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Abstract 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder that 
is characterised by isolated thrombocytopenia and almost complete absence of 
megakaryocytes in the bone marrow. Recently, we described five patients with 
CAMT with mutations in the thrombopoietin receptor gene, c-rnpl, as the likely 
cause of CAMT [1], In total eight different mutations were observed. Four 
mutations directly predicted loss of Mpl function or expression. The four other 
mutations led to amino-acid substitutions. Three mutations were located m the 
extracellular domain of Mpl, one m exon 3 (Mpl R102P-EC), one m exon 4 (Mpl 
P136H-EC), and one m exon 5 (Mpl R277C-EC). The fourth mutation was located 
in the intracellular domain. 

To investigate whether the mutations located in the extracelular domain lead to 
disruption of Tpo binding by Mpl, the extracellular domain of Mpl, encoded by 
exons 1 - 9, was expressed m baby hamster kidney cells. Western blot analysis of 
the produced proteins showed that, under non-reduced conditions, Mpl P136H-EC 
migrated slower than Mpl WT-EC. Mpl R102P-EC and Mpl R277C-EC did not 
migrate into the gel, implying possible formation of aggregates. Under reduced 
conditions Mpl R102P-EC and Mpl R277C-EC migrated faster than WT Mpl, 
whereas Mpl P136H-EC migrated slower again. To analyse whether the faster 
migration of Mpl R102P-EC and Mpl R277C-EC was due to incomplete 
glycosylation, Mpl was treated with Endo-H. Endo-H cleaves high-mannose, but 
no complex oligosaccharides from proteins, a conversion that takes place m the 
Golgi. Endo-H treatment showed that both Mpl R102P-EC and Mpl R277C-EC 
were Endo-H sensitive, suggesting aberrant processing. The observed migration 
pattern of Mpl P136H-EC indicate that this mutation leads to a conformational 
change, which may interfere with Tpo binding. 

This study shows that three mutations in c-mpl observed in CAMT patients lead 
to non-functional Mpl. Mpl with R102P and R277C mutations is not properly 
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processed through the Golgi and may therefore not be expressed on the cell 
surface. Mpl with P136H mutation seems to be differently folded which may 
interfere with Tpo binding. Further studies to express full length Mpl carrying the 
different mutations in Ba/F3 cells are in progress to provide more evidence for the 
disruption of Mpl function with the observed mutations. 

Introduction 

The c-mpl gene is the cellular homologue of the v-mpl (myeloproliferative 
leukemia virus) retroviral oncogene, which gene product was capable to 
immortalize hematopoietic cells from different lineages [2,3]. C-mpl encodes a 
member of the hematopoietin-receptor superfamily [2]. The extracellular domains 
of members of this family are organized into 200 amino-acid modules (cytokine-
receptor domains) that display a distinctive conservation of four cysteine residues 
at their N-terminus and a WSXWS motif close to the transmembrane domain [4]. 
Another characteristic of this family is the lack of intrinsic tyrosine-kinase activity 
in the cytoplasmic domain. 

The hgand for Mpl is thrombopoietin (Tpo), the mam regulator of 
megakaryocyte proliferation and differentiation and subsequent platelet formation 
[5], Both c-mpl and Tpo knockout mice show a drastic decrease in platelet 
numbers, emphasizing the important role of both Mpl and Tpo in 
megakaryocytopoiesis [6-9]. Furthermore, c-mp/-deficient mice display 
hematopoietic stem-cell deficiencies [7,10], which may be explained by the 
observation that Tpo exerts an antiapoptotic role in hematopoiesis [11-13]. Thus, 
beside a role in megakaryocyte formation, Mpl and Tpo seem to be involved in 
regulation of hematopoietic stem-cell production and function. 

Signalling via Mpl is thought to be initiated by crosshnking of the receptor upon 
binding of Tpo, resulting in tyrosine phosphorylation of a number of proteins, like 
Janus tyrosine kinases (JAK) family of non-receptor tyrosine kinases, the signal 
transducers and activators of transcription (STAT), the mitogen-activated protein 
kinase (MAPK), the adaptor protein She and Mpl itself [4]. 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder that 
is characterised by an isolated thrombocytopenia and an almost complete absence 
of megakaryocytes m the bone marrow. Patients with CAMT often develop 
complete bone marrow failure. In most reports describing individual patients with 
CAMT, decreased megakaryocyte-colony formation in vitro was observed, 
implying that an intrinsic stem-cell defect is the cause of CAMT [14-16]. Recently, 
we showed that CD34~ stem cells from patients with CAMT failed to differentiate 
into megakaryocytes in an in vitro liquid culture system [1]. Moreover, Tpo levels 
were highly elevated, implying a platelet production defect [1]. In five patients 
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Table 1. Mutations found in c-mpl in patients with CAMT 
patient mutation location result consequence inherited trom 

heterozygous G to C e.xon 3 R102P 

heterozygous G to A exon 10 \V491Stop 

heterozygous C to T exon 5 R277C 

heterozygous C to T exon 12 P635L 

heterozygous C to A exon 4 P136H 

heterozygous 7-bp exon 6 368Stop 
deletion 

mother 

truncated protein, unknown 
absent signalling 
domain 

father 

mother 

mother 

truncated protein, father 
absent TM and 
signalling domain 

father 4 heterozygous G to C exon 3 R102P 

4 heterozygous G to C intron 3 splice defect 3' aberrant splicing mother 

exon 3 

5 homozygous G to T intron 10 splice defect 5' aberrant splicing father+mother 

exon 11  
TM: transmembrane domain 

mutations in the c-mpl gene were detected (table 1) (chapter 7 and [1]). Only one 
of these patients (number 5) showed two abnormal alleles leading to non-functional 
protein. All other patients carried at least one allele of Mpl with a mutation 
resulting in an ammo-acid substitution that did not directly predict loss of Mpl 
function. Also Ihara et al. [17] described a CAMT patient with mutations in c-mpl. 
Both mutations in this patient predicted loss of functional Mpl expression. 

Among five patients we identified eight different mutations in c-mpl. Two 
mutations led to the formation of a premature stopcodon, resulting in a truncated, 
non-functional protein. In two patients mutations within exon-adjacent splice sites 
leading to splicing defects were observed. Four mutations encoded amino-acid 
substitutions. Three are in the Tpo binding domain and one in the cytoplasmic tail. 
In this study we investigated the functional consequences of these mutations by 
expressing the extracellular domain of Mpl. 

Material and Methods 

Patient characteristics 
All patients were diagnosed with congenital amegakaryocytic thrombocytopenia 

and previously described (chapter 7 and [1]). 

Cell culture 
Baby hamster kidney cells (BHK cells) were grown in Dulbecco's modified 

Eagle's medium (Gibco, Paisley, UK) containing 10% fetal calf serum (FCS), 100 
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units/ml penicillin, 100 p.g/ml streptomycin and 2 mM glutamine (DMEM 
complete medium). 

Site-directed mutagenesis 
QuikChange site-directed mutagenesis kit (Strategene, La Jolla, CA, USA) was 

used to introduce specific point mutations in full-lenght human cDNA of c-mpl 
cloned in pBluescript, according to manufacturer's instructions (see table 1). 
Nucleotide numbering is according to Genbank sequence NM 005373. All 
mutations were verified by automated sequence analysis using an ABIprism377XL 
(Perkin Elmer, Norwalk, CT, USA). 

Construction ofplasmids for expression of extracellular domain ofMpl 
DNA fragments encoding the extracellular domain of c-mpl, nucleotide 76 to 

1468 (from the last 2 ammo acids of exon 1 to exon 9), were obtained by 
polymerase chain reaction (PCR) thereby introducing two Sail restriction sites. 
pBluescript containing full-length human c-mpl cDNA, wildtype or with the 
introduced point mutations, was used as a template. Primers used were: sense; 5'-
GCAGCGGTCGACCAAGATGTCTCCTTGCTG-3' and antisense; 5'-
CATACTGTCGACGGTCTCGGTGGCGGTCTC-3'. PCR products were digested 
with Sail (Gibco) and, subsequently, ligated into the Sa//-digested plasmid pZEN 
[18,19]. pZEN encodes the signal and pro-peptide sequence of tissue-type 
plasminogen activator followed by a 16-ammo acid tag that contains the antigenic 
determinant of an anti-fVIII monoclonal antibody (MoAb) CLB-CAg69 [18-20]. 
All constructs were verified by automated sequence analysis. 

Expression of extracellular domain of c-mpl in BHK cells 
BHK cells were grown to 80% confluency and transfected with 20 ug DNA 

using calcium phospate precipitation following standard protocols [18]. Briefly, 
calcium phosphate-DNA coprecipitates were added to the cells and incubated for 5 
hours at 37°C. Subsequently, the cells were incubated with 15% glycerol for one 
minute and allowed to recover in DMEM complete medium for 18 hours. Then cells 
were cultured on selective medium (DMEM complete medium supplemented with 1 
uM methotrexate (Sigma, Zwijndrecht, The Netherlands)) for 12 days. Individual 
colonies were selected, grown and cultured overnight in Optimem (serum-free 
medium; Gibco). Production of the Mpl constructs was tested by ELISA using moab 
CAg69. Supernatant was coated on a microtiter plate. Plate was blocked and washed, 
after which MoAb CAg69 was added. As second antibody biotinylated goat-anti-
mouse (CLB, Amsterdam, The Netherlands) was used. A streptavidin horseradish 
peroxidase conjugate and a signal amplification system were used for final 
colorimetric reaction. 
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Clones that produced Mpl constructs were grown to 80% confluency and 
cultured for several days in Optimem. Every 24 hours conditioned medium was 
harvested, which was used for later experiments. 

Purification wildtype Mpl and surface plasmon resonance 
Binding of thrombopoietin (Tpo, a generous gift of Genentech, San Francisco, 

CA, USA) to the truncated recombinant form of wildtype Mpl (Mpl WT-EC) was 
studied by surface plasmon resonance (SPR) using che Biacore®2000 biosensor 
system (Biacore AB, Uppsala, Sweden). Mpl WT-EC was purified by affinity 
chromatography using sepharose-coupled moab Cag69. After binding, the column 
was washed with Hepes-buffered saline (HBS, 20 mM Hepes pH 7.4, 150 mM 
NaCl) and eluted with HBS containing 1 M NaCl. Purified Mpl WT-EC was 
dialyzed against Biacore buffer (20 mM Hepes, 150 mM NaCl, 3 mM EDTA, pH 
7.4). Mpl WT-EC was immobilized on CM5 sensor chip by amine-couplmg 
(according to manufacturer's instructions; amine-coupling kit and CM5 sensor chip 
from Biacore AB). A control channel on the sensor chip was also activated and 
blocked using the amme-coupled kit. The binding of Tpo to this channel was 
substracted from that to the Mpl-WT-EC coated channel to yield the specific 
binding. Binding of Tpo was measured by passing different concentrations of Tpo 
over the sensor chip at 25 °C at a flow rate of 20 ul/minute using Biacore buffer as 
running buffer. 

Western blot analysis 
BHK cell supernatant containing either wildtype or mutated Mpl was analysed 

under reduced and non-reduce conditions by SDS-PAGE (7.5% (w/v) 
Polyacrylamide) and subsequently transferred to nitrocellulose membranes. 
Nitrocellulose membranes were blocked by incubating in TBST (150 mM Tris-
buffered saline with 0.05% Tween-20) with 5% (w/v) Protifar (Nutricia, The 
Netherlands) for at least 1 houi at room temperature. After washing the presence of 
Mpl constructs was detected with MoAb Cag69 by incubating the nitrocellulose 
membranes with MoAb Cag69, 5 ug/ml in TBST with 2.5% (w/v) Protifar for 2 
hours at room temperatur. Blots were washed in TBST and incubated with goat-
anti-mouse antibodies, conjugated to horseradish peroxidase (CLB), 1:1000 in 
TBST with 2.5% (w/v) Protifar for 2 hours at roomtemperature. Blots were washed 
in TBST, followed by washing in PBS. Blots were developed with BM 
Chemiluminescence Blotting substrate (Boehringer Mannheim, Mannheim, 
Germany) and proteins were visualized by exposure to Kodak X-omat AR films. 

For Endoglycosidase-H (Endo-H) treatment, 25 pi conditioned medium 
containing either Mpl WT -EC or mutated Mpl-EC was denaturated in 0.5% (w/v) 
SDS and 1% (w/v) ß-mercaptoethanol for 10 minutes at 100 °C and subsequently 
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incubated with 3000 units Endo-H (Endo-Hf; New England Biolabs, Beverly, MA, 
USA) in appropiate buffer for 1 6 - 2 0 hours at 37 °C. As control, 25 ul conditioned 
medium was also treated in the same way but in the absence of Endo-H. Proteins were 
separated under reduced conditions by SDS-PAGE, transferred to nitrocellulose 
membranes and stained with MoAb Cag69. 

Results 

Expression of extracellular domain of Mpl 

To investigate the functional consequences of the amino acid changes in the 
extracellular domain of Mpl, the extracellular part of Mpl, encoded by exon 2 to 9, 
was expressed in BHK cells. The extracellular domain of wildtype Mpl (Mpl WT-
EC) as well as that of Mpl with either the mutation in exon 3 (Mpl R102P-EC), in 
exon 4 (Mpl P136H-EC) or in exon 5 (Mpl R277C-EC) was produced with a N-
termmal 16 amino-acid fVIII tag. 

Binding studies using surface plasmon resonance (SPR) showed that functional 
Mpl WT-EC was produced (Fig. 1). An affinity binding of 21.9 nM was observed 

(Fig. 1). 
Western blot analysis with the MoAb Cag69 directed against the fVIII tag 

revealed that under non-reduced conditions Mpl WT-EC migrated at approximately 

100 200 

Tme (seconds) 

Figure 1. Binding of Tpo to wildtype Mpl by SPR 
Mpl WT-EC was immobilized on a sensor chip and different concentrations of Tpo (1, 5, 25, 50, 75 
and 125 nM) were passed over the sensor chip to study Tpo binding. Kd: 21.9 ± 1.4 nM. 
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63 kD ' " ^ W P * ^ analysed under non-reduced (2A) or 

reduced (2B) conditions by SDS-
PAGE. Proteins were visualized by 
staining with MoAb Cag69. 

80 kD, whereas Mpl R102P-EC and Mpl R277C-EC did not migrate into gel 
implying possible formation of aggregates (Fig. 2a). Mpl P136H-EC migrated 
slower than Mpl WT-EC, with a mass of about 86 kD. 

Figure 2b shows the Western blot results after electrophoresis under reduced 
conditions. Mpl WT-EC migrated again predominantly at 80 kD, but also a minor 
band of 67 kD was visible. With the two Mpl mutants (Mpl R102P-EC and Mpl 
R277C-EC) that did not migrate into the gel under non-reduced conditions, two 
bands migrating at 67 and 63 kD were obtained (Fig. 2b and 3b). With Mpl R102P-
EC also one less intense band with a Mr of 86 kD was observed. Mpl P136H-EC 
migrated under non-reduced and reduced conditions at a Mr of 86 kD; under 
reduced conditions additional bands of 67 and 63 kD became visible (Fig. 2). All 
Mpl mutants show a migration pattern different from that of WT Mpl. To 
investigate whether this was due to aberrant glycosylation endoglycosidase-H 
(Endo-H) treatment of the different Mpl forms was performed. Mpl has 4 potential 
N-lmked glycosylation sites. During post-translational processing proteins are 
glycosylated in the endoplasmic reticulum. In the Golgi a conversion from high-
mannose to complex oligosaccharides is mediated. Endo-H cleaves high-mannose 
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Figure 3. Endo-H treatment of WT and mutated Mpl constructs 
Supernatant of BHK cells cells containing Mpl WT-EC, Mpl R102P-EC, Mpl P136H-EC or Mpl 
R277C-EC were treated with Endo-H and analysed under reduced conditions. Proteins were 
visualized by staining with MoAb Cag69. L: untreated supernatant; - denaturated supernatant and 
incubated in Endo-H buffer at 37 °C without Endo-H added; + denaturated supernatant and incubated in 
Endo-H buffer at 37 °C in presence of Endo-H. 

oligosaccharides and not the complex oligosaccharides as attached in the Golgi. 
Endo-H resistency is an indication of proper processing of glycosylated proteins. 

Figure 3 shows that for Mpl WT-EC Endo-H did not reduce the intensity of the 
major fragment migrating at Mr of 80 kD. One additional band that migrated faster 
than 80 kD was observed, implying that a small fraction of the 80 kD fragment was 
Endo-H sensitive. The faster migrating bands of 67 and 63 kD present with Mpl 
WT-EC and all Mpl mutants were digested by Endo-H. This implies that both 
bands represent not properly glycosylated proteins. The slower migrating band of 
86 kD of Mpl R102P-EC and Mpl P136H-EC was not cleaved by Endo-H. 

Discussion 

In this study three Mpl mutants associated with CAMT were expressed as fVIII-
tagged truncated (soluble) proteins, comprising the complete extracellular domain. 
Analysis of the migration pattern of the Mpl mutants showed that two mutants 
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(Mpl R102P-EC and R277C-EC) were only able to migrate into a SDS-gel under 
reduced conditions. Furthermore, the 67 and 63 kfJ bands observed with these two 
mutants were Endo-H sensitive, whereas the 80 kD fragment obtained with Mpl-
WT-EC was not. These results imply that Mpl R102P-EC and Mpl R277C-EC are 
retained within the endoplasmic reticulum and fail to undergo processing in the 
Golgi. This most likely leads to premature degradation of the protein and conse
quently R102P and R277C Mpl will not be expressed on cell surface. This may 
have led to the formation of aggregates in the expression system used. Also for 
other proteins, like myeloperoxidase (MPO), Kell, von Willebrand factor and 
thyroglobulm mutations have been described that result in loss of expression due to 
impaired processing of the protein [21-24]. Also with WT Mpl-EC a minor, Endo-
H sensitive, 67 kD protein was observed. This protein of 67 kD is most likely not 
completely processed yet or derived from death cells present in culture. 

Mpl P136H-EC migrated both under reduced and non-reduced conditions 
slower on SDS gels than Mpl WT-EC. The replacement of a proline, which is a 
cyclic ammo acid influencing protein architecture, by histidine may result in 
aberrant folding of the protein which is reflected by the deviated migration pattern 
of Mpl P136H-EC. Mpl P136H-EC was not Endo-H sensitive, and will most likely 
be expressed on the cell surface. Also the Mpl mutant R102P-EC resulted in some 
formation of an Endo-H resistant protein migrating at 86 kD. Both R102P and 
P136H mutation are located within the first cytokine receptor domain of Mpl 
shown to be involved in Tpo-bindmg [25]. Aberrant folding of Mpl may lead to 
decreased or absent Tpo binding or to defective receptor dimerisation. SPR studies 
with Mpl WT-EC showed that functional Mpl was produced. The formation of 
aggregates with Mpl mutants R102P-EC and R277C-EC made it impossible to 
perform SPR studies. From Mpl P136H-EC not enough protein was produced for 
SPR analysis. Moreover, the observed affinity constant was 60-fold higher than 
described by others [26]. For a real binding study SPR could be too insensitive. 

In conclusion, this study shows that Mpl with the mutations R102P or R277C is 
not properly processed through the Golgi and may not be expressed on the cell 
surface. A minor part of R102P Mpl and all produced Mpl with P136H substitution 
seems to differently folded which may interfere with Tpo binding. In this study a 
truncated form of Mpl was used. Currently, we are expressing full length Mpl into 
Ba/F3 cells, to investigate whether the results obtained in this study on aberrant 
processing can be confirmed. Furthermore, expression of mutated Mpl by Ba/F3 
cells will facilitate investigations on Tpo responsiveness of the P136H mutant. 
Moreover, the consequence of the P635L mutation in the last ammo acid of the 
cytoplasmic tail can be analysed. 
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