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Background: Extracellular matrices regulate megakaryocyte function in the bone marrow environment.
Results: Collagen receptor discoidin domain receptor 1 (DDR1) regulates human megakaryocyte migration by the modulation
of phosphatase SHP1 activity.
Conclusion: DDR1 is a new regulator of megakaryocyte function.
Significance: This is the first evidence that the new receptor DDR1 is involved in the complex modulation of megakaryocyte-
collagen interactions.

Growing evidence demonstrates that extracellular matrices
regulate many aspects of megakaryocyte (MK) development;
however, among the different extracellular matrix receptors,
integrin �2�1 and glycoprotein VI are the only collagen recep-
tors studied in platelets andMKs. In this study, we demonstrate
the expression of the novel collagen receptor discoidin domain
receptor 1 (DDR1) by human MKs at both mRNA and protein
levels and provide evidence of DDR1 involvement in the regula-
tion of MK motility on type I collagen through a mechanism
based on the activity of SHP1 phosphatase and spleen tyrosine
kinase (Syk). Specifically, we demonstrated that inhibition of
DDR1 binding to type I collagen, preserving the engagement
of the other collagen receptors, glycoprotein VI, �2�1, and
LAIR-1, determines a decrease in MK migration due to
the reduction in SHP1 phosphatase activity and consequent
increase in the phosphorylation level of its main substrate
Syk. Consistently, inhibition of Syk activity restored MK
migration on type I collagen. In conclusion, we report the
expression and function of a novel collagen receptor on
humanMKs, and we point out that an increasing level of com-
plexity is necessary to better understand MK-collagen inter-
actions in the bone marrow environment.

Megakaryocyte (MK)2migration from the osteoblastic to the
vascular niche is required to complete maturation, extend pro-
platelets, and release newly generated platelets into the blood-
stream (1–3). Therefore, dynamic regulation of MK motility,

within the bone marrow environment, is critical for functional
platelet production. A variety of extracellular matrix (ECM)
components, differently located in the bone marrow niches,
may be involved in regulatingmatureMKmigration toward the
vascular niche (4, 5). Among these, type I collagen is the most
abundant ECM of the osteoblastic niche and has been reported
to regulate different phases of MK development (6). To this
regard, we have recently demonstrated that the tensile strength
of fibrils in type I collagen structure also represents a major
determinant in the regulation of MK migration and platelet
formation (7–9). Integrin �2�1 and GPVI were extensively
studied as regulators of MK function in the bone marrow
matrix environment, whereas the expression and function of
other receptors on human MKs are unknown (10–14). Discoi-
din domain receptors (DDR1 and DDR2) are tyrosine-kinase
collagen receptors (receptor tyrosine kinases) that are stimu-
lated by fibrillar and basement membrane collagens and medi-
ate cell adhesion and migration in different tissues (15, 16).
Both DDR1 and DDR2 bind to several collagen subtypes, but
the receptors require an intact triple helical domain for signal-
ing, as denatured collagen, or gelatin, does not induce signaling
through DDRs. Although receptor tyrosine kinases reach max-
imumactivationwithinminutes after ligand binding,DDR1has
a particular kinetics of activation, slow and sustained, suggest-
ing that this receptor may regulate longer term signals (17).
After its activation, subsequent to the autophosphorylation, the
receptor interacts in a phosphotyrosine dependent manner
with a series of Src homology 2/3 (SH2/3) and protein tyrosine
binding (PTB) domain-containing proteins, triggering DDR1
downstream responses (18).
Spleen tyrosine kinase (Syk) is a 72-KDa cytoplasmic nonre-

ceptor tyrosine kinase, widely expressed in hemopoietic cells,
characterized by a C-terminal kinase domain, an adjacent
linker region, and an N-terminal tandem SH2 domain. Numer-
ous studies demonstrated that Syk participates not only in reg-
ulating cell division and proliferation, but also cell invasiveness
and metastatic capacity, in particular being down-regulated in
metastatic cancer (19–21). Interestingly, it has been suggested
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that interaction of DDR1 and Syk may regulate epithelial cell
motility (22).
The phosphorylation status of receptor tyrosine kinases is

tightly regulated by the concerted activity of kinases and phos-
phatases (23). DDR1 was reported to recruit the non-trans-
membrane phosphatase SHP2 to suppress integrin signaling
(24). Interestingly, although SHP2 is expressed ubiquitously,
the expression of SHP1, another member of the family, is
restricted to the hemopoietic lineages. Further, Huang et al.
(25) demonstrated that DDR1 interaction with myosin IIA reg-
ulates cell spreading andmigration on type I collagen in epithe-
lial cells.
Altogether, these data point out that DDR1may represent an

important new regulator of MK function. Thus, in the present
study, we show, for the first time, that human MKs express
DDR1 that is activated upon MK adhesion on fibrillar type I
collagen. Further, we demonstrate that DDR1 regulates MK
Syk-mediated migration through activation of the tyrosine
phosphatase SHP1. These experiments provide evidence that
new receptors are involved in the elaborate regulation of MK
function in the ECM component environment.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Type I collagen was purified as
described previously (26). The DDR1-Fc recombinant protein
was from R&D systems (Minneapolis, MN). Protein A-Sephar-
ose from Staphylococcus aureus was from Sigma-Aldrich.
Sodium stibogluconate fromCalbiochem. R406was fromAxon
Medchem (Groningen, The Netherlands). The following anti-
bodies were used: rabbit polyclonal anti-DDR1 (C-20) (Santa
Cruz Biotechnology; Santa Cruz, CA); mousemonoclonal anti-
CD61 (clone SZ21) (Immunotech; Marseille, France); Alexa
Fluor-conjugated antibodies (Invitrogen); rabbit polyclonal
anti-non-muscle myosin IIA (clone BT-567) (BTI; Oklahoma
City, OK); rabbit polyclonal anti-phospho-MLC2 (Ser-19) (Cell
Signaling; Danvers, MA); mouse monoclonal anti-phosphoty-
rosine (clone 4G10) (Millipore; Billerica,MA); rabbit monoclo-
nal anti-phospho-Syk (Tyr-525/526) (clone C87C1) (Cell Sig-
naling); rabbit polyclonal anti-Syk (N-19) (sc-1077) (SantaCruz
Biotechnology); rabbit monoclonal anti-phospho-MAPK 1/2
(ERK1/2) (Thr-185/Tyr-187) (cloneAW39) (Millipore);mouse
monoclonal anti-MAPK1/2 (ERK1/2) (clone 3A7) (Cell Signal-
ing); rabbit polyclonal anti-SHP1 (sc-287) (Santa Cruz Biotech-
nology); mouse monoclonal anti-SHP2 (sc-7384) (Santa Cruz
Biotechnology); rabbit polyclonal anti-phospho-SHP1 (Tyr-
536) (Abcam;Cambridge,UK);mousemonoclonal anti-�-actin
(Sigma-Aldrich); mouse monoclonal anti-activated �1 integrin
(HUTS-4) (Millipore); andmousemonoclonal anti-LAIR-1 (sc-
59281) (Santa Cruz Biotechnology); the anti-GPVI antibody
(clone 9E18) was kindly provided by M. Jandrot-Perrus
(INSERM,U698,Hôpital Bichat, Paris, France). The anti-DDR1
blocking peptidewas fromSantaCruz Biotechnology; Fc recep-
tor (FcR) blocking solution was fromMiltenyi Biotec (Bergisch
Gladbach, Germany). DMEM and FBS were from Invitrogen
(Invitrogen). Horseradish peroxidase (HRP)-conjugated anti-
rabbit and anti-mouse secondary antibodieswere fromBio-Rad
(Milan, Italy). Precision Plus protein standard was from
Bio-Rad.

Cell Culture—Humanumbilical cord bloodwas collected fol-
lowing normal pregnancies and deliveries upon informed con-
sent of the parents, in accordance with the ethical committee of
the IRCCS Policlinico San Matteo Foundation and the princi-
ples of the Declaration of Helsinki. CD34� cells were separated
and cultured as described previously (27). Skin human fibro-
blasts were cultured in DMEM supplemented with 10% FBS.
RT-PCR and Quantitative RT-PCR—CD61� MKs at day 13

of culture were separated, using the immunomagnetic beads
technique (Miltenyi Biotec), and total cellular RNA was
extracted using the mammalian GeneElute total RNA kit (Sig-
ma-Aldrich) and reverse-transcribed to cDNA using MuLV
reverse transcriptase (Applera; Monza, Italy) following the
manufacturer’s instructions. For DDR1 and �2-microglobulin
expression, one-tenth of the resulting cDNA was amplified
using the following primers: DDR1 5�-TCTATGCTGGGGAC-
TATTACCG-3� and 5�-GTCACTCGCAGTCGTGAACTT-
3�, �2microglobulin 5�-CCCCCACTGAAAAAGATGAGT-3�
and 5�-TGATGCTGCTTACATGTCTCG-3�. 20�l of the PCR
products was loaded on an ethidium bromide-stained 1% aga-
rose gel. For quantitative expression analysis of DDR1, real-
time PCRwas performed using the Rotor-Gene 6000 (Eurogen-
tec, San Diego, CA), and one-twentieth of the resulting cDNA
was amplified in triplicate using theMESAGREENquantitative
PCR MasterMix Plus for SYBR assay, No ROX sample (Euro-
gentec). Rotor-Gene 6000 series software Version 1.7 was used
for the comparative concentration analysis (8).
Immunofluorescence, Confocal, andAtomic ForceMicroscopy

Analysis—To evaluate DDR1 distribution on the MK surface,
cells were fixed and stained with anti-DDR1 and anti-CD61
antibodies both diluted 1:100 as described previously (27).
Analyses by conventional fluorescence and confocal micros-
copywere performedwith anOlympus BX51microscope using
a 20�/0.5 UPlanF1 objective (Olympus; Watford, UK) and a
TCS SPII confocal laser scanning microscopy system equipped
with a DM IRBE inverted microscope using a 40� oil NA 1.25
objective (Leica; Bensheim, Germany), as described previously
(27, 28). To analyze matrix structures in different conditions,
glass coverslips were coated with type I collagen, as described
previously (27), in the presence or absence of DDR1-Fc, for 16 h
at 37 °C in PBS and then observed by tapping-mode atomic
force microscopy on a Digital Instruments multimode Nano-
Scope III/a SPM (Digital Instruments, Santa Barbara, CA) with
Olympus OTR 8 oxide-sharpened silicon nitride probes.
Binding Assays—96-well microtiter plates were coated over-

night at 4 °C with the solutions of collagenous samples in
NaCl/Pi (200 �l/well). Control wells were coated with 200 �l
containing 5 �g of BSA in NaCl/Pi. All analyses were done at
least in triplicate. After rinsing with 0.15 M NaCl, 0.05% (v/v)
Tween 20, thewellswere incubatedwith 200�l of 1% (w/v) BSA
in NaCl/Pi for 1 h at room temperature. After rinsing as
described above, the coated wells were incubated for 2 h at
room temperature with 20 �g/ml DDR1-Fc blocking molecule
in 200 �l of NaCl/Pi, 0.05% (v/v) Tween 20. For every solid
phase experiment, control for dose-dependent, nonspecific
binding to coated BSA wells was performed, under identical
conditions. Bound DDR1-Fc were incubated for 2 h with HRP-
conjugated anti-human IgG1 antibodies for detection. Horse-
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radish peroxidase was diluted 1:1000 in 2 mg/ml BSA solution
followed by a rinse and by the substrate solution (0.04% o-phe-
nylenediamine dihydrochloride and 0.04% (v/v) hydrogen per-
oxide in a buffer containing 514 mM disodium hydrogen phos-
phate, 24.3 mM citric acid, pH 5). Color development was
stopped by adding 100 �l of 3 M HCl, and the absorbance was
measured at 490–655 nm using a microplate reader.
Preparation of Platelet Lysates from Washed Human Plate-

lets for Western Immunoblotting Analysis—Peripheral blood
from healthy subjects was collected in citric acid/citrate/dex-
trose (ACD) as anticoagulant (blood:ACD, 6:1, v/v) in the pres-
ence of 0.2 units/ml apyrase and 1 �M PGE1. Platelet-rich
plasma was prepared by centrifuging blood samples at 200 � g
for 10min. The platelet-rich plasma was then aspirated, centri-
fuged at 1200� g for 10min, and washed with PIPES buffer (20
mM PIPES and 136 mM NaCl, pH 6.5). Washed platelets were
then lysed in sodium dodecyl sulfate (SDS) buffer (0.5 M Tris,
pH 6.8, 2% SDS, 10% glycerol), in the presence of a 2% protease
inhibitor mixture (Sigma), on ice for 30 min. Lysates were clar-
ified by centrifugation at 15,700 � g at 4 °C for 15 min.
Immunoprecipitation and Western Blotting—MKs, 1 � 106

cells/condition, were seeded on 25 �g/ml type I collagen-
coated 6-well plates or on plastic. Where indicated, type I col-
lagen was incubated with 20 �g/ml DDR1-Fc for 4 h at 4 °C, as
described previously (29, 30). Cells were left to adhere for 16 h
at 37 °C and 5% CO2 and then lysed in Hepes-glycerol lysis
buffer (50 mM Hepes, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 1 mM PMSF,
1 mM Na3VO4, 1 �g/ml leupeptin, 1 �g/ml aprotinin). Lysates
were centrifuged at 14,000 � g at 4 °C for 15min. For immuno-
precipitation, cellular lysates were precleared by incubation
with protein A-Sepharose. Precleared lysates were incubated
with 2 �g of anti-DDR1 or anti-LAIR-1 or anti-SHP1 (Santa
Cruz Biotechnology) for 4 h at 4 °C on a rotatory shaker fol-
lowed by adding 100 �l of 50 mg/ml protein A-Sepharose and
incubation overnight at 4 °C on a rotatory shaker. Beads were
washed three times in lysis buffer. Protein were eluted with
Laemmli buffer at 90 °C for 5 min and separated by nonreduc-
ing SDS-PAGE for activated �1 integrin and for dimeric GPVI,
or reducing SDS-PAGE for other proteins, and transferred to a
polyvinylidene fluoride (PVDF)membrane.Western blotswere
developed with Western Immobilon (Millipore). Densitomet-
ric analyses were performed after ECL chemiluminescence
detection using quantity one software (Bio-Rad).
Evaluation of Cell Adhesion—To analyze MK adhesion onto

type I collagen, 12-mm glass coverslips were coated with 25
�g/ml type I collagen as described previously (27). Where indi-
cated, type I collagen was incubated with 20 �g/ml DDR1-Fc
for 4 h at 4 °C (29, 30) or with an unrelated IgG as control. Cells
at day 13 of culture were harvested and allowed to adhere for
16 h (1� 105 cells/well) at 37 °C and 5%CO2.Where indicated,
cells were preincubated with FcR blocking solution for 15 min,
according to the manufacturer’s instructions, before being
seeded. Adhering cells were washed with PBS, and after being
fixed and stained with anti-CD61 antibody and Hoechst 33258,
they were counted by fluorescence microscopy (27).
Migration Assays—MK migration and invasion assay were

performed in Transwell migration chambers (8 �m,Millipore)

coatedwith 25�g/ml type I collagen containing or not contain-
ing 20 �g/ml DDR1-Fc or an unrelated IgG as control. Briefly,
50 �l of collagen solution was overlaid on polycarbonate insert
overnight at 4 °C. MKs (25 � 103 in 100 �l) were seeded on the
upperwell in 100�l of StemSpan and incubated at 37 °C and 5%
CO2; in some experiments, 5 �M R406 or 13.4 �M sodium
stibogluconate was added to the medium. Where indicated,
cells were preincubated with FcR blocking solution for 15 min
before being seeded. After 16 h, MKs that had passed through
the Transwell to the other side of the filters and in the outer
wells, which contained StemSpan medium with 100 ng/ml
SDF1-� (PeproTech, London, UK), were recovered and
counted by inverted microscope (9). Thereafter, the upper side
of the filters was carefully washed with cold PBS, and cells
remaining on the upper face of the filters were removed with a
cotton wool swab. Transwell filters were fixed in 3% parafor-
maldehyde for 20 min at room temperature, stained using a
monoclonal antibody against CD61 and with Hoechst 33258,
cut out with a scalpel, and mounted onto glass slides, putting
the lower face on the top (31, 32). The total number of cells that
had migrated was counted, and images were acquired using a
Olympus BX51 using 20�/0.5 UPlanF1 objective. Each exper-
iment was performed in triplicate. Data are expressed as num-
bers of total migrated cells per insert or as percentages of cells
related to that of the control.
Phosphatase Assay—Tyrosine phosphatase assay was per-

formed using p-nitrophenyl phosphate as substrate. Cells were
lysed with Hepes-glycerol lysis buffer without sodium orthovana-
date and sodium fluoride (33). Cell lysate centrifugation andSHP1
immunoprecipitationwereperformedasdescribedunder “Immu-
noprecipitation and Western Blotting.” Sample volumes were
adjusted to analyze equal protein concentrations. For total phos-
phatase activity, phosphatase assaybufferwas added tohavea final
volumeof 600�l and a final concentration of 25�Mp-nitrophenyl
phosphate. Samples were incubated for 150 min at 37 °C under
shaking. The optical density was measured at 405 nm.
For SHP1 phosphatase activity, the immune complexes were

washed twice with Hepes-glycerol buffer without phosphatase
inhibitors and twice with phosphatase assay buffer (10 mM

HEPES; 0.2 mM EDTA; 0.5% BSA; 1 mM dithiothreitol; pH 7.5).
Immune complexes were incubated in 600 �l of phosphatase
assay buffer with a final concentration of 25 �M p-nitrophenyl
phosphate for 150 min at 37 °C under shaking. After centrifu-
gation (14,000 � g, 4 °C) for 1 min, the optical density of super-
natants was measured at 405 nm. The corresponding immune
complexes, bound to protein A-Sepharose, were submitted to
Western blotting to confirm the equal loading.
Statistics—Data are presented as means � S.D. of at least 3

independent experiments. Differences between means were
evaluated by either a Student’s t test or a one-way analysis of
variance and considered statistically significant at a p value of�
0.05. Statistical analyses were performed with Prism Version 5
(GraphPad).

RESULTS

Human MKs Express and Synthesize DDR1—Human MKs
were derived from umbilical cord blood progenitor cells, and
the expression of DDR1 was analyzed by RT-PCR andWestern
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blot. As shown in Fig. 1,A andB, DDR1 expressionwas detected
inmatureMKs at day 13 of culture, and in human fibroblasts as
positive control, at both mRNA and protein levels. Interest-
ingly, by Western blot, we also detected DDR1 in peripheral
blood platelet lysates (Fig. 1C). Finally, by confocal microscopy,
DDR1 was shown to be expressed mostly onMK cellular mem-
brane (Fig. 1D).
Type I Collagen-dependent DDR1 Activation—The catalytic

activity of DDR1 upon type I collagen binding was demon-
strated by the phosphotyrosine probing of DDR1 immunopre-
cipitates (Fig. 2A, panels i and ii). To evaluate the role of DDR1
activation in modulating MK function on type I collagen, we
took advantage of a recombinant chimera protein (DDR1-Fc),
which had been shown to block DDR1-collagen interactions
(34, 35). By solid phase binding assay, we demonstrated the
DDR1-Fc ability to bind to our type I collagen (Fig. 2B). Further,
by atomic force microscopy, we verified that the pretreatment
of type I collagen with DDR1-Fc did not modify the structural
properties and the normal banding of the extracellular protein
(Fig. 2C). Finally, we asked whether the DDR1 blocking mole-
cule could impact the function of the other collagen receptor
expressed by humanMK,�2�1 integrin, andGPVI. ByWestern
blot analysis, we demonstrated that the DDR1-Fc molecule
works by specifically blocking the activation of DDR1, whereas
the activation of �1 integrin and of GPVI is unaffected (Fig. 2D,
panel i). The levels of activated integrin were determined using
a �1 integrin antibody (clone HUTS-4) recognizing epitopes in
the 355–425 region (hybrid domain), whose expression paral-
lels the activity of �1 integrin (36). It is known that GPVI may
form a dimer that has functional significance. The activation of
GPVI was determined using an antibody that binds to the
dimeric form of the receptor with an affinity 200-fold higher

than to the monomeric form (37). Further, the activation of the
collagen receptor LAIR-1, expression of which was recently
demonstrated in mature MKs (38), appears unaffected by the
treatment of megakaryocyte with DDR1-Fc (Fig. 2D, panel ii).
DDR1-dependent Regulation of MK Migration—Mature

MKs were plated on type I collagen-coated coverslips, contain-
ing or not containing the DDR1 blocking molecule (DDR1-Fc)
or an IgG as control. In addition, to avoid a possible binding of
the FcR with the chimera (DDR1-Fc), where indicated, we pre-
treated cells with an FcR blocking solution. After 16 h, cells
were stained with anti-CD61 antibody, and then adherent cells
were counted by fluorescence microscopy with a 20�/0.5
UPlanF1 objective. A comparable number of CD61� cells were
counted per field in all conditions, revealing that MK adhesion
on type I collagenwas not affected byDDR1 activation (Fig. 3A).
Moreover, to investigate whether DDR1 activation could pro-
moteMKmigration on type I collagen,MKs were seeded in the
upper well of a Transwell plate, upon coating the Transwell
filterwith type I collagenmixedwithDDR1-Fc orwith an IgGas
control. Pretreatment of cells with the FcR blocking solution
was used as control of possible binding of the FcR with the
chimera (DDR1-Fc). MKs were allowed to migrate for 16 h and
then cells that had passed through the filter in the lower well
were counted. The number of migrated MKs was reduced by
about 40% in the presence of DDR1-Fc as compared with con-
trol samples (Fig. 3B). Additionally, blocking the FcR did not
alter the number of migrated cells on type I collagen mixed to
DDR1-Fc. These effects were further validated by staining the
lower side of the coated Transwell filters with an anti-CD61
antibody to detect MKs that had invaded the type I collagen-
coated filters (Fig. 3, C and D).

FIGURE 1. Human MKs express and synthesize DDR1 tyrosine kinase. A, total cellular RNA was extracted from MKs and fibroblasts (Fb) as positive control.
�2-microglobulin was used as housekeeping gene. NTC indicates “no template” controls in the reverse transcriptase and PCR steps. RT-PCR products were
loaded in duplicates for each cell type. B, MK and fibroblast lysates were subjected to Western blot analysis using an anti-DDR1 antibody. The anti-DDR1
blocking peptide (B.P.) was used to confirm the specificity of the antibody. Actin was probed to show equal loading. C, DDR1 expression was demonstrated in
peripheral blood platelet lysate (Plt) by Western blot. Shown here are representative Western blots out of three independent experiments. D, MKs were
cytospun on polylysine-coated glass coverslips, fixed, and stained with an anti-DDR1 antibody (red) and an anti-CD61 antibody (green). The graphs report the
intensity of the fluorescence signal along the x axis for each fluorochrome on the optical section. (Immunofluorescence staining, DM IRBE inverted microscope,
magnification 40�.) Scale bars are 25 �m. Nuclei were counterstained with Hoechst 33288 (blue).
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Syk Is Involved in DDR1-dependent MK Migration—To
explore the mechanisms underlying the reduction of MK
migration rate on type I collagen followingDDR1 inhibition, we
investigated the involvement and phosphorylation-dependent
activation of the tyrosine kinase Syk, the MAPK ERK, and the
myosin light chain (MLC2), known to be involved in DDR1
signaling as well as in DDR1-dependent regulation of cell
migration processes (22, 25, 39). First, we demonstrated that
DDR1 interacts with Syk and with myosin IIA dependently on
MK-type I collagen interaction (Fig. 4A, panels i and ii). There-
after, we showed that inhibition of DDR1 by DDR1-Fc deter-
mines an increase in the phosphorylation levels of Syk kinase
and, to a lesser extent, of MLC2 in type I collagen adhering-
MKs after 16 h, whereas ERK activation was concomitantly
reduced (Fig. 4B, panels i and ii). Interestingly, after 3 h of
adhesion, we did not observe significant differences in protein
phosphorylation, probably due to the slow kinetics of DDR1
activation (data not shown). Overall these results highlighted a
marked increase of phosphorylated Syk upon DDR1 inhibition,
suggesting aDDR1-dependent negativemodulation of Syk acti-
vation. To explore the role of Syk in reducing MK migration

upon DDR1 inhibition, migration assays using the specific Syk
inhibitor R406 were performed. Fig. 4C shows that Syk inhibi-
tion restored MK migration to a level comparable with
untreated control, overcoming DDR1 inhibition. These effects
were further validated by staining the lower side of the coated
Transwell filters with an anti-CD61 antibody to detect MKs
that had invaded the type I collagen-coated filters (Fig. 4, D
and E).
SHP1Modulates Syk Activation upon Type I Collagen-DDR1

Binding in MKs—We further investigated the negative regula-
tory mechanism mediated by DDR1 on Syk phosphorylation,
focusing on a possible involvement of phosphatase enzymes.
We performed phosphatase activity assays on cell lysates of
MKs plated on type I collagen for 16 h, in the presence or
absence of the DDR1-Fc blocking molecule. The total tyrosine
phosphatase activity appeared significantly decreased upon
inhibition ofDDR1 activation (73.3� 6.6% relative to controls).
Subsequently, we analyzed the interaction between DDR1 and
two SH2 domain-containing tyrosine phosphatases, already
known as active regulators of Syk dephosphorylation, SHP1 and
SHP2 (40, 41). Thus, by Western blot, we analyzed the co-im-
munoprecipitation of DDR1 with both phosphatases in MKs
plated on type I collagen, or plated on tissue culture plastic as a
negative control of DDR1 activation. The adhesion of cells on
type I collagen demonstrated a strong increase of the interac-
tion of DDR1 with SHP1 (Fig. 5A, panels i and ii), whereas
SHP2, whose interaction with DDR1 was previously demon-
strated (24), surprisingly was not detected in all tested condi-
tions. To verify whether the kinase activity of DDR1 was impli-
cated inmodulating the phosphorylation status of SHP1, which
reflects its enzymatic activity, we performed the SHP1 phos-
pho-specific probing of Western blot analysis of MK lysates,
cultured in the presence or absence of the DDR1-Fc blocking
molecule. A significant decrease in SHP1 phosphorylation was
observedwhenDDR1 activity was blocked (Fig. 5B, panels i and
ii). The reduction in SHP1 activity was further confirmed by
phosphatase activity assays of SHP1 immunoprecipitates. As
shown in Fig. 5C (panel i), the phosphatase assay revealed a
reduction of about 20% in SHP1 enzymatic activity whenDDR1
activation was prevented; equal loading was analyzed by sub-
mitting toWestern blot the corresponding immune complexes,
bound to protein A-Sepharose (Fig. 5C, panel ii).

To strengthen these results, we tested the existence of inter-
dependence between Syk activation versus SHP1 phosphatase
activity reduction. MKs were treated with the SHP1 specific
inhibitor sodium stibogluconate, and consistently, Western
blot analysis revealed an increase in Syk phosphorylation in
treated MKs relative to control, reflecting the DDR1 blocking
condition (Fig. 5D). Further, treatment of MKs with sodium
stibogluconate resulted in a decrease of cell migration (Fig. 5,
E–G). Overall these data suggested that DDR1 activation pro-
motes MK migration by increasing SHP1 activity that, in turn,
leads to Syk dephosphorylation, preventing the Syk-mediated
inhibition of MK migration on type I collagen.

DISCUSSION

To release platelets, mature MKs migrate toward the vascu-
lar sinusoids crawling on the differentmatrices that fill the bone

FIGURE 2. Type I collagen-dependent DDR1 activation. A, panel i, lysates of
MKs, plated on tissue culture plastic or on type I collagen (Col) for 16 h, were
immunoprecipitated (IP) with an anti-DDR1 antibody and subjected to West-
ern blotting. Membranes were stained with a monoclonal antibody against
phosphotyrosine and with anti-DDR1 antibody. Panel ii, densitometry analy-
sis of the Western blots of 125-KDa phospho-Tyr (pTyr) band on DDR1 immu-
noprecipitates. B, binding assay to evaluate the DDR1-Fc binding affinity on
native type I collagen (Nat Col I) with respect to denatured type I collagen (Den
Col I). BSA was used as negative control. Optical density (OD) was measured at
490 nm. C, atomic force microscopy images of dehydrated collagen-coated
coverslips in the presence or absence of DDR1-Fc showing similar banded
fibrils. D, panel i, MKs were plated, for 2 h, on type I collagen, in the presence or
absence of DDR1-Fc. Lysates were subjected to Western blot analysis of active
�1 integrin (HUTS-4) and dimeric GPVI. Actin was probed to show equal load-
ing. Panel ii, lysates of megakaryocyte treated as above described were immu-
noprecipitated with anti-LAIR-1 antibody and subjected to Western blot.
Membranes were stained with antibodies anti-phospho-Tyr (pTyr) and anti-
LAIR-1. Shown here are representative Western blots out of three indepen-
dent experiments. Data are presented as means � S.D. (n � 5 and 4 indepen-
dent experiments). *, p � 0.05. **, p � 0.01.
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marrow environment (1). Thus, a fine regulation of MK inter-
action with the bone marrow matrix environment is necessary
to drive MKs to their final maturation site. Type I collagen is
one of the most abundant ECM components in the bone mar-
row (4, 5), and it is known to be mostly located in the endosteal
niche where it inhibits MK maturation (6, 7). On the contrary,
other ECM components, proposed to fill the vascular district,
support MK maturation and platelet production (27, 42, 43).

On this basis, it appears that modulating MK-type I collagen
interaction is a fundamental step in MK development. In this
regard, previous works pointed out the role of collagen recep-
tors �2�1 and GPVI in regulating MK function and platelet
production on type I collagen; however, the expression and
function of other matrix receptors on MKs are still unknown
(11–14). Discoidin domain receptors (DDR1 and DDR2) are
tyrosine-kinase collagen receptors that are stimulated by fibril-

FIGURE 3. DDR1-dependent regulation of MK migration. A, MKs were plated on type I collagen (Col I)-coated coverslips, in the presence of the DDR1-Fc
blocking molecule or an IgG as control. Where indicated, MKs were pretreated with FcR blocking solution. After 16 h, adherent MKs were fixed, stained with
anti-CD61 antibody, and then counted by fluorescence microscopy. B, MKs were left to migrate in a Transwell plate, upon coating the Transwell filter with type
I collagen mixed with the DDR1-Fc blocking molecule or an IgG as control. Where indicated, MKs were pretreated with FcR blocking solution. After 16 h, MKs
that had passed in the lower chamber were collected and counted by phase contrast microscopy. C, MKs adhering on the lower side of the Transwell filter were
fixed and stained with anti-CD61 antibody and then counted by fluorescence microscopy. D, representative images of MK invasion of type I collagen. Cells
adhering to the lower side of the Transwell coated filter, were fixed and stained with anti-CD61 antibody (red) antibody. (Immunofluorescence staining,
Olympus BX51 microscope, magnifications 20�.) Scale bars are 100 �m. Nuclei were stained with Hoechst 33288 (blue). Reported results are the means � S.D.
(n � 6 independent experiments). **, p � 0.01.

FIGURE 4. Syk kinase is involved in DDR1-mediated MK migration on type I collagen. A, panel i, DDR1 was immunoprecipitated (IP) in cell lysates of MKs
plated for 16 h on type I collagen (Col) or on tissue culture plastic. A control sample was immunoprecipitated with an unrelated antibody (IgG). Membranes
were probed with anti-Syk and anti-myosin IIA antibodies to show DDR1-interacting protein and reprobed with anti-DDR1 antibody to show equal loading.
Panel ii, densitometry analysis of the Western blots of Myosin IIA and Syk co-immunoprecipitated with DDR1. B, total cellular lysates of MKs plated for 16 h on
type I collagen, inhibiting or not inhibiting DDR1 activation, were subjected to Western blot analysis. Membranes were probed with the indicated antibody,
with p indicating the phosphorylated form. Actin was probed to show equal loading. Panel ii, densitometry analysis of the Western blots of phospho-ERK (pERK),
phospho-Syk (pSyk), and phospho-MLC2 (pMLC2). C, Transwell migration assay of mature MKs through type I collagen, in the presence of the DDR1-Fc blocking
molecule and of Syk specific inhibitor compound R406 (5 �m) either mixed or used singularly. After 16 h, MKs that had passed in the lower chamber were
counted by phase contrast microscopy. D, MKs adhering to the lower side of the Transwell filter were fixed and stained with anti-CD61 antibody and then
counted by fluorescence microscopy. E, representative images of MK invasion of type I collagen. Cells adhering to the lower side of the Transwell coated filter
were fixed and stained with anti-CD61 antibody (red). (Immunofluorescence staining, Olympus BX51 microscope, magnifications 20�.) Scale bars are 100 �m.
Nuclei were stained with Hoechst 33288 (blue). Data are presented as means � S.D.(n � 5, 5, and 5 independent experiment). *, p � 0.05. **, p � 0.01.
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lar and basement membrane collagens and mediate cell adhe-
sion and migration in different tissues. DDR1 is more likely to
be expressed by epithelial cells and leukocytes, whereas DDR2
is expressed by cells of mesenchymal origin (10). In this work,
we demonstrate, for the first time, that human MKs express
DDR1, and we propose a new mechanism underlying MK
crawling on type I collagen. Our hypothesis is that activation of
different receptors, besides�2�1 andGPVI, intervenes to guide
MK movements from the type I collagen-rich osteoblastic
niche. Interestingly, it is known that DDR1 blocks Syk-medi-
ated inhibition of cell migration (22) and that depletion of
DDR1 determines a decrease of collective cancer cell invasion
and metastasis (44). In this context, this work reports that
DDR1 promotes MKmigration on type I collagen by inhibiting
Syk phosphorylation. It is known that cell function is mediated
by biochemical signaling that results from a balance of kinase
and phosphatase activation. The SH2domain-containing phos-
phatases SHP1 and SHP2 are the best studied of the classical

nonreceptor tyrosine phosphatases (45), and they are known to
bind DDR1 and then modulate activity of downstream mole-
cules (24). Importantly, here we show that Syk dephosphory-
lation was dependent on activation of SHP1 by DDR1. Alto-
gether, these results point out DDR1 as a new regulatory check-
point of MKmigration on type I collagen. Recently, Mazharian
et al. (46) described a mechanism by which �IIb�3 promotes
MKmigration on fibronectin through Syk activation. Together
with these results, our data demonstrate how MKs differently
regulate their function to migrate on a sequence of different
matrices in the bone marrow environment. Different works
have been performed to unravel the role of Syk and SHP1 in
regulating MK and platelet function. The Syk-deficient mouse
model (Syk�/�) presented high morbidity, whereas deletion of
Syk in the hematopoietic system using Vav-iCre led to the for-
mation of blood-filled vessels in the skin of embryos (47). Fur-
ther, chimeric mice were generated by injecting Syk�/� fetal
liver cells in BALB/c femalemice upon irradiation (48). Platelet

FIGURE 5. SHP1 modulates Syk activation upon type I collagen-DDR1 binding in MKs. A, panel i, DDR1 immunoprecipitates (IP) from MKs plated for 16 h on
type I collagen (Col) or on plastic were analyzed by Western blot. A control sample was immunoprecipitated with an unrelated antibody (IgG). Membranes were
probed with anti-SHP1 and anti-SHP2 antibodies to show the co-immunoprecipitation and with anti-DDR1 antibody to show equal loading. Panel ii densitom-
etry analysis of the Western blots of SHP1 protein co-immunoprecipitated with DDR1. B, panel i, Western blot analysis of cell lysates of MKs plated for 16 h on
type I collagen mixed with or without DDR1-Fc blocking molecule. Membranes were probed with the indicated antibodies with p indicating the phosphory-
lated form. Actin was probed to show equal loading. Panel ii, densitometry analysis of the Western blots of pSHP1. CTRL, control. C, panel i, SHP1 phosphatase
activity measured in a phosphatase assay on SHP1 immunoprecipitates from MK lysates, using p-nitrophenyl phosphate as substrate. MKs were plated for 16 h
on type I collagen mixed with or without DDR1-Fc blocking molecule. Panel ii, Western blot analysis of SHP1 immunoprecipitates used for SHP1 phosphatase
activity assay. SHP1 phosphatase activity was related to the same concentration of SHP1. Shown here is a representative Western blot out of four independent
experiments. D, panel i, MKs were treated with the SHP1 specific inhibitor sodium stibogluconate (SS) (13.4 �M) and plated for 3 h on type I collagen. Cell lysates
were subjected to Western blot analysis. Membranes were probed with anti-phospho Syk (Tyr-525/526) antibody and anti-Syk and anti-actin antibodies to
show equal loading. Panel ii, densitometry analysis of the Western blots of phospho-Syk (pSyk). E, Transwell migration assay of mature MKs through type I
collagen, in the presence of the SHP1 specific inhibitor SS (13.4 �M). After 16 h, MKs that had passed in the lower chamber were counted by phase contrast
microscopy. F, MKs adhering to the lower side of the Transwell filter were fixed and stained with anti-CD61 antibody and then counted by fluorescence
microscopy. G, representative images of MK invasion of type I collagen. Cells adhering to the lower side of the Transwell coated filter were fixed and stained
with anti-CD61 antibody (red) antibody. (Immunofluorescence staining, Olympus BX51 microscope, magnifications 20�.) Scale bars are 100 �m. Nuclei were
stained with Hoechst 33288 (blue). Data are presented as means � S.D. (n � 5, 4, 4, 4, 3, and 3 independent experiments). *, p � 0.05 **, p � 0.01.
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counts were normal in the Syk�/� and in the chimeric models,
whereas the platelet counts were not performed in the Sykfl/
flVav-iCre model. Given the intrinsic complexity of these mod-
els, it may be difficult to have a comprehensive understanding
of the role of Syk in regulating MK function in adult mice in
vivo. Finally, motheaten viable mice (mev/mev), which contain
a mutation in the shp1 gene that results in nearly complete loss
of catalytic activity, are severely thrombocytopenic (49).
To further demonstrate DDR1 involvement in the regulation

of MK function, we have preliminary results showing a ten-
dency of MK numbers to decrease in the bone marrow of
DDR1�/� mice with respect to controls (67.9 � 15.2% relative
to controls). Altogether, these data represent a clear indication
that further investigations are worthwhile to unravel the spe-
cific alterations in these mice. Overall it appears that the regu-
lation of MK development and platelet production is regulated
by a multistep mechanism. This may explain compensation
effects when receptor deficiencies or partial mechanism fail-
ures occur as in the case of integrin IIb-knock-out and integrin
�2-deficientmice that present normal peripheral blood platelet
count (43, 50).
In conclusion, this study extends the list of collagen receptors

that regulate MK function in the bone marrow environment,
opening new perspectives in the study of megakaryopoiesis in
both physiological and pathological scenarios.
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