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1. Summary

Myeloproliferative disorders (MPD) are a
heterogeneous group of diseases character-
ized by aberrant proliferation of the myeloid
lineages. They represent clonal stem cell
disorders with an inherent tendency towards
leukemic transformation. Currently, MPD
are subdivided into three disease entities:
polycythemia vera (PV), essential throm-
bocythemia (ET) and primary myelofibrosis
(PMF). A mutation in JAK2 (JAK2-V617F)
is frequently found in all three entities. The
discovery of this mutation had a major im-
pact on the diagnostic workup of patients
with suspected MPD, increased our under-
standing of the pathogenesis and has led to
first clinical trials testing the effects of JAK2
inhibitors on late stages of MPD.

We now have convincing evidence that
there are additional mutational events pre-
ceding JAK2-V617F. They are likely to be
involved in initiating the disease or are act-
ing as collaborating mutations to promote
progression to myelofibrosis and acute
leukemia. In this thesis, the clonal evolution
of deletions on chromosome 20q (del20q)
and TET2, a member of the Ten-Eleven-

Translocation (TET) family of genes, were

studied. In addition, the functional conse-
quence of del20q was also analyzed by shR-
NA-mediated knockdown.

We developed a real time copy number
PCR assay for deletions on chromosome
20q (del20q), screened peripheral blood
granulocytes from 664 patients with myelo-
proliferative disorders (MPD) and identified
19 patients with del20q (2.9%), of which 14
(74%) were also positive for JAK2-V617F.
We analyzed 8 patients with del20q using
array comparative genomic hybridization
(aCGH) and defined a 9 Mb common de-
leted region with 93 genes. To examine the
temporal relationship between the occur-
rence of del20q and JAK2-V617F we per-
formed colony assays in methylcellulose,
picked individual BFU-E and CFU-G colo-
nies and genotyped each colony individually
for del20q and JAK2-V617F. In 2/9 patients
we found del20q colonies with and without
JAK2-V617F, suggesting that del20q pre-
ceded JAK2-VO617F. 3/9 patients showed
the inverse order of events, suggesting that
del20q is not a general predisposing event
for JAK2-V617F. Interestingly, 2 patients
showed a complex pattern of mutation ac-

quisition including several events of del20q
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affecting alleles of different parental origin
and uniparental disomy on chromosome 9p
(9p-UPD). The fact that rare somatic events,
such as del20q or 9p-UPD, occurred more
than once suggests that these patients carry
a predisposition to acquire such genetic al-
terations.

In serial samples from patients with del20q,
we observed an increase in the percentage of
del20q positive cells, suggesting that del20q
as the sole genetic alteration may provide
a competitive advantage. To find genes in-
volved in the del20q induced proliferation
advantage, we analyzed changes in the
gene expression pattern induced by del20q.
Screening for such differences in expression
patterns is most powerful if inter-individual
differences in genetic background and dif-
ferences in the composition of the tissues to
be analyzed can be eliminated. Therefore we
used pools of individually JAK2-V617F and
del20q genotyped colonies grown in meth-
ylcellulose, which provided a pure enough
cell population to detect small differences
in expression and compared the expression
pattern of colonies with and without del20q.
We discovered 680 genes, which had sig-
nificantly changes (p<0.05) in expression.
Inside the CDR we found 28 genes down-
regulated, of which we selected three genes
for further functional analysis: serin threon-
in kinase 4 (STK4), topoisomerase 1 (TOP1)
and protein tyrosine phosphatase receptor T
(PTPRT). A pool of shRNA targeting these
genes was used to retrovirally transfect murin
bone marrow (BM) cells before they were
transplanted to lethally irradiated reciepi-
ent mice. Because del20q was preferentially
found together with JAK2-V617F, we decid-

ed to use BM cells derived from transgenic

MxCre; FFI mice expressing JAK2-V617F.
In addition, we also included two additional
candiate genes, V-MYB myeloblastosis viral
oncogene homolog (avian)-like 2 (MYBL2)
and L3MBTL, a human homolog of the Dro-
sophila lethal (3) malignant brain tumor
(D-1(3)mbt) polycomb protein, in the bone
marrow transplantation experiments. This
is an ongoing project and we are monitor-
ing the GFP expression in peripheral blood
and the distribution of the integrated shR-
NAs. So far we did not see any proliferative
advantage of the cells transfected with the
shRNA pool targeting the del20q candidate

genes.

Recently, a new gene was found to be mu-
tated in MPN patients: TET2, a member of
the Ten-Eleven-Translocation (TET) fam-
ily of genes. Initial studies suggested, that
TET?2 mutations may represent a tumor sup-
pressor gene and may precede the acquisi-
tion of JAK2-V617F. We therefore studied
the clonal evolution of TE72 mutations by
analyzing individually genotyped colonies
of 8 patients. In 4/8 MPN patients we found
that some colonies with mutated 7E72 car-
ried wild type JAK2, whereas others were
JAK2-V617F positive, indicating that TET?2
occurred before JAK2-V617F. One of these
patients carried a 4 bp germline deletion,
located in the C-terminal conserved region,
leading to a frameshift and premature stop.
This is the first report of a inherited mutation
in TET2. In two other patients we observed
the opposite order of events, with JAK2
exon 12 mutation preceding TET2 mutation
in one case. These findings suggest, that mu-
tations in TET2 do not represent a general

predisposing event for acquiring mutations
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in JAK2. Two additional patients showed
two separated clones for TET2 and JAK2-
V617F, which further supports this theory

The present work provided additional in-
sights for understanding the complex clonal
pattern in patients with MPN and the role
of del20q and TET2 mutations in the clonal
evolution of the disease.



2. INTRODUCTION




2. Introduction

2.1 Hematopoiesis

2.1 Hematopoiesis

Hematopoiesis summarizes all aspects in-
volved in the formation of blood cells. This
dynamic process is highly regulated in or-
der to fulfill the requirements of the body
for the transport of oxygen, blood coagula-
tion and immune defense. An adult produces
approximately 200 billion erythrocytes, 100
billion leukocytes and 100 billion platelets
each day. Mutations affecting control mech-
anisms of this highly orchestrated process

can lead to cancer.

The initial hematopoiesis starts in the first
few weeks of gestation in the yolk sac. For
the definitive hematopoiesis, stem cells, so
called hemangioblasts, seed liver, spleen
and bone marrow and produce most of the
hematopoietic cells. Liver and spleen con-
tinue to produce blood cells for the first two
months after birth. Starting from the last two
month of gestation, the bone marrow is the

most important site of hematopoiesis.

The main components of the blood are
erythrocytes, platelets and leukocytes sep-
arated into myeloid and lymphoid cells.
Myeloid cells include phagocytes such as

macrophages and granulocytes, whereas

8

the lymphoid lineage summarizes T, B and
natural killer (NK) cells.! All lineages can
be reconstituted from a single bone marrow
derived cell, the hematopoietic stem cell
(HSC). This cell is very rare in the bone mar-
row and although the exact phenotype is yet
unknown, it is phenotypically described as
CD34" CD38. In a specialized cell division,
HSC are able to replicate while keeping a
constant number of stem cells. The divi-
sion can occur in two different ways: sym-
metrical, producing two new daughter cells
with same properties like the parental HSC;
asymmetrical, resulting in a new HSC and
a progenitor. The HSC stays in a quiescent
state (G, phase) under normal conditions, as
soon as the HSC is stimulated by stress such
as bleedings or infections, proliferation and
differentiation is induced.’

We distinguish between long-term and
short-term repopulating HSCs. This subdi-
vision is based on the observations made
in mouse experiments: only the long-term
repopulating cells are able to reconstitute
a mouse in secondary transplants, because
these cells are still able to self-renew,**
whereas the short-term repopulating cells

(multipotent progenitors) are still able to
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differentiate into all lineages, but loose their
ability to self renew.

The multipotent progenitors become more
restricted in their developmental potential
and are summarized as oligo-potent progen-
itors or primitive progenitor cells. We dis-
tinguish between common myeloid progeni-
tor (CMP)’ giving rise to all myeloerythroid
lineages and common lymphoid progenitor
(CLP)® giving rise to mature lymphoid ef-
fector cells (B, T, dendritic and NK cells).
On the level of the committed precursor
cells we distinguish between megakaryo-
cyte/erythrocyte progenitors (MEP’s), gran-
ulocyte-macrophage progenitor (GMP), T
and NK cell progenitor (TNK) and B cell
progenitor (BCP). These cells give then rise

to the lineage committed cells.

Some questions about the exact lineage

restriction of the different progenitor still

L
13

Figure 1:
Blood cell development starts
at the level of the HSC, which
can either self renew or gener-
ate primitive progenitor cells. We
distinguish between a common
myeloid progenitor (CMP) and
a common lymphoid progenitor
(CLP). These cells can then fur-
ther differentiate to cells com-
mitted to NK and T cells (NKT),
to B cell precursors (BCP), to
cells committed to granulocytes
and monocytes (GM) and to
L= megakaryocyte/erythrocyte pro-
' genitors (MEP). Cytokines and
growth factors supporting the
l survival, proliferation and differ-
entiation of the different lineages
' are shown in red. ’

CcLp

N

o |

BCP

B Cells

NK Cells

remain, but there is no doubt about the se-
quential differentiation of HSCs via pro-
genitors to fully differentiated blood cells.
This process is irreversible under physi-
ological steady-state conditions. By com-
bining different steps of differentiation with
increasing proliferative potential, this sys-
tem allows an enormous amplification in the
numbers of differentiated cells starting from

a single stem cell.??

Hematopoiesis is regulated by growth fac-
tors, which are needed for survival, prolif-
eration, differentiation and maturation of
hematopoietic cells at all stages of devel-
opment. These glycoprotein hormones act
either locally at the site where they are pro-
duced by cell-cell contact or they circulate
in plasma. Growth factors also bind to the
extracellular matrix to form niches to which

stem and progenitor cells adhere. Depend-
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ing on the growth factor, the action can be
restricted to a single lineage at a late differ-
entiation stage, or can affect multiple line-
ages by acting on earlier progenitors. Eryth-
ropoietin (Epo), for example, promotes the
proliferation of erythroid progenitors by
reducing the level of cell-cycle inhibitors
and increasing transcription of cyclins and
supports their survival by augmenting anti-
apoptosis protein Belx, ."” Mice lacking the
Epo or its receptor (EpoR) suffer from se-
vere anemia and die. Administration of Epo
in humans or mice, on the other hand, in-
creases the number of erythroid progenitor
cells, which differentiate into normoblasts,
enucleate, and leave the bone marrow. The
juxtatubular interstial cells of the renal cor-
tex producing 90% of the erythropoietin in
the blood are able to sense oxygen levels
through an oxygen-dependant prolyl hy-
droxylase, which regulates the stability of
the primary transcription factor of EPO,
hypoxia-inducible factor 1 o (HIF-1a)."!
Thrombopoietin (TPO), the main regula-
tor of platelet production, is promoting
proliferation of megakaryocytes by similar
mechanism like £PO (cyclins, Belx,)."> At
the same time, Tpo is also involved in plate-
let aggregation.'® Tpo is produced mostly in
liver, but also in kidney and skeletal muscles
and is regulated inversely to the number of
platelets in the blood and megakaryocytes
in the bone marrow.'>!* Mature platelets
and megakaryocytes express also the Tpo
receptor and are therefore able to remove
Tpo from the circulation.” Beside the role
in stimulating megakaryocytopoiesis, Tpo
also has an non-redundant function in the

survival and proliferation of hematopoietic

10

stem cells.'® Mice lacking TPO or its recep-
tor have 7 to 8 times less stem cells with the
capacity to repopulate the bone marrow and
the expansion of HSC after transplantation
is reduced 17 times.'”!8

The signals from the cytokines are proc-
essed and transmitted mostly through the
JAK/STAT signaling pathway, which will
be described in the following chapter.
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2.2 JAK/STAT Pathway

The JAK/STAT pathway is one of the key
pathways in the regulation of hematopoiesis
and therefore also implicated in many dif-
ferent hematopoietic malignancies. Today,
many genetic alterations, activating muta-
tions and translocations affecting the signal-
ing pathway are known. Recent insights into
structure and mechanisms of the JAK/STAT
pathway highlighted JAKs as therapeutic
targets.

2.2.1 Janus kinase family

The JAK family of kinases includes 4 differ-
ent members: JAK 1, JAK2, JAK3 and TYK?.
They have seven defined regions of homolo-
gy, called JAK homology domains (JH1-7)"
The JH1 domain contains all feature needed
for a catalytically active tyrosine kinase in-
cluding the tyrosine residues in the activa-
tion loop, the canonical GXGXXG motif in

the nucleotide-binding loop and a conserved
aspartic acid residue involved in the phos-
photransfer reaction in the catalytic loop.*
Even though JH2 is highly homologous to
the kinase domain JH1, there is no catalytic
activity.! We know today that this domain,
also called the pseudokinase domain, has an
important regulatory role in the activity of
JAK. Deletion of the JH2 domain in J4K3
and JAK?2 lead to increased phosphorylation
of the mutants and Stat5 suggesting that the
pseudokinase domain is inhibiting the basal
activity of the kinase domain.?> JH3 and JH4
form together the Src homology-2 (SH2)
domain based on their sequence homol-
ogy, but do not bind to any phosphotyrosine
residue.”?* JH6 and JH7 domains comprise
the Four-point-one, Erzin, Radixin, Moesin
(FERM) domain, which regulates the activ-
ity and is needed cytokine receptor binding
(Figure 2).25%

FERM SH2 PSEU?O TK T}(
\ JH7  JH6 / JH5 JH4 JH3 / JH2 JH1

Figure 2:

Structure of Janus kinases (JAKSs). The protein has 4 functional domains: the FERM domain, the SH2 domain,
the pseudo tyrosine kinase domain (pseudo TK) and the catalytically active tyrosine kinase domain (TK).2®

11
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Cytokine receptors
sharing e subunit: IL-3R
IL-5R, GM-CSFR

Cytokine receptors
* sharing gp130 subunit: IL-6R,
IL-11R, OSMR, LIFR

IL-7R, IL-9R,

Homodimeric cytokine
receptors: EpoR, TpoR,
GHR, PrIR, G-CSFR

Cytokine receptors
sharing yc subunit: IL-2R, IL4R

Figure 3:

Different cytokine receptors
interact with different fam-
ily members of JAKs. Jak2
interacts with all cytokine
receptors, except with re-
ceptors sharing the y_ subu-
nit and is the only one to
interact with homodimeric
and B, subunit sharing cy-

IL-15R, IL2IR
Interferons & other

Type Il receptors:
IFNo,, IENB, IFNy,
IL-10R, IL-19R, IL-
20R, IL-22R, IL-
24R, IL28R, IL29R

Nl A |
g
Type I Type 11
STAT | Gene STAT | Gene
STAT1 | Bcl-xL STAT3| Bcl-xL
Bcl-2 Bcl-2
N-lermir?a?(i:lzi(:- DNA-bindingLinkerSH2 Transactivation bFGF CdCZSa
Caspase-1 cyclin A
Caspase-2 cyclin D1
S | Caspase-3 cyclin D2
Caspase-7 cyclin D3
Stats [ [pves | c-myc Fas
mcp-1 HIF-1a
stata B MMP-9 IL-6
MMP-2 Mcl-1
Statsa [ [pves | p21 survivin
STATS | Bel-xL MMP-2
e o
c-myc Pim-1
Cyclin D1 Pim-2
st - Cyclin D2 p21
Cyclin D3 Survivin
Cyclin E VEGF
Pim-1
Figure 4: Table 1:

Structure of STAT proteins. STATs harbor 6 different
domains: N-terminal, coiled-coiled, DNA-binding,
linker, SH2 and transactivator domain. The N-ter-
minal and the DNA binding domain are binding to
the promoter region of target genes. pY and pS mark
regulatory phosphotyrosine and phosphoserine resi-
dues.”’

12

tokine receptors.”

Summary of Statl, Stat3 and Stat5 target genes.
Abbreviations: HIF, hypoxia inducible factor; IL,
interleukin; MMP, matrix metalloproteinase; STAT,
signal transducers and activators of transcription;
VEGF, vascular endothelial growth factor.>*
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2.2.2 Cytokine receptors

The cytokine superfamily includes a set
of single span membrane proteins without
any enzymatic activity in their cytosolic do-
main. They instead bind members of the Ja-
nus kinase family (JAKSs) via their cytosolic
domain. Cytokine receptors can be divided
into type I and type II receptors based on
conserved motifs in the extracellular and in-
tracellular part.”” The receptors can be fur-
ther subdivided based on their subunit com-
position. For type I we further distinguish
between homodimeric cytokine receptor
(e.g. Epo, Tpo receptor), receptors sharing
the B, subunit (e.g. IL-3, GM-CSF receptor),
cytokine receptors having the gp130 subunit
in common (e.g. IL-6, IL-11 receptors) and
receptors sharing the y_ subunit (e.g. 1L-2,
IL-7 receptors). Each subgroup is associated
with one more members of the JAK family
(Figure 3).

2.2.3 Signal transducers
and activators of tran-
scription

The signal from the cytokine receptor is
transferred via JAKSs to the nucleus by signal
transducers and activators of transcription
(STAT).3!32 There are seven different mam-
malian STATs described: STATI to STATG,
with STAT5a and STAT5b. All STATS have a
modular structure with 6 different domains,
including N-terminal conserved region, a
coiled-coiled domain, a DNA binding do-
main, a linker region, a SH2 domain and
a C-terminal transactivation domain. The

N-terminal domain is very critical for the

STAT function. If small deletions occur in
this domain, STATs cannot phosphorylate
anymore. The N-terminal domain also func-
tions as nuclear import signal and it is in-
volved in the receptor binding in cooper-
ating with the DNA-binding domain. The
coiled-coiled domain has an a-helical struc-
ture, is involved in the binding to the recep-
tor and associates with regulatory proteins.*
The DNA-binding and the SH2 domain
are highly conserved among the different
STATs. The SH2 domain is crucial for the
recruitment of STATS to the activated recep-
tor complex and the interaction with JAK
and Src kinases. The SH2 domain is neces-
sary for the homo- and heterodimerization
of STATs, which enables them to enter the
nucleus and bind the DNA. The transacti-
vation domain is variable among the differ-
ent STAT members and is implicated in the

transcriptional activation.

2.2.4 The JAK/STAT path-
way

Binding of ligand to the receptor induces
either homo- or dimerizations of the re-
ceptor and induces juxtapositioning of the
JAKSs. The recruitment of JAKs to the re-
ceptor leads to JAK phosporylation through
autophosphorylation and/or cross phospho-
rylation by other JAKs or other member of
the tyrosine kinase family. The activated
JAKs are then able to phosphorylate the
receptor on target tyrosine sites. This phos-
photyrosine sites at the receptor serve as on
docking station for STATs via their SH2 do-
main. By binding to the receptor, the STATs
will become also phosphorylated at specific

13
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Figure 5:

A schematic illustration of the JAK/STAT pathway.
The binding of cytokines to the receptor leads to the
activation of JAKs, which are then able to activate
STATs. The activated STATs dimerize and translo-
cate to the nucleus to induce transcription of target
genes. ™

sites at a conserved C-terminal tyrosine.
This phosphorylation allows then homo-
or heterodimerization of STATs via the in-
teraction of the SH2 domain of one STAT
with the phosphotyrosine of the other STAT.
Following dimerization STATs are able to
translocate to the nucleus to activate specific

genes. 23

2.2.5 Target genes of
STATs

There is a wide spectrum of genes with
STAT responsive elements and they can
be activated or repressed by STATs. Some
of them induce a pattern of induced genes
which is common among different cell
types, like for example Statl, which induc-
es an “interferon signature”. Other STATSs

regulate genes in a more cell-type restric-
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Figure 6:

Negative regulation of JAK/STAT signaling pathway.
JAKSs are inhibited by suppressor of cytokine sign-
aling family proteins (SOCS/CIS), protein tyrosine
phosphatases (PTPs) and ubiquitylation. STATs are
blocked by PTPs and protein inhibitors of activated
STAT proteins (PIAS).*

tive manner, meaning that the set of genes
activated or inactivated by a specific STAT
can differ between different cell-types.’® A
summary of selected STATs with their target

genes can be found in table 1.

2.2.6 Negative regulators
The activity of the JAK/STAT pathway is

controlled by several negative regulators,
including protein tyrosine phosphatases
(PTPs), suppressor of cytokine signaling
family proteins (SOCS/CIS), protein inhibi-
tors of activated STAT proteins (PIAS) and
ubiquitylation.

Three different types of PTPs are known
to regulate the JAK/STAT pathway. Firstly,
SH2-containing phosphatases (Shp) as-
sociate with SH2 domains with phospho-

rylated tyrosine residues and are able to
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dephosphorylate activated cytokine recep-
tors and JAKs. SHPI primarily expressed
in hematopoietic tissues, whereas SHP?2 is
ubiquitously expressed. The second phos-
phatase, which negatively regulates JAK/
STAT signaling is the transmembrane PT-
Pase (CD45) expressed at high levels in all
hematopoietic lineages at all stages. In vitro,
CD45 directly dephosphorylates and binds
to JAKs and negatively regulates IL3 medi-
ated cellular proliferation.’” The third group
includes phosphotyrosine phosphatase 1B
(PTPIB) and T-cell protein tyrosine phos-
phatase (TC-PTP). Ptp1B is localized in the
endoplasmatic reticulum and is expressed
in many different tissues. T7C-PTP is ex-
pressed in hematopoietic cells and exists in
two isoforms, a long cytoplasmatic isoform
(p48) and a short isoform (p45) located in
the nucleus. Jak2 and Tyk2 are substrates
for Ptp1B,* whereas Jak1 and Jak3 are sub-
strates for Tc-PTP.*

Socs are small proteins with a central SH2
domain and conserved C-terminal SOCS/
CIS boxes. The 8 members of this family
(SOCS1-7 and CIS) regulate the JAK/STAT
pathway in several different ways. Cis binds
to the Stat5 binding sites on the receptor,
prevents Stat5 binding and therefore inter-
rupts Stat5 signaling.*® Socs proteins can
also directly bind to the activation loop of
JAKs.*' Finally, Socsl has been shown to
target Jak2 for ubiquitination and subse-
quent proteasom-mediated degradation of
JAKs.#

The PIAS family was initially described in
STAT signaling,” but they show also activ-
ity towards a variety of other transcription

factors. Five different PIAS proteins are de-

15

scribed and all five bind to activated STAT
dimers and inhibit STAT-mediated tran-
scription by different mechanisms.

It was also shown that Jak2 can be ubiqui-
tinated in vitro and in vivo,** which leads to
rapid degradation of Jak2. The ubiquitina-
tion is increased in response to stimulation
by IL-3 and IFN-y.

2.2.7 Independent func-
tions of JAKs

Even though, JAKSs are mainly active in the
JAK/STAT pathway, they have also STAT
independent functions. JAKs are also in-
volved in the activation the kinase Pyk2 in
IL-2 signaling.* They are able to stimulate
the RAS-MAPK pathway**” and to induce
the C-FOS and C-MYC genes.* Recently it
was also shown that human Jak2 is present
in the nucleus and directly phosphorylates
histone H3. Heterochromatin protein lalpha
(HP1alpha) specifically binds to the phos-
phorylation site of H3 through its chromo-
shadow domain. Phosphorylation of H3Y41
by Jak2 prevents this binding. The haemat-
opoietic oncogene LMO?2 was shown to be

one target of the phosphorylated H3.%
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2.3 Myeloproliferative Neo-

plasms

(MPN)

summarizes a group of diseases with clini-

Myeloproliferative  Neoplasms
cal and biologic similarities. They were
described for the first time by Wiliam
Damashek in 1951.%° At this time point,
the disease group included four entities:
polycythemia vera (PV), essential throm-
bocythemia (ET),
sis (PMF) and chronic myeloid leukemia
(CML). In 1960, CML became the first can-

cer to be connected with a specific cytogenic

primary myelofibro-

marker, the Philadelphia chromosome (PH).
This reciprocal chromosomal translocation,
t(9;22)(q(34;q11), generates a fusion be-
tween Abelson murine leukemia viral onco-
gene homolog 1 (ABL) and Breakpoint clus-
ter region protein (BCR). This fusion leads
to constitutive activation of the ABL kinase,
which represents the disease-causing muta-
tion.>'>* For this reason, CML is considered
as a disease group for itself, whereas the
other three entities (PV, ET, PMF) are sum-
marized as Philadelphia chromosome nega-
tive (PH) MPN’s.** They are characterized
by overproduction of blood cells, mostly of
the myeloid lineage, and variable predispo-
sition for transformation into another dis-

ease entity or to leukemia (Figure 7).
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2.3.1 Clinical characteris-
tics

Polycythemia Vera patients have mild to
overt excess of normochromic, normocytic
red blood cells (RBCs) in peripheral blood
with neutrophilia and rarely, basophilia. The
bone marrow is hypercelluar due to this tri-
lineage proliferation. Most of the clinical
findings in PV are related to hypertension
or vascular abnormalities caused by the ex-
cess of RBCs. In 20% of the cases a history
of venous or arterial thrombosis is present,
which is in many cases the first indication
for PV. In a full-blown polycythemic stage,
splenomegaly can be found in 70% of the

<5% <1o°/,,

Acute Leukemia

120-30%

Primary
Myelofibrosis

Esssential
Thrombocytosis

Polycythemia
Vera

Figure 7:

Philadelphia chromosome negative myeloprolifera-
tive neoplasms. Arrows mark possible transitions.
The percentage indicates the fraction of patients
transforming to AML.
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patients and hepatomegaly in 40% of cases.
The median survival time is longer than 10
years and most patients die of thrombosis or
hemorrhage, whereas 20% die due to MDS
or AML.

Essential Thrombocythemia is marked by
persistent thrombocytosis with abnormally
shaped platelets. In most patients the throm-
bocytosis is discovered in a routine blood
check in asymptomatic patients, however
some of the patients are also diagnosed due
to manifestation of vascular occlusion or he-
morrhage. Splenomegaly is only seen in a
small subset of ET patients. Both ET and PV
may transform to PMF.

In early phase primary myelofibrosis pa-
tients show hypercellular bone marrow,
characterized by prominent granulocytic
and megakaryocytic proliferation and a re-
duction and maturation block in nucleated
erythroid precursors. Reticulin fibrosis is
absent in the bone marrow. After this pre-
fibrotic or early stage of PMF, the more
advanced fibro-osteosclerotic phase of the
disease starts. This stage is characterized
by significant amount of reticulin deposi-
tion and the appearance of collagen fibers in
the bone marrow. About 30% of the patients
are asymptomatic at the time of diagnosis
and the disease is discovered by routine ex-
aminations which detects the presence of
splenomegaly, anemia, leukocytosis and/or
thrombocytosis. Median survival time de-
pends on the disease stage in which PMF
is diagnosed. For early stage patients it is
about 10 to 15 years and for patients in a

fibrotic stage, it is about 3 to 7 years. >58

2.3.2 Clonal stem cell dis-
order

Fialkow and colleagues analyzed polymor-
phisms in the X-linked glucose-6-phosphate
dehydrogenase (G6PD) locus in female
patients. They were able to show that the
same isoform was present in all granulo-
cytes, platelets and erythrocytes, consist-
ent with a myeloid clonal expansion.”® This
initial finding was also confirmed in ET and
PME.%6! The stem cell origin of the disease
was further proven by demonstrating the in-
volvement of B, T, and natural killer (NK)
lymphocytes.®*%

2.3.3 Chromosomal aber-
rations

Based on the successful discovery of the
BCR/ABL fusion, the cytogentic approach
was also used in Philadelphia chromosome
negative myeloproliferative neoplasms.
Even though karyotype abnormalities are
frequent at the diagnosis of MPN, no spe-
cific aberration for PV, ET or PMF was
identified. The most frequent are 9p uni-
parental disomy (UPD), numerical aberra-
tions of chromosomes 1, 8, and 9, deletions
on chromosomes 5q, 13q, 20q and frequent
gains of 9p.*77 Except for 9pUPD, all cyto-
gentic aberrations can also be found in other
clonal myeloid disorders (meylodisplastic
syndrome, CML and acute myeloid leuke-
mia). Therefore, it is likely that these chro-
mosomal abnormalities have a more general
role in the pathogenesis of hematological

malignancies.
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Figure 8:

JAK2-V617F mutations in patients with myeloproliferative neoplasms. Panel A shows the heterozygous mu-
tation in a patient without 9pUPD and the homozygous mutation in a patient with 9pUPD. Panel B shows the
domain structure of JAK2. The mutation is located in highly conserved residue. Panel C shows the somatic
origin of the mutation. JAK2-V617F was present in buccal swab and granulocyte DNA, but was absent in hair

follicle DNA.%¢
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2.3.4 Epo independant
growth

The next important observation was made
by Jaroslav Prchal and Arthur Axelrad:
They were able to show that bone marrow
cells from PV patients, but not from healthy
controls, were able to form erythroid colo-
nies in the absence of exogenous Epo. These
cytokine independent colonies are called
endogenous erythroid colonies (EEC).™
The formation of EECs is found in most of
the PV patients and in a subset of ET and
PMF patients without cytoreductive treat-
ment.” The increased response to the lim-
iting concentration of Epo proves the cell-
autonomous characteristics of the observed
bone marrow proliferation, as had it been

suggested by Dameshek.

2.3.5 The discovery of
JAK2-VV617F

More than 50 years after Dameshek’s edi-
torial in Blood, a new era in MPN research
started with the discovery of the JAK2-
V617F mutation. The mutation was found
simultaneously in four different labs using
different genetic, functional and genomic
approaches. The group around William
Vainchenker discovered that the growth of
EEC was abrogated by siRNA mediated
knock-down of JAK?2. This finding led them
to search for mutations in J4K2.3° Anthony
Green and colleagues used candidate gene
resequencing to find the mutation.?! The lab
of Radek Skoda was building their research
strategy on the observation of Josef Prchal,

that a acquired uniparental disomy (UPD)

of chromosome 9p24 is common in PV?.
The JAK2-V617F mutation was found by
sequencing genes located in the minimal re-
gion of the UPD.® Gilliland and colleagues
used high throughput sequencing to screen
the tyrosine kinome, because activating mu-
tations were previously described in other
MPDs.%

The guanine to tyrosine substitution results
in a valine to phenylalanine substitution at
amino acid 617 of Jak2. This mutation was
never found in germline and is therefore ac-
quired as a somatic disease allele in the he-
matopoietic system. The valine 617 to phe-
nylaline substitution occurs inside the JH2
domain (also called pseudo kinase domain).
However, the complete 3D structure of Jak2
is not yet solved and therefore it is not com-
pletely clear how the JAK2-V617F mutation
can activate the kinase. However, deletion
of the JH2 domain leads to increased acti-
vation of Jak2, which is consistent with an
autoinhibitory role of the pseudo-kinase
domain.? Interestingly, there are no reports
for alternative mutations at this codon, even
though a recent report showed, that any of
the 4 alternative residues (tryptophan, me-
thionine, isoleucine and leucine) for valine
617 leads to constitutive activation of the ki-
nase.® This finding potentially supports the
idea of a pre-JAK?2 event inducing mutation
at a specific sequence background. Depend-
ing on the detection method, the mutation
can be found in approximately 95% of PV
patients, 50% of ET patients and in 50% of
PMF patients. The discovery of the JAK2-
V617F mutation was a big breakthrough
and modified the classification and diagno-

sis of myeloproliferative neoplasms.
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Figure 9:

Model of leukemic transformation in MPN. Some patients develop a JAK2-V617F positive leukemia con-
sistent with a JAK2-V617F positive progenitor undergoing leukemic transformation. However, some patient
also develop a JAK2-V617F negative leukemia, consistent with a pre-JAK2 clone susceptible to leukemic

transformation.

2.3.6 JAK2 exon 12 Muta-
tions

After the discovery of JAK2-V617F, the
JAK?2 gene was screened for additional mu-
tation. Scott at al. described in JAK2-V617F
negative PV a subset of patients with a so-
matic gain of function mutation in exon 12
of JAK2. In contrast to JAK2-V617F, exon
12 mutations include a variety of amino acid
changes, deletions and insertion. JAK2 exon
12 mutations can only be found in patients
with PV and are associated with a nearly
pure erythrocytosis.* However, it was also
shown, that the two J4K2 mutation can co-
exist in two different clones in the same pa-

tient.%

2.3.7 MPL mutations

The JAK/STAT pathway can also be ac-
tivated by mutations in myeloprolifera-

tive leukaemia virus oncogene homologue
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gene (MPL), which is the receptor for
TPO. Germline gain of function mutations
in MPL were already described in familial
thrombocytosis,* when in 2006 a somatic
acquired MPL mutation (MPL-W515L) was
described in JAK2-V617F negative PMF.%¢
Subsequently, an additional mutation at the
same codon was discovered: MPL-W515K.
Taken together, this two mutations can be
found in 5% of PMF patients and 1% of ET
patients.®’

2.3.8 Mouse Models for
JAK2-VV617F

The oncogenic activity and disease causing
potential of the JAK2-V617F mutation was
proven by in vitro and in vivo experiments.
BAF3 cells grow faster at low levels of IL-3
and become cytokine independent upon ex-
pression of JAK2-V617F.°° Bone marrow
transplant models were able to show, that

JAK2-V617 can induce a myeloproliferative
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phenotype in mice resembling MPN in hu-
mans.* ¥ Depending on the genetic back-
ground of the mice, the phenotype differed
between the various experiments: erythro-
cytosis, dramatically increased leukocytoo-
sis and bone marrow fibrosis was observed
in BALB/c, whereas C57BL/6 showed in-
creased erythrocytosis with mild leukocyto-
sis. Beside the transplantation models, sev-
eral transgenic mouse lines were generated
91—93.

Ralph Tiedt and colleagues developed a
transgenic moue model expressing human
JAK2-V617F which can be induced.’’ These
mice were crossed with transgenic mice ex-
pressing Cre recombinase through various
promoters. The MxCre strain expresses Cre
recombinase under the control of the Mx
promoter, which can be activated by inter-
feron. The Cre recombinase activates the
JAK2-V617F transcript. MxCre, FF'] mice
showed a phenotype resembling PV with in-
creased hemoglobin levels, thrombocytosis
and neutrophilia. Depending on the number
of pIpC injection, the copy number chang-
es. If the Mx promoter is activated over a
longer time, more copies of the transgene
get excised. In VavCre mice, the expression
of Cre recombinase is driven by the Vav pro-
moter, which is shown to direct constitutive
Cre expression to all hematopoietic cells.”
The VavCre; FF1 mice only have elevated
platelet counts and therefore resemble more
the ET phenotype in patients. In the third
transgenic mouse line, Sc/Cre, the expres-
sion of a tamoxifen inducible Cre recombi-
nase is driven by 5’ endothelial enhancer of
stem cell leukemia (SCL). The SclCre;FF1

mice have high numbers of erythrocytes,
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platelets and white blood cells. The pheno-
type is stronger in SclCre; FF1 mice than in
MxCre; FFI mice.

The comparison of these transgenic mouse
models indicates, that the disease pheno-
type is depending on the expression level
of JAK2-V617F. High levels of expression,
comparable to the transplantation model,
induce erythrocytosis, whereas low lev-
els of JAK2-V617F cause thrombocytosis.
This observation can be translated into pa-
tients with MPN: ET patients stay in a het-
erozygous JAK2-V617F state, whereas PV
patients often acquire UPD in 9p24 and
therefore become homozygous for JAK2-
V617E.*!

2.3.9 One mutation, three
diseases

Although the dosage effect provides some
evidence how one mutation can cause three
different disease entities, many question are
still open. Additional mutation events are
also likely to modify the disease phenotype.

Since the discovery of JAK2-V617F, the
question is raised whether this mutation
represents the disease-initiating event. It
was shown in mouse experiment that JAK2-
V617F alone is able to reproduce the disease
phenotype in animals, similar to BCR/ABL.
However, these models do not completely
reflect the situation in humans, where the
mutation initially occurs in one stem cell,
which has to out-compete the normal he-
matopoiesis. There is also evidence, that the
clonal hematopoiesis can exceed the JAK2-
V617F harboring clone, thus hypothesizing

that an initial mutation event induces clonal
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hematopoiesis.”””® In addition, the pres-
ence of JAK2 wild type EECs together with
JAK2-V617F EECs was shown in PV.”
Another indication that JAK2-V617F
might not be the “first-hit”, originates from
the analysis of MPD patients transformed
to AML. It was shown that many of the pa-
tients progress from a JAK2-V617F positive
MPN to a JAK2-V617F negative AML (Fig-

ure 9).100,101

2.3.10 Predisposition

One hypothesis would be, that MPN oc-
curs in patients carrying a predisposition to
genomic instability, which makes the more
susceptible to acquire mutations causing the
disease phenotype. The same observation
was also made in familial MPN’s. In this
families the risk to acquire JAK2-V617F
and to get MPN is increased several hundred
times. Consistent with the genetic predispo-
sition, a specific constitutional haplotype in
JAK?2, called 46/1 or “GGCC”, was recent-
ly described. Several groups showed, that
JAK2-V617F and JAK2 exon 12 mutations
are associated with a certain haplotype.'**-1%
In addition it was also shown that this haplo-
type is in general associated with MPN, re-
gardless the mutational status of J4K2.1%6:107
This haplotype might be necessary to propa-
gate the MPN phenotype or might favor mu-
tagenesis, but the exact function is not yet

known.

2.3.11 Mutations in TETZ2

We know today, that additional mutation
events contribute to the disease phenotype
and that they could be shared between dif-
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ferent hematological malignancies. Based
on this hypothesis, Delhommeau and col-
leagues analyzed samples from myelodis-
plastic syndrome (MDS), acute myeloid
leukemia (AML) and MPN using various
genetic approaches. They discovered a re-
current deletion on 4924, which in some
AML samples included just one gene: TET2,
a member of the Ten-Eleven-Translocation
(TET) family of genes. They also analyzed
a group of MPD, which had an early ex-
pansion of the JAK2-V617F clone, mean-
ing that the proportion of CD34+ cells with
JAK2-V617F was very high. They found a
region of UPD at 4q24 and a deletion in-
cluding only TET2. Sequencing of patient
samples discovered a wide range of mis-
sense, nonsense mutations and deletions.'%
In MPN, TET2 mutations can be found in
approximately 12% of the patients.'®

TET2 consists of 11 exons spread over
150kb and is expressed in a wide range of
tissues. The family of Tet protein consists of
3 members: TETI, TET2 and TET3, which
share two highly conserved regions. Not
much is known about TET2 yet. However,
TETI is involved in a rare translocation in
AML where it is fused to the mixed-lineages
leukemia (MLL)."®-11°

In addition to the initial publication by
Delhommeau and colleagues, various
groups showed the occurrence of TET2 mu-
tation in different hematopoietic malignan-
cies, as in systemic mastocytosis (SM)'!,
MPN'"2 chronic myelomonocytic leukemia
(CMML)'3, MDS!'"311* and AML!'3.

The functional effect of the TET2 muta-
tions is not yet known because only limited

information about the wt TET2 function is
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known. It has been shown, that CD34" de-
rived from patients with TET2 mutations are
able to expand in a NOD/SCID transplanta-
tion mouse model.'”® It was also shown that
a subset of patients looses the second copy
of TET? either through a second mutation,
or UPD, consistent with the standard model

of a tumor suppressor mutation.

2.3.12 Outlook

In the last few years, there was a tremen-
dous progress with the discovery of JAK2-
V617F mutation and other genetic altera-

tions in the field of MPN research. However,

Aquired
Predisposition
TET2?, other
mutations

JAK2-V617F, JAK2-V617F
homozygous, JAK2 exon12

additional
mutations

Figure 10:
Proposed model for MPN heterogeneity.

JAK2-V617F, MPL-W515,
other mutations

!
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the molecular as well as the phonotypical
heterogeneity of MPN patients is not well
understood. Future studies will undoubt-
edly discover additional mutations associ-
ated with both phenotype as well as disease
progression. Therefore it will be important
to know more about the complex molecu-
lar heterogeneity of the patients to provide a

successful, individualized therapy.
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3.Results 3.1 Clonal Analysis of del20q

3.1 Clonal analysis of deletions on
chromosome 20q and JAKZ2-
V617F in MPD suggests that
del20q acts independently
and is not one of the pre-dis-
posing mutations for JAKZ2-
V617F

3.1.1 Abstract

<<We developed a real time copy number PCR assay for deletions on chro-
mosome 20q (del20q), screened peripheral blood granulocytes from 664 pa-
tients with myeloproliferative disorders (MPD) and identified 19 patients
with del20q (2.9%), of which 14 (74%) were also positive for J41K2-V617F.
To examine the temporal relationship between the occurrence of del20q and
JAK2-V617F we performed colony assays in methylcellulose, picked indi-
vidual BFU-E and CFU-G colonies and genotyped each colony individual-
ly for del20q and J4K2-V617F. In 2/9 patients we found that some colonies
with del20q carried only wild type J4K2, whereas other del20q colonies were
JAK2-V617F positive, indicating that del20q occurred before the acquisition
of JAK2-V617F. However, in colonies from 3/9 patients we observed the oppo-
site order of events. The lack of a strict temporal order of occurrence makes it
unlikely that del20q represents a predisposing event for J4K2-V617F. In two
patients with J4K2-V617F and one patient with MPL-W515L, microsatellite
analysis revealed that del20q affecting chromosomes of different parental ori-
gin and/or 9pLOH occurred 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 MPD clone carries a predisposition to acquir-

ing such genetic alterations.>>
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2.1.2 Introduction

Deletions of the long arm of chromosome
20 (del20q) have been observed frequently
in patients with myeloproliferative disorders
(MPD), myelodysplastic syndromes (MDS)
and acute myeloid leukemia (AML).5%70.115
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 two CDRs.”>!16-120 However, to
date it was not possible to identify a gene
mutation within the CDR that is function-
ally linked to the expansion of the del20q
clone.?! In MPD patients, del20q was found
in the bone marrow from about 1% of pa-
tients with essential thrombocythemia (ET),

up to 9% of polycythemia vera (PV) and up

to 12% of primary myelofibrosis (PMF).7¢120
The del20q occurred preferentially together
with the JAK2-V617F mutation in 28/29
MPD patients studied.!” We previously
analyzed two 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 tempo-
ral order of the acquisition of JAK2-V617F
and del20q in patients carrying both muta-
tions by analyzing single colonies grown in

methylcellulose.
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gene copies
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Figure 11. Screening for del20q by real time PCR.

A) The copy number of the L3MBTL gene was determined in DNA from purified peripheral blood granulo-
cytes using two SYBR real time assays with primer pairs located in L3MBTL exon 2 (quadrangles) and exon
9 (circles). Samples with gene copy values below 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 assays for the neighboring genes PTPRT and TOX2. The decreased copy number was

confirmed in all cases. Not determined, nd.
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Chromosome 20q
L3MBTL

CDR
9 Mb
93 genes

Figure 12. Comparative genomic hybridization

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 color marks regions deleted in the patients DNA. The
boundaries are marked by a clear drop in the ratio between the pa-
tient’s DNA and the reference. Patient Vi384 delineates the centro-
meric and patient Na293 the telomeric border of the common de-
leted region (CDR), which spans 9 megabases (Mb) and includes
93 genes.
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2.1.3 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 LIMBTL, a gene lo-
cated 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 paral-
lel (Figure 11A). Patients with
decreased gene copy numbers
in both assays were further
examined with real time PCR
assays for PTPRT and TOX2,
two genes flanking L3MBTL
(Figure 11B). The del20q was
confirmed in 19/664 (2.9%) of
MPD patients, or specifically
in 4/320 (1.3%) ET, 7/262
(2.7%) PV, and 8/82 (9.8%)
PMF. The JAK2-V617F mu-
tation was present in 14/19
(74%) of patients with del20q,
whereas the MPL-W515L was
present in one patient with-
out JAK2-V617F. No muta-
tions in JAK2 exon 12 were
found among the patients with
del20q (Table 2). Cytogenetic
analysis was available for 8 of
the 19 patients with del20q and
confirmed the results obtained
by real time PCR in all 8 cas-
es. To map the breakpoints of

the individual deletions, we
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Age Disease duration |[J4K2-V617F| Complications Treatment
at
UPN |Diagnosis|{Gender| sampling (months) (%T)
phlebotomy, IFN-
p007 PV M 76 264 92 sMF, thrombosis|alpha, hydroxyurea
p020 PMF F 75 132 0 thrombosis hydroxyurea
p048 PMF M 77 168 95 splenomegaly n.a.
phlebotomy,
p103 PV F 82 600 95 none hydroxyurea, **P
p187 PMF M 74 186 59 splenomegaly no treatment
Di433 PV F 79 22 94 none hydroxyurea
anemia,
INa293 ET M 68 28 16 splenomegaly no treatment
SVT and other
thromboses,
INa391 ET F 41 240 68 sMF, anemia hydroxyurea
Vi062 ET F 54 257 10 abortion (3x) anagrelide
anagrelide,
Vil02 ET M 51 46 23 MI, melanoma | hydroxyurea, IFN
PAD, insult,
Vil08 [ PMF F 59 39 72 splenomegaly IFN
anemia,
\Vill7 [ PMF M 64 43 0 splenomegaly [IFN, lenalidomide
IFN, anagrelide,
Vil39 PV F 50 52 0 none phlebotomy
anagrelide,
hydroxyurea, IFN,
Vil41 PV F 79 211 11 bleeding, TIA phlebotomy
anemia,
Vil62 [ PMF M 67 142 0 splenomegaly IFN
lung cancer,
\Vi233 [ PMF M 80 53 9 DVT, CAD hydroxyurea
phlebotomy ,
Vi3 18 PV F 65 30 12 PAD hydroxyurea
\Vi346 | PMF M 56 72 0 lung cancer IFN
Vi384 PV M 64 197 98 none phlebotomy

Table 2 Characteristics of patients with del20q
UPN, unique patient number; sMF, secondary myelofibrosis; n.a. , not available; IFN, interferon; SVT,
splanchnic vein thrombosis; TIA, transient ischemic attack; MI, myocardial infarction; PAD, Peripheral ar-
tery disease; DVT, deep vein thrombosis; CAD, Coronary artery disease.
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3.Results

3.1 Clonal Analysis of del20q

performed custom high-density oligonu-
cleotide CGH arrays on 8 del20q patients
from whom DNA of sufficient quality was
available. A common deleted region (CDR)
of 8.98 Mb (35.95-44.93 Mb) containing 93
genes was defined (Figure 12).

To determine the temporal relationship be-
tween the occurrence of del20q and JAK2-

found a more complex pattern (Figure 13C).
In the first sample of p007 from 2/2005
only a few CFU-G heterozygous for JAK2-
V617F carried del20q, while colonies ho-
mozygous 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 ei-

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 MPL-W515L (Figure 13).
We observed three different patterns:
First, in patients p187 and Na293
we found that some del20q positive
colonies carried the wild type JAK2,
whereas other del20q positive colo-
nies were positive for JAK2-V617F,
indicating that the del20q clone is
larger than the J4K2-V617F clone
(Figure 13A). Since all colonies posi-
tive for JAK2-V617F also displayed
del20q, we infer that del20q occurred
before the JAK2 mutation. Second,
in 3 patients we observed the re-
verse order, with JAK2-V617F pre-
ceding del20q, as illustrated by the
presence of JAK2-V617F-positive
colonies with and without del20q
(Figure 13B). Patient Vi233 appears
to have acquired del20q in a cell het-
erozygous for JAK2-V617F, whereas
in patients p048 and p103 the transi-
tion to del20q occurred in a cell ho-
mozygous for JAK2-V617F. Third, in
patients p007, Vil02 and Vi346 we

del20q
absent present present
Campbell
et al
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=0.805
ET (total 320) 316 4 5
JAK2-V61T7F
positive] 200 (63%) 4 (100%) 5(100%)
JAK2-V617F
negative| 116 (37%) 0 (0%) 0 (0%)
p=0.3
PV (total 262) 255 7 12
JAK2-V617F
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

Table 3 Relationship between del20q and JAK2 muta-

tions. P values represent Fisher’s exact test.
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Figure 14. Multiple del20q and 9pL.OH events in colonies from three 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 two alleles for each in-
formative microsatellite. The gray boxes mark the deleted region for each individual colony. Note that del20q
in colony #185 created a different haplotype than the deletion in colony #6 (marked by arrows), indicating
that two 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. Note, that the 9pLLOH region
is smaller in colony #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 Vil02. C) Two separate
del20q events affecting the chromosome 20q of different parental origin occurred in patient Vi346. The chro-

matograms for the MPL-WS515L mutation are shown for the two colonies analyzed.

ther by postulating two independent del20q
events or two independent 9pLOH events.
The del20q positive BFU-E colonies in pa-
tient Vil02 were wild type for JAK?2, and the
JAK2-V617F positive colonies were all neg-
ative for del20q, which is compatible with
originating from two 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-WS515L. Some colonies were ho-
mozygous for MPL-WS515L, but negative
for del20q.

In one patient (Na391) with 50% of eryth-
roblasts in the peripheral blood, all colonies
were positive for both del20q and JAK2-
V617F, which precluded us from determin-
ing the order of events (not shown) and one
patient (p020) had del20q without a muta-
tion in the JAK2 or MPL gene (Figure 13D).
We analyzed p020 at three different time
points and we were able to detect an increase

in del20q positive colonies in CFU-Gs in
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2007. However, one year later, the percent-
age of del20q positive colonies was again
comparable with the first time point. An
increase in the percentage of del20q posi-
tive colonies was observed in serial samples
from Na293 and p007, whereas in p187 the
colonies were all del20q positive and re-
mained so during follow up, except for one
BFU-E and one CFU-G (Figure 13A and 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
14). In p007, the deletion in colony #185
affected the chromosome 20q of a differ-
ent parental origin than in colony #6, indi-
cating that two independent deletion events
must have occurred (Figure 14A, left panel).
Furthermore, 4 different sizes of the latter
del20q haplotype were detected when ad-
ditional colonies were analyzed. This pat-
tern 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 can-
not distinguish between these possibilities.
In addition, colony #185 also differed in
the size of the 9pLOH region, suggesting
the presence of two different 9pLOH events
(Figure 14A, right panel). In contrast, analy-
sis of the deleted regions in colonies from
other patients showed a unique size for each
of del20q regions (not shown), making it
unlikely that the pattern observed in p007
is due to artifacts that occurred during the
methylcellulose culture. Evidence for two

independent del20q events was also found

in patients Vil02 (Figure 14B) and Vi346
(Figure 14C). In both cases, colonies were
found that showed loss of heterozygosity af-
fecting two different parental chromosomes
20.

2.1.4 Discussion

In the present study we assessed the po-
tential connection between JAK2-V617F
and del20q by analyzing the temporal or-
der of acquisition of the two 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 granulocytes carry del20q
and therefore selects for del20q events that
dominate in granulocytes in the peripheral
blood. Nevertheless, our observed frequen-
cies in patients with ET, PV and PMF of
del20q are comparable with results ob-
tained with cytogenetic studies of bone mar-
row.”®!20 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 report-
ed preferential association of del20q with
JAK2-V617F positive cases of PMF (Ta-
ble 3).' The reason for this discrepancy is
currently unclear. In ET, 4/4 patients with
del20q were JAK2-V617F positive, similar
to 5/5 del20q positive ET cases reported
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previously (Table 3).' Thus, by combin-
ing the studies, 9/9 ET patients with del20q
were also JAK2-V617F positive. However,
this association should be examined in a
larger series of patients with del20q. Map-
ping of the del20q region by CGH revealed
that in most patients large deletions have oc-
curred (Figure 12) and that the CDR derived
from analyzing granulocytes overlaps with
the published region obtained by mapping
bone marrow samples.'"”

Disparity between the size of the JAK2-
V617F positive clone and the clone deter-
mined by analysis of the X-chromosome
inactivation pattern,’®’ presence of endog-
enous erythroid colonies that are negative
for JAK2-V617F,%%122 and co-existence
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 two patients in whom the clone carry-
ing 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 pre-
viously observed temporal order of events
in 2 patients (Figure 13A), but in 3 addi-
tional patients we detected the inverse order,
1.e. JAK2-V617F preceding del20q (Figure
13B). Thus, there appears to be no strict tem-
poral order of acquisition making it unlikely
that del20q represents a predisposing event
for JAK2-V617F. At present, we cannot for-
mally exclude the possibility that del20q
may represent a “passenger mutation”, i.e. a

genetic alteration without functional conse-
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quence.'?*!?* The fact that in serial samples
of patients Na293 and p007 we observed an
expansion of the del20q subclone (Figure
13) 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 del20q positive, suggesting a growth
advantage 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
two independent 9pLOH events (Figure
14). Patient p007 was diagnosed with PV 22
years ago and since 11 years showed signs
of a progression to secondary myelofibrosis.
The long disease duration and/or progres-
sion to spent phase may favor accumula-
tion 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 con-
sequence of JAK2-V617F was recently re-
ported.'* This could explain the findings in
p007. However, in patient p102 one of the
del20q events occurred in a JAK2-V617F
negative cell (Figure 13C) and patient Vi346
was negative for JAK2-V617F, suggesting
that genomic instability in these patients is
independent of JAK2.
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3.2 Whole genome expression
analysis in single colonies
and shRNA mediated knock-
down in murine bone mar-
row cells allows to discover
del20q candidate genes

3.2.1 Abstract

<<Even though del20q is the most frequent chromosomal aberration in pa-
tients with MPN, no candidate gene inside of the common deleted region was
so far linked to the disease phenotype. We analyzed differences in gene ex-
pression of hematopoietic colonies pooled according to their genotype. With
this technique, we were able to analyze highly pure cell populations and to
eliminate inter-individual differences in genetic background and differences
in the analyzed cell fraction. The expression of 680 genes was significantly
(p<0.05) changed by the presence of del20q. Out of this 680 genes, we se-
lected three genes from the CDR, which were significantly downregulated
for further analysis: serin threonin kinase 4 (STK4), topoisomerase 1 (TOPI)
and protein tyrosine phosphatase receptor T (PTPRT). We generated a pool of
shRNAs targeting these three genes and two additional candidate genes. This
mixture of sShRNA was then used to transfect NIH3T3 cells for in-vitro assays
and murine bone marrow cells for bone marrow transplantations in mice.
The first experiment showed that downregulation of these genes did not have
any functional consequences for the cells. However, we were able to show that
the simultaneous transfection using several shRNAs works and we will inves-

tigate the functional consequence of the knockdown more in detail.>>
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3.2.2 Introduction

Abnormal karyotypes are often detected at
diagnosis of ET, PV and PMF, however no
recurrent cytogenetic aberration was so far
discovered. The most frequent are 9p uni-
parental disomy (UPD), numerical aberra-
tions of chromosomes 1, 8, and 9, deletions
on chromosomes 5q, 13q, 20q (del20q)
and frequent gains of 9p.°*”" The fact that
all of them, except 9pUPD, are also found
in other clonal myeloid disorders, suggests
that their role in hematological malignan-
cies could be universal. Deletions of the
long arm of chromosome 20 (del20q) have
been observed frequently in patients with
myeloproliferative disorders (MPD), my-
elodysplastic syndromes (MDS) and acute
myeloid leukemia (AML).%7%"> A common
deleted region (CDR) of 2.7 megabases
(Mb) was described for patients with MPD
and a 2.6 Mb CDR was defined for MDS/
AML. The MPD and MDS/AML regions
overlap with 1.7 Mb.”>!1¢120 Deletions often
mark sites of mutations in tumor suppressor
genes, because the remaining allele can be
inactivated by a mutation. However, no mu-
tation was so far found in a gene inside the
deleted region on chromosome 20q. Alter-
natively, imprinting may also inactivate the
second allele. The methylation pattern of
lethal(3) malignant brain tumor (L3MBTL),
a gene located in the CDR was analyzed in
detail, however both the methylated and the
unmethylated copy was lost in patients with
del 20q and the expression level did not cor-
relate with the methylation status.'*":'?’

In this study, we analyzed del20g-induced

changes in gene expression by examining
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pools of individually genotyped hematopoi-
etic colonies grown in methylcellulose. This
approach reduces inter-individual differenc-
es in genetic background and differences in
the composition of the tissues to a minimum
and allows detecting small changes in ex-

pression levels.

3.2.3 Results

To detect changes in gene expression which
are specifically induced by del20q, we ana-
lyzed CFU-G colonies grown in methylcel-
lulose from two patients (p020 and Na293).
Individual colonies were picked for subse-
quent DNA and RNA isolation and analyzed
for del20q and JAK2-V617F (Figure 15).
One patient, p020, was negative for JAK2-
V617F and therefore we only distinguished
between wt and del20q colonies. The colo-
nies of Na293 were grouped into wt/wt,
del20g/wt and del20q/JAK2-V617F hetero-
zygous. The RNA from these colony groups
were pooled into two samples and used for
Affymerix Human Gene 1.0 ST array analy-
Sis.

The mean ratio of expression levels be-
tween wt colonies and del20q positive col-
onies shows a clear drop on chromosome
20q. This region correlates with the delet-
ed region defined by aCGH in granulocyte
DNA of the respective patient (Figure 15).
Next, we combined the data from both pa-
tients and performed ANOVA analysis to
detect differentially expressed genes be-
tween colonies with and without del20q. A
total of 680 significant expression differenc-
es (p<0.05) were observed (data not shown).

From all genes downregulated, 28 were lo-
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Figure 15: Expression analysis of pools of individually genotyped colonies.

Mononuclear cells from peripheral blood were grown in methylcellulose in the presence of erythropoietin.
Single granulocyte colonies were picked and analyzed individually for the presence of del20q and JAK2-
V617F by microsatellites and allele-specific PCR, respectively. The colony pattern with the different geno-
types is shown on the left site. CGH array data combined with expression array data is shown for two patients,
p020 and NA293, on the right site. A region of decreased copy number was observed in granulocyte DNA as
compared to a normal control. Expression analysis of del20q CFU-G colonies compared to CFU-G colonies

without del20q from the same patient was able to show that the copy number change also affected the gene
expression of a subset of genes.

cated inside the CDR described in chapter
3.1, 10 genes were located inside the MPD
CDR and 3 genes inside the MDS/MPD
CDR™!16120 (Figure 16A). Three genes
(STK4, TOPI and PTPRT) were selected for

further analysis and the reduced expression

was confirmed by qPCR in ¢cDNA islolated

from colony pools. The downregulation of
STK4 and TOPI was also found in total
granulocyte RNA of two patients which had
a high percentage of del20q positive cells.
PTPRT expression was not detected in total
granulocytes (Figure 16B). Two additional
genes, MYBL2 and L3MBTL, which were
36
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Figure 16: Gene expression analysis results.

A) We have found 680 genes, which were significantly (p<0.05) changed in expression between colonies with
the deletion on chromosome 20q and colonies without the deletions. The CDR described in the first chapter
of this thesis includes 28 downregulated genes, the MPD CDR includes 10 genes and the MDS/MPD region
includes 3 genes. B) The expression changes of the candidate genes were confirmed by qPCR in cDNA from
colonies with and without del20q. The downregulation of TOP1 and STK4 was also observed in patients with
a percentage of del20q positive cells.
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A shRNA construct

loop

HP_159715 |TOP1 CGCATAGCAACAGTGAACATAA
HP_847071 |TOP1 CGCTGATTATAAACCTAAGAAA
HP_ 271499 |STK4 AGGCTGGTTCTGTATCTGATAT
HP 282179 |STK4 CGGGAATAACTGCCATAGAAAT
HP_278663 |PTPRT |CGCTCCATCAATGCCTGAATAT
HP_277027 |PTPRT |CGCCACCTACCTGTGGATTAAA
HP_ 594102 |MYBL2 |CGCTGTGAAGAATCACTGGAAT
HP_558152 |MYBL2 |CCCTGGAGCAGAGAGACAACAA
HP_ 318927 |L3MBTL |[CCACACAAAGACCTCCAAATA
HP 477208 |L3MBTL |AGGACTGTTTGAATTGAAACAT
pLMP 3'mir30
5'mir30
S'LTR Psi+ PGK PuroR IRES
tntegration site of ShRNA
B Efficiency of shRNAs
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distribtion day 3
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Figure 17: shRNA constructs and transfection of NIH3T3 cells
A) The basic structure of mir30 adapted shRNA construct is shown. The table below lists all shR-
NA sequences used for the shRNAmix together with the RNAi codex database accession number.
The shRNAs were integrated into pLMP, which is a retroviral construct expressing GFP and puro-
mycin resistance as selective marker. B) The efficiency of the shRNAs was tested in NIH3T3 cells.
Briefly, retrovirus containing a mixture of all shRNAs was produced and used to transfect NIH3T3
cells. The cells were then sorted for GFP marker and used for RNA and DNA extraction. The
gqPCR results are shown in the graph. C) This panel sows the assessed distribution of the provirus
with the different shRNA by cloning at day 3 and day 10 of the NIH3T3 culture.

38

GFP

A

candidates from
expression analysis

additional
candidates

3'LTR

O TOP1 shRNA

B STK4 shRNA
OMYBL2 shRNA
O L3MBTL shRNA
B PTPRT shRNA



3.Results

3.2 Expression analysis in single colonies

also interesting candidate genes, were also
included for the following analysis.

We selected for each candidate gene two
shRNAmir sequences from the RNAi codex
database'?® targeting the murine homologs
and cloned them into a pLMP vector'® (Fig-
ure 17A). NIH3T3 cells were transfected
with retrovirus containing a non-silencing
control shRNA or a pool of all shRNAs
targeting the candidate genes (sShRNAmix)
to test the efficacy of the knockdown. The

A

expression level in GFP+ sorted cells of the
candidate genes was reduced between 14%
and 57% compared to the non silencing
control (Figure 17B). Cloning of the inte-
grated provirus DNA showed, that at least
one shRNA sequence for each gene was
present in about 12%-30% of the cells (Fig-
ure 17B). The NIH3T3 cells containing the
shRNAmix were then kept in culture for 10
days and underwent several passages. After

this period, the distribution of the integrated

retroviral transfection with
pLMP non silencing shRNA

@
MXCre FF1
induced

pLMP shRNA mix

g

10% GFP+
BM cells

—

bone GFP+
marrow FACS-sort
O > O
90%
> BM cells >
bone
marrow

shRNA provirus in BM cells

O TOP1 shRNA

B STK4 shRNA
OMYBL2 shRNA
@ L3MBTL shRNA
B PTPRT shRNA

Figure 18: Experimental Set-up of BM transplantation

A) Bone marrow cells from MxCre;FF1 mice were harvested and retrovirally transfected with mixture shR-
NAs targeting all candidate genes. After 2 days, GFP+ cells were sorted and transplanted together with wt
C57B/6 bone marrow in ratio of 1/10 to lethally irradiated C57B/6 mice. B) Distribution of integrated pro-
virus in BM transfected with shRNAmix. All candidate genes are targeted by at least 10% of the proviruses.
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shRNAs was analyzed again by cloning.
However, no change in the distribution was
observed (Figure 17C).

Next, we used this shRNAs to trans-
fect bone marrow (BM) from induced
MxCre,; FFI mice expressing JAK2-V617F.%!
The BM cells were either transfected with
retrovirus containing a non silencing control
shRNA or with a pool of all shRNAs target-
ing the candidate genes (shRNAmix). The
cells were then sorted for GFP marker and
together with C57B/6 wt BM cells trans-
planted into wt C57B/6 mice (Figurel8A).
Each mouse received 9% of GFP positive
BM cells containing the shRNA. Both ex-
perimental groups included five animals.
The distribution of the integrated shRNAs
was again analyzed by cloning and showed
that all candidate genes were targeted with
at least 10% of the shRNAs (Figure 19B).

At the time point of the first bleeding, 4
weeks after transplantation, we were able to
detect around 5% GFP" erythrocytes, gran-
ulocytes, monocytes and about 2% GFP*
platelets in both groups of recipient mice.
The shRNAmix group showed a slightly
higher percentage of GFP* cells. However,
8 weeks after transplantation, the amount of
GFP" cells was reduced and 12 weeks after
transplantation all GFP+ cells disappeared,
except for erythrocytes in one mouse trans-
fected with shRNA mix where a small por-
tion still remained (Figure 19A).

There were no differences observed in the
blood counts between the control group and
the animals transfected with shRNAmix
and all values were within the physiological

range (Figure 19B).
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3.2.4 Discussion

The aim of this study is to discover poten-
tial candidate genes located inside the MPD
CDR on chromosome 20q by analyzing the
gene expression profile from individually
genotyped colonies. By analyzing CFU-G
colonies, which were pooled according to
their genotype, we were able to compare an
exactly defined cell population and to re-
duce individual differences in genetic back-
ground and composition of the tissues to a
minimum. The sensitivity of this assay is
shown by the clear drop in the ratio between
wt and del20q expression, covering exactly
the region which was previously shown to
be deleted by aCGH (Figure 15). Because
of the close similarity of the samples, only
a relatively small number of genes (680)
were differentially expressed (p<0.05). Out
of the 93 genes of our CDR, only 28 genes
were significantly downregulated and this
number is even smaller if we only consider
genes inside the MPD CDR.

Based on this expression data, we decided
to select in a first experiment 3 downregu-
lated genes from the CDR to analyze them
in more detail. We performed a pathway
analysis using the STRING database with
all genes which were significantly changed
in expression. Two genes were involved in
the same pathways like genes outside of the
CDR: serin threonine kinas 4 (STK4) and
topoisomerase 1 (TOPI1). STK4 is a serine/
threonine protein kinase that is activated in
response to a variety of apoptotic stimuli
and overexpression of STK4 induces apop-
tosis. TOP1 is a key enzyme at the interface

between DNA replication, transcription and
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Figure 19: BM transplantation results

A) This panel shows the percentage of GFP+ cells in different blood cell lineages over time in mice trans-
fected with non silencing shRNA (black) or shRNAmix (red). The results from 5 mice are shown per group.
B) Blood counts of mice transplanted with non silencing shRNA (black) and shRNAmix (red). Each dot
represents a single mouse. The yellow bar marks the physiological range of the respective blood parameter.

mRNA maturation. A recent study showed,
that 7OPI is suppressing genomic insta-
bility in mammalian cells by preventing a
conflict between DNA transcription and
replication.”*® The third candidate, protein
tyrosine phosphatase receptor T (PTPRT),
was also downregulated but not connected
to the same genes like STK4 and TOP1. Re-
cently it was shown, that signal transducer
and activator of transcription 3 (STAT3)
is a substrate of PTPRT."! For our analy-
sis we also included two genes which were
not significantly changed in expression, but
represent potential candidate genes: V-MYB

myeloblastosis viral oncogene homolog
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(avian)-like 2 (MYBL2), which encodes a
transcription factor involved in cell cycle
progression and L3IMBTL, a human homolog
of the Drosophila lethal (3) malignant brain
tumor (D-1(3)mbt) polycomb protein, which
functions as transcriptional repressor and
is known as tumor suppressor in the larval
brain of drosophila.

NIH3T3 cells were used to check the effi-
ciency in knock-down of the different shR-
NA’s. The expression of all targeted genes
was reduced by 14% to 57% compared to
the non silencing control. This reduction is
lower than expected since not all cells carry

all shRNAs. Therefore, we analyze a mix-
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ture of different cell populations express-
ing different levels of the candidate genes.
NIH3T3 cells were also used to check the
influence of the different shARNAs on cell
growth. For this purpose, we analyzed the
distribution of the different shRNAs at day
3 and day 10 in cell culture. If one shRNA
would provide a growth advantage in NI-
H3T3 cells, the prevalence of this specific
shRNA should be higher after a certain time.
However, the shRNA distribution was sta-
ble, suggesting that none of the shRNA’s
provided a selective advantage for NIH3T3
cells.

In most of the patients del20q occurs to-
gether with JAK2-V617F. Even though the
temporal order of these two events can vary,
JAK2-V617F could potentially be needed
for the effect of the del20q gene. Therefore
we decided to test the candidate genes on the
background of JAK2-V617F in MxCre, FF1
mice”!. These mice express Cre recombinase
under the control of the Mx promoter, which
can be activated by injection of polyinos-
ine-polycytosine (pIpC). The Cre recombi-
nase activates the JAK2-V617F transcript.
MxCre; FF] mice showed a phenotype re-
sembling PV with increased hemoglobin
levels, thrombocytosis and neutrophilia.
This phenotype can be also transplanted in
a competitive repopulation assay with nor-
mal C57B/6 BM cells down to a 1/10 ratio.
We transplanted 9% of MxCre;,FFFI BM
cells transfected with non silencing control
or shRNAmix together with 91% of normal
C57B/6 BM cells. By monitoring the GFP
expression we saw, that GFP* cells quickly
disappeared in the peripheral blood. After

12 weeks, basically no GFP* cells were de-

tected in the peripheral blood. This goes in-
line with the observation, that the expected
phenotype of MxCre, FF'I BM cells trans-
planted in a 1/10 ratio did not develop. This
data suggest that during the process of viral
transduction, stem cells cells were lost and
normal C57B/6 cells mostly accomplish the
hematopoiesis. Moreover, the normal BM
cells, which were used for the remaining
91% of the transplant, did not undergo the
transplantational procedure and therefore
may have stronger repopulating capacity.
In addition, the Mx promoter driving the
expression of Cre recombinase may also
be activated by the virus infection due to
the interferon response. This would lead to
the excision of additional transgene copies
and reduce the expression level of mutated
JAK2-V617E!

The present study shows the feasibility
and the advantages of using a pool of dif-
ferent shRNA’s. Studying the distribution of
integrated shRNAs provides an marker for
increased proliferation induced by the re-
spective shRNA. This experimental set-up
also allows to decrease the number of mice
used in an experiment and may also help to
discover synergistic effect of the candidate
genes. This work is still in progress and the
future direction and optimization of this
project will be discussed in the “Perspec-

tives”.
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3.3 Clonal analysis of TETZ2 and
JAKZ Mutations suggests
that TETZ2 can be a late event
in the progression of myelo-
proliferative neoplasms

3.3.1 Abstract

<<Somatic mutations in 7E72 occur in patients with myeloproliferative neo-
plasms (MPN) and other hematological malignancies. It has been suggested
that TET2 is a tumor suppressor gene and mutations in 7ET2 precede the
acquisition of J41K2-V617F. To examine the order of events we performed
colony assays and genotyped TET2 and JAK?2 in individual colonies. In 4/8
MPN patients we found that some colonies with mutated TET2 carried wild
type JAK2, whereas others were JAK2-V617F positive, indicating that TET?2
occurred before JA4K2-V617F. One of these patients carried a germline 7TET2
mutation. However, in two other patients we observed the opposite order of
events, with JAK2 exon 12 mutation preceding 7E7T2 mutation in one case.
Finally, in 2/8 patients the TE7T2 and JAK2-V617F mutations defined two
separate clones. The lack of a strict temporal order of occurrence makes it
unlikely that mutations in 7E7?2 represent a predisposing event for acquiring
mutations in JAK2.>>
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3.3.2 Introduction

TET2, a member of the Ten-Eleven-Trans-
location (TET) family of genes,'®!"° can
be mutated in various hematopoietic dis-
orders including myeloprolieferative neo-
plasms (MPN), myelodysplastic syndromes
(MDS), acute myeloid leukemia (AML)
and leukemia
(CMML). 1081211313237 TET? i mutated in
13% of the MPN cases with the highest fre-

quency occurring in patients with primary

chronic myelomonocytic

myelofibrosis (PMF) and polycythemia vera
(PV) (17% and 16%), and lowest in patients
with essential thrombocythemia (ET) (5%
).!1%® The mutations in TET2 do not cluster

in a particular region and show a very di-

verse pattern of frame shift, nonsense and
missense mutations. The TET2 mutations
are generally present in a heterozygous state
and only a minority of patients displays mu-
tations in both TET?2 alleles. A recent study
showed that loss of heterozygosity (LOH) in
TET?2 might occur through mitotic recombi-
nation or gene copy number changes.'*” The
loss of both gene copies through mutations
and chromosomal aberrations is compatible
with a potential tumor suppressor activity
of TET2. However, the mechanism of how

TET? is involved in disease initiation and/or

progression is unknown.

UPN | gender |diagnosis|age at diagnosis |disease duration TET2 mutation
[year] [month]
p021 M PV ) 55 107 p.Thr1372lle
p101 M ET 61 38 p.S1285del
p136 M PV 75 38 p.GIn891X
p191 M PMF 66 59 p.Leu1210Pro
p209 M PV 64 30 p.Arg544Xx
p225 F PV 75 1 splice donor ¢.3980+2G>T
p226 F PV 49 28 p.Asp1858fs
p234 M PV 71 1 p.Gly1275Glu
UPN |JAK2-V617F | JAK2-exon 12 complications treatment
Y% T % mutation
p021 3% 21% none aspirin, phlebotomies
p101 19% bleeding aspirin, hydroxyurea
deceased, cause of death
p136 40% unknown n.a.
intracranial bleeding, pulmonary
p191 100% embolism oral anticoagulants
p209 88% post-PV myelofibrosis aspirin, hydroxyurea
cerebro-vascular insult, arterial
p225 82% occlusion aspirin, hydroxyurea
p226 82% none aspirin, hydroxyurea
p234 20% transient ischemic attack clopidogrel, hydroxyurea

Table 4 Characteristics of MPN patients with mutations in 7ET?2
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3.3.3 Results and Discus-
sion

To study the order of events in the clonal
evolution of TET2 and JAK2 mutations,
we examined individual colonies derived
from peripheral blood of 8 MPN patients
with TET2 mutations (6 PV, 1 ET and 1
PMF) that were identified by sequencing of
DNA from 57 MPN patients. All patients

with TET2 mutation were also positive for
JAK2-V617F (Table 1).

Mutational analysis of single colonies al-
lowed us to distinguish 3 different patterns
of mutation accumulation (Figure 1): In 4/8
MPN patients we found that some colonies
with mutated TET2 carried wild type JAK?2,
whereas others were JAK2-V617F positive,
indicating that TET2 occurred before the
acquisition of JAK2-V617F (Figure 1A).
These 4 patients confirm previous data by
Delhommeau, and colleagues, who showed
that TET2 occurs before JAK2-V617F.3 A
second group showed the inverse order of
events, i.e. JAK2 mutations occurred before
the acquisition of TET2 mutations (Figure
1B): patient p191 displayed colonies posi-
tive for JAK2-V617F without the TET2
mutation and all colonies with mutated
TET2 were also positive for JAK2-V617F.
The transition from heterozygous to ho-
mozygous JAK2-V617F appears to have
independently occurred twice. Indeed, the
analysis of individual colonies homozygous
for JAK2-V617F revealed the presence of
two subclones with different sizes of the
9p uniparental disomy (UPD) region (Sup-
plementary Figure 1A). By analyzing an in-
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formative single nucleotide polymorphism
(SNP) in exon 11 of TET2 (Figure 1B), we
can exclude the possibility that the JAK2-
V617F positive and TET2-L1210P-negative
colonies arose through mitotic recombina-
tion, in which the TET2-L1210P was lost. In
patient p021 two independent clones were
present, a smaller clone positive for JAK2-
V617F and a larger clone positive fora JAK2
exon 12 mutation (JAK2-N542-E543del).
21,22 Interestingly, the TET2 mutation in
this patient occurs only in combination with
the JAK2 exon 12 mutation and the TET2
mutation in this patient was acquired after
the JAK2 exon 12 mutation. A third pattern
consisted of bi-clonal disease, as illustrated
in patient pl01 with colonies positive ei-
ther for JAK2-V617F or TET2, but absence
of double-positive colonies (Figure 1C).
A similar biclonal pattern was previously
described in one patient with del20q and
JAK2-V617F, consistent with the presence
of a predisposition to independently acquire
two otherwise rare somatic events.23 Pa-
tient p234 also shows a pattern compatible
with bi-clonal disease. However, to progress
to the double positive stage either JAK2 or
TET2 must have mutated twice independ-
ently. Again, SNP analysis excluded the
possibility that the JAK2-V617F positive
and TET2-G1275E negative colonies arose
through mitotic recombination (Figure 1C).
Since it is unlikely that TET2 independent-
ly mutated twice at the exactly same posi-
tion (TET2-G1275E), we conclude that the
majority of colonies first acquired TET2-
G1275E followed by JAK2-V617F. A sec-
ond independent event produced the sub-
clone that is positive for JAK2-V617F only.
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Figure 20 (page 46). Analysis of single colonies for mutations in TET2 and JAK2.

Mononuclear cells from peripheral blood were grown in methylcellulose in the presence or absence of eryth-
ropoietin. Single burst forming units erythroid (BFU-E), endogenous erythroid colonies (EEC) and colonies
forming units granulocytes (CFU-G) were picked and analyzed individually for the presence of TET2 and
JAK2-V617F mutations by DNA sequencing and allele-specific PCR, respectively. Each colony is represent-
ed by a dot that is placed into one of six quadrangles representing the 6 possible genotypes: wild type (wt),
heterozygous (het) and homozygous (hom) for JAK2-V617F on the vertical axis, and for TET2 mutations on
the horizontal axis. The unique patient numbers, the diagnoses (PMF, primary myelofibrosis; ET, essential
thrombocythemia; PV, polycythemia vera) and the allelic ratio of JAK2-V617F in purified granulocytes (%T)
are shown above the corresponding boxes. Light blues arrows indicate the suggested order of mutation events.
A) Patterns compatible with TET2 mutations occurring before JAK2-V617F. The sequencing chromatograms
for patient p226 show the presence of TET2 mutation in DNA from hair follicles, T cells and granulocytes,
demonstrating the germline origin of the mutation. Allele-specific PCR assay for the X-chromosomal gene
IDS is shown for p226. The genomic DNA from patient p226 was heterozygous for a C/T single nucleotide
polymorphism (not shown). The relative expression of the two IDS alleles was determined by comparing
the C and T peak intensities obtained by the allele-specific RT-PCR assay in T cells and granulocytes. The
skewing of expression towards the C-allele is shown for 10 individual colonies (gray area). The inactivated
IDS allele is marked with an arrow. B) Patterns compatible with JAK2 mutations occurring before TET2 was
mutated. Patient p021 carries two JAK2 mutations, JAK2-V617F and JAK2 N542-E543del, but the TET2
mutation can be only found together with the deletion in exon 12 of JAK2. In patient p191, the sequencing
chromatogram for the single nucleotide polymorphism (SNP) rs34402524 located in TET2 is shown for one
BFU-E colony marked in red. The presence of a heterozygous SNP excludes the possibility, that this colony
is the product of a mitotic recombination event. C) Patterns compatible with a bi-clonal state of the disease. In
patient p234, the sequencing chromatogram for the SNP rs6843141 located in TET2 is shown for one BFU-E
and one CFU-G colony marked in red. Again, the presence of a heterozygous SNP excludes the possibility,
that these colonies are the product of a mitotic recombination event. D) Location of mutations in the Tet2 pro-
tein in patients from whom data on single colonies is available. Mutations from this study are shown above
the protein strand and mutations analyzed in previous publications (refs.3,26) are shown below. The grey
boxes represent regions conserved between the different TET family members. Blue boxes, TET2 mutations
that occur before JAK2 mutations; yellow boxes, TET2 mutations that occurred after JAK2; white boxes,
TET2 and JAK?2 mutations compatible with bi-clonal disease; red box, germ line TET2 mutation.

The SNPs in close proximity (rs10974944
and rs12343867) were non-informative
and were not part of the recently described
GGCC or 46/1 JAK2 haplotype (data not
shown).24,25

In 4/8 patients we observed a small number
of colonies that were homozygous for the
TET2 mutations. Gene copy number analy-
sis revealed that p209 and p191 retained two
copies of the TET2 gene, while in p225 loss
of one copy of the TET2 gene was found
indicating that the normal TET2 allele was
lost through a deletion (Supplementary Fig-
ure 1B). In patient p234, homozygosity was
achieved through UPD in some colonies
and deletion in other colonies. Colonies

homozygous for the TET2 mutations from
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all four patients displayed LOH of SNPs or
microsatellite markers in the TET2 locus, as
expected for a deletion or UPD at chromo-

some 4q (Supplementary Figure 1B).

The heterozygous TET2-D1858fs muta-
tion in patient p226 was also present in DNA
from hair roots, indicating that the mutation
was germline. This 4 base pair deletion, lo-
cated in the C-terminal conserved domain of
TET2, results in a frame shift and premature
stop and is likely to be functionally relevant.
The same mutation was also found in buccal
DNA from an asymptomatic sister of p226
(data not shown). This appears to be the first
report of a germline mutation in TET2. Ac-
cordingly, all colonies in this patient were
positive for the TET2 mutation. The X-
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A Analysis of single colonies for uniparental disomy (UPD)
on chromosome 9p

(I Chromosome 9p

D9S157 D9S1788

p “ A “ A\ an Patient p191 T-cells
1 2 1 2

Patient p191 colony #16 (CFU-G)
“ / / | ’\ homozygous for JAK2-V617F

heterozygous for TET2-L1210P

Patient p191 colony #111 (CFU-G)

” / ,\J\J\ AAA homozygous for JAK2-V617F
e heterozygous for TET2-L1210P

B  Analysis of single colonies for TET2 gene copy number and

UPD on chromosome 4
q ] heterozygous TET2 mutation

3 Il homozygous TET2 mutation
@
-g * % *
S 24 —_ — — — |- —_ — -
c *%* *%*
E *%*
8
1 -
5
[y
0_
p234 p191 p225 p209
*single colony with
e Wl (0wl AR
TET2 mutation
AIG T/G AIG 1 2

*% .
single colony with

homozygous /\ /\ /\ 2 /_\} ﬂ \ /\ 2 /\ W / M
TET2 mutation
G/IG G/G A/A

rs6843141 rs34402524 rs2454206 D4S2907
TET2 exon 3 TET?2 exon 11 TETZ2 exon 11

Figure 21

A) Mapping of the 9p UPD region in patient p191. The top row shows heterozygosity in T cells for the two
microsatellite markers and below two single colonies are shown. Note, that the 9p UPD region of the two
colonies is different, as shown by the loss of allele number 1 with marker D9S1788 in colony #16. B) TET2
gene copy number analysis and detection of 4q UPD in individual colonies heterozygous or homozygous for
the TET2 mutation. Heterozygous and homozygous colonies for which chromatograms are shown are marked
by asterisk or a double asterisk, respectively.
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chromosome inactivation pattern (XCIP)
in individual colonies from p226 with wild
type JAK2, as determined by scoring a C/T
polymorphism in the 3’-untranslated region
of the IDS mRNA,18-20 revealed a strong
skewing (10/10 expressed the C allele of
IDS), indicating that these progenitors were
of clonal origin (Figure 1A). The finding of
clonality suggests that this patient has a sec-
ond significant disease clone which does not

carry a mutation in JAK2.

We show that JAK2-V617F or JAK2
exon 12 mutations can precede mutations
in TET2. A similar conclusion was reached
in one patient with familial MPN positive
for TET2 and JAK2-V617F mutations.26
In 4/8 patients, some colonies carried a ho-
mozygous TET2 mutation that was due to
the loss of the wild type allele through de-
letion or UPD. The percentage of such ho-
mozygous colonies in all 4 patients was very
low (<5%), opening the possibility that the
loss of the wild type TET2 may not provide
an additional competitive advantage. The
location of the TET2 mutation that have
been analyzed using single colony assays is
summarized in Figure 1D. Most of the TET2
frame shift and non-sense mutations oc-
curred in patients in whom TET2 preceded
the acquisition of JAK2. The lack of a strict
temporal order of occurrence resembles the
findings obtained for del20q and makes it
unlikely that mutations in TET2 represent a

predisposing event for acquiring JAK2.
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Patient and Patient Mate-
rial

The collection of patient blood samples
was performed at the study centers in Ba-
sel, Switzerland, Vienna, Austria, and Dijon
and Nantes, France and was approved by the
local Ethics Committees (“Ethik Kommis-
sion Beider Basel”, the “Ethik Kommission
der Universitdit Wien und des Allgemein-
en Krankenhauses der Stadt Wien-AK”,
and the institutional boards of Dijon and
Nantes). Written consent was obtained from
all patients in accordance with the Declara-
tion of Helsinki. The diagnosis of MPD was
established according to the criteria of the
World Health Organization. >’

Peripheral-blood mononuclear cells (PB-
MCs) were prepared with the use of Ficoll
gradient centrifugation. Granulocytes were
isolated,'! and analysis of cytospin prepa-
rations verified that the purity exceeded 90
percent. CD4+ T cells from patient were ob-
tained either by isolation using fluoresence
activated cell sorting using BD Influx (BD
Biosience, San Jose, CA , USA) or T cells
cultures from PBMCS. For this purpose,

PBMC’s from patients were co-cultured
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with irradiated feeders in IL2-media (with
200U/ml IL2, non-essential amino acids,
AB* serum, kanmycin, Na-pyruvat and L-
glutamin) with 2pg/ml phytohemaggluti-
nin (Murex, Dartford, England). After two
weeks of culture, the purity of T cells was
checked by FACS and if necessary, the cells
were purified using MACS columns to de-
plete NK-T cells. Buccal mucosal cells were
obtained with cytologic brushes, and hair-
follicle DNA was prepared from plucked
hair. Genomic DNA was isolated with the
use of the NucleoSpin Tissue (Macherey-
Nagel, Diiren, Germany).

Copy Number Analysis

The granulocyte DNA was assayed using
a real time PCR based copy number as-
say as previously published.®® The follow-
ing primers were used to detect the copy
number of two different exon of L3MBTL:
1736-GATCCCAATCAGGACCCCC,
1737-CGCCTGGCACTGACAGGT
exon 2 and 1995-CATGAAGCTGGAG-
GCTGTTG, 1996-GCCACGCAGACAAG-
GGAC for exon 9. Primers for LOC221154
(1283-CCATGGACGACGGGTTTCT,

for
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1D Sequence Purpose

TET2 ex2F ATATCCAATTATAGGTATCCAAAACC TET?2 genomic seqeuncing
TET2 ex2R TTGAAGTTTGGGAGAGAGATTACC TET2 genomic seqeuncing
TET2 ex3.1F |CAGTTTGCTATGTCTAGGTATTCCG TET?2 genomic seqeuncing
TET2 ex3.1R [TCACCATGTGTGTGTTCCAC TET?2 genomic seqeuncing
TET2 ex3.2F |AATTGTGATGGTGGTGGTG TET?2 genomic seqeuncing
TET2 ex3.2R [TAAGCCAAGAAAGAAATCCAG TET?2 genomic seqeuncing
TET2 ex3.3F |CCTGGTGGCAGCTCTGAAC TET?2 genomic seqeuncing
TET2 ex3.3R [TTGATTGGAGAGATTGGGTTG TET2 genomic seqeuncing
TET2 ex3.4F |CCCCAACACAGCACTATCTG TET?2 genomic seqeuncing
TET2 ex3.4R |CTCGAACTCGCTTGATTTTG TET?2 genomic seqeuncing
TET2 ex3.5F |CTCCAGACTTTTCCTCACCC TET?2 genomic seqeuncing
TET2 ex3.5R |CAGGTTCCACCTTAATTGGC TET?2 genomic seqeuncing
TET2 ex3.6F |AGCATGCTGCTCTAAGGTGG TET2 genomic seqeuncing
TET2 ex3.6R [TCACAAGACACAAGCATCGG TET?2 genomic seqeuncing
TET2 ex4F GGGGTTAAGCTTTGTGGATG TET2 genomic seqeuncing
TET2 ex4R TGCTTTGTGTGTGAAGGCTG TET?2 genomic seqeuncing
TET2 ex5F TGCCTCTTGAATTCATTTGC TET?2 genomic seqeuncing
TET2 ex5R GGGTAACCCAATTCTCAGGG TET?2 genomic seqeuncing
TET2 ex6F TGCAAGTGACCCTTGTTTTG TET2 genomic seqeuncing
TET2 ex6R AACCAAAGATTGGGCTTTCC TET?2 genomic seqeuncing
TET2 ex7F CAGCTGCACAGCCTATATAATG TET2 genomic seqeuncing
TET2 ex7R TCACTTCATCTAAGCTAATGAATTCTC TET?2 genomic seqeuncing
TET2 ex8F GGGATTCAAAATGTAAGGGG TET?2 genomic seqeuncing
TET2 ex8R TGCAGTGGTTTCAACAATTAAG TET?2 genomic seqeuncing
TET2 ex9F TGTCATTCCATTTTGTTTCTGG TET?2 genomic seqeuncing
TET2 ex9R TCCTCATTTGCCTTCAGC TET2? genomic seqeuncing
TET2 ex10F |[ACACACACGTTTTCTTTGGG TET2 genomic seqeuncing
TET2 exlOR |[CAGAACTTACAAGTTGATGGGG TET2 genomic seqeuncing
TET2 exl11.1F |[CCTACATTTAAGTATCCTCACTAGCC TET?2 genomic seqeuncing
TET2 exl11.1R [TGAAGTGGCCATCCATCTC TET?2 genomic seqeuncing
TET2 ex11.2F [TTGGAAATAGCCAGAGTTTTACATC TET?2 genomic seqeuncing
TET2 ex11.2R |AGCCATGTTTTGGCTCATTC TET2 genomic seqeuncing
TET2 ex11.3F |GTGAGCTGCATGCCACAAC TET?2 genomic seqeuncing
TET2 ex11.3R [TGTGTAGAGTTGTAAGCGGGG TET2 genomic seqeuncing
TET2 ex11.4F |AATTTTCACTGGCTCCCAAG TET?2 genomic seqeuncing
TET2 ex11.4R |AAAGCTTAGGTAGACAAAGTGCTTC TET?2 genomic seqeuncing
TET2 ex11.5F |GCTCATCCAGTGAAGTCCTTG TET?2 genomic seqeuncing
TET2 ex11.5R [TGGAACTAACCCTGTTTATTCATC TET2 genomic seqeuncing
TET2 ex11.6F [CTTCAGAGAACTGAATGGCAG TET?2 genomic seqeuncing
TET2 ex11.6R [ACAGTACTAAAATACTAAAGCATTGC TET?2 genomic seqeuncing
TET2 ex11.7F |GAGTTTGAAGCAGAATTCACATC TET?2 genomic seqeuncing
TET2 ex11.7R  |AAAGGGTTAAATCCCTGACAAAG TET?2 genomic seqeuncing
TET2 ex11.8F |ATGCTCTCCCTATGCCAA TET?2 genomic seqeuncing
TET2 ex11.8R [TGGGGCTAGATATTATGGT TET?2 genomic seqeuncing
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1D Sequence Purpose

TET2 ex11.9F [CTTGAATTTGTGGTTGTGTC TET2 genomic seqeuncing
TET2 ex11.9R [TTCATTGAGGTGGCAGTC TET2 genomic seqeuncing
JAK?2 ex13F AACCGAGTAGAGCCAAAATACACT JAK?2 happlotype

2665 AGCACAATAAAGCAAGGTGC JAK?2 happlotype

IDS-F-C (HEX) | GATATCTTCTAACCATACC XCIP

IDS-F-T (HEX) [ttGATATCTTCTAACCATACT XCIP

IDS-R-gDNA | GTTTCTTCGTGGTATATAACCAG XCIP

IDS-R-RNA GTTTCTTGAACATCCAGCACATCCAC IXCIP

Table 5: Primers for TET2 sequencing, JAK2 haplotype and XCIP. ttt=non-annealing tail

1284-TGTACAGGACGTAGGAGGGT-
GA) were used as a diploid reference. Sam-
ples that showed a decrease in copy number
in both exons were validated using primers
in the neighboring genes PTPRT (1740-
TGCCCCGGAACCATGATA, 1741-
GGTCCAGAGGCAGCACGT) and TOX2
(1949-CCTGCCTACTCCTATCAGGCC,
1950- GTTGGACACCATGATGGCTG).

The following primers were used to assess
the copy number of TET2: TET2 copy F-
AGTGTGGAAGCTCAGGAGGA and
TET2 copy R- TGTACGTGATGGGGCT-
GAC.

Colony Assays

The colony assays were performed using
PBMC from patients as published.®® Meth-
ylcellulose based media (#4431 and #4434)
containing erythropoietin (Epo) and methyl-
cellulose based media without EPO (#4531)
from Stem Cell Technologies (Vancouver,
Canada) were used. To ensure that plates
with an optimal density were obtained so
that colonies can be picked without contam-
ination by cells from neighboring colonies,
PBMCs were plated at three different con-
centrations (50’000, 100°000 and 200°000

cells per ml). Single colonies were picked
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either into 5% Chelex (BioRad, Hercules,
USA) and 0.1% Triton-X (Sigma-Aldrich,
Buchs, Switzerland) for DNA or into Tri-
fast (PeqLab, Erlangen, Germany) to extract
RNA and DNA following the manufacturer

guidelines.

Comparative genomic hy-
bridization (CGH)

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

Affymetrix expression Ar-
rays

We picked single colonies and isolated
DNA and RNA using Trifast (PeqLab, Er-
langen, Germany). The DNA was used to
genotype each colony for the presence or

absence of del20q. RNA from colonies with

the same genotype was subsequently pooled
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Target genes [Assay ID (ABI) Sequence Table 6: Gene expression as-
0 STK4 Mm00451755 ml |, SayS:

mTOP] MmO00493749 m1 n.a.

mL3MBTL MmO01239974 m1 n.a.

mMYBL?2 MmO00485340 m1 n.a.

mThP mMO00446973 ml n.a.

CTCAGCTCCCCTGTTTCTTG
nGAPDH . CCTTCCACAATGCCAAAGTT
hSTK4 Hs00178979 m1 n.a.
hTOPI Hs00243257 ml n.a.
hThP HS99999910 ml n.a.

and analyzed by Affymetrix Human Gene
1.0 ST arrays. Prior to the analysis, the RNA
was amplified using the WT-Ovation™ Pico
RNA Amplification System (Nugen Inc.,
San Carlos, USA). The data was analyzed
using Partek Genomic Suite (Partek, St.
Louis, USA) and STRING database'** for

protein interactions.

TET2 Sequencing

The exons of TET2 were amplified with
primers specified in table 5. The PCR frag-
ments were purified using shrimp slkaline
phosphatase (Promega, Madison, Wi, USA)
and exonuclease I (Fermentas, Ontario,
Canada) und sequenced with BigDye Ter-
minator v3.1 Cycle Sequencing kit. After
purification with BigDye XTerminator Puri-
fication kit, the samples were analyzes with
a 3130xl GeneticAnalyzer (Amplied Bio-
systems, Foster City, CA, USA).

JAKZ2 haplotype and IDS
clonality

The JAK?2 haplotype was assessed by de-
termining the alleles of SNPs in proximity

of JAK2-V617F. The primers used for this
purpose are listed in table 4. The clonality
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in patients and single colonies was deter-
mined by analyzing the genotype of a C/T
polymorphism in the 3’-untranslated region
of the /DS mRNA. The primers, which are
labeled with fam, are listed in table 5. The
PCR product was analyzed with a 3130x1
GeneticAnalyzer (Amplied Biosystems,
Foster City, CA, USA).

Retrovirus production

293T cells were transfected with eaqual
amounts of pLMP (containing the shRNA’s)
and packaging plasmid (Ecopack) using
Turbofect (Fermentas, Ontario, Canada).
The first supernatant was harvested 48 hours
after transfection and the second 72 hours
after transfection. The supernatant was fil-
tered through a 4pm filter and used directly
for the infection of murine bone marrow

cells.

Transfection and trans-
plantation of murine bone
marrow cells

The donor mice (MxCre, FFI) were treated
with 150mg 5-fluoroucil per kg bodyweight
8 days before harvesting the bone marrow.

After harvesting the bone marrow, it was
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kept in transplant media (RPMI-1640, 10%
fetal calf serum, 6ng/ml mIL3, 10ng/ml
hIL6 and 6ng/ml mSCF) for 24 hours, before
the first spin infection (2500rpm, 90min)
was performed. 1ml of viral supernatant
was used together with 4 x 10° bone mar-
row cells and 2pl of polybrene transfection
reagent (Millipore, Billerica, MA, USA). A
second spin infection was performed one
day later. The recipient mice were lethally
irradiated (11 Gy) at the day of transplanta-
tion. Each mouse got 10° bone marrow cells.
Dead cells were removed before transplan-

tation using Ficoll gradient centrifugation.

pLMP integration cloning

DNA was extracted from sorted retrovi-
rally transfected NIH3T3 or mouse bone
marrow cells using NucleoSpin Blood Kit
(MachereyNagel, Diiren, Germany). The
integrated provirus was amplified using
the following primers: 2834- ACTTGCT-
GGGATTACTTCT and 2835- GTGGAT-
GTGGAATGTGTG. The PCR product was
purified on an agarose gel and extracted with
NucleoSpin Extract II (MachereyNagel,
Diiren, Germany). The fragment was cloned
into pSC-A-amp/kan using the StrataClone
Kit (Agilent, Santa Clara, USA) and plated
on S-Gal/LB Agar plates (Sigma-Aldrich,
Buchs, Switzerland). Single white colonies
were picked into 5% Chelex (BioRad, Her-
cules, USA) and 0.1% Triton-X (Sigma-
Aldrich, Buchs, Switzerland). The cloned
PCR fragment was amplified using M13 and
T3 primers and sequenced with M13 using
BigDye Terminator v3.1 Cycle Sequencing
kit. After purification with BigDye XTermi-

nator Purification kit, the samples were ana-
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lyzed with a 3130x1 GeneticAnalyzer (Am-
plied Biosystems, Foster City, CA, USA).
The sequencing data was analyzed using
CLC DNA Workbench 5 (Aarhus, Denmark)

Gene expression analysis

Gene expression analysis in cDNA was
performed either with commercial Tag-Man
assays from Appliedbiosystems or self-de-
signed primer pairs for SYBR-Green qPCR.
The different assays are listed in table 6. Ei-
ther qPCR Mastermix for Tag-Man (Euro-
gentec, Seraing, Belgium) or PowerSYBR
Green (Amplied Biosystems, Foster City,
CA, USA) were used and the samples were
analyzed on a ABI Fast 7500 (Biosystems,
Foster City, CA, USA). Tata-binding pro-
tein (TbP) and GAPDH were used as inter-

nal controls.
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The discovery of JAK2-V617F has sub-
stantially changed the understanding of
MPN, but this finding opened a lot of new
questions. It is widely accepted, that JAK2-
V617F does not represent the disease initi-
ating mutation and additional hits may oc-
cur in earlier stage of the disease and may
influence the disease phenotype, severity
and complications. The pre-JAK2 phase of
the disease may even be without an obvi-
ous disease phenotype. For this reason, it is
important to know the temporal relationship
of JAK2-V617F and other mutations to un-
derstand the evolution of different disease
clones in patients.

Several Jak2 inhibitors based on small
molecules to inhibit the kinase activity are
in development and first clinical trials have
been started. The present work showed, that
some patients carry significant disease clone
negative for JAK2-V617F with marked pro-
liferation potential. It would be therefore in-
teresting to monitor the clonal distribution
in these patients treated with Jak?2 inhibitors.
The treatment may indeed reduce the JAK?2-
V617F positive clone, but also provide new
“space” for a different clone. This experi-

ment would help to discover the efficacy of
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Jak?2 inhibitors at the molecular level of the
clonal distribution.

The analysis of del20q induced changes in
expression provided an interesting basis for
further investigation of candidate genes. We
developed an experimental set-up, which
allows us to screen large numbers of target
genes in BM transplantation experiments
by using pools of shRNAs. In future, we
plan to optimize the experimental set-up
and include additional target genes from the
expression analysis. In a first experiment,
GFP expressing cells disappeared in the
peripheral blood, probably due to a lack of
transfected stem cells. For this reason, We
will optimize the production of retrovirus to
achieve higher titers and also use lentiviral
vectors instead of retroviral, which makes it
easier to transfect resting cells. Because the
interferon response induced by the retroviral
infection may reactivate the Mx promoter,
we will use SCLCre,; FFI transgenic JAK2-
V617F mouse model for our experiments.
In this case, the expression of a tamoxifen
inducible Cre recombinase is driven by 5’
endothelial enhancer of stem cell leukemia
(SCL). We will also perform shRNA medi-
ated knockdown in BM from wt C57B/6
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mice and VavCre,; FFI transgenic mice. The
readout for all experiments will be complete
blood counts (CBC’s), percentage of GFP*
cells in peripheral blood and distribution
of integrated shRNA. The latter readout is
based on the assumption that the shRNA
providing a proliferative advantage to the
cell will expand. Positive candidates will be
further analyzed by transfecting them sepa-
rately. The results received in the mouse
model can be further confirmed by transfect-
ing human CD34" from JAK2-V617F posi-
tive patients without del20q with the respec-
tive shRNA and to monitor colony numbers
in methylcellulose cultures.

While studying the clonal evolution of
TET? mutations in MPN patients, we dis-
covered one patient carrying a 4 bp dele-
tion in exon 11 of TET2, which was present
in germ line. We will sequence additional
family members (parents, siblings and chil-
dren) of this initial patient and compare the
mutational status with blood counts of the
respective family members. To prove the
functional relevance of the 7E72 mutation,
we will test the effect of the mutation in a
functional assay in collaboration with Prof.
P. Schir (DBM, Basel).

Similar to the experiments in del20q we
will also follow up patients with TET2
mutations and monitor the clonal distribu-
tion at different time points. We have found
several patients carrying a small clone ho-
mozygous for the TET2 mutation. It would
be of special interest to investigate whether
homozygous TET2 mutations provide any
advantage, which would allow this clone
to expand. The function of TET2 protein is
still unknown and has not been shown to

be implicated in human cancers. Similar to
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the analysis of del20q, we will also extract
RNA and DNA from single colonies grown
in methylcellulose and analyze them for the
presence of TET2 and JAK2-V617F. Colo-
nies with the same genotype will then be
pooled and analyzed on expression arrays.
This obtained data should provide us infor-
mation about the pathways involved in the
TET? induced pathogenesis.

During our studies of the clonal evolution
of TET2 in MPN patients we discovered
two patients with an interesting colony pic-
ture. Both patients were nearly 100% clonal
in total granulocytes, but kept a substantial
amount of colonies without a mutation in
JAK?2 or TET2. This data suggests that the
expansion of this “wt” clone is driven by a
yet unknown mutation. We will screen ad-
ditional patients to find more informative
cases and use DNA from these colonies to
analyze with SNP arrays. Regions of LOH
and copy number alteration would then pro-
vide information about region with potential
candidate genes.

It’s widely accepted, that we are not deal-
ing with a single mutation (JAK2-V617F)
causing the disease. A complex interplay
between different disease clones defines the
course of the disease and may be responsi-
ble for complication and transformation into
acute myeloid leukemia. The present thesis
and the perspective will help to understand
interaction between different clones, func-
tional consequences of additional mutations
and may facilitate the discovery of new mu-
tations responsible for the disease pheno-
type of MPN.
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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

Franz X. Schaub,! Roland Jager,? Renate Looser," Hui Hao-Shen,! Sylvie Hermouet,3# Frangois Girodon,> Andre Tichelli,
Heinz Gisslinger,” Robert Kralovics,>” and Radek C. Skoda'
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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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Na293 Vi233

(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

BLOOD, 26 FEBRUARY 2009 - VOLUME 113, NUMBER 9

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-

References

CHROMOSOME 20q DELETIONS IN MPD 2027

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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