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DISSERTATION ABSTRACT
A TUMOR SUPPRESSOR FUNCTION FOR PROTEIN TYROSINE
PHOSPHATASE N1 IN MYELOPROLIFERATIVE NEOPLASMS
Fatoumata Jobe
Sponsor: Golam Mohi, Ph.D
Myeloproliferative neoplasms (MPNs) are a class of clonally-derived hematologic
malignancies characterized by uncontrolled proliferation of myeloid lineage cells. They
are classified into Philadelphia chromosome-positive (Ph+) MPNs, consisting of chronic
myelogenous leukemia (CML), and Philadelphia chromosome-negative (Ph-) MPNs,
consisting of polycythemia vera (PV), essential thrombocythemia (ET), primary
myelofibrosis (PMF). The JAK2V617F mutation is the most common abnormality in PhMPNs, occurring in ~95% of PV patients, 55% of ET patients and 65% of PMF patients.
JAK2V617F mutation results in constitutive activation of the JAK2 tyrosine kinase.
Deletion of chromosome 20q (20q-) is a common chromosomal abnormality in myeloid
neoplasms, including about 24% of MF cases. The 20q- lesion can coexist with
JAK2V617F mutation in MPN and MDS/MPN. The PTPN1 gene is located on human
chromosome 20q, within the commonly deleted region. PTPN1 is a tyrosine phosphatase
and a known negative regulator of JAK-STAT signaling. The role of PTPN1 loss in the
pathogenesis of MPNs and the mechanism by which loss of PTPN1 might contribute to
various MPN phenotypes remains elusive.
The goals of this dissertation were to determine the effects of PTPN1 deficiency alone
and in JAK2V617F-induced MPNs in vivo. To determine the mechanism by which
iii

PTPN1 mediates its tumor suppressor function using hematopoietic cells and assessment
of PTPN1 status in 20q- MPN patients.
Using conditional knock-out PTPN1 mouse model, we show that deletion of PTPN1
causes an MPN-like phenotype, characterized by increased WBC and NE counts and
splenomegaly, compared to control mice. We also show that loss of PTPN1 causes
fibrosis in older mice. PTPN1 knockdown significantly increased cell proliferation and
activation of JAK2, MAPK and AKT signaling, whereas over expression in JAK2V617Fexpressing cells attenuated cytokine-independent cell proliferation and signaling. Our
data revealed a cooperative effect between PTPN1 deficiency and JAK2V617F
expression in mice as shown by enhanced severity of the MPN phenotype and
transformation to MF. Cell autonomous BMT revealed that the effects of PTPN1
deficiency are cell autonomous. Taken together, our results suggest a novel tumor
suppressor function for PTPN1 in MPNs.
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CHAPTER 1
GENERAL INTRODUCTION
1 Protein tyrosine phosphatases
Phosphorylation of tyrosine residues on proteins is widely regarded as an important posttranslational modulator, controlling a vast and varied number of important cellular
events. Removal or addition of a phosphate moiety is a reversible process and has
enormous implications in cellular signaling, proliferation, differentiation, migration,
invasion and cell adhesion.1 Protein tyrosine phosphatases (PTPs), in concert with protein
tyrosine kinases (PTKs), work to maintain overall tyrosine phosphorylation levels in the
cells. Perturbations in such a homeostatic process has been implicated in cancer,
metabolic disorders, inflammation and impairments in cardiac function. PTKs have
garnered the most interest from researchers, and understandably so, given the prevalence
of oncogenic tyrosine kinases in cancer as exemplified by BCR-ABL, the first oncogenic
tyrosine kinase.2 PTPs were relegated as mere standbys, functioning only as
counterbalance to the actions of PTKs. Discovery of the first PTP in 1989 has led to an
emergent understanding that PTPs play dominant, specific and active role in signaling
cascades that regulate physiological processes and can directly regulate cellular tyrosine
phosphorylation.3-5 There are 107 PTPs encoded by the human genome and 105 of these
genes have mouse orthologs. The PTPs are classified into four families based on the
amino acid sequences of their catalytic domains and substrate specificity. Class 1 family
of PTPs are the largest group, consisting the 99-member cysteine-based catalytic PTPs.
Cysteine-based PTPs are further grouped into the “classical” phosphatases, dual-
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Figure 1. Classification scheme of Protein tyrosine phosphatases superfamily
Abbreviations: RPTP, receptor-type protein tyrosine phosphatase; FN, fibronectin-like; D1/D2, catalytic
PTP domains; Ig, immunoglobulin-like; CA, carbonic anhydrase-like; KIM, kinase interaction-motif;
NRPTPs, non-receptor-type PTPs; SH2, src homology 2; Sec14p, Sec14p homology (or CRAL/TRIO);
PTP, catalytic PTP domain; Pro-rich, proline-rich; FERM, band 4.1/ezrin/radixin/moesin homology;
KIND, kinase N lobe-like domain; PDZ, postsynaptic density-95/discs large/ZO1 homology; BRO,
baculovirus BRO homology; CH2, cdc25 homology region 2; FYVE, Fab1/Yotb/Vac1p/early
endosomal antigen-1 homology; PepN, N-terminal peptidase-like; mRC, mRNA capping; GB, glycogen
binding; PH-G, pleckstrin homology-“GRAM” domain; Coil, coiled-coil domain; PBM, PDZ binding
motif; PH, pleckstrin homology (including GRAM domains); C1, protein kinase C conserved region 1;
C2, protein kinase C conserved region 2; PTB, phosphotyrosine-binding domain. In addition, a small
black box signifies transmembrane stretch and a red cross over a PTP domain signifies catalytically
inactive domain. Adapted from reference6

specificity phosphatases and atypical PTPs as shown in Figure 1.6 The classical PTPs are
further divided into receptor and non-receptor PTPs and are exclusivity to tyrosine
residues.6 The VH1-like/DUSP family is a very diverse 61-member cysteine-based PTPs
and 11 of the enzymes from this group are specific for phospho-threonine and phosphotyrosine residues on MAPK, JNK and p38.7 The conserved sequence among the cysteine2
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based classical PTPs is located within the catalytic domain. The non-catalytic domain
confers specificity and thus is the variant domain playing a role in the classification
scheme and diversity of PTPs. Cellular localization and interaction also determines
substrate specificity and function. PTP1N1 belongs to the classical PTP family.

1.2 Protein tyrosine phosphatase N1
Protein tyrosine phosphatase N1 (PTPN1), also known as PTP1B, is a ubiquitously
expressed non-receptor tyrosine phosphatase. Among the classical protein tyrosine
phosphatases, T-cell protein tyrosine phosphatase (PTPN2/TC-PTP) most closely
resembles PTPN1 with more than 70% homology in the amino acid sequence within the
catalytic domain. Like PTPN1, TC-PTP is widely expressed and as a result, they have
shared and overlapping functions and substrates. PTPN1 was discovered almost three
decades ago and has attracted a great deal of attention, initially owing to its identity as a
prototype for a diverse and newly discovered enzyme family, the protein tyrosine
phosphatases, and later because of a regulator role in metabolic diseases and cancer in
mice.8-10 The identification and purification of PTPN111,12 was a trailblazer in the field
and it fueled interest in the PTP field. Full length 50-kDa PTPN1 protein was later found
to be encoded by the PTPN1 gene on the long arm of chromosome 20 (20q13). The 435amino acid protein is made up of an N-terminal catalytic domain, a proline-rich motif and
a 35-amino acid hydrophobic tail at the C-terminus that anchors the enzyme at the
cytosolic side of the ER, with a short portion in the lumen of the ER.13-15
The intervening proline-rich motifs are important for protein-protein interactions. They
provide binding sites for PTPN1 substrates such as p130Cas, Grb2 and Crk 16 and based
3
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on analysis that SH3 domain-containing proteins are likely binding partners at prolinerich sites, provides basis for numerous possible binding partners as shown in Figure 2.17
PTPN1 enzymatic function is modulated through an essential cysteine residue that
mediate nucleophilic attack of phospho-tyrosine moieties on substrates. 18 Posttranslational modifications of PTPN1 are the predominant mode of enzymatic function
regulation. Tyrosine phosphorylation of PTPN1 following insulin injection in mice
decreases catalytic activity.19 In addition to phosphorylation, PTPN1 activity is
negatively regulated by SUMO ligation, as well as insulin-mediated ROS production.20
Conversely, EGF stimulation contributes to positive regulation of PTPN1 activity
through tyrosine phosphorylation. Owing to its location on the cytoplasm, anchored to the
ER, it is of importance to address how PTPN1 comes into direct contact with its
membrane-bound substrates such as growth factor and tyrosine kinase receptors.21,22 The
contiguous structure of the ER gives PTPN1 access to most substrates and PTPN1 has
been shown to dephosphorylates internalized activated receptors in intracellular
compartments to prevent premature receptor activation.21,22 Calpain-mediated cleavage of
PTPN1 has been observed in platelets, allowing for access to a broader range of
substrates, but it remains unclear whether PTPN1 proteolysis leads to enzymatic
activation or degradation.23
Whole body and tissue specific knockout PTPN1 mice have been generated and the
phenotype revealed that PTPN1 deficiency causes insulin hypersensitivity and resistance
to high-fat diet induced obesity.9,24-26 Development of small molecules and antisense
PTPN1 inhibitors for the treatment/management of diabetes have yielded little to no
success. From these efforts to generate PTPN1 inhibitors arose the need to study and

4
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understand the role of PTPN1 in different tissues and different disease and cellular
contexts, since they target a diverse array of substrates and are capable of stimulating
signaling downstream of some receptor tyrosine kinases.

Regulation

Phosphorylation by
kinases at Y152, Y153

Oxidation at cysteine:
Inhibition

Sumoylation at lysines:
inhibition
Proteolysis by calpain:
Activation
K335, K347

Non-catalytic
interactions

Substrate binding

Crk

Grb2

p130CAS Src

Figure 2. Schematic representation of PTPN1 domains, regulation and interacting partners
Full length human PTPN1 is composed of an N-terminal catalytic domain (green) and C-terminal
ER targeting domain (orange), Proline-rich region (purple) for protein-protein interaction. PTPN1
is regulated by phosphorylation, oxidation, sumoylation and proteolysis which can lead to either
enzymatic inhibition or activation. Adapted from reference 17

Most of our knowledge on the mechanisms by which PTPN1 controls cellular functions
stems from identification and utilization of critical substrates involved in the catalytic
process to make substrate-trapping mutants. Also referred to as phosphatase-dead mutant,
the mutational designs exploit the active site cysteine residue and the adjacent conserved
aspartic acid residues. Cysteine and aspartic acid residues were mutated to either serine or
alanine residues, respectively, resulting in an enzyme with increased substrate specificity,
but lost catalytic activity or diminished catalytic activity.27 The modifications allow for
stronger enzyme-substrate interaction and though transient the interaction, the time is

5
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sufficient enough for substrate identification through co-immunoprecipitation and pull
down assays.

1.2 Modulation of oncogenic and metabolic signaling by PTPN1
Earlier studies of PTPN1 revealed an important role for the phosphatase in regulation of
insulin and leptin signaling, in effect, regulating body weight and insulin sensitivity,
respectively. PTPN1mediates these metabolic effects through dephosphorylation of JAK2
in the leptin pathway and insulin receptor (IR) and insulin receptor substrate (IRS) in
glucose regulation. The first evidence of interaction between an RTK and PTPN1 was
discovered through in vitro incubation of PTPN1 with insulin-stimulated insulin receptor
(IR). It resulted in dephosphorylation of the α-subunit of the IR.12 This finding was later
confirmed in cells by other groups. Substrate trapping mutants of PTPN1 were also
shown to form complexes with RTKs both in vitro and in cells.16,28,29 Generation of
PTPN1-null mice further provided evidence for a link between PTPN1 and RTK
dephosphorylation. Additional support for this function was uncovered using mouse
embryonic fibroblasts (MEFs) in PTP1B-null mice. Ligand stimulation of these PTP1Bnull mice derived MEFs show increase phosphorylation of IR, 30 PDGFR,31,32 EGFR32
and IGF-1R33 compared to the ligand stimulated MEFs from WT mice. A confounding
observation from the in vivo studies was the lack of correlation between RTK
phosphorylation and increased RTK activity, with the exception of IR-mediated signaling
and that PTPN1 deficient mice do not develop tumors even though most of its substrates
are proto-oncogenes.34 PTPN1 can act as both promoter and inhibitor of substrate
signaling given the diversity in tissue-specific roles. A widely cited study on the tumor
6
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promoting effects of PTPN1 showed that deletion of PTPN1 in mice overexpressing
ErbB2 (Her2/Neu) impede tumor formation.8,10 The implication of this groundbreaking
discovery is the feasibility of using PTPN1 inhibitors in the treatment of both metabolic
diseases and cancer. In support of a putative tumor suppressor function, overexpression
of PTPN1 caused decrease phosphorylation of some oncogenic RTKs and a subsequent
abrogation of transformation in cells. Fibroblasts isolated from PTPN1-deficient mice
show differential phosphorylation patterns for downstream RTK signaling targets.
Stimulation of IGF1-R and PDGFR with their respective ligands caused a substantial
increase in receptor phosphorylation in immortalized fibroblasts derived from PTPN1null mice, however, increase in RTK phosphorylation did not translate into total increase
in downstream signal modulators. Increased RTK phosphorylation corresponded to
increased AKT phosphorylation but not ERK activation.31,33 In PTPN1-null mice derived
fibroblasts, PDGFR and EGFR activation caused a marked ERK enhancement but not
AKT.32 Dube, N. et al. elucidated that regulation of ERK by PTPN1 is mediated through
the adaptor protein p62Dok (downstream of tyrosine kinase-1). Both p62Dok, a PTPN1
substrate, and p120RasGAP are negative regulators of Erk activation through inactivation
of Ras in PTPN1-null immortalized fibroblasts. Most of the studies on RTK modulation
by PTPN1 were done in fibroblasts, thus the cell-type specific function of PTPN1 needs
further elucidation.
Besides GF receptors, RTKs and intracellular tyrosine kinases, other substrates of PTPN1
have been identified as important modulators of signaling. Mouse epithelial cells
expressing several PTPs were tested for enzymatic specificity on Stat5a and Stat5b. Aoki
and Matsuda showed that PTPN1 dephosphorylates both Stat5 isoforms in fibroblast-like

7
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COS7 cells, whereas over expression of PTPN1 hindered translocation of Stat5a and
Stat5b into the nucleus following stimulation with prolactin. These findings indicate that
PTPN1 suppresses prolactin-mediated activation of Stat5a/b signaling.35
Identification of more than 30 PTPN1 substrates and over 13 protein-protein interacting
partners has led to a better understanding of the mechanism by which PTPN1 regulates
diverse cellular processes.36 PTPN1 regulates insulin signaling, growth and
differentiation, leptin signaling and hematopoiesis, either directly or indirectly by
dephosphorylation of IR,29 EGFR37 and JAK2/STAT5,38,39 respectively. Therefore, these
PTPN1 substrates are initiators in the signal relay from cell surface receptors to the
nucleus. A class of negative regulators are in place to control the duration and strength of
cytokine-mediated signaling or turn it off. The first group consists of the protein tyrosine
phosphatases such as protein tyrosine phosphatase-1 (SHP-1), PTPN1 and CD45, the
second group consists of the protein inhibitors of signaling (PIAS) and the last group
consists of the suppressors of cytokine signaling (SOCS) protein family.40

8
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Figure 3. Regulation of oncogenic and metabolic signaling by PTPN1.
PTP1B (dark pink) negatively regulates insulin and leptin signaling thus acting as a negative regulator
in metabolic signaling. In oncogenesis, PTP1B acts as a positive regulator on ErbB2 (Neu)-induced
tumorigenesis. Insulin-induced activation of insulin receptor causes receptor autophosphorylation and
subsequent insulin receptor substrate-1 (IRS-1; aqua), activation by tyrosine phosphorylation leading
to phosphatidyl-inositol 3 kinase (PI3K; green) and AKT (light green) activation downstream of the IR
(brown). PTP1B terminates insulin-activated signaling by dephosphorylation of endocytosed
receptors. PTP1B modulate leptin receptor (black) signaling through dephosphorylation of leptinmediated JAK2 (green) activation, whose downstream target initiates transcription. PTP1B is a known
negative regulator of JAK2-STAT3 signaling pathway. In oncogenic signaling, PTP1B
dephosphorylates p62Dok (dark blue), leading to inhibition of p120RasGAP (blue). Thus p62Dok
inhibition on Ras-MAPK-mediated cell proliferation is lifted. PTP1B also removes an inhibitory
phosphate on Src at Y529 leading to activation of small GTPases such as Ras (brown) and RacPhosphorylated tyrosines are indicated with red circles. Adapted from reference 17

1.3 Role of PTPN1 in immune regulation
Studies involving PTPN1-/- mice revealed lymphadenopathy, increase in B-cell
number/size in the spleen, bone marrow and peripheral blood.41 Analysis of pre-B
colonies from bone marrow of PTPN1-null mice showed a three-fold increase in B-cell
colony numbers compared to bone marrow cells from wild-type mice.41 These results

9
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clearly indicate a role for PTPN1 in B-cell development and genetic disruption might
cause a differentiation block. Double p53 and PTPN1 null mice showed decrease survival
rate and accelerated lymphomagenesis, alluding to the role of PTPN1 in hematopoiesis,
specifically, the lymphoid compartment in mice. Tyrosine kinase family members, JAK2
and TYK2, as well as STAT5 are known substrates of PTPN1, all these molecules are
important critical modulators of immune cell signaling.35,39,42,43
Other evidence of a role for PTPN1 in hematopoiesis came from a study showing that the
ratio of monocyte to granulocyte was significantly increased in PTPN1 knockout mice.
Furthermore, in the presence of colony stimulating factor-1 (CSF-1), bone marrow from
PTPN1-null mice display a significant increase in monocytic colonies compared to bone
marrow cells derived from wild-type mice. It was postulated that increased
phosphorylation of colony stimulating factor-1 receptor (CSF-1R) in the absence of
PTPN1, contributed to the increase in monocytic precursors and colonies, suggesting that
CSF-1R a PTPN1 substrate.44 Whether CSF-1R is a direct PTPN1 substrate remains a
controversy. In addition, macrophages from PTPN1-deficient mice have augmented
inflammation signaling leading to increase nitric oxide (NO) production, increased
inducible nitric oxide synthase (iNOS) and enhanced STAT1 phosphorylation. The
implication is striking as NO is a known modulator of tumorigenesis and lengthy
exposure to NO has been associated with neoplastic transformation.45
In vitro and in vivo studies have also shown that PTPN1 overexpression suppresses v-srcmediated transformation,15 lessens tumorigenicity of neu-TM-transformed cells and,46
abrogates transformation mediated by the prototypical oncogenic tyrosine kinase, BCRABL, of Rat-1 cells and brings about differentiation of K562 cells expressing BRC10
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ABL.47 These results provides further evidence of how PTPN1 negatively regulates
oncogenic kinases involved in hematologic malignancies.
Given the frequency of aberrant JAK/STAT signaling pathway in immunological
malignancies48,49, and the ability of PTPN1 to positively and negatively contribute to
metabolic disorders, immune signaling and oncogenesis, through regulation of
JAK/STAT signaling, it is of paramount importance to thoroughly study and understand
the function of PTPN1 in hematopoiesis and associated malignancies.

2 Hematopoiesis
The process by which hematopoietic stem cells give rise to all blood cell lineages is
called hematopoiesis. Because mature blood cells are short-lived, a coordinated effort is
required to replace these cells from the original source of the stem cell pool for continued
hematopoiesis. Hematopoietic stem cells (HSCs) are the earliest in the hierarchy of blood
cell development that give rise to progenitors and lineage-specific precursors.50 They give
rise to about trillion blood cells every day in response to growth factor/cytokines. These
progenitors produce precursors, which differentiate and give rise to lineage restricted
blood cells, such as myeloid cells (monocyte, macrophage and neutrophil), erythrocytes,
megakaryocytes and lymphocytes.51-53 Due to the short life span of blood cells, the selfrenewing ability of stem cells is an essential and distinct feature in hematopoeisis. HSC,
like all stem cells, possess unique and properties; self-renewal-ability to divide and
replace themselves over long periods, ability to differentiate into progenitors, leading to
precursors and mature blood cells.54,55 Although extramedullary hematopoiesis may occur
in the liver, spleen and thymus, the main site of hematopoiesis is the bone marrow in
11
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human adults. The bone marrow stroma consists of various cell types that provide a
microenvironment can support both long-term and short-term hematopoiesis. HSC
consists of two subpopulations; the long term (quiescent) HSC (LT-HSC), short term
(active) HSC (ST-HSC)56 and multipotent progenitor (MPP). LT-HSCs give rise to STHSC. The latter have limited self-renewing ability and can differentiate into multipotent
progenitors. Multipotent ST-HSC enables the formation of intermediate progenitors like
the common myeloid progenitor (CMP) and the common lymphoid progenitor (CLP).
These further differentiate into granulocyte/macrophage progenitors and lymphoid
progenitors, respectively. CMP gives rise to granulocyte-monocyte-restricted (GMP) and
megakaryocyte-erythrocyte-restricted (MEP) progenitors. MEP gives rise to erythroid
precursors and megakaryocyte precursors.52 A schematic representation of hematopoiesis
is shown in Figure 4. The identification of multiple surface markers has made it possible
to isolate defined stem and progenitor population using flow cytometry.57
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Figure 4. Adult Hematopoietic differentiation hierarchy.
Hematopoietic stem cells (HSCs) can be divided into long term-HSCs (LT-HSCs), highly selfrenewing cells that reconstitute an animal for its entire life span, or short term HSCs (ST-HSCs),
which reconstitute the animal for a limited period. ST-HSCs differentiate into multipotent
progenitors (MPPs) that ultimately give rise to differentiated progeny. The common lymphoid
progenitors (CLPs) give rise to T lymphocytes, B lymphocytes, and natural killer (NK) cells. The
common myeloid progenitors (CMPs) give rise to granulocyte monocyte progenitors (GMPs), which
then differentiate into monocytes macrophages and granulocytes and to megakaryocytic erythroid
progenitors (MEPs) which produce megakaryocytes platelets and erythrocyte. Both CMPs and CLPs
can give rise to dendritic cells. All of these stem and progenitor populations are separable as pure
populations by using cell surface markers. Adapted from reference 57

Any malfunction in the well organized and regulated hematopoietic process will lead to
diseases and disorders of the system, such as leukemias, lymphomas, anemia and
myeloproliferative neoplasms. Thus an understanding of this process and the genes
involved in hematopoiesis will shed light on hematological malignancies.

13
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3 Myeloproliferative neoplasms (MPNs)
The myeloproliferative neoplasms (MPNs) are a class of hematopoietic stem cell
disorders characterized by abnormal and unchecked proliferation and expansion of one or
more myeloid lineage cells (erythroid, granulocytic, megakaryocytic, and
monocytic/macrophage or mast cell). William Dameshek’s 1951 landmark discovery led
to classification of MPNs on the basis of clinical and bone marrow morphologic features
including, chronic myelogenous leukemia (CML), polycythemia vera (PV), essential
thrombocythemia (ET) and primary myelofibrosis (PMF). This group of diseases makes
up the classical MPNs.58 It is believed to originate with a genetic defect in a
hematopoietic progenitor pool which is indicative of disease clonality as shown in Figure
5. PV is characterized by increase erythrocytosis as evidenced by increased red blood cell
parameters (RBC, hemoglobin and hematocrit). MPN disease progression is gradual and
becomes established before it is even manifested. This is due to diagnosis of most cases
at the proliferative phase. During this phase, the bone marrow can support hematopoiesis
and expansion of neoplastic blood cell lineages thus increasing the number of precursors
in the peripheral blood, consisting of erythrocytes, granulocytes and/or platelets.
However, proliferative neoplasms have the potential to progress to myelofibrosis and
transformation to acute myeloid leukemia, the end result of which is bone marrow
failure.59 In some MPN patients the proliferative state is short and not apparent thus, it is
sometimes diagnosed at a later stage. Splenomegaly and hepatomegaly, enlargement of
the spleen and liver, respectively, are two clinical features seen at diagnosis and become
more prominent as the disease progresses. Organomegaly is mostly cause by confinement
of excess blood cells in the spleen and liver, extramedullary hematopoiesis, or both.

14
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Figure 5. 2008 WHO classification system for myeloid neoplasms
Acute myeloid leukemia (AML), myelodysplastic syndromes (MDS), myeloproliferative neoplasms
(MPN), MDS/MPN, and MPN eosinophilia (eos), platelet-derived growth factor receptor (PDGFR),
or fibroblast growth factor receptor (FGFR1)-rearranged myeloid/lymphoid malignancies associated
with eos. The MDS/MPN category includes chronic myelomonocytic leukemia (CMML), juvenile
myelomonocytic leukemia (JMML). The MPN category includes chronic myelogenous leukemia
(CML), polycythemia vera (PV), essential thrombocythemia (ET), primary myelofibrosis
(PMF)….and MPN unclassifiable (MPN-U). Adapted from reference 58,59

Genetic abnormalities including mutations and rearrangements of genes that encode for
protein tyrosine kinases play a crucial role in the WHO MPN classification system. This
criterion underscores the important function these kinases exert in signal transduction and
dysregulation in the kinases can contribute to MPN pathogenesis. These genetic
aberrations give rise to constitutive kinase activity, it is this activation that drives the
myeloproliferative phenotype The BCR-ABL fusion gene in CML is such a distinctive
event that it is a commonly-used as a diagnostic criterion. Over 20 somatic mutations
have been described in MPN in the past 10 years. Other MPN-associated mutations
15
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involve JAK2 (exon 14 and exon 12) and MPL (exon 10). These mutations have been
found at the progenitor level but are not indicative of a driver mutation and are not
mutually exclusive.60-65
3.1 Polycythemia Vera
Polycythemia Vera (PV) is a member of the Philadelphia chromosome (Ph-)-negative
MPNs. A hallmark feature of PV used as a diagnostic marker is the increase in red cell
parameters (red blood cell-RBC, hemoglobin-Hb and hematocrit-HCT).
Table 1. WHO diagnostic criteria for PV, ET and PMF

Abbreviations: PV, polycythemia vera; ET, essential thrombocythemia; PMF, primary myelofibrosis;
Hgb, hemoglobin; CML, chronic myelogenous leukemia; MDS, myelodysplastic syndromes; BM,
bone marrow; Epo, erythropoietin; LDH, lactate dehydrogenase; EEC, endogenous erythroid colony;
Hct, hematocrit.
*

PV diagnosis requires meeting both major and one minor criteria or the first major criterion and 2
minor criteria. ET diagnosis requires meeting all 4 major criteria. PMF diagnosis requires meeting all
3 major criteria and 2 minor criteria. Adapted from reference 69

According to the WHO classification and diagnostic guidelines, a PV diagnosis must
constitute one of the following four measures: For accuracy of PV diagnosis and to
distinguish it from ET and masked PV, the criteria was set to Hb level of 16.5 g/dl in
men and 16.0 g/dl in women, an Hct level of 49% in men and 48% in women.66,67
16
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Use of BM morphology as a diagnostic criterion remains in use. Tri-lineage (erythrogranulo- and megakaryopoiesis) proliferation resulting in hypercellularity is another
histopathologic measure in PV diagnosis. JAK2V617F knock-in mouse models have
been generated and the mutation gives rise to a PV-like phenotype and exhibited the
clinical features of human PV. These features include, red blood cell (RBC), hematocrit
(HT), hemoglobin (Hb), white blood cell (WBC) and platelet (PLT) counts,
splenomegaly and cytokine independent colony formation.68

3.2 Primary Myelofibrosis
Myelofibrosis (MF) is a Philadelphia chromosome (Ph-)positive MPN, arising either de
novo or post PV or ET. However, the molecular basis of the MF phenotype is
heterogeneous; meaning MF patients may carry more than one genetic
mutation/cytogenetic aberrations crucial to pathogenesis of the disease. Features of MF
include anemia, increase megakaryopoiesis followed by advance reticulin or collagen
fibrosis, increased granulopoiesis with concomitant reduction in erythropoiesis (Table
1),69 considerable splenomegaly and hepatomegaly70 and constitutional symptoms
(fatigue, fever weight loss, night sweats etc.). Anemia has been consistently upheld as an
indicator of poor survival in MF.71-73 Defective erythropoiesis gives rise to the anemia
feature and hepatosplenomegaly is due to extramedullary hematopoiesis.69 PMF
progression occurs in a gradual and stepwise manner and as a result, not all the aforementioned features are evident in the pre-PMF stage. Disease progression culminates in
fibrosis from an initial pre-fibrotic stage. The median survival range is anywhere between
<2 years to >15 years based on the existence of unfavorable clinical features. These
17

Chapter 1-General Introduction

include old age, anemia, transfusion need, thrombocytopenia, leukocytosis and
unfavorable karyotype .74 Leukemic transformation is the leading cause of death in MF
patients, occurring in approximately 20% of patients.75 Given the lack of effective
therapy against MF, it is imperative to pursue palliative therapies using JAK2 inhibitors
for anemia and organomegaly and constitutional symptoms.

4 JAK-STAT signaling and Aberration in MPNs
Janus kinase 2 (JAK2) is a non-receptor tyrosine kinase downstream of type 1 and type 2
cytokine receptors. It is involved in transducing signal from cytokine receptors including,
erythropoietin (Epo), thrombopoietin (Tpo), granulocyte colony-stimulating factor
(GCSF), granulocyte-macrophage colony-stimulating factor (GMCSF) and interleukins
(IL). In ligand-dependent JAK2/STAT5 signaling pathway, receptor dimerization allows
for JAK2 activation upon ligand binding. Activated JAK2 provide docking sites for
STAT family proteins and also phosphorylates STAT family proteins including, STAT5.
STAT5 translocates to the nucleus and regulate transcription of target genes. Thus, JAK2
acts as an initiator in the signal relay from cell surface receptors to the nucleus. These
signal transduction pathways are tightly regulated. Phosphatases, and PTPN1 specifically,
regulates JAK2/STAT5 signaling pathway through dephosphorylation of receptor-bound
JAK2 or through dephosphorylation of downstream targets of the JAK2, including
STAT5. Suggesting a crucial and dominant role for PTPN1 in modulating JAK2mediated signaling pathways as shown in Figure 6.1 Myers et al. (2001) have shown that
JAK2, and not JAK1, is a direct substrate of PTPN1 and the evidence was later
corroborated by multiple groups.38,42,43 However, a majority of these findings came from
18
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studies focusing on metabolism. Given that both STAT376 and STAT5 are important
mediators of immune signaling, a role for PTPN1 in the immune/hematopoietic system is
now emerging and this role has ramifications in apoptosis, differentiation, proliferation
and development.77 Inactivating mutations in PTPN1 and PTPN2 have been reported in
lymphoid malignancies. Loss of function mutations leads to loss of phosphatase activity
and has been associated enhanced cytokine sensitivity and JAK/STAT signaling.78 These
findings underscore the need to generate tissue-specific and conditional PTPN1 knockout
models to better understand the cell type specificity and substrates of PTPN1 in the
hematopoietic system.
In the class of Ph- negative MPNs, the predominant mutation is JAK2V617F. Discovery
of the JAK2V617F mutation in 2005 provided the genetic basis for this group of
disorders.79 Somatic mutations in the JAK2 tyrosine kinase, JAK2V617F, has been found
in 97% Polycythemia Vera, 50-60% essential thrombocythemia and 60% of primary
myelofibrosis. The mutation involves a guanidine to thymidine substitution, resulting in a
valine to phenylalanine substitution at codon 617 on the pseudokinase domain. The
pseudokinase domain is adjacent to the kinase domain thus the mutation disrupts the
inhibitory role the noncatalytic/regulatory domain exerts on the catalytic/kinase domain.
As it is an activating mutation, it causes constitutive signaling and activation of
downstream targets in the absence of stimuli. Furthermore, JAK2V617F mediates the
myeloproliferative phenotype through activated JAK/STAT signaling pathway.
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Figure 6. Role of PTPN1/PTP1B in modulating JAK-STAT signaling
Receptor stimulation by growth factor/cytokine causes receptor dimerization. This leads to JAK
transphosphorylation. Activated JAKs phosphorylate the receptor, followed by recruitment of STATs
to tyrosine phosphorylated receptors via their SH2 domain where they are tyrosine-phosphorylated by
JAKs. Phosphorylated STATs dimerize and translocate to the nucleus where they bind to promoters of
target genes, subsequently control gene expression. Phosphorylated JAKs are dephosphorylated by
PTPN1/PTP1B effectively suppressing JAK-STAT signaling. Adapted from reference 1

JAK2V617F gives rise to PV or PMF-like phenotype in knock-in mice depending on
allele burden. Mutations in exon 12 of JAK2 and in the thrombopoietin receptor, MPL,
(W515L/K) are some of the other activation mutations found in MPN/MF. Existence of
JAK2V617F mutation has been linked with old age, increased hemoglobin counts,
leukocytosis and thrombocytopenia.65 PV cases with high allele burden have been
associated with transformation to myelofibrosis.80 The pathogenic mechanism(s) of
JAK2V617F in MPNs is not well understood, as there could exist additional mutations
and cooperating mutations. Several groups have generated conditional JAK2V617F
knock-in mouse models, as well as bone marrow transplantation models, to study
JAK2V617F-induced MPNs. All these studies concluded that expression of JAK2V617F
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is sufficient to induce MPN in vivo.68,81-85 Numerous signaling pathways have been
shown to be activated upon expression of JAK2V617F protein. JAK2/STAT5,
MAPK/ERK1/2 and P70S6K/AKT pathways are all activated in the presence of
JAK2V617F mutation.68,79,86

5 Chromosomal deletions involving 20q in MF
As mentioned above, MF can occur de novo as primary myelofibrosis or at later stage as
post-PV/ET myelofibrosis.87 Frequency of cytogenetic abnormalities in MPN/MF have
been reported to range from 3% to upwards of 40%.88,89 Unlike the BCR-ABL positive
MPNS, data on the cytogenetic profile of MF is sparse.90,91 20q- and 13q- were the most
frequent chromosomal abnormality in MF at 23.3% in evaluation of 835 patients.91,92
Chromosomal abnormalities in MF have been associated with shortened survival.72,91,93
This finding lends credence to the possibility of the presence of tumor suppressor gene(s)
in these regions whose loss play a role in the pathogenesis of MF. Identification of the
candidate tumor suppressor genes in 20q- associated MPN/MF will provide insight into
the genes that regulate hematopoiesis and how perturbation may give rise to
malignancies. Given the location of the PTPN1-encoding gene on chromosome 20q13, it
is likely that PTPN1 might be one of the target tumor suppressor genes in 20q-associated
MPNs.
A correlation between JAK2V617F mutation and other cytogenetic abnormalities have
been identified. 20q- lesions have been shown to co-occur with JAK2V617F mutation in
MPN.94 JAK2 mutations have been found to co-occur with the 20q- lesion in ~43% of
MF cases.92,95 The question of how one mutation (JAK2V617F) can give rise to three
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different diseases can be resolved by the presence of co-occurring (cyto)genetic
aberrations (20q-). Thus it is important to consider cytogenetic karyotyping in
JAK2V617F-positive MPN/MF and assess status of putative tumor suppressor genes on
deleted chromosome regions as a risk/prognostic tool in MPN. Using such an
approach/strategy of “cytogenetic-molecular-based risk stratification” for better treatment
options and improved outcome will prove valuable in MPNs as it has in the case of AML
management with BCR-ABL.96
The aim of the dissertation was to elucidate on the role of PTPN1 in myeloproliferative
neoplasms and whether it plays a role in mediating transformation to myelofibrosis.
Another goal was to study the effects of PTPN1 deletion in JAK2V617F-induced MPNs.
Several approaches were employed to address these questions. Clinical samples from
MPN patients were assessed by collaborators at Cleveland clinic for presence of 20q
deletion and specifically for status of PTPN1 gene. They found that del20q-associated
MPNs involving PTPN1 gene locus was found in a majority of patients and that del(20q)
can co-occur with the JAK2V617F mutation. We concluded that PTPN1 might be a
putative tumor suppressor gene on 20q and that it plays a role in transformation to
myelofibrosis. We utilized conditional knock-in JAK2V617F and conditional knock-out
PTPN1 mouse models to study the effects of PTPN1 deletion in hematopoiesis and in
cooperation with JAK2V617F mutation in accelerating a less severe PV phenotype and
hasten progression into myelofibrosis. We postulated the hypothesis that PTPN1 might
cooperate with JAK2V617F mutation to drive progression to myelofibrosis, owing to the
role of PTPN1 in the regulation of JAK-STAT signaling pathway, the commonly aberrant
signaling pathway in the pathogenesis of MPN and myelofibrosis. Hematopoietic cell
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lines were utilized to study the effects of PTPN1 knockdown and over-expression on
signaling molecules/pathways and the former caused an increase in JAK2, STAT5, AKT,
P70S6K, MAPK and ERK activation. Conversely, the latter caused a decrease in
activation of the molecules. Our data, on the role of PTPN1 in the hematopoietic
compartment points to the need to understand tissue-specific inhibition/loss of PTPN1 as
a caution against detrimental effects of inhibition in the treatment/management of
diabetes and obesity.
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Abstract
Deletion of chromosome 20q (20q-) is a common chromosomal abnormality associated
with myeloid neoplasms including ~24% cases of myelofibrosis (MF). 1-4 However, the
identity of the target tumor-suppressor gene(s) within 20q involved in the pathogenesis of
MF and other myeloid malignancies remains elusive. The PTPN1 gene encoding protein
tyrosine phosphatase non-receptor type 1 is located on human chromosome 20q13, within
the commonly deleted region in 20q- associated myeloid neoplasms 5. Here we report the
functional consequences of PTPN1 deletion in myeloid neoplasms including MF.
Knockdown of PTPN1 increased the proliferation and enhanced JAK2/STAT5, AKT and
ERK signaling in hematopoietic cells. Deletion of PTPN1 in mice hematopoietic
compartment induced a myeloproliferative disease characterized by increased white
blood cell and neutrophil counts, splenomegaly and protracted development of
myelofibrosis. Our data suggest a tumor-suppressor function for PTPN1 in MF. This
finding is very important because of the identity of a candidate tumor suppressor gene in
20q-associated MF and the extensive characterization of a PTPN1cKO mouse in the
hematopoietic system and myeloid compartment.

Introduction
Deletion of the chromosome 20q (20q-) is associated with ~10% cases of
myeloproliferative neoplasms (MPNs) 1,3, ~4% cases of myelodysplastic syndrome
(MDS) 6 and 1-2% cases of acute myeloid leukemia (AML) 7. The 20q- lesion is often
associated with myeloproliferative clinical features; it is present in patients with MF at a
high frequency (24%) and thus considered to be one of the most frequent cytogenetic
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abnormalities in MF 8. The 20q- lesion can coexist with JAK2V617F mutation in MPN
and MDS/MPN overlap syndromes, most commonly in MF but JAK2V617F negative
cases of MF with 20q- also have been described 8,9. Most of these cases are likely to
harbor either somatic MPL or the newly discovered CALR mutations 10-12. Clonal
analysis indicates that 20q- confers growth advantage to the hematopoietic cells 9.
Previous studies have identified L3MBTL1 as a candidate tumor-suppressor in 20q
deletion-associated polycythemia vera 13,14. However, the tumor-suppressor gene(s)
involved in the pathogenesis of 20q deletion-associated MF and other myeloid
malignancies remains unknown.
The PTPN1 locus maps to human chromosome 20q13 located within the commonly
deleted region on 20q 5. PTPN1 (also known as PTP1B) is a ubiquitously expressed nonreceptor tyrosine phosphatase that has been linked to metabolism and cancer 15,16. It
inhibits signaling from the insulin and leptin receptors 15,16. Mice deficient in PTPN1
exhibit resistance to diet-induced obesity and diabetes 17,18. PTPN1 also has been shown
to regulate macrophage development and inflammation 19. Both oncogenic and tumor
suppressor functions for PTPN1 have been suggested 20. PTPN1 is overexpressed in
breast cancer 21, and deletion of PTPN1 inhibits ErbB2-induced breast tumorigenesis in
mice 22,23. Somatic loss-of-function mutations in PTPN1 have been associated with
mediastinal B cell lymphoma and Hodgkin lymphoma 24. Moreover, ablation of PTPN1
accelerates B-cell lymphomagenesis and decreases survival in p53-null mice 25.
Of importance to our studies is that PTPN1 can negatively regulate the JAK/STAT
signaling 26,27, frequently activated in MPNs 28. Moreover, overexpression of PTPN1
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homologue Ptp61F results in suppression of leukemia induced by constitutively active
JAK allele HopTum-l in Drosophila 29.
We sought to assess the presence of PTPN1 locus-specific deletion in MPN/MF patients.
Using cytogenetic and single-nucleotide polymorphism (SNP) array-based karyotyping,
we detected the presence and assessed the extent of 20q deletion and the configuration of
PTPN1 gene locus in a cohort of patients with myeloid malignancies including secondary
acute myeloid leukemia (sAML), primary acute myeloid leukemia (pAML),
myeloproliferative neoplasms (MPN), myelodysplastic syndrome (MDS) and MDS/MPN
overlap disorders.
A second aim was to study the effects of PTPN1 deletion in the hematopoietic
compartment and identify a mechanism by which PTPN1 deletion may give rise to MF.
We used a hematopoietic compartment-specific conditional PTPN1 knockout mouse
(PTPN1cKO). Our results show that PTPN1 deletion in mice gives rise to a
myeloproliferative phenotype characterized by splenomegaly, increase WBC and NE
counts in the peripheral blood and this increase is due to expansion in hematopoietic
progenitors and myeloid precursors in BM and spleens of mice. Moreover, PTPN1 loss
causes myelofibrosis in mice. The common occurrence of 20q- aberration involving
PTPN1 locus in myeloid neoplasms and the negative regulatory role of the corresponding
phosphatase in JAK/STAT signaling led us to hypothesize that PTPN1 is a potential
tumor-suppressor gene in MF. Together, our results suggest a tumor suppressor function
for PTPN1 in MF.
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Materials and methods
Patient Samples
Bone marrow aspirates and blood samples were collected from patients with myeloid
malignancies at the Cleveland Clinic. Informed consent was obtained for sample
collection according to the protocols approved by the institutional review board of the
Cleveland Clinic and in accordance with the Declaration of Helsinki. Diagnosis was
conformed and assigned according to World Health Organization (WHO) classification
criteria. Clinical parameters obtained included age, morphologic diagnosis, blood counts,
cytogenetics by SNP array-based and metaphase karyotyping and FISH analysis.
Mutational status was asserted for JAK2, CALR and MPL mutational status as well as in
selected cases deep sequencing for 60 genes, most commonly affected by mutations in
myeloid neoplasms 30

Multi-amplicon deep sequencing
Multi-amplicon deep sequencing (TruSeq; Illumina) was performed for 61 gene targets,
according to the manufacturer’s instruction (Illumina). TrueSeq custom amplicon
generation protocol was applied to customizing probe sets to amplify target exons and
whole exons of target genes. The sequencing libraries were generated according to an
Illumina pair-end library protocol and subjected to deep sequencing on MiSeq (Illumina)
sequencers according to the standard protocol.

40

Chapter 2-A Pathogenic Tumor Suppressor Function for PTPN1 in Myelofibrosis

Confirmatory Sanger sequencing and deep sequencing
For detecting mutations and estimating their allelic frequency of mutations or SNPs, we
applied deep sequencing to targeted exons as previously described

30-32

. Briefly, we

analyzed for possible or validated mutations by amplification of around 250 bps,
targeting the locus with each specific primer pair. The sequencing libraries were
generated according to an Illumina pair-end library protocol and subjected to deep
sequencing on HiSeq2000 or MiSeq sequencers according to the standard protocol
(Illumina)

31,33

. Exons of selected genes (in particular PTPN1) were amplified and

underwent direct genomic sequencing by standard techniques on the ABI 3730xl DNA
analyzer (Applied Biosystems, Foster City, CA), as previously described

30-32

. Somatic

mutations detected by deep sequencing were confirmed by bidirectional Sanger
sequencing and scored as pathogenic if not present in non-clonal paired germ line DNA
derived from CD3+ lymphocytes.

SNP-array analysis
Single nucleotide polymorphism (SNP)-array karyotyping for confirming metaphase
cytogenetics and detecting copy-number normal loss of heterozygosity was analyzed as
previously described

34-36

. Briefly, Affymetrix 250K and 6.0 SNP-arrays were used to

evaluate copy number and heterozygosity. Using our internal and publicly available
databases (see URLs), the pipeline of screening algorism validated each lesion as somatic
34-36

. Non-somatic lesions were excluded for further analysis. Affected genomic positions
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in each lesion were visualized and extracted by CNAG (v3.0) or Genotyping Console
(Affymetrix) software.

FISH analysis
FISH analyses were performed on bone marrow cells following standard protocols, as
described 37. PTPN1 locus-specific probe was custom-made (by Empire Genomics) using
the BAC clone (679O23) from the RPCI-11 library and conjugated to orange 5-TAMRA
dUTP. Chromosome 20 control probe was designed outside of the PTPN1 locus and
conjugated to green 5-fluorescein. Co-denaturation of cells and FISH probes were carried
out on a Vysis Hybrite (Abbott Molecular) for 3 minutes at 730C and hybridized for 2022 hours at 370C. The specimens were visualized by fluorescent microscope.

Quantitative real-time PCR
Total RNA was isolated from the peripheral blood mononuclear cells (PBMNCs) of
healthy control or 20q- MPN patient using the RNeasy Mini Kit (Qiagen) and reverse
transcribed using QuantiTect Reverse Transcription kit (Qiagen). Quantitative real-time
PCR was performed using SYBR Green PCR master mix (Qiagen) with the LightCycler
480 Real-Time PCR system (Roche Applied Science). The following primer sets were
used: CCTGAATCACCAGCCTCATT and AGAGGCAGGTATCAGCCAGA for
human

PTPN1,

and

GAGTCAACGGATTTGGTCG
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GACAAGCTTCCCGTTCTCAG for human GAPDH. The data were normalized to
GAPDH and fold-change in PTPN1 expression was det

Mice
PTPN1 floxed (PTPN1fl/fl) mice38 were crossed with MxCre mice39 (purchased from the
Jackson Laboratory, Bar Harbor, ME, USA) to generate MxCre;PTPN1fl/fl (PTPN1cKO)
mice. All mice were in C57BL/6 background. Cre expression was induced by
-polycytosine (pI-pC, GE
Healthcare, Piscataway, NJ, USA). Animal studies were performed in accordance with
approved guidelines of the Institutional Animal Care and Use Committee of SUNY
Upstate Medical University.

Blood and tissue analysis
Peripheral blood counts were measured using Hemavet 950FS (Drew Scientific). For
histopathologic analysis, mouse tissue specimens were ﬁxed in 10% neutral-buffered
formalin and embedded in parafﬁn. Tissue sections (4 m) were stained with
hematoxylin and eosin (H&E) and reticulin stains.

Flow cytometry
Single-cell suspensions from bone marrow and spleen cells were prepared and stained for
30 minutes on ice with either allophycocyanin (APC)- or phycoerythrin (PE)-conjugated
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monoclonal antibodies against Gr-1, Mac-1, Ter119, CD71, CD41, CD61, B220 and
Thy-1 for analysis of late hematopoietic precursors. For hematopoietic stem cells, early
and late myeloid progenitor cells analysis, BM and spleen cells were stained with
antibodies against lineage (Lin) markers (CD3, CD4, CD8α, CD19, B220 Gr1, Ter119
and IL-7R (CD127), and Sca-1, c-Kit, Flk2 (CD135), CD34, CD16/32 (FcγR/) for 60
minutes. The above listed antibodies were purchased from eBioscience or BioLegend
(San Diego, CA, USA). LSR11 flow cytometer (BD Biosciences, San Diego, CA, USA)
was used for flow cytometric analyses. Flow data was analyzed using FlowJo software
(TreeStar, Ashland, OR, USA).

Colony-forming assays
BM (2 x 104) or spleen (1 x 105) cells were plated in duplicates in methylcellulose
medium M3434 (Stem Cell Technologies, Vancouver, BC, Canada) containing cytokines.
Burst‐forming

units-erythroid

(BFU‐E)

and

colony-forming

units-

granulocyte‐macrophage (CFU‐GM) colonies were scored 7 days after plating. To detect
colony-forming unit-erythroid (CFU-E) colonies, BM or spleen cells (1 x 105) were
seeded in duplicate in methylcellulose medium M3234 (Stem Cell Technologies,
Vancouver, BC, Canada) in the presence of Epo (3 U/ml). CFU-E colonies were counted
following staining with benzidine solution (Sigma-Aldrich, St. Louis, MO, USA) 2 days
after plating. To determine IL-3 hypersensitivity, BM cells (2 x 104) were plated in
Methylcellulose M3234 medium (Stem Cell Technologies) in the presence of 0.1 to 1.0
ng/ml IL-3. Colonies were counted 7 days after plating. For detection of colony-forming
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unit megakaryocyte (CFU-Mk), BM cells were plated in collagen-based media
(MegaCult; Stem Cell Technologies, Vancouver, BC Canada) in the presence of IL-3, IL6, IL-11 and TPO. Colonies were scored after 8 days by staining with acetylcholinoiodide
and ferric cyanide solution following guidelines in the manufacturer’s protocol

Bone marrow transplantation assays
For non-competitive cell autonomous bone marrow transplantation (BMT) assay, BM
cells from control or PTPN1cKO mice were harvested at 24 weeks following pI-pC
induction. BM cells (1x106) were transplanted by retro-orbital injection into lethally
irradiated (2 x 550 cGy) C57BL/6 recipient mice. For competitive stem cell repopulation
BMT, BM cells from control or PTPN1cKO (CD45.2+; donor) mice were harvested at 12
weeks following pI-pC induction and combined with BM cells from wild type (CD45.1+;
competitor) mice at a 1:1 ratio and transplanted into lethally irradiated CD45.1+ recipient
mice by retro orbital injection. Transplanted mice were maintained on acidified water.

Cell culture and proliferation assay
Murine Ba/F3 cells were cultured in RPMI-1640 medium supplemented with 10% FBS in
the presence of IL-3 (1 ng/mL). To generate the stable PTPN1- knockdown cell line,
Ba/F3 cells were transduced with lentiviruses expressing PTPN1 shRNA or scramble
shRNA. Transduced cells were selected using puromycin for 3 days. To assess for cell
proliferation, PTPN1 shRNA and scramble shRNA cells were plated in duplicates at a
density of 1 x 105 in 6-cm dishes in RPMI + 10% FBS (p/s) supplemented with IL-3
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(1ng/ml). Viable cell count was performed by trypan blue exclusion at a 24-hour interval
for 4 consecutive days. JAK2V617F-positive human erythroleukemia (HEL) cells were
cultured in RPMI-1640 medium containing 10% FBS. HEL cells were stably transduced
with retroviral MSCV-Puro vector (control) or MSCV-PTPN1WT-Puro (PTPN1). For
cell proliferation assay, cells were maintained under regular culture condition and cell
proliferation was assessed by viable cell counts every 24 hours for 5 days.

Immunoblotting and signaling studies
Ba/F3 cells were depleted of serum and cytokine and cultured in IMDM 0.5 % BSA for 6
hours in 37 oC, followed by stimulation with IL3 (1ng/ml) for 5 and 15 minutes. Cells
were harvested and lysed in RIPA lysis buffer with Na3V04 and protease inhibitor
cocktail (Sigma) boiled in 2 x sample buffer. Immunoblot analysis was performed and
membrane was probed for phospho-proteins and re-probed for total proteins. Cells were
lysed in 1X RIPA buffer (50mM Tris-HCl, 150mM NaCl, 1% Triton-X-100, 1% sodium
deoxycholate, 0.1% SDS, 2mM Na3VO4, 5mM NaF, 100mg/ml PMSF and protease
inhibitor cocktail; Sigma-Aldrich). Total BM and human peripheral blood mononuclear
cells (PBMNCs) were lysed directly by boiling in 2x sample buffer. Immunoblotting was
performed using phospho-specific antibodies against STAT5, p70S6K, AKT and
ERK1/2. The membranes were stripped and re-probed for the respective total antibodies
and mouse and human PTPN1 deletion was confirmed. The following antibodies were
used for immunoblotting: phospho-JAK2 (Tyr1007/1008), JAK2 (D2E12), phosphoAKT (Ser 473), phospho-STAT5 (Y694), phospho-44/42 MAPK (T202/Y204), phopsho-
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p70 S6 Kinase (T389) (Cell Signaling Technology); mouse PTPN1 (R&D Systems) and
human PTPN1 (Calbiochem).
Statistical analysis
The Student’s t-test was used to compare between the two groups. Results are expressed
as mean values  SEM. *P < 0.05 and **P<0.005

Results
Deletion of PTPN1 gene is observed in myeloid malignancies
To assess the presence of PTPN1 deletion in 20q-associated MPN/MF patients, we
utilized sequencing technology, cytogenetic karyotyping and quantitative analysis. The
20q- abnormality involving PTPN1 deletion was identified in 7/130 cases (5%) of sAML,
1/120 cases (0.8%) of pAML, 18/103 cases (17%) of MPN, 5/133 cases (4%) of
MDS/MPN and 32/357 cases (9%) of MDS (Figure 1A). Thus, 20q deletion was more
commonly found in MPN in particular MF in comparison to other myeloid neoplasms.
We also assessed the frequency of JAK2V617F mutation and 20q- abnormality involving
PTPN1 locus in MF, both frequently described in the context of this disease 8,28. We
determined that 51% MF patients (41/80 cases) were positive for the JAK2V617F
mutation and 14% MF patients (11/80 cases) had 20q- abnormality with PTPN1 deletion
(Figure 1B). Among the 11 MF patients who had 20q- with PTPN1 deletion, 8 of them
were also positive for the JAK2V617F (Figure 1B). Similarly, fluorescence in situ
hybridization (FISH) using a PTPN1-specific probe confirmed the presence of monoallelic (heterozygous) deletion of PTPN1 in MF/MPN bone marrow (BM) cells (Figure
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1C). Real-time quantitative PCR analysis revealed reduced expression of PTPN1 mRNA
in the peripheral blood mononuclear cells (PBMNC) of PTPN1-deleted 20q- MPN
patients compared with healthy controls (Figure 1D). Overall, these data suggest that
PTPN1 deletion occurs in MDS or MDS/MPN or coexists with JAK2V617F or MPL or
CALR mutations in MF.

Figure 1: Analysis of PTPN1 deletion in myeloid malignancies. (A) Cytogenetic and SNP
array analyses indicating 20q deletion involving PTPN1 locus in sAML, pAML, MPN,
MDS/MPN and MDS patients. (B) The frequency of JAK2V617F mutation, del(20q)
involving PTPN1 deletion and co-occurrence of JAK2V617F mutation and PTPN1 deletion in
MF patients is shown. (C) Interphase FISH using PTPN1 gene-specific probe confirmed
mono-allelic deletion of PTPN1 in MPN/MF BM cells. Control probe is in green; PTPN1
locus-specific probe is in orange. (D) Real-time quantitative PCR analysis of PTPN1 mRNA
levels in the peripheral blood mononuclear cells (PBMNC) from PTPN1-deleted 20q- MPN
patients (n=7) and healthy controls (n=5). Expression values were normalized for GAPDH
expression. Relative expression of PTPN1 is shown in bar graphs as mean  SEM (* indicates
p<0.05).
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Deletion of PTPN1 induces and MPN/MF-like phenotype in mice
To test the effects of PTPN1 deletion on hematopoiesis, we generated MxCre;PTPN1fl/fl
mice by crossing PTPN1 floxed (PTPN1fl/fl) mice 38 with MxCre mice 39, which express
Cre recombinase in hematopoietic compartments in response to polyinosine-polycytosine
(pI-pC). At 4 weeks after birth, control (PTPN1fl/fl; no Cre) and MxCre;PTPN1fl/fl
(referred as PTPN1cKO) mice were injected with 3 doses of

pI-pC. As shown in

Figure 2. Deletion of PTPN1 alters hematopoiesis and induces an MPN-like phenotype in mice.
(A) Immunoblot analysis shows efficient deletion of PTPN1 protein expression in the bone marrow
of PTPN1cKO mice at 28 weeks after pI-pC induction. ERK2 was used as a loading control. (B) White
blood cell (WBC), (C) Neutrophil (NE), (D) red blood cell (RBC), (E) hematocrit (HCT) and (F)
platelet (PLT) counts were assessed in the peripheral blood of control (n= 12) and PTPN1 cKO mice
(n=15) at 4, 8, 12, 28 and 56 weeks after pI-pC induction. (G) Spleen size/weight was significantly
increased in PTPN1cKO mice compared with control animals at 28 weeks after pI-pC induction (n =
9). Data are shown as mean  SEM (* indicates p<0.05; ** indicates p<0.005 by students t-test).

Figure 2A, PTPN1 was efficiently deleted in the BM of MxCre;PTPN1fl/fl (PTPN1cKO)
mice upon pI-pC induction. Compared to control animals, PTPN1cKO mice exhibited
significantly increased white blood cells (WBC) and neutrophils in their peripheral blood
(Figure 2B, C). However, no significant differences were observed in red blood cells
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(RBC), hematocrit or platelet counts between control and PTPN1cKO mice (Figure 2D-F).
Deletion of PTPN1 also resulted in enlargement of splenic size and weight in PTPN1cKO
mice (Figure 2G), suggesting that complete loss of PTPN1 induces extramedullary
hematopoiesis. Myeloid cell-specific deletion of PTPN1 using LysM-Cre also results in
splenomegaly 40, indicating that loss of PTPN1 promotes myeloid cell expansion in the
spleens.

PTPN1 deletion causes fibrosis in the bone marrow and spleens of older mice
Histopathologic analyses of the BM sections from PTPN1cKO mice showed increased
granulocytic precursors with decreased erythroid precursors and mildly increased
megakaryocytes (Figure 3).

Figure 3. PTPN1 deficiency causes fibrosis in older mice. Histological analysis of the BM
sections (hematoxylin & eosin staining) from PTPN1 cKO mice showed increased myeloid to
erythroid ratios and mild increase in megakaryocytes. Spleens of PTPN1cKO mice showed
trilineage extramedullary hematopoiesis, with a high myeloid to erythroid ratios and increase in
both granulocytic and megakaryocytic cells. Reticulin staining showed fibrosis (grade 2) in the
BM and spleens of PTPN1cKO mice at 52 weeks after PTPN1 deletion
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Spleen sections from PTPN1cKO mice exhibited trilineage extramedullary hematopoiesis,
not seen in controls, with high myeloid to erythroid ratios and increased megakaryocytes
(Figure 3). Reticulin staining demonstrated fibrosis (grade 2) in the BM and spleens of
PTPN1cKO mice at 52 weeks after PTPN1 deletion, whereas control animals did not
exhibit fibrosis at that stage (Figure 3). Together, these results suggest that deletion of
PTPN1 induces an MPN-like phenotype, which progresses to MF over time.

Deletion of PTPN1 increases bone marrow and splenic hematopoietic precursor
compartment
Flow cytometric analyses showed significant expansion of myeloid (Gr-1+/Mac-1+)
precursors in the BM and spleens of PTPN1cKO mice compared with control animals
(Figure 4A-C). Total BM and splenic myeloid (Gr-1+/Mac-1+), erythroid
(Ter119+/CD71+) and megakaryocytic (CD41+/CD61+) precursors were also significantly
increased in the spleens of PTPN1cKO mice (Fig. 4A-C).
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Figure 4. Deletion of PTPN1 increases myeloid precursors. (A) Representative dot plots of flow
cytometric analysis of myeloid (Gr-1+/Mac-1+), erythroid (Ter119+/CD71+) and megakaryocytic
(CD61+/CD41+) precursors in the BM and spleens of control and PTPN1cKO mice at 28 weeks after pI:pC
induction are shown. Total numbers of myeloid (Gr-1+/Mac-1+), erythroid (Ter119+/CD71+) and
megakaryocytic (CD61+/CD41+) precursors in the (B) BM of control and PTPN1cKO mice are shown. (C)
Total numbers of myeloid (Gr-1+/Mac-1+), erythroid (Ter119+/CD71+) and megakaryocytic
(CD61+/CD41+) precursors in the BM and spleens of control (n=5) and PTPN1 cKO (n=6) mice are shown
in bar graphs as mean  SEM (* indicates p<0.05; ** indicates p<0.005).
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Loss of PTPN1 causes a significant increase in hematopoietic progenitors
We determined the effects of PTPN1 deletion on hematopoietic stem cells (HSC) and
progenitor compartments by flow cytometric analysis. We observed that deletion of
PTPN1 resulted in significant increase in the total numbers of HSC-enriched LSK cells
(Lin-Sca1+c-kit+) and its subsets including long-term HSC (LT-HSC; Lin-Sca1+ckit+CD34-CD135-), short-term HSC (ST-HSC; Lin-Sca1+c-kit+CD34+CD135-), and multipotent progenitors (MPP; Lin-Sca1+c-kit+CD34+CD135+) in the spleens of PTPN1cKO
mice (Figure. 5D-F). Also, there was a trend of increased LSK, LT-HSC and ST-HSC
compartments in the BM of PTPN1cKO mice (Figure 5D-F). The increases in LSK, LTHSC, ST-HSC and MPP populations were significantly greater in the spleens than in the
BM of PTPN1cKO mice. Flow cytometry analysis also revealed a significant increase in
the frequency and total numbers of common myeloid progenitors (CMP; Lin-Sca1-ckit+CD34+

/low), granulocyte-macrophage progenitors (GMP; Lin-Sca1-c-

kit+CD34+

/high) and megakaryocyte-erythroid progenitors (MEP; Lin-Scal-c-

kit+CD34-

/-) in the spleens of PTPN1cKO mice compared with control animals

(Figure 5C-D).
We performed hematopoietic progenitor colony assays to determine the effects of PTPN1
loss on hematopoietic progenitor colonies. Our data showed significant increase in CFUGM and BFU-E colonies in the BM and spleens of PTPN1cKO mice compared with
control animals at 24 weeks after pI:pC induction (Figure 5E). Additionally, we saw
significantly increased CFU-E colonies in the presence of erythropoietin in the spleens of
PTPN1-deleted mice compared to control mice, but no significant difference was
observed in CFU-E colonies in the BM between control and PTPN1cKO mice (Figure
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5F). Similar to our flow cytometric analysis data, we observed a significant increase in
megakaryocytic colonies (CFU-Mk) upon PTPN1 deletion in BM of mice (Figure 5G)
PTPN1 also resulted in significantly greater numbers of colonies (CFU-GM) in the BM
of PTPN1cKO mice at lower concentrations (0.1-1.0 ng/ml) of IL-3, suggesting that
PTPN1 deletion may confer IL-3 hypersensitivity in the BM (Figure 5H). Together,
colony assay data suggest that loss of PTPN1 promotes the expansion of cytokinedependent myeloid, erythroid and megakaryocytic precursors.
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Figure 5. Deletion of PTPN1 increases hematopoietic stem cell and myeloid progenitor
compartments in BM and spleens of mice (A) Flow cytometric analysis of LSK, LT-HSC, ST
and MPP in BM and spleens of control and PTPN1 cKO mice at 28 weeks after pI:pC induction.
Representative contour plots from 5 independent experiments are shown. (B) Total numbers of
BM and spleen LSK, LT-HSC, ST-HSC and MPP populations are shown in bar graphs as mean
 SEM. (C) Representative contour plots of flow cytometric analysis of myeloid progenitors
including CMP, GMP and MEP in the BM and spleens of control and PTPN1 cKO mice. (D) Total
numbers of CMP, GMP and MEP in the BM and spleens of control (n=5) and PTPN1 cKO (n=6)
mice are shown in bar graphs as mean  SEM. (E) Hematopoietic progenitor colony assays. BM
(2 x 104) or spleen cells (1 x 105) from control (n=5) and PTPN1cKO mice (n=6) mice were plated
in complete methylcellulose medium (Methocult M3434) containing cytokines. CFU-GM and
BFU-E colonies were scored at day 7 post-plating. (F) CFU-E colony assays. BM or spleen cells
(1 x 105) from control and PTPN1cKO mice were plated in methylcellulose medium (Methocult
M3234) in the presence of Epo (3U/ml). CFU-E colonies were scored 2 days after plating. (G)
BM CFU-Mk colonies (H) BM cells (2 x 104) from control and PTPN1cKO mice were plated in
methylcellulose medium (Methocult M3234) in the presence of IL-3 (0.1-1.0 ng/ml), and the
colonies (CFU-GM) were scored after 7 days. All data are shown as mean  SEM (* indicates
p<0.05; ** indicates p<0.005).
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The effects of PTPN1 deletion in mice are cell autonomous
To determine whether the MPN/MF-like phenotype observed in PTPN1cKO mice was cell
intrinsic, we transplanted BM cells from control and PTPN1cKO mice into lethally
irradiated C57BL/6 wild-type recipient mice as outlined in Figure 6A. Compared with
recipients of control BM (BMT-Control), transplanted animals receiving PTPN1cKO mice
BM (BMT- PTPN1cKO) exhibited significantly increased WBC and neutrophil counts but
normal RBC and platelet counts in their peripheral blood (Figure 6B-E) similar to what
we observed in primary PTPN1cKO mice (Figure 6B-3F). Histologic analysis of the BM
sections from the BMT-PTPN1cKO mice showed fibrotic-appearing marrow with
increased myeloid to erythroid ratios (Figure 6F). Spleens of BMT-PTPN1cKO mice
showed trilineage extramedullary hematopoiesis with disordered architecture and an
increased myeloid to erythroid ratio, whereas spleens of BMT-Control mice appeared
normal, with clearly distinguishable red and white pulps and no increase in hematopoiesis
(Figure 6F). Reticulin staining showed increased fibrosis in the BM and spleens of
BMT-PTPN1cKO mice at 18 weeks after transplantation, while no fibrosis was detected in
the BM and spleens of BMT-Control mice (Figure 6F). Together, these results suggest
that the observed effects of PTPN1 deletion in the development of MF were cellautonomous.
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Figure 6. The myeloproliferative phenotype observed in PTPN1-deficient mice is
transplantable. (A) Experimental design for cell autonomous bone marrow transplantation
(BMT) assay. BM cells (1x10 6) from control and PTPN1cKO mice were harvested at 24 weeks
after pI-pC injection and transplanted into lethally irradiated wild type C57BL/6 recipient mice.
(B) White blood cell (WBC), (C) neutrophil (NE), (D) red blood cell (RBC) and (E) platelet
(PLT) counts were measured in the peripheral blood of recipients of control (n=4) and PTPN1cKO
(n=5) mice BM at 4, 8, 12 and 16 weeks after BMT. (F) Hematoxylin & eosin (H &E) staining
of the BM sections from BMT-PTPN1cKO mice showed fibrotic-appearing marrow with
increased myeloid to erythroid ratio. Spleens of BMT-PTPN1cKO mice showed trilineage
extramedullary hematopoiesis with disordered architecture and increased myeloid to erythroid
ratio. Reticulin staining showed increased fibrosis in the BM and spleens of BMT-PTPN1cKO
mice at 18 weeks after transplantation. BM and spleens of BMT-Control mice did not exhibit
fibrosis
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PTPN1 deficiency confers BM LSK reconstitution advantage over control mice
We carried out a competitive repopulation unit (CRU) BMT assay to assess the ability of
PTPN1-null HSCs to repopulate depleted stem cell pools. Shown is Figure 7A is a
schematic representation of the CRU-BMT experiment. BM cells from control or
PTPN1cKO mice (CD45.2+; donor) at 12 weeks after pI:pC induction were added to wildtype control (CD45.1+;competitor) BM cells at an equal ration of 1:1 and transplanted
into lethally irradiated wild-type recipients (CD45.1+). Stem cell (LSK) flow cytometric
analysis of mice at 16 weeks post-BMT showed that BM cells from PTPN1-knockout
mice were able to outcompete competitor-derived WT BM cells in both BM and splenic
compartments (Figure 7B). Percentages of donor-derived BM (CD45.2+) myeloid cells
(Gr-1+) were significantly higher, almost 10-fold, than competitor-derived BM cells as
we observed that 90% of the Gr-1+ cells in recipient mice were derived from BM of
PTPN1cKO (Figure 7C). These data suggest that PTPN1 deletion confers a stem cell
reconstitution advantage in mice.
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Figure 7. PTPN1 deficiency gives mice an advantage in stem cell reconstitution ability. (A)
Diagram of competitive repopulating unit (CRU) BMT assay at 12 weeks after pI:pC-induced
PTPN1 deletion. (B) Percentages of BM and spleen LSK cells from CD45.2+ donor mice and
CD45.1 WT competitor mice. (C) Percentages of myeloid (Gr-1+) cells from bone marrow and
spleens of donor and competitor mice at 16 weeks post-BMT. Control (n=4) or PTPN1cKO (n=4)
Percentages of LSK and Gr-1+ shown in bar graph as mean ± SEM and * indicates p<0.05 and
** indicates p<0.005
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Deletion of PTPN1 enhances signaling in primary hematopoietic cells
To investigate the effects of PTPN1 deletion on hematopoietic signaling, we performed
immunoblot analysis on the BM cell extracts from control and PTPN1cKO mice. We
observed markedly increased phosphorylation of STAT5, AKT and ERK in PTPN1cKO
mice BM compared to control BM cells (Figure 8A). We also assessed the effects of
PTPN1 depletion on signaling in human peripheral blood mononuclear cells (PBMNC).
Human PBMNCs from healthy volunteers were transduced with lentiviruses expressing
control (scramble) shRNA or PTPN1 shRNA, and the transduced cells were selected
using puromycin. Similar to PTPN1-deficient BM cells, PTPN1 knockdown in human
PBMNCs enhanced phosphorylation of STAT5, AKT and ERK (Figure 8B).
Constitutive phosphorylation of STAT5, AKT and ERK has been observed in MPN/MF
41,42

. Moreover, STAT5, AKT and/or ERK signaling pathways have been shown to play

important roles in the pathogenesis of MPN/MF 43-47. Therefore, it is highly plausible that
enhanced phosphorylation/activation of STAT5, AKT and ERK caused by PTPN1
deletion likely to contribute to the development of an MPN/MF-like phenotype in
PTPN1cKO mice.
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Figure 8. Deletion of PTPN1 enhances signaling in primary hematopoietic cells. (A) BM
cell extracts from control and PTPN1cKO mice were immunoblotted with phospho-specific
antibodies against STAT5, AKT and ERK. Membranes were re-probed with total antibodies
against STAT5, AKT and ERK2. β-actin was used as a loading control. (B) Human
peripheral blood mononuclear cells (PBMNCs) transduced with lentiviral scramble shRNA
(control) or PTPN1 shRNA (PTPN1-KD) were immunoblotted with phospho-specific
antibodies against STAT5, AKT, and ERK. Membranes were re-probed with total antibodies
against STAT5, AKT and ERK2. β-actin was used as a loading control. Representative
immunoblot results from at least three independent experiments are shown.
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Effects of PTPN1 knockdown and or over expression on signaling and proliferation
of hematopoietic cells
To determine the effect of PTPN1 loss on hematopoietic cells, we knocked down this
gene in murine interleukin-3 (IL-3)-dependent hematopoietic Ba/F3 cell line using
lentiviral shRNA targeting PTPN1. Lentivirus-transduced cells were selected using
puromycin. Immunoblot analysis was performed to determine the effect of silencing of
PTPN1 on cell signaling. We observed significantly increased and sustained
phosphorylation/activation of JAK2, STAT5, p70S6 kinase, AKT and ERK1/2 in Ba/F3PTPN1-KD cells treated with IL-3 compared to IL-3-treated control Ba/F3 cells
(transduced with non-silencing scramble shRNA) (Figure 9A). We also assessed the
effect of PTPN1 knockdown on cell proliferation by viable cell counts using trypan blue
exclusion. We observed that PTPN1 knockdown significantly increased proliferation of
Ba/F3 cells in the presence of IL-3 (Figure 9B).
Next, we assessed the effect of overexpression of PTPN1 on hematopoietic
transformation mediated by JAK2V617F in leukemia cells. JAK2V617F-positive human
erythroleukemia (HEL) cells were transduced with retroviruses expressing wild-type
mouse PTPN1 or control vector and the transduced cells were selected using puromycin.
Overexpression of exogenous wild-type mouse PTPN1 in HEL cells was confirmed by
immunoblotting (Figure 9C). Phosphorylation/activation of JAK2, STAT5, p70S6K,
AKT and ERK1/2 was markedly reduced upon overexpression of PTPN1 in HEL cells
(Figure 9C). In addition, cell proliferation was significantly inhibited in HEL cells
overexpressing PTPN1 compared to vector-expressing HEL cells (Figure 9D).
Moreover, overexpression of PTPN1 markedly suppressed cytokine-independent colony
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outgrowth in HEL cells (Figure 9E). These results suggest that PTPN1 negatively
regulates oncogenic signaling mediated by JAK2V617F, and that cytokine-independent
proliferation and colony formation evoked by JAK2V617F in leukemia cells are inhibited
by overexpression of PTPN1.

Figure 9: Effects of knockdown or overexpression of PTPN1 on signaling and proliferation
in hematopoietic cells. (A) Ba/F3 cells scramble shRNA (control) or PTPN1 shRNA (PTPN1KD) were depleted of serum and cytokine for 6 hours then stimulated with 1ng/μl IL-3 for 0, 5
and 15 minutes. Immunoblot analysis using phospho-specific antibodies against JAK2, STAT5,
p70S6K, AKT and ERK2 and total antibodies. ERK2 was also used as a loading control.
Knockdown of PTPN1 was confirmed using PTPN1-specific antibody. (B) Control shRNA or
PTPN1 shRNA Ba/F3 cells plated in the presence of 1ng IL-3 and cell proliferation assessed by
viable cell counts over a 4-day period. (C) JAK2V617F+ HEL cells expressing either vector
control or wild-type PTPN1, cell lysates from HEL cells stably expressing vector (control) or
PTPN1(PTPN1 OE) immunoblotted with phospho-specific antibodies against JAK2, STAT5,
p70S6K, AKT and ERK and re-probed with total antibodies against JAK2, STAT5, p70S6K,
AKT, mouse PTPN1, human PTPN1 and ERK2. Representative blots from at least three
independent experiments are shown. (D) Cell proliferation in control or PTPN1-Wt HEL over a
5-day period. (E) Vector- or PTPN1-expressing HEL cells plated in methylcellulose medium in
the absence cytokine (M3234). Colonies count after 5 days. Results from three independent
experiments are shown in bar graphs as mean  SEM (* indicates p<0.05; ** indicates
p<0.005).
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Discussion
Deletion of 20q has been associated with various myeloid malignancies including
occurrence in ~24% cases of MF.1-6 However, the target gene(s) within 20q involved in
the pathogenesis of MF remains unknown. In this study, we have identified deletion of
PTPN1 in 14% cases of MF. We also have demonstrated that loss of PTPN1 in the mouse
hematopoietic compartment induces MF over time. Furthermore, the MF phenotypes
observed in primary PTPN1cKO mice were reproduced upon transplantation of PTPN1deficient bone marrow into wild-type animals, suggesting that PTPN1 is a potential
tumor suppressor in del(20q)-associated MF.
The role of PTPN1 in oncogenesis is controversial. Overexpression of PTPN1 has been
observed in breast cancer15 and deletion of PTPN1 attenuates ErbB2-induced mammary
tumorigenesis in mice,16,17 indicating a tumor-promoter role for PTPN1 in breast cancer.
In contrast, deletion of PTPN1 hastens B-cell lymphomagenesis in p53-null mice19 and
somatic loss-of-function mutations in PTPN1 have been found in mediastinal B cell
lymphoma and Hodgkin lymphoma18 suggesting a tumor-suppressor role for PTPN1 in
lymphoid malignancies. However, a pathogenic role for PTPN1 in myeloid malignancies
has not been described. To our knowledge, this is the first report to show that PTPN1
deletion is associated with myeloid malignancies, more commonly in MF. And unlike in
lymphomas, we did not find any somatic PTPN1 mutations in patients with MPN/MF.
However, none of these cases had MF or MPN-associated mutations. This suggests that
loss of additional genes on 20q might be involved in association with PTPN1 deletion in
MF. Previous studies have identified heterozygous deletion in L3MBTL1 and SGK2 genes
in 20q- PV. 8,9 Silencing of either L3MBTL1 and SKG2 promotes erythroid
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differentiation, whereas combined knockdown of both L3MBTL1 and SKG2 further
enhances proliferation of early erythroid progenitors,8,9 indicating a cooperative effect of
L3MBTL1 and SGK2 loss on erythropoiesis in 20q- PV. Noteworthy is that mice lacking
L3MBTL1 do not exhibit any noticeable hematopoietic phenotype32, whereas targeted
inactivation of SGK2 has not been reported. Our observation that hematopoietic deletion
of PTPN1 induces myelopoiesis and promotes MF suggests that loss of different genes
within 20q have differential effects on hematopoiesis and may have distinct roles in the
pathogenesis of MPN.
The contribution of PTPN1 in regulation of metabolic signaling leading to obesity and
diabetes has been reported. 10-12,16,17 However, far less is known on the functional role of
PTPN1 in hematopoiesis. Previous studies, using whole body PTPN1 knockout mice,
suggested a role for PTPN1 in B-cell and macrophage development.13,19 In this study,
using a conditional knockout allele (PTPN1cKO), we showed that PTPN1 deletion in the
mouse hematopoietic compartment causes an MPN/MF like phenotype characterized by
increased WBC, NE, splenomegaly (Figure 2A-G) and fibrosis (Figure 3). Loss of
PTPN1 also resulted in expansion of hematopoietic stem cells and myeloid progenitors in
the spleen and BM, although the expansion of hematopoietic stem/progenitors is more
significant in the spleen than in the BM of PTPN1cKO mice (Figure 5A-D). PTPN1
deletion also increased the myeloid (CFU-GM), Epo-dependent erythroid (CFU-E) and
megakaryocytic (CFU-Mk) colony formation in the BM (Figure 5E-G). Furthermore,
PTPN1 deletion caused significant expansion of myeloid (Gr-1+/Mac-1+), erythroid
(Ter119+/CD71+) and megakaryocytic (CD41+/CD61+) precursors in the BM and/or
spleens of PTPN1cKO mice (Figure 4A-C). Our results establish a role for PTPN1 in the
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regulation of myeloid/megakaryocytic/erythroid differentiation of hematopoietic
progenitors. We also resolved the issue of whether the effects of PTPN1 deletion were
cell autonomous. Our data show that the observed myeloid neoplasm/MF phenotype are
cell autonomous (Figure 6A-F). Importantly, PTPN1 deficiency provided an advantage in
stem progenitor (LSK) reconstitution ability and in particular in the myeloid (Gr-1+)
compartment (Figure 7A-C)
The function of PTPN1as a tyrosine phosphatase implies that it dephosphorylates
tyrosine residues on activated growth factor receptors, kinases and other signaling
proteins to maintain cellular homeostasis. Therefore, loss of PTPN1 should result in
increased phosphorylation/activation of JAK2, STAT5, AKT and ERK signaling
pathways in PTPN1 knockdown (PTPN1-KD) Ba/F3 cells in response to IL-3 stimulation
(Figure 9A). Similarly, we observed increased phosphorylation/activation of STAT5,
AKT, and ERK in PTPN1-KD human peripheral blood mononuclear cells and PTPN1deleted mouse BM cells, even in the absence of cytokine stimulation (Figure 8B).
Conversely, overexpression of PTPN1 caused a dramatic inhibition of
phosphorylation/activation of these signaling pathways and marked reduction of
proliferation and cytokine-independent colony outgrowth in JAK2V617F-positive HEL
cells (Figure 9C-E). Constitutive phosphorylation of JAK2/STAT5, AKT and ERK has
been frequently observed in MPN/MF.21 Recent studies also have shown that STAT5,
AKT and/or ERK signaling pathways play important roles in the pathogenesis of
MPN/MF.33-35 Therefore, it is highly plausible that enhanced phosphorylation/activation
of STAT5, AKT and ERK caused by PTPN1 deletion is likely to contribute to the
development of MPN/MF-like phenotype in PTPN1cKO mice.
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In conclusion, our data suggest a tumor suppressor role for PTPN1 in 20q- MF. However,
we cannot exclude the existence of additional target genes in 20q involved in the
pathogenesis of MF. The relatively long latency and moderate levels of fibrosis observed
in PTPN1cKO mice also suggest that additional mutation(s) or genetic lesions might
synergize with the PTPN1 deletion in the pathogenesis of MF. Indeed, we observed a
significant association of PTPN1 deletion and JAK2V617F mutation in patients with MF.
We also demonstrate a significant association of PTPN1 deletion and JAK2V617F
mutation in patients with MF. Future studies will determine whether loss of PTPN1 can
cooperate with the JAK2V617F mutation in the development of MF. PTPN1 is an
attractive drug target for treatment of obesity and diabetes10 and efforts to develop
PTPN1 inhibitors are currently underway. Given that PTPN1 deletion can lead to
development of MPN/MF over time, it is important to carefully examine the long-term
and tissue-specific effects of PTPN1 inhibition, specifically in the hematopoietic
compartment, before PTPN1 inhibitors are used for treatment of diabetes and obesity.
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Abstract
JAK2V617F is the most prevalent mutation among Ph- MPNs. Mutation leads to
constitutive activation of JAK2 and consequently uncontrolled JAK/STAT signaling. The
mutation gives rise to three distinct phenotypes including a frequency of ~98% in
polycythemia vera cases, 50% essential thrombocythemia cases and 50-60% primary
myelofibrosis cases. However, a major question of how a loss of heterozygosity (LOH)
mutation gives rise to three phenotypically different diseases led to efforts to identify if
other (cyto)genetic abnormalities cooperate with JAK2V617F. Aberrant JAK/STAT
signaling have been implicated in the pathogenesis of several MPNs. PTPN1 is a known
negative regulator of the JAK/STAT signaling pathway through direct dephosphorylation
of both JAK2 and STAT5 and its gene locus is a commonly deleted region in subsets of
MPN, AML and MDS cases. The effects of PTPN1 deletion in the context of
JAK2V617F remains unknown. To understand the effects of PTPN1 deletion in a knockin model of JAK2V617F-induced MPN, we utilized conditional PTPN1 knock-out and
JAK2V61F knock-in mice to generate homozygous and heterozygous PTPN1 knock-out
mice expressing JAK2V617F. Our results show that loss of PTPN1 exacerbates the MPN
phenotype and transforms into myelofibrosis, characterized by increased white blood
cells, neutrophils and anemia, in addition to splenomegaly and accelerated fibrosis
compared with JAK2V617F-expressing mice. Taken together, our results suggest that
PTPN1 deficiency cooperates with JAK2V617F and accelerates progression to
myelofibrosis. Thus confirming a role for PTPN1 as a negative regulator of JAK2V617Fmediated MPNs and MF.
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Introduction
Myeloproliferative neoplasms (MPNs) are clonally-derived hematopoietic stem cell
disorders characterized by overproduction of mature and immature myeloid-lineage cells.
The genetic basis of Philadelphia-chromosome negative MPN, which include,
polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis
(PMF), is a somatic mutation in the kinase regulatory domain of JAK2. The mutation
results in substitution of valine for phenylalanine at codon 617, JAK2V617F and results
in constitutive JAK-STAT signaling and contributes to the pathogenesis of MPNs.1-3 It
has been found in ~ 90% PV patients, 50% ET patients and 50-60% PMF patients, thus
validated the need to develop JAK-STAT targeted therapy in these diseases.1-5 Recent
findings have raised the possibility that JAK2V617F, and other JAK-STAT activating
mutations, are not the disease-initiating step in MPNs. It was suggested that the mutation
may cooperate with other mutations to alter phenotype.6 Approximately 10% of PMF
patients harbor mutations in the thrombopoietin receptor, MPL. Other mutations
associated with JAK2V617F-negative PV involve JAK2 exon 12 mutations, indicating
that several JAK-STAT relevant mutations exist.7-11 Thus heterozygous and homozygous
JAK2V617F protein levels may not be the only determining factor of JAK2V617Fmediated signaling. MPL, JAK2, STAT, MAPK and PI3K signaling pathways are some
of factors that the mutation depends on for propagation of its signaling effects.
Over 90% of MPN cases that transformed to MDS or AML have other cytogenetic
aberrations including the chromosome 5 and/or 7 (55). Myelofibrosis can arise either de
novo (PMF) or post PV or ET. PMF is characterized by leukocytosis, worsening anemia
(from ineffective erythropoiesis) splenomegaly/hepatosplenomegaly (from
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extramedullary hematopoiesis), progressive bone marrow fibrosis followed by bone
marrow failure.12,13 Death in PMF arises from leukemic transformation that occurs in
20% of patients.14
In addition to constitutive activating JAK-STAT mutating pathways, loss or inactivation
of negative regulators of JAK-STAT activation are observed in myeloproliferative
neoplasms. LNK (SH2B3) is a negative regulator of MPL-mediated JAK2 activation and
subsequently JAK-STAT pathway. It has been shown to suppress signaling downstream
of MPLW515L and JAK2V617F in vitro.15,16 Protein tyrosine phosphatase N1 (PTPN1)
has been shown to regulate activation of cytokine receptors through direct
dephosphorylation of JAK family member, including, JAK2, TYK2 17-19 and downstream
signaling molecules such as STAT5.20 Owing to the role of PTPN1 in the modulation of
cytokine signaling, loss of this phosphatase may play important role in hematopoietic
malignancies. Co-expression studies revealed that PTPN1 dephosphorylates
erythropoietin receptor following EPO stimulation thus suggesting a role for PTPN1 in
erythropoiesis.21 Deletion of PTPN1 in Trp53-/- mice accelerates lymphomagenesis,
suggesting a negative regulator role for PTPN1 in this context.22
Our lab has generated and published results on a conditional knock-in JAK2V617F
mouse. The mouse exhibited clinical features of human PV.23 Using the JAK2V617F
mouse-model, we studied the cooperative effects of PTPN1 deletion in an MPN setting.
Our results show that deletion of PTPN1 accelerates the development of myelofibrosis in
JAK2V617F mouse model of MPN and that PTPN1 over expression in hematopoietic
cells decreases activation of JAK2, STAT5, AKT/PI3K and MAPK
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Better understanding/insight into how one mutation might cooperate with other genetic
lesions and give rise to three different diseases is needed in implementing plans for the
treatment of MPNs. Given the diverse response of patients and efficacy of current JAK
inhibitors in relation to specific disease stages such as anemia. Thorough understanding
of the molecular/genetic underpinnings of MPNs and if any cooperating aberration
should be considered in designing effective and safe therapeutics.

Materials and Methods
Mice
Conditional JAK2V617F (JAK2V617F/+) mouse (Akada, et al 2010 Blood) has been
described earlier. PTPN1 floxed (PTPN1fl/fl) mouse was kindly provided by Dr.
Benjamin Neel at New York University and MxCre mice 24 were purchased from Jackson
Laboratory. PTPN1fl/fl and JAK2V617F/+ (MxCre;JAK2V617F/+) were crossed with
MxCre mice to generate JAK2V617F-expressing and PTPN1-null mice
(PTPN1fl/fl;MxCre;JAK2V617F). Heterozygous PTPN1 deleted mice were also
generated by crossing PTPN1fl/+ with JAK2V617F/+ and MxCre to generate
(PTPN1fl/+;MxCre;JAK2V617F). Cre recombinase activity was induced by
intraperitoneal injection with 3 doses of 200 μg polyinosine:polycytosine (pI:pC, GE
Healthcare). Animal studies were approved by the Committee for the Humane Use of
Animals at SUNY Upstate Medical university.
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Plasmids
pMx-puro (empty vector), pMX-puro-PTPN1 constructs were kindly provided by Dr.
Benjamin Neel at New York University. Mouse PTPN1 was sub-cloned into pMSCVpuro vector for cell-based transduction and pMSCV-GFP at EcoR1 sites and confirmed
by sequencing. Mouse PTPN1 D/A phosphatase-dead mutant was obtained from () and
sub-cloned into pMSCV-puro vector and pCDH-Flag vector

Blood and Tissue Analysis
Mice were bled over 24 week-period at 4 weeks interval after pI:pC induction using tailvein method. Peripheral blood counts were measured using the Hemavet 950FS (Drew
Scientific). For histopathologic analysis, BM and spleen tissue specimens were fixed in
10% neutral buffered formalin and embedded in paraffin. BM and spleen sections (4μM)
were stained with reticulin.

Flow cytometry
Single cell suspensions were prepared from BM and spleen cells. Red cells were lysed
with red blood lysis solution. Cells were washed and resuspended in 1 X PBS with 2%
FBS. For hematopoietic precursor flow cytometry analysis, BM and spleen cells (1 X
105) were stained with APC- or PE-conjugated monoclonal antibodies specific for Gr-1,
Mac-1, Ter119, CD71, CD41, CD61, B220 or Thy-1 and incubated on ice for 30 minutes.
For hematopoietic stem and progenitor cells, BM and spleen cells were stained with
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antibodies against lineage (Lin) markers (CD3, CD4, CD8α, CD19, B220, Gr-1, Ter119
and IL-7R (CD127), and c-Kit, Sca-1, Flk2 (CD135), CD34, CD16/32, (FcγR/) and
incubated on ice for 60 minutes on ice. All antibodies were purchased from eBioScience
and BioLegend (San Diego, CA, USA). An LSRII flow cytometer (BD Biosciences, San
Diego, CA, USA) was used for all flow cytometry analysis and FlowJo software
(TreeStar, Ashland, OR, USA) was used for analysis of flow cytometry data.

Colony forming assays
For assessment of cytokine-independent colony forming abilities, BM and spleen cells (1
X 105) were plated in duplicates in methylcellulose medium M324 (Stem Cell
Technologies, Vancouver BC, Canada) in the absence of cytokines. Colony-forming-uniterythroid (CFU-E) colonies were assessed and counted two days after benzidine solution
(Sigma Aldrich, St. Louis, MO, USA).

Bone marrow transplantation assay
For cell autonomous bone marrow transplantation (BMT) assay, total bone marrow cells
were harvested from control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice 24
weeks after pI:pC induction. The BM (1 X 106) cells were transplanted into lethally
irradiated (2 X 550 cGy) C57BL/6 recipient mice by retro-orbital injection. Mice were
maintained on acidified water.
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Cell culture and proliferation assay

Ba/F3-EpoR-JAK2V617F cells were maintained in RPMI-1640 medium containing 10%
FBS and IL-3 (1 ng/mL). To generate Ba/F3-EpoR-JAK2V617F cells stably-expressing
PTPN1, cells were transduced with mSCV-puro retroviruses expressing vector or wildtype PTPN1, and puromycin-selected for successful retroviral transduction. For cell
viability/proliferation assay, 2 X 105 cells were cultured in RPMI 1640 medium with 10%
FBS in the absence of cytokine. Cell viability was assessed by manual count using trypan
blue exclusion at 24-hour intervals over a 5-day period.

Immunoblotting and immunoprecipitation
For immunoblot analysis, cytokine-independent BaF/3-EpoR cells expressing
JAK2V617F were retrovirally-transduced with pMSCV-puro vector (vector control) or
wild-type PTPN1 (mPTPN1 WT) specific for mouse. Cells were serum- and cytokinedepleted for 6 hours in RPMI 1640 medium containing 0.5% BSA at 37°C and stimulated
with 1U/ml of Epo for 0, 5 and 15 minutes. Cells were washed with PBS and lysed in
radioimmunoprecipitation (RIPA) buffer (50mM Tris-HCl, 150mM NaCl, 1% Triton X100, 1% sodium deoxycholate, 0.1% SDS, 2mM Na3VO4, 5mM NaF, 100 μg/mL PMSF,
and protease inhibitor cocktail; Sigma-Aldrich, St. Louis, MO, USA). Total proteins from
cell lysates were determined using the Bio-Rad Bradford protein assay kit and 50 μg of
proteins were separated by SDS-PAGE gel electrophoresis. Immunoblotting was
performed using phospho-specific antibodies against JAK2, STAT5 and Erk1/2 (Cell
Signaling Technology, Danvers, MA, USA). To ensure equal loading, blots were
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reprobed and blotted for corresponding total proteins, JAK2, STAT5 and Erk2. Erk2 was
also used as loading control. Antibody-specific for mouse PTPN1 (R&D Systems,
Minneapolis, MN, USA) was used to confirm over-expression. Enhanced
Chemiluminescent substrate (Bio-Rad, Hercules, CA, USA) was used to develop blots
and images were obtained using a Bio-Rad ChemiDoc imager (Bio-Rad).
UKE-1 cells are MPN-patient-derived cell line homozygous for the JAK2V617F
mutation. UKE-1 cells were cultured in Iscove’s modified Dulbeco medium (IMDM)
supplemented with 10% fetal calf serum (FCS), 10% donor horse serum (DHS) and 1μM
hydrocortisone. Cells were retrovirally transduced with either vector or wild-type PTPN1.
Cells were lysed in the same conditions as mentioned above for BaF/3-EpoRJAK2V617F. Equal amounts of protein from cell lysastes were loaded and ran on SDSPAGE gel. Phospho-specific antibodies against STAT5, P70S6K, AKT and Erk1/2 were
used and corresponding total antibodies were reblotted following re-probing to ensure
equal loading. Erk2 was used for loading control.
Bone marrow cells from 24 weeks-old control, MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F/+ mice were prepared by direct boiling in 2X sample buffer.
Immunoblotting was performed using phospho-specific antibodies against STAT5,
P70S6K, AKT and Erk1/2 or antibodies against the corresponding total antibodies. Erk2
was obtained from Santa Cruz Biotechnology. Erk2 was used as a loading control.
PTPN1 deletion was confirmed with mouse-specific PTPN1 antibody (R&D Systems).
For substrate-trapping mutant immunoprecipitation studies, cells were harvested, washed
with cold PBS, and lysed in a buffer containing 1% Triton X-100, 50mM Tris-HCl,
150mM NaCl, 1mM Na3VO4, 5mM NaF, 100 μg/mL PMSF, and protease inhibitor
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cocktail (Sigma-Aldrich). A total of 1 mg of total protein was incubated with protein ASepharose beads and respective antibodies (JAK2) overnight. The bound beads were
washed 5 times in lysis buffer, boiled in sample buffer, and separated by SDS-PAGE,
followed by immunoblotting with anti-phosphotyrosine (4G10) antibody.

JAK inhibitor signaling and proliferation assays
Cytokine-independent BaF/3-EpoR-JAK2V617F transduced with either lentiviral
pLKO.1 scramble (Scramble shRNA) or pLKO.1 PTPN1 shRNA cells were cultured in
RPMI medium containing 10% FBS. Cells were seeded at a density of 1 X 106 cells/dish
and treated for 4 hours with either DMSO (Vehicle) or increasing concentrations of JAK
inhibitor (INCB018424) at 1.0, 2.0 or 5.0 μM. Cells were lysed in RIPA buffer with
protease inhibitor cocktails and immunoblotted with phosphor-specific antibodies against
STAT5 and Erk/2. Total STAT5 and Erk2 protein levels were blotted for and Erk2 was
used as a loading control. Efficient PTPN1 knockdown was confirmed using mouse
PTPN1 specific antibody. For assessment of cell viability and proliferation, BaF/3-EpoRJAK2V61F cells expressing either scramble or PTPN1 shRNA were plated in 6-well
plates at a density of 1 X 106 cells and treated with increasing concentration of JAK
inhibitor and viability was determined by manual count through trypan blue exclusion.
Cell counts were assessed after 72 hours of JAK inhibitor treatment.
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Statistical analysis
Results are expressed as mean ±SEM and data was analyzed by the 2-tailed student t test
or one-way ANOVA with Prism Version 5 software (GraphPad, San Diego, CA, USA).
A P value of less than 0.05 was considered to be statistically significant.
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Results
Deletion of PTPN1 accelerates MPN disease progression in JAK2V617F-expressing
mice
To study the effects of PTPN1 deletion in JAK2V617F-induced MPNs, we crossed our
conditional knock-in JAK2V617F mice (Akada, H et al 2010) and MxCre transgenic
mice24 with PTPN1 floxed (PTPN1fl/fl) mice to generate MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F/+. Concomitant expression of JAK2V617F and deletion of
PTPN1 was achieved by intraperitoneal injection of mice with three doses of 200 μg
polyinosine:polycytosine (pI:pC) four weeks after birth. For all studies on the effects of
homozygous PTPN1 deficiency in MPNs, three groups of mice were analyzed: control
(PTPN1fl/fl), JAK2V617F-expressing mice (MxCre;V617F/+) and PTPN1-deleted
JAK2V617F-expressing mice (PTPN1fl/fl;MxCre;V617F/+). Immunoblot analysis
showed complete deletion of PTPN1 in BM cells from PTPNfl/fl;MxCre;V617F/+ mice
at 24 weeks compared with control and MxCre;V617F/+ mice (Figure 1A). As expected,
JAK2V617F expression caused an PV-like MPN phenotype in mice characterized by
marked increase of peripheral blood WBC, NE, RBC, Hb, HCT and PLT counts.
Deletion of PTPN1 further increased the severity of the MPN phenotype in JAK2V617Fexpressing mice, causing an MF-like disease, as evidenced by significant increase of
WBC and NE and a trend toward anemia marked by decreased RBC, Hb and HCT counts
(Figure 1B-1F). Platelet counts were not significantly altered by PTPN1 deletion in
JAK2V617F-expressing mice. Increased PLT count was observed up to 8 weeks after
pI:pC induction and a trend toward a decreasing count was observed after 8 weeks
(Figure 1G). Anemia and fibrosis were observed at 16-24 weeks after pI:pC induction
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and as a result mice were analyzed at 24 weeks following pI:pC induction.
MxCre;V617F/+ mice displayed features of human PV including considerable
splenomegaly compared to control mice. Deletion of PTPN1 caused further spleen

Figure 1. Deletion of PTPN1 exacerbates the MPN phenotype induced by JAK2V617F in
mice. (A) Immunoblot analysis for PTPN1 protein expression in bone marrow lysates from
(wild-type) control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice at 24 weeks old.
Erk2 was used as a loading control. Peripheral blood (B) WBC; white blood cell, (C) NE;
Neutrophil, (D) RBC; red blood cell, (E) Hb; hemoglobin, (F) HCT; hematocrit and (G) PLT;
platelet counts were measured at 4-week intervals from 4 to 24 weeks after pI:pC (2mg)
induction. (H) Spleen weight of control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+
mice at 24 weeks – time of analysis. Representative spleen picture from control,
MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice. For 4, 8, 12, 16, 20 and 24 N=14, 14,
14, 10 and 10, respectively). One-way ANOVA was used statistical analysis. * indicates
p<0.05; ** indicates p<0.005. Data is represented as mean ± SEM
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enlargement in JAK2V617F-expressing mice (Figure 1H). Spleen weight measurements
showed significant increase in spleen size in PTPNfl/fl;MxCre;V617F/+ mice compared
to MxCre;V617F/+ mice.

Deficiency of PTPN1 accelerates fibrosis in JAK2V617F knock-in mice
Histopathologic analyses of BM and spleen sections from control, MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F/+ at 24 weeks after induction. Reticulin staining of BM and
spleen sections from MxCre;V617F/+ showed slight fibrosis at this stage whereas
PTPN1flfl;MxCre;V617F/+ mice exhibited diffuse and dense increase of reticulin fibers,
and extensive fibrosis in both red and white pulp at 24 weeks after pI:pC induction. BM
and spleen reticulin staining from control mice showed normal bone marrow histology
Figure 2).

Control

MxCre;V617F/+

PTPN1fl/fl;MxCre;
V617F/+

BM
(Reticulin)

Spleen
(Reticulin)

Figure 2. Histopathologic analysis of BM and spleen from control, MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F/+ mice. Reticulin staining of bone marrow (BM) and spleen sections
from control, MxCre;V617F/+ and PTPN1;MxCre;V617F/+ 24 weeks after pI:pC injections.
MxCre;V617F/+ mice show slight fibrosis and PTPN1 deletion leads to extensive fibrosis in BM
and spleens of mice as shown by reticulin fibers in both red and white pulp.
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Deletion of PTPN1 in JAK2V617F knock-in mice causes further expansion of
myeloid, erythroid and megakaryocytic precursors
Flow cytometric analyses of BM and spleens from control, MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F mice showed significant expansion in myeloid (Gr-1/Mac-1),
erythroid (Ter119/CD71) and megakaryocytic (CD41/CD61) precursors PTPN1-deletedJAK2V617F-expressing mice compared to JAK2V617F knock-in mice (Figure 3A). The
frequency of granulocytic (Gr-1+) and monocytic (Mac-1+) precursors were significantly
increased in BM of JAK2V617F mice upon PTPN1 deletion. No significant differences
were observed in BM myeloid precursors (Gr-1/Mac-1) between JAK2V617F-expressing
mice and control mice (Figure 3B). BM and spleens of mice expressing JAK2617F
(MxCre;V617F/+) presented with significant increase in late erythroid (Ter119+ and
Ter119+CD71+) precursors compared with control mice (Figure 3B and 3C). Frequency
of megakaryocytic precursors (CD41+/CD61+) in the BM were not significantly different
amongst the three groups of mice analyzed (Figure 3B). Compared to MxCre;V617F/+
mice, PTPN1fl/fl;MxCre mice showed significant decrease in BM and splenic erythroid
precursor (Ter119+CD71+) but an increasing trend in late erythroid precursors (Figure
3B-3C). The frequency of Gr-1+ precursors in spleens of control mice was significantly
increased compared with MxCre;V617F/+ mice and PTPN1fl/fl;MxCre;V617F/+ mice,
however myeloid precursors (Gr-1+/Mac-1+) and Mac-1+ precursors were significantly
increased in PTPN1fl/fl;MxCre;V617F/+ mice compared with control and
MxCre;V617F/+ mice. Frequency of Mac-1+ precursors were significantly decreased in
MxCre;V617F/+ mice compared with control and PTPN1fl/fl;MxCre;V617F/+ mice
(Figure 3C). Megakaryocytic populations (CD41+/CD61+) were significantly expanded in
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the spleens of MxCre;V617F/+ mice compared to control animals and this increase was
even more significant in PTPN1-deleted mice expressing JAK2V61F (Figure 3C). We
performed hematopoietic progenitor colony assay to assess the effects of PTPN1 deletion
in the formation of erythroid colonies in the absence of erythropoietin (Epo) in
JAK2V617F knock-in mice. JAK2V617F expression led to significant increase in Epoindependent erythroid colonies in BM and spleens of mice compared with control mice
(Figure 3D-E). No significant differences were observed in cytokine-independent BM
erythroid colonies between MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice;
however, we observed a significant increase in number of erythroid colonies in the
spleens of PTPN1-deleted JAK2V617F-expressing mice (Figure 3E).
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Figure 3. Flow cytometric analysis of BM and spleens from control, MxCre;V617F/+ and
PTPN1fl/fl;mxcre;V617F/+ and hematopoietic progenitor assay. (A) Representative dot plots from
at least three independent experiments show increase in granulocytic (Gr-1/Mac-1) and megakaryocytic
(CD41/CD61) precursors and a concomitant decrease in erythroid (Ter119/CD71) precursors in BM and
spleens of PTPN1-deficient V617F-expressing mice. (B) Frequency of live cells in BM samples from
control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice displayed in bar graphs show that
deletion of PTPN1 in JAK2V617F-expressing-mice caused increase in Gr-1+ and Mac-1+ precursors
and a decrease in Ter119/CD71 erythroid precursors. (C) Frequency of live cells in spleens of control,
MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice show increase in Gr-1/Mac-1 precursors and in
mature Terr19+ precursors in PTPN1fl/fl;MxCre;V617F/+ mice compared to MxCre;V617F/+. (control;
n=13, MxCre;V617F/+; n=10 and PTPN1fl/fl;MxCre;V617F/+; n=15). (D) BM and (E) spleen cells
from control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice, (n=8), plated in methylcellulose
media (Methocult M3234) in the absence of cytokine (- EPO). Data is shown as mean ± SEM. Asterisks
indicate statistically significant differences. *p<0.05 and **p<0.005
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Effects of PTPN1 deletion on hematopoietic stem cells and progenitors in BM and
spleens of JAK2V617F- expressing mice
We performed hematopoietic stem cell and progenitor flow cytometric analyses to
determine the effects of PTPN1 deficiency on hematopoietic progenitors in JAK2V617F
knock-in mice (Figure 4A and B). JAK2V617F expression caused a significant increase
in the LSK (Lin-Sca1+c-Kit+) compartment and its subsets including long-term HSC (LTHSC; Lin-Sca1+c-Kit+CD34-CD135-), short-term HSC (ST-HSC; Lin-Sca1+cKit+CD34+CD135-) and multipotent progenitor (MPP; ST-HSC; Lin-Sca1+cKit+CD34+CD135+) in the BM compared to control and PTPN1fl/fl;MxCre;V617F/+
mice (Figure 4C). MxCreV617F/+ mice displayed significant expansion of LSK, and its
subsets, LT-HSC, ST-HSC and MPP in spleens compared to control mice. Deletion of
PTPN1 caused further expansion of the LSK compartment and its subset in the spleens of
JAK2V617F knock-in mice (Figure 4D). Flow cytometric analysis of myeloid progenitor
(Figure 4E and F) compartments consisting of granulocyte/macrophage progenitors
(GMP; Lin-Sca1-c-Kit+CD34+FcγR/high) showed a slight decrease in the BM of
PTPN1fl/fl;MxCre;V617F/+ animals compared to JAK2V617F knock-in and control
animals. The GMP compartment was significantly increased the spleens of PTPN1deleted JAK2V617F-expressing mice compared to control and JAK2V617F-expressing
mice (Figure 4G and H). BM and spleen megakaryocyte/erythroid progenitors (MEP;
Lin-Sca1-c-Kit+CD34-FcγR/-) were markedly increased in JAK2V617F-expressing
mice upon PTPN1 deletion compared to control and MxCre;V617F/+ mice (Figure 4G
and H).
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Figure 4. Deletion of PTPN1 causes expansion of hematopoietic stem cells (HSCs),
megakaryocyte-erythroid progenitor (MEP) and myeloid progenitors in the spleens of
+
+
JAK2V617F mice. Flow cytometric analysis HSC-enriched LSK compartments (Lin Sca-1 c-Kit )
of (A) BM and (B) spleens from control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice.
Representative contour plots from at least 6 independent experiments are shown. Total numbers of
+
subsets of HSC-enriched LSK, including LT-HSC (LSK CD34 FLK2 ), ST-HSC (LSK CD34
+
+
FLK2 ) and MPP in (LSK CD34 FLK2 ) (C) BM (femur and tibia) and (D) spleens from control
(n=10), MxCre;V617F/+ (6) and PTPN1fl/fl;MxCre;V617F/+ (13) mice. Flow cytometric analysis of
+
+
lo
myeloid progenitors (MP) and MP subsets including CMP (Lin Sca-1 c-Kit CD34 FcγRII/III ),
+
+
high
+
GMP (Lin Sca-1 c-Kit CD34 FcγRII/III ) and MEP (Lin Sca-1 c-Kit CD34 FcγRII/III ) in (E)
BM and (F) spleens of control (n=13), MxCre;V617F/+ (n=9), PTPN1;MxCre;V617F/+ (n=16).
Representative contour plots of at least 9 independent experiments are shown. Total numbers of
CMP, GMP and MEP in (G) BM and (H) spleens are shown in histogram as mean ± SEM. Asterisks
indicate significant differences by one-way ANOVA (*p<0.05 and **p<0.005)
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The effects of PTPN1 deficiency observed in JAK2V617F mice are cell-intrinsic
To determine whether the phenotypic results observed in PTPN1-null, JAK2V617Fexpressing mice were cell autonomous, we performed a cell autonomous bone marrow
transplantation assay. BM cells from 12-24 weeks old pI:pC injected control,
MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice were transplanted into lethally
irradiated C57BL/6 wild-type recipient mice and bled every 4 weeks for 16 weeks as
shown in schematic representation (Figure 5A). As observed in our primary mice,
deletion of PTPN1 in JAK2V61F-expressing mice caused a significant increase in
peripheral WBC counts at 12 and 16 weeks-post BMT and NE counts at 4, 8, 12 and 16
weeks-post BMT compared to JAK2V617F-expressing mice (Figure 5B and C). There
were no significant differences in peripheral blood WBC and NE counts between MxCre;
V617F/+- and control- BM transplanted (Figure 5B and C). Mice transplanted with
JAK2V617F BM displayed a significant increase in PLT, RBC, Hb and HCT counts
compared to control BM transplanted mice (Figure 5D-G). However, recipient mice
transplanted with BM from PTPN1fl/fl;MxCre;V617F/+ mice had significantly reduced
PLT, RBC, Hb and HCT counts as early as 8 weeks post-BMT compared with
MxCre;V617F/+ BM recipient mice (Figure 5D-G). No significant differences were
observed in RBC, Hb and HCT counts between recipients of BM cells from control and
recipients of BM from PTPN1fl/fl;MxCre;V617F/+ BM mice (Figure 5E-G).
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Figure 5. The effects of PTPN1 deletion in JAK2V617F-expressing mice are cell autonomous.
(A) Schematic representation of cell autonomous BMT assay. Peripheral blood (B) WBC, (C) NE,
(D) PLT, (E) RBC, (F) Hb and (G) HCT counts from control (n=7), MxCre;V617F/+ (n=7);
PTPN1fl/+; MxCre;V617F/+(n=5) and PTPN1fl/fl;MxCre;V617F/+ (n=6) BM recipient mice at 4, 8,
12 and 16 weeks after BMT. Data are represented as ±SEM (*p<0.05 and **p<0.005).

96

Chapter 3-PTPN1 Deletion Cooperates with JAK2V617F Mutation in MF

Deletion of PTPN1 in mice expressing JAK2V617F enhances activation of signaling
pathways in primary BM cells
To validate the role of PTPN1 as a negative regulator of JAK2V617F-mediated signaling,
we compared phosphorylation of various signaling molecules in BM cells derived from
control, MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice. Immunoblot analysis
showed constitutive phosphorylation of Stat5, P70S6K, Akt and Erk1/2 proteins in BM
derived from MxCre;V617F/+ compared to those of control mice. PTPN1 deletion
further enhances activation of Stat5, P70S6K, Akt and Erk1/2 in MxCre;V617F/+derived BM cells (Figure 6). Membranes were re-probed and blotted with corresponding
total antibodies. Efficient PTPN1 knockdown was confirmed in
PTPN1fl/fl;MxCre;V617F/+- derived mice BM (Figure 6).
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Figure 6. The effects PTPN1 deficiency on JAK2V617F-mediated signaling in
primary hematopoietic BM cells. Bone marrow from control, MxCre;V617F/+,
PTPN1fl/fl;MxCre;V617F/+ mice were prepared by direct boiling in 2x sample
buffer and subjected to immunoblotting with phospho-specific antibodies against
Stat5, P70S6K, AKT or Erk1/2 and total antibodies against Stat5, P70S6K, AKT
and Erk2. PTPN1 deletion was confirmed by immunoblotting against mouse
PTPN1-specific antibody. Erk2 was used as loading control. Western blot is
representative of at least three independent experiments.
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Effects of heterozygous PTPN1 deletion in JAK2V617F-induced MPN in mice
Since heterozygous deletion, and not homozygous deletion, of PTPN1 is most commonly
found in MPN patients, we also studied the effects of heterozygous PTPN1 deletion in
JAK2V617F-expressing mice. Expression of PTPN1 was assessed by western blot and as
expected, PTPN1 protein levels were less than half the amount in the BM of control and
MxCre;V617F/+ mice 24 weeks after pI:pC induction (Figure 7A).
PTPN1fl/+;MxCre;V617F/+ mice displayed features of an MPN-like disease
characterized by increased peripheral WBC and NE counts compared with
MxCre;V617F/+ mice (Figure 7B-C). Mono-allelic deletion of PTPN1 in JAK2V617F
knock-mice caused a significant reduction in RBC and Hb counts at later stages; 20 and
24 weeks after pI:pC induction. No significant differences in peripheral blood HCT
counts were observed between MxCre;V617F/+ mice and PTPN1fl/+;MxCre;V617F/+
mice (Figure 7D-F), although there was a decreasing trend in heterozygous-deleted
JAK2V617F-expressing mice. The most noticeable effect of heterozygous deletion in
JAK2V617F-expressing mice in the peripheral blood was PLT count. There was a
significant increase in PLT counts compared with all other groups of mice analyzed
including MxCre;V617F/+ and homozygous-deleted PTPN1 in JAK2V617F expressing
mice from 4-24 weeks after pI:pC induction (Figure 7G). Splenomegaly in
PTPN1fl/+;MxCre;V617F/+ was comparable to MxCre;V617F/+ mice and larger than
spleens of control mice but significantly less than that seen in
PTPN1fl/fl;MxCre;V617F/+ mice (Figure 7H).

99

Chapter 3-PTPN1 Deletion Cooperates with JAK2V617F Mutation in MF

Figure 7: Effects of heterozygous PTPN1 loss in JAK2V617F-expressing mice. (A) immunoblot
analysis was performed to determine PTPN1 levels in BM of Control, MxCre;V617F/+,
PTPN1fl/+;MxCre;V617F/+ (heterozygous PTPN1-deleted JAK2V617F-expressing mice)
PTPN1fl/+;MxCre;V617F/+ and PTPN1fl/fl;MxCre;V617F/+ mice at 24 weeks after pI:pC induction.
Peripheral blood (B) WBC, (C) NE, (D) RBC, (E) Hb, (F) HCT and (G) PLT counts in control (n=15),
MxCre;V617F/+ (n=13), PTPN1fl/+;MxCre;V617F/+ (n=11) and PTPN1fl/fl;MxCre;V617F/+ (n=18)
mice at 4, 8, 12, 16, 20 and 24 weeks after pI:pC induction. (H) Bar graph showing spleen weights of
control (n=10), MxCre;V617F/+ (n=8), PTPN1fl/+;MxCre;V617F/+ (n=7) and
PTPN1fl/fl;MxCre;V617F/+ (n=13) mice at 24 weeks after pI:pC induction. One way ANOVA was
used for comparisons of three mice or more and student t-test was used for comparison between two
groups of mice (* indicates p<0.05 and ** indicates p<0.005).
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Effects of heterozygous PTPN1 deletion on hematopoietic progenitors and
precursors in JAK2V617F knock-in mice
To determine whether heterozygous PTPN1 deletion has any effect on hematopoietic
precursors and myeloid progenitors, we performed flow cytometric analysis on BM and
spleens from control, MxCre;V617F/+ and PTPN1fl/+;MxCre;V617F/+ mice. There
were no significant differences in myeloid (Gr-1/Mac-1), erythroid (Ter119/CD71) and
megakaryocytic precursors between MxCre;V617F/+ and PTPN1fl/+;MxCre;V617F/+
(Figure 8A and B). The percentage of live cells in the LSK and myeloid progenitor
compartments from BM of PTPN1fl/+;MxCre;V617F/+ and MxCre;V617F/+ mice were
similar. Both mice displayed significantly higher percentage of live cells in the myeloid
progenitor compartments compared to BM cells from control animals at 24 weeks after
pI:pC induction (Figure 8C). Although we observed a trend of increase in the MP
compartment of spleens from PTPN1fl/+;MxCre;V617F/+ mice compared with
MxCre;V617F/+, this expansion was not statistically significant. We observed significant
increase in the percentages of LSK and MEP from spleens of
PTPN1fl/+;MxCre;V617F/+ mice compared with spleens from MxCre;V617F/+ animals
(Figure 8D).
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Figure 8: Flow cytometric analysis of BM and spleens from control, MxCre;V617F/+ and
PTPN1fl/+;MxCre;V617F/+. Percentage of myeloid; Gr-1/Mac-1, erythroid; Ter119/CD71 and
megakaryocytic; CD41/CD61 precursors from (A) BM and (B) spleens of control (n=13),
MxCre;V617F/+ (n=9), PTPN1fl/+;MxCre;V617F/+ (n=6) and PTPN1fl/fl;MxCre;V617F/+
(n=13) mice at 24 weeks after pI:pC induction. Percentages of LSK, MP, CMP, GMP and MEP
from (C) BM and (D) spleens of control (n= 10), MxCre;V617F/+ (n=9),
PTPN1fl/+;MxCre;V617F/+ (n=4) and PTPN1fl/fl;MxCre;V617F/+ (n=13) mice. Data is
represented as percentage of live cells in bar graphs as ± SEM (* indicates p<0.05, NOTE:
statistical analysis compared differences between PTPN1fl/+;MxCre;V617F/+ to either
MxCre;V617F/+ or in one case to PTPN1fl/fl;MxCre;V617F/+.
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Mono allelic deletion of PTPN1 enhances signaling in BM cells from JAK2V617Fexpressing mice
Western blot results revealed that BM from heterozygous PTPN1-deleted JAK2V617Fexpressing mice have marked increase in phosphorylation of Stat5, P70S6K, Akt and
Erk1/2 proteins compared with control and MxCre;V617F/+-derived BM cells at 24
weeks after pI:pC induction (Figure 9). Homozygous deletion in JAK2V617F knock-in
mice showed dramatic increase in signal activation compared to JAK2V617F-expressing
mice. Since PTPN1fl/+;MxCre;V617F/+ is expressing only one allele of the PTPN1
gene, total PTPN1 protein is half the amount in BM from control and MxCre;V617F/+
mice. Erk2 was used for loading control and showed equal amounts of proteins (Figure
9).
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Figure 9: Effects of heterozygous PTPN1 deletion on signaling in BM of
JAK2V617F-expressing mice. Immunoblot analysis performed on primary BM
cells from control, MxCre;V617F/+, PTPN1fl/+;MxCre;V617F/+ and
PTPN1fl/fl;MxCre;V617F mice at 24 weeks after pI:pC induction. BM cells were
prepared by direct lysis and boiling in 2X sample buffer. Lysates were
immunoblotted with phospho-specific antibodies against Stat5, P70S6K, Akt and
Erk1/2. Membranes were re-probed with respective total antibodies. PTPN1 protein
levels were assessed using anti-PTPN1 antibody. Erk2 was used as a loading
control. Data from two independent experiments are shown.
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Overexpression of PTPN1 abrogates JAK2V617F-mediated constitutive signaling
and cytokine-independent cell proliferation in hematopoietic cells
To determine a functional relationship between oncogenic JAK2V617F expression and
PTPN1 over expression, we utilized in vitro cell-based approach.

Figure 10. PTPN1 overexpression suppresses activation of signaling pathways and decreases
cell proliferation in hematopoietic cells. (A)Western blot analysis of Ba/F3–EpoR cells expressing
JAK2V617F and retro-virally transduced with either vector or wild type PTPN1. Cells were cytokine
and serum-depleted for 6 hours followed by Epo stimulation (3U/ml) for indicated time and lysed.
Cell lysates were prepared and directly immunoblotted with phospho-specific antibodies for Jak2,
Stat5 sand Erk1/2 and corresponding total antibodies as indicated. PTPN1 specific antibody was used
to confirm overexpression. Erk2 was used as loading control. Shown is 1 of 3 independent
experiments. (B) Vector and PTPN1-expressing Ba/F3-EpoR-JAK2V617F cells were plated at 2 x
4
10 cells and proliferation was assessed by manual count over a 5-day period (n=3). (C)
JAK2V617F-positive UKE-1 cells stably transfected with either vector control or wild-type PTPN1.
Cell lysates were prepared and immunoblotted with antibodies specific for phosphor- Jak2, Stat5,
P70S6K, Akt and Erk1/2. Membranes were reprobed with corresponding total antibodies. Erk2 was
used as loading control. Asterisks indicates significant differences, *p<0.05 and **p<0.005

It has been previously reported that expression of JAK2V617F transformed
hematopoietic Ba/F3-EpoR cells to cytokine-independent growth and proliferation.28
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Immunoblot analysis revealed that JAK2V617F expression in cytokine-dependent Ba/F3EpoR cells caused cytokine-independent constitutive activation of JAK2, Stat5 and
Erk1/2. Serum and cytokine depletion in Ba/F3-EpoR JAK2V617F without cytokine
stimulation (0 minute) revealed that JAK2V617F mediated cytokine-independent
activation of signaling proteins (Figure 10A). Stimulation with erythropoietin further
enhanced the basal signaling observed in the absence of cytokine. The overexpression of
PTPN1 was confirmed by immunoblot with PTPN1-specific antibody. However,
overexpression of PTPN1 suppressed the cytokine-independent activation of Jak2, Stat5
and Erk1/2 conferred by the JAK2V617F mutation in Ba/F3-EpoR cells. Expression of
wild-type PTPN1 in Ba/F3-EpoR-JAK2V617F cells revealed an inverse correlation
between PTPN1 protein levels and JAK/STAT signaling activation as well as Erk1/2
activation by western blot analysis of Jak2, Stat5 and Erk1/2 phosphorylation (Figure
10A). Additionally, proliferation assay by manual count showed that overexpression of
PTPN1 in cytokine-depleted Ba/F3-EpoR-JAK2V617F cells significantly impaired
cytokine-independent cell growth induced by JAK2V617F over a five-day period
compared to vector-expressing Ba/F3-EpoR-JAK2V617F cells (Figure 10B). Wild-type
PTPN1 overexpression in the ET patient-derived UKE-1 cells and homozygous for the
JAK2V617F mutation caused a marked decrease in Stat5, P70S6K and Akt and
phosphorylation compared to vector- (control) expressing UKE-1 cells. Interestingly, we
observed a dramatic increase in Erk1/2 phosphorylation in UKE-1 cells upon wild-type
PTPN1 overexpression compared to vector-expressing UKE-1 cells. This increase does
not correspond to an increase in total Erk1/2 protein levels compared to UKE-1 control
cells (Figure 10C).
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PTPN1 knockdown reduces sensitivity of JAK2V617F-expressing Ba/F3 cells to the
effects of JAK inhibitor
To determine whether PTPN1 knockdown alters sensitivity of JAK2V617F-transformed
cells to JAK inhibition, we treated PTPN1-deficient Ba/F3-EpoR-JAK2V617F cells with
either DMSO or increasing concentrations of JAK inhibitor and assessed the effect of
inhibition on activation STAT5, a crucial downstream target of JAK2 and the effect on
cell viability. Immunoblot analysis revealed that PTPN1 shRNA Ba/F3-EpoRJAK2V617F cells were less sensitive to the effects of JAK2 inhibitor on suppressing
activation of JAK2 downstream target, Stat5. Similar to Stat5 phosphorylation, there was
sustained phosphorylation of Erk1/2 at JAK inhibitor concentrations as high as 2 μM and
5 μM in PTPN1-knockdown, JAK2V617F-expressing Ba/F3 cells (Figure 11A). PTPN1
knockdown cells were also less susceptible to complete suppression of cell proliferation
by JAK inhibitor compared to control Ba/F3-EpoR JAK2V61F cells as evidenced by a
trend of slight survival advantage in these PTPN1 knockdown cells following inhibitor
treatment. All cells were dead at JAK inhibitor concentrations higher than 0.5 μM by day
3 of cell viability assessment (Figure 11B).
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Figure 11. PTPN1 knockdown alters sensitivity to JAK inhibitor in JAK2V617Fexpressing hematopoietic cells. (A) Western blot analysis of shRNA-mediated PTPN1
knockdown in Ba/F3-EpoR-JAK2V617F after 4-hour treatment with either vehicle or
increasing JAK inhibitor concentrations. Lysates were subject to western blot analysis with
phopsho-specific antibodies against Stat5 or Erk1/2. Membranes were probed with antibodies
against total Stat5 or Erk2. Knockdown was confirmed by blotting with PTPN1-specific
antibody. Shown blot is representative of 3 independent experiments. (B) Scramble shRNA6
and PTPN1 shRNA-expressing cells were plated at a density of 1 X 10 cells/dish and treated
with either vehicle (DMSO) control or increasing concentration of JAK inhibitor (0.25μM or
0.5μM). Scramble DMSO-treated cells were set to 100% and relative cell proliferation was
assessed by manual count after 72 hours. Bar graph is representative of three independent
experiments.
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Discussion
Deletion of genes on chromosome 20q is a common occurrence in hematologic
malignancies, including MPN, MDS/MPN and AML (Bench, AJ).25 PTPN1 gene locus is
on the minimally deleted region (MDR) of 20q. PTPN1 is also a known negative
regulator of JAK/STAT signaling pathway. The prevalence of the JAK2V617F mutation
in over 90% of PV patients and about 50% of ET and PMF patients helped establish it as
a viable therapeutic target for small molecule JAK2 inhibitors. JAK2 inhibitors showed
no effect in alleviating fibrosis. Due to the lack of selectivity and associated anemia and
thrombocytopenia with some current JAK2 inhibitors (INCB08424), understanding other
target proteins/genes involved in MPN pathogenesis and transformation to MF may
improve outcomes in these patients.26 PTPN1 deletions have also been found to co-exist
with JAK2V617F mutation in MPN patients.27 However, the exact role of PTPN1 in
JAK2V617F-induced MPNs remains unknown. In this study, we aim to study the effects
of PTPN1 deletion in an MPN setting. To this end, we used conditional JAK2V617F
knock-in and PTPN1-null mice. We observed that deletion of PTPN1 in JAK2V617Fexpressing mice increases MPN disease severity and accelerates progression to
myelofibrosis.
Our lab has previously reported that JAK2V617F knock-in mice developed all
characteristics of human PV disease and the critical requirement of STAT5 in
JAK2V617F-induced MPNs.23,28 In the current study, we observed that deletion of
PTPN1 in JAK2V617F/+ knock-in mice exacerbated the PV phenotype in these mice.
Peripheral WBC and NE counts were significantly increased in PTPN1-deficient
JAK2V617F-expressing mice while RBC parameters were markedly reduced in these
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mice compared to JAK2V617F knock-in mice (Figure 1B-F). Splenomegaly-induced by
JAK2V617F was further increased in PTPN1-null mice (Figure 1H). These results clearly
demonstrate a cooperative/additive effect of PTPN1 deficiency in JAK2V617F context
and PTPN1 exerts a negative regulatory function on JAK2V617F-evoked MPN.
Additionally, heterozygous PTPN1 deletion is sufficient to augment the PV phenotype as
evidenced by increase peripheral WBC, NE and PLT counts (Figure 7B, C and G).
Although there was a trend toward splenomegaly, mono-allelic deletion of PTPN1 did
not contribute to further enlargement of spleen in JAK2V617F-expressing mice (Figure
7H).
It was previously reported that PTPN1 negatively regulates macrophage development
through CSF-1 signaling indicating a function for PTPN1 in myeloid development.29 Our
results showed that JAK2V617F knock-in have significantly high numbers of BM
macrophage (Mac-1+) precursors compared to control mice and the number is
significantly increased upon PTPN1 deletion in both BM and spleen cells. Previous study
in our lab has shown expansion of erythroid precursors in BM and spleens of
MxCre;V617F/+ mice compared to BM and spleens from control mice.23 PTPN1deficient JAK2V617F expressing mice showed a significant decrease in erythroid
precursors (Figure 3B and C) in both BM and spleen cells. We observed a significant
increase in megakaryocytic precursors in PTPN1-null JAK2V617F knock-in mice
(Figure 3B and C). Expression of JAK2V617F in mice resulted in formation of cytokineindependent erythroid colonies, whereas control mice are not capable of Epo-independent
erythroid colony formation. Upon PTPN1 deletion in JAK2V617F knock-in mice, we
observed a significant increase in splenic CFU-E colonies (Figure 3E). PTPN1 deficiency
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significantly reduced the percentages of LSK, LT-HSC, ST-HSC and MPP in the BM of
JAK2V617F mice, however, we observed significant increase of the hematopoietic
compartment in the spleens of mice compared to JAK2V617F knock-in mice (Figure 4B
and C). Furthermore, there was dramatic expansion of myeloid progenitors, including
MEP, in the BM and spleens of PTPN1-deleted, JAK2V617F- expressing mice (Figure
4F and G). The reduction of hematopoietic progenitors and myeloid precursors in the BM
of JAK2V617F-expressing, PTPN1-null mice can be attributed to decrease, although not
statistically significant, (data not shown) in bone marrow cellularity compared to BM
cellularity of control and JAK2V617F knock-in mice in conjunction with extramedullary
hematopoiesis in the spleen. Similar to our observations in our homozygous PTPN1
knock-out in JAK2V617F knock-in mice, we saw increase peripheral blood WBC and
NE counts and a decrease in RBC and Hb counts in heterozygous PTPN1-deficient mice
expressing JAK2V617F compared to JAK2V617F knock-in mice. Interestingly, we
observed significant increase in PLT counts following heterozygous PTPN1 deletion in
JAK2V617F-expressing mice (Figure 7B-G) well as splenic expansion of LSK and MEP
compartments compared to JAK2V617F knock-in mice (Figure 8D). These findings
suggest that heterozygous PTPN1 deletion enhances some features of the PV phenotype
in JAK2V617F mice. Taken together, increased expansion of LSK and myeloid
progenitors/precursors in spleens of PTPN1-deficient JAK2V617F- expressing mice
could be due to increase proliferation of HSC in the absence of a negative regulator such
as PTPN1. In vitro dephosphorylation of Epo-stimulated EpoR has been reported and a
differentiation block could hinder development of RBCs.21 Thus loss of PTPN1 will lead
to suppression of differentiation and perhaps increase survival of immature RBC
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progenitors such as the MEPs. The phenotypes seen in peripheral blood counts of primary
PTPN1-null JAK2V617F mice were mimicked in recipient mice transplanted with BM
from PTPN-deficient JAK2V617F mice (Figure 5). These results show that the effects of
PTPN1 deletion are cell autonomous.
Our data provided evidence that PTPN1 negatively regulates JAK2V617F-mediated
signaling. Thus PTPN1 deficiency caused substantial increase in phosphorylation of
Stat5, P70S6K, Akt and Erk1/2 in BM of JAK2V617F mice. Deletion of one allele of
PTPN1 showed similar pattern of signal activation in JAK2V617F mice (Figures 6 and
9). Our data provided evidence that uncontrolled signal activation in the absence, or
reduction, of PTPN1 contributes to MPN pathogenesis through activation of key
signaling pathways, including JAK/STAT pathway and in the presence of JAK2V617F
mutation further contributes to activation of key proliferation and survival signals.
Previous studies have established that PTPN1 directly dephosphorylates Jak2 and Stat5
and suppress prolactin-mediated of JAK/STAT signaling in breast cancer cells and that
overexpression of PTPN1 abrogated prolactin-induced Stat5 phosphorylation in ERnegative breast cancer cells.30 Here, we provided evidence that PTPN1 over-expression in
hematopoietic JAK2V617F-expressing cells negatively regulates cytokine-independent
proliferation and signaling. We observed a significant decrease in Jak2 and Stat5
phosphorylation (Figure 10). The increased Erk1/2 phosphorylation seen in PTPN1overexpressing UKE-1 cells was surprising and might be due to the cell type and diseasecontext specificity of PTPN1 function due to the fact that UKE-1 is an ET patient-derived
cell line with at least two copies of JAK2V617F alleles.
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Increase in JAK2V617F mutation is associated with slightly reduced sensitivity to JAK
inhibition, implying that PTPN1 deletion in the context of JAK2V617F mutation might
further lessen this sensitivity. Our results demonstrated that PTPN1 knockdown
decreased sensitivity to the JAK inhibitor ruxolitinib in JAK2V617F-positive cells.
Sustained phosphorylation of Stat5 in JAK inhibitor-treated cells provides evidence for
decreased sensitivity upon PTPN1 knockdown (Figure 11).
Overall, our study has provided genetic and functional evidence on the effects of PTPN1
deficiency in pathogenesis of MPN and perhaps transformation to MF. We have shown
that loss of PTPN1 causes myeloid cell expansion, splenomegaly, and accelerates bone
marrow and spleen fibrosis in JAK2V617F knock-in mice. Heterozygous PTPN1
expression in JAK2V617F mice also alters and enhances the PV phenotype reported in
JAK2V617F knock-in mice. A close PTPN1 relative, the T-cell phosphatase, PTPN2,
was shown to be deleted in T-cell acute lymphoblastic leukemia and that PTPN2
negatively regulates the oncogenic tyrosine kinase, NUP214-ABL1 and provided a tumor
suppressor role for PTPN2 in T-ALL.31 A similar relationship might exist between
PTPN1 and the oncogenic tyrosine kinase, JAK2V617F in myeloproliferative neoplasms.
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CHAPTER 4
GENERAL DISCUSSION
Studies on PTPN1 knockout mice established its role as an inhibitor of leptin and insulin
signaling, making it an important regulator in metabolism.1 However, this endeavor met
challenges at the realization that genetic disruption of PTPN1 in mice resulted in
increased B-cells in the bone marrow and lymph nodes of mice. In addition, PTPN1deficient mice have a high predisposition to development of B-cell lymphomas in p53null mice.2 Conflicting results have emerged from studies on the role of PTPN1 in
oncogenesis. For these reasons, it is necessary to study the general role of PTPN1 in
hematopoiesis, specifically, in the myeloid compartment and how its perturbation (by
genetic deletion or pharmacological inhibition) might contribute to myeloid
malignancies. As PTPN1 drug trial reach clinical/late stages, pharmacological inhibition
warrants a thorough understanding of the role of PTPN1 in various disease context and
tissue type. JAK2V617F mutation results in constitutive JAK2 tyrosine kinase activity
and has been found in ~95% of PV patients and 50-60% of PMF and ET cases.3-7 Both
JAK2 and STAT5 have been shown to be required for most of the transforming
properties of JAK2V617F-evoked MPN.6,8,9 Another common (cyto)genetic abnormality
in MPNs/MF is the 20q deletion (20q-). It has been found in ~24% of MF cases.10-13 The
PTPN1-encoding gene is located on 20q13.1. The identity of the candidate tumor
suppressor gene(s) in 20q-associated myeloid neoplasms remains elusive. In addition, the
effect of co-occurring genetic lesions, such as JAK2V617F, in altering of the MPN
phenotype and progression to MF is not well studied in the hematopoietic compartment.
Work in this dissertation provides evidence that PTPN1 deletion is a common occurrence
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in MPN, and more frequently in MF. We show that deletion of PTPN1 in mice causes an
MPN-like phenotype that progresses to MF. In addition, we demonstrate that PTPN1
deficiency cooperates with JAK2V617F mutation and accelerates progression to MF. Our
data support a tumor suppressor function for PTPN1 in MPN/MF.

A PATHOGENIC TUMOR SUPPRESSOR FUNCTION FOR PTPN1 IN
MYELOFIBROSIS
Unlike BCR-ABL positive chronic myelogenous leukemia (CML), data on the cytogenetic
profile of MF is sparse.14,15 Progression to MF has been seen in 20% of PV cases16 and
PMF may also advance to AML in 8-23% of cases.17 However, the (cyto)genetic basis for
this transformation remains unclear. Del20q (20q) is the second most common
chromosomal abnormality in myeloid malignancies including MPNs, MDS and AML.1820

20q- was found in MF at 23.3% in evaluation of 835 patients.15,21 Cytogenetic/clinical

characterizations provide prognostic and diagnostic markers and may predict survival.2225

However, the identity of the putative tumor suppressor gene(s) involved in MF

pathogenesis remains unknown. The PTPN1-encoding gene is located within the
commonly deleted region on chromosome 20q.
Studies involving PTPN1 knockout mice mostly focused on the metabolic role of PTPN1
in the regulation of insulin and leptin signaling.26,27 Tremblay and colleagues were the
first to study the effects of PTPN1 deletion in the myeloid compartment. They observed a
significant increase of myeloid lineage cells including monocyte/macrophage precursors
but not granulocytic precursors in the bone marrow of PTPN1-/- mice.28 Colony-
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stimulating factor 1 receptor (CSF-1R) is a critical modulator of macrophage
development and stimulation of bone marrow cells derived from PTPN1-/- null mice with
CSF preferentially formed monocytic colonies. PTPN1 exerts a negative regulatory effect
on CSF-1 signaling through CSF-1R dephosphorylation.29,30
Our data confirmed the frequency of 20q- involving PTPN1 in MPN and specifically at a
higher percentage in MF patients and that 20q- co-occurs with the JAK2V617F mutation
in MF. Real time and FISH analysis confirmed mono-allelic deletion of PTPN1 in MPNderived cells. We observed a significant expansion of myeloid progenitors and precursors
in the BM and spleens of our conditional PTPN1 knockout mice, PTPN1cKO, compared to
control mice. This expansion translates to increased peripheral blood WBC and NE
counts in PTPN1cKO compared to wild-type mice. Importantly, the MF characteristics
observed in PTPN1cKO are cell intrinsic. BM cells from PTPN1-deficient mice have
considerable stem cell reconstitution advantage and outcompetes WT/competitor-derived
BM cells in recipient mice.
JAK2 31 and STAT532 are validated PTPN1 substrates. Constitutive activation of JAK2
and its downstream target is a key feature involved in pathogenesis of MPN/MF, making
PTPN1 a potential regulator of myelopoiesis and subsequently involved in myeloid
malignancies. We observed marked activation of JAK2, STAT5, AKT and ERK proteins
and a functional effect of increased cell proliferation in PTPN1 knockdown
hematopoietic cells. We saw a similar trend of dramatic increase in phosphorylation of
JAK2, STAT5, AKT and ERK in primary hematopoietic cells.
Conversely, our data showed that exogenous expression of PTPN1 in JAK2V617Fexpressing cells markedly suppressed signaling and cell proliferation. PTPN1
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overexpression also abrogated JAK2V617F-facilitated colony formation in HEL cells.
Thus PTPN1 acts a negative regulator of the transformative phenotype.

PTPN1 DELETION ENHANCES SEVERITY OF THE MPN PHENOTYPE AND
ACCELERATES PROGRESSION TO MYELOFIBROSIS IN JAK2V617F
KNOCK-IN MICE
JAK2V617F mutation has been shown to co-occur with 20q- involving PTPN1 gene locus
in myelofibrosis,21 suggesting that concomitant activation of an oncogene and deletion of
a tumor suppressor gene might cooperate in disease progression. In chapter 3, we assess
the effects of PTPN1 deficiency in a mouse model of JAKV617F-induced PV. We show
that PTPN1-null mice exacerbate the PV phenotype observed in JAK2V617F knock in
mice and that the two genetic lesions cooperate and accelerate progression to
myelofibrosis.
A JAK2V617F knock-in mice generated in our lab has manifested all the features of
human PV consisting of increased RBC, Hb, HCT as well as WBC, NE and PLT and
splenomegaly. BM fibrosis was slow-progressing in heterozygous JAK2V617Fexpressing.33 Deletion of PTPN1 further enhances these phenotypes and shifts them to
myelofibrosis-associated characteristics. We observed a significant increase in WBC and
NE and a concomitant decrease in RBC parameters upon PTPN1 deletion in JAK2V617F
mice. The splenomegaly observed in JAK2V617F knock-in mice was further enlarged
upon PTPN1 deletion. Histopathologic analysis showed severe and significant fibrosis in
BM and spleens of PTPN1-deleted JAK2V617F-expressing mice. Over time, these mice
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develop anemia owing to defective erythropoiesis perhaps. Splenomegaly can be
attributed to massive increase in myelopoiesis as evidenced by increased hematopoietic
precursors and progenitors, particularly those of the myeloid lineage. These results reveal
a cooperative effect of PTPN1 deficiency and JAK2V617F mutation in hastening
progression to MF.
As reported by Heinonen and colleagues, PTPN1-/- mice showed expansion in
hematopoietic stem cell compartment and myeloid progenitors.28 JAK2V617F knock-in
mice also showed significant increases of BM and spleen LSK, MEP and myeloid
progenitor compartments.33 We hypothesize something akin to a combinatorial effect
following deletion of PTPN1 and expression of JAK2V617F in mice. As expected, we
saw that loss of PTPN1 augmented the increase in LSK compartment including LT-HSC,
ST-HSC and MPP seen in JAK2V617F mice. Also, we observed an expansion of
myeloid precursor and progenitor compartments in the BM and spleens of PTPN1deficinent JAK2V617F mice. In parallel with homozygous PTPN1 deletion studies, we
investigated the effects of mono-allelic PTPN1 deletion in JAK2V617F mice. Similar to
homozygous mice, heterozygous PTPN-deleted mice caused a marked increase in WBC
and NE counts in the peripheral blood of JAK2V617F mice. Interestingly, we show a
significant increase in PLT counts and no difference in RBC parameters, in heterozygous
PTPN1-deleted JAK2V617F mice compared with JAK2V617F-expressing mice. The
increased peripheral blood leukocyte and PLT counts we observed correlated to the
significant increase in spleen LSK and MEP compartments seen in
PTPNfl/+;MxCre;V617F/+ mice compared to MxCre;V617F/+ mice. Furthermore, we
have shown that effects of PTPN1 deletion in JAK2V617F mice on peripheral blood
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counts are cell autonomous. In our primary bone marrow cells from PTPN1-deleted
JAK2V617F-expressing mice, we show further enhancement of JAK/STAT, AKT and
MAPK signaling pathway, indicating a role for oncogenic signal enhancement in the
pathogenesis of MF.
Although tumor promoting effects for PTPN1 have been described in mice, evidence for
tumor suppressor function of PTPN1 in hematologic malignancies has been described but
is scant. Ablation of PTPN1 in p53-null mice delays lymphomagenesis, suggesting a
tumor suppressor function for PTPN1.2 Evidence for tumor suppressor function of
PTPN1 in hematologic malignancies has come from the recent discovery of PTPN1 lossof-function mutations in over 20% of Hodgkin lymphoma and 22% of primary
mediastinal B cell lymphoma (PMBCL) cases.34 Our results demonstrated that altered
MPN phenotype in JAK2V617F knock-in mice from a PV-like disease to a myelofibrosislike one is due to genetic ablation of PTPN1.
Knockdown of PTPN1 in a Hodgkin lymphoma cell line resulted in increased
phosphorylation and expression of downstream oncogenic targets.34 Loss of PTPN1
resulted in diminished phosphatase activity and consequently increased activation of
JAK/STAT signaling pathway. PTPN1 is a known negative regulator of JAK2 in both
cytokine receptor signaling and leptin signaling.35,36 In addition to JAK/STAT pathway,
PTPN1 suppresses the PI3K/AKT pathway via IR and IRS-mediated signaling.26 PTPN1
has been shown to directly dephosphorylate ERK on pTyr619 activation domain.37 PTPN1
expression suppressed Bcr-Abl-mediated transformation in MEFs, thus signaling a role as
a negative regulator of an oncogenic tyrosine kinase-mediated signaling and cell
growth.38 We have provided evidence for suppression of transformation by PTPN1 in
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JAK2V617F-expressing hematopoietic cells. Cytokine-independent signaling,
proliferation and colony-forming abilities conferred by JAK2V617F expression were
significantly diminished upon exogenous PTPN1 expression in both HEL cells and
Ba/F3-EpoR-JAK2V617F compared to vector-expressing control cells. Knockdown of
PTPN1 also reduced the sensitivity of Ba/F3-EpoR JAK2V617F cells to JAK inhibitormediated reduction of JAK2 signaling, as represented by sustained STAT5
phosphorylation even at high doses.
Taken together, our findings in Chapter 3, our data lends support to the notion of PTPN1
as a tumor suppressor in JAK2V617F-induced MPNs

CONCLUSION AND FUTURE DIRECTIONS
Key conclusions from the work presented in this dissertation show that conditional
deletion of PTPN1 induces expansion of myeloid progenitors in mice and that deletion
promotes development of myelofibrosis in mice. We conclude that PTPN1 is a candidate
tumor suppressor gene in myelofibrosis in 20q- associated MPNs. Activation of signaling
pathways in the absence of PTPN1, by either genetic ablation or shRNA mediated
knockdown, was enhanced in primary and cultured hematopoietic cells. We also
demonstrated that PTPN1 deletion cooperates with JAK2V617F mutation in enhancing
the severity of the PV phenotype to a more progressed MF phenotype in mice.
Some questions still remained unanswered. A high proportion of MF patients (10%)
harbor mutations in the thrombopoietin receptor, MPL-W515L, W515K and exon 10 and
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CALR mutations.39-41 It will be important to see if other mutations cooperate with PTPN1
deletion in pathogenesis of MPN.
Mechanistic studies to identify the key signaling molecules and known/yet-to-bediscovered PTPN1 substrates will shed light on how PTPN1 mediates in tumor
suppressive effects in JAK2V617F-evoked MPNs and need to be performed.
Employment of substrate trapping mutants will be very useful in identification of PTPN1
substrates and interacting partners in hematopoietic system and how these substrates
drive MPN pathogenesis in the absence of PTPN1. This can be addressed with tissuespecific PTPN1 knockout mice as it will explain the dual nature of PTPN1 as tumor
suppressor in some contexts/tissue-type and not in others. The approach has yielded very
important information in p53-/- mice.2 We have addressed the tissue specificity aspect of
PTPN1 deletion in the hematopoietic compartment as well. Identification and thorough
studies on additional candidate gene(s) in 20q- associated MF is warranted. MYBL2 is
located on the minimally deleted region of 20q. Heterozygous deletion of MYBL2 has
been described in myeloid malignancies.42 Finally rescue experiments will be needed to
determine whether the disease phenotype we saw can be reverted by putting back PTPN1
into mice. This can be done using a retroviral bone marrow transplantation. BM cells
from diseased PTPN1cKO (PTPN1fl/fl;MxCre) and PTPN1cKOVF/+
(PTPN1fl/fl;MxCre;V617F) mice will be retrovirally transduced with wild-type PTPN1.
The BM cells will be transplanted into recipient mice and analyzed for alleviation of
symptoms/disease burden. This will answer the question of whether augmenting PTPN1
levels is a feasible therapeutic approach.
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Future use of PTPN1 inhibitors in diabetes and obesity needs to be closely monitored for
unintended effects in the hematopoietic compartment and in JAK2V617F-positive MPN
and MF patients. Given that current JAK inhibitors (INCB0818424, TG101348 and
CYT387) do not alleviate the MF-associated symptom burden,43,44 it will beneficial to
assess PTPN1 status to determine whether augmenting PTPN1 expression might alleviate
some of the poor-risk symptoms, such as anemia and splenomegaly associated with MF.
The findings described in this dissertation add to the mounting data in support of a tumor
suppressor function for PTPN1 in myeloid neoplasms and in particular MF and might
prove useful in the search for more efficacious therapies in MF.
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