
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Megakarocyte formation in vitro to expand and explore

van den Oudenrijn, S.

Publication date
2001

Link to publication

Citation for published version (APA):
van den Oudenrijn, S. (2001). Megakarocyte formation in vitro to expand and explore. [,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/megakarocyte-formation-in-vitro-to-expand-and-explore(d81a30f5-640e-432b-9515-94f07b3cc110).html


Chapter 6 

Mutations in the thrombopoietin receptor, Mpl, in children 
with congenital amegakaryocytic thrombocytopenia 

British Journal of Haematology, 2000; 110:441-448 





Mutations in c-mvl in patients with amesakarxocxtic thrombocytopenia 

Mutations in the thrombopoietin receptor, Mpl, in children with congenital 
amegakaryocytic thrombocytopenia. 

Sonja van den Oudennjn', Marrie Brum2, Claudia C. Folman1'3, Marjolein Peters4, 
Lawrence B. Faulkner5, Masja de Haas' and Albert E.G.Kr, von dem Borne' \ 

'Dept. of Experimental Immunohematology, Central Laboratory of the Blood Transfusion Service 
and Laboratory for Experimental and Clinical Immunology, Academic Medical Centre. University of 
Amsterdam, Amsterdam, The Netherlands. 2Wilhelmina Children's Hospital, Dept. of Hematology, 
Utrecht Medical Centre, Utrecht, The Netherlands. 'Dept. of Hematology, Academic Medical Centre. 
Amsterdam, The Netherlands. 4Dept. of Pediatrics, Academic Medical Centre, Amsterdam, The 
Netherlands. 3Dept. of Pediatrics, University of Florence, Ospedale Pediatrico A. Meyer, Florence, 
Italy. 

Summary 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder of 
undefined etiology. The disease presents with severe thrombocytopenia and 
absence of megakaryocytes in the bone marrow. Furthermore, CAMT patients may 
develop bone marrow aplasia. To obtain more insight in the mechanism 
underlying CAMT five children were analysed. 

All patients had increased plasma thrombopoietin (Tpo) levels, indicating a 
platelet production defect. From three of five patients bone marrow-derived CD34' 
stem cells were cultured in an in vitro liquid culture system to study 
megakaryocytopoiesis. CD3C cells from two of the three patients failed to 
differentiate into megakaryocytes. The lack of megakaryocyte formation could 
imply that a defect in the c-mpl gene, encoding the Tpo receptor, exists. 
Sequencing of c-mpl revealed mutations in four of five patients. Three patients had 
point mutations and/or a deletion in the coding regions of c-mpl. All point 
mutations led to an ammo-acid substitution or to a premature stopcodon. In one 
patient a homozygous mutation in the last base of intron 10 was found that 
resulted in loss of a splice site. 

This study shows that mutations in c-mpl, underlie the thrombocytopenia in 
CAMT in a majority of patients. Furthermore, Tpo has been shown to have an 
anti-apoptotic effect on stem cells. Therefore, mutations in c-mpl might not only 
affect megakaryocyte formation, but may also impair stem cell survival, which 
could explain the occurrence of bone marrow failure as final outcome in patients 
with CAMT. 
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Introduction 

Congenital amegakaryocytic thrombocytopenia (CAMT) is an uncommon 
cause of congenital thrombocytopenia in childhood and is characterised by 
isolated thrombocytopenia with almost complete absence of megakaryocytes in the 
bone marrow. CAMT often progresses to bone-marrow failure and bone-marrow 
transplantation is the only curative treatment [1]. Thusfar, only few reports 
describing individual patients with CAMT have been published [2-4]. These 
patients showed decreased formation of megakaryocyte colonies in vitro, which 
indicates that defective megakaryocyte formation, due to an intrinsic stem eel; 
defect, is the cause of CAMT. However, the origin of this defect is still unclear. 

With the cloning of thrombopoietin (Tpo) [5-9]and its receptor, Mpl [10], new 
approaches to analyse the cause of thrombocytopenia became available. Several 
groups have shown that absent or suppressed megakaryocytopoiesis is 
accompanied by increased Tpo levels in the patients' plasma [11-15]. Normal Tpo 
levels are found in plasma of patients with normal platelet formation but shortened 
platelet lifespan, for example in idiopathic thrombocytopenic purpura. Mature 
megakaryocytes and platelets express glycoprotein lb (GPIb). GPIb can be shed 
from these cells and the plasma level of the soluble part of GPIb, which is called 
glycocalicin (GC), seems to reflect platelet turnover [16,17]. GC levels in patients 
with defective platelet formation are decreased, whereas GC levels in patients with 
increased platelet turnover are higher than normal [11,15], Thus, Tpo and GC 
plasma level measurement is useful for the evaluation of thrombocytopenia. 

Five patients with CAMT were analysed to investigate the cause of CAMT. 
Tpo and GC plasma levels were measured. Megakaryocytopoiesis was studied 
with an in vitro liquid culture system and the gene encoding the thrombopoietin 
receptor, c-mpl, was sequenced to find out whether mutations in this gene might 
explain the thrombocytopenia in CAMT. 

Material and Methods 

Patients and controls 

Patients, all Caucasian, were either referred to the Wilhelmina's Children's 
Hospital, Utrecht or the Academic Medical Centre, Amsterdam, both in the 
Netherlands or to the A. Meyer Children's Hospital, Florence, in Italy for 
evaluation of congenital amegakaryocytic thrombocytopenia. The evaluation 
procedure included complete peripheral blood counts, bone-marrow analysis, 
determination of mean platelet volume, morphological evaluation of the platelets, 
screening for platelet antibodies, analysis of glycoprotein profile of the platelets, 
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screening for active viral infections. Bone-marrow failure syndromes and 
chromosomal breakage were excluded. 

Bone marrow from healthy controls was derived after informed consent from 
bone-marrow aspirates from children who served as donor for a sibling. 

Megakaryocyte culture 

Bone marrow (BM) anticoagulated with heparin was processed on the day of 
collection. Mononuclear cells (mnc) were isolated by density gradient 
centnfugation over Ficoll (1.077 g/cm3; Pharmacia Biotech, Uppsala, Sweden). 
Subsequently, CD34' cells were isolated by magnetic cell sorting (VarioMACS 
system; Miltenyi Biotec, Gladbach, Germany) according to manufacturer's 
instruction. This resulted in a purity of more than 95%, as determined by FACS 
analysis. BM CD34r cells were cultured in Iscove's Modified Dulbecco's Medium 
supplemented with 1 mM sodium pyruvate (Gibco, Paisley, Scotland), 1 x MEM 
vitamins (Gibco), 1 x MEM non-essential amino acids (Gibco), 0.2% human 
serum albumin (w/v) (CLB, Amsterdam, The Netherlands), 0.02 mg/ml L-
asparagine, 0.01 mM monoffnoglycerol (Sigma, St.Louis, MO, USA), glutamine 
and penicillin/streptomycin [18]. To the medium 10% (v/v) heparinized human 
AB plasma was added. 

CD3C cells (1 to 2 x 105/ml) were cultured in the presence of PEG-rHuMGDF-
D (100 ng/ml, a generous gift of Amgen, Thousand Oaks, CA, USA) and 
interleukm-3 (IL-3) (10 ng/ml, R&D, Abingdon, UK). Depending on the number 
of cells, these were cultured in 24-well (Nunc, Roskilde, Denmark), 12-well 
(Costar, Cambridge, MA, USA) or 6-well plates (Costar). The cells were cultured 
for eight days at 37°C, at 5% C02 without additional feeding of growth factors and 
medium. After eight days of culture, the cells were analysed for surface marker 
expression by FACS analysis. Viable cells were determined by trypan blue 
exclusion. The proliferation factor was determined as the absolute increase in cell 
number (absolute number of viable cells present at day eight of culture divided by 
the number of cells seeded at day 0). 

Flow cytometry and monoclonal antibodies 

After eight days of culture, cells were harvested and immediately fixed with 
1% (w/v) paraformaldehyde for 10 minutes on ice. They were spun for 10 minutes 
(180g) with the brake on half maximum and resuspended in PBS containing 0.2% 
(w/v) BSA. For FACS analysis, the cells were incubated with FITC- or PE-labeled 
monoclonal antibodies (moabs) for 30 minutes at 4°C. Isotype-matched mouse IgG 
subtypes served as controls. After 30 minutes of incubation, the cells were washed 
with PBS/0.2% BSA and resuspended in an appropriate volume of PBS/0.2%BSA 
and analysed by FACScan (Becton and Dickinson (B&D), San Jose, CA, USA). 
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The following fluorescein isothiocynate (FITC) conjugated moabs were used: 
IgGl isotype control (CLB-203: CLB, Amsterdam, The Netherlands) and CD41 
(megakaryocytes/platelets; CLB-tromb/7, 6C9; CLB). Phycoerythrm (PE)-
conjugated moabs that were used: IgGl isotype control (X40; B&D) and CD34 
(stem cells; 581; Immunotech, Marseille, France). 

Tpo and glycocalicin measurements 

Plasma Tpo and GC-levels were determined with a sensitive ELISA as 
described [11,19]. 

DNA isolation and Polymerase chain reaction (PCR) 

Genomic DNA was isolated from leukocytes of EDTA or heparin anti-
coagulated blood with the Puregene DNA isolation kit (Biozym, Landgraaf, The 
Netherlands). 

Each c-mpl exon was amplified separately in a PCR reaction with intron-
specific primers as listed in Table 1. Exon 1-8, 11 and 12 were amplified in a 
reaction mixture of 100 ng sense and 100 ng antisense primer, 1.5 units of Taq 
DNA polymerase (Promega, Madison, WI, USA) in the appropriate buffer 
supplemented with 1.5 mM MgCl2 , 5 mM of each dNTP (Pharmacia Biotech, 
Uppsala, Sweden) and 50 ng of genomic DNA in a total volume of 50 ul. PCR 
conditions were 1 cycle of 10 minutes at 95°C, 35 cycles of 1 minute at 95°C, 1 
minute at 59°C, 1 minute at 72°C and 1 cycle of 10 minutes at 72°C. Exon 9 and 10 
were amplified in a reaction mixture of 100 ng sense and 100 ng antisense primer, 
1.5 units of Taq DNA polymerase (Promega), 67 mM Tns pH8.8, 6.7 mM MgCl2, 
0.01 M ß-mercaptoethanol, 6.7 uM EDTA, 16.6 mM (NH4)2S04, 5 mM of each 
dNTP, 10% DMSO (v/v) (Mallinckrodt Baker BV, Deventer, The Netherlands), 
0.15 mg/ml BSA (Sigma) and 50 ng genomic DNA. PCR conditions were 1 cycle 
of 10 minutes at 95°C, 35 cycles of 1 minute at 95°C, 1 minute at 55°C, 1 minute at 
72°C and 1 cycle of 10 minutes at 72°C. 

Analysis of the PCR products was performed by 2% agarose gel 
electrophoresis and visualisation by efhidium-bromide staining. PCR products 
were purified with a Qiaquick PCR purification kit (Qiagen, Hilden, Germany), 
dissolved in water and used for sequence analysis. 

Sequence analysis 

Sequence analysis was performed by automated sequencing, ABIpnsm377XL 
(Perkin Elmer, Norwalk, CT, USA). Each exon was sequenced with a sense and 
anti sense primer, as listed in Table 1. 
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Table 1. Primers used for PCR and sequence analysis 

sense antisense 

exon 1 5' ggaggatgggctaaggcag 3' 

exon 2 5' cccttccacataaacatgcct 3' 

exon 3 5' gtcctcaggcgtccgcat 3' 

exon 4 5' tccagaggctgagccatagac 3' 

exon 5 5' ggttggaggctctctcagct 3' 

exon 6 5' cctatacagtaggggcacacg 3' 

exon 7 5' gatgggaagccttgggattag 3' 

exon 8 5' ccttgtgcacagaaggactta 3' 

exon 9 5' cgaagccccgacgccgggcca 3' 

exon 10 5'aggggcggggccagagta 3' 

exon 11 5' ctgccaatccactgccatg 3' 

exon 12 5'tcccacaggatctgctttaat 3' 

5' tcttcctggggcataggtga 3' 

5' gcaggaaagctgctggagt 3' 

5'ggtatccgtgctgagctgga3' 

5' ggtctggaatccccaaagt 3' 

5' cttttatctcctccccatctcc 3' 

5' tgtggctcactcccatgaca 3' 

5' gggaactatgtggaagaat 3' 

5' cccctgcgtagtgaggtctg 3' 

5' caggcgctgtgcggctttgg 3' 

5' agaggtgacgtgcaggaa 3' 

5' agtaccaggcagggttggtg 3' 

5' gagtttagctctgtccagggaac 3' 

Sequences of the primers used for exon specific amplification of c-mpl and 
subsequent for sequence analysis. 

Family and polymorphism analysis of mutations 

To confirm the presence of mutations and to analyse family members and a 
panel of healthy donors we used allele specific restriction analysis (ASRA) or 
sequence analysis. The exon 3 mutation and intron 10 mutation were screened by 
sequence analysis as described above. The exon 4, 5, 10 and 12 mutations were 
analysed by ASRA. The exon 4 mutation resulted in the loss of a BsrSl restriction 
site (Promega). The exon 5 mutation was characterised by the loss of an Avili 
(Boehnnger Mannheim GmbH, Mannheim, Germany) recognition site. The exon 
10 mutation resulted in the loss of a Mbdl (Gibco) recognition site and the exon-12 
mutation gave rise to an Alul (Promega) recognition site. 

To perform an ASRA, the specific exons were amplified by PCR as described 
in DNA isolation and PCR. The obtained PCR products were subsequently 
digested with the above- indicated restriction enzymes according to the 
instructions of the manufacturer. After digestion, size separation of the end 
products was performed by 10% Polyacrylamide gel electrophoresis, and the bands 
were visualised by ethidium-bromide staining. 
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Results 

Clinical features 

In Table 2 and 3 characteristics and a clinical follow-up of the patients ar; 
shown. All patients were diagnosed with CAMT based on severely decrease.! 
platelet counts and absence of megakaryocytes in bone-marrow aspirates and/o' 
biopsies. Furthermore, other diseases associated with thrombocytopenia were 
excluded. The absence of megakaryocytes in the bone marrow and the highl; • 
elevated plasma Tpo levels indicated that the patients had a platelet production 
defect (Table 2). Two patients had strongly decreased plasma GC levels 
indicating a severely reduced platelet mass. In two patients GC could be measurec 
in plasma, however both were receiving regular platelet transfusions. 

Mean platelet volume (MPV) for all patients was normal (Table 2). Clinical 
follow up (see Table 3) of the patients showed a reduction in the number ol 

Table 2. Patient characteristics  
platelet number , age in months at 

patient nr sex „ MPV TPO (AU/ml) GC (AU/ml) . . , 
(x 10/L) time of culture 

1 F 10 6.7 337 11 39 
2 M 16 7.2 387 37 15 
3 M < 10 8.4 384 158 1 
4 M < 10 7.1 581 160 * 

5 F < 10 7.8 895 nd * 

Normal values in healthy adults: 150 - 450 x 109 platelets/L, mean platelet volume (MPV): 6 - 1 0 , 
Tpo: 4 - 3 2 AU/ml, GC: 144 - 444 AU/ml. nd; not determined.* no culture performed 

Table 3. Clinical follow up of the patients 

at di: 

Hb 

ignosis 

leuko granulo 

at last follow u p or before transplantion 

patient 

at di: 

Hb 

ignosis 

leuko granulo age Hb reticulo leuko granulo BM cell. 

nr g. dl x 109/L x 109/L in mor iths g/dl % x 109/L x 109/L % 

1 18.5 20.5 15.6 44* 7.1 1 0.1 vj, 4.0 0 .6^ 20 | 

2 23.5 15.6 8.4 23 15.9 4.4 6.3 0.6 i nd 

3 20.4 8.9 3.6 5 13.4 1.6 5.6 1.1 1 95 

4 13.8 13.0 2.5 45 10.6 \ 3.4 9 4.4 nd 

5 20.3 9.4 4.0 12* 6.9 1 0.3 1 7.0 0.4 1 40 1 

Patients were diagnosed at 0 months of age. nd; not determined, * before transplantation "* lower 
than age-related normal values. Hb; hemoglobin, leuko; leukocytes, granulo; granulocytes, reticulo; 
reticulocytes. BM cell; bone marrow cellularity. 
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circulating granulocytes for four of the patients, indicating a developing bone-
marrow failure. From patient 1, 3 and 5 bone-marrow cellulanty could be 
determined. In patient 1 and 5 bone marrow cellulanty was found to be severely 
decreased. Patient 3 had still normal cellulanty of his bone marrow, but he was 
only five months old. A lowering of hemoglobin values was observed in three 
patients, the anemia was not due to iron deficiency as a result of increased 
bleeding tendency, reticulocytes were reduced in two of these patients. 

Megakaryocytopoiesis studied with CD34+ cell culture 

From patient 1, 2 and 3 bone marrow was obtained to study 
megakaryocytopoiesis in vitro. Bone marrow-derived CD34" cells were cultured 
for eight days in the presence of PEG-rHuMGDF and IL-3. This cytokine 
combination induces formation of megakaryocytes in healthy controls (Fig 1). 
However, CD34" cells from patient 1 and 2 did not differentiate into 
megakaryocytes, whereas in simultaneously performed control cultures 
megakaryocyte formation was observed (Fig 1). In the culture with CD34+ cells 
from patient 3 megakaryocytes were formed (Fig 1). From patient 3 enough 
CD34+ cells were available to test the efficiency of other cytokine combinations. 

patient 1 patient 2 

CE41 
10" 10 10" 

CD+1 

patient 3 

0.7 

.'««•' 

ö*T'ï"™ 10 10 10" 10J 10 
CE41 

If ' "Tf ""I-
10 10 10" 10J KT 

CE41 

Figure 1. Flow cytometry' analysis of bone-marrow CD34+ cell cultures 
Flow cytometry analysis of cells derived after eight days culture of CD34T cells. CD4T cells 
represent megakaryocytic cells and CD34+ cells represent stem cells. 
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Addition of only PEG-rHuMGDF or of PEG-rHuMGDF combined with IL-1 ir, 
culture did not result in megakaryocyte formation, whereas in control cultures 
megakaryocyte formation was observed under these conditions (data not shown). 

Mutation analysis 

The finding that CD34+ cells from two of the three patients tested were not 
responsive to PEG-rHuMGDF and IL-3 could imply that a defect in the gene of 
the Tpo-receptor, c-mpl, exists. Therefore, sequence analysis was performed of all 
12 coding exons and the adjacent splice sites of c-mpl from all five patients. 

In four of the five patients mutations in the c-mpl gene were found (listed in 
Table 4 and Fig 2). The mutations were found in at least two different PCR-
products and sequenced with a sense and an antisense primer. Patient 1 had a 
heterozygous G -» C substitution at nucleotide 305 in exon 3 leading to an 
argmme to proline substitution at codon 102. Patient 1 had also a heterozygous 
mutation in exon 10, a 1473 G to A shift, which results in a premature stopcodon 
at position 491. In patient 2 one heterozygous mutation was found in exon 5, a C 
to T transition at position 769, resulting in an argmme to cysteine replacement of 
codon 257. Another heterozygous mutation was observed in exon 12 of patient 2, 
a C -> T change at position 1904 leads to a proline to leucine replacement of the 
last ammo acid (635) of Mpl. Patient 3 had one heterozygous point mutation in 
exon 4, a C -> A mutation at nucleotide 407 gave a proline to histidine substitution 
of codon 136. Furthermore, a 7-bp deletion of one allele in exon 6 was found, 
resulting in a premature stopcodon of codon 368 in exon 7. Patient 4 had a 
homozygous G -> T mutation in the last base of intron 10. This mutation leads to 
loss of the splice site 5' of exon 11. In patient 5 no mutations were found in the 
coding regions of c-mpl. 

SP Cytokine receptor domain Cytokine receptor domain TM Cytoplasmic domain 

\ 1 r "il 1 r 

4 5 6 7 8 1 io 11 ii II 12I 

t t Î 
Figure 2. Schematic representation of c-mpl with the sites of the mutations 
Black arrows; mutations patient 1, grey arrows; mutations patient 2, hatched arrows; mutations 
patient 3, white arrows; mutation patient 4. SP; signal peptide, TM; transmembrane domain. 
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Table 4. Mutations found in c-mpl in patients with CAMT 

Patient Mutation Location Result 
1 heterozygous G —> C exon 3 
1 heterozygous G —> A exon 10 
2 heterozygous C —> T exon 5 
2 heterozygous C — > T exon 12 
3 heterozygous C —> A exon 4 
3 heterozygous 7-bp deletion exon 6 
4 homozygous G —> T intron 10 

Argl02Pro 
Trp491Stop 

Arg257Cys 
Pro635Leu 
Prol36His 
368Stop 
splice defect 5' exon 1 ! 

Family and polymorphism analysis of the c-mpl mutations 

For each mutation allele-specific restriction analysis (ASRA) or sequence 
analysis was used to investigate inheritance of the mutations. Fig 3 shows the 
family tree of patient 1 to 4. Patient 2 and 3 were compound heterozygous for two 
mutations of c-mpl. Patient 1 inherited the exon-3 mutation from the mother. The 
exon-10 mutation also found in this patient was not carried by the mother or by the 
father. There was no doubt about paternity indicating that this mutation is probably 
derived de novo. Both parents of patient 4 were heterozygous for the mutation 
observed in this patient. 

To exclude polymorphisms, 50 healthy controls (100 alleles) were screened for 
each mutation and within this group no mutations were detected, rendering high 
frequency polymorphisms unlikely (data not shown). 

L^rC 
| exon 3 mutation 

i I exon 10 mutation € 
C 

I exon 5 mutation 

TJexon 12 mutation B 

• exon 4 mutation 

7J exon 6 deletion 

€ 
E 

CTC 
Intron 10 
mutation 

Figure 3. Pedigree of the family of the patients with c-mpl mutations 
A) Family of patient 1, B) Family of patient 2, C) Family of patient 3, D) Family of patient 4. 
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Discussion 

In this study an extensive analysis of a relatively large group of CAMT patients 
is described. The diagnosis of CAMT of the studied patients is supported by the 
near absence of megakaryocytes in the bone marrow and the increased plasma Tpo 
levels and low GC levels, which both reflect decreased megakaryocyte/platelet 
body mass. In the few patients with amegakaryocytic thrombocytopenia described 
in the literature, defective megakaryocytopoiesis, due to an intrinsic stem cell 
defect, was indicated as the origin of the thrombocytopenia [2-4]. The almost 
complete absence of megakaryocytes in the bone marrow of CAMT patients w; s 
also demonstrated with the outcome of the in vitro megakaryocyte cultures. Bore 
marrow cells from both patient 1 and 2 failed to differentiate into megakaryocytes. 
In patient 3, megakaryocyte formation in vitro was observed if bone marrow-
derived CD34+ cells were cultured with PEG-rHuMGDF and IL-3, but not if eel s 
were cultured with PEG-rHuMGDF alone or with PEG-rHuMGDF and IL-1. 
Clinically, this patient has severely reduced platelet numbers and is platelet 
transfusion dependent. The combined effect of IL-3 and PEG-rHuMGDF may be 
related to the age at which the megakaryocyte culture was performed. Otherwise, 
the observed megakaryocyte formation may be IL-3 induced, which indicates that 
treatment with IL-3 could be beneficial for this patient. 

A case study of one 10-year old patient with CAMT was recently reported who 
was compound heterozygous for two mutations in the c-mpl gene that presumably 
led to truncated forms of Mpl [20]. We found c-mpl mutations in four of five 
patients. Patient 2 and 3 were found to be compound heterozygous for two muta
tions and/or a deletion of the c-mpl gene, implying that both alleles were affected. 
Patient 4 had one homozygous mutation while his consanguineous parents were 
both carrier for this mutation. Patient 1 had one mutation inherited from her 
mother and one possibly spontaneous mutation. All parents carrying one affected 
allele had normal platelet numbers and normal Tpo and GC levels, indicating tha: 
one unaffected allele of c-mpl is sufficient for normal megakaryocytopoiesis. 

Mpl has two cytokine receptor domains. Recently, it was shown that deletion of 
the first cytokine receptor domain, encoded by exon 2 - 5 abolished Tpo binding 
[21]. The ammo- acids changes induced by the mutations found in the extracellular 
domain, in exon 3, 4 and 5, may lead to decreased or absent Tpo-bmdmg capacity. 
Otherwise, receptor dimerisation can be affected. The deletion in exon 6 will result 
in a frameshift, leading to a stopcodon in exon 7, which may be translated, into a 
severely truncated protein. The mutation in exon 10 yields a stopcodon. 
Theoretically, the encoded truncated protein cannot bind to the membrane and 
therefore cannot serve as receptor for Tpo. The exon-12 mutation encoding a 
substitution of the last Mpl ammo acid is situated in that part of Mpl required for 
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transduction of proliferation and differentiation signals [22,23]. It has been 
described that deletion of the five last amino acids of Mpl does not lead to 
complete loss of proliferation and differentiation [22,23]. However, it may be 
proposed that the observed amino acid change, a proline to leucine substitution, 
induces a conformational change, leading to complete abolishment of signal 
transduction properties. The mutation in intron 10 as found in patient 4 causes a 
deletion of a splice site situated 5' of exon 11, leading to deletion of exon 11. With 
m RNA isolated from platelets of the parents of patient, both heterozygous carriers, 
we could not show any truncated mRNA (data not shown). This truncated mRNA 
might be too unstable and subsequently may not lead to translation into protein. 
However, even if protein is translated, the deletion of exon 11 induces a frameshift 
in exon 12, and thus Mpl will have a nonsense, truncated intracellular domain, that 
most likely is not able to transduce proper signal transduction signals. 

Besides its role in megakaryocyte differentiation and proliferation, Tpo has 
also been found to have an anti-apoptotic role in hematopoiesis [24-26]. 
Amegakaryocytic thrombocytopenia often progresses to bone-marrow failure [1]. 
In the follow up of our five patients severely reduced granulocytes numbers were 
observed in four patients. Three patients had reduced hemoglobin values and a 
reduced number of reticulocytes were noticed in two of these three patients. 
Decreased bone marrow cellulanty existed in two of three patients tested. These 
signs of bone-marrow failure existed clearly in four of the five patients. Moreover, 
in patients 1 and 2, reduced numbers of CD34+ cells were found compared to 
controls after eight days of culture with PEG-rHuMGDF and IL-3. In patient 3 this 
was also observed if the cells were cultured with PEG-rHuMGDF alone. An 
increased turnover of the CD34+ progenitor cells in amegakaryocytic patients , due 
the inability of Tpo to rescue them, might be responsible for the bone-marrow 
failure. Thus, bone-marrow transplantation is the only treatment in such patients. It 
has been successfully performed in patient 1 and in several reported cases [9,27]. 
In CAMT patients c-mpl mutations lead to severely reduced megakaryocyte and 
platelet numbers and increased bleeding tendency. In contrast, c-mpl deficient 
mice have only a 85% decrease in platelet counts and severe bleeding is absent 
[28,29]. However, these mice also display hematopoietic stem cell deficiencies, 
again illustrating that Tpo plays an important role in the regulation of 
hematopoietic stem cells [29,30]. 

In conclusion, this study shows that mutations in the gene encoding the 
thrombopoietin receptor, c-mpl, underlie the thrombocytopenia in CAMT in a 
majority of patients. The one patient in whom we could not detect a c-mpl 
mutation may have a mutation in the promoter region of c-mpl or may suffer from 
a defect in the c-mpl signalling route. Mutations in c-mpl not only affect 
megakaryocyte formation, but may also lead to a defect in stem cell survival and 
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progressive bone-marrow failure. This might be explained by an anti-apoptotic 
effect of Tpo on stem cells. 
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