patients with
refractory anemia may reflect a multistep pathogenesis of
myelodysplasia. Leuk Res. 2005;29(4):371-9.

9. van Kamph H, Landegent JE, Jansen RP, Willemze R, Fibbe WE.
Clonal hematopoiesis in patients with acquired aplastic anemia.
Blood. 1991;78(12):3209-14.

10. Mortazavi Y, Chopra R, Gordon-Smith EC, Rutherford TR. Clonal
patterns of X-chromosome inactivation in female patients with
aplastic anaemia studies using a novel reverse transcription poly-
merase chain reaction method. Eur ] Haematol. 2000;64(6):385-95.

11. Chen GL, Prchal JT. X-linked clonality testing: interpretation and
limitations. Blood. 2007;110(5):1411-9.

12. Papadaki HA, Pontikoglou C. Pathophysiologic mechanisms, clini-
cal features and treatment of idiopathic neutropenia. Expert Rev
Hematol. 2008;1(2):217-29.

ETV6 deletion is a common additional abnormality
in patients with myelodysplastic syndromes or
acute myeloid leukemia and monosomy 7

Chromosome 7 abnormalities are common in
myelodysplastic syndromes (MDS) and acute myeloid
leukemia (AML). Often, there is partial loss of 7q as the
result of deletion (del(7q)) or loss of one entire copy of
chromosome 7 (monosomy 7 or -7). Del(7q) and -7 may
occur in isolation, in simple or in complex karyotypes.' It
is assumed that the pathogenicity of -7/del(7q) is due to
loss of tumor suppressor gene(s). However, the molecular
mechanisms underpinning the clinical behavior of
patients with 7/del(7q) MDS/AML are not well under
stood.

Deregulation of the ETV6 gene through translocation,
deletion or somatic mutation is also recurrent in myeloid
malignancies. By metaphase cytogenetics (MC), approxi-
mately 1% of patients with AML and 0.6% of patients
with MDS have deletion of part of 12p.** Mapping stud-
ies place ETV6 within the smallest commonly deleted
region.’

It has been reported that 5% of patients with -7/del(7q)
have del(12p) by MC.! Using a single nucleotide polymor
phism array (SNP-A), we identified a cryptic ETV6 dele-
tion in a patient with -7. The poor chromosome morphol
ogy typically encountered in patients with -7 means that
it may be difficult to identify subtle 12p abnormalities in
metaphases. We, therefore, reasoned that the frequency
of ETVé deletion in patients with -7 may be higher than
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is currently appreciated. In order to test this hypothesis,

we performed fluorescence in situ hybridization (FISH)

using an allele-specific ETV6 probe in patients with -7.
We used the Victorian Cancer Cytogenetics Service
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Figure 1. Representative FISH and SNP-A results for patients with
ETV6 deletion. (A) An interphase cell with one ETV6 fusion signal
(top left) consistent with complete loss of one ETV6 allele and a
cell with two ETV6 fusion signals (bottom right) in SVHM3. The
same signal patterns were observed in SVHM1, SVHM2 and
SVHMEG. (B) One ETV6 fusion signal (5’ and 3’ ETV6) and one red
5’ ETV6 signal per cell in three interphase cells from SVHM5. (C)
A mixed population of cells, some with one ETV6 fusion signal and
one red 5’ ETV6 signal of diminished intensity (white arrows) and
one cell with a single ETV6 fusion signal only (white arrowhead) in
SVHM4. (D and E) The diminished intensity of the red signal on
the deleted ETV6 allele in SVHM4 was more readily apparent on
the single color (Spectrum Orange) image (E) than on the triple
color (DAPI/FITC/Spectrum Orange) image of the same cell (D).
Fluorescent signals were visualized under an Axioplan 2 (Zeiss)
microscope and captured and analyzed using ISIS image analysis
software (Metasystems, Altlussheim, Germany). (F) SNP-A abnor-
malities in SVHM1. Smoothed log R values (red) and B allele fre-
quencies (blue) for chromosome 7 (whole chromosome view, left
panel), chromosome 12 (whole chromosome view, middle panel)
and the deleted region of 12p (right panel) with the extent of dele-
tion shown by the red box and the position of the ETV6 gene indi-
cated by the red circle. DNA (200 ng) was hybridized to CytoSNP-
12 BeadChip arrays (lllumina, San Diego, CA, USA) and analysis
was performed using Karyostudio v1.2 software (lllumina).

database to identify samples from patients with -7 (either
as the sole autosomal abnormality or in association with
an abnormality of 12p) and a diagnosis of MDS,
myelodysplastic/myeloproliferative neoplasm
(MDS/MPN) or AML. Thirty-eight patients referred for
testing between 1* January 2000 and 1* January 2011 had
residual cytogenetic suspension suitable for FISH. Two
patients had a 12p abnormality. In 36 cases, -7 was the
only autosomal abnormality. Twenty-one patients had a
diagnosis of MDS or MDS/MPN. The remainder had a
diagnosis of AML.

We identified ETVé6 deletion in 6 of 38 (16%) cases.
Patients with an ETVé deletion had a median age of 51.5
years (range 24-95) (Table 1). In 5 of 6 cases, the ETVé
deletion was cytogenetically cryptic. The percentage of
cells with ETV6 loss ranged from 23% to 81% and was
higher in AML than in MDS (average+SEM 76.2+2.7 %
vs. 35.3£9.5%, P=0.02) even though the majority of
metaphases in all patients were derived from the -7
clone. ETV6 deletions were heterozygous in all cases.

Some abnormal FISH signal patterns were consistent
with complete loss of one ETV5 allele; others suggested
partial loss with a breakpoint positioned within the ETV6
locus (Table 1). A simple signal pattern consistent with
complete deletion of one copy of ETV6 (loss of one 5’ and
3’ ETV6 signal per cell) was the only abnormality detect-
ed in 4 patients (Figure 1A). In SVHMS there was loss of
one 3’ signal with retention of the 5’ signal in all abnor-
mal cells consistent with a partial deletion where the dis-
tal breakpoint on 12p was positioned downstream of the
area recognized by the 5’ probe (Figure 1B). The remain-
ing patient, SVHM4, had two different cell populations.
A 5’ signal of diminished intensity was present together
with loss of one 3’ signal per cell in 51.5% cells scored
suggesting that the telomeric breakpoint of the deleted
allele was located within the region recognized by the 5’
probe. In another 20% of cells, one entire copy of both
the 5’ and 3’ signals was lost, indicating breakpoints
located outside ETV6 (Figure 1C-E). Thus, there was het-
erogeneity with respect to the breakpoints relative to the
position of the ETV6 locus.

Two patients had genomic DNA collected allowing
SNP-A karyotyping to be performed. In SVHMI1, the
SNP-A demonstrated a 1.3 Mb mono-allelic deletion
encompassing ETVé6 (Figure 1F and Table 1). In SVHM3,
the SNP-A delineated a 7.2 Mb heterozygous deletion
spanning the entire ETV6 locus (Table 1). Strikingly, in
both cases, no additional cytogenetically cryptic somatic
copy number changes or UPD were identified.

SVHMS3 was the only case where paired diagnostic and
follow-up samples were available. In this patient, ETV6
deletion was not observed at diagnosis but was detected
in a sample obtained five and a half months later (Table
1). On the balance of probability, given that the -7 clone
is larger and that either acquisition of the ETVé deletion
or expansion of an occult ETV6 deleted clone occurred in
the months between diagnosis and reassessment, it is
likely that in this case -7 preceded development of the
ETV6 lesion.

Previous reports place the prevalence of ETV6 deletion
in MDS/AML somewhere between 0% and 64% with
the frequency heavily dependent on the characteristics of
the study population. Large representative studies in
MDS and AML consistently find rates of less than 5%.%”
The highest rates occurred in cohorts enriched for
patients with structural or numerical abnormalities of
chromosome 12.%7 Interestingly, in other studies where
the rate of ETV6 deletion exceeded 5%, there was a
strong association with complex karyotypes that fre-




Table 1. Characteristics and karyotypes of patients with an ETV6 deletion.

D Age (years) Diagnosis Karyotype ETV6 deletion Complete/
(% cells) partial ETV6 deletion
SVHMI1 95 MDS/RCMD 45 XX,-7[19].nuc ish (ETV6x1) [106/197].arr 54.0 Complete
7p22.3¢36.2(141,322-158,812,247)x1~2,
12p13.2p13.1(11,646,252-12,981,168)x1~2
SVHM2 36 MDS/ 45 XY,-7(9]/ 23.0 Complete
unknown 45,idem,del (12) (p11D) [11].
nuc ish(ETV6x1) [46/200]
SVHM3 62 MDS/ 45 XX,-T[11]/ None None
(Diagnosis) RCMD 46, XX[11].nuc ish(ETV6x2)[200]
SVHM3 63 MDS/ 45 XX,-7[21]/46,XX[4].nuc ish(D7Z1,FRATG)x1 29.0 Complete
(Follow up) RCMD [86/100],(ETV6x1) [58/200].
arr 7p22.3q36.3(141,322-158,812,247)x1~2,
12p13.31p12.3(10,596,649-17,742,422)x1~2
SVHM4 85 AML (previous CMML)  45XY-7[40].nuc ish(ETV6x1) [40/200]/ 715 Partial: part of 5’ ETV6
(5’ETV6x1,5’ETV6 dim x1,3’ETV6x1) retained (51.5%),
(5’ETV6 con 3'ETV6x1) [103/200] complete (20%)
SVHM5 40 AML 45 XX,-7[21].nuc ish(5'ETV6x2,3'ETV6x1) 76.0 Partial: 5’ £TV6
(5'ETV6 con 3'ETV6x1) [152/200] retained
SVHM6 24 AML 45 XY,-7(20]/ 81.0 Complete

46 XY[1].nuc ish(ETV6x1) [162/200]

MDS: myelodysplatics syndromes; RCMD: refractory cytopenia with multilineage dysplasia; AML: acute myeloid leukemia; CMML: chronic myelomonocytic leukemia.

quently exhibited -7/del(7q).""

Outside of two cohorts with chromosome 12 abnor-
malities®” and one case series with complex karyotypes,”
our study has the highest reported frequency of ETV6
deletion. At 16%, the prevalence of ETVé loss in -7
patients is in excess of 3 times the expected rate in unse-
lected MDS/AML cohorts. Although the association
between -7/del(7q) also holds up in complex karyotypes
in published series™” and in our own experience (R.
MacKinnon et al., unpublished data, 2012) the presence
of gross chromosomal instability in that setting can make
it difficult to distinguish driver from passenger lesions.
Co-occutrrence of just two copy number changes, at rates
higher than might be expected by chance in this study is
more compelling evidence in support of functional coop-
eration between -7 and ETV6 deletion.

As we enter the era of molecularly targeted therapy, it
is important to understand the consequences of genetic
events that are critical for maintenance and progression
of malignant phenotypes. Our results suggest that -7 and
ETV6 loss drive complementary steps during leukemoge-
nesis.
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Mutations in DNMT3A and loss of RKIP are inde-
pendent events in acute monocytic leukemia

Methylation of DNA in CpG-rich islands is a key event
in the regulation of tissue- and context-specific gene
expression. Thereby, DNA methyltransferase 3A
(DNMT3A) plays a pivotal role by converting cytosine to
5-methylcytosine." Recently, DNMT3A mutations have
been described at high frequency in acute myeloid
leukemia (AML), particularly with a monocytic pheno-
type.” In in vitro assays, mutated DNMT3A induced aber-
rant DNA methylation and promoted cellular prolifera-
tion. RAF kinase inhibitor protein (RKIP) negatively regu-
lates the RAS-mitogen activated protein kinase/extracel-
lular signal-regulated kinase (MAPK/ERK) signaling path-
way.” Several solid neoplasms show decreased or absent
expression of RKIP and its role as a metastasis suppressor
has been firmly established in animal models and studies
of human tumors.” We recently demonstrated that RKIP
acts as a tumor suppressor in hematopoietic cells and that
loss of RKIP expression occurs frequently in AML.”
Similar to mutated DNMT3A, RKIP loss is linked to
AMLs with a monocytic phenotype. We, therefore, asked
whether loss of RKIP and mutations in DNMT3A corre-
late in this particular subtype.

For PCR and direct sequencing of DNMT3A, its coding
sequences and splice sites comprising 22 exons were ana-
lyzed as previously described® in leukemic specimens of
36 patients diagnosed with acute monocytic leukemia;
patients were classified in subgroups M4 and M5 accord-
ing to the French-American-British (FAB) classification.
Cytogenetic information was available in 32 patients
with 4 of 32 (12.5%) karyotypes conferring good, 21 of
32 (65.5%) intermediate, and 7 of 32 (22%) adverse risk.
Median age at diagnosis was 55.5 years (range 18-80
years), median white blood cell (WBC) count 55.5x10°/L
(range 5-445x10°/L). This cohort has also been character-
ized for RKIP expression, showing its loss in 17 of 36
(47 %) patients as determined at protein and mRNA level
using Western blot and quantitative real-time polymerase
chain reaction (PCR), respectively.” Screening for muta-
tions in NRAS and KRAS (codons 12, 13 and 61) as well
as in NPM1 (exon 12) has been performed as previously

described.”® Detection of FLT3 internal tandem duplica-
tions (ITD) and tyrosine kinase domain (TKD) mutations
was performed using the FLT3 Mutation Assay
(InVivoScribe Technologies, San Diego, CA, USA) accord-
ing to the manufacturer’s protocol. Informed consent was
obtained from all individuals and the study was approved
by the institutional review board of the Medical
University of Graz, Austria. Statistical correlations were
calculated by Fisher’s exact (for correlation of DNMT3A
with RKIP, FLT3 and NPM1) and by Mann-Whitney-
Wilcoxon test (for correlation of DNAT3A with cytoge-
netics, WBC count and age at diagnosis), using R 2.15.1
(http://www.r-project.org).

We detected mutations in DNMT3A in 16 of 36 (44%)
patients with monocytic AML. This high frequency is
consistent with previous reports on DNMT3A mutations
in this AML subtype.”* Fifteen of these mutations consti-
tuted the recently described hot spot mutations R882H
and R882C, respectively.” In one sample, we detected an
R676W substitution, a DNMT3A mutation that has not
yet been described. Its somatic origin could be proven by
analysis of constitutional material (Figure 1). This substi-
tution was predicted to be “disease causing” by
MutationTaster’ and “damaging” by Sorting Intolerant
From Tolerant (SIFT).” WBC counts at diagnosis were
significantly higher in patients with mutant as compared
to wild-type DNMT3A (77x10°/L vs. 51x10°/L; P=0.040),
whereas no significant difference could be observed for
cytogenetic risk groups and patients age at diagnosis (data
not shown). In the cohort investigated, DNAT3A muta-
tions were associated with alterations of NP/ 1 as 11 of
14 (79%) DNMT3A mutated patients also harbored a
NPM1 mutation compared to 6 of 20 (30%) DNMT3A
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Figure 1. R676W is a novel somatic DNMT3A mutation. Number
of distinct mutations detected in this study and their locations
within the DNMT3A protein. The novel R676W substitution is
caused by the heterozygous C2026T substitution as highlighted
with black bars in the electropherogram of leukemic DNA.
Absence of this mutation in constitutional material proves its
somatic origin. PWWP: proline-tryptophan-tryptophan-proline
domain; ZNF: zinc finger domain; MTase: methyltransferase
domain; CONST: constitutional material.






