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Clonal analysis of deletions on chromosome 20q and JAK2-V617F in MPD
suggests that del20q acts independently and is not one of the predisposing

mutations for JAK2-V617F
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We developed a real-time copy number
polymerase chain reaction assay for dele-
tions on chromosome 20q (del20q),
screened peripheral blood granulocytes
from 664 patients with myeloproliferative
disorders, and identified 19 patients with
del20q (2.9%), of which 14 (74%) were
also positive for JAK2-V617F. To examine
the temporal relationship between the
occurrence of del20q and JAK2-V617F,
we performed colony assays in methylcel-
lulose, picked individual burst-forming
units—erythroid (BFU-E) and colony-

forming units—granulocyte (CFU-G) colo-
nies, and genotyped each colony individu-
ally for del20q and JAK2-V617F. In 2 of
9 patients, we found that some colonies
with del20q carried only wild-type JAK2,
whereas other del20q colonies were JAK2-
V617F positive, indicating that del20q oc-
curred before the acquisition of JAK2-
V617F. However, in colonies from 3 of
9 patients, we observed the opposite
order of events. The lack of a strict tempo-
ral order of occurrence makes it doubtful
that del20q represents a predisposing

event for JAK2-V617F. In 2 patients with
JAK2-V617F and 1 patient with MPL-
W515L, microsatellite analysis revealed
that del20q affected chromosomes of dif-
ferent parental origin and/or 9pLOH oc-
curred at least twice. The fact that rare
somatic events, such as del20q or 9pLOH,
occurred more than once in subclones
from the same patients suggests that the
myeloproliferative disorder clone carries
a predisposition to acquiring such ge-
netic alterations. (Blood. 2009;113:
2022-2027)

Introduction

Deletions of the long arm of chromosome 20 (del20q) have been
observed frequently in patients with myeloproliferative disor-
ders (MPDs), myelodysplastic syndromes (MDSs), and acute
myeloid leukemia (AML).!"* A common deleted region (CDR)
of 2.7 megabases (Mb) was mapped for patients with MPD, and
a 2.6-Mb CDR was defined for MDS/AML with an overlap of
1.7 Mb between the 2 CDRs.5-10 However, to date, it was not
possible to identify a gene mutation within the CDR that is
functionally linked to the expansion of the del20q clone.!! In
MPD patients, del20q was found in the bone marrow from
approximately 1% of patients with essential thrombocythemia
(ET), up to 9% of polycythemia vera (PV) and up to 12% of
primary myelofibrosis (PMF).!%12 The del20q occurred preferen-
tially together with the JAK2-V617F mutation in 28 of 29 MPD
patients studied.!3> We previously analyzed 2 such patients with
del20q and JAK2-V617F and found that the size of the del20q
clone by far exceeded the size of the clone carrying JAK2-
V617F,* suggesting that del20q preceded the acquisition of the
JAK2-V617F mutation. Here we expanded these studies by
screening for del20q in 664 patients with MPD and examined
the temporal order of the acquisition of JAK2-V617F and del20q
in patients carrying both mutations by analyzing single colonies
grown in methylcellulose.

Methods

Patients

The collection of blood samples was performed at the study centers in
Basel, Switzerland, Vienna, Austria, and Dijon and Nantes, France and was
approved by the local Ethics Committees (Ethik Kommission Beider Basel,
the Ethik Kommission der Universitdt Wien und des Allgemeinen Kranken-
hauses der Stadt Wien-AK, and the institutional boards of Dijon and
Nantes). Written informed consent was obtained from all patients in
accordance with the Declaration of Helsinki. The diagnosis of MPD was
established according to the criteria of the World Health Organization.*

Cells and DNA analysis

Purification of granulocytes and peripheral mononuclear cells (PBMCs)
and extraction of DNA were performed as described.'>1® The granulocyte
DNA was assayed using a real-time polymerase chain reaction (PCR)—
based copy number assay as previously published.!® The following primers
were used to detect the copy number of 2 different exon of L3IMBTL:
1736-GATCCCAATCAGGACCCCC, 1737-CGCCTGGCACTGACAGGT
for exon 2 and 1995-CATGAAGCTGGAGGCTGTTG, 1996-GCCACGCA-
GACAAGGGAC for exon 9. Primers for LOC221154 (1283-CCATGGAC-
GACGGGTTTCT, 1284-TGTACAGGACGTAGGAGGGTGA) were used
as a diploid reference. Samples that showed a decrease in copy number in
both exons were validated using primers in the neighboring genes PTPRT
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Figure 1. Screening for del20q by real-time PCR.
(A) The copy number of the L3MBTL gene was deter-
mined in DNA from purified peripheral blood granulo-
cytes using 2 SYBR real-time PCR assays with primer
pairs located in LBMBTL exon 2 (quadrangles) and exon
9 (circles). Samples with gene copy values less than a
threshold of 1.8 in both assays are marked in red and
identified by unique patient numbers. (B) Patients with
decreased L3MBTL gene copy number were further
examined with real-time PCR assays for the neighboring
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(1740-TGCCCCGGAACCATGATA, 1741-GGTCCAGAGGCAGCACGT)
and 70X2 (1949-CCTGCCTACTCCTATCAGGCC, 1950-GTTGGACAC-
CATGATGGCTG). The colony assays were performed using PBMCs from
patients as published.!” Methylcellulose-based media (no. 4431) containing
erythropoietin from StemCell Technologies (Vancouver, BC) was used to
grow burst-forming units—erythroid (BFU-E) and colony-forming units—
granulocyte (CFU-G). To ensure that plates with an optimal density were
obtained so that colonies can be picked without contamination by cells from
neighboring colonies, PBMCs were plated at 3 different concentrations
(50 000, 100 000, and 200 000 per mL).

Comparative genomic hybridization

The custom oligo comparative genomic hybridization (CGH) array was
designed using the eArray platform from Agilent Technologies (Palo Alto,
CA). The chips were processed following the instructions of the supplier.
Either a pool of male whole blood DNAs (Promega, Madison, WI) or T-cell
DNAs from the respective patients were used as reference DNA. The data
were analyzed using Capweb software (http://bioinfo-out.curie.fr/
CAPweb/).'8

Table 1. Characteristics of patients with del20q

EPTPRT [ L3MBTL [ TOX2

Vi346

Na391 Vi3g4 po07 p020 p048 p103

Results

Purified peripheral blood granulocyte DNAs of 664 MPD patients (320
ET, 262 PV, 82 PMF) were screened for del20q by monitoring the copy
number of L3MBTL, a gene located in the common deleted region on
chromosome 20q. Two real-time PCR assays with primers placed in
exons 2 and 9 of L3MBTL were used in parallel (Figure 1A). Patients
with decreased gene copy numbers in both assays were further
examined with real-time PCR assays for PTPRT and TOX2, 2 genes
flanking L3MBTL (Figure 1B). The del20q was confirmed in 19 of
664 (2.9%) MPD patients, or specifically in 4 of 320 (1.3%) ET, 7 of
262 (2.7%) PV, and 8 of 82 (9.8%) PMEFE. The JAK2-V617F mutation
was present in 14 of 19 (74%) patients with del20q, whereas the
MPL-WS515L was present in 1 patient without JAK2-V617FE. No
mutations in JAK2 exon 12 were found among the patients with del20q
(Table 1). Cytogenetic analysis was available for 8 of the 19 patients
with del20q and confirmed the results obtained by real-time PCR in all

Age at Disease duration, JAK2-V617F,
UPN Diagnosis Sex sampling,y mo % T Complications Treatment
p007 PV M 76 264 92 sMF, thrombosis Phlebotomy, IFN, hydroxyurea
p020 PMF F 75 132 0 Thrombosis Hydroxyurea
p048 PMF M 77 168 95 Splenomegaly NA
p103 PV F 82 600 95 None Phlebotomy, hydroxyurea, 32P
p187 PMF M 74 186 59 Splenomegaly No treatment
Di433 PV F 79 22 94 None Hydroxyurea
Na293 ET M 68 28 16 Anemia, splenomegaly No treatment
Na391 ET F 41 240 68 SVT and other thromboses, sMF, anemia  Hydroxyurea
Vioe2  ET F 54 257 10 Abortion (3 times) Anagrelide
Vi102 ET M 51 46 23 MI, melanoma Anagrelide, hydroxyurea, IFN
Vi108  PMF F 59 39 72 PAD, insult, splenomegaly IFN
Vi117  PMF M 64 43 0 Anemia, splenomegaly IFN, lenalidomide
Vi139 PV [F 50 52 0 None IFN, anagrelide, phlebotomy
Vi141 PV F 79 211 11 Bleeding, TIA Anagrelide, hydroxyurea, IFN, phlebotomy
Vii62  PMF M 67 142 0 Anemia, splenomegaly IFN
Vi233  PMF M 80 53 9 Lung cancer, DVT, CAD Hydroxyurea
Vi318 PV B 65 30 12 PAD Phlebotomy, hydroxyurea
Vi346  PMF M 56 72 0 Lung cancer IFN
Vi3g84 PV M 64 197 98 None Phlebotomy

UPN indicates unique patient number; sMF, secondary myelofibrosis; NA, not available; IFN, interferon; SVT, splanchnic vein thrombosis; TIA, transient ischemic attack;
MI, myocardial infarction; PAD, peripheral artery disease; DVT, deep vein thrombosis; and CAD, coronary artery disease.
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Figure 2. CGH. Granulocyte DNA from patients and a reference DNA were used to
perform custom high-density oligonucleotide CGH arrays. The graphs show the log
ratios for all probes located on chromosome 20q. Green represents regions deleted
in the patient’s DNA. The boundaries are marked by a clear drop in the ratio between
the patient's DNA and the reference. Patient Vi384 delineates the centromeric and
patient Na293 the telomeric border of the CDR, which spans 9 Mb and includes
93 genes.

8 cases. To map the breakpoints of the individual deletions, we
performed custom high-density oligonucleotide CGH arrays on 8 del20q
patients from whom DNA of sufficient quality was available. A CDR of
8.98 Mb (35.95-44.93 Mb) containing 93 genes was defined (Figure 2).

To determine the temporal relationship between the occurrence
of del20q and JAK2-V617F, we performed colony assays in
methylcellulose, picked single BFU-E and CFU-G colonies grown
in the presence of erythropoietin, and genotyped each colony
individually for del20q, JAK2-V617F, or in patient Vi346 for
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MPL-WS15L (Figure 3). We observed 3 different patterns: First, in
patients p187 and Na293, we found that some del20qg-positive
colonies carried the wild-type JAK2, whereas other del20g-positive
colonies were positive for JAK2-V617F, indicating that the del20q
clone is larger than the JAK2-V617F clone (Figure 3A). Because all
colonies positive for JAK2-V617F also displayed del20q, we infer
that del20q occurred before the JAK2 mutation. Second, in
3 patients, we observed the reverse order, with JAK2-V617F
preceding del20q, as illustrated by the presence of JAK2-V617F—
positive colonies with and without del20q (Figure 3B). Patient
Vi233 appears to have acquired del20q in a cell heterozygous for
JAK2-V617F, whereas in patients p048 and p103 the transition to
del20q occurred in a cell homozygous for JAK2-V617F. Third, in
patients p007, Vi102, and Vi346, we found a more complex pattern
(Figure 3C). In the first sample of p007 from February 2005, only a
few CFU-G heterozygous for JAK2-V617F carried del20q, whereas
colonies homozygous for JAK2-V617F already existed. Two years
later, del20q was also present in a subset of colonies homozygous
for JAK2-V617F. This pattern could be explained either by
postulating 2 independent del20q events or 2 independent 9pLOH
events. The del20g-positive BFU-E colonies in patient Vil02 were
wild-type for JAK2, and the JAK2-V617F—positive colonies were
all negative for del20q, which is compatible with originating from
2 independent clones. However, the finding of a CFU-G colony
positive for both JAK2-V617F and del20q suggests that either
del20q or JAK2-V617F occurred twice independently. Patient
Vi346 was negative for JAK2-V617F but carried the MPL-W515L
mutation. The del20q was only detectable in CFU-G colonies, and all of
these colonies were also heterozygous for MPL-W515L. Some colonies
were homozygous for MPL-W515L but negative for del20q.

In one patient (Na391) with 50% of erythroblasts in the
peripheral blood, all colonies were positive for both del20q and
JAK2-V617F, which precluded us from determining the order of
events (not shown), and one patient (p020) had del20q without a
mutation in the JAK2 or MPL gene (Figure 3D). We analyzed p020
at 3 different time points, and we were able to detect an increase in
del20q-positive colonies in CFU-Gs in 2007. However, one year
later, the percentage of del20g-positive colonies was again compa-
rable with the first time point. An increase in the percentage of
del20g-positive colonies was observed in serial samples from
Na293 and p007, whereas in p187 the colonies were all del20q-
positive and remained so during follow-up, except for one BFU-E
and one CFU-G (Figure 3A,C).

To examine the complex pattern in patients p007, Vil02, and
Vi346, we performed a more detailed microsatellite analysis for
regions on chromosomes 9 and 20 (Figure 4). In p007, the deletion
in colony no. 185 affected the chromosome 20q of a different
parental origin than in colony no. 6, indicating that 2 independent
deletion events must have occurred (Figure 4A left panel). Further-
more, 4 different sizes of the latter del20q haplotype were detected
when additional colonies were analyzed. This pattern could arise
when a small del20q event was followed by sequential events that
increased the size of the deleted region in the same cell, or
alternatively, each of the del20q regions could represent a separate
de novo deletion event. At present, we cannot distinguish between
these possibilities. In addition, colony no. 185 also differed in the
size of the 9pLOH region, suggesting the presence of 2 different
9pLOH events (Figure 4A right panel). In contrast, analysis of the
deleted regions in colonies from other patients showed a unique
size for each of the del20q regions (not shown), making it doubtful
that the pattern observed in p007 is the result of artifacts that occurred
during the methylcellulose culture. Evidence for 2 independent del20q
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Figure 3. Single colony assays for del20q and JAK2-V617F. PBMCs were grown in methylcellulose in the presence of erythropoietin. Single erythroid colonies (BFU-E) and
granulocytic colonies (CFU-G) were picked and analyzed individually for the presence of del20q and JAK2-V617F by microsatellite PCR and allele-specific PCR, respectively.
Each colony is represented by a dot that is placed into one of 6 quadrangles representing the 6 possible genotypes: wild-type (wt), heterozygous (het), and homozygous (hom)
for JAK2-V617F or MPL-W515L on the vertical axis, and absence (open quadrangles) or presence of del20q (gray quadrangles) on the horizontal axis. Results for BFU-Es are
shown in the upper part and CFU-Gs in the lower part of the panels. The unique patient numbers, the diagnoses (PMF, ET, PV, sMF indicates secondary myelofibrosis), the
allelic ratio of JAK2-V617F or MPL-W515L in purified granulocytes (%T), and the date of the sample drawing are shown above the corresponding boxes. (A) This group of
patients has acquired the del20q before JAK2-V617F, as demonstrated by the presence of JAK2 wt colonies carrying del20q. For both patients shown, 2 sequential samples
were analyzed. (B) In this group of patients, del20q was acquired in a cell already carrying JAK2-V617F, as indicated by the presence of JAK2-V617F-positive colonies with or
without del20qg. (C) Patients with a complex pattern of del20q acquisition that does not comply with a linear temporal order of events. In patient Vi346, the del20q coexists with

MPL-W515L. (D) A patient with del20q that is negative for the JAK2-V617F mutation.

events was also found in patients Vil02 (Figure 4B) and Vi346 (Figure
4C). In both cases, colonies were found that showed loss of heterozygos-
ity affecting 2 different parental chromosomes 20.

Discussion

In the present study, we assessed the potential connection
between JAK2-V617F and del20q by analyzing the temporal
order of acquisition of the 2 events. Our copy number assay
allowed us to screen for del20q by real-time PCR in peripheral
blood from a large number of MPD patients. The L3MBTL gene,
which we have chosen for the copy number assay, is located
within the CDR shared between patients with MPD and
MDS/AML.? This assay requires that the majority of granulo-

cytes carry del20q and therefore selects for del20q events that
dominate in granulocytes in the peripheral blood. Nevertheless,
our observed frequencies in patients with ET, PV, and PMF of
del20q are comparable with results obtained with cytogenetic
studies of bone marrow.!%!2 Furthermore, real-time PCR and
cytogenetic analysis were in agreement in all 8 patients in whom
both analyses have been performed. We found no difference in
the frequencies of JAK2-V617F in PV and PMF patients with
and without del20q. Our results do not confirm a previously
reported preferential association of del20q with JAK2-V617F-
positive cases of PMF (Table 2).!3 The reason for this discrep-
ancy is currently unclear. In ET, 4 of 4 patients with del20q were
JAK2-V617F—positive, similar to 5 of 5 del20g-positive ET
cases reported previously (Table 2).'* Thus, by combining the
studies, 9 of 9 ET patients with del20q were also JAK2-V617F-
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Figure 4. Multiple del20q and 9pLOH events in colonies from 3 MPD patients. (A) The deleted region on chromosome 20q was mapped in individual colonies from patient
p007 using 6 microsatellites distributed along chromosome 20q. T-cell DNA was used to define the 2 alleles for each informative microsatellite. The gray boxes mark the deleted region for
each individual colony. del20q in colony no. 185 created a different haplotype than the deletion in colony no. 6 (marked by arrows), indicating that 2 del20q events occurred independently
and affected the chromosome 20q of different parental origin. Furthermore, 4 different sizes of the del20q haplotype were detected when additional colonies were analyzed. The results
from the mapping of the 9pLOH region are shown on the right side. The 9pLOH region is smaller in colony no. 185, as shown by the heterozygosity of D9S2148 in this colony. (B) Two
separate del20q events affecting the chromosome 20q of different parental origin occurred in patient Vi102. (C) Two separate del20q events affecting the chromosome 20q of different
parental origin occurred in patient Vi346. The chromatograms for the MPL-W515L mutation are shown for the 2 colonies analyzed.

positive. However, this association should be examined in a analyzing granulocytes overlaps with the published region
larger series of patients with del20q. Mapping of the del20q  obtained by mapping bone marrow samples.®

region by CGH revealed that in most patients large deletions Disparity between the size of the JAK2-V617F—positive clone and
have occurred (Figure 2) and that the CDR derived from the clone determined by analysis of the X-chromosome inactivation

Table 2. Relationship between del20q and JAK2 mutations

del20q
Present (%)
Absent (%) Present (%) (Campbell et al'3)
MPD (total 664) 645 19 28
JAK2-V617F positive 449 (70) 14 (74) 27 (96)
JAK2-V617F negative 196 (30) 5 (26) 1(4)
P = .805
ET (total 320) 316 4 5
JAK2-V617F positive 200 (63) 4 (100) 5 (100)
JAK2-V617F negative 116 (37) 0(0) 0(0)
P=.3
PV (total 262) 255 7 12
JAK2-VB17F positive 213 (84) 6 (86) 12 (100)
JAK2 exon 12 5(2) 0
JAK2-V617F/ exon 12 negative 37 (14) 1(14) 0 (0)
P=1
PMF (total 82) 74 8 10
JAK2-V617F positive 37 (50) 4 (50) 9 (90)
JAK2-V617F negative 37 (50) 4 (50) 1(10)
P=1

P values represent Fisher exact test.
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pattern,'*1? presence of endogenous erythroid colonies that are negative
for JAK2-V617F,172021 and coexistence of JAK2-V617F and MPL-
W515L/K in the same patients,”>? suggested that clonal events
preceding the acquisition of JAK2-V617F exist in patients with MPD.
We previously found 2 patients in whom the clone carrying del20q was
larger than the clone positive for JAK2-V617F, and we hypothesized
that JAK2-V617F preferentially occurs on the background of clonal
hematopoiesis, which in some cases may be caused by del20q.'* Our
single clone analysis confirmed the previously observed temporal order
of events in 2 patients (Figure 3A), but in 3 additional patients we
detected the inverse order, ie, JAK2-V617F preceding del20q (Figure
3B). Thus, there appears to be no strict temporal order of acquisition,
making it doubtful that del20q represents a predisposing event for
JAK2-V617F. At present, we cannot formally exclude the possibility
that del20q may represent a “passenger mutation,” ie, a genetic
alteration without functional consequence.’*? The fact that in serial
samples of patients Na293 and p007 we observed an expansion
of the del20q subclone (Figure 3) could be interpreted in favor
of a growth advantage provided by del20q and thus for a role as
a “driver mutation.” Similarly, in patients p048 and p103, nearly
all colonies were del20g-positive, suggesting a growth advan-
tage of the cells harboring del20q.

Unexpectedly, in 3 patients (p007, Vil02, and Vi346), we found
evidence for several independent del20q events and in p007 for
2 independent 9pLOH events (Figure 4). Patient p007 was diagnosed
with PV 22 years ago and for 11 years showed signs of a progression to
secondary myelofibrosis. The long disease duration and/or progression
to spent phase may favor accumulation of de novo mutation events.
However, the disease duration in ET patient Vil02 (4 years) and PMF
patient Vi346 (6 years) was shorter. Genomic instability as a conse-
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quence of JAK2-V617F was recently reported.?® This could explain the
findings in p007. However, in patient Vil02, one of the del20q events
occurred in a JAK2-V617F-negative cell (Figure 3C) and patient Vi346
was negative for JAK2-V617F, suggesting that genomic instability in
these patients is independent of JAK2.
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