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Abstract

Megakaryocytes associate with the bone marrow vasculature where they convert their cytoplasm

into proplatelets that protrude through the vascular endothelium into the lumen and release

platelets. The extracellular matrix (ECM) microenvironment plays a critical role in regulating

these processes. In this work we demonstrate that, among bone marrow ECM components,

fibronectin, type IV collagen and laminin are the most abundant around bone marrow sinusoids

and constitute a peri-cellular matrix surrounding megakaryocytes. Most importantly, we report, for

the first time, that megakaryocytes express components of the basement membrane and that these

molecules contribute to the regulation of megakaryocyte development and bone marrow ECM

homeostasis both in vitro and in vivo. In vitro, fibronectin induced a three-fold increase in the

proliferation rate of mouse hematopoietic stem cells leading to higher megakaryocyte output with

respect to cells treated only with thrombopoietin or other matrices. However, megakaryocyte

ploidy level in fibronectin-treated cultures was significantly reduced. Stimulation with type IV

collagen resulted in a 1.4-fold increase in megakaryocyte output, while all tested matrices

supported proplatelet formation to a similar extent in megakaryocytes derived from fetal liver

progenitor cells. In vivo, megakaryocyte expression of fibronectin and basement membrane
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components was up-regulated during bone marrow reconstitution upon 5-fluorouracil induced

myelosuppression, while only type IV collagen resulted up-regulated upon induced

thrombocytopenia. In conclusion, this work demonstrates that ECM components impact

megakaryocyte behavior differently during their differentiation and highlights a new role for

megakaryocyte as ECM-producing cells for the establishment of cell niches during bone marrow

regeneration.
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Introduction

The bone marrow (BM) microenvironment consists of various types of cells and their

secreted extracellular matrix (ECM) components in a meshwork of capillary-venous

sinouses, and plays a key role in the regulation of hematopoiesis. In general, ECM

components interact with each other to form a structural framework that supports tissue

organization and positional cues that regulate cellular processes. The importance of ECM

components in the maintenance of correct hematopoiesis is clear as demonstrated by the

alteration of this process observed in tenascin [1] and collagen type X knock-out mice [2].

Megakaryocytes (Mks) are rare cells in the bone marrow and, besides platelet release,

growing evidences attribute new functions to these cells in the generation and maintenance

of the bone marrow cell niche. Mks have been shown to be implicated in the regulation of

osteoblast and osteoclast differentiation both in vitro and in vivo [3, 4, 5] and in the support

of long-lived plasma cell niche in the bone marrow [6]. Further, Mks are the main source of

pro- and anti-angiogenic proteins (Vascular Endothelial Growth Factor (VEGF),

Thrombospondin-1 and Endostatin) [7] and the “fibrogenic” protein Transforming Growth

Factor-β (TGF-β) involved in the onset of myeloproliferative disorders [8, 9]. Interestingly,

Mks have been recently shown to be involved in matrix deposition and remodeling, as

demonstrated by their role in fibronectin (FNC) fibrillogenesis [10] and the expression of

matrix cross-linking enzymes, such as lysil oxidase [11] and factor XIIIa [10], essential in

the dynamic of Mk-matrix component interactions.

The structure of niche microenvironment has been partly deciphered [12, 13]. Specifically, a

monolayer of immature osteoblasts lines the bone defining the endostium, wherein

hematopoietic stem cells (HSCs) reside. Many small vessels and sinusoids, in which trans-

endothelial migration is thought to take place, are composed of specialized cell structures

that regulate cell trafficking and constitute the vascular niche [14, 15]. In this scenario, Mks

are supposed to differentiate from HSCs and to migrate in the direction of sinusoids, in the

vascular “niche”, where platelets are released into bloodstream through the extension of long

cytoplasmic protrusions called proplatelets [16, 17, 18]. Interestingly, individual ECM

components were demonstrated to play a role in the regulation of Mk development in vitro

[19, 20]. Fibronectin was shown to regulate Mk maturation [21] and proplatelet extension

[22, 23, 24], while type III and type IV collagens were demonstrated to support proplatelet
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formation in vitro [20]. In contrast, type I collagen is an important physiological inhibitor of

platelet release in vitro [20, 25, 26, 27]. However, due to protection by bones, the BM

remains one of the most difficult organs to study and data on its structural composition have

mainly arisen from in vitro long term cultures of BM-derived cells [28, 29] and from

immunofluorescence microscopy analysis [30, 31, 32].

In this paper we performed a systematic analysis of BM ECM composition along with

spatial organization of single ECM components in mouse BM specimens. Further, we

assessed the expression of different ECMs with particular attention to basement membrane

components during murine megakaryopoiesis and tested their effects on HSC differentiation

and Mk function in vitro. Finally, we showed that a distinct and specific increase in Mk

derived ECM expression was determined by the administration of 5-fluorouracil or anti

GPIbα antibody in vivo.

Methods

Animals

C57/BL6 mice were from Charles River Laboratories, Italy. Mice were housed at the animal

facility of the Department of Physiology, section of General Physiology, University of Pavia

(approval #1/2010, 24/06/2010). All animals were sacrificed according to the current

European legal Animal Practice requirements.

Antibodies

Primary antibodies and dilutions are listed in Supporting Information Table1. 488 and 594

Alexa-conjugated secondary antibodies were purchased from Invitrogen (Milan, Italy,

www.invitrogen.com).

Tissue collection, immunofluorescence and confocal microscopy

Femurs were removed from six to eight week old mice, fixed for 24 hours in

paraformaldheyde (PFA) 3% and decalcified in a solution of EDTA 10%, in phosphate-

buffered saline (w/o calcium and magnesium) (PBS) pH 7.2, for 2 weeks at 4°C. Specimens

were embedded in Optical coherence tomography (OCT) cryosectioning medium, and snap

frozen in a chilling bath. Eight μm-tissue sections were prepared by using a Microm

Microtome HM 250 (Bio Optica S.p.A, Milan, Italy, www.bio-optica.it). For

immunofluorescence staining sections were fixed for 20 minutes in 4% PFA, or alternatively

with acetone at -20°C, washed with PBS, and blocked with 2% bovine serum albumin

(BSA) (Sigma-Aldrich, Milan, Italy, www.sigmaaldrich.com) in PBS for 30 minutes.

Nonspecific binding sites were saturated with a solution of 5% goat serum, 2% BSA and

0.1% glycine in PBS for 1 hour. Specimens were incubated with primary antibodies in

washing buffer (0.2% BSA, 0.1% Tween 20 in PBS) overnight at 4°C. After three washes,

sections were incubated with appropriate fluorescently-conjugated secondary antibodies in

washing buffer for 1 hour at room temperature (RT). Nuclei were counterstained using

Hoechst 33258 (100 ng/mL in PBS) at RT for 3 minutes. Sections were then mounted with

micro-cover glass slips using Fluoro-mount (Bio-optica, Milan, Italy, www.bio-optica.it).

Negative controls were routinely performed by omitting the primary antibodies (Supporting
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Information Fig. S1C) while dot blot experiments were performed to exclude possible cross-

reaction between antibodies and ECMs (Supporting Information Fig. S1B). Only a cross

reaction of laminin antibody with nidogen was detected (Supporting Information Fig. S7).

Details on immunohistochemistry protocol are detailed in Supporting Information.

All images were acquired using the Olympus BX51 fluorescence microscopy (Olympus

Deutschland GmbH, Hamburg, Germany, www.olymbus-global.com ) and 10X/0.30 or

20X/0.50 Oympus UplanF1 objectives. Confocal microscopy was performed by a TCS SP2

confocal laser scanning microscope (Leica, Heidelberg, Germany, www.leica.com)

equipped with a 63× oil-immersion objective. Measurements of megakaryocyte diameters

and distribution were performed with the Axiovision 4.5 software (Carl Zeiss,

www.zeiss.com). At least one hundred randomly distributed whole Mks (CD41+ positive

fragments were not considered) were measured from sections of three different mice.

Spearman's rank correlation coefficients were calculated using GraphPad Prism 5.0 software

( www.graphpad.com ). Jasc Paint Shop Pro 8.0 software was used for the management of

images and panels assembly.

Bone marrow and fetal liver cell purification and culture

BM cells were flushed from femurs and lineage negative cells purified with the lineage cell

depletion kit (Miltenyi Biotech, Germany). Cells were cultured for 4 days in DMEM (Gibco,

Milan, Italy) supplemented with 1% of penicillin/streptomycin, 1% of L-glutamine, 10% of

fetal bovine serum (Gibco, Milan, Italy, www.invitrogen.com), and 10 ng/ml of recombinant

mouse thrombopoietin (TPO) (Peprotech, UK, www.peprotech.com). Co-cultures with

ECMs were performed seeding the cells with 10 μg of purified type I collagen from rat tail,

laminin and type IV collagen from Engelbreth-Holm-Swarm mouse sarcoma (SantaCruz

Biotechnologies Inc., www.scbt.com), while fibronectin was purified from human plasma

[9]. In some experiments a particular condition called ECM-MIX was set by the addiction of

10 μg of type IV collagen, fibronectin and laminin in the ratio of 1:1:1 to mimic the ECM

that surrounds Mks in vivo. ECMs were re-added every 24 hours until cells were collected

for analysis. Fetal liver cells were isolated and cultured as previously described. Mks from

BM and fetal liver cultures were purified using a 1.5/3% gradient of BSA or by immuno-

magnetic separation using FITC anti-CD41 antibody and anti-FITC antibody coniugated to

microbeads (Milteny Biotech, Italy, www.miltenyibiotech,com). A cell purity of 94±3% was

estimated in flow cytometry as assessed by CD41 staining (Supporting Information Fig.

S2B). Bone marrow lymphocytes and granulocytes/monocytes were stained with PE anti

B220 and PE-Mac-1 antibodies and sorted from bone marrow mononuclear cells using anti

PE immunomagnetic beads (Milteny Biotech, Italy, www.miltenyibiotech,com), according

to manufacture instructions. Purity of isolated cells was analyzed by flow cytometry after

PE-CY7 anti CD19 and FITC anti Gr-1 antibodies and estimated as 97,3±0,6 and 98,4±0,3,

respectively (Supporting Information Fig.S2C).

Flow cytometry and megakaryocyte sorting

Analysis of cell viability was assessed by incubating cells with 5 μl of 7-AAD viability

staining solution (Biolegend, Milan, Italy, www.biolegend.com). For hematopoietic stem

cells identification, 2×105 lineage negative cells, cultured for 24 or 48 hours in the presence
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of TPO and ECMs, were stained with FITC lineage cocktail, APC anti mouse Sca1 and PE

anti-mouse CD117 antibodies for 30 minutes and identified as lineage negative/Sca-1+/

CD117+ cells. Megakaryocytes at day 4 of culture were analyzed using APC anti mouse

CD45, FITC anti mouse CD41 and PE anti mouse CD42b. Megakaryocyte output was

calculated as the percentage of SSC high/FSChigh/CD45+/CD42+/CD41+ cells and

normalized to the total number of CD45+ cells. For Mk ploidy, cells were fixed overnight in

ice cold 70% ethanol at -20°C. Sample were incubated in PBS with 100 μg/ml of RNAse

and propidium iodide solution and eventually stained with 5 μl of FITC anti mouse CD41.

All samples were acquired with a Beckman Coulter Navios flow cytometer. Non-stained

samples, FITC and PE-isotype controls were used to set the correct analytical gating. Off-

line data analysis was performed using Beckman Coulter Navios software package. Cell

sorting experiments were performed using a FACSAria IIu (3 lasers; BD Bioscience,

www.bdbiosciences.com). Diva software (BD Pharmingen) was used for data acquisition

and analysis. Megakaryocytes were sorted from bone marrow cells as CD41+/CD45+/cKit+/

CD31+ population. Gate strategy is shown in Supporting Information Fig. S6.

RNA isolation and qualitative and quantitative polymerase chain reaction (PCR)

Detailed in Supporting Information

Platelet depletion and myelosuppression

Six to eight week old mice were given a sterile intra-peritoneal injection of anti–mouse

GPIbα antibody (R-300, Emfret Analystics, www.emfret.com) (4μg/g of mouse) to induce

an immune thrombocytopenia. Platelet and white blood cells counts were measured at 48,

72, 96, and 120 hours after injection. Myelosuppression was induced by 5-fluorouracil (5-

FU) (250 mg/kg body weight, Sigma-Aldrich, Milan, Italy) injected intraperitoneally. At

indicated time points, mice were sacrificed and blood collected for peripheral blood count.

Femurs were fixed in PFA 3% or alternatively flushed and BM cells counted with trypan

blue solution and then used for flow cytometry analysis. Age paired mice were injected with

PBS as control.

Protein extraction and western blotting

Detailed in Supporting Information.

Statistics

Values are expressed as mean ± SD. Two tailed T-test and two way ANOVA were used to

analyze experiments. A value of p<0.05 was considered statistically significant. All

experiments were independently replicated at least three times.

Results

Megakaryocyte interaction with the endosteal and vascular “niches” in the bone marrow

Immunofluorescence analysis of Mk distribution demonstrated that these cells, although

extremely rare, were present in the BM cavity at the diaphysis, metaphysis and epiphysis of

femur sections as demonstrated by CD41 staining (Fig. 1A). Quantification of Mk density in
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these districts, expressed as absolute number of Mks per mm2 of marrow surface,

demonstrated a slight increase in Mk concentration within the femur diaphysis (Fig, 1B).

Diaphysis in mice shows peculiar features: absence of fat cells, bone trabeculae and a

vascular cast comprised of small arterioles, veins and sinusoids. Thus, diaphysis was chosen

as the site for further measurements to define the relationship between Mks, bone, arterioles

and sinusoids within the BM. Osteopontin, α-SMA and VEGFR-3 were used as specific

markers of these structures and analysis of CD41+ Mks distance from these BM elements

demonstrated that Mks were closely associated with VEGFR-3+ sinusoids, with more than

90% of the Mks within 50 μm from a sinusoid (median 20,90) (n=168), while only ∼10% of

cells were found within 50 μm from a α-SMA+ arteriole (median 65,46) (n=191) (Fig. 1C,

D). In contrast, measurements for endostium-Mk interactions revealed that less than 5% of

these cells were within 50 μm from bone sites (median 135,54) (n=252) (Fig. 1C, D).

To define the presence of a gradient of maturing Mks migrating from the endosteal “niche”

to vascular compartments, the size of CD41+ Mks on femur sections was determined and

correlated to Mk distance from the endostium (n=149) and the closest arteriole (n=126) or

sinusoid (n=127). Results are reported as dot plots in Fig. 1E and demonstrated a significant

correlation between Mk size and distance from sinusoids (p<0.001) and to a lesser extent

from arterioles (p<0.05).

Localization of extracellular matrix proteins within bone marrow

Distributions of type I, III, IV, VI collagens, fibronectin, and laminin (containing β1 and γ1

chains) were mapped in BM by immunofluorescence. As demonstrated in Fig. 2A, bone

structure composition comprised type I, type III collagens and fibronectin. Bone lining

osteoblasts were also positive for type VI collagen staining. Negative staining in all bone

structures resulted upon type IV collagen and laminin staining. Further, staining of different

ECM components in the BM medullary cavity, demonstrated the presence of a network of

matrices, which connected adjacent island of cells in the marrow. This network revealed a

positive staining for fibronectin and type IV collagen, while only few fibers of type I and

type III collagens were detected as confirmed by Masson's trichrome staining (Fig. S1A).

BM vasculature is heterogeneously composed of arterioles, sinusoids and small capillaries.

Staining of BM specimens demonstrated a distribution of type IV collagen, fibronectin and

laminin in marrow sinusoids, while, type I, III and VI collagen deposition was mainly

restricted to arterioles (Fig. 2A and Fig. S3).

Type IV collagen, laminin and fibronectin are components of the megakaryocyte
environment in vivo

Analysis of matrix distribution in the marrow showed that maturing Mks were in tight

contact with different ECM components in the medullary cavity. Co-localization studies and

confocal microscopy analysis showed that Mks were surrounded by a peri-cellular matrix

with a fibrillar structure that stained positive for type IV collagen, fibronectin and laminin

(Fig. 2B, Suppl. Video 1,2,3). The presence of specific ECM components around maturing

Mks in vivo allowed us to explore the possibility that those ECM components might be

released by Mks themselves. To test this hypothesis lineage-negative cells from BM were

further enriched in hematopoietic progenitors, through the selection of c-Kit+ cells, and
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differentiated for 4 days in the presence of TPO into mature Mks. Analysis by RT and qRT-

PCR of laminin, type IV collagen chains and fibronectin expression, demonstrated that

progenitor cells and Mks expressed some of the laminin chains with a prevalence of the

α5β1γ1 isoform (Laminin-10) (Fig. 3A) and type IV collagen α1α1α2 and α5α5α6

heterotrimers (Fig. 3B). Specifically, the expression of type IV collagen α5α5α6

heterotrimer characterized Mk development from lineage-/c-Kit+ progenitor cells (LK cells)

(Fig. 3D). In contrast, fibronectin was expressed to a similar extent by both cell types, while

integrin αIIb (CD41) expression was specific for Mks (Fig. 3C-D). Results from mRNA

analysis were confirmed by western blotting of total cell lysates using polyclonal antibodies

directed against laminin, type IV collagen and fibronectin (Fig. 3E). Analysis of purified

proteins by coomassie blue staining demonstrated comparable molecular weights of bands

with respect to bands detected in Mk lysate (Fig. S2A). Moreover, we analyzed the

expression of different ECMs in other LKS derived lineages and demonstrated that the

expression levels of ECMs were significantly increase in Mks with respect to B lymphocytes

and CD11b (Mac-1) granulocytic/monocytic cells sorted from bone marrow mononuclear

cells (Fig. 3F).

Impact of ECM on bone marrow progenitor cells development and Mk differentiation

To investigate the possible role of BM ECM components in regulating HSC differentiation

into Mks, BM lineage negative progenitor cells were cultured with recombinant TPO, in the

presence of individual ECM components. A combination of fibronectin, type IV collagen

and laminin was used to mimic the Mk environment in vivo and called “ECM-MIX”. We

found that the addition of 10 μg of purified fibronectin alone or in the ECM-MIX, induced a

significant increase in cell viability after 24 and 48 hours of culture, as verified by flow

cytometry after 7-AAD staining (*p value<0.05,**p value<0.01) (Fig. 4A). Further,

fibronectin induced a rapid expansion of bone marrow progenitor cell number in culture.

Specifically, analysis of hematopoietic stem cell proliferation demonstrated that TPO alone

induced a three-fold increase in the number of lineage-/Sca1+/c-Kit+ (LSK) cells in 24

hours. Importantly, the addition of fibronectin (FNC), and not type I or IV collagens or

laminin, to BM cells significantly increased these effects from 1.3%±0,17 LSK cells with

TPO alone to 4.40%±1,21 LSK cells in TPO+FNC treated cells (p<0.05) (Fig. 4B, C).

Finally, the number of LSK cells in the ECM-MIX condition showed a trend to increase,

although not significant, with respect to TPO alone (Fig. 4B).

In the BM lineage-/c-kit+ fraction, only a small percentage of cells was positive for Mk

markers at the beginning of the cultures, as revealed by CD41/CD42b staining in the CD45+

fraction by flow cytometry (Fig. 4D, left panel). However, after 72 hours of TPO

stimulation in culture, BM lineage negative progenitor cells started to differentiate into Mks

as revealed after CD41 staining with immunofluorescence (data not shown). The effects of

ECM components on mouse megakaryopoesis were quantified after 96 hours of

differentiation by flow cytometry (Fig. 4D, right panel). As shown in Fig. 4E, progenitor

cells treated with TPO+FNC displayed a significant increase in the number of CD41+/

CD42+/CD45+ Mks (3.52±0,8 relative to control, p<0,001). A slight increase in Mks was

assessed also in type IV collagen (1.40±0,23, p<0,05) and laminin treated cells (1.19±0,3

p<n.s.). The results obtained in cells stimulated with the ECM-MIX combination showed
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that the effects of fibronectin were reduced in the presence of other ECM components

(1,81±0,1 relative to control, p<0.05). Interestingly, ploidy analysis revealed that Mks

produced by bone marrow progenitor cells treated with fibronectin or ECM-MIX were more

immature and resembled Mk progenitors as displayed by the increase in diploid/tetraploid

cells and the reduction in mature 16N and 32N Mks (Fig. 4F). Moreover, to assess the

effects of ECM components on proplatelet formation, the final step of Mk maturation, Mks

differentiated from fetal liver progenitor cells were purified and challenged for 24 hours in

adhesion to different ECM components. Quantification of proplatelet formation

demonstrated that, with the exception of type I collagen, all the ECM components supported

proplatelet formation, although, to different extents. Specifically, type IV collagen and

laminin promoted proplatelet formation to a higher extent (Fig. 4G).

Megakaryocytes express ECM components that participate to bone marrow matrix
environment regeneration

To determine the significance of ECM components synthesis by mouse Mks in vivo, we

evaluated their expression during a state of “stressed hematopoiesis” after 5-FU induced

myelosuppression or after platelet depletion by an anti GPIbα antibody. Both treatments

determined a rapid decrease in peripheral platelet count (Fig. 5A). Recovery of peripheral

platelets started after 10 days of 5-FU treatment and after 72 hours of anti GPIbα injection,

respectively. Further, a marked decrease in peripheral leukocyte count and BM cellularity

was found, and complete disruption of vasculature with areas of haemorrage was observed

in 5-FU treated mice (Fig, 5B-C and G). Most importantly, an increase in BM Mk contents

was observed in concomitance with platelet recovery in both treated mice with a more

pronounced increase in 5-FU treated mice as shown by flow cytometry analysis (Fig. 5D-E)

and BM sections staining (Fig. 5F-G). Interestingly, at day 10 of 5-FU Mks represented the

major fraction of myeloid cells during marrow recovery as revealed by the prolonged delay

in granulocyte and monocyte recovery (Fig. S5A-B and C), but not of the lymphoid

compartment (Fig. S5D). In order to study the role of Mk derived ECMs in the regeneration

of BM and platelet count, BM Mks were sorted at their peak of increase, at day 2.5 (anti

GPIbα) and at day 10 (5-FU) after drug administration, and analyzed for ECM expression

(Fig. 6A). Interestingly, we observed two different pattern of ECM up-regulation depending

on the type of treatment. Specifically, in GPIbα treated mice only a significant increase of

type IV collagen was observed in BM Mks at both mRNA and protein levels (Fig. 6B-D). In

contrast, an important increase of laminin, type IV collagen and fibronectin was observed in

BM Mks derived from 5-FU treated mice (Fig. 6C-E) coincidently with the restoration of

general bone marrow ECM content (Fig. S4A-B).

Discussion

Mature Mks reside predominantly next to BM sinusoids, juxtaposed to vascular endothelial

cells. This evidence has been derived from the observation of marrow biopsies [30, 31] and

more recently from the analysis of the BM of living mice using in vivo intravascular two

photon microscopy technique [32]. However, the connection between Mks and BM

environment components is not completely understood. In this work, we first measured the

distances of CD41+ Mks from specific structures of the endosteal and vascular “niches” in
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murine BM [17, 33]. We found a significant correlation between Mk dimension and their

distance from sinusoids, showing the presence of a gradient of maturing-Mks in the vascular

niche. These data are in line with the necessity of mature Mks to extend long cytoplasmatic

processes, called proplatelets, through the fenestrations of the endothelial cell layer and into

the vascular space, where platelets are shed into the circulation [32]. Moreover, we mapped

the localization of different collagens and glycoproteins that have been shown to be involved

in the regulation of Mk differentiation or function in vitro [18, 19, 27]. These results confirm

and extend previous analysis of the ECM component composition of mouse BM [28, 29] by

demonstrating that, in the BM, Mks are surrounded by large fibrils that stain positive for

fibronectin, and the basement membrane components type IV collagen and laminin. In order

to decipher the origin of these ECM components, we analyzed their expression in Mks

differentiated from BM progenitor cells. We previously demonstrated that human Mks

express fibronectin [9] and that the genetic profile of Mks, differentiated human CD34+

HSCs, is characterized by an increase in the expression of nidogen [34]. Building on these

data, in this work we showed that Mks also express laminin, with a prevalence of the

isoform 10 (α5β1γ1), and type IV collagen heterotrimers (α1α1α2 and α5α5α6).

Additionally, during Mk differentiation from myeloid progenitors cells (Lineage-/c-Kit+) we

found, by RT-PCR, comparable levels of fibronectin and laminin 10 expression, while the

expression of type IV collagen α5/α6 was a specific feature of mature Mks. Interestingly,

the in vivo expression levels of these ECMs were significantly higher in Mks with respect to

others LKS derived lineages, such as B cells and granulocytic/monocytic cells. Type IV

collagen and laminin are abundant components of basement membranes that represent the

thin layer of extracellular matrix that delineates endothelial/epithelial cells from adjacent

stromal tissue. Basement membranes play pivotal roles in tissue development and

maintenance, acting as adhesive substrates, binding growth factors and providing

mechanical strength to tissues and organs [35, 36]. On this basis, our results demonstrated,

for the first time, that mouse primary Mks express basement membrane components that

may regulate their function in both physiological and pathological conditions. To test this

possibility, bone marrow hematopoietic progenitor cells and differentiated Mks were

challenged in vitro with purified preparation and combinations of ECMs. We found that

only fibronectin was able to increase cell survival and proliferation on lineage negative BM

cells. Specifically, we showed that fibronectin in combination with TPO significantly

increased the number of lineage-/c-Kit+/Sca1+ cells, enlarging the pool of HSCs available

for Mk maturation and development. However, these cells resembled Mk progenitors as

demonstrated by a reduced maturational stage as highlighted by ploidy analysis. These

results further support previous work where fibronectin was demonstrated to be important

for Mk expansion from human hematopoietic progenitor cells [37] and its binding to its

receptors (alpha4/beta1 and alpha5/beta1) a requirement for Mk development and

maturation in vitro [20]. Importantly, type IV collagen exerted a different effect than

fibronectin, increasing the number of Mks without affecting Mk maturational stage, while

laminin promoted only a slight increase of Mk output. This observed effect of laminin

maybe ascribed to the fact that the commercial purified laminin-1 was used in these

experiments, although it is now known, that different laminin isoforms can serve distinct

functions and the alpha5 subunit could exert a specific or peculiar effect on stem cells and

Mk function [38]. Interestingly, the mixture of fibronectin, type IV collagen and laminin did
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not enhance the effect of the single ECMs. This could be the result of ECM mutual

interaction [39, 40] with the consequence of reduced levels of ECMs available for Mk

binding and activation. Overall, these data may suggest that the interaction of different

ECMs lead to modulation of their impact on Mk function. Finally, to define the

physiological role of ECM production by murine Mks in vivo, we analyzed the behavior of

their “ECM core” upon induced thrombocytopenia by anti GPIbα antibody treatment [41] or

myelosuppression by 5-FU administration. Both these treatment led to an increase of the

bone marrow Mk population that peaked after 10 and 3 days after drug administration

respectively. Bone marrow Mk were sorted at their peak of proliferation for each treatment

and analyzed for ECM expression. Interestingly, we observed a peculiar profile of ECM

expression in Mks depending on the type of treatment. Specifically, Mk sorted from mice

undergoing platelet depletion, showed minimal changes in expression profile of genes that

regulates type IV collagen, laminin and fibronectin production. Only a significant increase at

the protein level for type IV collagen production was detected. Further, expansion of Mk

during platelet recovery was not accompanied by changes in ECM components distribution

and contents. In contrast, the experiments demonstrated that on day 10 post-5-FU

administration, Mks occupied most of the extra-vascular space within bone marrow, with

other myeloid cells almost absent [42]. These events were accompanied by an increase in

bone marrow content of ECM components and followed by peripheral platelets count

recovery simultaneous with the regeneration of bone marrow vasculature as described by

Kopp et al [43]. Interestingly, analysis of Mk-ECM content in sorted Mks at day 10 of 5-FU

treatment displayed a significant increase in the expression of fibronectin and basement

proteins at both molecular and protein levels. These data strengthened the hypothesis of Mks

as ECM-producing cells and suggested the possible involvement of Mks in the

establishment of the bone marrow-matrix environment. The exact signals that regulate ECM

expression by Mks in vivo are still to be completely clarified. However, in support of these

data, the contributions of Mks to the vascular niche have only recently emerged as

demonstrated by the release of pro/anti angiogenic factors [7], ECM cross-linking enzymes

[9, 10] or plasma cell survival factors such as interleukin-6 and proliferation-inducing ligand

within BM [5].

Conclusions

In conclusion, we have deciphered the ECM composition of the Mk environment and

demonstrated that these cells express basement membrane proteins in close proximity to

sinusoidal endothelial cells. Importantly, we also showed that ECM components differently

modulate HSC and Mk development in vitro, reflecting the importance of their spatial

localization and cell interactions in vivo. Finally, we demonstrated that the production of

endogenous ECM components is not related to the physiological production of platelets in

vivo but significantly boosted concomitantly to the regeneration of bone marrow

environment following myelosuppression. We believe that the mayor outcome of these

discoveries could be a link to human diseases, such as myeloproliferative disorders, where

altered megakaryopoyesis and myelofibrosis are distinctive features [44].
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Figure 1.
Megakaryocyte localization within the bone marrow. A) Immunofluorescence staining of

CD41+ Mks (green) in bone marrow of mouse femur. Images were acquired with a 10x/0.30

Olympus UPlanF1 objective. Scale Bar=100 μm. B) Quantification of Mks in epiphysis,

metaphysis and diaphysis of mouse femur. Axiovision 4.5 software was used to perform this

analysis expressed as absolute number of Mks per mm2 of bone marrow surface. p value

<0.01. C) Distribution of Mks related to their distance from osteopontin (OPN) positive

endosteal surface, α-smooth muscle actin (α-SMA) positive arterioles and VEGFR-3

positive sinusoids within bone marrow. D) Immunofluorescence staining of CD41+ Mks

(green) in proximity of OPN, α-SMA, VEGFR-3 positive structures (red). Images were

acquired using 40x objective. Scale Bar=100 μm. All images were acquired using the

Olympus BX51 fluorescence microscopy. E-F-G) Correlation between Mk dimension and

distance from endosteal surface, arterioles and sinusoids. R, Spearman's correlation

coefficient; line shows non linear regression; p, p value.
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Figure 2.
Bone marrow extracellular matrix distribution at endosteal and vascular districts. A)

Immunofluorescence analysis of ECM component distribution at endosteal surface and

medullary cavity of mouse femur. Images in the endosteal “niche” were acquired at the

interface between diaphyseal bone and bone marrow cells. A 20x/0.50 Olympus UPlanF1

objective was used. Scale Bar=100 μm. Hoechst 33258 was used to stain nuclei (blue). B)

Confocal microscopy analysis of ex vivo Mk-ECM interaction within bone marrow

demonstrated that Mk (CD41+, green) were surrounded by a peri-cellular matrix positive for

fibronectin, type IV collagen and laminin (red). Confocal microscopy was performed by a

TCS SP2 confocal laser scanning microscope (Leica, Heidelberg, Germany) equipped with a

63× oil-immersion objective. Scale bar=20 μm. Hoechst 33258 was used to stain nuclei

(blue).
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Figure 3.
Analysis of ECMs expression in bone marrow progenitors and mature Mks. RT-PCR was

used to analyze the expression of mouse laminin and type IV collagen chains in A) Lineage

negative/c-Kit+ (LK) bone marrow cells purified by immuno-magnetic separation and B)

CD41+ cells purified by immuno-magnetic separation after 4 days of TPO driven

differentiation. C) RT-PCR analysis of fibronectin, ITGA2b (Mk marker) and β2-

microglobulin in both cell populations. D) qRT-PCR of ECM components expression during

Mk development from lineage-/c-Kit+ cells enriched in hematopoietic progenitor cells. Data

were normalized to β2-microglobulin expression in both cell populations. *p value=<0.05,

**p value=0.01, ***p value=0.001. E) SDS-Page and western blotting analysis of laminin,

type IV collagen and fibronectin in lysate of Mks derived from bone marrow progenitor

cells. Integrin β3 (CD61) antibody was used to demonstrate Mk differentiation. F) ΔCt,

relative to β2-microglobulin, of ECMs expression in B220+ B Cells, Mac-1+ granulocytic/
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monocytic cells and Mks sorted from bone marrow mononuclear cells in three independent

samples. *p value=<0.05, ***p value=0.001.
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Figure 4.
In vitro effects of ECMs on HSC development and Mk differentiation. A) Flow cytometry

analysis of 7-AAD viability measurements in lineage negative bone marrow cells after 24

and 48 hours of differentiation in the presence of TPO alone or combined with 10 μg of

different ECMs. * p value=<0.05, **p value=0.01. B) LSK (Lineage-/Sca1+/c-Kit+) fraction

in TPO or TPO plus ECMs treated cells after 24 and 48 hours of culture. T0 represents the

starting percentage of LSK in the purified lineage negative cell population, before TPO

stimulation. p value=<0.05. C) Representative flow cytometry analysis of fibronectin (FNC)

effect on the proliferation of LSK cells after 24 hours of culture with respect to cells treated

with TPO alone. Cells were stained with FITC anti mouse lineage cocktail and LSK were

identified with c-Kit-PE and Sca-1 APC antibodies in the lineage negative fraction. D)

Lineage negative cells were selected from bone marrow cells by immunomagnetic beads and

analyzed for their content in CD41+/CD42b+ cells in the CD45+ fraction, before cell culture

(Day 0). Expression of Mk markers CD41 and CD42 were evaluated by flow cytometry in

cells cultured for 4 days in the presence of TPO alone or TPO with 10 μg of different ECMs.

E) Quantification of Mk number fold increase induced by different ECMs. p value *< 0.05,

***<0.001. F) Analysis of ECM effects on Mk ploidy after 4 days of culture as evaluated by

flow cytometry after propidium iodide staining. G) Analysis of proplatelets formation after

24 hours of Mk adhesion on glass coverslips coated with different ECMs or BSA as control.

p value **<0.01.
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Figure 5.
In vivo analysis of Mk development after induced thrombocytopenia and during the recovery

from 5-FU dependent myelosuppression. A) Peripheral platelet count in 5-FU and anti

GPIbα treated mice. Blood samples from mice injected with PBS (Saline) were used as

control. B) Peripheral leukocyte count during induced thrombocytopenia and

myelosuppression in anti GPIbα and 5-FU treated mice. Only a slight decrease in white

blood cells number was detected in peripheral blood of anti GPIbα treated mice, while blood

cells reach their nadir around day 7 in mice injected with 5-FU to revert slowly to normal at

day 14. C) Bone marrow mononuclear cells were counted in thrombocytopenic induced

mice and 5-FU treated mice at different days of treatment. A complete leucopenia

characterized femurs of 5-FU treated mice at day 4 and 7, while recovery started at day 11.

At least three independent analysis were performed for each data point. D-E) Flow

cytometry analysis of Mk content within bone marrow. Bone marrow cells of femurs from

mice treated with PBS, as control, anti GPIbα (D) and 5-FU (E) were flushed and stained for

Mk marker CD41 and CD42b. *p value < 0.05, ***p value < 0.001. F) Immunofluorescence

analysis of Mk content in mice treated with anti GPIbα and PBS as control. CD41 (green)

was used to highlight the increase in Mk number at day 2 and 3 of treatment before their

return to normal level at day 5. Hoechst 33258 was used to stain nuclei (blue). Inset shows

particular of the increase shedding of platelets within bone marrow at day 3 upon treatment.

Images were acquired with a 10x objective. Scale bar=200μm. G) Hematoxylin & eosin

staining of bone marrow section in control and 5-FU treated mice. In a week, a profound

hypocellularity, vasculature regression and hemorrhages characterized the marrow
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environment. By day 11 signs of recovery were demonstrated by the increase of marrow

cells and by the expansion of the megakaryocytic lineage. 20x Objective. Scale bar=100μm.
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Figure 6.
Recovery of bone marrow niche after myelosuppression triggers the increase of ECM

component synthesis by Mks in vivo. A) Schematic representation of the strategy adopted

for Mk sorting in platelets depleted mice and 5-FU treated mice. Mk in mice injected with

4μg of anti GPIbα were sorted between at day 2.5 of treatment and just before the recovery

of blood peripheral platelet count. In 5-FU treated mice, Mk were sorted at day 10 of

treatment in juxtaposition of bone marrow and pheripheral blood count recovery. Right

panel shows a representative hematoxylin & eosin staining of sorted Mks. Scale bar = 10

μm. B) RT-PCR of laminin, type IV collagen chains and fibronectin in Mks treated with

PBS (Saline) or anti GPIbα. *p value < 0.05. C) RT-PCR of laminin, type IV collagen

chains and fibronectin in Mks treated with PBS (Saline) or 5-FU. *p value 0.05, **p value

0.01. D) Western blotting analysis of ECM components level in Mks sorted from bone

marrow cells after 60 hours of anti GPIbα antibody injection and PBS as control. E)

Western blotting analysis of ECM components level in Mks sorted from bone marrow cells

of mice myelosuppressed with 5-fluorouracil or PBS as control. β-Actin was revealed to

demonstrate equal protein loading. The images are representative of three independent

experiments.
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