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 Abstract:  
In vitro generation of platelets from pluripotent stem cells is a promising 

approach to meet the demand for therapeutic platelet concentrates. To 

improve current culture systems, gaining more insight into the cytoskeletal 

changes that occur during megakaryopoiesis and platelet generation is 

crucial. Here we studied the role of tropomyosin 1 (TPM1) in 

megakaryopoiesis. We identified TPM1 as a target of the megakaryocyte-

specific transcription factor MEIS1 during megakaryopoiesis. TPM1 

knockdown in dividing immature megakaryocytes resulted in an abscission 

defect culminating in increased ploidy in later stages of differentiation. The 

abscission defect was accompanied by F-actin deposition both at the cell 

cortex and the cleavage furrow indicating aberrant cytoskeletal force 

generation. In more differentiated megakaryocytes, F-actin was mislocalized 

in the cell center following TPM1 knockdown compared to cortical F-actin in 

control cells. Finally, we found that TPM1 knockdown resulted in premature 

proplatelet formation in megakaryocytes. Using the megakaryocytic cell line 

DAMI, we could show that TPM1 knockdown caused increased F-actin 

concentrations both in suspension and upon spreading. These findings were 

accompanied by enhanced expression of the Rho kinase Rock which 

regulates intracellular force after being activated by RhoA. In conclusion, we 

provide the first evidence that TPM1 is crucial for molecular events during 

early and late megakaryopoiesis and that controlling proper F-actin dynamics 

is indispensable for proper local force generation during endomitosis and 

proplatelet generation. 
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Introduction 

Bleeding complications due to acquired thrombocytopenia are observed in 

numerous diseases as a result of radiation exposure or chemotherapy as well 

as in patients with inherited thrombocytopenias or immune trombocytopenias. 

Platelet transfusion is the standard treatment which in some cases results in 

alloimmunization. If custom-made, less immunogenic platelet transfusion 

products could be produced in vitro, this risk could be circumvented. In the 

last decade various groups have shown the efficient production and 

expansion of megakaryoblasts1, however, the later steps of megakaryopoiesis 

like polyploidization and production of platelets are far less efficient. 

Therefore, a better understanding of the cytoskeletal mechanisms underlying 

megakaryopoiesis and platelet shedding is needed. 

During differentiation, megakaryocytic progenitors become endomitotic, 

resulting in large, polyploid cells1-3, which upon terminal differentiation 

produce long processes called proplatelets, the precursor of platelets4;5. Both 

processes are dependent on cytoskeletal forces. Endomitosis depends on the 

silencing of non-muscle myosin, an actin-binding motor protein, by the 

transcription factor Runx12. Less myosin expression results in less 

constriction force at the cleavage furrow and thus inhibition of abscission. 

Proplatelet elongation on the other hand is mediated by tubulin and specific 

membranes drawn from an internal reservoir, called the demarcation 

system5;6. Although in both cases a role for actin has been proposed, its 

function is poorly understood. Tropomyosin (Tpm) has been identified as an 

actin-binding protein, both in striated muscle and non-muscle cells7. Four 

tropomyosin genes (TPM1-4) have been identified, giving rise to a multitude 



 118 

of splice variants and protein isoforms in a tissue-specific manner8. Structural 

analysis furthermore revealed that Tpm wraps around F-actin9. Previous 

research showed that Tpm inhibits F-actin branching by Arp2/310 and limits 

the access of actin-severing proteins like cofilin11. A possible role of TPM1 as 

a regulator of megakaryopoiesis and the formation of platelets is suggested 

by genome wide association studies in healthy volunteers 12. Two SNPs within 

the TPM1 locus (rs380956612  and rs1107172013) were found to correlate with 

platelet count and size respectively, both are cis-acting on TPM1 expression 

level14. In addition, another MPV-associated SNP (rs12485738 on 3p14.3)13 

was found to be trans-acting on TPM1 expression14. The GWAS observation 

of the importance of TPM1 for megakaryopoiesis was corroborated by 

depletion of its orthologue in zebrafish, which resulted in complete abrogation 

of thrombocyte formation, whilst primitive erythropoiesis remained unaltered12. 

Given the strong association between TPM1 and proper platelet generation, it 

is imperative to improve our knowledge about the role of this protein in human 

platelet production. In the present study we provide first evidence that TPM1 

is crucial for F-actin redistribution and generation of local force in 

megakaryocytic cells and thus times the onset of endomitosis and proplatelet 

formation.  

 

Methods  

Human CD34+ cells and DAMI cells 

Peripheral blood stem cells were provided by the Sanquin Laboratory for Cell 

Therapy and obtained from leukapheresis material of healthy donors treated 

with G-CSF (2x5 µg/kg/day subcutaneously, Filgastrim, Amgen, Thousand 
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Oaks, CA) or from Hodgkin lymphoma, multiple myeloma or breast cancer 

patients in disease remission that had been treated with chemotherapy and 

G-CSF (5-10 µg/kg/day). All donors and patients signed informed consent for 

the use of leftover material for research purposes (METCnr. 04/042, 

#04.17.370, Academic Medical Centre [AMC], Amsterdam, the Netherlands). 

CD34+ cells were isolated as previously described15 and in CellGro medium 

(CellGenix, Frankfurt, Germany) supplemented with 100ng/ml thrombopoietin 

(TPO, N-plate, Amgen) and 10ng/ml interleukin 1 beta (IL-1β, Sanquin 

Pelikines) to induce megakaryocytic differentiation. DAMI cells were kept in 

IMDM medium (Invitrogen, Bleiswijk, the Netherlands) containing 10% horse 

serum (Life Technologies, Bleiswijk, the Netherlands). For adhesion 

experiments, cells were seeded onto glass coverslips and phorbol myristate 

acetate was added for 48hrs.   

 

Lentiviral particle production and transduction 

Lentiviral particles were produced in 293T cells using the third generation 

system as described before15;16. Virus titers were determined and lentiviral 

transductions of CD34+ cells were carried out as previously described15 using 

a multiplicity of transduction (MOI) of 300. DAMI cells were transduced with 

shRNA constructs using an MOI of 10 and kept overnight in IMDM with 10% 

horse serum. 48 Hours after transduction, cells were sorted for GFP-

expression using the FACSAria II Cell Sorter (BD Biosciences). GFP-positive 

cells were used for further testing. For double transductions, DAMI cells were 

first transduced with lentiviral particles containing mCherry-tagged lifeact. 

After 48 hrs in culture, a second transduction with shRNA against TPM1 or 
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with a scrambled control shRNA was performed.  Double transduced cells 

were kept in culture for an additional 48 hours after which mCherry and GFP 

expression were measured using flow cytometry (FACS Aria, Becton 

Dickinson). 

 

RNA isolation, cDNA synthesis and real-time PCR 

RNA was isolated from transduced CD34+ cells and DAMI cells 48 hours after 

transduction using the Qiagen RNeasy Micro Kit according to the 

manufacturer’s specifications (Qiagen, Venlo, The Netherlands). cDNA was 

synthesized using the Superscript III First-Strand Synthesis Kit (Invitrogen, 

Bleiswijk, The Netherlands) according to the manufacturer’s protocol followed 

by real-time PCR with specific primers and SYBR green reagent (Applied 

Biosystems, Abingdon, UK). Gene expression was calculated relative to the 

expression of a housekeeping gene (beta-glucoronidase) using the deltaCT 

method. 

 

Confocal imaging 

DAMI cells were seeded onto glass coverslips and incubated overnight with 

phorbol-myristate acetate (PMA). The next day, cells were fixed using 

paraformaldehyde (Sigma-Aldrich) followed by incubation with antibodies 

raised against β1-tubulin (Sigma-Aldrich) and actin (phalloidin-Alexa 488) 

followed by incubation with secondary antibodies against mouse labeled with 

Alexa 564. Actin was detected using a directly labeled antibody. Coverslips 

were transferred to glass slides, embedded with Mowiol and imaged on a 

confocal microscope using a 100x lens and immersion oil (Zeiss LSM 510 
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META, Zeiss, Sliedrecht, the Netherlands).  Each experiment was repeated 

three times, resulting in three independent biological replicates. For 

quantification purposes, the same amount of optical fields were counted for 

both control and knockdown conditions. Cell counts were evaluated using 2-

way ANOVA.  

 

Statistical analysis 

Results were analyzed using GraphPad Prism version 5 software (San Diego, 

CA, USA). Paired t-test and 2way ANOVA for multiple comparisons were 

used and differences were considered significant with a p value <0.05. 

 

Results and Discussion 

TPM1 is upregulated during megakaryopoiesis and its expression is 

regulated by MEIS1  

We have previously shown that the transcription factor MEIS1 is expressed in 

CD34+ hematopoietic stem and progenitor cells and that MEIS1 is 

indispensable for megakaryocyte-erythroid fate15. In the same study, TPM1 

was identified as one of the transcripts significantly upregulated by MEIS1 in 

CD34+ cells15. Examining the expression of MEIS1 and TPM1 during 

megakaryopoiesis using real-time PCR, we observed that the rise in 

expression level of MEIS1-transcripts in CD34+ cells was accompanied by an 

increased expression of TPM1-transcripts (Figure 1A). 

Among differentiated blood cells, MEIS1 is exclusively transcribed in the 

megakaryocytic lineage17;18. To map MEIS1 binding events in 

megakaryocytes, we performed chromatin immunoprecipitation combined with 
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massive parallel sequencing (ChIP-seq) in megakaryocytic cells CHRF 288-

1119 and in in vitro derived human megakaryocytes20. This identified binding 

sites for MEIS1 at the TPM1 locus (Figure 1B), suggesting that TPM1 is under 

direct control by MEIS1.  

 

TPM1 silencing results in an abscission defect, impaired cytokinesis 

and higher ploidy  

To unravel the role of TPM1 in megakaryopoiesis, TPM1 was silenced in 

human primary CD34+ cells and the megakaryoblastic cell line DAMI using 

two short hairpin RNAs, sh36 and sh39. Real-time PCR revealed a significant 

reduction of the TPM1 mRNA level in CD34+cells of 25% (±14%) and 27% 

(±14%) with sh36 and sh39, respectively, compared to the control condition. 

Similarly, the TPM1 mRNA level in DAMI cells was decreased by 39% (±10%) 

for sh36 and 33% (±18%) for sh39. It has to be taken into account that 

homozygous deletion of Tpm1 in a murine model is embryonic lethal, 

underlining the importance of Tpm1 in cellular and tissue development21. 

Thus, moderate silencing of TPM1 ensures viable cells while still allowing for 

the analysis of specific phenotypes. When these transduced CD34+ cells were 

differentiated towards megakaryocytes for four days, an abscission defect 

could be detected upon downregulation of TPM1 (Figure 1C). Groups of two 

or more cells joined together were detected due to a reduced TPM1 

expression, particularly with sh36 which gave a stronger knockdown than 

sh39 (Figure 1C). After culturing CD34+ cells for four days in the presence of 

TPO and IL-1β, cells differentiate towards immature megakaryocytes. 
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Figure 1. TPM1 is a MEIS1 target gene and contributes to endomitosis and 
proplatelet formation. (A) Real-time PCR detecting expression of MEIS1B, MEIS1D 
and TPM1 during differentiation of CD34+ cells towards megakaryocytes. Data shown 
as mean ±SEM, n=3, *p<0.05, ** p<0.01. (B) Upstream of the transcription start site 
(TSS) of the TPM1 gene there is a RUNX1 binding site and shortly downstream of 
the TSS there is a MEIS1 binding site (C) Light microscopic images of CD34+ cells 
differentiating towards megakaryocytes using a 40x magnification. Cells from 5 
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optical fields were counted, n=3, *p<0.05, ** p<0.01. (D) Confocal imaging of CD34+ 
cells differentiating four days towards megakaryocytes using a 100x magnification 
and zoom. Green: actin, magenta: β-tubulin, blue: nuclei, n=3, scale bar 5µm. (E) 
Line scan, scanning plane indicated with white bar in (D) Fluorescent intensity along 
the scanning plane is shown for shc002 and sh36. (F) Quantification of nuclei present 
in DAMI cells after TPM1 knockdown and PMA treatment, n=3, *p<0.05, ** p<0.01. 
(G) Confocal imaging of megakaryocytes cultured for seven days using a 100x 
magnification and zoom. Green: actin, magenta: β-tubulin, blue: nuclei, scale bar 
10µm. n=3, *p<0.05, ** p<0.01. (H) Line scan of megakaryocytes from (G). 
Fluorescent intensity along the scanning plane is shown for shc002, sh36 and sh39. 
 

These immature megakaryocytes, however, are still mitotic and the process of 

endomitosis has not started yet. In mitotic cells, cortical actin is below 

detection limit but strongly enriched at the cleavage furrow22. The actin 

cytoskeleton, in addition to myosin-based contractility and the microtubule 

network, drives cell division1. We found that upon TPM1 knockdown, F-actin is 

localized in the cleavage furrow, as in the control, but remarkably also at the 

cell periphery (Figure 1D and 1E) where it localized together with β-tubulin 

(Figure 1E, merge). It has been shown before that the abscission defect in 

megakaryocytes results in an incomplete cytokinesis and thus increased 

polyploidy22. When the megakaryocytic cell line DAMI was treated with 

phorbol myristate acetate (PMA) to induce polyploidization and adherence, a 

30% decrease with sh36 and a 55% reduction with sh39 in diploid cells could 

be detected upon TPM1 silencing. At the same time, the number of cells with 

≥ 8n ploidy per optical field was increased by 78% with sh36 and 84% with 

sh39 (Figure 1F). Taken together, these results suggest that TPM1 is required 

for a regulated and efficient cytokinesis in early megakaryopoiesis. Our data 

further suggest that endomitosis is controlled not only by myosin2, but also by 

other actin-binding proteins and F-actin, subsequently.   
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TPM1 controls actin dynamics during megakaryopoiesis 

In dividing endomitotic cells, actin is found at the cell cortex and the cleavage 

furrow22. In polyploid immature megakaryocytes cells cultured for seven days, 

knockdown of TPM1 with sh36 resulted in F-actin localization in the cell 

center, while in the control condition F-actin was distributed throughout the 

cell with enrichment at the cell cortex (Figure 1G and 1H). Knockdown with 

sh39 showed actin location at the cell cortex comparable to shc002, but also 

F-actin in the cell center as observed with sh36 (Figure 1G and 1H).  

In addition, other proteins which are involved in the generation of cytoskeletal 

and contractility forces such as RhoA, Rock, myosin and microtubules are 

present in the cleavage furrow in immature, mitotic megakaryocytes. These 

proteins induce localized and timely regulated forces in order to perform 

cytokinesis at a certain position in the cell2;22;23. We found that in TPM1-

reduced, immature mitotic megakaryocytes β-tubulin, a marker for 

microtubules in megakaryocytes6, is more abundant at the cell membrane 

compared to controls (Figure 1D). To investigate how TPM1 affects the actin 

cytoskeleton in megakaryocytes in detail, DAMI cells were transduced with 

the F-actin binding peptide lifeact labelled with the mCherry fluorophore24. 

Subsequently, TPM1 knockdown was performed. Flow cytometric 

quantification of double-transduced cells revealed a significant increase in 

lifeact-mCherry labelled F-actin upon TPM1 knockdown by 43% ± 6.4% and 
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Figure 2. TPM1 regulates actin distribution and polymerization. (A) Double 
transduction of DAMI cells with lifeact-mCherry and short hairpin RNA against TPM1 
(GFP), sh36 and sh39 respectively, or shc002 (control). Transduction efficiency is 
measured as the percentage of double positive cells, n=3, * p<0.05, ** p<0.01. (B) 
Double transduced DAMI cells with lifeact-mCherry and shRNA against TPM1 (GFP) 
or shc002, treated with PMA over night and imaged using confocal microscopy with a 
63x magnification, n=3, * p<0.05, ** p<0.01. Quantification of area coverage and cells 
containing stress fibres from (B), 5 optical fields were counted, paired t-test, * p<0.05, 
** p<0.01. (C) Western Blot and quantification of DAMI cells transduced with hairpin 
RNA against TPM1 (GFP) or shc002, n=3, *p<0.05, ** p<0.01. Membrane probed for 
Rock and actin as loading control. (D) Confocal images of megakaryocytic cultures 
forming proplatelets after TPM1 knockdown and seven days of culture with TPO and 
IL-1β. Lower panel: megakaryocyte forming proplatelets after 12 days in culture with 
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TPO and IL-1β. Green: F-actin, magenta: β-tubulin, blue: nuclei, 63x magnification 
was used. Quantification of proplatelet-forming cells per 300 cells counted, n=3, 
*p<0.05, ** p<0.01, scale bar 20µm. 
 

71% ± 9.3% with sh36 and sh39, respectively (Figure 2A). Next, we studied 

whether TPM1 influences the F-actin bundle formation which is necessary for 

maintaining the cell shape and spreading. TPM1 was depleted in lifeact-

mCherry transduced DAMI cells followed by addition of PMA to the culture 

medium to induce cell spreading on glass slides. Live-cell confocal imaging 

revealed that cells with reduced TPM1 expression form significantly more 

stress fibers (sh36: 3.8±1.4, sh39: 4.4±1.5) than control cells (shc002: 

1.8±0.6) (Figure 2B). Increased stress fiber formation is characteristic for 

enhanced activity of the small GTPase RhoA, as described in many different 

cell types25;26 including megakaryocytes27. RhoA is well known as a regulator 

of the actin cytoskeleton during cell migration and spreading23;26. Intriguingly, 

an abscission defect, higher polyploidy, and F-actin mislocalization at the cell 

periphery, as observed for TPM1 downregulation (Figure 2A), have also been 

shown in human epithelial cells with increased RhoA activity23;26.  TPM1-

downregulated DAMI cells spread more than control cells resulting in a 2-fold 

higher surface area coverage per cell with sh36 compared to shc002 and 40% 

more area coverage with sh39 (Figure 2B). DAMI cells with reduced TPM1 

expression also show a significant increase in the activity of the Rho kinase 

Rock, which is activated by active RhoA in many cell types including 

megakaryocytes (Figure 2C)26;27. In summary, TPM1 downregulation in 

megakaryocytes leads to increased localization of both the F-actin (as shown 

here) and microtubule cytoskeleton at the cell periphery. This may result in 

higher tension exerted on the cell membrane. TPM1 silencing also causes 
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enhanced stress fiber formation, activity of the RhoA effector Rock but also 

cell spreading. These findings may suggest an increased activity of RhoA, 

which is described to be an actin regulating protein and is also involved in 

force generation22;27. Moreover, cells which spread more and have thus a 

larger surface area, generate higher RhoA cytoskeletal-mediated tension28.  

 

TPM1 silencing results in abnormal proplatelet generation 

Confocal imaging of immature megakaryocytes cultured for seven days after 

TPM1 downregulation revealed substantial amounts of proplatelet-forming 

cells per optical field whilst such events were negligible in control cells (Figure 

2D). Furthermore, proplatelets detected in cultures of TPM1 knockdown cells 

were irregular in shape and size, unlike the highly organized “beads on a 

string” proplatelets5 of regular cells cultured for 12 days to allow terminal 

differentiation (last panel in Figure 2D). These findings suggest that TPM1 is 

required for adequate proplatelet formation, a late event during 

megakaryopoiesis. 

Taken together, our data show that reduced TPM1 expression in immature 

megakaryocytes causes altered and increased localization of F-actin and 

microtubules. 

This change in F-actin and microtubule localization may cause an increase in 

cytoskeletal forces at the periphery of the whole cell. Immunofluorescence 

and biochemical studies further underscore that TPM1 depletion may result in 

increased cellular forces, as deduced for instance from enhanced stress fiber 

formation and Rock activity. Consequently, higher forces are exerted on the 

plasma membrane along the cell periphery and not only in the cleavage 
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furrow resulting in the loss of the localized force which drives cytokinesis 

under normal conditions. Another consequence is an uncontrolled, excessive 

proplatelet formation, which is well described to be regulated by microtubule 

cytoskeletal forces1. 

We identify TPM1 as novel regulator of actin dynamics during early and late 

megakaryopoiesis. TPM1 may contribute to the regulation of cytoskeletal 

forces and ensure efficient endomitosis and proplatelet formation. Our 

findings improve the understanding of the cytoskeletal mechanisms that 

govern megakaryopoiesis. Improving our understanding of the cytoskeletal 

forces driving endomitosis and proplatelet formation will be useful for in vitro 

platelet generation approaches and may increase the efficiency of these 

systems. 
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Supplemental methods 

DNA constructs 

The lentiviral knock down vector SIN.PPT.CMV.GFP.U3Nhe1 was a kind gift 

from NA Kootstra (AMC). We cloned in a cassette containing a U6 promoter 

with the appropriate short hairpin RNA (shRNA) sequence. The shRNA 

sequences used against TPM1 are: 

sh36:CCGGCGGAGAGGTCAGTAACTAAATCTCGAGATTTAGTTACTGACC

TCTCCGTTTTTG, sh39: 

CCGGCAACGATATGACTTCCATGTACTCGAGTACATG 

GAAGTCATATCGTTGTTTTTG. A non-targeting shRNA was used as control:  

shc002: 5’-CAACAAGATGAAGAGCACCAA-3’ (all from Sigma TRC1 library, 

Sigma, Aldrich, Zwijndrecht, the Netherlands). All vectors were verified by 

sequencing. Lifeact-mCherry was a kind gift from S Huveneers (Sanquin 

Blood Supply, Amsterdam, the Netherlands). 

 

Real-time PCR primers 

GUS (β-glucoronidase) primer forward: 5’-GAAAATATGT 

GGTTGGAGAGCTCATT-3’, GUS primer reverse: 5’-

CCGAGTGAAGATCCCCTTTTTA-3, TPM1 primer forward: 5’-

GCTGGATCAGACTTTACTGGAG-3’, TPM1 primer  reverse: 5’-

TGGATGTTTCTGTGACAGTGG-3’, MEIS1B-specific primer forward: 5’-

AGGAACACCTTATAATCATGATGGAC-3’, and MEIS1B reverse: 5’-

ATATTCATGCCCATTCCACTCATAG-3’  

 


