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c-Mpl, an cell surface receptor in hematopoietic stem and progenitor cells, 

activates survival and differentiation signaling pathways upon binding its ligand, 

thrombopoitein. Understanding the regulation of this influential receptor is of great 

importance to hematology for academic studies and clinical science.  In this study, we 

characterized the clathrin-mediated internalization of activated c-Mpl and the processes 

leading to c-Mpl degradation.  RNAi experiments revealed the importance of adaptor 



 ix 

protein 2 (AP2) in mediating the internalization of c-Mpl.  We identify, in c-Mpl, two 

motifs (Y8RRL and Y78RRL) that match a consensus sequence shown to bind to AP2 

(YXXΦ).  Experiments with c-Mpl mutants in these mofits showed great inhibition of c-

Mpl internalization. Y8RRL was also found to influence targeting of c-Mpl to lysosomal 

degradation. Previous studies have reported presence of endosomal signaling from 

activated receptors internalized from the cell surface.  Through inhibition of receptor 

internalization experiments with wildype c-Mpl, we also presented data that suggest  

c-Mpl exhibit endosomal signaling and showed receptor internalization plays a crucial 

role for c-Mpl to trigger AKT, ERK1/2, and Jak2 activation pathways. 
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CHAPTER 1 
 
 

Characterization of c-Mpl Internalization 
 

YRRL motifs in the cytoplasmic domain of the thrombopoietin receptor c-Mpl regulate 
receptor internalization and degradation. 



 

INTRODUCTION 
 

Extracellular signaling is essential for the normal function of cells.  Cell surface 

Receptors sence physical and chemical stimuli that influence the cell to activate 

molecular programming for survival, death, and many other morphological changes1.  For 

megakaryocytes, the progenitor cells of platelets, differentiation and survival is 

stimulated by the hormone  thrombopoietin (TPO), through its cell surface receptor, c-

Mpl1;2.  The interactions between c-Mpl and intracellular signaling proteins are of great 

relevance to clinical studies for the insights into the regulation of platelet production. 

Megakaryocytes are large cells that reside in hematopoietic tissues, especially the 

bone marrow, with their primary function being platelet production1.    Stimulation of c-

Mpl by TPO promotes megakaryocyte differentiation (termed megakaryopoiesis) a  

processes that involves rapid growth and replication of their DNA through multiple 

mitosis-like cycles.  However, these DNA replication cycles are not coupled by the usual 

cytokinesis that mark the end of mitosis and are thus termed “endomitosis”3;4.  The post-

endomitosis matured megakaryocyte forms proplatelet processes that extend into blood 

vessels and continuously break off to release platelets into the circulation4.  

TPO is a 353 amino acid hormone made primarily in the liver and kidneys.  In 

humans, TPO is coded on chromosome 3 with two potential isoforms still under 

investigation.  Although there exists native truncated forms of TPO, the complete human 

TPO molecule is not required for biological activity5.  Classified as a hematopoietic 

growth factor for its ability to trigger proliferative signaling in hematopoietic cells, 

TPO’s functionality parallels that of its close relative, erythropoietin (EPO), with whom 

TPO shares 45% homology in its first 153 amino acid.  While Epo stimulates the 
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production of red blood cells, TPO alternatively stimulates the production of platelets 

(termed thrombopoiesis)6;7.  Though not required for platelet production, murine TPO-

knockout models have displayed severely compromised ability produce platelets and 

great susceptibility to thrombocytopenia.  Regulation of TPO concentration in the blood 

circulation is accomplished not only by controlling TPO production but also by 

proteolysis of TPO mediated through it own receptor, c-Mpl8. 

c-Mpl is a 635 amino acid transmembrane cell surface receptor was initially 

discovered as an oncogene from the murine myeloproliferative leukemia virus (v-Mpl) 

for its ability to immortalize bone marrow hematopoietic cells from different lineages. c-

Mpl has since been characterized in multiple organisms9;10.  In human, c-Mpl is coded by 

a 3.6kb gene located on chromosome 1.  Other common synonyms for c-Mpl are Tpo-R 

and CD110.  As one of many hematopoietic growth factor receptor, c-Mpl is activated by 

binding extracellular TPO. With its ligand bound, the homodimer c-Mpl activates on the 

plasma membrane and its cytoplasmic tyrosines become phosphorylated1. These 

phosphorylated tyrosines provide docking sites for other cytoplasmic proteins involved in 

intracellular signaling, and the signal is then propagated through the actions of these 

subsequent proteins. One notable cytoplasmic tyrosine site, positions Y78, had been 

identified to influence c-Mpl’s signaling and trafficking8. 

Given the importance of TPO signaling, hematopoietic cells have evolved many 

mechanisms that can regulate the signal. The internalization of c-Mpl from the cell 

surface by clathrin-mediated endocytosis is one approach to down regulating TPO-

triggered signaling and will be the focused mechanism in this study8.  
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CHAPTER 2 
 
 

Characterization of c-Mpl Endosomal Signaling:  The dual functions of c-Mpl 
internalization 



 

INTRODUCTION 
 

In a prior investigation, we have shown TPO-triggered signaling through c-Mpl 

provides its own down regulation by inducing c-Mpl internalization.  Interestingly, we 

also discovered that c-Mpl internalization was required for a measurable spike in early 

activation of extracellular signal-regulated kinases (ERK1/2).  Western blot analysis of c-

Mpl wildtype exhibited a higher level of initial TPO-stimulated ERK1/2 activation than 

c-Mpl mutants that could not internalize as well.  This finding led us to suspect that c-

Mpl may contribute to additional intracellular signaling after it has been brought into the 

cell and suggested c-Mpl internalization is not only a mechanism to turn off signals but 

also required to trigger other additional signaling8.  

Janus kinase 2 (Jak2), a tyrosine kinase, associates with the cytoplasmic domain 

of c-Mpl and is the first subsequent protein that becomes activated after TPO binding11;12. 

c-Mpl activates on the cell surface after binding TPO and through conformational 

changes, brings Jak2 molecules within close enough proximity to activate each other by 

cross phosphorylation.  Activated Jak2 then phosphorylates c-Mpl’s cytoplasmic 

tyrosines to provide SH2 domains for STAT targeting11-13.  This propagation of signal 

ultimately inhibits apoptosis and promotes proliferation.  The critical importance of Jak2 

is illustrated by the developmentally lethal effect of Jak2 double knockouts in mouse13. 

Conversely, when Jak2 is left unchecked, continual activation of Jak2 leads to 

meyloproliferative disorders as seen with Jak2 V617F mutants. 

ERK1/2, a mitogen-activated protein kinase, serves as one of many proteins that 

connect an extracellular signal to the nucleus of a cell. Though not directly associated 

with c-Mpl like Jak2, ERK1/2 carries a signal transmitted by activated c-Mpl that 

33



 

contributes to cell proliferation and stimulates megakaryopoiesis14;15.  When c-Mpl is 

active, ERK1/2 consequently becomes phosphorylated, an indication of ERK1/2 

activation.  This activation has been shown to be triggered differentiation in 

hematopoietic stem cells8.  The duration of active ERK1/2 signaling have also been 

shown to influence physiological outcome16.  Sustained ERK1/2 signaling for several 

hours have been connected with S-phase entry in fibroblasts, while short term signaling 

of less than 30 minutes does not elicit such response.  In PC12 cells, differentiation 

correlates with sustained activation of ERK1/2 while a transient signal from the ERK1/2 

pathway does not induce this morphological change17.  This study alternatively 

investigates the strength of ERK1/2 activation as influenced by c-Mpl internalization.  

We hypothesize that internalized activated Mpl stimulates further intracellular signaling 

while in its endosome and is responsible for the previously observed spike in ERK1/2 

activation. 

In addition to the ERK1/2 and Jak2 signaling pathways, AKT (also known as 

Protein Kinase B) activation will also be tested. Like Jak2, AKT activation also promotes 

anti-apoptotic, pro-survival signaling.  Inactive AKT normally resides in the cytoplasm of 

the cell.  Stimulation of transmembrane receptors that induce the phosphorylation of 

membrane bound phosphoinositides by PI-3 kinase provides docking sites which target 

AKT to the membrane18.  This, in combination with recruitment of another kinase, 

phosphoinositide dependent kinase 1 (PDK1), causes AKT to become active and able to 

phosphorylate other proteins to propagate the signal.  

By comparing and contrasting the differences in signaling between situations of 

normal internalization and inhibition, we aim to explore presence of intracellular 
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signaling from internalized c-Mpl.  To investigate this potential role, we employ siRNA 

knockdown of clathrin and pharmacological drugs to inhibit wildtype c-Mpl 

internalization after TPO stimulation.  The pharmacological inhibitors include: 

phenylarsine oxide (PAO), dansylcadaverine (DAC), and dynasore (DYN).  

PAO, though a well-publicized inhibitor of cell surface receptor internalization, is 

less specific for inhibiting the endocytosis mechanism that is responsible for c-Mpl 

internalization19.  To address this, DAC and DYN are used to target specifically the 

clathrin-mediated mechanism which c-Mpl relies on for internalization.  DAC enacts by 

stabilizing clathrin cages while DYN inhibits dynamin GTPase activity20.  Both forms of 

inhibition results in an inability to form complete endosomes from invaginations and 

retain c-Mpl residence on the cell surface. 
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MATERIALS AND METHODS 

Chemicals and Reagents 

Pharmacological inhibitors dansylcadaverine (DAC), phenylarsine oxide (PAO), 

and dynasore (DYN) were purchased from Sigma (St. Louis, MO.). Clathrine siRNA was 

a cocktail purchased from Dharmacon (Lafayette, CO) composing of 4 sets: 

 
Sense: CAACUUAGCUGGUGCUGAAUU 

Antisense: 5’-PUUCAGCACCAGCUAAGUUGUU 

 
Sense: UAGAGGAGCUUAUCAACUAUU 

Antiense: 5’-PUAGUUGAUAAGCUCCUCUAUU 

 
Sense: UCACAGAGCUAGCUAUUUUUU 

Antisense: 5’-PAAAAUAGCUAGCUCUGUGAUU 

 
Sense: GAUCAUCAAUUACCGUACAUU 

Antisense: 5’-PUGUACGGUAAUUGAUGAUCUU 

 
Primary polyclonal rabbit anti-mouse antibodies: clathrin, phospho-Akt, phospho-

Erk, phospho-Jak2 and their corresponding total protein version were purchased from 

Cell Signaling (Denvers, MA.). Monoclonal mouse anti-actin was purchased from Sigma.  

Secondary antibodies: goat anti-rabbit-horseradish peroxidase (HRP) and rabbit anti-

mouse-HRP was purchased from Santa Cruz Biotechnology (Santa Cruz, CA.) and 

fluorescently labeled goat anti-rabbit-488 was purchased from Invitrogen (Carlsbad, 

CA.).  
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Cell Lines and Culture Conditions 

The interleukin-3 (IL-3)-dependent lymphoid cell line BaF3 cells expressing 

human wild type c-Mpl (BaF3-Mpl) obtained from a previous study was maintained in 

RPMI containing 10% fetal bovine serum (FBS) supplemented with IL-3 (2ul/mL 

conditioned medium from IL-3-producing baby hamster kidney cells). 

 
siRNA Knockdown 

Working stock of 20uM siRNA cocktail was prepared in supplied RNase free 

buffer. A final concentration of 100nM clathrin siRNA was used in each transfection.  

Washed cells were transected with Amaxa’s (U.S.A.) Nucleotransfection Kit V running 

program X-001 on the Nucleofector machine (www.amaxa.com).  Transfected cells were 

maintained in RPMI containing 10% FBS and IL-3.  Cell lysis was performed to collect 

protein for western blotting at day 0, 1, 2, and 3 following transfection. 

 
Tpo Dose Dependent Internalization Assays 

BaF3-Mpl cells were washed with cold phosphate buffered saline (PBS) and 

resuspended in RPMI containing 10% FBS without IL-3 before stimulation with tested 

concentration of recombinate human Tpo (TPO).  Incubation was carried out for 15 min 

at 37°C.  Cells were then immediately washed with cold PSB containing 5% BSA (PBS-

B) and proceeded to flow cytometry protocol. 

 
Dansylcadaverine Treatment Assay 

BaF3-Mpl cells were washed with cold PBS and resuspended in RPMI containing 

10% FBS without IL-3 before treatment with DAC.  Working stock was made in DMSO. 
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Cells were incubated with tested concentrations of DAC for 10 min at 37°C before rhTpo 

stimulation.  For flow cytometry, cells were stimulated with 50ng/mL rhTpo for 5 min at 

37°C after treatment.  For western blotting, cells were stimulated with 50ng/mL rhTpo at 

incremental durations (0, 5, 10, 15 min) in 37°C incubation after treatment.  Cells were 

then immediately washed in cold PBS and proceed to flow cytometry or western blotting 

protocols. 

 
Phenylarsine Oxide Treatment Assay 

BaF3-Mpl cells were washed with cold PBS and resuspended in RPMI containing 

10% FBS without IL-3 before treatment with PAO.  Working stock was made in DMSO. 

Cells were incubated with tested concentrations of PAO for 30 min at 37°C before rhTpo 

stimulation.  For flow cytometry, cells were stimulated with 50ng/mL rhTpo for 10 min 

at 37°C after treatment.  For western blotting, cells were stimulated with 50ng/mL rhTpo 

at incremental durations (0, 5, 10, 15 min) in 37°C incubation after treatment.  Cells were 

then immediately washed in cold PBS and proceed to flow cytometry or western blotting 

protocols. 

 
Dynasore Treatment Assay 

BaF3-Mpl cells were washed with cold PBS and resuspended in RPMI containing 

10% FBS without IL-3 before treatment with DYN.  Working stock was made in DMSO. 

Cells were incubated with tested concentrations of DYN for 30 min at 37°C before rhTpo 

stimulation.  For flow cytometry, cells were stimulated with 50ng/mL rhTpo for 10 min 

at 37°C after treatment.  For western blotting, cells were stimulated with 50ng/mL rhTpo 
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at incremental durations (0, 5, 10, 15 min) in 37°C incubation after treatment.  Cells were 

then immediately washed in cold PBS and proceed to flow cytometry or western blotting 

protocols. 

 
Flow Cytometry 

Tpo-stimulated BaF3-Mpl cells were washed in PBS-B and fixed in cold 2% 

paraformaldehyde for 10 min on ice.  Cells were then washed with PBS-B and labeled 

with primary antibody for 30 min on ice.  Unbound antibody was removed by washing 

with PBS-B and cells were incubated for 30 min on ice in the dark with goat anti-rabbit-

488 fluorescent secondary antibody.  Cells were then washed with PBS-B and analyzed 

using a FACSCaliber flow cytometer and CellQuest Pro analysis software (BD 

Biosciences). 

 
Western Blotting 

Following chemical treatment and/or Tpo-stimulation, BaF3-Mpl cell lines were 

washed 2 times with cold PBS and lysed in NP-40 buffer (50 mM Tris-HCl, pH 7.4, 1% 

NP-40, 150 mM NaCl, 1mM EDTA, 1mM Na3V04, 1mM NaF) containing 4% protease 

inhibitors (Sigma, St. Louis, MO).  Denatured proteins were fractionated by 4-15% Tris-

HCl polyacrylamide gel electrophoresis and transferred to PVDF membrane.  All 

blocking were performed with TBS-T containing 5% BSA.  Protein expression was 

detected by incubating with specific antibodies diluted in blocking buffer and visualized 

by chemiluminescent detection reagent (ECL-plus; GE Healthcare, Little Chalfont, UK). 

39



 

RESULTS 
 
TPO Concentration 

BaF3 cells expressing wild type c-Mpl were stimulated with various TPO 

concentrations. Florescent labeling of cell surface c-Mpl served to confirmed that our 

model was TPO-responsive and assured that the 50ng/mL TPO treatments used in the 

following experiments in the presence of endocystosis inhibitors would be under a 

situation of maximal c-Mpl activation (Fig. 7A).  As BaF3-Mpl cells perceives more TPO 

in higher concentration treatments, more c-Mpl becomes activated by TPO and 

consequently internalize into the cell.  This internalization of c-Mpl is represented by the 

shift in fluorescence peak. A dosage-dependent response was observed with maximum 

internalization of 43.78% of surface c-Mpl achieved by 20ng/mL (Fig. 7B).  

 

siRNA 

The first approach to create a system with attenuated c-Mpl internalization was to 

knockdown clathrin with siRNA. Without sufficient clathrin, the cell should not be able 

to form the clathrin-coated pits necessary to complete internalization of c-Mpl.  The 

endosome should not be able to form without clathrin to aid proper cell membrane 

invaginaton.  BaF3-Mpl were transfected with a commercial cocktail of siRNA against 

clathrin, and clathrin levels were monitored over a 3 days time course (Fig. 8A).  The 

transient effect of the clathrin knockdown began to show signs of rescue by day 3 post 

trasnfection.  Transfected cells exhibited the highest reduction of clathrin at day 2 with 

over 10-fold decrease in normal cellular clathrin. However, assessment of TPO-

stimulated c-Mpl internalization did not show inhibition even with the successful clathrin 
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knockdown (Fig. 8B).  Without successful inhibition of c-Mpl internalization by siRNA 

knockdown, signaling experiments using the siRNA approach were abandoned, and we 

alternatively began to explore using pharmaceutical inhibitors.  

 

PAO 

BaF3 cells expressing wild type c-Mpl were treated with various concentrations 

of PAO prior to stimulation with TPO.  Well-defined tight peaks obtained from histogram 

plot of fluorescent peaks indicated of good cell viability after PAO treatment (Fig. 9A).  

Maximal inhibition was achieved by 25uM where TPO-stimulated c-Mpl internalization 

dropped to less than half of the normal value (Fig. 9B). Now with a successful model of 

inhibited c-Mpl internalization, cell signaling was investigated. A time course over 15 

minutes after the introduction of TPO was observed to study the kinetics of signaling.  

Unexpectedly, assessment of phosphorylated ERK1/2 and total-ERK1/2 from PAO 

treated samples strongly suggested that PAO illicit its own signaling in addition to its 

inhibition effect on internalization (Fig. 9C).  Samples treated with PAO exhibited 

massive ERK1/2 activation even in the absence of TPO.  This caveat was not reported in 

previously reviewed literatures.  When looking at total-ERK1/2 for the corresponding 

loading control, only faint bands were detected.  This led us to believe that the antibody 

marketed for total-ERK1/2 in fact recognizes only dephosphorylated ERK1/2 epitotes.  

Both AKT and Jak2 exhibited nonconcurring activation pattern with subsequent 

experiments using DAC and DYN treatments.  Like phosphorylated ERK1/2, 

phosphorylated AKT was detected in samples treated with PAO but this activation was 

also in the absence of TPO.  Conversely, Jak2 activation was completely inhibited by 
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PAO as indicated by the absence of phosphorylated Jak2 bands under TPO stimulation 

after PAO treatment.  In light of discovering PAO’s dual effects, new inhibitors of c-Mpl 

internalization were utilized to study cell signaling.  

 

DAC 

DAC was the second inhibitor applied to create the desire cell model to study 

with.  A dose-responsive relation to inhibition of c-Mpl internalization was observed.  

Maximal inhibition was achieved by 500uM where TPO-stimulated c-Mpl internalization 

dropped to less than half of the normal value (Fig 10A).  This concentration was then 

selected to use for the DAC treatment in studying cell signaling.  

A time course over 15 minutes after the introduction of TPO was observed to 

study the kinetics of signaling (Fig. 10B).  Results showed that not only was AKT 

activation inhibited by the reduced c-Mpl internalization, ERK1/2 also expressed sign of 

attenuated activation in comparison to normal state.  The early spike of ERK1/2 

activation at 5 minutes post TPO-stimulation in the normal state was not observed in cells 

with inhibited c-Mpl internalization.  ERK1/2 activation in DAC treated samples held 

constant, low levels through 10 minutes post TPO-stimulation and only began to show a 

minor buildup by 15 minutes.  Meanwhile, Jak2 activation remained similar between 

DAC treated and untreated samples.  

Two potential caveats in this set of experiments needed to be addressed.  With the 

prior discovery of PAO’s unexpected influence on cell signaling, DAC’s specificity for 

only effecting internalization needed to be validated.  Though PAO treatments did not 

significantly decrease cell viability, DAC treatments did.  As a result, clear histogram 
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plot of fluorescent peaks could not be collected from cell pre-treated with DAC despite 

multiple attempts.  The observed signaling data under DAC treatment could have been 

contributed by an artifact of dying cells and not necessarily by inhibition of c-Mpl 

internalization.  To address these caveats, another inhibitor was used. 

 

DYN 

DYN treatment of BaF3-Mpl cells exhibited a concentration dependent effect on 

internalization inhibition (Fig 11A).  At 600uM with DAC treatment, c-Mpl 

internalization after TPO stimulation was about one fifth of its normal state value (Fig. 

11B). This made DYN the most effective c-Mpl internalization inhibitor used in the 

study.  In contrast to treatment with DAC, cell viability was also greatly improve in DYN 

treated cells.  Cell signaling experiments revealed that like DAC treatments, DYN 

treatments caused inhibition of AKT and ERK1/2 activation in TPO-stimulated BaF3-

Mpl cells (Fig. 11C). Phosphorylated AKT and Phosphorylated ERK1/2 levels after 

stimulation by TPO were clearly reduced in comparison to their respective untreated 

samples.  Phospho-Jak2 was absent in DYN treated cells even after adding TPO.  Total-

Jak2 concentrations were also lower in cells treated with DYN.  

The minimal deleterious effect of DYN treatment on cell viability permitted the 

signaling experiments to be recorded over a longer time course.  Results from 

Phosphorylated AKT and Phosphorylated ERK1/2 (Fig. 11C) suggested that their 

activation was not just kinetically attenuated but instead, inhibited. In comparison, 

ERK1/2 activation did not show signs of a build up in DYN treatments as it did in DAC 

treatments. 
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DISCUSSION 
 

In this work we have demonstrated that Tpo stimulates c-Mpl internalization in a 

concentration-dependent fashion.  We have previously shown the importance of AP2 and 

the Y78RRL motif in the cytoplasmic domain of c-Mpl in clathrin-dependent 

internalization following Tpo-stimulation. .  In order to validate and normalize our 

experimental model, subsequent experiments were performed under maximal c-Mpl 

activation. 50ng/mL of TPO was selected to assure this.  The percent of c-Mpl 

internalization exhibited signs of plateau after 10ng/mL of TPO. This was most likely 

contributed by the limited supply of machinery used in c-Mpl internalization.  With many 

proteins involved in the clathrin-mediated internalization mechanism, if any protein were 

to be rate limiting, subsequent activated c-Mpl would not be able to internalize as normal.  

The rationale of the clathrin siRNA knockdown was to significantly reduce the amount of 

clathrin, thereby inhibiting c-Mpl internalization.  However, even with successful clathrin 

knockdown, c-Mpl internalization was not inhibited in BaF3-Mpl cells (Fig. 8B).  This 

finding suggests that only a small amount of clathrin was needed in normal c-Mpl 

internalization, and a 90% knockdown was insufficient to attenuate normal kinetics of 

clathrin-mediated internalization.  

  As we were unable to significantly affect c-Mpl internalization by reducing 

clathrin expression, we decided to use pharmacological inhibitors that target certain 

aspects of receptor internalization.  Pre-treating BaF3-Mpl cells with PAO had 

successfully inhibited c-Mpl internalization by over 50%.  However, the signaling data 

collected were not conclusive, because PAO also effects signaling and essentially make it 

unusable to study signaling by compromising establish control.  This unexpected effect 
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was likely contributed by PAO’s ability to inhibit protein tyrosine phosphatases (PTP). 

Previously reported, inhibition of PTP by pervandadate had also exhibited aggressive 

ERK1/2 activation.  This result was previously confirmed in HeLa cells and transformed 

cell lines: 293, HepG2, HL-60, the normal cell line of NIH 3T3, and primary culture 

human colony-forming units-erythriod21.  Our study supports the reported effects in the 

BaF3 cell line.  

The presence of activated ERK1/2 can result from phosphorylation by activated 

MEK or from inhibiting dephosphorylation by protein phosphatases that normally 

inactivate ERK1.  The former is the most likely contributor to the observed effect of PAO 

treatment because tyrosine phosphorylation does not directly regulate ERK1/2.  ERK1/2 

activity is directly regulated by serine phosphorylation only1;22.  This then suggest the 

ERK1/2 activation in PAO treatments was contributed by the activation of an upstream 

kinase that is regulated by PTPs.  In agreement with previous studies, we suspected Raf-1 

and its upstream regulator, Ras, to be responsible.  Inhibition of PTPs can lead to 

constitutively active Raf-1 and have been reported in the EGF receptor pathway system 

to activate Ras1;21.  Both would potentially lead to the activation of ERK1/2 through PTP 

inhibition by PAO treatment.  The abnormal activation of Ras would also result in the 

observed activation of AKT in absence of TPO (Fig. 9C). 

Comparison between the later two pharmacological inhibitors, DAC and DYN, 

demonstrated that normal c-Mpl internalization is important for Tpo-normal stimulated-

AKT and ERK1/2 activation.  DAC and DYN inhibited clathrin-mediated endocytosis by 

alternative mechanisms , and it was not unexpected to discover different kinetics for 

signaling.  We propose the latent activation of ERK1/2 in DAC treated samples was a 
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reflection of the attenuated kinetics of internalization.  Data suggested while DYN may 

have inhibited c-Mpl internalization at a stage before ERK1/2’s activation pathway was 

triggered, DAC might have targeted a stage which ERK1/2’s reception of the activated c-

Mpl signal was already taking place (Fig 10C, 11C).  This would explain why 

phosphorylated ERK1/2 was observed in DAC treated cells and not DYN treated cell.  

However, since the kinetics of internalization had been impaired by DAC, 

phosphorylated ERK1/2 took longer to build up to what would normally be a fast 

accumulation of active ERK1/2.  The results suggested the normal internalization of c-

Mpl may be more efficient at transmitting an activation signal to ERK1/2 or provides 

additional signaling to ERK1/2 from endosomes carrying c-Mpl. 

Absence of phosphorylated Jak2 in DYN treated BaF3-Mpl was particularly 

interesting (Fig. 11C).  Jak2 was the only signaling protein in this investigation that 

directly associates with c-Mpl.  Activation of Jak2, though dependent on c-Mpl 

activation, should be independent from c-Mpl internalization. Examination of Jak2 

revealed a lower protein levels in all DYN treated cells.  By comparing relative 

differences, it was unlikely that the absence of phosphorylated Jak2 in DYN treated cells 

were contributed by a western blot loading error.  More likely, the DYN treatment had an 

effect on the stability of Jak2 to result in not only the absence of phosphorylated Jak2 but 

also the degradation of total Jak2. 

Although there were certain drawbacks by using pharmacological inhibitors, the 

presence of intracellular signaling by internalized c-Mpl was evident. The internalization 

of activated c-Mpl is not just a negative feedback to control cell signaling as previously 

studied.  Internalized c-Mpl also seemed to serve a dual purpose to activate additional 
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signaling.  The additional signaling was most likely transmitted from the c-Mpl carrying 

endosome as c-Mpl waits for degradation or to be recycled back onto the cell surface.   

 
 

 
Figure 12. 
Chapter summary. A graphical overview of this thesis. (R. Chen, S. Lee) 
 
 

Evidence of endosomal signaling has been reported in the epidermal growth 

factor (EGF) signaling system as well21-25.  The EGF receptor parallels the c-Mpl receptor 

in that they both activate to promote proliferative/cell survival signals upon binding their 
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respective ligands.  Signals from both receptors are also down regulated by 

internalization from the plasma membrane. Though isolation of EGF receptor signaling 

from only endosomes was not enough to trigger cell proliferation under normal 

conditions, it did contribute to significant physiological outcome by sustaining cell 

survival in serum absent conditions23;25.  Furthermore, when endosomal EGF receptor 

signaling was artificially prolonged to compensate for the difference left by surface EGF 

receptor signaling, cell proliferation was accomplished25.  These findings strongly 

supported the presence and significance of endosomal signaling.  

The inhibition of clathrin-mediated internalization in our BaF3-Mpl system 

attenuated the formation of endosome carrying c-Mpl from the surface plasma 

membrane.  As seen from phosphorylated AKT and ERK1/2 data, the signaling from 

endosomes containing activated c-Mpl contributed to additional activation kinetics 

among intracellular signaling proteins. We propose that while c-Mpl internalization is a 

fast acting mechanism, intracellular trafficking of endosomes carrying activated c-Mpl 

are slower processes with variable outcomes between lysis by lysosome targeting or 

recycle to the surface plasma membrane8;23.  The dual role of c-Mpl internalization 

provided potential for activated c-Mpl to control both a fast responsive signaling 

mechanism from the cell surface and then subsequently, after internalization, a prolonged 

continually variable signal that is dependent on the intracellular trafficking kinetics of 

endosomes carrying activated c-Mpl.  Though the presence of c-Mpl endosomal signaling 

is strongly supported by this report, further investigation is required to determine this 

endosomal signaling contribute to significant physiological outcomes. 
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The early spike in ERK1/2 activation contributed by c-Mpl endosomal signaling 

may or may not have significant physiological influences8.  It has been shown that 

internalization of activated c-Mpl is correlated to cell proliferation in BaF3-Mpl models.  

The next step is to investigate c-Mpl in its primary cells, megakaryocytes, to see if 

internalization also has an influence on differentiation.  Further investigations will also 

focus on confirming a physical association of signaling proteins to endosomes carrying 

activated c-Mpl.  This may be accomplished by isolated endosomes through 

centrifugation and probed for signaling proteins. Signaling elements may also be 

fluorescently tagged and observed under confocal microscopy for co-localization with 

internalized fluorescent c-Mpl. The future of this study aims at investigating the different 

physiological outcomes that is influenced by c-Mpl internalization and reaffirm support 

for c-Mpl endosomal signaling. 
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