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Abstract
Thrombocyte formation from megakaryocyte and their progenitor cells is tightly reg-
ulated by thrombopoietin (TPO) and its receptor c-MPL, thereby maintaining physi-
ological functionality and numbers of circulating platelets. In patients, dysfunction 
of this regulation could cause thrombocytopenia or myeloproliferative syndromes. 
Since regulation of this pathway is still not completely understood, we investigated 
the role of the ubiquitin ligase c-Cbl which was previously shown to negatively regu-
lated c-MPL signalling. We developed a new conditional mouse model using c-Cblfl/
flPf4Cre mice and demonstrated that platelet-specific knockout of c-Cbl led to severe 
microthrombocytosis and impaired uptake of TPO and c-MPL receptor internaliza-
tion. Furthermore, we characterized a constitutive STAT5 activation c-Cbl KO plate-
lets. This study identified c-Cbl as a potential player in causing megakaryocytic and 
thrombocytic disorders.
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1  | INTRODUC TION

During hematopoiesis, the development of bone marrow progenitor 
cells into mature blood cells and maintenance of physiological num-
bers of circulating blood cells are tightly regulated by several cyto-
kines and growth factors. In this context, thrombopoietin (TPO) and 
its corresponding receptor c-MPL play a central role during throm-
bopoiesis, the developmental process of thrombocyte formation 
from megakaryocyte (MK) and their progenitor cells.1,2

Disruption of TPO signalling results in thrombocytopenia, re-
duction of hematopoietic stem cells and can even lead to a state of 
complete bone marrow failure, called aplastic anaemia.3-5 In con-
trast, uncontrolled TPO signalling due to, for example, mutations in 
c-MPL or its downstream signalling proteins results in a hyperprolif-
erative phenotype, which causes myeloproliferative syndromes.6-8 
Therefore, a tight control of TPO-mediated signalling is necessary to 
maintain physiological hematopoiesis.

The proto-oncogene c-CBL (casitas B cell lymphoma) is involved 
in ubiquitination of the TPO receptor c-MPL and thereby negatively 
regulating TPO signalling.9 C-Cbl is expressed in hematopoietic cells 
and MKs and is part of the Cbl protein family, which carry evolu-
tionary conserved RING finger domains and show E3 ubiquitin ligase 
activity. Ubiquitination of target proteins by c-Cbl is induced by its 
phosphorylation in response to TPO stimulation.10-14

In case of losing the negative regulation of the TPO signalling, 
c-Cbl null mice show a clear expansion in hematopoietic stem/
progenitor cell numbers as well as being hyperproliferative and 
sensitive to TPO stimulation which induces STAT5 signalling.15 
In patients with myeloproliferative disorders such as essential 
thrombocythemia (ET), studies have shown an impaired plate-
let-dependent TPO clearance, suggesting that thrombocytosis in 
ET may be attributed to an alteration in TPO signalling via its re-
ceptor c-MPL.16

Here, we report on a new genetic model to specifically delete 
c-Cbl in the MK lineage by using a conditional knockout strain with 
a platelet and MK specific Pf4cre. C-Cblfl/flPf4Cre mice present with 
a microthrombocytosis and an accelerated platelet turnover along 
with faster platelet recovery after platelet depletion. The number of 
MKs was elevated along with the number of their progenitor cells in 
the bone morrow, without signs of myelofibrosis. Interestingly, there 
was no difference in spleen size compared to wild-type (WT) mice. 
TPO receptor c-MPL surface expression was reduced on platelets 
of c-Cblfl/flPf4Cre mice while showing impaired internalization and 
markedly reduced ability to take up TPO, resulting in elevated TPO 
serum levels in these mice.

2  | MATERIAL S AND METHODS

2.1 | Mice

Mice bearing a conditional floxed allele of c-Cbl (Cblfl/fl) C57BL/6-
Cbltm1Dejs (Australian Phenomics Facility) were crossed with Pf4Cre 
mice were obtained from Jackson Laboratory (stock #008535) to 
obtain c-Cblfl/flPf4Cre. Homozygous c-Cblfl/flPf4Cre (KO) mice with 
megakaryocytic deletion of c-Cbl were used as the experimental 
cohort, while c-Cblfl/fl (WT) mice without c-Cbl deletion served as 
controls. All mice were age- and sex-matched and were killed at 
the indicated time-points by overdosing inhalation anaesthesia. 
Mice were maintained under specific pathogen-free conditions. 
All animal experiments were performed with the authoriza-
tion of the Institutional Animal Care and Use Committee of the 
University of Tübingen according to German federal and state 
regulations.

2.2 | Western blot

Protein lysates were isolated from purified B cells, platelets or in 
vitro generated MKs with NP-40 buffer (Thermo Scientific) con-
taining 1 mmol/L PMSF (Sigma-Aldrich) and PI cocktail (Thermo 
Scientific) for 30  minutes on ice followed by 10  minutes cen-
trifugation at 15 000 g. The supernatant was used for SDS-PAGE 
followed by Western blot analysis. Antibodies for c-CBL (#2747, 
1:1000), Actin (8H10D10, 1:5000) (all from Cell Signaling) and 
c-MPL (#06-944; Merck) and horseradish peroxidase-coupled 
goat or swine anti-rabbit secondary antibody (Southern Biotech) 
were used.

2.3 | Flow cytometry

The peripheral blood and flushed bone marrow were lysed with 
ammonium chloride buffer (0.150  mmol/L NH4Cl, 0.1  mmol/L 
EDTA, 0.150 mmol/L KHCO3) to eliminate erythrocytes followed 
by staining with fluorochrome-labelled CD19 (eBio1D3), CD3 (145-
2C11) CD5 (53-7.3), CD4 (GK1.5), CD8 (53-6.7), Gr-1 (RB6-8C5), 
CD11b (M1/70), Sca-1 (D7), c-kit (2B8), CD16/32 (2.4G2), CD34 
(RAM34), Nkp46 (29A1.4), CD41 (eBioMWReg30) and/or CD150 
(9D1) antibodies (Abs). Dead cells were excluded by propidium 
iodide (PI, 1:1000; Sigma-Aldrich) staining, and Lineage (LIN) 
Cocktail contained biotinylated antibodies for CD11b (M1/70), 

F I G U R E  1   C-Cbl-deficient mice showed increased microthrombocytosis and lymphocytosis. A, Mouse breeding scheme to generate 
c-Cblfl/flPf4Cre mice. B, c-CBL protein expression in CD19+ B cells, megakaryocytes and platelets from c-Cblfl/fl and c-Cblfl/flPf4Cre mice 
assessed by Western blotting. Actin was used as loading control. C, White blood count (WBC), lymphocytes, platelet numbers (PLTs) and 
mean platelet volume (MPV) (n = 65-66 per group) were analysed in c-Cblfl/fl and c-Cblfl/flPf4Cre mice at an age of 8-16 wk (Mean ± SEM, *P 
≤ .05). D, Representative FACS blots for flow cytometric analysis of B cells (CD19+), T (CD3+, CD3+CD4+, CD3+CD8+) cells, B1 (CD19+CD5+) 
and B2 (CD19+CD5−) B cells, NK cells (Nkp46+) and granulocytes (Gr-1+CD11b+) in the peripheral blood of c-Cblfl/fl and c-Cblfl/flPf4Cre mice at 
an age of 12-16 wk. E, Flow cytometric analysis of the peripheral blood of c-Cblfl/fl and c-Cblfl/flPf4Cre mice at an age of 12-16 wk (n = 9 per 
group, Mean ± SEM, *P ≤ .05)
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CD3 (145-2C11), Ter119 (Ter119) and Gr-1 (RB6-8C5) and B220 
(RA3-6B2) and were stained with streptavidin-PerCP. Cells were 
analysed with the Canto II cytometer (BD Bioscience). Data were 

obtained with the BD FACSDivaTM (BD Bioscience) and analysed 
with the FlowJo software. Exemplary gating strategies are shown 
in Figure S1.

*

A B

C

D

E



12494  |     MÄRKLIN et al.

2.4 | Phospho-flow analysis

Platelets and flushed bone marrow were prepared and stained with 
fluorochrome-labelled Abs as described above in the Material and 
Methods section. Cells were stimulated according to the manufac-
turer's instructions of the PerFix EXPOSE Kit (Beckman Coulter) 
with 100 ng/mL TPO or PMA (50 ng/mL) + Ionomycin (500 ng/mL) at 
37°C for the indicated time-points. Cells were immediately fixed and 
permeabilized followed by intracellular staining of ERK1/2 (clone 
137F5), P-ERK1/2(T202/Y204) (clone D13.14.4E) (1:400/1:800) 
and STAT5 (clone 3H7), P-STAT5(Y694) (clone D47E7) (1:100/1:200) 
and respective isotype controls. Detection was performed with 
an α-rabbit F(ab')2-FITC conjugate (1:250) (all from Cell Signaling 
Technology), and samples were measured with the LSRFortessa cy-
tometer (BD Bioscience).

2.5 | Differentiation and cultivation of BM 
megakaryocytes in vitro

Bone marrow of c-Cblfl/fl and c-Cblfl/flPf4Cre mice was flushed, and 
hematopoietic stem cells were cultured for 3  days in MK-media 
(Opti-MEM, 1% penicillin/streptomycin (Gibco) and 25  ng/mL re-
combinant TPO (PeproTech) at 37°C and 5% CO2. On day 3 of cul-
turing, mature MKs were enriched using a BSA density gradient (4% 
and 2% BSA in PBS; Sigma-Aldrich) and enriched MKs were washed 
with PBS and prepared for further analysis.

2.6 | TPO measurements

Thrombopoietin plasma levels were obtained with citrate plasma 
of different mice and measured with ELISA (Quantikine; R&D). For 
detection of the TPO uptake, peripheral blood was washed with 
Tyrode's buffer  +  2% BSA  +  2.3  µmol/L PGE and once with PBS. 
1  ×  106 platelets were resuspended in MK-media +  2000  pg/mL 
recombinant TPO and mixed gently by flicking the tube. Platelets 
were incubated at 37°C and constant shaking for 2 hours followed 
by TPO ELISA of the supernatant. TPO uptake was calculated as fol-
lows “TPOpg∕mLuntreated control − TPOpg∕mL1×106 Platelets”.

2.7 | Immunohistochemistry

For morphological bone analysis, femurs were fixed in 4% buffered 
formalin for at least 24 hours. Decalcification was performed in EDTA 
solution at room temperature for 2-3 days. The decalcified bones were 
embedded in paraffin and cut in 3-μm-thick sections and stained with 
haematoxylin and eosin (H&E). Spleens were fixed in 4% formalin- and 
paraffin-embedded. For histology, 3-µm-thick sections were cut and 
stained with H&E and Gomori stain. Immunohistochemistry was per-
formed on an automated immunostainer (Ventana Medical Systems, 
Inc) according to the company's protocols for open procedures with 

slight modifications. All slides were stained with the antibody GPIbα 
(Emfret Analytics). Appropriate positive and negative controls were 
used to confirm the adequacy of the staining. MKs were counted at 
20× HPF (magnification 200×).

2.8 | qRT-PCR

RNA was isolated from in vitro generated MKs and liver pellets 
using RNeasy plus mini kit (Qiagen) followed by reverse transcrip-
tion (SuperScript II; Invitrogen). Quantitative PCR was performed 
using SYBR Select Mastermix (Thermo Fisher Scientific) in a 
LC480 Lightcycler (Hoffmann-La Roche). QuantiTect primer as-
says for TPO (Cat# QT00100457), c-MPL (Cat# QT00112119), 
Gapdh (Cat# QT01658692) were purchased from Qiagen, 
and β-Actin Fwd 3′-TCTTGGGTATGTAATCCTGTGGCA-5′; Rv 
3′-ACTCCTGCTTGCTGATCCACATCT-5′ were synthesized from 
Sigma-Aldrich.

2.9 | Platelet analysis

Retroorbital blood was collected, and whole blood analysis was 
performed using an automated Bayer Advia 120 MultiSpecies 
Analyzer (Bayer HealthCare). For platelet analyses, peripheral 
blood was collected in an anti-coagulant mixture containing Aster 
Jandl (85 mmol/L sodium citrate dehydrate, 69 mmol/L citric acid, 
20 mg/mL glucose, pH 4.6) and platelet buffer (10 mmol/L HEPES, 
140  mmol/L NaCl, 3  mmol/L KCl, 0.5  mmol/L MgCl2, 0.5  mmol/L 
NaHCO3, 10 mmol/L glucose, pH 7.4). After centrifugation (120 g), 
platelet-rich plasma (PRP) was used for further analysis.

TA B L E  1   Complete blood counts in c-Cblfl/fl and c-Cblfl/flPf4Cre 
mice

c-Cblfl/fl
c-Cblfl/

flPf4cre P-value

Mice 66 65

Blood count (cells/µL)

WBC (×103) 9.6 ± 0.4 12.1 ± 0.5 .0002a 

RBC (×106) 10.3 ± 0.1 10.3 ± 0.1 .93b 

Lymphocytes (×103) 8.6 ± 0.4 11.0 ± 0.5 <.0001 a 

PLTs (×106) 1.3 ± 0.4 1.9 ± 0.4 <.0001b 

Monocytes (×102) 2.7 ± 0.4 3.5 ± 0.5 .34b 

Neutrophils (×102) 4.0 ± 0.3 4.4 ± 0.3 .26b 

Eosinophils (×102) 1.9 ± 0.1 2.2 ± 0.1 .10b 

MPV (fL) 7.0 ± 0.1 6.6 ± 0.1 .0062a 

HGB (g/dL) 2.5 ± 0.1 2.5 ± 0.1 .67b 

Abbreviations: HGB, haemoglobin; MPV, mean platelet volume; PLT, 
platelets; RBC, red blood count; WBC, white blood count.
aStatistical analysis with Student's t test. 
bStatistical analysis with Mann-Whitney test. 
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F I G U R E  2   C-Cbl-deficient mice showed increased megakaryopoiesis. A, Representative FACS blots for flow cytometric analysis of LSKs 
(Lin–Sca-1+c-kit+), CMPs (Lin–Sca-1−c-kit+CD34−CD16/32−), GMPs (Lin–Sca-1−c-kit+CD34+CD16/32−), MEPs (Lin–Sca-1−c-kit+CD34+CD16/32+) 
and MkP (Lin–Sca-1−c-kit+CD41+CD150+) in the bone marrow and combined data of c-Cblfl/fl and c-Cblfl/flPf4cre mice at an age of 12-16 wk 
(n = 4 per group, Mean ± SEM, *P ≤ .05). B, H&E staining, Gomori staining and immunohistochemistry for GPIbα of paraffin-embedded bone 
marrow sections of one representative c-Cblfl/fl and c-Cblfl/flPf4cre mouse (age: 16-18 wk). C, Number of GPIbα+ megakaryocytes per image 
(n = 2) identified by immunohistochemistry of paraffin-embedded bone marrow sections of c-Cblfl/fl and c-Cblfl/flPf4cre mice (age: 16-18 wk) 
(n = 3 per group, *P ≤ .05). D, A representative picture of spleens from c-Cblfl/fl and c-Cblfl/flPf4cre mice (age: 30 wk) (left) and H&E staining 
and immunohistochemistry for GPIbα of paraffin-embedded spleen sections of one representative c-Cblfl/fl and c-Cblfl/flPf4cre mouse (age: 
16-18 wk) (right)
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Mice were iv injected with 2  µg DyLight-488-conjugated an-
ti-GPIbβ Ig (X488, Emfret Analytics) antibody, and platelets were 
analysed by flow cytometry for CD41 and GPIbβ co-expression. 
Platelet lifespan was assessed by normalizing costained platelets at 
indicated time-points to the control measurement 3-6 hours after 
Ab injection.

For analysis of platelet turnover, X488-treated mice were iv in-
jected with 600 µg NHS-biotin 24 hours later. After 3 hours, PRP 
was isolated and stained with CD41-PE and streptavidin-APC (1:100) 
followed by flow cytometry.

For determination of reticulated platelets, PRP was stained with 
thiazole orange (TO) (0.1  µg/mL) and CD41-PE followed by fixa-
tion with 1% PFA and flow cytometry. To analyse the recovery of 
platelets, mice were injected with 3 µg/g of bodyweight depletion 
Ab (#R300; Emfret Analytics) i.p. and platelets were analysed at the 
indicated time-points.

Analysis of the c-MPL receptor internalization was performed 
as follows: PRP was stimulated with 25 ng/mL TPO at 37°C for the 
indicated time-points. Platelets were washed with ice-cold wash 
buffer (140 mmol/L NaCl, 5 mmol/L KCl, 12 mmol/L sodium citrate, 
10 mmol/L glucose, 12.5 mmol/L sucrose, pH 6.0) and stained with 
CD41-PE and c-MPL (AMM2) in platelet buffer for 30  minutes at 
4°C followed by staining with anti-ratIgG1-APC conjugate (30 min-
utes, 4°C) after washing again with platelet wash buffer. C-MPL re-
ceptor expression was measured in ice-cold platelet buffer by flow 
cytometry.

2.10 | Statistical analysis

For statistical analysis, GraphPad Prism 7.03 (GraphPad Software) 
was used. Mean values and SEM are shown. Distributions of the val-
ues were tested with Shapiro-Wilk normality test. The 95% confi-
dence level was used, and P-values were calculated with an unpaired 
two-tailed Student's t test or an unpaired two-tailed Welch's t test 
in the case of normally distributed data. Significance of not nor-
mally distributed data was either calculated with a paired two-tailed 
Wilcoxon matched-pairs signed-rank test or a two-tailed unpaired 
Mann-Whitney test. An unpaired analysis of variance (ANOVA) was 

used to analyse the differences among group means. P-value of 
P < .05 (*) was used as cut-off for significance.

3  | RESULTS

3.1 | c-Cbl knockout leads to microthrombocytosis 
and lymphocytosis

To determine the role of c-Cbl in thrombopoiesis, we generated 
c-Cblfl/flPf4Cre mice specifically lacking c-Cbl in the MK lineage 
(Figure 1A). While isolated B cells exhibited normal c-CBL expres-
sion, knockout of c-CBL protein in MKs and platelets (Plts) was con-
firmed by Western Blot (Figure 1B). Whole blood analyses revealed 
increased white blood counts (WBC) caused by a lymphocytosis 
and elevated numbers of small PLTs leading to a microthrombocy-
tosis in c-Cblfl/flPf4Cre mice, whereas red blood cells (RBC) were not 
altered (Figure 1C, Table 1 and Figure S2). To investigate the lym-
phocytosis of c-Cblfl/flPf4Cre mice, we performed flow cytometry 
analyses with the peripheral blood and observed elevated B cell 
populations, mainly CD5− B2 B cells, whereas T cells, NK cells and 
granulocytes were not altered (Figure  1D,E). Of note, leucocyte 
populations in the spleen, peritoneum and lymph nodes were not 
altered (Figure S3).

3.2 | Megakaryopoiesis is increased in c-Cblfl/

flPf4Cre mice

Next, we set out to characterize the role of c-CBL in megakary-
opoiesis and analysed hematopoiesis in the bone marrow of WT 
and c-Cblfl/flPf4Cre mice. Flow cytometry analyses revealed in-
creased Lin−Sca1+Kit+ (LSK) populations and enhanced megakary-
ocyte progenitors (MkPs) in c-CBL-deficient mice, while common 
myeloid progenitors (CMPs), granulocyte macrophage progenitors 
(GMPs) and MK and erythrocyte progenitors (MEPs) were not al-
tered (Figure 2A). H&E stainings of bone marrow sections displayed 
normal cellularity of the marrow, and Gomori staining showed no 
signs of bone marrow fibrosis (Figure  2B). Detection of MKs by 

F I G U R E  3   c-Cblfl/flPf4Cre mice showed increased platelet recovery. A, c-Cblfl/fl and c-Cblfl/flPf4Cre mice (n = 4 per group, 10-14 wk 
old) were iv injected with X488 (2 µg) antibody, and platelets lifespan was assessed by flow cytometry at the indicated time-points 
(Mean ± SEM). B, RNA of platelets of c-Cblfl/fl and c-Cblfl/flPf4Cre mice (n = 6, 10-14 wk old) was analysed with thiazole orange (TO) staining 
by flow cytometry. Representative plots of mature TO− platelets and reticulated TO+ platelets (left) and combined results (right) (n = 10 mice 
per group, Mean ± SEM, *P ≤ .05). C, To determine the turnover of platelets, c-Cblfl/fl and c-Cblfl/flPf4Cre mice were iv injected with X488 
(0.15 µg/g bodyweight) antibody and 24 h later iv injected with NHS-biotin (600 µg). Platelets were analysed for double labelling (population 
label) and NHS single labelling (cohort label) after 3 h by flow cytometry (n = 3-4 mice per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05). 
D, c-Cblfl/fl and c-Cblfl/flPf4Cre mice were analysed for initial platelet counts in the peripheral blood followed by platelet depletion with i.p. 
injection of R300 (3 µg/g bodyweight) antibody. Platelet recovery was monitored for 8 d. Combined data of three independent experiments 
are shown (n = 3-7 mice per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05). E, MPV of platelets before (n = 7 per group) and after the 
depletion were analysed (Mean ± SEM, *P ≤ .05). F, c-Cblfl/fl and c-Cblfl/flPf4Cre mice were analysed for reticulated platelet by thiazole orange 
staining by flow cytometry followed by platelet depletion with i.p. injection of R300 (3 µg/g bodyweight) antibody. Reticulated platelet 
recovery was monitored for 7 d (n = 3 mice per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05)
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immunohistochemistry for GP1bα resulted in higher numbers of 
MKs in the marrow of c-Cblfl/flPf4Cre mice compared to WT controls 
(Figure 2B,C). H&E and GPIbα staining of the WT spleen revealed 
a normal population of MKs, which were mostly located subcapsu-
larly. In contrast, an increased number of MKs but only none to mild 
splenomegaly was observed in the spleen of c-Cblfl/flPf4Cre animals. 
The MKs in the c-Cblfl/flPf4Cre animals were slightly larger and hy-
perlobated (Figures 2D and S4).

3.3 | c-Cblfl/flPf4Cre mice exhibit increased 
thrombopoiesis

After assessment of megakaryopoiesis, we further characterized the 
role of c-CBL in platelet formation. In vivo labelling of platelets with an 
anti-GPIbβ (X488) Ab displayed a comparable platelet lifespan in WT 
and c-Cblfl/flPf4Cre mice, objecting prolonged survival of c-Cbl-defi-
cient platelets (Figure 3A). However, intracellular RNA staining with TO 
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resulted in increased percentage of reticulated platelets in the periph-
eral blood of c-Cblfl/flPf4Cre mice (Figure 3B). In line, in vivo labelling of 
platelets with X488 and counterstaining with NHS after 24 hours dem-
onstrated a higher platelet turnover in c-Cblfl/flPf4Cre mice (Figure 3C).

To investigate whether platelet formation is not only affected in 
steady-state conditions, we depleted platelets in vivo and monitored 
platelet recovery for 8  days. Again, c-Cblfl/flPf4Cre mice showed in-
creased platelet counts in the peripheral blood prior to the depletion 
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and platelet recovery was significantly increased in c-Cblfl/flPf4Cre mice 
compared to WT mice after 4-5 days (Figure 3D). Furthermore, after 
depletion the mean platelet volume (MPV) of the recovered platelets 
increased; however, there was no significant difference between WT 
and c-Cblfl/flPf4Cre mice (Figure  3E). Enhanced recovery of was due 
to enhanced regeneration and formation of c-Cbl KO platelets which 
could be proved by increased reticulated TO+ platelets after the deple-
tion and during the recovery phase within 2-8 days in vivo (Figure 3F).

3.4 | Impaired c-MPL internalization in c-Cblfl/

flPf4Cre mice

Since the ubiquitin ligase c-CBL is involved in ubiquitination of the 
TPO receptor c-MPL and thereby in negatively regulating TPO signal-
ling, we aimed to determine TPO signalling in WT and c-Cblfl/flPf4Cre 
platelets. First, TPO plasma levels were significantly enhanced in c-
Cblfl/flPf4Cre mice (Figure 4A). Interestingly, TPO mRNA levels in the 
liver were comparable between WT and c-Cblfl/flPf4Cre mice, indicat-
ing that elevated TPO plasma levels were not caused by enhanced 
TPO synthesis (Figure 4B). Of note, plasma levels of other plasma 
components were similar in both cohorts, except of non-esterified 
fatty acids which were elevated in c-Cblfl/flPf4Cre mice (Table  2). 
Next, we determined the capacity of platelets to take up TPO and 
therefore incubated isolated platelets of WT and c-Cblfl/flPf4Cre mice 
with recombinant TPO and measured TPO levels in the supernatant 
after 2 hours. CBL-deficient platelets showed a severe decrease in 
TPO uptake capacity compared to WT platelets (Figure 4C).

One explanation would be decreased c-MPL expression which 
could lead to impaired TPO uptake in CBL-deficient platelets. However, 
qRT-PCR and Western blot analysis of total c-MPL expression in MKs 
and c-MPL protein levels in platelets were comparable in WT and 
c-Cblfl/flPf4Cre mice (Figure 4D,E). We further analysed c-MPL surface 
expression by flow cytometry and detected distinct lower levels of 
c-MPL surface expression on platelets of c-Cblfl/flPf4Cre mice, while 
other platelets receptors like CD41 were not affected (Figure 4F,G).

Finally, we performed in vitro c-MPL receptor internalization anal-
yses and determined c-MPL surface expression after TPO stimulation. 

In WT platelets stimulation with TPO led to internalization of ~50% the 
c-MPL receptor within 60 minutes, in contrast c-Cblfl/flPf4Cre platelets 
showed severe defects in receptor internalization (Figure 4H).

3.5 | c-Cblfl/flPf4Cre mice showed constitutive active 
c-MPL signalling

To further elucidate the impact of c-Cbl deletion on the regulation 
of c-MPL signalling, we stimulated isolated bone marrow cells and 
platelets from WT and c-Cblfl/flPf4Cre mice with TPO and analysed 
receptor activation via STAT5 and ERK1/2 phosphorylation. While 
total protein expression of STAT5 and ERK1/2 was comparable in 
LSKs, MkPs and PLTs of WT and c-Cblfl/flPf4Cre mice (Figure  5A), 
stimulation of the c-MPL receptor showed induction of P-STAT5 and 
P-ERK (Figure 5B). Maximum phosphorylation of STAT5 and ERK1/2 
in LSKs and MkPs was observed after ~30 minutes for STAT5 and 
after ~5  minutes of TPO stimulation for ERK1/2 (Figure  5C,D). 
Whereas c-MPL of LSKs showed comparable signalling capacity in 
WT and c-Cblfl/flPf4Cre mice, MkPs of c-Cblfl/flPf4Cre mice displayed 
impaired phosphorylation levels of STAT5 and ERK1/2 (Figure 5D). 
Interestingly, while TPO stimulation of WT mice showed expected 
induction of P-STAT5 over time, STAT5 signalling in PLTs of c-Cblfl/
flPf4Cre mice was constitutive active and TPO could not induce fur-
ther activation (Figure 5C). In general, TPO stimulation of PLTs did 
not induce any P-ERK1/2 at all. Of note, phosphorylation of ERK1/2 
could be achieved by stimulation of PLTs with PMA/Ionomycin, 
proving ERK1/2 signalling capacity in general (Figure S5).

4  | DISCUSSION

In this study, we investigated the role of the E3 ubiquitin ligase c-Cbl 
in the MK linage. Known mutations in the Cbl gene are nucleotide 
substitutions or small insertions/deletions in exons 8 and 9 of the 
gene which lead to modification of the linker or the RING finger do-
main.17 These mutations are also found in rare cases of myeloprolif-
erative disorders like ET and primary myelofibrosis and can result in 

F I G U R E  4   c-Cblfl/flPf4Cre mice showed impaired TPO uptake and c-Mpl internalization. A, Plasma of c-Cblfl/fl and c-Cblfl/flPf4Cre mice was 
harvested and TPO plasma levels were measured by ELISA (n = 10 mice per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05). B, TPO mRNA 
of livers from c-Cblfl/fl and c-Cblfl/flPf4Cre mice were analysed by qRT-PCR. TPO gene expression was normalized to Gapdh (n = 5-6 mice 
per group, 10-14 wk old) (Mean ± SEM). C, To determine the TPO uptake platelets of c-Cblfl/fl and c-Cblfl/flPf4Cre mice were harvested and 
stimulated with TPO (2 ng/mL) for 2 h. TPO levels in the supernatant were measured by ELISA and the TPO uptake was calculated as follows 
TPOpg∕mLuntreated control − TPOpg∕mL1 × 10

6 Platelets (n = 8 mice per group, 10-12 wk old) (Mean ± SEM, *P ≤ .05). D, Megakaryocytes 
were generated from bone marrow of c-Cblfl/fl and c-Cblfl/flPf4Cre mice. C-Mpl mRNA level were measured by qRT-PCR and normalized 
to Actin expression (n = 5-6 per group, 12-16 wk old) (Mean ± SEM). E, Megakaryocytes were generated from bone marrow of c-Cblfl/fl 
and c-Cblfl/flPf4Cre mice and platelets were harvested. Expression of c-MPL was assessed by Western blot analysis. One exemplary result 
with β-Actin as loading control is shown. F, Platelets of c-Cblfl/fl and c-Cblfl/flPf4Cre were stained for c-MPL surface expression. SFIs were 
calculated with respective isotype controls (n = 3-4 per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05). G, Platelets of c-Cblfl/fl and c-Cblfl/
flPf4Cre were stained for CD41 surface expression (n = 4 per group, 10-14 wk old) (Mean ± SEM). H, Platelets of c-Cblfl/fl and c-Cblfl/flPf4Cre 
mice were isolated and treated with TPO (25 ng/mL) for the indicated time-points. C-MPL internalization was measured by flow cytometry. 
Combined data of three independent experiments is shown (n = 3-5 per group, 10-14 wk old) (Mean ± SEM, *P ≤ .05)
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a loss of function of the ubiquitin E3 ligase activity, thereby disrupt-
ing the ubiquitin/proteasome-mediated degradation of MPL/JAK2.18 
Moreover, in a recent human genome-wide association study, single 
nucleotide polymorphisms in or near the c-Cbl gene was associated 
with observed platelet counts.19

Our data show that c-Cbl plays a key role in negative feedback 
regulation of TPO signalling via its receptor c-MPL, which is critical 
for the maintenance of hematopoietic stem cells in addition to being 
the key regulator of megakaryopoiesis.20 Our previous work has iden-
tified c-Cbl as E3 ubiquitin ligase involved in the ubiquitination and 
degradation of c-MPL as well as that knock out of c-Cbl in a cell-based 
model caused a hyperproliferative phenotype.9 Recently, this nega-
tive regulatory role of c-Cbl in downmodulation of c-MPL expres-
sion was further supported in a mouse model of ABCG4 knockout 
mice.21 C-Cbl null mice showed a severe thrombocytosis compared 
to WT mice, while there was no difference in total leucocyte count. 

In addition, c-Cbl null mice developed a marked splenomegaly with 
elevated number of MK, while there was no difference in bone mar-
row cellularity.22 In contrast to these findings, our c-Cblfl/flPf4Cre mice 
showed lymphocytosis but no noteworthy splenomegaly.

The thrombocytosis observed in the c-Cblfl/flPf4Cre mice was 
most likely due to elevated numbers of bone marrow MKs, MkPs and 
spenic MK compared to WT mice since the half lifespan of the plate-
lets was not affected. This theory is supported by the faster platelet 
recovery observed in c-Cblfl/flPf4Cre mice after platelet depletion.

Regarding the alterations observed in LSKs and B cell popu-
lations, we suggest different hypotheses. C-Cbl deficiency was 
achieved by deletion of a PF4-induced Cre recombinase, which 
was previously shown to be already expressed in LSK stem cells 
and lymphoid progenitors, which partially led to expression in B 
cells.23,24 Furthermore, it is known that TPO/c-MPL signalling plays 
an important role in maintaining HSCs during adult hematopoiesis 
since TPO−/− showed an age-progressive loss of HSCs and reduced 
MkPs.25 This could be one explanation how c-Cbl KO mice display-
ing elevated TPO levels also exhibit increased LSK stem cells and 
MkPs. Elevated LSKs levels could probably lead to elevated B cells 
in the periphery; however, in our view there is a second explana-
tion. Au and coworkers characterized an altered B lymphopoiesis 
caused by deregulated TPO signalling.26 They could show that en-
hanced TPO signalling in TPOTg mice led to increased number of 
splenocytes. We did not analyse TPO signalling in B cells of our 
c-Cblfl/flPf4Cre, but one could speculate that residual PF4-cre ac-
tivity in B cells might influence TPO signalling and thereby could 
lead to elevated B cell counts. A third theory independent of al-
tered B cell c-MPL signalling or PF4 expression may simply account 
the inability of TPO uptake of c-Cbl KO platelets. This was causing 
elevated TPO levels and thereby influencing B cell development 
and leading to increased B2 B cells which are the main splenic B 
cell population usually consisting of transitional, marginal zone and 
follicular B cells.

C-MPL internalization/endocytosis was severely impaired in 
c-Cblfl/flPf4Cre platelets, resulting in constitutive STAT5 phosphor-
ylation and elevated circulating TPO levels. TPO is the main cyto-
kine regulating megakaryopoiesis and its receptor c-MPL, signals 
through JAK2 phosphorylation and activation, followed by phos-
phorylation and nuclear translocation of signal transducers and ac-
tivators of transcription.27 Subsequently, c-MPL is down-regulated 
by clathrin-dependent endocytosis.20,28,29 TPO-independent c-MPL 
signalling as observed in c-Cblfl/flPf4Cre platelets is consistent with 
findings of others describing constitutive signalling due to impaired 

TA B L E  2   Plasma analysis of c-Cblfl/fl and c-Cblfl/flPf4Cre mice

c-Cblfl/fl c-Cblfl/flPf4cre P-value

Mice 9 9

Plasma analysis

Urea (mg/dL) 50.2 ± 1.5 51.1 ± 2.2 .74

Uric acid (mg/dL) 2.0 ± 0.3 2.3 ± 0.3 .49

Bilirubin (mg/dL) 0.4 ± 0.0 0.4 ± 0.0 1.00

Total protein (g/dL) 5.1 ± 0.1 4.9 ± 0.1 .35

Cholesterol (mg/dL) 84.4 ± 5.3 83.1 ± 4.8 .85

HDL Cholesterol 
(mg/dL)

24.0 ± 2.4 24.4 ± 1.9 .88

LDL Cholesterol 
(mg/dL)

4.0 ± 0.0 4.4 ± 0.4 .33

Triglyceride (mg/dL) 61.3 ± 3.8 64.9 ± 5.8 .61

Non-esterified fatty 
acids (µmol/L)

895 ± 29 1189 ± 115 .0371a 

Creatine kinase 
(U/L)

349 ± 89 404 ± 120 .71

Glutamate 
oxalacetal 
transaminase (U/L)

91 ± 8.5 92 ± 9.7 .91

Glutamate pyruvate 
transaminase (U/L)

58 ± 6.9 49 ± 2.4 .24

Alkaline 
phosphatase (U/L)

17 ± 3.4 17 ± 2.9 1.00

aStatistical analysis with Student's t test. 

F I G U R E  5   PLTs of c-Cblfl/flPf4Cre mice showed impaired c-MPL receptor signalling. After staining of bone marrow cells and PLTs cells 
were stimulated with 100 ng/mL TPO for the indicated time-points and c-Mpl receptor activation was assessed by intracellular staining 
of STAT5/P-STAT5(Y694) and ERK1/2/P-ERK1/2(T202/Y204) in LSKs (Lin–Sca-1+c-kit+), MkP (Lin–Sca-1−c-kit+CD41+CD150+) and PLTs 
(CD41+) with flow cytometry. A, Total STAT5 and ERK protein expression in LSKs, MkPs and PLTs of one representative result out of three 
independent experiments is shown. B, Exemplary results for P-STAT5 and P-ERK induction after TPO stimulation of LSKs, MkPs and PLTs for 
one representative mouse per genotype (12-16 wk old) are shown. C, Pooled result of P-STAT5+ and P-ERK1/2+ for LSKs (n = 6-8 per group), 
MkPs (n = 5-7) and PLTs (n = 5-8 per group) at the indicated time-points of is shown (Mean ± SEM, *P ≤ .05). D, Induction of P-STAT5+ and 
P-ERK1/2+ in LSKs, MkPs and PLTs was calculated by “% positive cells at x min” − “% positive cells at 0 min” (Mean ± SEM, *P ≤ .05)
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receptor-mediated endocytosis in cells lacking DNM2 and DNM2-
null platelets.30-33

In contrast, LSKs did not show any significant differences in c-MPL 
signalling, while c-Cbl-deficient MkPs displayed a decreased P-STAT5 
and P-ERK1/2 induction after TPO stimulation. Hypotheses that 
c-MPL signalling could eventually be regulated or silenced by other 
ubiquitin ligases like Cbl-b or potentially compensated by different sig-
nalling pathways especially in multipotent progenitor cells could serve 
to explain our data. Final clarification warrants further analyses.

Internalization of TPO after binding and stimulation to c-MPL 
is an important method for regulating plasma TPO levels.33-36 
Interestingly, the R102P c-MPL mutation is known to lead to a loss 
of function of the c-MPL receptor, due to blocked processing in 
the endoplasmic reticulum and lack of c-MPL surface expression, 
causing congenital amegakaryocytic thrombocytopenia (CAMT). 
Heterozygous mutations cause a paradoxical thrombocytosis char-
acterized by high TPO level in plasma due to incomplete cell sur-
face expression of c-MPL in mature cells and increased stimulation 
of Stem/progenitors population with optimal expression of c-MPL. 
CAMT patients and our c-Cblfl/flPf4Cre mice have elevated circu-
lating TPO levels.37 In contrast, the P106L MPL mutation leads to 
a hereditary thrombocytosis. P106L mutated MPL receptor has a 
reduced capability to bind TPO leading to an internalization defect 
causing supernatural TPO levels in the serum of these patients. 
TPO-induced c-MPL signalling was also impaired in the mutant 
form of the receptor.38 Platelets of c-Cblfl/flPf4Cre mice show re-
duced expression of c-MPL on the cell surface, while total protein 
was similar compared to WT mice. Elevated TPO levels observed in 
c-Cblfl/flPf4Cre mice could be explained by a defect in c-MPL traf-
ficking and internalization. This is similar to the c-MPL internaliza-
tion defected observed in Dnm2fl/flPf4Cre mice and thereby causing 
elevated TPO serum levels.39 C-Mplfl/flPf4Cre mice develop a my-
eloproliferative phenotype with an increased number of stem and 
progenitor cells and increased number of MK and platelets. Other 
than expected, these mice show normal plasma TPO levels. An ex-
planation could be the expansion of c-MPL-expressing stem/pro-
genitor cells thereby normalizing the serum TPO concentration.40

In contrast to the autoregulation model of sera TPO, these levels 
are lower than expected in patients with immune thrombocytopenia 
35,41 and higher in patients with ET.42

Our data support a model that such disorders may be, in part, 
underpinned by insufficient or dysfunctional c-MPL mass within 
the platelet/MK pool, resulting in increased TPO stimulation of the 
c-MPL expressing stem and progenitor cells, similar to what was ob-
served in c-MPLfl/flPf4Cre, DNM2fl/flPf4Cre, Jak2fl/flPf4Cre and c-Cblfl/
flPf4Cre mice.

ACKNOWLEDG EMENTS
This work was supported by Ƒortüne Junior Grant (2478-0-0 and 
2172-1-0) as well as grants from DFG (MU3340/1-1 and MU3340/1-
2), Deutsche Krebshilfe (111134, 70113496) and the DFG Cluster 
of Excellence 2180 “Image-guided and Functional Instructed Tumor 
Therapy” (iFIT). The authors thank Alexandra Poljak and Manuela Ganser 

for excellent technical assistance, Dr Wei Tong for the anti-Mpl anti-
body (AMM2), the Flow Cytometry Core Facility Berg of the University 
Hospital Tübingen for their excellent technical support. We thank 
Irene Gonzalez-Menendez from the Institute of Pathology Tübingen 
for performing immunohistochemistry analyses of paraffin-embedded 
spleens. Open access funding enabled and organized by Projekt DEAL. 
[Correction added on 09 November 2011 , after first online publication: 
Projekt DEAL funding statement has been added.]

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
Melanie Märklin: Conceptualization (equal); Data curation (lead); 
Formal analysis (lead); Funding acquisition (supporting); Investigation 
(equal); Methodology (lead); Supervision (equal); Validation (lead); 
Visualization (lead); Writing-original draft (lead); Writing-review & 
editing (equal). Claudia Tandler: Investigation (equal); Methodology 
(equal); Writing-review & editing (equal). Hans-Georg Kopp: 
Conceptualization (equal); Project administration (supporting); 
Supervision (equal); Writing-original draft (supporting); Writing-review 
& editing (supporting). Kyle L Hoehn: Methodology (supporting); 
Validation (equal); Writing-original draft (supporting); Writing-review 
& editing (supporting). Leticia Quintanilla-Martinez: Formal analysis 
(equal); Validation (equal); Visualization (equal); Writing-review & edit-
ing (supporting). Oliver Borst: Formal analysis (equal); Methodology 
(equal); Validation (equal); Writing-original draft (equal); Writing-
review & editing (equal). Martin R. Müller: Conceptualization (equal); 
Funding acquisition (lead); Project administration (equal); Supervision 
(equal); Writing-original draft (equal); Writing-review & editing (equal). 
Sebastian J. Saur: Conceptualization (lead); Funding acquisition (lead); 
Methodology (equal); Project administration (equal); Supervision 
(lead); Validation (equal); Visualization (equal); Writing-original draft 
(lead); Writing-review & editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
The data sets used and/or analysed during the current study are 
available from the corresponding author on reasonable request.

ORCID
Melanie Märklin   https://orcid.org/0000-0002-2920-3894 

R E FE R E N C E S
	 1.	 Kaushansky K. Thrombopoietin and the hematopoietic stem cell. 

Ann N Y Acad Sci. 2005;1044:139-141.
	 2.	 Kaushansky K, Drachman JG. The molecular and cellular biology 

of thrombopoietin: the primary regulator of platelet production. 
Oncogene. 2002;21(21):3359-3367.

	 3.	 Fox N, Priestley G, Papayannopoulou T, Kaushansky K. 
Thrombopoietin expands hematopoietic stem cells after transplan-
tation. J Clin Invest. 2002;110(3):389-394.

	 4.	 Geddis AE. Congenital amegakaryocytic thrombocytopenia and 
thrombocytopenia with absent radii. Hematol Oncol Clin North Am. 
2009;23(2):321-331.

https://orcid.org/0000-0002-2920-3894
https://orcid.org/0000-0002-2920-3894


     |  12503MÄRKLIN et al.

	 5.	 Steinberg O, Gilad G, Dgany O, et al. Congenital amegakaryocytic 
thrombocytopenia-3 novel c-MPL mutations and their phenotypic 
correlations. J Pediatr Hematol Oncol. 2007;29(12):822-825.

	 6.	 Kaushansky K. On the molecular origins of the chronic 
myeloproliferative disorders: it all makes sense. Blood. 
2005;105(11):4187-4190.

	 7.	 Lasho TL, Pardanani A, McClure RF, et al. Concurrent MPL515 and 
JAK2V617F mutations in myelofibrosis: chronology of clonal emer-
gence and changes in mutant allele burden over time. Br J Haematol. 
2006;135(5):683-687.

	 8.	 Pardanani AD, Levine RL, Lasho T, et al. MPL515 mutations in my-
eloproliferative and other myeloid disorders: a study of 1182 pa-
tients. Blood. 2006;108(10):3472-3476.

	 9.	 Saur SJ, Sangkhae V, Geddis AE, Kaushansky K, Hitchcock IS. 
Ubiquitination and degradation of the thrombopoietin receptor 
c-Mpl. Blood. 2010;115(6):1254-1263.

	10.	 Duan L, Reddi AL, Ghosh A, Dimri M, Band H. The Cbl family and 
other ubiquitin ligases: destructive forces in control of antigen re-
ceptor signaling. Immunity. 2004;21(1):7-17.

	11.	 Levkowitz G, Waterman H, Ettenberg SA, et al. Ubiquitin ligase ac-
tivity and tyrosine phosphorylation underlie suppression of growth 
factor signaling by c-Cbl/Sli-1. Mol Cell. 1999;4(6):1029-1040.

	12.	 Thien CB, Walker F, Langdon WY. RING finger mutations that abolish 
c-Cbl-directed polyubiquitination and downregulation of the EGF recep-
tor are insufficient for cell transformation. Mol Cell. 2001;7(2):355-365.

	13.	 Ryan PE, Davies GC, Nau MM, Lipkowitz S. Regulating the regula-
tor: negative regulation of Cbl ubiquitin ligases. Trends Biochem Sci. 
2006;31(2):79-88.

	14.	 Miyakawa Y, Oda A, Druker BJ, et al. Thrombopoietin and thrombin 
induce tyrosine phosphorylation of Vav in human blood platelets. 
Blood. 1997;89(8):2789-2798.

	15.	 Rathinam C, Thien CB, Langdon WY, Gu H, Flavell RA. The E3 ubiq-
uitin ligase c-Cbl restricts development and functions of hemato-
poietic stem cells. Genes Dev. 2008;22(8):992-997.

	16.	 Li J, Xia Y, Kuter DJ. The platelet thrombopoietin receptor num-
ber and function are markedly decreased in patients with essential 
thrombocythaemia. Br J Haematol. 2000;111(3):943-953.

	17.	 Grand FH, Hidalgo-Curtis CE, Ernst T, et al. Frequent CBL muta-
tions associated with 11q acquired uniparental disomy in myelopro-
liferative neoplasms. Blood. 2009;113(24):6182-6192.

	18.	 Plo I, Bellanne-Chantelot C, Mosca M, Mazzi S, Marty C, Vainchenker 
W. Genetic alterations of the thrombopoietin/MPL/JAK2 axis im-
pacting megakaryopoiesis. Front Endocrinol. 2017;8:234.

	19.	 Gieger C, Radhakrishnan A, Cvejic A, et al. New gene func-
tions in megakaryopoiesis and platelet formation. Nature. 
2011;480(7376):201-208.

	20.	 Royer Y, Staerk J, Costuleanu M, Courtoy PJ, Constantinescu SN. 
Janus kinases affect thrombopoietin receptor cell surface localiza-
tion and stability. J Biol Chem. 2005;280(29):27251-27261.

	21.	 Murphy AJ, Bijl N, Yvan-Charvet L, et al. Cholesterol efflux in mega-
karyocyte progenitors suppresses platelet production and throm-
bocytosis. Nat Med. 2013;19(5):586-594.

	22.	 Murphy MA, Schnall RG, Venter DJ, et al. Tissue hyperplasia and 
enhanced T-cell signalling via ZAP-70 in c-Cbl-deficient mice. Mol 
Cell Biol. 1998;18(8):4872-4882.

	23.	 Calaminus SD, Guitart AV, Sinclair A, et al. Lineage tracing of Pf4-
Cre marks hematopoietic stem cells and their progeny. PLoS One. 
2012;7(12):e51361.

	24.	 Nagy Z, Vogtle T, Geer MJ, et al. The Gp1ba-Cre transgenic mouse: 
a new model to delineate platelet and leukocyte functions. Blood. 
2019;133(4):331-343.

	25.	 Qian H, Buza-Vidas N, Hyland CD, et al. Critical role of thrombopoi-
etin in maintaining adult quiescent hematopoietic stem cells. Cell 
Stem Cell. 2007;1(6):671-684.

	26.	 Au AE, Lebois M, Sim SA, et al. Altered B-lymphopoiesis in mice with 
deregulated thrombopoietin signaling. Sci Rep. 2017;7(1):14953.

	27.	 Rathinam C, Thien CB, Flavell RA, Langdon WY. Myeloid leukemia 
development in c-Cbl RING finger mutant mice is dependent on 
FLT3 signaling. Cancer Cell. 2010;18(4):341-352.

	28.	 Hitchcock IS, Chen MM, King JR, Kaushansky K. YRRL motifs in the 
cytoplasmic domain of the thrombopoietin receptor regulate recep-
tor internalization and degradation. Blood. 2008;112(6):2222-2231.

	29.	 Dahlen DD, Broudy VC, Drachman JG. Internalization of the throm-
bopoietin receptor is regulated by 2 cytoplasmic motifs. Blood. 
2003;102(1):102-108.

	30.	 Sousa LP, Lax I, Shen H, Ferguson SM, De Camilli P, Schlessinger 
J. Suppression of EGFR endocytosis by dynamin depletion reveals 
that EGFR signaling occurs primarily at the plasma membrane. Proc 
Natl Acad Sci USA. 2012;109(12):4419-4424.

	31.	 Willinger T, Ferguson SM, Pereira JP, De Camilli P, Flavell RA. 
Dynamin 2-dependent endocytosis is required for sustained S1PR1 
signaling. J Exp Med. 2014;211(4):685-700.

	32.	 Lee MY, Skoura A, Park EJ, et al. Dynamin 2 regulation of integrin 
endocytosis, but not VEGF signaling, is crucial for developmental 
angiogenesis. Development. 2014;141(7):1465-1472.

	33.	 Fielder PJ, Gurney AL, Stefanich E, et al. Regulation of throm-
bopoietin levels by c-mpl-mediated binding to platelets. Blood. 
1996;87(6):2154-2161.

	34.	 Hou M, Andersson PO, Stockelberg D, Mellqvist UH, Ridell B, 
Wadenvik H. Plasma thrombopoietin levels in thrombocytopenic 
states: implication for a regulatory role of bone marrow megakary-
ocytes. Br J Haematol. 1998;101(3):420-424.

	35.	 Ichikawa N, Ishida F, Shimodaira S, Tahara T, Kato T, Kitano K. 
Regulation of serum thrombopoietin levels by platelets and mega-
karyocytes in patients with aplastic anaemia and idiopathic throm-
bocytopenic purpura. Thromb Haemost. 1996;76(2):156-160.

	36.	 Stefanich E, Senn T, Widmer R, Fratino C, Keller GA, Fielder PJ. 
Metabolism of thrombopoietin (TPO) in vivo: determination of the 
binding dynamics for TPO in mice. Blood. 1997;89(11):4063-4070.

	37.	 Bellanne-Chantelot C, Mosca M, Marty C, Favier R, Vainchenker W, 
Plo I. Identification of MPL R102P mutation in hereditary thrombo-
cytosis. Front Endocrinol. 2017;8:235.

	38.	 Favale F, Messaoudi K, Varghese LN, et al. An incomplete trafficking 
defect to the cell-surface leads to paradoxical thrombocytosis for 
human and murine MPL P106L. Blood. 2016;128(26):3146-3158.

	39.	 Bender M, Giannini S, Grozovsky R, et al. Dynamin 2-dependent 
endocytosis is required for normal megakaryocyte development in 
mice. Blood. 2015;125(6):1014-1024.

	40.	 Ng AP, Kauppi M, Metcalf D, et al. Mpl expression on megakaryocytes 
and platelets is dispensable for thrombopoiesis but essential to prevent 
myeloproliferation. Proc Natl Acad Sci USA. 2014;111(16):5884-5889.

	41.	 Kosugi S, Kurata Y, Tomiyama Y, et al. Circulating thrombopoietin 
level in chronic immune thrombocytopenic purpura. Br J Haematol. 
1996;93(3):704-706.

	42.	 Griesshammer M, Hornkohl A, Nichol JL, et al. High levels of 
thrombopoietin in sera of patients with essential thrombocythe-
mia: cause or consequence of abnormal platelet production? Ann 
Hematol. 1998;77(5):211-215.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Märklin M, Tandler C, Kopp H-G,  
et al. C-Cbl regulates c-MPL receptor trafficking and its 
internalization. J Cell Mol Med. 2020;24:12491–12503. https://
doi.org/10.1111/jcmm.15785

https://doi.org/10.1111/jcmm.15785
https://doi.org/10.1111/jcmm.15785

