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Dissertation Abstract 

The Role of PTPN1 in the Progression of JAK2V617F-induced Myeloproliferative 

Neoplasms 

Bao Le 

Sponsor: Golam Mohi, Ph.D 

The deletion of chromosome 20q (del20q) is a common karyotypic abnormality 

associated with myeloid malignancies, including 15% of myeloproliferative neoplasms 

(MPN), 10% of myelodysplastic syndrome (MDS), 5% of MDS/MPN overlapping 

diseases, and 5% of acute myeloid leukemia (AML). Myelofibrosis (MF), the deadliest 

among MPNs, exhibits the most frequent association with del20q. In MPN, the oncogenic 

JAK2V617F mutation was detected in approximately 97% of patients with polycythemia 

vera (PV), and 50-60% of patients with essential thrombocythemia (ET) and 

myelofibrosis. We have observed a significant co-occurrence of the JAK2V617F 

mutation and del20q abnormality involving PTPN1 deletion in patients with MF. 

Therefore, we hypothesize that PTPN1 deficiency may cooperate with JAK2V617F in the 

progression to MF. 

In this study, we investigated the effects of PTPN1 deficiency in JAK2V617F-

induced MPN using a using a conditional knockout allele for PTPN1 and a mouse model 

of MPN with knock-in JAK2V617F mutation.   Mice expressing heterozygous 

JAK2V617F (JAK2V617F/+) exhibit a PV-like MPN characterized by an increase in red 

blood cells (RBC), white blood cells (WBC), neutrophils, and platelets in the peripheral 

blood. Heterozygous deletion of PTPN1 significantly increased WBC, neutrophil, and 
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platelet counts but reduced RBC and hemoglobin levels in JAK2V617F/+ mice.  Flow 

cytometric analysis showed significantly increased myeloid (Gr-1+Mac-1+) and 

megakaryocytic (CD41+CD61+) precursors in the BM and spleens of PTPN1-deficient 

JAK2V617F/+ mice compared with JAK2V617F/+ mice. Additionally, deletion of PTPN1 

significantly increased hematopoietic stem cells and myeloid progenitors in the BM and 

spleens of PTPN1-deficient JAK2V617F/+ mice compared to JAK2V617F/+ mice. Spleen 

weight was significantly increased in JAK2V617F/+ mice, while deletion of PTPN1 further 

enhanced splenomegaly in PTPN1-deficient JAK2V617F/+ mice. Moreover, PTPN1 

deletion significantly enhanced bone marrow fibrosis in JAK2V617F/+ mice. Bone marrow 

transplantation assays confirmed that the phenotypes observed in PTPN1-deficient 

JAK2V617F/+ mice are cell intrinsic. Furthermore, the hematopoietic stem cells (HSC) 

from PTPN1-deficient JAK2V617F/+ mice display greater clonal advantage than the HSC 

of JAK2V617F/+ mice.  Deletion of both alleles of PTPN1 resulted in more robust and 

accelerated development of myelofibrosis in JAK2V617F/+ mice. The cooperative effects of 

JAK2V617F and PTPN1 deficiency in myelofibrotic transformation are associated with 

increased production of proinflammatory cytokines, including IL-1β, IL-6, and TGF-β.   

Biochemical analyses revealed greater activation of STAT1, STAT3, STAT5, 

ERK1/2, and NF-kB signaling in bone marrow of PTPN1-deficient JAK2V617F/+ mice 

compared with bone marrow of JAK2V617F/+ or WT mice.  CRISPR/Cas9-mediated 

deletion of PTPN1 also resulted in increased proliferation and enhanced activation of 

these signaling molecules in JAK2V617F-positive hematopoietic cells. RNA-sequencing 

analysis showed enrichment of genes related to hematopoietic stem cells, MAPK 

cascade, cell cycle, and WNT signaling pathways in PTPN1-deficient JAK2V617F/+ LSK 
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cells, which have significant overlap with genes enriched in hematopoietic cells of 

patients with myelofibrosis.  Furthermore, deletion of PTPN1 significantly reduced 

ruxolitinib sensitivity against JAK2V617F-positive hematopoietic cells, suggesting that 

del20q involving PTPN1 deletion may alter the ruxolitinib response in MPN. Overall, 

this study demonstrates that PTPN1 is an important target in del20q-associated MPN, and 

deficiency of PTPN1 collaborates with JAK2V617F in the progression to myelofibrosis. 
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CHAPTER I 

Introduction 

1.1 – Hematopoiesis  

The human body is composed of approximately 30 trillion cells, of which 80-90% 

are hematopoietic cells1.  Of these cells, approximately 1% or 0.3 x 1012 cells are 

replaced daily2.  This highlights the important role of hematopoiesis in maintaining 

homeostasis.  Hematopoiesis is a dynamic process by which blood cellular components 

are formed with continuous coordination and balance throughout the organism's lifespan.  

It is derived from the Greek words haima (blood) and poiēsis (to produce something).  

All hematopoietic cells are produced in a hierarchal structure of differentiation 

originating from hematopoietic stem cells (HSC).  These HSCs have a robust capacity for 

self-renewal and the maintenance of multipotency3.   The endpoint of the differentiation 

gives rise to two distinct populations of hematopoietic cells: myeloid and lymphoid.   The 

population of myeloid cells includes erythrocytes (RBC), megakaryocytes, 

monocytes/macrophages, and granulocytes. While the lymphoid cells include T-cells, B-

cells, and natural killer (NK) cells.   The focus of this research is primarily on myeloid 

lineages and their pathologies.  The majority of the hematopoiesis process occurs in the 

bone marrow (BM).  The hematopoiesis process that occurs elsewhere, such as in the 

spleen, is termed extramedullary hematopoiesis. 

In vertebrates, the hematopoietic processes occur in two distinct waves: primitive 

and definitive4.  The primitive wave is a transient phase of hematopoiesis during the 
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embryonic stage, which primarily gives rise to nucleated erythrocytes with embryonic 

globin and macrophages5.  These “primitive” erythrocytes and macrophages are products 

of primitive HSC-like cells, derived from mesoderm, which are neither pluripotent nor 

capable of self-renewal.  The definitive wave of hematopoiesis follows the primitive 

wave at approximately 27 days of gestation and gives rise to definitive HSC, also derived 

from mesoderm.  These HSCs are capable of self-renewal and differentiation into all 

hematopoietic cells.  In humans, the hematopoiesis process begins in the yolk sac with 

the primitive wave, follows by the definitive wave marked by the birth of definitive 

HSCs from the aorta-gonad-mesonephros (AGM). The HSCs then colonize the fetal liver 

before transitioning to their permanent residence within the bone marrow6,7.   

 

 

Figure 1 – Developmental hematopoiesis.  Diagram depicting the hematopoiesis in 

embryonic stages from primitive to definitive.   
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Hematopoietic Stem Cells (HSC) 

Our understanding of HSC existence came to light in the 1950s during the heights 

of nuclear irradiation research when lethality irradiated patients and mice were rescued in 

bone marrow or spleen transplantation8–10.  While still unidentified, in 1961, James Till 

and Ernest McCulloch transplanted BM cells into the spleen and identified clumps of 

cells that are proportional to the total number of bone marrow cells transplanted.  They 

coin these clumps “colony-forming unit” or CFU11.   The investigations that follow were 

able to characterize these CFUs as stem cells by their capacity for proliferation, 

differentiation, and self-renewal12,13. However, it was not until the advent use of flow 

cytometry in the 1980s that the isolation and characterization of HSC and other 

hematopoietic cells were probed at greater depth14,15. This is in due part to hematopoietic 

cells being identified by the presence or absence of specific surface antigen(s) that can 

immunologically be targeted or immunophenotyping16,17.  HSC is identified by Lin- c-kit+ 

Sca-1+ (LSK) markers18.  Within the LSK population, HSCs are further subclassified into 

long-term HSC (LTHSC) [CD34-FLT3-], short-term HSC (STHSC) [CD34+FLT3-], and 

multipotent progenitor (MPP)[CD34+FLT3+]19,20.  The distinction between these 

subclassifications is defined by the altered self-renewal potential post-transplantation but 

still preserving pluripotency.  As such, the population of LTHSC has perpetual self-

renewal; while the population of STHSC and MPP have ~6 weeks of self-renewal to 

extremely short and difficult to detect, respectively21.   
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Hematopoietic Differentiation Hierarchy 

The hematopoietic differentiation process is a structural hierarchy of distinct 

stages of transition toward maturation for a desired lineage.  Upon early identification of 

individual population and their properties, a conventional lineage differentiation model 

was proposed with a linear path of HSC differentiation and myeloid/lymphoid fork 

immediately after22.  This fork separates two progenitor populations, common myeloid 

progenitor (CMP) and common lymphoid progenitor (CLP).  CLP gives rise to T-cells, 

B-cells, and natural killer cells (NK); while CMP can further separate into 

megakaryocyte-erythrocyte progenitor (MEP) and granulocyte-monocyte progenitor 

(GMP), which differentiate into their respective hematopoietic cells.  However, 

challenges to the conventional model were quickly proposed based on the observation 

that MPP failed to produce significant megakaryocytes and erythrocytes population but 

gave rise to granulocytes, monocytes, B-cells, and T-cells23.  This posed a question of the 

existence of CMP as MEP and GMP differentiation branched at different points.  

Multiple alternative models were proposed trying to rectify this with the most recent one 

proposed by using single-cell RNA-sequencing data24,25.  These different differentiation 

models are outlined in Figure 2. 
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 After committing to a specific lineage, the maturation process will see the cells 

undergo multiple additional steps before reaching their terminal stage that is observed in 

the blood.  The factors that dictate lineage commitment in HSC are driven by the 

interaction with local microenvironment secretion of various cytokines, growth factors, 

and chemokines such as interleukin-3 (IL-3), interleukin-6 (IL-6), stem cell factor (SCF), 

erythropoietin (EPO), thrombopoietin (TPO), granulocyte-macrophage colony-

Figure 2 – Models of hematopoiesis 

hierarchy.  Three different hematopoiesis 

models showing the differentiating process 

to lineage-committed population   
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stimulating factors (GM-CSF), etc26,27.  It is the fine-tuning of these and many other 

cytokines secretions, along with cell-cell interaction, that maintains the organism’s 

balance in the distribution of the cell’s lineages.  The lack of a specific lineage or 

excessive production of a specific lineage by pathological changes such as JAK2 

mutation is the disruption of this homeostasis.  While we have been able to gauge some 

aspects of this process, many of the cellular decisions that drive the lineage commitment 

path is still being investigated. 

 

Erythropoiesis 

Red blood cells or erythrocytes are the most abundant cells in the human body.  

They play a pivotal role in the transportation of gases (O2 and CO2) around the body to 

sustain our metabolic needs28.  The process that produces erythrocytes is known as 

erythropoiesis.   After differentiation from HSC to MEP, erythroid development proceeds 

to the formation of burst-forming unit-erythroid (BFU-E)29 and then colony-forming unit-

erythroid (CFU-E)30.   Subsequent development sees it through 4 stages of erythroblasts 

(proerythroblast, basophilic erythroblast, polychromatic erythroblast, and orthochromatic 

erythroblast), named by its appearance under Wright stain.  This maturation process is 

also defined by its gradual decrease in the nucleus-to-cytoplasmic ratio, elimination of 

internal organelles, and accumulation of hemoglobin.  The extrusion of the nucleus marks 

the formation of reticulocytes, an immature form of red blood cells that contain a 

reticular network of mRNA and lack the bi-concavity appearance.  The final step sees 

reticulocytes undergo RNA elimination and membrane remodeling to generate mature 
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RBC or erythrocytes31.  The changing expression of surface antigens, CD71 and Ter119, 

are signatures used for identification of this process by flow cytometry32,33.     

The principal growth factor that drives erythropoiesis is erythropoietin (EPO).  

EPO existence was proposed in 1906 by Paul Carnot and Clotilde-Camille Deflandre 

after transplanting plasma to an anemic rabbit, which resulted in rapid elevation in 

erythrocytes34.  Since then, EPO has been purified35 and characterized36 for the 

generation of recombinant protein accessible for therapeutic use37.  EPO is produced 

primarily in the kidney and is essential to the proliferation, survival, and differentiation of 

erythroid development38.   These effects are exerted through the interaction of EPO with 

its designated receptor, EPOR39.   The activation of EPOR leads to the receptor for 

activation of JAK2/STAT signaling40,41.  It is the modulation of EPO abundance and 

JAK2/STAT signaling that maintain homeostasis in RBC production.  Dysregulation of 

either can result in anemia, lacking RBC, or polycythemia, excessive production of RBC.    

 

Figure 3 – Overview of erythropoiesis.  Diagram depicting the progression of 

erythropoiesis with representative changes in surface marker through the stages.   

(Dzierzak and Philipsen, 2013) 
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Megakaryopoiesis 

  Platelets, or thrombocytes, are anucleated cytoplasmic fragments derived from 

megakaryocytes that function in clotting blood vessels during vascular injuries42.  

Furthermore, thrombocytes play a significant role in modulating wound healing and 

inflammation43.   The process that gives rise to thrombocytes is called megakaryopoiesis.  

Similar to erythropoiesis, the differentiation of HSC to MEP is the initial step of 

megakaryopoiesis44.  The mechanism behind the decision at lineage bifurcation of MEP 

is still poorly understood and remained an ongoing investigation.  The rate of cell cycle 

has been proposed as one of the mechanisms for lineage decision45.  The expression level 

of certain transcription factors like RUNX1, GATA1, FOG1, and FLI1 have been shown 

to play a pivotal role in regulating the differentiation of megakaryocytes46–51. 

 

Upon commitment toward megakaryocytes, the first stage of maturation involves 

the formation of CFU-Mk, often references as megakaryocyte-committed progenitors 

(MkP)52. Interestingly, the sequential differentiation from HSC through MEP and then 

Figure 4 – Overview of megakaryopoiesis.  The diagram depicts the progression of 

megakaryopoiesis from HSC to Platelets (Thrombocytes).    

(Geddis, 2010) 
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MkP can be circumvented for a direct path to MkP from Mk-primed HSC under high 

thrombopoietin (TPO) concentration53.  It is reasonable to assume that this high TPO 

bypass is a necessary mechanism for emergency megakaryopoiesis to recapitulate loss or 

insufficient platelets during tissue insult.  Subsequent maturation of megakaryocytes sees 

cells undergoing polyploidization in which the chromosomal contents increase from 2N 

(diploid) upward to 128N, but average around 16N54.  This process, called endomitosis, 

sees the megakaryocytes undergo cell cycles through G1, S, and G2, but incomplete M 

phases55,56.    MK progression through M phases shows abortion of mitosis at anaphase 

with regression of the cleavage furrow during cytokinesis57.  The failure results in a 

single cell with a polyploid nucleus and enlarged cytoplasm instead of two daughter cells.  

The continuous cell cycle and endomitosis gradually increase the cell's size and ploidy.  

Flow cytometric identification of MK utilizes glycoprotein IIb/IIIa (CD41a) and 

glycoprotein Ib (CD42b) or glycoprotein IIIa (CD61)58.    

 

Figure 5 – Megakaryocytes endomitosis.  (A) Diagram depicting diploid cell undergoing 

cell cycle with failure at anaphase and collapse to generate tetraploid cells. (B) Time-lapse in 

minutes of megakaryocytes undergoing anaphase with regression of cleavage furrow. 

(Geddis et al, 2007) 
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The formation of platelets from mature polyploid MK occurs in the blood with a 

single MK producing approximately 4000 platelets59.   The thrombopoiesis process in 

MK follows its maturation through the internal formation of the demarcation membrane 

system (DMS) or invaginated membrane system (IMS), a membranous network that is 

formed from the invagination of the plasma membrane60.  The DMS/IMS provides a 

significant increase in the surface area of the MK necessary for platelet formation61.   At 

the zenith of maturation, the MK proceeds to form multiple elongated pseudopods called 

proplatelet shafts.  This shaft breaks from the main body of the MK to generate 

proplatelets fragments that disassociate further to generate platelets62.  The end of this 

process will leave only a small cytoplasm with the multilobed nuclei of the MK intact.  

This remnant/senescent MK will then be phagocytosed by macrophages63.    
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(Italiano Jr. et al., 1999) 

Figure 6 – Overview of platelet formation from MK.  (A) Electron microscrope (EM) 

image of an immature MK lacking DMS/IMS internal structure. (B) EM image of a mature 

MK with numerous DMS/IMS observed within the cytoplasms.  (C) A time-lapse on a light 

microscope of the formation of pseudopods in MK followed by the disassembly of proplatelet 

shaft.    
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 The primary growth factor for megakaryopoiesis is thrombopoietin (TPO or 

THPO).  TPO existence was demonstrated in 1958 within a complex serum mixture but 

was not isolated until 199464,65.  Interestingly, the TPO receptor, MPL, was isolated 

before TPO and was determined to have significant involvement with 

megakaryopoiesis66,67.   TPO is primarily produced in the liver and kidney and is 

inversely proportional to platelet abundancy68,69.  This inverse relationship is due to the 

consumption of TPO when binding to MPL and thus removed from circulation70,71.  

Similar to EPOR, TPO binding to dimerized MPL results in the activation of 

JAK2/STAT signaling that promotes the proliferation, differentiation, and production of 

megakaryocytes/platelets72.   While TPO/MPL signaling is mostly associated with 

megakaryocytes/platelets, they also play a significant proliferative role in HSC and are 

essential for their survival73.   

Myelopoiesis 

 Myelopoiesis is the maturation process that gives rise to myeloid leukocytes 

(granulocytes and monocytes) that plays a pivotal role in the innate immune system.   

Granulocytes are a population of polymorphonuclear leukocytes that encompasses 

neutrophils, basophils, and eosinophils; of which, neutrophils are the most abundant 

leukocytes.  These cells are named by histological staining properties of their cytoplasm: 

eosino- (acidic/red), baso- (basic/blue), neutro- (neutral, white)74.  The differentiation of 

these cells is term granulopoiesis which sees the maturation progression through multiple 

stages.  Neutrophils, basophils, and eosinophils are lineage committed early in the 

process, after myeloblast, and differentiate uniquely to their mature form75.  The other 
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myeloid lineage, monocyte, also diverges at the myeloblastic stage and proceeds through 

its own maturation step76.  Mature monocytes circulate the blood and differentiate in 

macrophages/dendritic cells as they are recruited into the tissues by inflammatory signals.  

The standard detection of granulocytes and monocytes by flow cytometry is through the 

surface antigens Ly6G/Ly6C (Gr-1), CD11b (Mac-1), and F4/8077.  A combination of Gr-

1 and Mac-1 are present in granulocytes and a subset of monocytes78.  Interestingly, Gr-1 

expression is both high or low in monocytes, which can define the state of the monocytes 

as “inflammatory” (high) or “steady” (low)79.  F4/80 is the marker that is typically used 

for the detection of mature tissue macrophages80.   

 

 

Figure 7 – Overview of myelopoiesis.  Diagram of myelopoiesis displaying the divergence 

of granulocytes and monocyte and their respective differentiation pathway. 

(Mikael Häggström, 2010) 
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1.2 Myeloproliferative Neoplasms (MPN) 

Myeloproliferative neoplasms (MPN) are a group of hematologic malignancies 

characterized by excessive production of one or more myeloid lineage cells that include 

erythroid, granulocytes, megakaryocytes, and monocytes/macrophages. MPNs are 

subclassified based on the disease phenotype as defined by World Health Organization 

(WHO)81.  For brevity, the commonly referenced pathologies are Philadelphia 

chromosome-positive (Ph+) MPN, chronic myeloid/myelogenous leukemia (CML), and 

Ph- MPNs (classical MPN), which includes polycythemia vera (PV), essential 

thrombocythemia (ET), and myelofibrosis (MF).   Ph+ MPN, or CML, is defined by the 

presence of a translocation between chromosomes 9 and 22, t(9:22), which produces an 

oncogenic BCR-ABL1 fusion gene82.  CML has an annual incidence of 2 cases per 

100,000 adults83.  The absence of this translocation, Ph-, produces the remaining 

pathologies, PV, ET, and MF.   PV and MF are the primary focus of this research. 

 

  

2016 WHO classification of MPN 
Chronic myeloid leukemia (CML), BCR-ABL1+ 

Polycythemia vera (PV) 

Essential thrombocythemia (ET) 

Myelofibrosis (MF) 

Prefibrotic/Early stage 

Overt fibrotic stage 

Chronic neutrophilic leukemia (CNL) 

Chronic eosinophilic leukemia, not otherwise specified (NOS) 

MPN, unclassifiable 

Mastocytosis 

Table 1 – World Health Organization (WHO) MPN classification.   
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Polycythemia vera (PV) 

 First described in 1882 by Henri Vaquez and then detailed later in 1903 by 

William Osler84,85, polycythemia vera (PV) is characterized by the expansion of RBC, 

hemoglobin (Hb), and hematocrit (HCT) due to excessive erythropoiesis.  By WHO 

standards, the patient’s diagnostic affirmation of PV is by a combination of peripheral 

blood smears, bone marrow (BM) biopsies, and molecular genetic testing86.  The annual 

incidence rates of PV can range between 0.02 to 2.8 per 100,000 people with a total 

prevalence of 22.43 per 100,000 people87.  With a median age of ~70 years old, the 

disease prevalence is skewed in the older population with a prevalence upward of 237.57 

people per 100,000 in this age group.  The median survival of PV patients after diagnosis 

is 14 years, which can be up to 24 years in a patient younger than 60 years old88.  

Additional risk factors that adversely affect patients’ overall survival in PV include the 

following criterion: age >61 years, leukocytosis, thrombocytosis, and additional 

karyotype abnormalities89,90.  A major driver in the pathogenesis of PV is the JAK2 

mutation which exists in ~99% of patients and 97% of that mutation is JAK2V617F with 

the remaining 3% harboring a mutation elsewhere on the gene91.  While the disease itself 

is quite moderate in severity, it is the progression to MF or AML that can be very 

detrimental to the patient’s quality of life and survival.   
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WHO Diagnostic Criteria for PV 

1. One of the following blood parameters 
  > Hemoglobin   

      Male > 16.5 g/dl 

      Female > 16.0 g/dl 

  > Hematocrit   

      Male > 49% 

      Female > 48% 

  > Increased red blood cell mass 

2. Bone Marrow Biopsy Observation 

  > 
Prominent erythroid, granulocytic, and megakaryocytic 
proliferation with pleomorphic mature megakaryocytes. 

3. Presence of a JAK2 mutation 
  > JAK2V617F   
  > JAK2 exon 12 mutation 

Minor criterion (can be substituted for missing one of the above) 
 > Subnormal serum erythropoietin 

Table 2 – WHO criteria for PV diagnosis. 

 

 Treatment options for polycythemia vera (PV) are stratified by the patient’s risks.   

Patients who are less than 60 years of age and have no history of thrombosis events are 

stratified as low-risk.  Low-risk patients’ treatment options consisted of phlebotomy to 

maintain less than 45% hematocrit with daily use of low-dose aspirins to mitigate the risk 

of cardiovascular complications, especially against thrombotic events as it accounts for 

33% of patient morbidity92.  If patients have any of the aforementioned risks, it is 

stratified as a high-risk disease, and are prescribed hydroxyurea (HU) in addition to the 

low-dose aspirin.  HU inhibits the formation of deoxyribonucleotides by inhibiting 

ribonucleotide reductase, which in turn induces cell arrest and prevents further expansion 

of RBC, WBC, and platelets93.  Furthermore, preventative treatments, such as additional 
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aspirin or anticoagulants, are supplemented for patients with a high risk of 

thrombosis94,95.   

The hesitant use of HU is due to the drug-inducing cell cycle arrest and 

subsequent immunosuppression with the potential risk of anemia and leukopenia (low 

WBC) in addition to neurological and gastric side effects.  Another concern for HU use 

stemmed from the risk of leukemic transformation, fibrosis progression, and secondary 

malignancies96–98.   However, recent observations have refuted these risks89,99.  At the 

same time, patients can also develop HU resistance or intolerance, about 11% and 13%, 

respectively, which results in higher leukemic transformation and morbidity risk100.  In 

the situation when patients develop HU-resistant/intolerant or severe disease progression 

(eg. marked splenomegaly), interferon-α (IFN-α) or ruxolitinib (a JAK inhibitor) is used 

to control the disease95.  IFN-α treatment has shown efficacy in repressing erythrocytosis 

and thrombocytosis through activation of its receptors and JAK1/TYK2 downstream 

signaling101,102. While ruxolitinib (RUX) showed far greater splenomegaly reduction, 

hematocrit control, and reduced risk of thrombotic events than HU.  However, it has 

significant adverse effects, like anemia, that can be quite intolerable for many patients.  

Patients on ruxolitinib also have significant risks of opportunistic infection and basal-cell 

and squamous-cell carcinoma103.  Outside of bone marrow transplantation, which carries 

its own drawback, there is currently no curative treatment for PV94.   
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Myelofibrosis (MF) 

 First described by Dr. G. Heuck in 1879, myelofibrosis (MF) is the scaring 

(fibrosis) of the hematopoietic tissues including bone marrow and spleen104.  The disease 

is characterized by significant deposition of fibrosis, anemia, megakaryocyte 

proliferation, splenomegaly, and constitutional symptoms, such as weight loss, night 

sweats, and fever94.  The main causes for these symptoms are due to inadequate 

erythropoiesis and extramedullary hematopoiesis (EMH), or hematopoiesis process 

occurring outside the bone marrow, in the spleen and liver.  MF is subclassified into 

primary MF (PMF), post-PV MF, or post-ET MF based on the condition it was 

diagnosed.  MF also has stage distinction which WHO has defined as, pre-PMF, an early 

Figure 8 – Diagram of generalized PV treatment options. 
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stage of PMF, and overt-PMF81.  The primary criterion for the distinction between pre-

PMF and over-PMF is the grade of fibrosis observed in BM biopsies105. 

  As part of WHO's major criteria for myelofibrosis, JAK2, CALR, and MPL are 

the primary driver mutations in the disease.  JAK2, CALR, and MPL mutation are 

identified in approximately 50-60%, 20-25%, and 3-8% of MF cases106,107.  Other 

concomitant mutations (TET2, DNMT3A, EZH2, U2AF1, and SRSF2) and cytogenetic 

abnormalities (deletion of chromosome 13q or 20q) also play a significant role in the 

disease progression and patient’s prognosis108,109.    

WHO Diagnostic Criteria for Myelofibrosis (MF) 

Pre-PMF Overt-PMF 

Major Criteria 

1. Megakaryocytes proliferation with 1. Megakaryocytes proliferation with 

  Grade 0-1 reticulin/collagen fibrosis    Grade 2-3 reticulin/collagen fibrosis 

2. Presence of JAK2, CALR, or MPL mutation 2. Presence of JAK2, CALR, or MPL mutation 

  or other clonal markers   or other clonal markers 

3. Does not meet WHO other MPN criteria 3. Does not meet WHO other MPN criteria 

        

Minor Criteria 

1. Unexplained anemia 1. Unexplained anemia 

2. Leukocytosis 2. Leukocytosis 

3. Significant splenomegaly 3. Significant splenomegaly 

    4. Leukoerythroblastic blood smear 

Table 3 – WHO criteria for the distinction of primary MF. 
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(Salama, 2021) 

MF-0
Scattered linear reticulin with no 

intersections corresponding to normal BM

MF-1
Loose network of reticulin with many 

intersections, especially in perivascular area

MF-2

Diffuse and dense increase in reticulin with 

extensive intersections, occassionally with 

focal bundles of thick fibers mostly 

consistent with collagen and/or focal 

osteosclarosis

MF-3

Diffuse and dense increase in reticulin with 

extensive intersections and coarse bundles 

of thick fibers mostly consistent with 

collagen, usually associated with 

osteosclerosis

Myelofibrosis Grade

Table 4 – Myelofibrosis grading score with corresponding human BM reticulin-

stained images. 
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Myelofibrosis treatment options are also risk stratified.  The original proposal in 

2009 by the International Working Group for Myelofibrosis Research and Treatment 

(IWG-MRT) established the International Prognostic Scoring System (IPSS) for 

assessing the risk imposed by the disease and the treatment options necessary.   The IPSS 

scoring is based on factors like age, hemoglobin, leukocyte count, peripheral blast 

percentage, and constitutional symptoms110.  The IPSS score limitation is that it is only 

assessed at diagnosis.  As such, refinement to the scoring system was made to increase 

the accuracy due to disease progression, which is called Dynamic IPSS (DIPSS)111.  This 

was then improved upon the following year to DIPSS-plus112.  In the context of post-

ET/PV MF, a comparison between IPSS, DIPSS, and DIPSS-plus, showed greater 

accuracy in DIPSS-plus113.  Even so, additional improvement is still needed as years of 

MF research since the advent of these scoring systems has created a new layer of depth in 

genetic aberrations that are quite consequential to the patient’s prognosis.  The new 

system introduced in 2018 is called Mutation-enhanced IPSS or MIPSS70, which itself 

was also improved upon to produce MIPSS70-plus and MIPSS70-plus v2114,115.  In 

addition, another scoring system, Genetically-inspired IPSS (GIPSS), was made to 

simplify the scoring system for clinician116.  Irrespective of the scoring system, the score 

tally will stratify the patient’s risk in MF from very low risk to very high risk, with 

elevated risk resulting in significantly poorer survival.  In general, low-risk patients show 

> 8 years median survival, 4-8 years for intermediate, and <4 years for high-risk107.   
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Scoring System 
Assessment 

Time 

Risk and Median Survival (years) 

Low Intermediate High 

IPSS At Diagnosis 
0 pts 1 - 2 pts 3+ pts 

11.2 4 - 7.9 2.2 

DIPSS At anytime 
0 pts 1 - 4 pts 5+ pts 

14.6 4 - 7.4 2.3 

DIPSS-Plus At anytime 
0 pts 1 - 3 pts 4+ pts 

15.4 2.9 - 6.5 1.3 

MIPSS70 At anytime 
0 - 1 pts 2 - 4 pts 5+ pts 

27.7 7.1 2.3 

MIPSS70-Plus At anytime 
0 - 2 pts 3 pts 4+ pts 

20 6.3 1.7 - 3.9 

MIPSS70-Plus Version 
2.0 

At anytime 
1 - 2 pts 3 - 4 pts 5+ pts 

16.4 7.7 1.8 - 4.1 

GIPSS At anytime 
0 - 1 pts   2+ pts 

8 - 26.4   2 - 4.2 

Table 5 – Myelofibrosis scoring systems with associated risk strata and patient’s median 

survival.  

 

 Treatment options for MF are based on the patient’s risk status.  Low and very 

low-risk patients are typically just monitored by observation for presenting symptoms 

and disease progression.  Therapeutic options for intermediate-risk patients are symptom-

based approaches to improve the patient’s quality of life.  Commonly presented 

symptoms are anemia, splenomegaly, and constitutional symptoms117.  Symptoms of 

anemia are typically managed with blood transfusion in addition to drugs to stimulate 

erythropoiesis, or erythropoiesis-stimulating agents (ESA), especially in cases with low 

EPO levels.   For splenomegaly and constitutional symptoms, patients can be treated with 

hydroxyurea, interferon-α, or ruxolitinib.  In the situation of refractory splenomegaly, 

splenectomy could be an option to alleviate the burden118.  If the patients are high risk, 

stem cell transplantation can be an option; however, few patients are eligible for the 
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transplantation due to a combination of advanced age, donor availability, and other 

medical conditions.  Even if carried out, the additional risk of opportunistic infection and 

graft versus host disease can produce life-threatening conditions for patients119.  In such 

transplantation-ineligible cases, the best approach now may be enrollment in ongoing 

clinical trials107.  Similar to PV, aside from transplantation, there are no curative options.  

Treatments are provided for the patient’s palliative benefits.    

 

  

 

 

 

 

Figure 9 – Generalized myelofibrosis treatment stratified by risk. 



24 
 

1.3 – JAK2-STAT Signaling 

Janus Kinase 2 (JAK2) 

JAK2 was discovered in 1989 by screening for protein-tyrosine kinases (PTK)-

related sequencing in cDNA derived from a mouse cell line120.  Since this was at a time 

when numerous other PTKs were identified, it was originally coined “Just Another 

Kinase” or JAK.  However, after further understanding the kinase, it was given the name 

“Janus Kinase”, as a reference to the two-headed Roman god, Janus, to describe the 

presence of two adjacent kinase domains121.  JAK2 is a member of a family of four non-

receptor tyrosine kinases, JAK1, JAK2, JAK3, and TYK2.  Structurally, JAK2 is 

composed of an N-terminal FERM (4.1 protein, Ezrin, Radixin, and Moesin) domain, 

SH2-domain, pseudokinase domain (JH2), and kinase domain (JH1).  The FERM domain 

non-covalently binds JAK2 to the cytoplasmic region of a receptor122.  The SH2 domain 

(Src homology 2) mediates the association of JAK2 with its signaling partners, signal 

transducer and activator of transcriptions (STATs)123.  While the JH1 kinase domain is 

straightforward, the pseudokinase domain, JH2, is devoid of enzymatic activities and 

serves more of an inhibitory role toward the kinase domain124.  The receptors that JAK2 

binds to are subclassified into type 1 and type 2 cytokine receptors.  The major distinction 

is the presence of an extracellular amino acid motif WSXWS (W=Tryptophan, S=Serine, 

and X=any amino acids), which is absent in type 2 receptors.  Of the two, type 1 

receptors are more associated with hematopoietic signaling which encompasses EPOR, 

MPL, granulocyte-macrophage colony-stimulating factor (GM-CSF), and most 

interleukins125.   
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 As a non-receptor tyrosine kinase, JAK2 is activated by the conformation 

changes of the associating membrane’s receptors binding to a ligand.  The canonical 

model of receptor activation is through the binding of the ligand to its receptor to initiate 

dimerization that brings the kinases to proximity for activation126.  However, later studies 

revealed that many of these receptors, including EPOR and MPL, mainly existed in a 

dimerized state before ligand binding and the dimerization already occurred in the 

endoplasmic reticulum (ER)127–129.   If the receptor is already pre-dimerized, proximity 

activation of JAK2 needs reevaluation and further clarification.  Structural and 

biophysical measurements have shown that the activation of the dimerized receptor by 

ligand binding induced conformational changes in the receptors that also shift the 

position of dimerized JAK2.  Established as the “sliding model”, this shift dislodges the 

pseudokinase, inhibitory, domain from the kinase domain and activates it130.   

Upon activation, the kinase phosphorylates itself and the receptors to recruit 

STATs. STATs are phosphorylated by JAK2 then unbounded from the receptors to 

dimerized and transported to the nucleus to drive transcription131.  In addition to STATs 

signaling, JAK2 activation also activates the MAPK pathway (RAS-RAF-MEK-ERK) 

and phosphoinositide 3-kinase (PI3K) / AKT pathway132.  The importance of the JAK2-

mediated signaling is displayed when the genetic deletion of JAK2 in mice results in 

embryonic lethality133.  Furthermore, conditional deletion of JAK2 in adult mice exhibits 

rapid BM failure and death.  This highlights the critical role of JAK2 in the 

hematopoiesis process134.  
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Signal Transducers and Activators of Transcription (STATs) 

 The STATs family consists of 7 members including, STAT1, STAT2, STAT3, 

STAT4, STAT5A, STAT5B, and STAT6.  Of the 7 STAT members, STAT1, STAT3, 

and STAT5A/B play a significant role in myeloid cell development and malignancies.  

STAT5 is robustly expressed in the hematopoietic tissues and plays a significant role in 

the development and proliferation of many hematopoietic cells135.  In erythroid lineages, 

it is directly activated by EPOR-JAK2 signaling to enhance differentiation and 

proliferation136.  The importance of STAT5 on erythropoiesis is demonstrated when 

whole-body deletion of the STAT5 mice induces anemia in mice137; while conditional 

Figure 10 – JAK2 structural domain and the “sliding” model of activation. (A) The 

diagram shows 4 domains of JAK2 and their respective function.  (B) Illustration of the 

“sliding” model of activation in which the movement of the receptors dislodge the 

pseudokinase inhibitory domain and activating it.  JAK2 mutation, JAK2V617F, loses the 

inhibitory effect and the kinase domain is active regardless of the activation of the receptors. 

(Chen and Mullally, 2014) 
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knockout of STAT5 in mice can ablate JAK2V617F-induced disease phenotype including 

leukocytosis, erythrocytosis, and splenomegaly138.  In stem cells, STAT5 is activated by 

stem cell factor (SCF) and TPO, which enhances HSC renewal and proliferation139,140.  

The ablation of STAT5 also impairs the development of lymphoid as well141.  

Interestingly, myelopoiesis is normal in STAT5 deletion but is unresponsive to 

granulocyte-macrophage colony-stimulating factor (GM-CSF)142.     

STAT3 is one of the most studied members of the STATs family due to its 

extensive role in many cancers beyond leukemia (>32,000 publications between 2000-

2023, [pubmed.gov]).   The activity STAT3 in cancer is crucial in its formation, 

metastasis, and resistance143.  Its hyperactivation is detrimental to the patient’s 

prognosis144.  This aberrant role of STAT3 signaling is generally associated with the IL6 

signaling axis; however, STAT3 activation can be induced by GM-CSF, SCF, and IL3 as 

well145.  STAT3 is critical in the body and deletion is embryonically lethal146.   Selective 

deletion of STAT3 resulted in differentiation defect and reduced proliferation in B-

cells147.  Hematopoietic stem cells exhibit defective function, shorten lifespan, and 

increase reactive oxygen species (ROS) in absence of STAT3148.  Interestingly, when 

examining the properties of hyperactivity of STAT3 in mice using mutated gp130 

(IL6ST), IL6 receptor β-subunit, thrombocytosis and splenomegaly were observed149.  

This phenotype was ablated when STAT3 signaling was reduced by heterozygous 

deletion of STAT3.  In addition to modulating hematopoiesis, IL6 signaling via STAT3 

plays a pivotal role in inflammation.  STAT3 interacts with the NFKB pathway at 

multiple levels in modulating inflammation150.  On one level, NFKB signaling increases 

IL6 expression, which directly increases STAT3 activities151.  On another, STAT3 
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directly interacts with EP300 in the nucleus, which is required for EP300 to acetylate 

RELA, a subunit of NFKB.  The acetylation of RELA increases nuclear retention by 

interfering with nuclear export and causes prolonged activation of NKFB152.    

Unlike its detrimental family member, STAT3, STAT1 roles appear more tumor 

suppressor and can directly antagonize STAT3 activities.  The accumulation of STAT1 in 

the nucleus promotes cell arrest and apoptosis153.  This is supported by the fact that 

patients with higher expression of STAT1 have a better clinical outcome; while the loss 

of STAT1 results in poor prognosis154.  In terms of myeloid hematopoiesis and 

malignancies, STAT1 plays a significant role in the myeloid differentiation decision.  

Signaling through STAT1 promotes megakaryopoiesis and is important for the 

maturation process of megakaryocytes155.  On the other hand, the loss of STAT1 in the 

context of the JAK2V617F mutation favors erythropoiesis while reducing 

megakaryopoiesis.  Examining JAK2V617F-positive patients-derived erythroid, higher 

phosphorylation of STAT1 was detected in ET patients over PV, while phosphorylation 

of STAT5 was similar.  The downregulation of STAT1 activities in ET progenitor cells 

resulted in differentiation favoring erythroid over megakaryocytes156.    

JAK2V617F Mutation 

 In early 2005, multiple groups around the world published the identification of a 

significant mutation in JAK2 that was prevalent in a majority of MPN patients157–161.  A 

single nucleotide mutation (G to T) at position 1849 on exon 12 of JAK2 led to a 

missense protein that substituted valine (V) with phenylalanine (F) at the amino acid 

position of 617, termed JAK2V617F.  The resulting mutation in the pseudokinase domain 
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of JAK2 prevents the inhibitory properties of the kinase leading to constitutive activation.  

As such, all the signaling pathways downstream of JAK2 signaling, STATs, 

ERK/MAPK, and PI3K/AKT, are hyperactivated.   Furthermore, JAK2V617F mutation 

can produce growth factor independence growth in cells, such as Ba/F3 and mouse 

erythroid colonies, as the consequence of being downstream of growth factor receptors 

signaling162,163. 

 Following the identification of the JAK2V617F mutation, murine model studies 

were performed using transgenic expression of JAK2V617F164–166.  The transgenic model 

utilizes bone marrow transplantation (BMT) of virally-infected donor cells with a 

JAK2V617F expression vector.  The recipient mice exhibited PV-like phenotype with 

significant erythrocytosis and modest leukocytosis and thrombocytosis.  While the 

transgenic model provided good insight into the disease, it has major drawbacks that 

could not be overlooked.  Transgenic model expression of a virally delivered gene is 

randomly integrated into the host genome, variation in the number of copies of the gene 

of interest, and the expression is driven by a non-native promoter167.   This problem was 

addressed with the development of the JAK2V617F knock-in model mouse which allows 

the native control of the gene and its endogenous promoter without the random 

integration163,168,169.  The knock-in mice also exhibited PV-like erythrocytosis and 

splenomegaly.  Though the JAK2V617F mutation is quite prevalent, the distinct role it 

has between MPNs (PV, ET, and MF) and the progression to fibrosis remained poorly 

understood.   
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1.4 – Deletion of Chromosome 20q (del20q) 

Deletion of the q-arm of chromosome 20 (del20q) was first described in a 

cytogenetic study in 1964170.  At the time, it was categorized as part of the F-group 

chromosome.  The deleted region can vary between individuals but is commonly between 

q11.21-q13.2.  This karyotypic abnormality is reported in cases of acute granulocytic 

leukemia171, polycythemia vera (PV)172, and secondary myelofibrosis (MF) following 

PV173.  Subsequently, multiple studies were able to establish a strong prevalence of 

del20q in cases of PV and MF174–176.  Even though del20q is more common in 

myeloproliferative neoplasms (MPN) (~15%), it is also observed in myelodysplastic 

syndrome (MDS) (~10%), acute myeloid leukemia (~5%), and MPN/MDS overlapping 

disease (~5%).  However, it is rarely observed in lymphoid malignancies177.  Even when 

Figure 11 – JAK2 Signaling pathway with and without V617F mutation.  The activation 

of JAK2 leads to activation of STAT, PI3K, and RAS-MAPK pathway.  JAK2V617F 

mutation elicit this signaling pathway without ligand bind. 

(Campell and Green, 2016) 
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observed in lymphoid pathologies, del20q mostly resides in the myeloid lineages with the 

added potential for the development of myeloid disorders178.  It is unclear what factor(s) 

give rise to del20q.  While cytotoxic therapies have been implicated, it does not account 

for most cases, as the general population can give rise to del20q with no known causation 

factor179.   

The acquisition of del20q without myeloid malignancies is about 1 in 1000 or 

0.1% over the age of 55180.  Studies of healthy individuals with del20q determined that, in 

isolation, del20q does not lead to myeloid malignancies progression.   Though, if del20q 

is accompany by a mutation like, JAK2, DNMT3A, CBL, TET2, PTPN11, ASXL1, etc., 

~39% of the patients progressed to myeloid malignancies181.  It is also interesting to note 

that the chromosome 20q amplification, due to increase copy number, is also frequently 

Figure 12 – Commonly deleted region (CDR) on the q-arm of chromosome 20.  The 

deleted region on chromosome 20q (del20q) can vary between 11.21 and 13.2, which 

encompasses about 20 MB.  

(Machiela, et al., 2017) 



32 
 

observed in multiple cancers including, breast, prostate, ovarian, colorectal, pancreatic, 

and bladder.  This 20q gain is in about 12-40% of primary breast cancer182.     

The consequences of del20q in myeloid malignancies have a great deal of 

ambiguity.  MDS patients with sole del20q are seen as having favorable prognoses with 

improved survival and decreased risk of leukemic transformation183,184.   In MPN, 

however, multiple studies find that patients with sole karyotype abnormality were 

displaying a range of prognosis from inferior to no substantial differences in survival 

with the majority of those abnormalities being del(20q) followed by del(13q)185.  PV 

patients, on the other hand, were deemed intermediate-risk with del20q as they displayed 

a higher frequency of disease progression and inferior survival overall186.  The variability 

of deletion likely plays a role in this ambiguity.  If patients acquire an additional 

karyotype abnormality, in addition to del(20q), the prognosis is consensually very poor.   

 While we have some insight into how del20q impacts patients, there is a lack of 

understanding of the causal factor for myeloid malignancies-bias.  This bias suggests the 

loss of tumor suppressor gene(s) within the deleted region.  Several genes have been 

proposed.  ASXL1 deletion can induce MDS-like disease with impaired HSC 

repopulation and favoring granulocytic lineages, but heterozygous deletion only exhibited 

mild phenotype187.  However, as a common mutation gene, if one copy is deleted and 

another copy is mutated (ASXLMut/-), the results can be very detrimental in patients188.   

PLCG1 reduction in expression is associated with inferior survival in MDS189.  Loss of 

L3MBTL1 promotes erythroid differentiation and in combination with SGK2 can 

promote megakaryocytic proliferation as well190,191.  MYBL2 deficiency leads to the 
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development of MDS-like phenotype in aged mice population192.  The loss of PTPN1 

leads to a protracted development of MPN-like phenotype in mice193.  As sole del20q 

displayed little impact in the development of myeloid neoplasms, del20q role in 

combination with another mutation or karyotypic abnormality needs to be explored.  

With the elevated risk of disease progression in PV to myelofibrosis in the presence of 

del20q, there is an urgent need to understand the pathological process and gene(s) 

involved in the disease progression.  Of these genes, PTPN1 plays a significant role in 

modulating the activity of JAK/STAT signaling and is a promising candidate in 

JAK2V617F-induced pathogenesis.      

 

1.5 – Protein Tyrosine Phosphatase Non-Receptor Type 1 (PTPN1/PTP1B) 

 PTPN1, also referenced as PTP1B, is a ubiquitously expressed classical non-

receptor tyrosine phosphatase.  The gene is located on chromosome 20q13.1 and 

translated to a 435 amino acid protein that consisted of an N-terminal catalytic domain, 

two proline-rich domains, and a 35 amino acid C-terminal tail, which anchors the 

phosphatase to the endoplasmic reticulum (ER)194.   PTPN1's two proline-rich domains 

mediate its interaction with the protein-containing Src-homology 3 (SH3) domain, such 

as GRB2, SRC, and BCAR1 (p130Cas)195–197.  PTPN1 has also been known to direct 

target, insulin receptor (IR), JAK2, and tyrosine kinase 2 (TYK2)198,199.  A study of 

crystallography of PTPN1 and its interaction with IR reveals a phosphatase preference for 

the sequence E/D-pY-pY-R/K (E=Glutamic acid, D=Aspartic acid, pY=phosphor- 
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tyrosine, R=Arginine, K=Lysine); though PTPN1 has a higher affinity for this phospho-

signal sequence, it is not required for PTPN1 targeting200.     

 

Regulation of PTPN1  

The structural studies of PTPN1 reveal an important cysteine residue on amino 

acid position 215 of the catalytic domain to be an essential amino acid for its catalytic 

activity201.  Mutation of cysteine to serine (C215S) or alanine (C215A) will result in a 

catalytically dead phosphatase201.   In addition to the mutagenesis of the site, other 

contributing modifications to this cysteine include oxidation202, nitrosylation203, and 

sulfhydration204, all of which inhibit the activity of PTPN1.   All these modifications are 

reversible.  Oxidation, nitrosylation, and sulfhydration are induced by reactive oxygen 

species (ROS), nitric oxide (NO), and hydrogen sulfide (H2S), respectively.  Of the three, 

oxidation of PTPN1 has greater influence as it is a more prevalent physiological stimulus, 

Figure 13 – Structural domain of PTPN1.  PTPN1 consisted of 3 primary domains, 

catalytic, proline-rich, and ER anchor.  Diagram also indicates position of post-translational 

modification.  

(Villamar-Cruz et al., 2016) 
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such as inflammation and stress.  This oxidation is reversible by antioxidants, glutathione 

and glutaredoxin205.  Another interesting mutagenesis study revealed the mutation of 

aspartic acid (D) to alanine (A) at position 181 resulted in a substrate-trapping mutant of 

PTPN1 which serves as a powerful tool to identify the substrate of PTPN1206.  While not 

phosphatase dead, PTPN1-D181A has severely limited phosphatase activity, but yields 5-

fold higher binding affinity to substrates207.    

The study of cell signaling often utilizes a pan phosphatase inhibitor, sodium 

orthovanadate (or vanadate) [Na3VO4] to preserve phosphorylated signals208.  The 

absence of phosphatase inhibitors can devoid an entire lysate of tyrosine phosphorylation 

within minutes of lysis.  Mechanistically, vanadate is a structural analog of phosphate and 

so it is targeted by phosphatase and gets structurally locked.   This reaction is reversible 

when ethylenediaminetetraacetic acid (EDTA) is added, as vanadate has a higher affinity 

for EDTA and forms a complex with it209.    However, a reaction with hydrogen peroxide 

converts vanadate to a peroxide form, pervanadate.  Unlike vanadate, when pervanadate 

interacts with phosphatase, it triply oxidizes the 215-cysteine, which creates an 

irreversibly inhibited phosphatase210.  It is interesting to note that while EDTA inhibits 

vanadate, both are typically added both to a standard lysis buffer.  This is dictated by the 

importance of metal chelators in protecting proteins from damage due to metal-dependent 

enzyme activities. To overcome this, most researchers just use vanadate in excess to 

circumvent the EDTA inhibition.    
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Figure 14 – Chemical reaction of vandate to pervanadate and EDTA-complex. Vanadate 

shows structural similarity with phosphate. Vanadate react with H2O2 to generate 

pervanadate, which is form two isoform monoperoxo and diperoxo.  EDTA complex with 

vanadate and trapping the vanadium metal ions and reverse phosphatase inhibition. 
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Two lysines (K) amino acids (335 and 347) on the proline-rich motif are sites for 

the sumoylation of PTPN1, which reduces its catalytic activity211.  Interestingly, 

sumoylated PTPN1 is typically found in the inner nuclear membrane (INM) instead of 

the ER212.  This indicated a potential role for PTPN1 interaction with nuclear exporters, 

transcription, and RNA splicing.   PTPN1 can also be tyrosine phosphorylated at amino 

acid positions 66, 152, and 153 by kinases, like IR, to increase their interaction and 

PTPN1 phosphatase activities213.  Serine phosphorylation of PTPN1 at position 50 by 

AKT can inhibit phosphatase activity214.   Lastly, the ER-anchored region of PTPN1 can 

be cleaved by calpain, which creates a cytoplasmic PTPN1215.  Many would imagine this 

would great a different variant of PTPN1 that serves a different purpose, but studies of 

the role of PTPN1 and Calpain revealed its mostly induces PTPN1 degradation216,217.  In 

term of gene expression regulation, the PTPN1 promoter is extremely GC-rich218, which 

pose a potential epigenetic regulation.  Additionally, it has been identified to be targeted 

by multiple miRNAs, such as miR-135a, miR-206, miR-146-b, etc219–221.  These 

multilevel regulations of PTPN1 demonstrate the complexity of its role in the 

physiological state.    
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Figure 15 – PTPN1 involvement in insulin, leptin, and HER2 signaling pathway.  PTPN1 

targets insulin receptor directly and negatively regulates its pathway.  PTPN1 negatively 

regulate JAK2 in leptin-mediated signaling.  PTPN1 dephosphorylates inhibitory tyrosine on 

Src to enhance HER2 signaling.  
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The role of PTPN1 in metabolism 

 As previously mentioned, PTPN1 is a negative regulator of IR signaling.  Mouse 

in vivo study revealed that PTPN1 knockout mouse exhibit obesity-resistant and 

increased insulin sensitivity in comparison to wild-type (WT) mice222.  In addition to 

insulin signaling, PTPN1 also negatively regulates leptin signaling by modulating JAK2 

activity223.  Leptin signaling is a critical signaling pathway that regulates metabolic 

homeostasis.  The impairment of this signaling pathway is a key factor in metabolic 

diseases like obesity, diabetes, cardiovascular disease, and so on224.  This places a great 

emphasis on PTPN1's role in metabolic health and a major endeavor to identify potential 

therapeutic targets against PTPN1 activity.  

The role of PTPN1 role in non-hematological malignancies 

 Both oncogenic and tumor suppressor functions of PTPN1 have been suggested in 

several malignancies.  The oncogenic properties of PTPN1 are displayed in breast cancer, 

as it is commonly overexpressed in association with ERBB2 (HER2) overexpression225.  

This correlation is also observed in ovarian cancer.  The importance of PTPN1 is 

supported when mice lacking PTPN1 with HER2 overexpression would show delay or 

absence of tumorigenesis226.  This oncogenic property of PTPN1 is due to its 

dephosphorylation of inhibitory pTyr530 on SRC, thus activating it.  This oncogenic 

activation is also exhibited in non-small cell lung cancer (NSCLC), as the expression of 

PTPN1 is higher here than in benign lung diseases227.  Recently, this SRC activation is 

also been shown to promote melanoma disease progression as well228.  The fact that 

chromosome 20q amplification is often observed in these cancers, as previously 
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mentioned182, it would not be surprising to see this translated to the observed Ptpn1 

overexpression.   The tumor suppressor property of PTPN1 is also observed in cases such 

as chronic myeloid leukemia (CML), where PTPN1 directly targets and antagonizes p210 

BCR-ABL oncoprotein229.    In colon and thyroid cancer, a splice variant of PTPN1 with 

exon 6 deletion results in loss of phosphatase activity but induces oncogenic 

transformation230.   

PTPN1 has played a diverse role in the oncogenicity of the cells.  It has 

demonstrated its capabilities in regulating multiple signaling pathways, especially that of 

JAK/STAT.  With the prevalence of JAK2V617F mutation in myeloid malignancies and 

the resulting aberrant signaling, the role of PTPN1 in regulating the JAK/STAT pathway 

is put into question.  What are the role it serves in the pathogenesis of MPN and the 

effects of its deletion as a consequence of del20q?  As such, it is important to understand 

the role of PTPN1 in clonal expansion and progression of JAK2V617F-induced MPN. 
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2.1 – Introduction 

The deletion of the long arm of chromosome 20 (del20q) is a frequent karyotypic 

abnormality observed in myeloid malignancies including myeloproliferative neoplasms 

(MPN), myelodysplastic syndrome (MDS), MDS/MPN overlap disorder, and acute 

myeloid leukemia (AML).  The del20q abnormality is more commonly observed in 

MPNs, particularly myelofibrosis (MF), compared to other myeloid maligancies1.  

Polycythemia vera (PV) and myelofibrosis (MF) are subsets of MPN. While PV is 

defined by excessive production of RBCs, MF is characterized by scarring of the 

hematopoietic tissue and frequent accompanying megakaryocytosis2.  With proper 

management PV patients can maintain a decent quality of life; however, disease 

progression to myelofibrosis can adversely affect the patient’s quality of life and 

survival3,4.  Furthermore, PV patients exhibit an elevated frequency of disease 

progression and poorer survival in the presence of del20q5.  Del20q is detected in ~20% 

of MF patients and it is the most frequent karyotypic aberration observed in these 

patients6.  With the potential risks of disease progression, further investigation into the 

role of del20q in this context is needed. However, the identity of the tumor suppressor 

gene(s) associated with del20q remains elusive, as does the reason for the disproportional 

MPN bias. 

The JAK2V617F mutation is the most common somatic mutation identified in 

MPN patients, with a prevalence of approximately 97% in PV  and 50-60%% in ET and 

MF7,8.  Murine studies have demonstrated that heterozygous JAK2V617F mutation can 

induce PV-like disease9.  Furthermore, an increased JAK2V617F burden is positively 

correlated with disease severity and progression10.  In addition, perturbation of gene 



59 
 

expression can modulate disease severity, as seen with AXL11, GATA112, and HMGA213.  

The del20q abnormality is frequently observed in association with the JAK2V617F 

mutation in MF14.  Clonal analysis indicates that del20q can confer a growth advantage to 

hematopoietic cells15.   

The deleted segments in del20q can vary between patients, and the deletion can 

range between 20q12-q13.216,17.  The gene encoding protein tyrosine phosphatase non-

receptor 1 (PTPN1) lies within 20q13.1.  In a previous study, our lab demonstrated that 

genetic ablation of PTPN1 can result in a protracted development of MPN-like phenotype 

in mice14.   The function of PTPN1 remains of great interest as it has been shown to 

directly modulate the JAK/STAT signaling pathway18.  The effects of PTPN1 deficiency 

in the context of JAK2V617F mutation have not been explored, which places great 

emphasis on understanding how PTPN1 deficiency resulting from opportunistic loss of 

chromosome 20q is translated in the context of JAK2V617F-induced pathogenicity and 

its disease progression.  

We hypothesize that the loss of PTPN1 cooperates with JAK2V617F in clonal 

expansion and progression of MPN.  In this study, we investigated the effects of 

concurrent deletion of PTPN1 and expression of JAK2V617F on the disease burden in 

mice's hematopoietic compartment.  We found that concurrent heterozygous deletion of 

PTPN1 and expression of heterozygous JAK2V617F mutation in mice’s hematopoietic 

compartment resulted in significantly increased leukocyte and platelet counts in 

peripheral blood, expansion of hematopoietic stem/progenitor cells, granulocytes, and 

megakaryocytes, as well as a significantly larger spleen size compared to JAK2V617F 

expression or PTPN1 deletion alone.  We also observed a gradual reduction of RBC 
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counts along with increased expression of inflammatory cytokines and accumulation of 

reticulin fibrosis in the bone marrow (BM) and spleens of PTPN1-deficient JAK2V617F 

mice.  Additionally, we determined that the phenotypes observed in PTPN1-deficient 

JAK2V617F mice are cell-intrinsic, and that PTPN1 deficiency confers significant clonal 

advantages to hematopoietic stem/progenitors cells of JAK2V617F mice.  Homozygous 

deletion of PTPN1 in the context of JAK2V617F resulted in a more severe phenotype and 

faster progression to myelofibrosis. Together, our results suggest that deficiency of 

PTPN1 synergizes with JAK2V617F mutation in clonal expansion and progression of 

myelofibrosis.   
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2.2 – Results 

Deletion of PTPN1 in del20q is frequently observed with JAK2 mutation. 

 In collaboration with Mayo Clinic to ascertain clinical data14, we observed that 

myeloproliferative neoplasms (MPN) have the highest frequency of del20q involving 

PTPN1 deletion (Figure 1A).  In the context of myelofibrosis (MF), JAK2 mutation, 

CALR mutation, and del(PTPN1) are observed at a frequency of approximately 50%, 

10%, and 20%, respectively (Figure 1B).  These data aligned with the current 

observations in other studies1,7,8.  Moreover, among the ~20% of MF patients with del20q 

involving PTPN1 deletion, 68% also carry the JAK2V617F mutation.  

We also examined the expression level of PTPN1 in MPN patients.   Analysis of 

publicly available RNA-seq data19 from 15 healthy individuals, 18 PV patients, and 65 

MF patients showed a significant elevation of PTPN1 expression in PV that is drastically 

reduced in MF (Figure 1C).  To validate this assessment, we examine the mRNA 

expression of PTPN1 by RT-qPCR in our small cohort of patient PBMC samples (9 

healthy, 6 PV, and 7 MF) and obtained similar findings (Figure 1D).  These expression 

data are irrespective of the presence of del20q.   
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Figure 1 – PTPN1 deletion frequency and expression in MPNs. (A) PTPN1 

involved del20q deletion in different myeloid malignancies.  (B) Percentage of 

myelofibrosis (MF) patients with JAK2 mutation, CALR mutation, and deletion of 

PTPN1.  Of the PTPN1 deleted patients, ~68% have coinciding JAK2 mutation.  

(C) RNA-seq data of granulocyte.  PTPN1 expression by TPM in healthy (n=15), 

PV (n=18), and MF (n=65) patients (Schischlik et al., 2019).  (D) RT-qPCR 

expression data of Ptpn1 derived from healthy (n=9), PV (n=6), and MF (n=7) 

patient’s PBMC.  The center bar and error bar displayed represent the mean ± sem.  

Statistical analysis was done with 1-way ANOVA with Tukey multiple comparison 

test. (* = p<0.05, ** = p<0.01, and *** = p<0.001)  
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PTPN1 expression modulates the proliferation of JAK2V617F-positive 

hematopoietic cell lines.    

 We first aimed to investigate the impact of PTPN1 expression on proliferation in 

JAK2V617F mutation-positive hematopoietic cells.  To achieve this, we overexpressed 

mouse Ptpn1 in Ba/F3 VF (EpoR JAK2V617F), as well as human PTPN1 in HEL 

(human erythroid leukemic cell) and SET-2 (Human megakaryoblastic leukemic cells) 

cells.  The overexpression of PTPN1 resulted in a marked reduction in the proliferation of 

all three hematopoietic cell lines, as shown in Figure 2A-C.  To assess if the opposite 

effect is observed when PTPN1 expression is low, we established stable PTPN1-deleted 

clones of the respective cells using CRISPR/Cas9.  The proliferation of all three cells - 

Ba/F3 VF, HEL, and SET2 - showed a significant increase in comparison to their native 

counterparts, as shown in Figure 2D-F.  These results indicate the significant impact of 

PTPN1 expression on the cellular proliferation of JAK2V617F-positive hematopoietic 

cells.   
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Figure 2 – PTPN1 expression modulate the proliferation of JAK2V617F-

positive hematopoietic cell lines.  The overexpression of species-specific 

PTPN1/Ptpn1 in (A) Ba/F3 VF (JAKV617F), (B) HEL (Human erythroid leukemic 

cell), and (C) SET-2 (Megakaryoblastic leukemic cell) cells.  CRISPR-mediated 

deletion of PTPN1/Ptpn1 in (D) Ba/F3 VF, (E) HEL, and (F) SET2 cells.  All 

proliferation was completed 3 times.  Data are represented as mean ± sem. 

Statistical analysis was performed using Student-t test on the final day. 

 (* = p<0.05, ** = p<0.01, and *** = p<0.001)    



65 
 

Heterozygous deletion of PTPN1 in JAK2V617F-mice displays progressive 

leukocytosis and thrombocytosis. 

 To assess the phenotypic properties of Ptpn1 deletion, we established a 

conditional Jak2V617F knock-in and Ptpn1 deletion mouse model.  The mouse was 

generated by crossing Mx1-Cre mouse, Jak2V617F knock-in mouse, and Ptpn1 floxed 

mouse, resulting in four experimental cohorts: control (No Mx1-cre), Ptpn1+/- (induced 

Ptpn1FL/+; Mx1-Cre), Jak2V617F/+ only (induced Jak2V617F/+ knock-in; Mx1-Cre), and 

Ptpn1+/-Jak2VF/+ (induced Jak2V617F/+ knock-in; Ptpn1FL/+; Mx1-Cre).  After induction, 

blood parameters of the experimental cohorts were assessed every four weeks for 24 

weeks, and terminal analyses were performed shortly after (Figure 3A).  The Ptpn1 

heterozygous deletion was validated through bone marrow protein lysates and mRNA 

expression analysis (Figure 3B-C). 

In the 24 weeks of observation, Ptpn1+/- mice did not exhibit any discernable 

phenotypic changes compared to the control mice.  On the other hand, Ptpn1+/-Jak2V617F/+ 

mice showed a significant increase in white blood cells (WBC) compared to Jak2V617F/+ 

alone (Figure 3D).  This increase also includes the myeloid subset of WBC, neutrophils 

(NE), and monocytes (MO) (Figure 3E-F).  Interestingly, while Jak2V617F/+ displays a 

static increase in platelets, Ptpn1+/- Jak2V617F/+ mice show a drastic and progressive 

increase in platelets (Figure 3G).  Jak2V617F/+ mice have been previously established to 

exhibit PV-like disease with a marked increase of red-blood cell (RBC), hematocrit 

(HCT), and hemoglobin (Hb).  However, when Ptpn1 is deficient, there is a progressive 

reduction in RBC, HCT, and Hb (Figure 3H-J).   
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Figure 3 – Heterozygous deletion of Ptpn1 in Jak2V617F-mice display 

progressive leukocytosis and thrombocytosis.  (A) Diagram of experimental design 

and experimental cohorts.  Validation of Ptpn1 heterozygous deletion by bone marrow 

(B) protein lysates and (C) mRNA expression (n=6).  Blood parameter read out (n=8; 

all groups) every four weeks for 24 weeks after pIpC-induction showing (D) WBC, 

(E) Neutrophil (NE), (F) Monocyte (MO), (G) Platelets, (H) RBC, (I) Hemoglobin 

(Hb), and (J) Hematocrit (HCT).  Data are represented as mean ± sem.   Statistic was 

completed with one-way ANOVA with Tukey multiple comparison test.  Blood data 

statistic only show final day. (* = p<0.05, ** = p<0.01, and *** = p<0.001)    
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Ptpn1-deficient Jak2V617F/+ mice exhibit greater disease burden and poor survival.  

Following our experimental cohort for 32 weeks, it became apparent that Ptpn1+/- 

Jak2V617F/+ mice exhibited significantly inferior survival compared to Jak2V617F/+ mice 

alone, while Ptpn1+/- only mice showed no sign of distress or morbidity (Figure 4A).  

Gross examination of the mice revealed marked splenomegaly in Ptpn1+/- Jak2V617F/+ 

mice, which was greater than Jak2V617F/+ mice alone.  This splenic increase was observed 

both in size and mass (Figure 4B-C).  Analysis of the peripheral blood serum by ELISA 

showed an increase in proinflammatory cytokines, Il1b, Il6, and Tgfb in Jak2V617F/+ mice, 

which was further elevated when Ptpn1 expression is reduced (Figure 4D-F).  Despite the 

significant increase in platelet abundance observed in the peripheral blood, we assessed 

the serum concentration of thrombopoietin (Tpo) and observed no aberrant increase but 

rather an expected decrease (Figure 4G).  The concentration of Tpo is inversely 

proportional to the abundance of platelets because it is consumed upon binding to MPL20.    

 Histological examination of mouse’s bone marrow (BM) and spleen by reticulin 

staining showed a remarkable accumulation of fibrosis in Ptpn1+/- Jak2V617F/+ mice, which 

was completely absent in the control, Ptpn1+/-, or Jak2V617F/+ mice at similar age (Figure 

5A).  Furthermore, hematoxylin and eosin-stained (H&E) BM and spleen showed 

numerous megakaryocytes (MK) clusters in both tissues (Figure 5B).    Taken together, 

these finding suggest that Ptpn1+/-Jak2V617F/+ mice exhibit a significantly greater disease 

burden with faster progression to myelofibrosis. 
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Figure 4 - Ptpn1+/- Jak2V617F/+ mice exhibit poorer survival, increase splenic 

burden, and elevated serum proinflammatory cytokines with reduction in 

thrombopoietin (Tpo).   (A) Kaplan-Meier plot (n=20+) of mice survival 

probability.  (B) Gross examination of splenic size and (C) weight.  Concentration 

of proinflammatory cytokines, (D) Il1b (n=6), (E) Il6 (n=6), and (F) Tgfb (n=4), 

measured by ELISA from PB serum.  (G) Tpo (n=6) serum concentration measured 

by ELISA.  Survival plot statistical analysis was done with Log-rank Mantel-Cox 

test with p-value displayed.  All bar graph data are represented using mean ± sem 

and statistical test are done with one-way ANOVA with Tukey multiple 

comparison. (* = p<0.05, ** = p<0.01, and *** = p<0.001)    
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Figure 5 – Bone marrow (BM) and spleen of Ptpn1+/- Jak2V617F/+ mice showed 

greater deposition of fibrosis and abundance megakaryocytes (MK) clusters. 

(A) Reticulin stained BM and spleen of control, Ptpn1+/-, Jak2V617F/+, and Ptpn1+/-

Jak2V617F/+ mice.  Scale bar represent 10 µm distance.  (B) Hematoxylin and eosin 

(H&E) stained BM and spleen of same cohorts.  Scale bar represent 20 µm 

distance.      
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Ptpn1+/-Jak2V617F/+ mice exhibit increased hematopoietic stem cells with a preference 

for myeloid and megakaryocyte lineages cells.   

 Next, we want to assess the changes in the hematopoietic compartments of the 

bone marrow and spleen.  By using flow cytometry, we observed a remarkable increase 

in the hematopoietic stem cells (HSC) population, designated by the markers, lineage 

negative, Sca-1 positive, and c-Kit positive (LSK), in Ptpn1-deficient Jak2V617F/+ mice 

(Figure 6A, C). This population encompasses all three subpopulations, long-term HSC 

(LT-HSC), short-term HSC (ST-HSC), and multipotent progenitor (MPP); all of which 

are increased [data not shown].  The data is the aggregate of total cellularity from both 

the BM and spleen.  The myeloid progenitor population, which is negative for Sca-1 and 

designated as LK, is also significantly increased in Ptpn1+/-Jak2V617F/+ mice (Figure 6B-

C).  Interestingly, the megakaryocytes-erythrocytes progenitor (MEP) population, a 

subset of LK, is the largest contributor and showed the most remarkable increase was 

observed in Ptpn1+/-Jak2V617F/+ mice (Figure 6D).   

 The marked increase of MEP in Ptpn1+/-Jak2V617F/+ mice is also reflected in the 

megakaryocyte lineage (CD41+CD61+) (Figure 6E-F), providing support for the observed 

expansion of platelets in the peripheral blood.   Additionally, Figure 6G indicates that 

myeloid lineages (Gr1+Mac1+) are also significantly elevated in these mice.  

Interestingly, while the erythroblast population of (CD71+Ter119+) is elevated, its 

precursor CFU-E (colony forming unit – erythrocytes), measured by colony assay, is 

significantly reduced (Figure 6H-I).  It is important to note that the erythroblasts 

population is significantly reduced in BM but elevated in the spleen (data not shown).  

This may suggest an early onset of collapsing erythropoiesis and a shift toward 
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megakaryopoiesis in the bone marrow.  Additionally, colony assays show a significant 

expansion of an earlier precursor, CFU-GM (colony-forming unit – granulocyte and 

macrophages) and common myeloid progenitor or CFU-GEMM (colony-forming unit – 

granulocyte, erythrocyte, monocyte, and megakaryocyte) (Figure 6J-K) in Ptpn1+/- 

Jak2V617F/+ mice, which further supports the observed myeloid expansions.  A significant 

increase in CFU-Mk (colony forming unit – megakaryocytes) is also observed, which 

supports the robust increase in megakaryocytes (Figure 6L).  Together, Ptpn1-deficient 

Jak2V617F/+ mice exhibit a significant expansion of stem and myeloid lineages along with 

megakaryocyte lineages.   
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Figure 6 – Ptpn1+/-Jak2V617F/+ mice exhibit increased stemness with expansion 

of myeloid and megakaryocyte lineages. Aggregated total cellularity of (A) HSC 

(LSK) and (B) myeloid progenitor cells (LK) from spleen and BM.  (C) Flow 

gating strategy and representative %live population of LSK (right gate) and LK 

(left gate) of Control, Ptpn1+/-, Jak2V617F/+, and Ptpn1+/-Jak2V617F/+ mice (from left 

to right) in BM (top) and spleen (bottom).   Aggregated population of (D) MEP and 

(E) megakaryocytes (CD41+CD61+) (n=8). (F) Flow gating and representative 

%live population of megakaryocytes.  Aggregated population of (G) myeloid 

(Gr1+Mac1+) and (H) erythoblast.  Colony assay count of (I) CFU-E (n=8), (J) 

CFU-GM (n=8), (K) CFU-GEMM (n=8), and (L) CFU-MK (n=6).   All data graph 

data are represented as mean ± sem.  Statistical analysis was done using one-way 

ANOVA with Tukey multiple comparison.  (* = p<0.05, ** = p<0.01, and *** = 

p<0.001)    
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The phenotypic effects of Ptpn1-deficient Jak2V617F/+ are cell intrinsic.   

 Next, to determine if the exhibited phenotype is cell intrinsic, we carried out a 

bone marrow transplantation from our experimental cohorts to lethality irradiated wild-

type mice.  The experimental design is highlighted in the diagram in Figure 7A.  Blood 

parameters were assessed every 8 weeks.  Similar to the primary model, Ptpn1+/- mice 

exhibited no discernable phenotype compared to control mice.  Ptpn1+/- with Jak2V617F/+ 

mice, on the other hand, showed a significant increase in WBC and both its subset 

population of neutrophils and monocytes (Figure 7B-D).  The marked increase of platelet 

from the primary model was also observed (Figure 7E), as well as a significant reduction 

in RBC, HCT, and Hb (Figure 7F-H).   Upon gross examination, the Ptpn1+/-Jak2V617F/+ 

mice also displayed an increased splenic burden in both size and weight compared to 

Jak2V617F/+ alone (Figure 7I-J). 

 The hematopoietic compartments of the BM and spleen showed similar results to 

the primary model.  The combined BM and spleen cellularity of Ptpn1+/-Jak2V617F/+ mice 

exhibited an increase in LSK and LK population (Figure 8A-B), as well as a significant 

increase in MEP and its differentiated MK lineages (CD41+CD61+) (Figure 8C-D).  

Myeloid lineages were also elevated (Figure 8E), while erythroblasts were significantly 

decreased (Figure 8F).    Histological examination of the bone marrow by H&E and 

reticulin staining revealed Ptpn1+/-Jak2V617F/+ mice had a substantial amount of MK 

clusters and fibrosis accumulation (Figure 8G).   Overall, these results suggest that the 

phenotypic effects of Ptpn1-deficient Jak2V617F/+ mice are cell-intrinsic. 
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Figure 7 – The peripheral blood parameters and spleen enlargement in Ptpn1-

deficient Jak2V617F/+ mice are cell intrinsic. (A) Diagram of BMT experimental 

design. PB parameters assessment of BMT mice at 8 and 16 weeks showing (B) 

WBC, (C) NE, (D) MO, (E) Platelets, (F) RBC, (G) HCT, and (H) Hb (n=5). (I) 

Photographic image of spleen on gross examination and (J) the measured splenic 

weight.  All bar graph data graph data are represented as mean ± sem.  Statistical 

analysis was done using one-way ANOVA with Tukey multiple comparison.  (* = 

p<0.05, ** = p<0.01, and *** = p<0.001)    
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Figure 8 – The fibrotic progression and expansion of HSC, megakaryocytes, 

and myeloid cells in Ptpn1-deficient Jak2V617F/+ mice are cell intrinsic. 

Aggregated cellularity of (A) LSK (B) LK, (C) MEP, (D) megakaryocytes, (E) 

myeloid, and (F) erythroblast of BMT mice. (G) Bone marrow’s H&E (top) and 

reticulin (bottom) stained slides of BMT experimental cohorts (n=5).  All bar graph 

data graph data are represented as mean ± sem.  Statistical analysis was done using 

one-way ANOVA with Tukey multiple comparison.  (* = p<0.05, ** = p<0.01, and 

*** = p<0.001)    
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JAK2V617F-positive Ptpn1-deficient cells exhibit greater clonal advantages than 

JAK2V617F mutation alone. 

To assess whether Ptpn1-deficient Jak2V617F/+ cells have any potential clonal 

advantages, we performed a competitive reconstitution assay using a 1:1 mixture of 

experimental cells (CD45.2) and wild-type cells (CD45.1) transplanted to lethally 

irradiated mice and monitored for 20 weeks, as shown in the diagram in Figure 9A.  Flow 

cytometry analysis of the peripheral blood revealed that Gr1+, B220+, and TCRB+ 

populations of Ptpn1+/-Jak2V617F/+-derived (CD45.2+) cells demonstrated greater clonal 

advantages than Jak2V617F/+ alone (Figure 9B-D).  CD45 expression was not examined in 

anucleated cells (erythrocytes and platelets)21.    

Examination of the bone marrow and spleen also revealed a significant clonal 

advantage of Ptpn1+/-Jak2V617F/+-derived cells in myeloid (Gr1+Mac1+), megakaryocyte 

(CD41+CD61+), hematopoietic stem cell (LSK), and myeloid progenitor (LK) population 

(Figure 9E-I).  The clonal dominance of the Ptpn1+/-Jak2V617F/+-derived cells resulted in a 

significant expansion of these populations (Figure 10A-H).  These data suggest that 

Ptpn1-deficient Jak2V617F/+ promotes greater clonal advantages that significantly expand 

stem, myeloid progenitor, and megakaryocytes precursor.    
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Figure 9 –Ptpn1+/-Jak2V617F/+-derived cells exhibit greater clonal advantages 

than Jak2V617F/+ alone.  (A) Experimental design of competitive BMT assay. Flow 

analysis of PB’s CD45.2-positive’s (B) Gr1+, (C) TCRB+, and (D) B220+ 

population.  CD45.2-positive population of Gr1+Mac1+, CD41+CD61+, LSK, and 

LK in the (E-H) bone marrow and (I-L) spleen, respectively (n=5).  (M) 

Representative image of CD45.2 and CD45.1 gating in percentage of CD45.2.   

Line graph statistic used two-way ANOVA with Tukey multiple comparison with 

only the final week significant showed.  Bar graph statistic used one-way ANOVA 

with Tukey multiple comparison.  All data is represented as mean ± sem. (* = 

p<0.05, ** = p<0.01, and *** = p<0.001)    
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Heterozygous deletion of Ptpn1 in mice exhibits splenomegaly and platelet-lineage 

expansion after a protracted period.   

 Although Ptpn1-deficient mice did not exhibit any discernable phenotype in the 

early stages of our evaluations, a prolonged observation of over 100 weeks revealed 

marked expansion of platelets but no significant shift in the percentage of myeloid, 

lymphoid, or RBC population in the peripheral blood (Figure 11A-D).  Gross 

examination spleen showed splenic enlargement in both its size and weight (Figure 11E-

F).    While no significant changes in stem, progenitor, myeloid, or erythroid population 

were observed in the BM and spleen (data not shown), the number of CFU-MK colonies 

and CD41+CD61+ megakaryocytes was significantly increased, as well as the presence of 

Figure 10 – The clonal advantaged given by Ptpn1+/-Jak2V617F/+-derived cells 

also expanded myeloid, megakaryocytes, HSC, and myeloid progenitor cells. 

Percentage of live Gr1+Mac1+, CD41+CD61+, LSK, and LK population in the (A-

D) bone marrow and (E-H) spleen, respectively (n=5). All statistic used one-way 

ANOVA with Tukey multiple comparison.  All data is represented as mean ± sem. 

(* = p<0.05, ** = p<0.01, and *** = p<0.001)    
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MK clusters upon H&E staining. Taken together, our results suggest that Ptpn1 

deficiency leads to a unique MK-biased property.   

Figure 11 – Heterozygous loss of Ptpn1 in absence of Jak2V617F mutation can 

induce protracted development of megakaryopoiesis and spleen enlargement. 

Blood parameter observation over 100 weeks period showing (A) % myeloid, (B) 

%lymphocytes, (C) RBC, and (D) platelets.  Gross examination of spleen (E) size 

and (F) weight.  (G) BM and (H) spleen CD41+CD61+ populations.   (I) Colony 

assay count of CFU-Mk.  All bar graph data graph data are represented as mean ± 

sem.  Statistical analysis was done using student t-test and line graph statistic is on 

the final week.  Regression line is generated using LOESS model (locally estimated 

scatterplot smoothing). (* = p<0.05, ** = p<0.01, and *** = p<0.001)    
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Homozygous deletion of Ptpn1 results in faster progression to myelofibrosis in 

Jak2V617F-positive mice. 

 To evaluate the degree to which Ptpn1 expression impacts the severity of the 

disease progression, we studied the effects of homozygous deletion of Ptpn1 in the 

context of Jak2V617F/+ mutation.  While we originally observed a significant increase in 

WBC and myeloid subsets of NE and MO, Ptpn1-deleted Jak2V617F/+ mice experienced a 

collapse in WBC and NE at 20 weeks (Figure 12A-C).  The RBC parameters, including 

RBC count, HCT, and Hb, declined rapidly in Ptpn1-/-Jak2V617F/+ mice compared to both 

Jak2V617F/+ alone and Ptpn1+/- Jak2V617F/+ mice (Figure 12D-F).  Although platelets of 

Ptpn1-/-Jak2V617F/+ mice exhibited more robust platelet expansion than Ptpn1+/- Jak2V617F/+, 

they also collapsed at around 16 weeks (Figure 12G).  These Jak2V617F/+-positive Ptpn1 

knockout mice showed poorer survival than heterozygous deleted mice and exhibit far 

greater splenic burden in term of size and weight (Figure 12H-J).   

 Examination of the bone marrow and spleen revealed a significant expansion of 

the LSK, LK, and MEP populations (Figure 13A-C) as well as elevated levels of myeloid 

(Gr1+Mac1+) and megakaryocytes (CD41+CD61+) populations (Figure 13D-F).  

Reticulin-stained slides showed severe fibrosis in both the bone marrow and spleen of 

Ptpn1-/-Jak2V617F/+ mice (Figure 13G).  It is worth noting that the expansion in cellularity 

of Ptpn1-/-Jak2V617F/+ mice is primarily attributed to splenic cells, as the bone marrow’s 

cellularity is heavily compromised due to severe fibrosis.  Overall, these findings suggest 

that the absence of Ptpn1 expression in Jak2V617F/+ mice leads to severe disease 

progression and highlights the direct role of Ptpn1 expression in modulating disease 

severity. 
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Figure 12 – Deletion of PTPN1 in Jak2V617F/+ mice results in significantly 

higher disease burden and morbidity. Blood parameter of Control, Jak2V617F/+, 

Ptpn1+/- Jak2V617F/+ , Ptpn1-/-Jak2V617F/+ mice showing (A) WBC, (B) NE, (C) MO, 

(D) RBC, (E) Hb, (F) HCT, and (G) platelet (n=8). (I) Photographic image of 

spleen on gross examination and (J) the measured splenic weight.  All bar graph 

data graph data are represented as mean ± sem.  Statistical analysis was done using 

one-way ANOVA with Tukey multiple comparison.  Two-way ANOVA with 

Tukey multiple comparison was done for multiple dates.  Only final date statistic is 

shown. (* = p<0.05, ** = p<0.01, and *** = p<0.001)    
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Figure 13 – Ptpn1 knockout Jak2V617F/+ mice have greater stem, myeloid, and 

megakaryocytes expansion with severe fibrosis of the BM and spleen. Flow 

cytometric measure of aggregated BM and spleen (A) LSK, (B) LK, (C) MEP, (D) 

Gr1+Mac1+, (E) CD71+Ter119+, and (F) CD41+CD61+. (G) Reticulin stained 

section of the BM and spleen.  All bar graph data graph data are represented as 

mean ± sem.  Statistical analysis was done using one-way ANOVA with Tukey 

multiple comparison.  (* = p<0.05, ** = p<0.01, and *** = p<0.001)    

LK 
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2.3 – Methods 

Cell culture 

Murine Ba/F3 cells with stable ectopic expression of EpoR carrying the JAK2V617F 

mutation (Ba/F3 VF), human erythroid leukemic cells (HEL), and megakaryoblastic 

leukemia cells (SET-2) were cultured in RPM-1640 medium supplemented with 10% 

FBS and 1x Penicillin-Streptomycin (P/S) solution (Corning # 30-002-CI). HEK293T 

cells were used for transfection and lentiviral production and were cultured in DMEM 

medium supplemented with 10% FBS and 1X P/S. Ba/F3 VF cells were stably transduced 

with lentiviral pCDH-Puro-GFP-Flag-mPtpn1, while both HEL and SET2 cells were 

stably transduced with lentiviral pCDH-puro-GFP-3xFlag-huPTPN1. The cells were 

transduced with lentiviruses and selected in puromycin for 2-3 days. Deletion of 

PTPN1/Ptpn1 in Ba/F3 VF, HEL, and SET2 was mediated with CRISPR-Cas9 using the 

guide RNA listed in the table below, and the cells were clonally selected. Cell 

proliferation was assessed by manual counting daily for 4-5 days after equalizing the 

starting cell count. 

Mice 

Conditional Ptpn1 floxed mice22, Jak2V617F knock-in9, and Mx1-Cre mice23 were 

crossed to generate the experimental cohorts, with wild-type mice or mice without Mx1-

Cre as control.  Deletion and knock-in were induced by three intraperitoneal injections of 

polyinosine-polycytosine (pIpC). All mice used in the study were of C57BL/6 strain. 

Animal studies were conducted following the guidelines set by the Institutional Animal 

Care and Use Committee of the University of Virginia School of Medicine. Terminal 

analysis was performed after 24 weeks. 
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Patient samples 

Peripheral blood samples from MPN patients were acquired from the University of 

Virginia Cancer Center. All collected samples were obtained with informed consent, and 

the protocol was approved by the Institutional Review Board of the University of 

Virginia Health System. 

 

Blood and tissue analysis 

Blood collection from mice was taken from the tail vein. Hemavet 950FS (Drew 

Scientific) was used to measure peripheral blood counts of mice. Peripheral blood serum 

was collected from terminal cardiac puncture and analyzed for IL-1β, IL-6, TGFβ, and 

mTpo using ELISA (R&D Systems), following the manufacturer’s protocol. For bone 

marrow histology, a mouse femur was used. The femur and spleens were fixed in 10% 

neutral-buffered formalin, and the bones were decalcified using Decalcifying Solution 

(Epredia) before paraffin embedding. Paraffin-embedded tissues were sectioned (4 µm) 

and stained with hematoxylin & eosin and reticulin staining by the University of 

Virginia's Biorepository and Tissue Research Facility (BTRF). 

 

Flow cytometry 

The bone marrow cells were flushed from one femur and two tibias and RBC lysed 

before staining. Splenic cells were isolated through a 70 µm nylon mesh strainer (Fisher) 

and subsequently, RBC lysed and stained. Cells were stained for 60 minutes on ice using 

two different panels for hematopoietic stem and progenitor staining and the general 

population separately. The HSC panel included APC/Cy7-c-kit, PE/Cy7-Sca1, FITC-
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CD34, APC-Flt3, PE-CD16/32, and a lineage negative marker of PerCP/Cy5.5-CD3, 

CD4, CD8, CD19, B220, Gr1, CD127, and Ter119. The general panel included 

PerCP/Cy5.5-Gr1, BV785-CD11b, FITC-Ter119, PE/Cy7-CD71, Alexa Fluor 700-B220, 

BV605-TCRβ, APC/Cy7-CD41, and PE-CD61. Flow cytometry was performed with the 

Aurora and North Lights (Cytek Biosciences). For the competitive assay, an adjusted 

panel was used to accommodate additional markers, and CD45.1 and CD45.2 were 

stained with BV785 and FITC, respectively.   

 

Bone marrow transplantation (BMT) 

For the BMT experiment, bone marrow cells were harvested from the experimental 

cohort mice 6-8 weeks post-pIpC induction and transplanted retroorbitally at a cell 

density of 1x106 cells to lethally irradiated (2 x 550 Gy) wild-type mice of similar age.  

For competitive reconstitution assay, the bone marrow cells of experimental cohort mice 

(CD45.2+) without pIpC induction were harvested along with bone marrow cells of wild-

type (CD45.1+) mice (Jackson Lab).  The BM cells were mixed in a 1:1 ratio and 

transplanted at a density of 1 x 106 cells into lethally-irradiated wild-type mice.  Mx1-Cre 

induction with pIpC was done 4 weeks post-transplantation.  Blood analysis of CD45.1+ 

versus CD45.2+ was done using ~5-10 µl of blood from the tail vein and RBC lysed 

before staining for Gr1+, B220+, and TCRB+.  Analysis was done by flow cytometry.  

 

Colony Assay 

Colony assays were performed using the mouse bone marrow cells.   CFU-GM and CFU-

GEMM were assessed by inoculating mouse bone marrow cells in MethoCultTM GF 
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M3434 (STEMCELL Technologies).  The cells were plated in duplicates on a 3.5 cm 

dish and incubated for 6-8 days before counting.   CFU-E was assessed using 

MethoCultTM M3234 (STEMCELL Technologies) without erythropoietin.  The cells are 

plated in duplicates in a 3.5 cm dish for 48 hours and then stained with a mixture of 

hydrogen peroxide and benzidine for 24 hours before counting.    CFU-Mk was assessed 

using MegaCultTM media (STEMCELL Technologies) with added collagen solution and 

growth factors, Tpo, mIL3, mIL6, and mIL11.   The cells are incubated in chamber 

culture slides and incubated for 6-8 hours before dehydrating, fixing, and staining 

following manufacturer protocol.    

 

Real-time quantitative PCR 

Total RNA extraction of Ba/F3 VF, HEL, and SET2 cells was completed with RNeasy 

Mini Micro Kit (QIAGEN).  The RNAs were converted to cDNA using High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems).  Real-time PCR was performed 

with Quantstudio3 (Applied Biosystems).  The primer sequence used in the qPCR 

reaction is detailed below.  The readout was measured with SYBR green using the SYBR 

Green PCR master mix (QuantaBio).  All data were normalized with HPRT1/Hprt1 or 

GAPDH/Gapdh and fold changes were calculated by ΔΔCt. 

 

Data Analysis 

MPN dataset used is provided by Schischlik group19 and is available through the 

European Genome-Phenome Archive (ID EGAS00001003486).   The data were realigned 

from GRCh37 to GRCh38 using samtools and HISAT2.  Gene counts were generated 
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from featureCounts.  TPM counts, gene annotations, and selected gene expression 

profiling is done using R.  All graphing and statistic analysis were done in GraphPad 

Prism.   

 

Immunoblotting 

Cells were lysed with RIPA lysis buffer (50mM Tris-HCl, 150mM NaCl, 1% Triton X- 

100, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitors (2mM Na3VO4, 

5mM NaF, 10 mM β-glycol phosphate, 10 µg/mL leupeptin, 10 µl/mL aprotinin, 2 

µg/mL pepstatin A, 2 µl/mL antipain, and 100 µl/mL phenylmethylsulfonyl fluoride 

[PMSF]).  Immunoblotting was performed using the antibodies mPtpn1 specific antibody 

(R&D system), huPTPN1 specific antibody (EMD Millipore), and β-Actin.   

 

Statistical analysis 

For two-group analyses, a Student's t-test was used to determine statistical significance. 

For comparisons of more than two groups, one-way ANOVA with post-hoc Tukey-HSD 

test was performed to assess statistical significance. Two-way ANOVA with post-hoc 

Tukey-HSD test was performed for multiple time points and multiple groups 

comparisons. Only the final statistics are displayed. All data are expressed as mean ± 

SEM. 
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sgRNA Table 

Name Sequence 

huPTPN1_sg_E8_FWD GGATAAAGACTGCCCCATCA 

huPTPN1_sg_E8_REV TGATGGGGCAGTCTTTATCC 

huPTPN1_sg_E9_FWD GTTAGAAGTCGGGTCGTGGG 

huPTPN1_sg_E9_REV CCCACGACCCGACTTCTAAC 

huPTPN1_sg_E4_FWD GTGTGGGAGCAGAAAAGCAG 

huPTPN1_sg_E4_REV CTGCTTTTCTGCTCCCACAC 

huPTPN1_sg_E6_FWD TCTGTCTGGCTGATACCTGC 

huPTPN1_sg_E6_REV GCAGGTATCAGCCAGACAGA 

mPtpn1_sg_E2_FWD ATGCAAAGTCGCGAAGCTTC 

mPtpn1_sg_E2_REV GAAGCTTCGCGACTTTGCAT 

mPtpn1_sg_E3_FWD GAGGAGCTATATTCTCACCC 

mPtpn1_sg_E3_REV GGGTGAGAATATAGCTCCTC 

mPtpn1_sg_E4_FWD GCCCTTTACCAAACACATGT 

mPtpn1_sg_E4_REV ACATGTGTTTGGTAAAGGGC 

mPtpn1_sg_E6_FWD GCGCCGGCATCGGGAGGTCA 

mPtpn1_sg_E6_REV TGACCTCCCGATGCCGGCGC 

 

RT-qPCR Primer Table 

Name Sequence 

mPtpn1_RT_294F  CGGAACAGGTACCGAGATGT 

mPtpn1_RT_452R  GAAGTGCCCACATGTGTTTG 

huPTPN1_RT_553F  CCTGAATCACCAGCCTCATT 

huPTPN1_RT_ 697R  AGAGGCAGGTATCAGCCAGA 

mGapdh_RT_Fwd  ACTCCACTCACGGCAAATTC 

mGapdh_RT_Rev  TCTCCATGGTGGTGAAGACA 

HuGAPDH_RT_20F GAGTCAACGGATTTGGTCGT 

HuGAPDH_RT_204R GACAAGCTTCCCGTTCTCAG  
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CHAPTER III 

The mechanistic basis for synergy between PTPN1 deficiency and 

JAK2V617F mutation in myeloproliferative neoplasms  

Bao T. Le, Yue Yang, Fatoumata Jobe, & Golam Mohi 
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3.1 – Introduction 

The del20q abnormality involving PTPN1 deletion has frequently been observed 

in association with the JAK2V617F mutation in MPN/MF. In this study, we 

demonstrated that heterozygous or homozygous deletion of PTPN1 enhances the severity 

of MPN and accelerates the progression to bone marrow fibrosis in Jak2V617F mice. The 

Ptpn1-deficient Jak2V617F/+ mice exhibited increased leukocytosis, megakaryopoiesis, 

expansion of hematopoietic stem/progenitor cells, enhanced splenomegaly and 

accumulation of reticulin fibrosis in the bone marrow and spleens.  Additionally, Ptpn1-

deficient Jak2V617F/+ mice’s hematopoietic stem/progenitor cells exhibited greater clonal 

advantages compared to Jak2V617F/+ mice.  However, the mechanism by which PTPN1 

deficiency synergizes with JAK2V617F mutation in the progression of MPN has not been 

elucidated.     

Constitutive activation of the JAK2 signaling has been suggested to play a pivotal 

role in the pathogenesis of MPN.  The JAK2V617F mutation has been associated with 

three different disease models: polycythemia vera (PV), essential thrombocythemia (ET), 

and myelofibrosis (MF), but how a single JAK2V617F mutation can give rise to three 

different MPNs is poorly understood.  Research studies have identified factors such as 

clonal dominance of the cells, JAK2V617F allelic burden, and enhanced phosphorylation 

of STATs as major contributors to the phenotypic diversity and the risk of progression to 

myelofibrosis1–4.  Although PTPN1 has been suggested to negatively regulate the JAK-

STAT signaling5,6, the effects of PTPN1 deficiency on JAK2V617F-induced signaling 

have not been elucidated.   
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In this study, we demonstrated that Ptpn1 deficiency reduces Gata1 expression 

and enhances megakaryocytic cell proliferation in Ptpn1+/- Jak2V617F/+ mice.  We 

examined the effects of Ptpn1 deficiency on gene expression changes in Ptpn1+/- 

Jak2V617F/+ mice HSPC and observed significant enrichment of genes related to HSC 

signature, Notch targets, and Wnt signaling in Ptpn1+/- Jak2V617F/+ mice LSK cells.  We 

have validated several downstream target genes, such as Gata1, Klf1, Blvrb, Notch3, 

Hmga2, Axl, and Col1a1 that are significantly altered in Ptpn1+/- Jak2V617F/+ mice LSK 

cells.  In addition, we performed cell signaling studies using Ptpn1-deficient Jak2V617F 

mice bone marrow cells and PTPN1-deleted JAK2V617F-expressing hematopoietic cell 

lines. We showed that PTPN1 deficiency enhances phosphorylation of STAT1, STAT3, 

STAT5, ERK1/2 and NF-kB (p65).  In an attempt to identify novel targets of PTPN1, we 

performed co-immunoprecipitation experiments using a PTPN1 D181A substrate-

trapping mutant followed by mass spectrometry analysis. We identified several novel 

targets of PTPN1 in JAK2V617F mutant hematopoietic cells that are 

hyperphosphorylated upon PTPN1 deletion. Furthermore, we show that PTPN1 

deficiency significantly reduces the sensitivity of JAK2 inhibitor, ruxolitinib, in 

JAK2V617F-positive  hematopoietic cells, suggesting that PTPN1 deficiency may confer 

ruxolitinib resistance in patients with MPN.   
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3.2 – Results 

Megakaryocytes from Ptpn1-deficient Jak2V617F mice exhibit increased 

proliferation and induce collagen expression in BM-derived mesenchymal stromal 

cells (MSC). 

 We observed increased platelet counts and megakaryocytes in Ptpn1-deficient 

Jak2V617F/+ mice.  Therefore, we assessed whether Ptpn1 deficiency enhances 

megakaryocytic (MK) proliferation.  First, we established MK cultures from control 

(WT), Ptpn1+/-, Jak2V617F/+, and Ptpn1+/- Jak2V617F/+ mice bone marrow. Flow cytometric 

analysis confirmed >90% enrichment of megakaryocytes (Figure 1A).  The Ptpn1+/- 

Jak2V617F/+ MK cells showed a significant increase in proliferation compared to control, 

Ptpn1+/-, and Jak2V617F/+ MK cells Figure 1B).  Overexpression of Ptpn1 WT in Ptpn1+/- 

Jak2V617F/+ mice bone marrow cells ablated this proliferative advantage in MK cells 

(Figure 1B).  Previous studies suggested a link between Gata1 deficiency and MK cell 

proliferation7,8.  We found that Ptpn1 deficiency reduces Gata1 expression and increases 

MK cell proliferation, while ectopic expression of Ptpn1 WT completely rescues the 

Gata1 expression (Figure 1C).   

Inflammation is a hallmark feature of MPN/MF, and megakaryocytes are 

considered major contributors to proinflammatory cytokines production9.  We aimed to 

investigate whether soluble inflammatory mediators produced by megakaryocytes could 

induce collagen expression in bone marrow mesenchymal stromal cells (MSCs). To this 

end, we incubated culture supernatants obtained from megakaryocytes from control, 

Ptpn1+/-, Jak2V617F/+, and Ptpn1+/- Jak2V617F/+ mice bone marrow with MSCs for 48 hours.   
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Our findings showed that Ptpn1-deficient megakaryocyte cell supernatant induced 

collagen (Col1a1) expression in BM MSCs, whereas Jak2V617F/+ mutant-expressing 

megakaryocyte cells did not induce collagen expression (Figure 1D). Furthermore, 

ectopic expression of Ptpn1 WT in Ptpn1+/- Jak2V617F/+ mice megakaryocyte cells 

repressed collagen expression in MSCs (Figure 1D).   As expected, Ptpn1 expression was 

not affected in MSCs (Figure 1E).  Taken together, these results suggest that Ptpn1 

deficiency in megakaryocytes not only enhance proliferation via the downregulation of 

Gata1 but can also induce collagen formation in MSCs.  
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Figure 1 – Ptpn1+/- Jak2V617F/+-derived megakaryocytes exhibited increased 

growth and induced collagen expression BM-derived mesenchymal stromal 

cells (MSC).  (A) Flow cytometry of WT mice demonstrating before and after MK 

enrichment.  (B) MK proliferation in control, Ptpn1+/-, Jak2V617F/+, Ptpn1+/- 

Jak2V617F/+, and Ptpn1+/- Jak2V617F/+ overexpressing mouse Ptpn1. (C) mRNA 

expression of Gata1 in experimental MK cohorts.  Density normalized MK were 

grown in fresh media for 48 hours before the media was collected and incubated 

with wild-type MSC.  mRNA expression of (D) collagen I and (E) mouse Ptpn1 

expression in wild-type MSC after incubating for 48 hours in the MK-derived 

media. All graph data graph data are represented as mean ± sem.  Statistical 

analysis was done using one-way ANOVA with Tukey multiple comparison with 

MK proliferation statistic done on the final day.  (* = p<0.05, ** = p<0.01, and *** 

= p<0.001)    
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RNA-sequencing analysis to determine the effects of Ptpn1-deficiency on gene 

expression changes in Jak2V617F mice hematopoietic progenitors  

To investigate the mechanisms by which Ptpn1 deficiency contributes to the 

progression of MPN, we performed RNA-sequencing on sorted LSK cells from Ptpn1+/- 

Jak2V617F/+ and Jak2V617F/+ mice.   The principal component analysis (PCA) showed a 

discernable separation between Ptpn1+/- Jak2V617F/+ and Jak2V617F/+ mice LSK cells 

(Figure 2A).  The volcano plot revealed 1065 significantly upregulated genes and 1240 

significantly downregulated genes when comparing Ptpn1-deficient Jak2V617F/+ against 

Jak2V617F/+ alone (Figure 2B).  Gene set enrichment analysis (GSEA) showed an 

increased signature of HSC, notch targets, lymphocytes apoptosis, and WNT signaling 

(Figure 2C-F), while exhibiting a significant decrease in the enrichment of NKFB 

signaling, myeloid apoptosis, and interferon-α/γ signatures (Figure 2G-J).   

 Next, we aimed to assess the extent to which Ptpn1-deficient Jak2V617F/+ LSK 

altered gene expression corresponds with that of MF patients versus that of PV patients.  

We identified 152 significantly upregulated genes and 256 downregulated genes (Figure 

3A).  The molecular signature of these shared upregulated genes is enriched stress 

responses, HSC signature, regulation of MAPK, cell cycle, and WNT signaling, while the 

shared downregulated genes are enriched in erythrocytes regulation, IFN-γ responses, 

apoptosis, and TNFα signaling via NF-κB (Figure 3B).   The reduction in IFN-α/γ 

response is an interesting observation as IFN-α is used in the treatment of ET and PV10.  

However, IFNs are known to be a negative regulator of HSC proliferation, and prolonged 

exposure can lead to a diminished response and give rise to MK-biased HSCs11–13.   
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Using RT-qPCR, we validated the downregulated genes Gata114, Klf115, and Blvrb16, and 

upregulated genes Notch317, Col1a118, Axl19, and Hmga220 in LSK cells (Figure 3C-D).  

These genes play a significant role in enhancing HSC proliferation and 

megakaryopoiesis, reducing erythropoiesis, and the development of myelofibrosis.  We 

also validated these genes in the MEP population and found similar changes (Figure 3E-

F).  Overall, Ptpn1 deficiency alters gene expression in Ptpn1+/- Jak2V617F/+ mice 

hematopoietic progenitors, which may contribute to the progression of MPN.    
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Figure 2 – RNA-sequencing analysis of LSK cells from Ptpn1+/- Jak2V617F/+ and 

Jak2V617F/+ mice. (A) Principal component analysis of the two groups, Jak2V617F/+ 

LSK and Ptpn1+/- Jak2V617F/+ LSK.  (B) Volcano plot of the significantly 

differentiated gene expression showing 1065 upregulated in red and 1240 

downregulated in blue. Gene set enrichment analysis (GSEA) of the differential 

expressed gene showing increased enrichment in (C) HSC signature, (D) notch 

targets, (E) lymphocytes apoptosis, and (F) WNT signaling while exhibiting 

decreased signature in (G) NKFB signaling, (H) myeloid apoptosis, (I) Interferon-γ 
response, and (J) Interferon-α response. 
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Figure 3 – Examining the overlapping differentially expressed genes in LSK 

derived from Ptpn1-deficient Jak2V617F-mice to MF patients and validation 

of differentially expressed genes in LSK and MEP population. (A) Shared 

upregulated and downregulated genes from Ptpn1+/- Jak2V617F/+ versus Jak2V617F/+ 

alone and MF versus PV patients.  (B) Molecular signature of the shared genes 

with the parenthesis value denoting the FDR.  RT-qPCR validation of the 

downregulated genes, Gata1, Klf1, and Blvrb, and upregulated genes, Notch3, 

Col1a1, Axl, and Hmga2 in (C-D) LSK and (E-F) MEP.  RT-qPCR data are 

normalized to HPRT.  RNA-sequencing data statistic was done with Wald Test.  

Enriched molecular signature statistic was done with Fisher’s exact test.  RT-qPCR 

statistic was done with student t-test.   (* = p<0.05, ** = p<0.01, and *** = 

p<0.001)    
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PTPN1 deficiency hyperactivates JAK-STAT signaling. 

 PTPN1’s effects have been observed in the direct modulation of JAK-STAT 

signaling through its direct targeting of JAK25,6.  We wanted to assess whether such 

modulation occurs in the context of JAK2V617F mutation.   Using CRISPR-mediated 

deletion of PTPN1/Ptpn1 in Ba/F3 (mouse pro-B cells) expressing the EpoR JAK2V617F 

mutation, HEL (human erythroid leukemic) cells, and SET2 (human megakaryoblastic 

leukemic) cells, we observed systemic hyperphosphorylation of tyrosines in all three cell 

types (Figure 4A).   Direct examination of the JAK-STAT signaling in all three cell lines 

showed a robust increase in phosphorylation of STAT5, STAT3, STAT1, and ERK1/2 in 

absence of PTPN1 (Figure 4B).  Examining the bone marrow of our control, Ptpn1+/-, 

Jak2V617F/+, Ptpn1+/- Jak2V617F/+ mice, we also observed significant phosphorylation of 

Stat5, Stat3, Stat1, and Erk1/2 (Figure 4C).  Repeated assessment with homozygous 

deletion of Ptpn1 in context Jak2V617F yield a similar increase in phosphorylation 

(Figure 4D).   Interestingly, Stat3 and Stat1 phosphorylation appears more prominent in 

Ptpn1 deficiency.  In addition, we also observed a significant increase in the 

phosphorylation of NFKB.   Together, these data suggest significant upregulation of the 

JAK/STAT signaling with greater involvement of STAT1 and STAT3 activity in PTPN1 

deficiency.    
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Figure 4 – PTPN1 deficiency results in hyperphosphorylation of JAK2 

signaling. (A) Total tyrosine phosphorylation using 4G10 antibodies in Ba/F3 

EpoR Jak2V617F/+ cells, SET2 cells, and HEL cells.  (B) Hyperphosphorylation of 

STAT5, STAT3, STAT1, and ERK1/2 in PTPN1/Ptpn1 knocked out.  (C) 

Phosphorylation of Stat5, Stat3, Stat1, Erk1/2, and NFKB in control, Ptpn1+/- , 

Jak2V617F/+ , and Ptpn1+/- Jak2V617F/+ mouse bone marrow. (D) Phosphorylation of 

same targets in homozygous deletion of Ptpn1. 
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Identification of novel targets of PTPN1 as a potential contributing factor to MPN 

progression. 

 Although hyperphosphorylation of JAK-STAT signaling is a key factor in the 

progression of MPN, the significantly enhanced tyrosine phosphorylation seen in PTPN1-

deleted JAK2V617F-positive cells suggests that other targets may also play a role in 

contributing to the disease phenotype. To identify these targets, we used a substrate-

capturing mutant of PTPN1, PTPN1-D181A (PTPN1-DA), to perform co-

immunoprecipitation (Co-IP). To maximize the potential targets, we established a two-

systems approach that isolates the capture PTPN1 while separately providing it with 

hyperphosphorylated targets. This separate system is essential because the generation of 

hyperphosphorylated targets requires complete and irreversible inhibition of all 

phosphatases using pervanadate. The process is outlined in the diagram in Figure 5A. 

To demonstrate the efficacy of this approach, we compared PTPN1-DA with 

PTPN1-WT and an EV negative control. Using mouse Ptpn1-DA and Ptpn1-WT, we 

captured hyperphosphorylated targets from Ba/F3 VF, and observed robust target capture 

in Ptpn1-DA, but little to no target in Ptpn1-WT (Figure 5B). To ensure the integrity of 

our system, we first verified that our pull-down targets were derived from the substrate 

(Figure 5C). We then assessed the total tyrosine phosphorylation of the substrates after 

incubation with the enzyme to confirm the functionality of wild-type Ptpn1 phosphatase 

(Figure 5D). 

We then assessed the robustness of our approach by repeating the process using 

hyperphosphorylated targets derived from Jak2V617F/+ and wild-type BM (Figure 5E).  
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With the exception of greater phosphorylation in Jak2V617F/+ compared to the control, the 

targets captured by Ptpn1-DA appear similar.  We also evaluate the system in human 

SET-2 cells and also demonstrated similar pulldown from this approach in human cells 

(Figure 5F).  Interestingly, although PTPN1-DA was able to isolate PTPN1's targets 

robustly in this system, we observed different patterns and intensities of the isolated 

protein between the samples of Ba/F3 VF, mouse BM, and SET2 cells. This may be 

attributed to differences in the expression level of the targeted protein in each substrate. 

 While the phosphorylation data from the western blot provided a great insight into 

the robust targeting of PTPN1, the identity of these targets is still unknown.   To identify 

these targets, we used Ba/F3 VF’s Co-IP targets from Ptpn1-DA for mass spectrometry.  

Figure 6A shows some of the identified targets.  We directly probed for PLCG2 and 

PTK2B (also referenced as FAK2 or PYK2) and validated their interaction with PTPN1 

in Ba/F3 VF, SET2, and mouse BM (Figure 6B-D).   Validating PLCG2 and PTK2B 

from multiple sources confirms their robust involvement with PTPN1.   Furthermore, we 

validated our process with established PTPN1 targets, including JAK2 and MET.  

Reverse Co-IP using PTK2B captured substrate carrying Ptpn1-DA but not WT 

indicating PTK2B as a direct substrate of PTP N1 (Figure 6E).  Next, we assessed the 

phosphorylation status of these targets in our CRISPR-deleted cells and mouse BM.  All 

three hematopoietic cells, Ba/F3 VF, HEL, and SET2, exhibited hyperphosphorylation of 

PLCG2 and PTK2B, as well as targets like MET and SRC (Figure 6F-G).   Overall, we 

established a robust co-immunoprecipitation system that identified novel targets of 

PTPN1, such as PTK2B and PLCG2, which become hyperphosphorylated on Ptpn1 

deficiency. 
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Figure 5 – Two-system co-immunoprecipitation provides a robust method to 

pulldown PTPN1 substrates.  (A) Diagram of the generalized approached to the 

(Co-IP) process.  (B) Co-IP using empty vector, mPtpn1-D181A, and mPtpn1-WT 

on hyperphosphorylated Ba/F3 EpoR VF substrates. (C) The absence of substrates 

yielded no pulldown in Ptpn1-D181A.  (D) Tyrosine phosphorylation of unbound 

substrates after incubating with empty vector, mPtpn1-WT, and mPtpn1-D181A.  

(E) Co-IP using wild-type and Jak2V617F/+ mouse bone marrow cells as substrates.  

(F) Two-system approach using human PTPN1 construct and human SET2 cells as 

substrates. 
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Figure 6 – The identification of multiple targets including PTK2B as a direct 

substrate of PTPN1 and are robustly phosphorylated in PTPN1-deficiency.  

(A) List of interesting targets of PTPN1 from mass spectrometry.   (B) Validation 

of Plcg2 and Ptk2b as targets in Ba/F3 EpoR JAK2V617F/+ substrates, in addition to 

the known targets, Jak2 and Met.  (C) Plcg2 and Ptk2b are also directly identified 

in WT and Jak2V617F/+ BM substrates, as well as (D) human SET2 cells.   (E) 

Reverse capture of PTPN1-D181A using 293T cells overexpressing V5-PTK2B.  

Targets like Met, Plcg2, Ptk2b, and Src are hyperphosphorylated in (F) PTPN1-

deleted Ba/F3 VF, SET2, and HEL cells, as well as (G) mouse bone marrow. 
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The deficiency of PTPN1 reduces sensitivity to Ruxolitinib. 

 The accelerated fibrosis and hyperactivation of JAK2-mediated signaling in 

PTPN1 deficiency raise questions concerning the potential consequences this may have 

on patients' therapeutic approaches.   We decided to assess the impact of PTPN1 

deficiency on the sensitivity of a well-established JAK inhibitor, ruxolitinib.  We treated 

native and PTPN1 knockout HEL and SET2 cells with a concentration gradient of 

ruxolitinib and fitted them with sigmoidal least square regression to calculate the IC50.  

PTPN1-deleted HEL exhibited a significant alteration in ruxolitinib sensitivity by shifting 

the IC50 from 0.207 µM to 0.512 µM (Figure 7A).  PTPN1-deleted SET2 cells shifted 

IC50 from 0.147 µM to 0.470 µM (Figure 7B).  This reduced sensitivity is also observed 

in the non-clonally selected HEL and SET2 cells as well as the PTPN1-deficient lineage-

depleted bone marrow cells (Figure 7C-E). 

The inhibition of JAK signaling by ruxolitinib dose-dependently abrogates the 

downstream phosphorylation of STAT1/3/5 and ERK1/2.  PTPN1 deletion in HEL and 

SET2 cells shows greater preservation of phosphorylation status of STAT5, STAT3, 

STAT1, and ERK1/2 signaling which may explain the reduction in cell sensitivity to 

ruxolitinib (Figure 7C-D).  Interestingly, the phosphorylation of PTK2B is minimally 

affected by ruxolitinib and may serve as a potential therapeutic target in combination.   

This significant reduction in ruxolitinib sensitivity demonstrates the importance of 

PTPN1 expression in MPN’s therapeutic efficacy.   
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Figure 7 – PTPN1 deficiency reduces ruxolitinib sensitivity.  Ruxolitinib 

treatment of native and PTPN1 knockout (A) HEL and (B) SET2 cells with 

multiple concentration for 96 hours with calculated IC50 value shown.  Treatment is 

also done in non-clonally selected (C) HEL and (D) SET2 cells as well as (E) 

lineage-depleted cells derived from mouse BM.     Western blot of phospho-targets, 

STAT5, STAT3, STAT1, ERK1/2, and PTK2B in native and PTPN1 knocked out 

(F) HEL and (G) SET2 cells.  All data are represented as mean ± sem 
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PTK2B modulates the proliferation of PTPN1-deleted JAK2V617F-positive cells. 

 Being a direct substrate of PTPN1, we want to assess the role of PTK2B.  The 

overexpression of PTK2B in HEL cells significantly increases proliferation (Figure 8A).  

However, the reduction of expression by CRISPR yields no significant changes in 

proliferation.   On the other hand, PTK2B deficiency in PTPN1-knockout HEL cells 

significantly reduces proliferation (Figure 8B).  This indicates the pivotal role of PTK2B 

in PTPN1-deficient proliferation increase.   

 

 

Figure 8 – PTK2B modulates the proliferation of PTPN1-deleted JAK2V617F-

positive cells. (A) PTK2B overexpressing HEL cells exhibit significant increases 

in proliferation (B) PTK2B-deleted HEL cells displayed no discernable differences 

in proliferation to native HEL cells but PTK2B deleted in PTPN1 KO HEL cells 

shows significant decrease in proliferation.  Statistical analysis for 2 groups 

comparison with done with student t-test on the final day.  Statistical analysis for 

more than 2 groups was done with two-way ANOVA with Tukey HSD multiple 

comparison and displaying only final day statistics. (* = p<0.05, ** = p<0.01, and 

*** = p<0.001)    
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AXL expression demonstrates an inverse relationship with PTPN1 expression and 

can serve as a therapeutic target for cases of PTPN1 deficiency. 

 Ptpn1-deficient Jak2V617F/+ mice showed a significant increase in AXL expression 

in LSK and MEP populations.  AXL has been observed to be increased in CD34+ cells of 

patients with JAK2V617F mutation19.  This increased AXL expression is also observed 

in MF patients as well as PTPN1-deleted HEL and SET2 cells (Figure 9A-C). 

Interestingly, the direct overexpression of AXL results in a reduction of PTPN1 

expression in both cell types (Figure 9D).  The consequences of this direct AXL 

overexpression also result in a significant increase in HEL cell proliferation (Figure 9E).  

Next, we wanted to examine the potential of targeting AXL as a therapeutic option in this 

PTPN1-deficient situation.  Using two known inhibitors, bemcentinib and dubermatinib, 

we treated native and PTPN1-deleted HEL cells and observed undiscernible differences 

in the efficacy between the two cells (Figure 9F-G).  This indicates the inhibition of AXL 

is a potential therapeutic option in the situation of PTPN1 deficiency-induced ruxolitinib 

insensitivity.  This observation of AXL-mediated proliferation increases and indifference 

sensitivity to AXL inhibitors is also observed in SET2 cells (Figure 9H-J).  Overall, the 

data suggest the inverse relationship between PTPN1 and AXL expression, and targeting 

AXL can be a valuable approach in the situation of ruxolitinib insensitivity.   
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Figure 9 – AXL expression demonstrates inverse relationship with PTPN1 

expression and can serve as a therapeutic target to cases of PTPN1 deficiency.   

(A) RNA-seq data from patient’s PBMC showing significant increase in AXL 

expression in MF.  PTPN1-deleted (B) HEL and (C) SET2 cells exhibits significant 

increase AXL expression.  (D) Protein expression validation of AXL 

overexpression and decrease in PTPN1 expression. The proliferation of (E) HEL 

with AXL overexpression.  AXL inhibitors, (F) Bemcentinib and (G) 

Dubermatinib, treatment in HEL cells. (H) Proliferation of AXL overexpressing 

SET2 cells.  (I) Bemcentinib and (J) Dubermatinib treatment in SET2 cells.    All 

data are represented as mean ± sem.  Statistical analysis for proliferation was done 

using final day student t-test. (* = p<0.05, ** = p<0.01, and *** = p<0.001)   AXL 

expression RNA-seq data’s FDR was done using Benjamini-Hochberg (BH) 

method.   
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3.3 – Methods 

Cell culture 

Murine Ba/F3 cells with stable ectopic expression of EpoR carrying the JAK2V617F 

mutation, human erythroid leukemic cells (HEL), and megakaryoblastic leukemia cells 

(SET-2) were cultured in RPMI-1640 medium supplemented with 10% FBS and 1x 

Penicillin-Streptomycin (P/S) solution (Corning # 30-002-CI). HEK293T cells were used 

for transfection and lentiviral production and were cultured in DMEM medium 

supplemented with 10% FBS and 1X P/S. Cells were transduced with lentiviruses and 

selected in puromycin for 2-3 days. CRISPR-mediated cell lines were clonally selected. 

Cell proliferation was measured by manual counting daily for 4-5 days after equalizing 

the starting cell count. 

Plasmids 

PTPN1/Ptpn1 WT and DA were acquired from subcloned into pCDH vector and added 

C-terminal Flag tag.  CRISPR sgRNAs used for PTPN1/Ptpn1 deletion are listed in the 

table below and were subcloned into LentiCRISPRv2-puro construct (Addgene Plasmid 

#98290).  PTK2B plasmid was purchased from Addgene (#127233) and subcloned into 

pCDH.   PTK2B CRISPR sgRNA used for PTK2B deletion is listed below.  AXL 

plasmid was purchased from Addgene (#14998) and subcloned into pCDH.   
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MK/MSC cultures and MK colony assay 

BM was cultured for 21 days in DMEM medium supplemented with 10% FBS, 1X P/S, 

and non-essential amino acids (NEAA) to generate MSCs. For megakaryocytic culture, 

BM was cultured for 4 days in StemPro-34 SFM (ThermoFisher) medium supplemented 

with nutrient supplements, 2mM L-glutamine, Tpo (50ng/mL), and SCF (20 ng/mL) (MK 

media). MK proliferation was performed for 5 days in fresh MK media after establishing 

megakaryocytic culture. Before transferring the media to MSCs, MKs were cultured in 

fresh MK media for 48 hours and then incubated with MSCs for another 48 hours. 

 

Real-time quantitative PCR 

Total RNA extraction of sorted LSK (Lin-Sca1+cKit+) cells, megakaryocytes, and 

JAK2V617F-positive hematopoietic cell lines were completed with RNeasy Mini or 

Micro Kit (QIAGEN).  RNAs derived from LSK were prepped to cDNA using 

QuantiTect Reverse Transcription Kit (QIAGEN).  The cell line’s RNAs were converted 

to cDNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).  

Real-time PCR was performed with Quantstudio3 (Applied Biosystems).  The readout 

was measured with SYBR green using the SYBR Green PCR master mix (QuantaBio).  

All data were normalized with HPRT1/Hprt1 or GAPDH/Gapdh and fold changes were 

calculated by ΔΔCt. 

 

Immunoblotting 

Cells were lysed using RIPA lysis buffer containing protease inhibitors. 

Immunoprecipitation (IP) was carried out using HEK293T cells overexpressing FLAG-
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tagged PTPN1/Ptpn1 WT & DA and pulled down with a FLAG antibody.  The IP was 

allowed to incubate overnight under Triton-X lysis buffer (without EDTA and 1 mM 

EGTA) with protease inhibitors and sodium orthovanadate (phosphatase inhibitors).  

After overnight incubation, the pulldown PTPN1 WT/DA was washed 3 times and placed 

in Triton-X lysis buffer with 2 mM EDTA, and incubated for another 30 minutes on ice. 

Target cells were pre-treated with 1 mM pervanadate (a 1:1 mixture of 1M sodium 

orthovanadate and 1M H2O2) for 30 minutes and lysed in Triton-X lysis buffer with 

protease inhibitor but without sodium orthovanadate.  The lysates were incubated with 

the pulled-down PTPN1 for 30 minutes at 4°C and then washed 3 times before adding 

SDS lysis buffer directly. 

 

RNA-sequencing Analysis 

RNA isolation was done similarly to real-time qPCR.  Sequencing RNA was collected 

using Poly-A selection (NEB).  The library preparation process was done using NEB 

Ultra II Directional RNA Library Kit and carried out using manufacturer protocol.  

Quality assessment was made using Bioanalyzer for optimal fragment size.  Samples 

were sent to Novogene for sequencing.  Received data was given in FASTQ format and 

an integrity check using MD5SUM was completed.  FASTQ data processing was done 

using fastp for trimming and QC, HISAT2 for alignment to mouse references genome 

GRCm38, samtools for conversation to BAM files, and Subread/FeatureCounts was used 

for collecting gene count data.   Differential gene expression, PCAplot, volcano plot, 

molecular signature, and GSEA were completed in R using a combination of packages: 

DESeq2, Ensembl, ggplot2, enrichplot, and clusterProfiler.   
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Data and Statistical Analysis 

All data management and graphing were completed using a combination of EXCEL, 

GraphPad Prism, and R.  For two-group analyses, a student’s t-test was used to determine 

statistical significance.  For comparison of more than two groups, one-way ANOVA with 

posthoc Tukey-HSD test was performed to assess statistical significance.  Two-way 

ANOVA with posthoc Tukey-HSD test was performed for multiple time points and 

multiple groups comparison.  Only the final statistics are displayed. Drug IC50 was 

calculated after establishing sigmoidal interpolation from the provided data in GraphPad 

Prism.  calculated All data are expressed in mean ± SEM.   

 

sgRNA Primer Table 

Name Sequence 

huPTPN1_sg_E8_FWD GGATAAAGACTGCCCCATCA 

huPTPN1_sg_E8_REV TGATGGGGCAGTCTTTATCC 

huPTPN1_sg_E9_FWD GTTAGAAGTCGGGTCGTGGG 

huPTPN1_sg_E9_REV CCCACGACCCGACTTCTAAC 

huPTPN1_sg_E4_FWD GTGTGGGAGCAGAAAAGCAG 

huPTPN1_sg_E4_REV CTGCTTTTCTGCTCCCACAC 

huPTPN1_sg_E6_FWD TCTGTCTGGCTGATACCTGC 

huPTPN1_sg_E6_REV GCAGGTATCAGCCAGACAGA 

mPtpn1_sg_E2_FWD ATGCAAAGTCGCGAAGCTTC 

mPtpn1_sg_E2_REV GAAGCTTCGCGACTTTGCAT 

mPtpn1_sg_E3_FWD GAGGAGCTATATTCTCACCC 

mPtpn1_sg_E3_REV GGGTGAGAATATAGCTCCTC 

mPtpn1_sg_E4_FWD GCCCTTTACCAAACACATGT 

mPtpn1_sg_E4_REV ACATGTGTTTGGTAAAGGGC 

mPtpn1_sg_E6_FWD GCGCCGGCATCGGGAGGTCA 

mPtpn1_sg_E6_REV TGACCTCCCGATGCCGGCGC 
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qPCR Primer Table 

Name Sequence 

mPtpn1_RT_294F  CGGAACAGGTACCGAGATGT 

mPtpn1_RT_452R  GAAGTGCCCACATGTGTTTG 

huPTPN1_RT_553F  CCTGAATCACCAGCCTCATT 

huPTPN1_RT_ 697R  AGAGGCAGGTATCAGCCAGA 

mGapdh_RT_Fwd  ACTCCACTCACGGCAAATTC 

mGapdh_RT_Rev  TCTCCATGGTGGTGAAGACA 

HuGAPDH_RT_20F GAGTCAACGGATTTGGTCGT 

HuGAPDH_RT_204R GACAAGCTTCCCGTTCTCAG  

mCol1A_F CCTCAGGGTATTGCTGGACAAC 

mCol1A_R CAGAAGGACCTTGTTTGCCAGG 

mNotch3_RT_1123F ACAGGCCTCTTGTGTCATCTG 

mNotch3_RT_1315R CACACCGACCCAAATGTTCAC 

mBlvrb_561F AGTCAGGGCTGAAATACGTGG 

mBlvrb_721R TACTCATTGGTGGTGAGGCAC 

mKlf1_109F AGCTGAGACTGTCTTACCCTCC 

mKlf1_218R GTCTGAGGAGACGCAGGATTTG 

mGata1 225F TCAGGTGTATCCACTGCTCAAC 

mGata1 391R TGTTGTTGCTCTTCCCTTCC 

mHmga2 153F ACCCAAAGGCAGCAAAAAC 

mHmga2 278R GCAGGCTTCTTCTGAACGAC 

mAxl_RT_1773F GACGTCATGGTAGATCGGCAT 

mAxl_RT_1892R CTTCACAGCGACCTTGAGGAT 
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CHAPTER IV 

Discussion 

 

 Deletion of chromosome 20q is a karyotypic abnormality associated with myeloid 

malignancies, especially myeloproliferative neoplasms (MPN). However, the key tumor 

suppressor gene(s) involved in this pathogenesis have remained elusive. While the del20q 

prognosis in myelodysplastic syndrome (MDS) can range from neutral to favorable, it 

carries a more intermediate prognosis value in MPN. The importance of this association 

is more pressing when we observe an increased risk of disease progression, especially in 

the case of polycythemia vera (PV) when del20q is present. In this study, we have 

demonstrated a frequent association of PTPN1 deletion in del20q in patients and its 

significant overlap with JAK2V617F mutation in myelofibrosis. Using conditional 

knock-in of the Jak2V617F mutation and knock-out of Ptpn1 in a murine model, we 

observed a significant increase in leukocytosis and thrombocytosis, with a rapid decline 

in RBC count in the blood of Ptpn1-deficient-Jak2V617F/+ mice. Furthermore, the Ptpn1-

deficient Jak2V617F/+ mice exhibited an increased splenic burden and accelerated 

progression of the disease to myelofibrosis, with significant accumulation of bone 

marrow and splenic fibrosis. The overall increased disease burden and poorer survival 

indicate the pivotal role of Ptpn1 expression in Jak2V617F mutation.     

Assessment of the hematopoietic compartment showed an increase in 

hematopoietic stem cells (HSC) with a preference for myeloid lineage and 

megakaryocyte differentiation in Ptpn1-deficient Jak2V617F/+ mice.  The myeloid cell 

preferential differentiation was observed through a significant expansion in Gr1+Mac1+ 
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population, CFU-GM, CFU-GEMM, neutrophil, and monocytes.  Similarly, the MK 

preferential differentiation was shown by a significant expansion in megakaryocyte-

erythrocyte progenitor (MEP), CFU-Mk, CD41+CD61+ population, and platelets.  This 

MK expansion was also visualized in the H&E-stained bone marrow and spleen sections, 

revealing extensive MK clusters.  Furthermore, after a prolonged period, Ptpn1 

deficiency by itself also displayed a similar MK-bias property through the expansion of 

CFU-Mk, CD41+CD61+, and platelets.  These findings indicate a unique role of Ptpn1 in 

modulating megakaryopoiesis. 

To ensure the phenotype we observed is cell intrinsic, we carried out a bone 

marrow transplantation of the experimental cohorts and capitulated the phenotype 

observed in the primary model.  We also demonstrated a significant clonal advantage of 

Ptpn1-deficient Jak2V617F/+ cells over that of Jak2V617F/+ alone by competitive 

reconstitution assay.  Finally, we ascertained the role of Ptpn1 expression itself by further 

reducing its expression with homozygous deletion and demonstrated a more severe 

phenotype with greater morbidity and faster progression.   

 

Thrombopoietin (TPO) in Myelofibrosis 

Previous studies have shown that excessive thrombopoietin (TPO) fuels 

megakaryocyte expansion, which subsequently leads to fibrosis and lethality in mice1.  

However, a comparative assessment of the peripheral blood serum yields no aberrant 

elevation of TPO in Ptpn1-deficient Jak2V617F/+ mice.  Instead, decreased serum TPO 

levels were observed.  It is known that the physiological level of TPO is inversely 

proportional to the abundance of MK and platelets2.  This is due to the consumption of 
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TPO in the activation of MPL (TPO receptor). This indicates to us that pathological 

production or accumulation of TPO is not the instigator of this observed expansion.    

 

GATA1 deficiency in myelofibrosis 

Previous studies have demonstrated the role of GATA1 deficiency in 

megakaryocyte proliferation and the development of myelofibrosis3–6.  It has also been 

noted that GATA1 is expressed at low levels in megakaryocytes of MF patients7.  

GATA1 belongs to a family of hematopoietic transcription factors known for binding the 

WGATAR motif and plays a significant role in hematopoietic regulation and 

development8,9.  Our study has shown that Gata1 expression is significantly reduced in 

HSC, MEP, and megakaryocytes.  The downregulation of GATA1 in MK coincides with 

a significant increase in MK proliferation.   Our data from Ptpn1+/- Jak2V617F/+ mice 

aligned with what has been observed in MF patients.   

It is worth noting that in the low Gata1 mouse model, thrombocytopenia is 

observed along with increased MK due to a defective megakaryopoiesis process.  

However, the Gata1low model mouse utilizes genetic ablation of Gata1, which is an 

immutable process.  In contrast, our Gata1 decrease is due to genetic repression by other 

factors and is thus much more dynamic, and unlikely to cause defective 

megakaryopoiesis.   Furthermore, MF patients do not always exhibit thrombocytopenia10. 

Isolated MF CD34+ cells have shown a greater propensity for MK production than 

CD34+ cells derived from healthy or PV patients11.  Typical causes of thrombocytopenia 

are drug-induced, such as ruxolitinib or hydroxyurea-induced cytoreduction, and severe 

fibrosis, which can compromise hematopoiesis.  Along with fibrosis, this megakaryocyte 
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expansion is one of the major criteria established by the World Health Organization 

(WHO) for the diagnosis of myelofibrosis12.   

 

Role of inflammatory in MPN progression  

Another major consequence of the increase in leukocytosis, megakaryocytes, and 

thrombocytosis is the elevation of pro-inflammatory cytokines secreted by them. 

Inflammation is an immune activation response to harmful stimuli, such as pathogens or 

tissue injuries13.  Its activation supports the clearance and mitigation of the insults.  

However, dysregulation and the inability for cessation lead to chronic inflammation, 

which is implicated in the pathogenesis of MPN14.  The inflammation process is 

stimulated by the secretion of pro-inflammatory cytokines, such as IL1B, TNFα, IFNs, 

IL6, and TGFβ15,  many of which are elevated in the peripheral blood serum of Ptpn1-

deficient Jak2V617F/+ mice.   

The serum level of IL1B and IL6 are significantly elevated in MPN patients, 

including myelofibrosis14,16.  Murine model studies have demonstrated exogenous 

administration of IL1B accelerates the development of bone marrow fibrosis in the 

context of JAK2V617F mutation; while deletion of IL1 receptor ameliorates this fibrotic 

development and reduces disease burden17.  IL1B, as well as TNFα, activation can 

increase the level of IL6 in serum18.   Increased IL6 in the serum was first noted in cases 

of reactive thrombocytosis and was associated with increased platelet counts19.  Outside 

of inflammation, IL6 is a major stimulator of multiple hematopoietic differentiation 

including T-cell, B-cell, erythrocytes, and megakaryocytes, as well as promoting HSC 

self-renewal20.   
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TGFβ is another major contributor to the development of myelofibrosis.  Its 

native role contributes to embryonic development, tissue homeostasis, and hematopoietic 

cell development21.  However, in malignancies, its aberrant expression and/or signaling 

pathways have been implicated in ET and MF.  Reduced sensitivity to TGFβ inhibition 

has been observed in ET patients and hypothesized as a mean of ET development22.  In 

both the excessive TPO and low GATA1 mice studies, TGFβ was significantly elevated 

and was associated with myelofibrosis development1,3.  A study using isolated MK from 

MF patients showed increased production of TGFβ in the growth media compared to MK 

derived from healthy or PV patients11.  In addition, TGFβ also contributes to collagen 

formation23.   Our study has shown that Ptpn1+/- Jak2V617F/+ mice have a significant 

increase in peripheral blood serum levels of TGFβ.  Furthermore, using the media derived 

from Ptpn1+/- Jak2V617F/+ MK induced wild-type MSCs to produce more collagen.   While 

TGFβ may not be the only component in the media, it is likely to have contributed to the 

outcome. 

TNFα, or tumor necrosis factor-alpha, is primarily produced by macrophages, and 

the signaling pathway induced by TNFα activates NF-κB24.  While TNFα is elevated in 

MF patients, its pathogenesis is a bit more complex as TNFα can negatively regulate 

HSC self-renewal and expansions25.  However, murine studies have demonstrated that 

this property only ends up facilitating increasing clonal advantages of JAK2V617F 

mutant clones as they have increased resistance to TNFα signaling26.  Perhaps the 

elevation of TNFα is a self-antagonizing negative feedback loop that only ends up 

enriching the pathogenic cells.   As such, TNFα inhibitors have been shown to alleviate 

some symptoms but have failed to control fibrosis27.  Although we did not assess TNFα 
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serum levels, we did detect an increase in phospho-NF-κB in the bone marrow of Ptpn1-

deficient Jak2V617F/+ mice.  Our RNA-sequencing data also showed significant 

downregulation of the gene enrichment signature of TNFα-mediated signaling via NF-κB 

in LSK.  This property may explain the drastic clonal advantages Ptpn1-deficient 

Jak2V617F/+ LSK cells have over those of Jak2V617F/+ alone.     

Interferons (IFNs) are another set of common cytokines elevated in MPN patients. 

The family of IFNs consists of alpha (α), beta (β), and gamma (γ), although mostly alpha 

and gamma are associated with hematopoiesis. However, IFN-α/γ serves more of an 

antiproliferative and immunomodulatory role than actively driving disease progression28.   

IFNs inhibit human HSC colony formation in vitro29.  In murine model, IFNs negatively 

affect HSC maintenance and perturb TPO-induced STAT5 signaling30.   Interestingly, 

while negatively impacting TPO signaling, it does not impact megakaryopoiesis31.  It is 

possible that the activation of STAT1, induced by IFN-γ, circumvents this, as it has been 

shown to play a significant role in megakaryopoiesis32.  IFNs also reduce 

erythropoiesis33.   In turn, IFNs have been used for the past three decades in the treatment 

of MPNs and have shown great success as an alternative treatment to hydrxyurea28,34,35.  

While we did not assess the PB level of IFNs, Ptpn1-deficient Jak2V617F/+ LSK exhibited 

negative enrichment of both IFN-α/γ responses.   Similar to the TNF-α situation, this 

downregulation of IFN responses provides significant resistance to IFNs-induced 

inhibition that provide Ptpn1-deficient Jak2V617F/+ cells greater clonal advantages, while 

hyperphosphorylation of Stat1 provides leverage for MK expansion and erythrocytes 

reduction.  Because of this downregulated response to IFN-α/γ, it also raises a potential 
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question of the efficacy of IFN-α treatment in Ptpn1-deficient Jak2V617F/+ cells and an 

inquiry for future assessment.   

 

Associated genes in the progression of MPN 

In addition to the previously mentioned reduction in Gata1 expression, RNA-

sequencing also reveals a significant reduction in Klf1 and Blvrb, while an increase in the 

expression of Hmga2, Notch3, Col1a1, and Axl.  Kruppel-like factor 1 (KLF1) is 

associated with erythropoiesis and significantly involved in heme metabolism36; however, 

it antagonizes MK lineages.  As such, the downregulation of KLF1 favors 

megakaryopoiesis over erythropoiesis37.  Similarly, BLVRB, or biliverdin reductase, also 

plays a role in heme metabolisms38.  The deficiency of BLVRB results in MK-bias39.  

Though the role of both of these genes still needs further exploration.  Overall, the 

downregulation of BLVRB and KLF1 indicates diminished heme metabolism that affects 

erythrocyte differentiation in Ptpn1 deficient Jak2V617F/+ LSK. 

High-mobility group AT-hook 2 (HMGA2) exhibits a significant increase in LSK, 

which is further elevated in MEP.  The gene is found to be upregulated in MF patients40.  

HMGA2 is a non-histone chromatin-binding protein that binds to the minor groove of the 

DNA helix41, and it regulates gene expression by inducing conformational changes on the 

DNA structure that either repress or promote the binding of transcription factors to the 

promoter42.    

Mouse studies have shown that overexpression of HMGA2 with JAK2V617F 

mutation can enhance megakaryopoiesis and accelerate MF development43.  The 
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significant upregulation of Hmga2 in Ptpn1+/- Jak2V617F/+ LSK and MEP indicates that it 

is one potential source of enhanced megakaryopoiesis.  

Upregulation of AXL has been observed in multiple cancers such as non-small 

cell lung carcinoma and acute myeloid leukemia.  These increases are associated with 

drug resistance in both situations.  Therefore, therapeutic targeting of this tyrosine kinase 

with Bemcentinib is in clinical trials (NCT02424617 [finished – no published results], 

NCT02488408 [ongoing], NCT03824080 [finished – no published results]).   

AXL is a receptor protein tyrosine kinase that gets activated by its ligand, GAS6, 

and mediates signaling through PI3K/AKT, ERK, and PLC signaling44.  Although it 

promotes cell survival and proliferation, its direct role with PTPN1 is still unclear.  

However, AXL inhibition has shown great efficacy in targeting JAK2 mutated cells45,   

indicating the potential overlapping role of AXL and PTPN1 in drug resistance. 

The role of NOTCH3 and COL1A1 (Collagen I) is a bit more unique.  NOTCH3 

is a receptor protein that mediates cell-cell interaction and plays a significant role in 

cancer stemness46 and platelet formation47.  The signaling enrichment in Ptpn1 deficiency 

may serve to enhance stemness properties. However, its role in MPNs is poorly 

understood and requires further assessment to determine the impact.   

The increase in Collagen I is interesting because it significantly contributes to 

bone marrow fibrosis development48.  However, LSK, MEP, and MK are not major 

contributors to collagen I production, as it is mainly produced by fibroblast49.  The source 

of these bone marrow fibroblasts is mesenchymal stromal cells (MSC) in myelofibrosis50.  

Therefore, it would be more relevant to determine collagen expression from MSCs than 

LSK, MEP, or MK.  The increased expression and secretion of collagen in fibroblasts are 
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induced by growth factors such as platelet-derived growth factor (PDGF) and TGFβ, 

which are produced by megakaryocytes and platelets51,52.   It is because of this and the 

expansion of MK in MF patients that the model of how myelofibrosis develops is tied 

together. 

To assess this connection, we cultured MK from our experimental cohort for 48 

hours and transferred its media to wild-type MSC cultures. After another 48 hours in this 

MK-derived media, we assessed the MSC for changes in collagen expression. We 

observed a significant increase in collagen I expression in MSCs that were incubated in 

media derived from Ptpn1-deficient MK.    

Overall, the signature of these genes revealed a genetic landscape that is biased 

towards megakaryopoiesis in differentiation and promotes fibrosis development.   

 

The role of PTPN1 substrates, PLCγ2 and PTK2B 

We also examined the JAK signaling and showed that Ptpn1 deficiency elevates 

STAT5, STAT3, STAT1, and ERK1/2 in PTPN1-deleted JAK2V617F-positive 

hematopoietic cells, as well as mouse Ptpn1-deficient Jak2V617F/+ bone marrow.  As 

PTPN1 is a promiscuous enzyme, its absence leads to a large intracellular hyper-tyrosine 

phosphorylation.  Therefore, we aimed to identify more potential targets outside of JAK-

STAT signaling that could provide greater depth to explain some of the observed 

phenotypes. Using our established coimmunoprecipitation (Co-IP) methods, we were 

able to identify novel targets of PTPN1, such as Ptk2b and Plcγ2.    

PLCγ2, a phosphatidylinositol-specific phospholipase Cγ2, is a downstream 

signaling module of multiple cell receptors. Its activation leads to the cleavage of 
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phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2) into diacylglycerol (DAG) 

and inositol-1,4,5-trisphosphate (IP3), which induce intracellular Ca2+ release and PKC 

activation53.  This protein plays a significant role in numerous pathological conditions, 

including autoimmune54, neurological55, allergy56, and cancer57.  The role of PLCγ2 is 

most extensively studied in chronic lymphocytic leukemia (CLL), Hodgkin's lymphoma, 

and non-Hodgkin's lymphoma due to its heavy involvement in the lymphomagenesis 

process58.  In addition, it is phosphorylated by Bruton's tyrosine kinase (BTK)59, another 

target identified in Ptpn1's Co-IP.  The acquisition of a gain-of-function mutation in 

PLCγ2 is associated with resistance to Ibrutinib, a BTK inhibitor used in the treatment of 

CLL60.   In large B cell lymphoma, PLCγ2 expression is elevated in 63% of cases. 

Interestingly, high expression of PLCγ2 is associated with a good overall prognosis; 

however, inhibition of PLCγ2 inhibits proliferation and serves as a potential therapeutic 

target in the treatment of large B cell lymphoma61,62.  PTPN1 also plays a role in B cell 

lymphoma, and a recurrent mutation of PTPN1, which results reduction of phosphatase 

activity, is exacerbate the disease63.  This highlights a potential interaction role of PTPN1 

and PLCγ2 in lymphoid malignancies. 

While the role of PLCγ2 in lymphoid malignancies has been extensively explored, 

its role in the context of myeloid diseases has been less studied. Macrophage colony-

stimulating factor (M-CSF) preferentially activates PLCγ2 signaling and subsequently 

ERK, which may play a role in hyper ERK activation in addition to JAK-STAT induced 

signaling64.  Interestingly, PLCγ2-deficient mice do not appear to affect myeloid cell 

production but do impair cytokine secretion56.  This may support the production of 

inflammatory cytokines induced by PTPN1 deficiency.  Another study found that PLCγ2-
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deficient megakaryocytes (MK) result in a significant reduction in TPO mRNA 

expression, which in turn results in the reduced growth potential of MK and HSC65.  

However, as TPO is not primarily produced by MK but rather by the liver and kidney, 

this finding diminishes the impact of the study. Further investigation is needed to 

understand the role of PLCγ2 in the context of MK, as well as the interaction between 

PLCγ2 and PTPN1 in myeloid hematopoiesis and malignancies.     

PTK2B, also known as protein tyrosine kinase 2 beta, has several other prevalent 

names, including proline-rich tyrosine kinase 2 (PYK2) and focal adhesion kinase 2 

(FAK2). Although sharing structural domain similarity with FAK1, the two proteins are 

only 46% homologous66, indicating a potentially unique role between them.  Notably, 

while FAK1 is essential for embryogenesis, PTK2B is not67,68.  PTK2B plays a 

significant role in the cytoskeletal dynamic, and as such, it is well associated with the 

epithelial-to-mesenchymal transition (EMT) process69.  Moreover, overexpression of 

PTK2B is also associated with numerous cancers70.  

In terms of myeloid hematopoiesis and malignancies, PTK2B has a significant 

role in platelet function.  PTK2B-deficient mice exhibit a prolonged bleeding time but 

were protected from thrombosis71.  Additional studies, as well as human studies using 

PTK2B inhibition, validate this protection from thrombosis72,73.  Furthermore, the 

activation of PLCγ2 induces downstream activation of PTK2B through PI3K activation, 

promoting thrombus formation74.  While PTK2B's involvement in the progression of 

MPN or MK-bias is unclear, it has demonstrated a remarkable role in the thrombosis 

process.  Thrombosis is the biggest morbidity risk in MPNs and the major deciding factor 

in patients’ treatment options75.  We observed a significant increase in PTK2B 
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phosphorylation as a consequence of PTPN1 deficiency.  Along with thrombocytosis, this 

might explain the increased morbidity observed in mice with PTPN1 deficiency.  

Although this property has not been explored, we were able to determine that the increase 

of PTK2B expression can induce increased proliferation in HEL cells.  Furthermore, in 

the absence of PTPN1, PTK2B activity becomes an impactful driver of proliferation, as 

demonstrated when PTPN1-deleted cells exhibit a significant reduction in proliferation in 

the absence of PTK2B.  However, in isolation, PTK2B deletion does not exhibit this 

reduction in proliferation. 

 

JAK2 inhibitor insensitivity 

The hyperactivation of JAK-STAT signaling raised a question about the efficacy 

of ruxolitinib, a JAK1/2 inhibitor, in PTPN1-deficient cells.  In both PTPN1-deficient 

HEL and SET2 cells, we observed a 2 to 3-fold decrease in sensitivity to ruxolitinib.  

This reduction in sensitivity was also observed in non-clonal cells, as well as lineage-

depleted BM cells.  Upon assessing the JAK-STAT signaling, we found that the 

phosphorylation signals of STAT1, STAT3, STAT5, and ERK1/2 were better preserved 

when challenged with ruxolitinib in PTPN1-deficient cells, compared to native HEL and 

SET2 cells. In contrast, the phosphorylation of PTK2B was minimally impacted by 

ruxolitinib. This reduction in ruxolitinib sensitivity poses a great concern for patients 

undergoing treatment with the drug. 

PTPN1 deficiency significantly elevates AXL expression in LSK and MEP as 

well as both hematopoietic cell lines, HEL and SET2.  AXL expression has been heavily 

implicated in drug resistance in multiple cancer treatments76–79.  We found that AXL 
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overexpression promotes increased proliferation in HEL and SET2 cells, while also 

reducing PTPN1 expression.  This interesting dynamic interaction between AXL and 

PTPN1 expression that could be further explored.  To see if the AXL inhibition could 

provide an alternative treatment to ruxolitinib, we evaluated the properties of two 

different AXL inhibitors, bemcentinib and dubermatinib, in native and PTPN1-deficient 

HEL cells.  We found that both native and PTPN1-deficient cells exhibited similar 

sensitivity to bemcentinib and dubermatinib indicating no or minimal impact when 

targeting AXL in PTPN1 deficiency.  As such, targeting the AXL signaling axis may 

provide a therapeutic option when targeting JAK/STAT signaling axis is compromised, 

such as in the situation of PTPN1 deficiency.  Future examinations can be made to 

address the potential efficacy of combination therapy with AXL inhibitors and 

ruxolitinib, as well as the potency of targeting AXL in a direct ruxolitinib-resistant cell. 

In this study, we have demonstrated the ramification of chromosome 20q deletion 

involving the loss of PTPN1 when the JAK2V617F mutation is present. Such an 

opportunistic event not only provides a clonal advantage to the cells, it aggressively 

drives JAK2V617F-induced MPN disease progression toward myelofibrosis. We have 

also demonstrated the nature of this pathogenicity through a combination of robust 

expansion of HSC, myeloid cells, and megakaryocytes that contributes to the 

inflammatory environment and drive fibrosis development.  The insight from this study 

will help advance our understanding of the risk involved in the presence of this karyotype 

abnormality and readjust our therapeutic approach.  
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Future works 

For our future work, we aim to identify additional contributors to del20q in 

addition to PTPN1.  Previously explored targets, such as SGK2 and L3MBTL1, have 

been shown to cause dysregulation of erythropoiesis and megakaryopoiesis80, processes 

that are also affected by PTPN1 deficiency.  Therefore, we plan to investigate the 

synergistic potential of these targets and establish a more comprehensive model of del20q 

in MPN.  Based on the resulting phenotype, we will examine the signaling pathway and 

gene expression to elucidate the mechanism underlying the observed phenotype. 

Another important interaction is the interplay between PTPN1 and AXL.  The 

knockout of PTPN1 induced a significant increase in AXL expression and the 

overexpression of AXL reduces PTPN1 expression.  This inverse relationship is poorly 

understood and we want to determine the mediator that defines this property and connects 

their signaling pathway.  We would also examine the expression of PTPN1 upon 

treatment with AXL inhibitors to see if the relation is expression-dependent or activity-

dependent and if the change is dose-dependent.  As both are involved in therapeutic 

resistance, we want to further explore the dynamic between these two and their 

contribution to processes.   

The activities of PLCG2 and PTK2B were not deeply explored in this study, and 

their potential involvement in the thrombosis process and increased morbidity in Ptpn1-

deficient Jak2V617F/+ mice will require further investigation.  However, their potential as 

therapeutic targets raises the possibility of using PTK2B inhibitors to reduce morbidity 

risk in PV and MF patients, especially those with del20q and reduced PTPN1 expression. 

Additionally, their contribution to the megakaryopoiesis process and therapeutic impact 
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have not been fully examined.  We can explore their involvement in megakaryopoiesis 

through in vitro overexpression studies using cultured MK, as well as in vivo BMT to 

assess the phenotypic outcome.   

Finally, we aim to investigate the effects of cytokine activity on the nature of the 

disease.  Since we observed a reduction in IFN response in Ptpn1-deficient Jak2V617F/+ 

LSK, we question the efficacy of IFN-α treatment in this context if the response is 

significantly repressed.  We also hypothesize that clonal advantages of PTPN1 could be 

due to prolonged exposure to TNFα, IFN-α, and IFN-γ signaling, which diminished the 

responses to these signals and provide proliferative advantages to HSC.  To examine this, 

we plan to utilize a TNFα/IFN blocker/antagonist, such as adalimumab used in the 

treatment of rheumatoid arthritis81, or IFN-α kinoid which is used in the treatment of 

lupus82, to see if it negates the advantages PTPN1-deficient clone has and reverses the 

consequences of Ptpn1 deficiency in the context of Jak2V617F mutation.    

Overall, the impact of our study provides invaluable knowledge of the disease 

modality associated progression of PV to MF and the risk imposed by del20q.  This 

knowledge will be crucial to advancing our current therapeutic approaches, as we strive 

to improve the quality of life for every impacted patient. 
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APPENDIX 

The role of MYBL2 in myeloproliferative neoplasms 

Bao Le and Golam Mohi 

 Besides PTPN1, we have investigated other genes deleted in 20q deletion 

syndrome, including MYBL2, a nuclear protein involved in cell cycle progression. We 

studied the role of MYBL2 in both hematopoietic cell lines and a murine model, which 

allowed us to determine its essential role in the survival of hematopoietic cell lines. 

However, unlike PTPN1, MYBL2 appears to have no involvement in the pathogenesis of 

myeloproliferative neoplasms (MPNs). 
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 We overexpressed and knocked down MYBL2 in both HEL and SET2 cells and 

validated the expression changes by Western blotting. The cells overexpressing MYBL2 

did not show any significant changes in proliferation. However, knocking down MYBL2 

in HEL and SET2 using two different shRNAs resulted in a significant reduction in the 

proliferation of both cell lines. These results indicate the essential role of MYBL2 in cell 

survival.  

Figure 1 – MYBL2 expression on the proliferation of JAK2V617F-positive 

hematopoietic cell lines, HEL and SET2.  
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 To investigate the phenotypic effects of Mybl2 deficiency in the context of 

JAK2V617F mutation, we established an experimental cohort of control, Mybl2+/-, 

Jak2V617F/+, and Mybl2+/-Jak2V617F/+ mice. Blood parameter assessment revealed a 

significant reduction in white blood cell (WBC) count in Mybl2+/-Jak2V617F/+ mice 

Figure 2 – Heterozygous deletion of MYBL2 in context of JAK2V617F mutation exhibits 

no significant alteration in the disease progression  
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compared to Jak2V617F/+ alone, whereas red blood cell (RBC) and platelet counts were 

unaffected by the Jak2V617F mutation. The splenic size was also unchanged in Mybl2-

deficient mice with the Jak2V617F mutation. Analysis of the hematopoietic compartment 

of the bone marrow and spleen showed no significant alteration in the populations of 

hematopoietic stem and progenitor cells (LSK and LK), myeloid cells (Gr1+Mac1+), 

megakaryocytes (CD41+CD61+), or erythroid cells (CD71+Ter119+). These results 

suggest that while MYBL2 is essential for hematopoietic cell survival, heterozygous 

deficiency of Mybl2 does not contribute to the development of myeloproliferative 

neoplasms (MPNs).   
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Interleukin-1 contributes to clonal expansion and progression of bone marrow 

fibrosis in JAK2V617F-induced myeloproliferative neoplasm 

Mohammed Ferdous-Ur Rahman, Yue Yang, Bao T. Le, Avik Dutta, Julia Posyniak, 

Patrick Faughnan, Mohammad A. Sayem, Nadine S. Aguilera, & Golam Mohi 

Nature Communications 2022  

[doi: https://doi.org/10.1038/s41467-022-32928-3] 

  

 This publication investigates the roles of interleukin-1 (IL-1) and inflammation in 

the pathogenesis of myeloproliferative neoplasms (MPNs). Our study shows that genetic 

deletion of IL-1 receptor normalizes blood parameters induced by the Jak2V617F 

mutation, reduces splenomegaly, and ameliorates bone marrow fibrosis. My role in the 

project involved supporting the bioinformatic analysis, which included evaluating the 

expression of interleukin-1 in MPN patients with different driver mutations and analyzing 

the populations of hematopoietic stem and progenitor cells (LSK) and mesenchymal 

stromal cells (MSCs) derived from mice treated with PBS and IL-1β. 

  

https://doi.org/10.1038/s41467-022-32928-3
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Expression of IL-1 is elevated in MPN 

 

  

I used the publicly available MPN RNA-seq dataset to extract normalized read 

counts for both IL1A and IL1B genes. The expression levels of both genes were stratified 

based on the presence of JAK2V617F mutation, CALR Type 1 mutation, and CALR 

Type 2 mutation in MPN patients, in order to identify any significant elevation of IL1A 

and IL1B expression. Furthermore, I plotted the expression levels of IL1A and IL1B 

against the JAK2V617F allele burden and found a significant positive correlation 

between the two.    

  

Figure 3 – Expression of IL-1 is elevated in MPN.   
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Effects of IL-1β on gene expression in Jak2V617F mice hematopoietic progenitors. 

 

 

Figure 4 – Effects of IL-1β on gene expression in Jak2V617F mice hematopoietic 

progenitors. 
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 We isolated LSK cells from the bone marrow of mice that were treated with PBS 

and IL-1β, and then sent them for RNA-sequencing. Differential gene expression analysis 

was performed, and the results were visualized using a volcano plot. Gene-set enrichment 

analysis (GSEA) was then conducted to reveal the enrichment signature of myeloid 

development, MYC targets, MTORC1 signaling, and translation. By overlapping the 

upregulated genes of IL-1β-treated murine LSK cells with those of MF patients, we 

identified shared genes that exhibit similar gene signatures to the GSEA. We then 

selected genes from these enriched pathways and visualized them using a heatmap, with 

the highlighted genes further validated using qPCR. 
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Effects of IL-1 on gene expression changes and collagen expression in BM 

mesenchymal stromal cells 

 

 

Figure 5 – Effects of IL-1 on gene expression changes and collagen expression in BM 

mesenchymal  
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 We performed a similar RNA-sequencing analysis on mesenchymal stromal cells 

that were treated with either PBS or IL-1β. Differential analysis was visualized using a 

volcano plot, with the gene signature showing enrichment in cytokine production, 

inflammatory response, apoptosis, and cell-cell adhesion. Key genes from the selected 

enrichment were then shown in a heatmap.   
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U2af1 is required for survival and function of hematopoietic stem/progenitor cells 

Avik Dutta, Yue Yang, Bao T. Le, Yifan Zhang, Omar Abdel-Wahab, Chongzhi Zang, & 

Golam Mohi 

Leukemia 2021 

[doi: https://doi.org/10.1038/s41375-020-01116-x] 

 This project investigates the role of U2AF1 in normal hematopoiesis. Conditional 

deletion of U2af1 in mice results in defective hematopoiesis characterized by 

pancytopenia and ablation of hematopoietic stem and progenitor cells (HSPCs), which 

leads to early lethality due to bone marrow failure. In this project, I provided 

bioinformatic analysis support, which included RNA sequencing analysis and alternative 

splicing analysis. 

 

https://doi.org/10.1038/s41375-020-01116-x
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Effect of U2af1 deletion on gene expression profile in HSPC

 

 

Figure 6 – Effect of U2af1 deletion on gene expression profile in HSPC.  
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 We performed an RNA sequencing analysis on murine LSK populations, 

comparing U2af1 knockout and U2af1 wild-type. Differential analysis was shown 

through a heatmap, which displayed the top upregulated and downregulated genes. Gene-

set enrichment analysis revealed that the loss of U2af1 resulted in negative enrichment of 

hematopoietic stem cells and proliferation signature, while having a positive enrichment 

of DNA damage response. 
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Effect of U2af1 deletion on RNA splicing 

 

 

Figure 7 – Effect of U2af1 deletion on RNA splicing.  
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 We processed the RNA sequencing data using rMATS to determine significantly 

altered splicing events. The resulting data showed a significant number of exon skipping 

and intron retention events. We mapped the level of exon inclusion between U2af1 KO 

and WT and identified genes with both significant splicing events and differential 

expression. These genes were shown in a Venn diagram, with the highlighted genes being 

further examined using a sashimi plot to visualize the specific exon-skipping events. 

 


