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Abstract

Podosomes are dynamic actin-containing adhesiarctstes that collectively self-
organize as rings. In this study, we first showogerving osteoclasts plated on bead-
seeded soft substrates that podosome assemblisasuings, are involved in tension
forces. During the expansion of a podosome ringpssate displacement is oriented
outwards, suggesting that podosomal structures phushsubstrate away. To further
elucidate the function of forces generated by podws, we analyze osteoclast
migration. Determining the centers of mass of thH®le cellG and of actinP, we
demonstrate that osteoclasts migrate by ‘jumps’thatithe trajectories @f andP are
strongly correlated. The velocity of the centenr@ss as a function of time reveals that
osteoclasts rapidly catch up with podosomal strestun a periodic pattern. We
conclude that actin dynamics inside the cell is awy correlated with cell migration,
but drives it.
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Introduction

Podosomes are structures, mainly made of actimdfon the contact region between
cells and solid substrates. They consist of a dpakgnerized-actin core surrounded by
a cloud, a loose polymerized actin meshwork (Degtaet al., 2003). Numerous
proteins, such as actin regulators or focal adinepioteins, are associated with these
actin structures (Linder, 2009). Podosomes arecéyyi formed in monocyte-derived
cells (osteoclasts, macrophages, dendritic cedisflothelial cells and smooth muscle
cells. Studies of their molecular components halated them to invadopodia which
are mostly found in highly metastatic cancer celsen though there are some
differences between these two actin-containingctires, they are very similar and
often referred to as invadosomes (Linder, 2009).

The main functions of invadosomes are consideretdetccell adhesion and matrix
degradation. They establish close contact withsthestrate and their formation requires
integrins (Destain@t al, 2010; Destaing et al., 2011). Indeed, Total méReflection
Fluorescence (TIRF) microscopy has shown that pmwdes are enriched in adhesion-
mediating integrins and form only on the substtadand side of the cell (Linder and
Aepfelbacher, 2003). Furthermore, there is increpsividence showing the ability of
invadosomes to degrade extracellular matrix (Satehl, 2008; Westet al, 2008,
Linder, 2009). It has been recently proven that itneadosome-like structures of
lymphocytes are involved in transcellular diapeslesihich has lead to suggest that
these structures could probe the endothelial eefiase to allow invasion (Carman,
2009; Carmaret al, 2007). Finally, podosomes are thought to playole in cell
migration and invasion, by establishing localizetheorage, stabilizing sites of cell
protrusion and enabling directional movement (Lmaled Kopp, 2005). However, there
is no direct evidence proving the latter mechaniand the role played by the
podosomes in cell migration is still unknown.

Osteoclasts, the bone resorbing cells, are largkinucieated hematopoietic cells
which exhibit podosomes when adherent, for instapceplastic or glass. We have
previously shown that in osteoclasts, podosomescodiactively self-assemble. They
can aggregate in clusters which later form ringsa ltransient regime, the rings grow
before they dissociate. Podosome rings eventuatlyup forming belts at the periphery
of mature osteoclasts at rest. These belts reqanreintact microtubule network
(Destainget al, 2003; Destainget al, 2005), contrary to clusters and rings that are
microtubule independent. When adherent on a miaedal extracellular matrix,
osteoclasts polarize and podosomes condense toddarge sealing zone delineating
the resorption area (Luxenbuggal, 2007; Salteét al, 2010). This dynamic patterning
of podosomes in osteoclasts has been recently skmwapend on the topography of
the substrate (Geblinget al, 2010). These latter data correlate well with presly

3



hal-00603184, version 1 - 24 Jun 2011

described results which have provided the firstlence that invadosomes in rosettes,
found in either NIH3T3 fibroblasts or src-transfaun BHK cells, are major sites
through which cells sense mechanical forces andt ésaction forces (Colliret al,
2008; Collinet al, 2006). Nonetheless, the molecular mechanismsrgmge these
forces remain unknown (Destaiegal, 2003; Saltekt al, 2004).

In this study, we describe a series of experiméotglucidate the role played by
podosomes in the spreading, migration and retnaafoosteoclasts. On one hand, we
report observations of actin structures at a shioré scale: we describe the spatial
organization of podosomes during early adhesionratrdction. In addition, we report
the evolution of the 3D shape of an osteoclastelation with the organization of
podosomes in the contact region between the cetibrene and the substrate. We also
qualitatively characterize the force applied by tisteoclast onto the substrate. On the
other hand, we report a study of the migration gsscof a single osteoclast at a long
time scale, and investigate how the motion of te# i related to the collective
organization of actin. The whole set of experimkergaults makes it possible to discuss
the role of the podosomal structures in osteochatlity and adhesion process.
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Results

Podosomes are involved in maintaining tension teadasts
To further characterize the role of podosomes teamdast adhesion, we first observed
their behavior during spreading and, inversely,adement. We used a RAW
macrophage cell line stably expressing actin fuse@FP (Destaingt al, 2003) and
differentiated into osteoclasts in presence oftwecytokines M-CSF and RANK-L. In
a first experiment, we observed the dynamics of @&feP-actin during the early
adhesion process: mature osteoclasts were detanitedhen seeded on glass. The
experiment consisted of observing the attachmetitspneading by Normarsky contrast
and fluorescent time-lapse microscopy (Figure 1A sopplemental movie 1). We
observed that the osteoclast, which was initiabynd before adhering, rapidly spread
by forming membrane protusions, reminiscent of tasp around the central part of the
cell. Simultaneously, GFP-actin, which was iniffabcattered throughout the cell,
concentrated at the periphery of the spreadingsaaga started forming, within 12
minutes of seeding, clearly recognizable podosomasked by dense actin cores.
Additional immunofluorescence staining of actin awmdculin, a podosome cloud
component, confirmed that during the first 10 masutfter seeding, the osteoclast is
adherent but does not make podosomes: actin islipdistributed in the cytoplasm and
vinculin localizes at the periphery of the cell laates not participate in any organized
structures. However, when the osteoclast startsasprg, typical podosomes with F-
actin cores and vinculin-containing clouds starfiolon (Figure 1B). These observations
thus revealed that a reorganization of actin reduim or drives the spreading process.
In a second experiment, adherent osteoclasts Wwemtysletached by EDTA treatment.
We observed that membrane retraction occurred rajtér the disappearance of
podosomes (Figure 1C and supplemental movie 2)eekhd within two minutes of
EDTA treatment all the podosomes dismantled wheosteoclasts retracted slowly but
remained adherent. From these observations, wdun@att that the podosomes are not
strictly necessary for osteoclast adhesion, buteraplay a role in exerting tensions
needed for spreading.

The expansion of a podosome ring induces cell alisphent
To further figure out the interaction between adymamics and osteoclast migratory
behaviour, we assessed the 3D shape of an ostewsla@svis the organization of actin
in the contact region between the cell and thetsaties As an osteoclast migrated on a
glass dish, we used confocal time-lapse microstopyagez-planes every 15 minutes.
Then,z-stacks were used to reconstruct the 3D shapeeoteh based on fluorescence
signal from G-actin diffusing ubiquituously in theytoplasm (Figure 2 and
supplemental movie 3). These observations revehddhe growth of a podosome ring
in the contact region is associated with a rapadtéhing and migration of the cell.
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Again, the dynamics of the actin structure insitle tell is proven to be strongly
correlated with the spreading and migration proegss

Podosome structures exert tension on the substrate

In order to assess the forces exerted by an adhesteoclast, we observed the
deformation of the substrate induced by the celh do so, we used a soft
polyacrylamide gel (stiffness of 0,5 kPa) coatedhwiitronectin to allow adhesion
(Figure 3). The experiment revealed that the desteent of the fluorescent beads in
the gel is concentrated around the podosome ringreds no displacement was ever
observed in the regions devoid of podosomes (Fi@A&g Furthermore, when the
podosome ring grew and spread, the substrate de&pknt was mainly oriented
outward of the ring (Figure 3B, white arrows). Thtiee podosome ring is subjected to
an internal tension which tends to increase itsnpeter and, thus, to extend the ring
towards the periphery (negative tension). As a egusnce, the substrate exerts a
compressive force and hence tends to reduce teecodithe ring. To conclude, the
podosome ring is clearly associated with a tensieffact that tends to stretch the
cellular membrane.

Podosome ring expansion drives osteoclast migration

To comprehend the role played by podosome ringselhmotility, we observed the
motion of several mature osteoclasts, expressing-&dtin, seeded on a vitronectin-
coated soft polyacrylamide gel (stiffness 3kPa. @ese to work with the same
substrate as the one used for the force measurdmgat the whole set of experiments
in similar conditions). Images were obtained, usiimge-lapse microscopy, every 5
minutes for about 8 hours (Figure 4 and supplenhentavie 4). Qualitatively, in the
whole set of experiments (4 mature osteoclasts atyaprylamide gel), we observed
that the cell migrates randomly. More precisely, tbrmation of podosome rings inside
the osteoclast accompanies its elongation in omengdirection. When the maximal
lengthL of the cell is about twice its typical size, theimstructure disappears from one
side and the cell retracts towards the remainingctire on the opposite side which
becomes the leading edge (Figure 4 120 min). This results in a jump’ of the cell in
the corresponding direction (Figured,= 150-180 min). Subsequently, the cell
elongates in an almost perpendicular directiontduee growth of two new rings from
the remaining structure at the leading edge (Figute= 210 min). Below, we report
a representative quantitative study of the celliomot

In a first step, it is particularly interesting flacus on the dynamics of the cell’'s center
of mass( (seeMaterials and Methods). We reported the trajectdr§ in the sample
plane(X,Y) during the whole experimental time (Figure 4, twtiright and Figure 5).
The first striking result is that the cell movesairseries of straight jumps separated by
spatially localized changes in direction. In ortteget information about the dynamics,
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we reported the velocity of the center of mafgs,as a function of time (Figure 6A)
and noticed thalf; exhibits large peaks (A to D) almost periodicalery 2 hours.

Then, in order to account for the potential couplivetween the motility of the cell,
characterized by the motion of the center of nigsand the internal dynamics of actin,
we defined a poin®, summarizing the position of all actin inside de#l (seeMaterials
and Methods). We also defined the vecftGE GP which accounts for the distance and
direction between the center of m&sand the location of actih (Figure 4). Reporting
the trajectory ofP in the (X,Y) plane (Figure 5), we observed first thét and P
experience the same trajectories. To provide inédion about the dynamics, we
reported the distangé= ||GP|| betweerG andP as a function of time (Figure 6B).
We then observed th#atandV; are also strongly correlated in time, a large peak
preceding each large peak Wfp. The temporal correlation betwednand Vs and
especially the delay between the peak ifiand the peak i; can be assessed by
calculating the cross-correlation functigr(t) = [ f(t' — )V (t')dt , where the
integral is estimated over the whole experimentakt(Figure 7). The experimental
correlation function y(t) exhibited a maximum far = r = 10 minutes whereas the
oscillations pointed out the period of the cell moiT =~ 2 hours. In the same way, we
reported the cell lengthas a function of time (Figure 6C).We observed that the cell
lengthL increased almost linearly between two successivg$. The disappearance of
one of the actin structures on one side leads peak in f whenL is maximum
(Figure 6B).

We considered the direction of the jumps by idgntg first the peakd, B, C andD,

as defined in the figure 6, and the associatedmarin the velocity (numbered from 1
to 5 such that the peaékis associated to the jump frafq to G,, etc). On the one hand,
we denotede,fB,fC ande, the values of at the peakd, B, C andD. On the other
hand, we denotefiG;; = G,G,, the vector associated to the displacemeiit dfiring the
jumps fromi toj. Reportlng the values q‘fat the maxima and the corresponding
dlsplacementAG we observed that these quantities are correlatdxabth length and
direction (Figure 8). First, the anglés andé, thatf andAG make with the X-axis are
equal (Figure 8A), which proves that the jumps oc¢ouhe direction of. Second, the
amplitudeAG of the jumps is proportional tp (or, equivalently, td.) (Figure 8B).
Finally, note that the successive jumps occur reations making angles of about 90
degrees between them (Figure 8).

As a conclusion of this last experiment, the odssicjumps’ follow the internal
organization of actin. We insist here that the p&inefers to all G-actin monomers in
the cell, including the ones present in structunesle of F-actin polymers. We show
that the growth of rings induces the elongatiothefcell. When the length of the cell

in a given direction is about twice its initial sibefore expansion, one of the actin rings
takes the lead at one end whereas the others elisbles Subsequently the cell retracts
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toward the remaining structures, which leads tquep’ of the cell in the given
direction about 10 minutes aftér(or L) has reached a maximum. The process repeats
itself almost periodically every two hours. Thube tmotion of the cell occurs by
seemingly periodic jumps, the length of which igatbthe cell size, during which the
cell moves rapidly in a given direction resultimgsialtatory migration.
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Discussion

We have investigated the role played by podosomethé migratory behavior of
osteoclasts. In summary, podosome rings exertdernfairces, tending to extend the
cellular membrane and pushing the substrate ousv&ddosome assemblies, even if
being in close contact with the substrate, do et p direct role in cell adhesion; rather
they exert forces where tension is needed, formimgexpanding regions and
disappearing from retracting regions. Discussingdatail the migration of a set of
osteoclasts from a RAW monocytic cell line expnegsan actin green fluorescent
protein, we showed that osteoclasts move jwnps, rapidly catching up with
podosomal structrures in a periodic pattern.

One could wonder if our experimental observatiomsrent too specific and correspond
to a general pattern. First, we can state thatthel RAW-derived osteoclasts we
observed were exhibiting qualitatively the sameetyyd motion as proven by cells
exhibiting mainly two or more podosome rings anderevpodosome clusters
(supplemental movie 5). Second, in order to confiesults with different substrate and
osteoclast origins, we studied in addition the dyica of primary osteoclasts
expressing LifeAct-eGFP moving on glass. We obgkrtree exact same migration
pattern (supplemental data 6 and movie 6). Theperarents demonstrate that the
observed pattern is not specific of the RAW celkliand substrate (vitronectin-coated
polyacrylamide) and that the dynamics of actin dasthe osteoclast are not only
correlated with cell migration, but drive it.

At this point, we can propose a potential mechanighich can account for the
osteoclast migration. The migration of osteoclast®lves their elongation which is
correlated with the growth of podosome rings. Podues collectively push the cell
membrane outwards as already observed during tiye sgaeading process. From the
observation of substrate displacement, we concludtedagreement with previous
investigations on BHK-RSV cells showing torsionalctions underneath the podosome
rings (Collinet al, 2008), that podosome rings exert forces ontosthmstrate. As the
associated substrate displacement points outwarlpropose that the ring is subjected
to an internal tension which tends to extend itughthe formation and growth of a
podosome ring can account for the spreading otdméact region. Indeed, a podosome
ring that encounters the cell periphery pushesrtambrane outwards. The process can
take place until the membrane has reached its navpssible extension (the cell is
then flat). If two rings are pushing the cell inawepposite directions, the cell length
increases until the weakest ring loses its mechéargtability because of excessive
stress. Then, the weaker disappears and the oghsjin the direction of the remaining.

Last, we discuss the physical origin of the tendiorte. Individual podosomes are
associated with a dense actin core formed by tlossdinked actin filaments, as

9



hal-00603184, version 1 - 24 Jun 2011

demonstrated by SEM observation experiments (Luxenbt al, 2007). We have
previously proposed that actin cores have a cositape (Destaingt al, 2003; Jurdic
et al, 2006; Huet al, 2011); they are dynamical structures growing frive the cell
membrane, at the substrate interface, and dissugidtom the top (Figure 9A).
Considering the sketch in the figure 9B, one casileaee that, because of a steric
frustration effect, the base of the cone tendsxtersl if the structure grows from the
base and the filaments are linked to each othera A&snsequence, two neighboring
podosomes tend to repel each other, which natueadpfains why a ring structure is
subjected to an internal tension which tends toemse the length of a podosome line
(negative tension) and, accordingly, the ring digandn such a picture, the podosomes
are thus responsible for the membrane tension. \kémagins unexplained are the
molecular mechanisms involved in the transmissibthe tension from the membrane
to the substrate at the podosome base.

The mechanism that we propose is based on sevasaingtions (for instance, the cell
adheres to the substrate in the contact regiontia@doodosomal structure becomes
unstable when the stress is released) but it ispatible with the seemingly periodic
movement of the cell in the direction @P, thus toward the actin structure. First, as
explained above, the cell moves in the directioGBf One can estimate the growth
velocity of the ring from the peridl, which corresponds to the time needed for two
rings to push the cell membrane over a distandectirapares to the cell size. From the
slopedL/dt (Figure 6C), we have estimated that the ring grewetlocity is of the order
of v = 0,25 um/min { increases by about 50 um in 100 min due to thieracif two
rings). From the growth velocity, taking into account the typical distance betwiem
podosomes which is of about 1 um, we estimate thattypical lifespan of one
podosome is of about 4 min. The latter estimateegyreasonably with previous results
(Destainget al, 2003; Geblingeet al, 2010), which again sustains our model. Second,
it is interesting to note that the assumption ttheg podosomal structure becomes
unstable when the stress is released would be ddotgwith the fact that successive
jumps make a 90 degree angle between them, at gzt two rings develop in
opposite directions. Indeed, when the cell reachesmaximal elongation, the
disappearance of one of the podosomal structulesses the stress aloﬁg As a
consequence, the remaining podosomal structurenieEsaunstable alonﬁ. This
instability could explain why two secondary ringigned in a perpendicular direction,
form and grow from the remaining ring.

The saltatory migration of osteoclasts describeck he reminiscent of the saltatory
migration of oligodendrocyte precursors dispergmg the ventricular zone during the
early brain development and described as altemgatationary and fast-moving phases
(Tsai et al, 2009). It could reflect the inchworm like progses of bone resorbing
osteoclasts that we have described earlier (Satltl, 2004).
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Materials and Methods

° Osteoclast differentiation:

To image podosomes in osteoclasts, we have usedRAW monocytic cell line
expressing an actin green fluorescent protein (GBR¥taing et al., 2003). The RAW
264.7 cells, from American Type Culture Collectidnanassas, VA), were transfected
in our lab with FUGENE 6 following manufacturer'ecommendations (Roche
Diagnostics). Then, the cells were regularly gelédy flow cytometry (FACScan) to
maintain a stable RAW cell line expressing GFPracthe GFP-actin RAW cells were
cultured with a density of about 50 cells/fmim a 12 wells plate for 6 days in order that
they differentiated into osteoclasts. Primary me@steoclasts were differentiated from
the bone marrow of 8 week-old mice as described@stainget al, 2003. The
differentiation medium wasa-minimal essential medium aMEM, Invitrogen)
containing 10 % fetal bovine serum (Bio West, Fgnc30 ng/ml M-CSF, and
35 ng/mL RANK-L. Recombinant human RANK-L and humdrCSF were produced
in our laboratory as previously described (Destahgl, 2003). Culture medium was
changed every two days. After 6 days of differdidia mature osteoclasts were
washed twice with PBS and detached by using AMZEDTA in PBS for 5 minutes
(EDTA chelates divalent ions that are essentialctovate membrane receptors involved
in the cell adhesion). After centrifugation, ostiests were seeded with a density of
about 100 cells/mfy either on a glass bottom dish (MatTeK, USA) or an
polyacrylamide gel.

° Transient transfectian

For videomicroscopy of the actin cytoskeleton inmary osteoclasts, day 4 osteoclasts
were transfected with pEGFP-N1-LifeAct (Rieell al, 2008) using Lipofectamine™
LTX with PLUS™ Reagent (Life Technologies) followgnthe manufacturer’s
instructions. After 48 hours, cells were detacheohg EDTA and replated on a glass
bottom dish as mentioned previously.

o Indirect immunofluorescence

To observe podosome formation during spreadingoatdsts derived from RAW 264.7
cells were reseeded on a glass bottom dish as onedtiearlier. Briefly, cells were
fixed with 4% paraformaldehyde (pH 7.2) at 10 mesuand 25 minutes after re-
seeding. They were permeabilized with 0.2% Tritod00" in PBS and then incubated
for 1h with anti-Vinculin antibody (Clone hVIN1, #264, Sigma) at 10 pg/mL final
concentration. Cells were then washed 3 times WBHS and incubated with Alexa
Fluor® 488 Phalloidin (Life Sciences) and Alexa Ffid847 Goat anti-Mouse 1gG
(A21236, Life Sciences) at 2 pg/mL for 45 minut8amples were washed and kept in
PBS for microscopy.
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o Confocal microscopy:

Living cells were imaged in an inverted microscdpeica DMI 4000) equipped with a

confocal spinning-disk unit (Yokogawa CUS22) andiacubating chamber at 37°C

with 5% CQ and humidity-saturated atmosphere. The light sonoresisted of a laser

diode (excitation wavelength 491 nm and 647 nm,dRdgcientific) and we used an

emission filter with a 500-550 nm or 641-708 nm dyzass (Semrock). For timelapse
microscopy, we recorded, during 8 hours, one imgen a QuantEM camera

(Photometric) every 5 minutes using a 20x objectinar fixed samples, we used a 100x
oil immersion objective.

> Soft gel substrate:

Polyacrylamide gels were prepared at the bottorfasar(diameter 14 mm) of glass
bottom dishes (MatTeK, USA). First, the glass hwottsurface of the MatTek culture
dishes were pretreated with 500 pL Bind-Silane (gthacryloxypropyltrimethoxy-
silane, GE life science) by applying the solutiothwa cotton swap and, then, drying
the surface under a hood. At the same time, glagerslips (diameters 12 mm) were
quickly treated with 15 pL Sigmacote (Sigma) arehthlso dried under the hood.

Polyacrylamide gels exhibiting two different rigids were obtained, according to the
ratio 8% acrylamide/0.05% bis-acrylamide for a veojt gel (stiffness 0,5kPa) or the
ratio 8% acrylamide/0.1% bis-acrylamide for a sgpdl (stiffness 3kPa). Fluorescent
beads (diameters 210 nm; Invitrogen™ Molecular Psé¥) were seeded in the softer
gel. 2.5 ml solution was obtained by mixing 500 jatrylamide 40%, 62.5 pL
bisacrylamide 2%, 25 pL Hepes 1M pH 8.5, 80 pL 28ds solutiomnd water. Then,
12.5 pL ammonium persulfate and 1.25 pL TEMED wexéded to allow
polymerization. The final solution (8 puL) was dregpon a Bind-Silane treated MatTek
dish coverslip which was then covered by a Signeat@ated coverslip. After 20 min
of polymerization, the upper coverslip was removed.

Finally, the gel surface was activated with vitroime (BD Biosciences) as described by
Damljanovicet al. (2005). Briefly, pure hydrazine hydrate (Sigma)svealded on the
gels for 2 h, then gels were washed with 5 % glaasetic acid for 1 h, followed by
distilled water for 1 h. Vitronectin solution (1@fml) was diluted in 50 mM sodium
acetate buffer at pH 4. The oxidation of vitroneatias achieved by adding 3.6 mg/ml
sodium periodate crystals (Sigma) and incubatiomoatn temperature for 30 min.
Oxidized vitronectin (150 pL) was added on the potylamide treated gel and
incubated at room temperature for 1 h, then washédPBS.

cAnalysis of the substrate displacement field:

We used the open software package JPIV for Partidage Velocimetry (PIV)
(www.jpiv.vennemann-online.de/) to determine thepthcements of the fluorescent
beads in th€X,Y) plane with respect to their initial positions.
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o Cell tracking image analysis:

Stacks of images and associated data were analged the image processing and
analysis software Imagelt{p://rsb.info.nih.gov/i) and the technical graphing and data
analysis softwarégor Pro (WaveMetrics, Inc.). We denotéd andN, the dimensions

in pixels of the image the directionsn andn, respectively. We determined:

the position(mg, n;) of thecenter of mass of a cell,G:

From one raw fluorescence imafyg,, using an intensity threshold, we obtained a
binary imageB,,,,, of the cell such tha,,,, = 1 if the indicesm andn correspond to a
point  inside the cell and B,, =0 otherwise. By definition,

1 1
mg = Wzg’:lZ%:l m.B,,, andn; = WZ,’Ll Y h=1MBnp.
the position (mp, np) of actin, P:
In order to obtain a poim which characterizes the position of actin insitde tell,
from one raw fluorescence image, we defingd= ﬁz,’;’ﬂZ%:lm. 1%, , andnp =

ﬁzgﬂz‘.%:w- 1%, . We introduced the exponemtin order to increase the contrast.

We checked that the experimental results do noem@significantly omx and report
results obtained with = 3.

Finally, scaling factors were applied to convert;, n;) andmp,np) to the positions
(X6, Ye) and(Xp, Yp) in the sample plangX,Y).
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Abbreviations List

3D: Three-Dimensional

EDTA: Ethylene Diamine Tetraacetic Acid

FACScan: Fluorescence Activated Cell Sorting Scan
GFP: Green Fluorescent Protein

M-CSF: Macrophage-Colony Stimulating Factor
oaMEM: a-Minimal Essential Medium

RANK-L: Receptor Activator of Nuclear facteB -Ligand
SEM: Scanning Electron Microscopy

TEMED: TEtraMEthylethyleneDiamine

TIRF: Total Internal Reflection Fluorescence
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Figure 1. Podosomes are involved in maintaining tension in osteoclasts. (A) During
adhesion and spreading processes, the podosomasidate along the periphery of the
cell, in the expanding regions - Several matureasasts, expressing GFP-actin, are
seeded onto a glass coverslip and observed undemitroscope using a Nomarski
contrast. Insets: Fluorescence image of the celtlwis pointed out by the white
square. Left panel: 5 minutes after seeding, thesceound and actin is scattered in the
cytoplasm (inset). Right panel: 20 minutes afteeds®g, the considered cell starts
spreading. The fluorescence image (inset) revéss actin becomes concentrated in
podosomes along the periphery of the contact regiutrere the cell is expanding. (B)
Immunofluorescent labelling of adherent osteoclagt®ading on glass: actin stained
with Phalloidin (green) and vinculin stained withtiavinculin (red). Upper pannel: 10
minutes after seeding, actin is loosely distributethe cytoplasm of the osteoclast and
vinculin staining confirms the absence of podosonhesver pannel: 25 minutes after
seeding, podosomes form where the cell is expandiimgculin marks the periphery
(surrounding cloud) of the podosomes. (C) Ostetslaemmain adherent even in the
absence of podosomes —tAt 0 s, the cell is spread, in close contact with tiesgrate
(right) and the fluorescence image (left) reveasesal rings of podosomes (bright
spots). Att = 140 s, the addition of EDTA produced a rapid disséarabf podosomes
associated with cell retraction (pointed out bytelarrows).
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Figure 2. The podosome ring expansion correlates with the direction of migration.
One osteoclast expressing the GFP-actin adheregiass is imaged under confocal
microscope. The actin organization in the contaea avith the substrate is revealed by
slightly tilting the reconstructed images along haxis. Left panel: One observes that
actin, which concentrates is the base plane, iagrozgd in two rings, the largest located
on the left-hand-side. The fluorescence signal fréime actin monomers that
ubiquituously invade the cytoplasm clearly revehésshape of the cell. Right panel: 75
minutes later, the largest ring grew and the sretliésappeared. Simultaneously, the
cell flattened above the remaining ring, expandedhiat regions and, in addition,
moved to the left (the white contour correspondhinitial shape of the cell in the left
panel).
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Figure 3. Actin ring structures exert tension forces on the substrate. We observe the
dynamics of a live osteoclast, expressing GFP-awiving on the surface of a soft
polyacrylamide gel (stiffness 0,5 kPa). The gel taonng fluorescent beads
(rhodamine, diameter 210 nm) is coated with vitaime Images of GFP-actin and of
the rhodamine beads were taken every minute. Thestrsiie displacement field is
reconstructed by tracking the displacements offltterescent beads. (A) The merge of
the osteoclast image (GFP-actin) and of the digptent field (arrows indicate the local
displacement with respect to the substrate at mesi@als that the displacement is
significant solely around the podosomal structun@gj. (B) Enlargement of the
podosomal structure as delineated by the rectang(@). The displacements of the
beads clearly reveal that thag pushes the substrate outward.
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Figure 4. Podosome ring expansion and osteoclast migration are correlated. Using
time-lapse fluorescence microscopy, we observe diggamics of an osteoclast
expressing GFP-actin  moving on the surface oflgagoylamide gel (stiffness 3 kPa,
supplemental movie 4). Here, we report 8 successmnages separated by 30 minutes.
From such images, we determined (see MaterialsMettiods) the center of mass of
the cellG, the position of the actin structuPe and defined the vect&? = GP. We
report the point& andP for the first image o= 0, top-left). Bottom-right: successive
positions, separated by 5 minutes, of the centenads; determined from this image
sequence (same scale).
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Figure 5. Successive positions of the center of mass, G, and of actin, P, in the
sample plane (X,Y). The time difference between two successive poss minutes.
The black arrow points the direction of the motidime continuous and dashed lines
correspond to the trajectory af andP respectively, averaged over 10 successive
positions. The trajectories @ (full diamonds) andP (open squares) are strongly
correlated. The vectofg, fB fc and fD (grey arrows) are associated to the evAng
C andD, and the tags 1 to 5 indicate the minima in th@cig} V;, as defined in the
figure 6.
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Figure 6. Velocity of the center of mass Vg, distance f and cell length L as a
function of timet. (A) The velocity V; exhibits peaks which correspond to a rapid
motion of the cell in a given directiojunp. We number from 1 to 5 the minima in the
velocity V;. (B) The distancef interestingly exhibits the same type of temporal
evolution. (C) The cell length increases slowly when the cell velocity is smaitla
rapidly decreases during the jumps. One can nihaethe celjumpsabout 10 minutes
after f or L have reached a maximuriVe identify here 4 events\ B, C and D.
Successive jumps are separated by about 2 hours.
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Figure 7. Temporal cross-correlation y(t) between the distance f and the cdll
velocity V. The oscillations of the correlation function confithe almost periodic
character of the jumps, with a perifds 2 hours. Inset: Enlargement of the central
peak. The correlatiog(t) is maximum fort = t =~ 10 minutes, which shows that the
cell jumps about 10 minutes aftéhas reached a maximum.
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Figure 8. Vectors fA, fB, fc and fD and associated displacements AG. The cell
center of masé jumps towardP as pointed out by the strong correlation betv\Mn
the maximum (grey dotted arrows) and the correspgmG (black arrows).
(A) : Angle 6, vs. anglef,. The dotted line corresponds to the slope 1 shgpwin
thatf; = 0p. (B) : Jump lengtiAG vs. maximum distancg. The cell moves over a
larger distance when the distarfcat the maximum is larger.
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Figure 9. Sketch of forces exerted by two growing podosomes. (A) Podosomes in the
contact region between an osteoclast and a pldisticwere imaged under the confocal
microscope. Stacks of pictures were then used ¢onstitute a Z image, thus the
profiles of the podosomes in a vertical plane (Time22, 44 and 62 seconds). The
sequence shows that the podosomes consist offdatirents which grow rapidly from
the cell membrane (thick dotted rectangle on tigltyiand disappear from the top
(dotted rectangle on the left). (B) We have presigyproposed that the actin cores of
podosomes are organized in a conical brush (Destial, 2003; Jurdicet al, 2006,
Hu et al, 2011). Because actin filaments are cross-linkad growing from the
membrane, the actin filaments, due to steric caimds, repel each other in the base
plane. Thus, two neighboring podosomes tend n#yutalrepel each other and thus
generate the negative tension associated with dldegomal structure. Grey arrows:
forces exerted by neighboring podosomes on thersiibs
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Supplemental movie 1:
Movie of adhesion, for the figure 1A

Supplemental movie 2:
Movie of detachment, for the figure 1B

Supplemental movie 3:
Movie of 3D-shape of a migrating osteoclast, for the figure 2

Supplemental movie 4:
Movie of osteoclast migration, for the figure 4.
The corresponding trajectories of G and P are reported in the right panel.

Supplemental movie 5:
Additional movie of osteoclast migration, same conditions as in movie 4
with the cell rather exhibiting podosome clusters.

Supplemental movie 6:
Movie of murine bone marrow-derived osteoclast migrating on glass.

Supplemental data 6:

Using time-lapse microscopy as in figure 4, we olbsehe dynamics of anurine
bone marrow-derived osteoclast expressing LifeAct-eGFP moving on glass. We
report 8 successive images depicting significamiegioints of migration. From such
images, we determined the trajectory of the ceviterassG (right bottom).
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