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Rho/ROCK pathway inhibition by the CDK inhibitor p27kip1

participates in the onset of macrophage 3D-mesenchymal
migration
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Isabelle Maridonneau-Parini1,2,* and Véronique Le Cabec1,2

ABSTRACT

Infiltration of macrophages into tissue can promote tumour

development. Depending on the extracellular matrix architecture,

macrophages can adopt two migration modes: amoeboid migration –

common to all leukocytes, and mesenchymal migration – restricted to

macrophages and certain tumour cells. Here, we investigate the

initiating mechanisms involved in macrophage mesenchymal

migration. We show that a single macrophage is able to use

both migration modes. Macrophage mesenchymal migration is

correlated with decreased activity of Rho/Rho-associated protein

kinase (ROCK) and is potentiated when ROCK is inhibited,

suggesting that amoeboid inhibition participates in mechanisms

that initiate mesenchymal migration. We identify the cyclin-

dependent kinase (CDK) inhibitor p27kip1 (also known as CDKN1B)

as a new effector of macrophage 3D-migration. By using p27kip1

mutant mice and small interfering RNA targeting p27kip1, we show

that p27kip1 promotes mesenchymal migration and hinders amoeboid

migration upstream of the Rho/ROCK pathway, a process associated

with a relocation of the protein from the nucleus to the cytoplasm.

Finally, we observe that cytoplasmic p27kip1 is required for in vivo

infiltration of macrophages within induced tumours in mice. This study

provides the first evidence that silencing of amoeboid migration

through inhibition of the Rho/ROCK pathway by p27kip1 participates

in the onset of macrophage mesenchymal migration.
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INTRODUCTION
Tissue infiltration by macrophages plays a central role in

initiation and progression of immune and inflammatory

responses, clearance of microorganisms and tissue repair.

However, macrophages also promote the development of

pathologies, such as chronic inflammatory diseases (Elkington

and Friedland, 2006; Maruotti et al., 2007), atherosclerosis

(Weber et al., 2008) and cancer (Porta et al., 2011), by causing

tissue lesions (Luster et al., 2005; Pollard, 2009) or by enhancing

tumour growth and formation of metastases (Pollard, 2009; Porta

et al., 2011). Therefore, specific control of macrophage tissue

infiltration has been proposed as a new anti-inflammatory and

anti-cancer strategy (Mackay, 2008; Qualls and Murray, 2010;

Ruhrberg and De Palma, 2010).

When macrophages migrate in order to reach tissue sites, they

are confronted with many different environments that can either

be two-dimensional (2D) on the vascular endothelium, the lumen

of peritoneum and the pleura; or three-dimensional (3D) inside

tissues comprising cellular components and extracellular matrix

(ECM). The interstitial ECM is primarily composed of collagen I

fibres that are crosslinked into a stable mesh (Even-Ram and

Yamada, 2005; Schindler et al., 2006), ranging from loose

fibrillar regions to densely compacted connective tissue with

submicron spacing (Friedl and Weigelin, 2008; Kalluri, 2003;

Schindler et al., 2006). In addition, the biophysical properties of

tissues can vary during the progression of a disease; for example

remodelling of the ECM during tumour development leads to

tissue stiffening (DuFort et al., 2011).

It has been established that 2D and 3D cell migration involve

distinct mechanisms (Doyle et al., 2009). By using several types

of ECM, we have recently shown that, depending on the matrix

architecture, human monocyte-derived macrophages (hMDMs)

are capable of employing the two modes of 3D-migration

originally described for tumour cells (Van Goethem et al.,

2010). Amoeboid migration commonly refers to rounded or

ellipsoid cells that slide through matrix pores, and show little to

no adhesion to the matrix (Friedl and Wolf, 2003; Sahai and

Marshall, 2003); it is triggered in macrophages that migrate

through loose matrices, such as fibrillar collagen (Van Goethem

et al., 2010). In contrast, mesenchymal migration is characterised

by an elongated cell shape with membrane protrusions and

proteolytic matrix degradation (Friedl and Wolf, 2003; Sahai

and Marshall, 2003), and it is only triggered in macrophages

migrating through dense matrices such as Matrigel, gelled

collagen or native collagen (Van Goethem et al., 2010; Wiesner

et al., 2014). Whereas amoeboid migration has been described for

all leukocytes, macrophages appear to be the only leukocytes that

are able to utilise mesenchymal migration (Cougoule et al.,

2012). Therefore, this migration mode represents a promising

pharmacological target for specific control of macrophage tissue

infiltration and deserves broader characterisation.

Like tumour cell amoeboid migration, macrophage amoeboid

migration is dependent on Rho-associated protein kinase

(ROCK) activity and independent of protease-mediated ECM

degradation (Van Goethem et al., 2010). In contrast, macrophage

mesenchymal migration is inhibited by protease inhibitors but not
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by ROCK inhibitors (Van Goethem et al., 2010). In contrast to
tumour cell mesenchymal migration, which mainly depends

on matrix metalloprotease (MMP) activity, macrophage
mesenchymal migration can be mediated by other protease
families, including lysosomal cysteine cathepsins (Jevnikar et al.,
2012; Van Goethem et al., 2010), in addition to MMPs such

as MT1-MMP (Guiet et al., 2011; Wiesner et al., 2013).
Macrophage mesenchymal migration, but not amoeboid
migration, is also dependent on Hck (Cougoule et al., 2010),

Filamin-A (Guiet et al., 2012) and 3D-podosomes (Van Goethem
et al., 2011).

To further characterise macrophage 3D-mesenchymal

migration, we examined the mechanisms that participate in
specifically triggering this migration mode within dense matrices.
It has been shown that tumour cells can spontaneously employ

mesenchymal or amoeboid migration within porous or dense
matrices depending on the cell line (Carragher et al., 2006; Sahai
and Marshall, 2003). In addition, typical mesenchymal tumour
cell lines, such as HT1080 cells, BE colon carcinoma cells

or WM266.4 melanoma cells, can overcome mesenchymal
migration inhibitors by switching to amoeboid migration. In
contrast, we have shown in a previous study that macrophages

adapt their migration mode to the matrix architecture and that, in
a given matrix, essentially one migration mode is observed (Van
Goethem et al., 2010). In addition, pharmacological inhibition of

macrophage mesenchymal migration did not induce a switch to
amoeboid migration in dense matrices (Van Goethem et al., 2010)
as opposed to tumour cells (Carragher et al., 2006; Friedl and

Wolf, 2003; Sahai and Marshall, 2003), suggesting that amoeboid
migration is switched off. Finally, in a given matrix, only part of
the initial macrophage population was able to migrate; after 72 h,
the percentage of macrophage migration rarely exceeded 40%.

Altogether, these observations lead us to propose the following:
either, 1) triggering of macrophage mesenchymal migration
in dense matrices is restricted to one particular macrophage

subpopulation or, 2) all migrating macrophages are able to use
both migration modes but only activate mesenchymal migration
upon contact with dense matrices while silencing amoeboid

migration.
In this present study, we investigate these two hypotheses

and show that a single macrophage is able to employ both
mesenchymal and amoeboid migration. In addition, macrophage

mesenchymal migration is correlated with a decreased Rho/
ROCK activity and is enhanced by ROCK inhibition, which
suggests that amoeboid migration inhibition participates in the

onset of macrophage mesenchymal migration. By searching for
possible molecular effectors of this process, we took interest in
the cyclin-dependent kinase (CDK) inhibitor p27kip1 (also known

as CDKN1B), because it has been previously shown to be
involved in 2D cell migration through inhibition of RhoA (Besson
et al., 2004b). Accordingly, we identify p27kip1 as a new effector

of macrophage 3D-migration in vitro and in vivo that acts
upstream of the Rho/ROCK pathway in order to potentiate
mesenchymal migration, probably by inhibiting amoeboid
migration.

RESULTS
A single macrophage can employ both amoeboid and
mesenchymal migration
We first examined whether a single macrophage can employ
both migration modes or whether triggering of mesenchymal

migration in dense matrices is restricted to one particular

subpopulation of macrophages that cannot employ amoeboid
migration. We, therefore, designed a composite matrix that

comprised gelled collagen (pore size ,1 mm) polymerised on top
of fibrillar collagen (pore size .2 mm) (Fig. 1). We have
previously shown that macrophages utilise mesenchymal
migration in gelled collagen, like in Matrigel, and amoeboid

migration in fibrillar collagen (Van Goethem et al., 2010).
hMDMs started to infiltrate gelled collagen 24 h after being
seeded on top of the composite matrix, by employing

mesenchymal migration – as attested by elongated and
protrusive cell morphology that was observed by using time-
lapse video-microscopy (Fig. 1, white arrow). Once they reached

the interface between the two matrices, hMDMs proceeded to
migrate into the fibrillar collagen layer by employing amoeboid
migration, as evidenced by their round cell shape (Fig. 1, black

arrow). The reverse was observed when hMDMs were seeded on
a composite matrix made of fibrillar collagen polymerised on the
top of Matrigel (data not shown). These results show that a
single hMDM is able to use both modes of migration by adapting

to the matrix architecture, and that mesenchymal and
amoeboid migration are not restricted to distinct macrophage
subpopulations.

Macrophage mesenchymal migration is potentiated by the
ROCK inhibitor Y27632 and correlates with decreased Rho/
ROCK activity
Since a single macrophage is capable of employing both migration
modes but only uses mesenchymal migration in matrices

where amoeboid migration is not spontaneously activated, we
next hypothesised that silencing of amoeboid migration triggers
mesenchymal migration. Therefore, we investigated whether
inhibition of a key effector of amoeboid migration facilitates

macrophage mesenchymal migration through dense matrices.
Given that amoeboid migration has been defined as a Rho/

ROCK-dependent migration mode – as opposed to mesenchymal

migration, which is Rho/ROCK-independent – a dose-response
assay with the ROCK inhibitor Y27632 on macrophage 3D-
migration was performed. The percentage of macrophages

migrating inside the matrix was measured at different time points
to evaluate the capacity of cells to initiate ECM infiltration. As
shown on Fig. 2A, Y27632 inhibited amoeboid migration very
efficiently in fibrillar collagen as expected since macrophages

cannot employ mesenchymal migration upon inhibition of
amoeboid migration in fibrillar collagen (Van Goethem et al.,
2010). This is in sharp contrast with some tumor cell lines that can,

indeed, employ mesenchymal migration by default in porous
matrices (Carragher et al., 2006; Sahai and Marshall, 2003).
However, in Matrigel, Y27632 significantly increased the

percentage of migrating cells that used mesenchymal migration.
A comparable increase was obtained with macrophages that
migrated through gelled collagen – another dense matrix that

triggers mesenchymal migration (158616% and 2566101% of
control at 20 mM and 40 mM Y27632, respectively; measured after
48 h of migration, mean6 s.d., macrophages of three independent
donors). This shows that inhibition of the Rho/ROCK pathway

increases the percentage of macrophages that infiltrate dense
matrices by using mesenchymal migration.

Distance of macrophage migration inside matrices was then

used as an indicator of migration efficiency (Fig. 2B). Y27632
strongly decreased the migration distance in fibrillar collagen. In
Matrigel, Y27632 did not increase the migration distance

concurrently with the percentage of migration, but decreased it
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slightly. This indicates that inhibition of the Rho/ROCK pathway
activates dense matrices infiltration by mesenchymal migration

but not efficiency of this migration process per se.
Next, we investigated the effect of Y27632 on macrophage

morphology in Matrigel (Fig. 2C). Control macrophages mainly
show a round morphology when on top of Matrigel and

an elongated morphology when inside, with 25% of migrating
hMDMs remaining round; a morphology characteristic of
amoeboid migration (Fig. 2C, arrows) (Van Goethem et al.,

2010). In the presence of Y27632, macrophages on top of the
matrix acquired a protrusive phenotype (Fig. 2C, images on the
left). It also significantly reduced the percentage of round

hMDMs inside Matrigel (Fig. 2C, graph). This suggests that, in
addition to its potentiating effect on the number of hMDMs that
employ mesenchymal migration, ROCK inhibition decreases the

number of hMDMs that utilise Rho/ROCK-dependent amoeboid
migration in dense matrices.

We next investigated Rho activity during macrophage 3D-
mesenchymal migration and compared it to Rho activity during

amoeboid migration, by performing western blot analysis of the
phosphorylation states of two reliable markers of this pathway,
cofilin and Ezrin–radixin–moesin (ERM) (Fuster et al., 2011;

Takai et al., 2001). Migrating macrophages were lysed by boiling
Laemmli buffer directly in matrices. Consequently, high amounts
of proteins had to be loaded on gels to detect macrophage

proteins, explaining the poorly resolved immunoblots that are
shown. The ratios of phospho-cofilin to cofilin and of phospho-

ERM to ERM were reduced in macrophages migrating through
gelled collagen and Matrigel compared to those migrating
through fibrillar collagen (Fig. 2D,E). These results indicate
that there is a significant reduction of the Rho/ROCK pathway

activity during macrophage mesenchymal migration compared to
amoeboid migration, which further suggests that inhibition of this
signalling pathway is one of the mechanisms that triggers

mesenchymal migration.

p27kip1 is a regulator of macrophage 3D-migration that
triggers mesenchymal migration in dense matrices and
reduces amoeboid migration efficiency in fibrillar collagen
It has previously been shown that the CDK inhibitor p27kip1

regulates tumour cell migration (Berton et al., 2009) through
inhibition of the Rho/ROCK pathway in 2D environments (Besson
et al., 2004b). p27kip1 interacts with RhoA, thereby blocking its
activation by Rho guanine nucleotide-exchange factors. We,

therefore, investigated whether p27kip1 is an effector of amoeboid
migration inhibition during macrophage mesenchymal migration.

We first analysed p27kip1 expression levels in macrophages

plated on 2D coverslips, or employing either amoeboid migration
or mesenchymal migration in 3D matrices. Western blot analyses
showed that p27kip1 was upregulated in hMDMs migrating

Fig. 1. A single hMDM can undergo both mesenchymal and amoeboid migration. hMDMs were loaded on a thick layer of gelled collagen polymerised on
top of fibrillar collagen I. Cell migration was scored on day 3, and photographs of a single representative hMDM (white arrow, first picture) were collected every
10 min for 380 min using an inverted video-microscope, from the gelled collagen layer (z5+60 mm to 0 mm) to the fibrillar collagen layer (z50 mm to 2150 mm).
The x,y,z path followed by the cell in the matrices is shown in the 3D reconstitution diagram. A single hMDM was tracked and each point corresponds
to its position at a given time. Squares correspond to the hMDM migrating in gelled collagen, triangles to the hMDM present at the interface between the two
matrices and circles to the hMDM migrating through fibrillar collagen. The colour spectre range indicates the time scale. During the first 24 h hMDMs stayed on
top of the gelled collagen and then migrated through the dense matrix using mesenchymal migration. At the interface, the hMDMs tended to return to the gelled
collagen layer several times before shifting to amoeboid migration (black arrow) into the fibrillar collagen layer.
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Fig. 2. Macrophage mesenchymal migration
is potentiated following treatment with
Y27632 and is correlated with decreased Rho/
ROCK activity. (A,B) Dose-dependent effect of
the ROCK inhibitor Y27632 on the percentage of
hMDM migration (A) and the distance of
migration (B) through fibrillar collagen or
Matrigel. Migration experiments were conducted
in the presence of indicated concentrations of
Y27632. In A, results were normalised to the
percentage of migration obtained with untreated
macrophages at 24 h for fibrillar collagen and
72 h for Matrigel. Mean 6 s.d. of four
independent donors are shown. For the z-
distribution (B), each point represents the z-
position (mm) of one hMDM within the matrix (0
representing the surface of the matrix). Statistics:
paired Student’s t-test, two-tailed, 95%
confidence interval. **P50.009 and *P50.047
(A); *P50.026 and 0.020 (B) in gelled collagen
and Matrigel, respectively). (C) The morphology
of macrophages migrating through Matrigel in the
presence or absence of Y27632 was assessed.
The effect of the ROCK inhibitor on cell
morphology on the top (left images) or inside
Matrigel (middle and right images) is shown. The
percentage of macrophages showing a round
morphology inside the matrix (arrows) was
quantified (graph). (D,E) Western blot analysis of
cofilin, phosphorylated cofilin (C), ERM and
phosphorylated ERM (D) in hMDMs from eight
(D) or ten (C) independent donors, within 3D
fibrillar collagen, 3D gelled collagen I and
Matrigel following 3D-migration. Ratio of
phospho-protein to total protein signal was
calculated and normalised to the ratios scored in
fibrillar collagen. Mean 6 s.e.m. are shown.
Representative immunoblots are shown.
Statistics: paired Student’s t-test, two-tailed, 95%
confidence interval. **P50.0015 for gelled
collagen and P50.0042 for Matrigel
(C); **P50.0012 for gelled collagen and
P50.009 for Matrigel (D).
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through 3D gelled collagen or Matrigel (mesenchymal migration)
compared to 3D fibrillar collagen (amoeboid migration) or 2D

coverslips (Fig. 3A). This suggests that p27kip1 is specifically
required for macrophage mesenchymal migration. It is worth
noticing that western blot analyses were performed by using the
entire macrophage population, of which ,40% were able to

infiltrate the matrix after 72 h, suggesting that the measured
p27kip1 upregulation is an underestimation.

To investigate the role of p27kip1 in macrophage 3D-migration,

we next compared the migration capabilities of bone-marrow-
derived macrophages (BMDMs) isolated from wild-type
(p27kip1+/+) and p27kip1-deficient (p27kip12/2) mice (Fero et al.,

1996). These experiments were performed in either fibrillar
collagen or Matrigel, in which mouse BMDMs – similarly to
hMDMs – have been shown to use amoeboid or mesenchymal

migration, respectively (Guiet et al., 2012). The percentage of
cells migrating through Matrigel was significantly reduced in
p27kip12/2 BMDMs compared to p27kip1+/+ BMDMs (Fig. 3B).
We then measured the migration distance of p27kip12/2 BMDMs

that were still able to migrate through Matrigel and observed that
it was unchanged compared to wild-type cells (Fig. 3C).
This indicates that p27kip1 – similar to pharmacological ROCK

inhibition – increases the percentage of macrophages that are able
to trigger mesenchymal migration but not the efficiency of
the migration process by itself. In contrast, the percentage of

p27kip12/2 BMDMs using amoeboid migration in fibrillar
collagen was not significantly different compared to p27kip1+/+

BMDMs (Fig. 3D). However, the distance of migration was

significantly increased, with the maximal distance being 500 and
800 mm, and the deeper 20th percentile being 255 and 300 mm in
p27kip1+/+ and p27kip12/2 BMDMs, respectively (Fig. 3E). This
suggests that p27kip1 does not control the ability of macrophages

to employ amoeboid migration in fibrillar collagen but, rather,
decreases the migration efficiency of macrophages once inside
the matrix.

Comparable results were obtained with hMDMs in which
p27kip1 expression was reduced by using a specific small
interfering RNA (siRNA) targeting p27kip1 (Fig. 3F,G). In the

timeframe (48–72 h) during which the expression of p27kip1 was
reduced to 0.6-fold of control levels (Fig. 3F), the percentage of
macrophages migrating in Matrigel was found to be decreased
compared to cells transfected with a scrambled siRNA as a

control (Fig. 3G). Similar results were observed in gelled
collagen (Fig. 3G). Together, these results show that p27kip1 is
part of the macrophage 3D-migration machinery that promotes

mesenchymal migration and reduces amoeboid migration
efficiency.

p27kip1 deficiency is counterbalanced by pharmacological
ROCK inhibition and induces a mesenchymal-to-amoeboid
migration switch in dense matrices
Given that p27kip1 is described as an inhibitor of the Rho/ROCK
signalling pathway (Besson et al., 2004b), we hypothesised
that its positive effect on macrophage mesenchymal migration
through dense matrices occurs through RhoA inhibition and,

therefore, amoeboid migration silencing. As a consequence,
p27kip1 deficiency should have two main effects on macrophage
migration: 1) it should promote macrophage amoeboid

migration in dense matrices, such as Matrigel and, 2) its
inhibitory effect on mesenchymal migration should be reversed
by restoring the inhibition of the Rho/ROCK pathway with a

ROCK inhibitor.

To explore these hypotheses, we analysed the percentage of
migration of p27kip12/2 BMDMs and p27kip1+/+ BMDMs in

Matrigel and fibrillar collagen in the presence or absence of
Y27632. In these experiments, the proportion of round BMDMs
migrating through Matrigel was also scored and used as an
indicator of amoeboid migration in this dense matrix. In fibrillar

collagen, BMDMs from p27kip1+/+ and p27kip12/2 mice both
adopted the typical round amoeboid-like shape (Fig. 4A, top). In
Matrigel, both cell genotypes mainly exhibited an elongated

spindle shape, with F-actin clusters being observed at the tips of
membrane protrusions, as previously described in human
macrophages employing mesenchymal migration (Fig. 4A,

bottom, arrowheads). However, we observed a significant
increase in the percentage of round BMDMs in p27kip12/2

compared to p27kip1+/+ BMDMs in Matrigel (Fig. 4B). Similar

results were obtained with hMDMs upon p27kip1 silencing
(Fig. 4C). This suggests that amoeboid migration is, indeed,
activated in macrophages that are still able to migrate through
Matrigel in the absence of p27kip1.

As expected, Y27632 (10 mM) efficiently inhibited amoeboid
migration (percentage of migration and migration distance) of
both p27kip1+/+ and p27kip12/2 BMDMs in fibrillar collagen

(Fig. 4D). In Matrigel, Y27632 had no significant effect on
p27kip1+/+ BMDM migration (percentage of migration and
percentage of round cells) as predicted (Fig. 4E, left). In

contrast, the reduced migration ability of p27kip12/2 BMDMs
and the increased number of round p27kip12/2 BMDMs were
completely restored to control levels by Y27632 (Fig. 4E, right)

showing that pharmacological ROCK inhibition is able to
counterbalance p27kip1 deficiency.

Altogether, these results show that p27kip1 deficiency, in
addition to its inhibitory effect on macrophage mesenchymal

migration through dense matrices, prompts macrophages to adopt
amoeboid migration as an alternative to mesenchymal migration
in Matrigel. As all these effects can be reversed by

pharmacological inhibition of ROCK, this suggests that p27kip1

triggers macrophage mesenchymal migration by switching off
amoeboid migration through inhibition of the Rho/ROCK

pathway.

p27kip1 relocation from the nucleus to the cytoplasm is
required for macrophage mesenchymal migration
p27kip1 is mainly recognised as a cell cycle regulator and is
generally localised in nuclei (Sherr and Roberts, 1999), although
other functions and cytoplasmic localisation have also been

reported (Besson et al., 2006). In contrast, the Rho/ROCK
signalling usually takes place in the cytoplasm, although nuclear
localisation of RhoA (Shabo et al., 2008) and ROCK2 (Tanaka

et al., 2006) have also been reported. So, we next investigated
whether the role of p27kip1 in macrophage 3D-migration is
associated with its nuclear or cytoplasmic localisation.

We examined the intracellular localisation of p27kip1 during
macrophage 3D-migration. p27kip1 phosphorylation on Ser10,
although not sufficient for the nuclear to cytoplasmic
redistribution of p27kip1, is necessary for this process (Ishida

et al., 2000; Kotake et al., 2005; Rodier et al., 2001). Therefore,
pSer10-p27kip1 can be present in both the cytoplasm and the
nucleus, but the fraction of p27kip1 which is effectively exported

to the cytoplasm is necessarily phosphorylated on Ser10. We first
performed western blot analysis of pSer10-p27kip1 and total
p27kip1 in macrophages plated in 2D or migrating in 3D through

fibrillar collagen, gelled collagen or Matrigel (Fig. 5A). The
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Fig. 3. p27kip1 promotesmacrophage 3D-mesenchymalmigration and reduces amoeboidmigration efficiency. (A) p27kip1 is upregulated duringmacrophage
mesenchymal but not amoeboid migration. Western blot analysis of p27kip1 expression levels in hMDMs from 10 independent donors in a 2D environment, and 3D
Matrigel, fibrillar- and gelled collagen I following 72 h of migration. Fold changes compared to a 2D environment after normalisation to actin (loading control) are
shown. A representative immunoblot is shown. Actin was used as a loading control. Statistics: two-tailed paired Student’s t-test, 95% confidence interval (*P50.019;
**P50.0024). (B-E) p27kip1 deficiency inhibits triggering of macrophage mesenchymal migration and increases amoeboid migration efficiency. p27kip1+/+ (black
circles) and p27kip12/2 (white squares) BMDMs were allowed to migrate through Matrigel (B,C) or fibrillar collagen (D,E). The percentage of BMDM migration
(B,D) and the z-distribution within the matrix (C,E) were measured. In the graph displaying the percentage of BMDM migration, each point represents an individual
mouse (mean value of migration inserts performed in triplicate). The mean 6 s.d. of 7–13 mice is shown. For the z-distribution, each point represents the z-position
(mm) of a BMDMwithin thematrix (the surface of the matrix is at 0). The migration distances of 3126 and 688 p27kip1+/+ BMDMs and 2806 and 945 p27kip12/2 BMDMs
(from 3-5 mice) were measured in Matrigel (C) and in fibrillar collagen (E), respectively. Statistics: unpaired Student’s t-test, two-tailed, 99% confidence interval;
P50.010 (B), P50.3238 (C), P50.477 (D), P,0.0001 (E). (F,G) p27kip1 silencing in hMDMs affects mesenchymal migration. (F) p27kip1 depletion in control or p27kip1

siRNA-transfected hMDMs was monitored by western blotting at 24, 48 or 72 h post-transfection. One representative experiment is shown. (G) hMDMs transfected
with a control siRNA (dark) or p27kip1 siRNA (white) were loaded on top of thick layers of gelled-collagen I or Matrigel immediately after transfection. Cell migration
was monitored at 24, 48 and 72 h, and the percentage of migrating cells was measured. The results are expressed as the percentage of cell migration between 48
and 72 h when p27kip1 silencing was efficient. Each point represents one independent blood donor (mean value of migration inserts performed in triplicates).
The mean 6 s.d. of five to six independent donors is shown. Statistics: paired Student’s t-test, one-tailed, 99% confidence interval (**P50.0067, *P50.018).
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pSer10-p27kip1 to p27kip1 ratio was increased in macrophages

migrating through gelled collagen and Matrigel compared to
those migrating through fibrillar collagen, indicating that the pool
of p27kip1 that can be exported to the cytoplasm is increased

during mesenchymal migration compared to amoeboid migration.
Immunofluorescence analysis of macrophages in 3D matrices
showed that pSer10-p27kip1 was mainly localised in the

cytoplasm of hMDMs during mesenchymal migration (Fig. 5B,

arrows), whereas it was concentrated into the nucleus
during amoeboid migration (Fig. 5B, arrowheads). A significant
decrease in the nuclear-to-cytoplasmic signal ratio of

pSer10-p27kip1 was calculated in mesenchymal hMDMs
compared to amoeboid hMDMs (Fig. 5C). This indicated that
macrophage mesenchymal migration is correlated with the

Fig. 4. p27kip1 deficiency promotes amoeboid migration instead of mesenchymal migration in dense matrices and is counterbalanced by ROCK
inhibition. (A,B) The morphology of p27kip1+/+ (black) and p27kip12/2 (red) BMDMs in matrices was observed by confocal microscopy following F-actin
(phalloidin–Texas-Red) and DAPI staining (A) and brightfield transmission microscopy (B). Representative images are shown. Arrowheads in A indicate F-actin-
rich 3D-podosomes. Elongated (B, arrowheads) and round (B, arrow) BMDMs were counted after 72 h of migration, and the percentage of round BMDMs within
Matrigel was calculated (B, graph). Each point represents an individual mouse (mean value of migration inserts performed in triplicate). The mean 6 s.d. of 12 to
13 mice is shown. Statistics: unpaired Student’s t-test, one-tailed, 99% confidence interval; P,0.0001 (B). (C) p27kip1 silencing in hMDMs induces a shift from an
elongated to a round phenotype. hMDMs transfected with control siRNA (dark) or p27kip1 siRNA (white) were loaded on top of thick layers of gelled-collagen or
Matrigel immediately after transfection. The morphology of hMDMs in matrices was observed by using phase contrast microscopy, and elongated (arrowheads)
and round (arrow) hMDMs were counted after 72 h of migration. The results are expressed as the percentage of round hMDMs in the matrices. Each point
represents one independent blood donor (mean value of migration inserts performed in triplicates). The mean 6 s.d. of seven independent donors is shown.
Statistics: Paired Student’s t-test, one-tailed, 99% confidence interval (**P50.002, ***P50.001). (D,E) The percentage of migrating p27kip1+/+ (black) and
p27kip12/2 (red) BMDMs and the percentage of round BMDMs were measured for untreated (2) or Y27632 (10 mM)-treated (+) cells migrating within fibrillar
collagen (D) and Matrigel (E). Statistics: paired Student’s t-test, two-tailed, 95% confidence interval; *P50.011, **P50.001 (D); **P50.001, ***P50.0007 (E). In
E, differences between untreated and Y27632-treated p27kip1+/+ BMDMs were not significant (P50.613 top panel and P50.173 bottom panel).
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phosphorylation-dependent relocation of p27kip1 from the nucleus

to the cytoplasm.
Next, we used BMDMs from mutant mice that each express a

mutant of p27kip1 protein that is known to mislocalise. The first

type of mutant BMDMs, expresses p27kip1 of which Ser10 is

mutated to Ala, yielding mutant protein p27kip1Ser10Ala (Besson
et al., 2006). In p27kip1Ser10Ala mice, total expression level of
p27kip1Ser10Ala in macrophages is reduced compared to

Fig. 5. See next page for legend.
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p27kip1+/+ macrophages, but its nuclear localisation is increased

(Fuster et al., 2011). The percentage of migration of
p27kip1Ser10Ala BMDMs inside Matrigel was reduced by 43%
6 5 at 24 h compared to p27kip1+/+ cells (Fig. 5D), and the
percentage of round cells was increased (Fig. 5E) showing that, in

Matrigel, mesenchymal migration triggering was reduced
similarly to p27kip1-deficient macrophages and amoeboid
migration was equally stimulated. Again, the migration distance

of p27kip1Ser10Ala BMDMs that could still migrate was
unchanged compared to wild-type cells (data not shown),
suggesting that a defect in p27kip1 nuclear export correlates

with reduced mesenchymal migration triggering but not
migration efficiency.

The second type of mutant BMDMs originated from

p27kip1CK2 knock-in mice that carry point mutations in the
cyclin- and CDK-binding domains of p27kip1. The expressed
mutant protein has lost its cell cycle functions (Besson et al.,
2006; Vlach et al., 1997) and its quantity in the cytoplasm is

increased in resting cells compared to wild-type p27kip1 (Serres
et al., 2011). In addition, p27kip1CK2 knock-in mice have
increased overall expression levels of the mutant protein

compared to the level of p27kip1 observed in wild-type mice
(Besson et al., 2006). We found that a similar percentage of

p27kip1CK2 BMDMs migrated within Matrigel compared to
p27kip1+/+ BMDMs, even at longer migration times (Fig. 5F); and
the percentage of round BMDMs was not affected (Fig. 5G).
Interestingly, as shown on Fig. 5H, the migration distances of

p27kip1CK2 BMDMs were significantly increased in Matrigel
and reduced in fibrillar collagen. This further demonstrates
that the effect of p27kip1 on 3D-migration is correlated with

its cytoplasmic localisation and shows that potentiation of
mesenchymal migration is correlated with diminished amoeboid
migration efficiency. We conclude from these observations that

the role of p27kip1 in triggering mesenchymal migration is
correlated with its export from the nucleus to the cytoplasm.

Tissue recruitment of macrophages is dependent on the
cytoplasmic localisation of p27kip1

Finally, to determine the role of p27kip1 in macrophage tissue
infiltration in vivo, we compared macrophage recruitment into

tumours that had been induced in p27kip12/2 and p27kip1CK2

mice. In these two mice genotypes, the cell cycle activity of
p27kip1 is abolished; it is intact in p27kip1+/+ mice. Consequently,

p27kip12/2 and p27kip1CK2 mice are phenotypically very close to
each other and very distant to p27kip1+/+ mice: they both develop
hyperplasia of several organs, and are taller and bigger than

p27kip1+/+ mice (Besson et al., 2007; Fero et al., 1996).
Experiments were also performed on wild-type mice but we
decided to compare the two genotypes devoid of p27kip1 cell

cycle activity as a priority to avoid bias.
Urethane is a potent carcinogen that induces lung tumours in

mice that are frequently infiltrated with macrophages (Ishigami
et al., 2011; Serres et al., 2011). We used previously described

lung tissues from urethane-treated p27kip12/2 and p27kip1CK2

mouse cohorts to carry out F4/80 labelling to stain macrophages
(Serres et al., 2011). Interestingly, macrophage recruitment in

lung tumours and the surrounding tissue was markedly reduced in
p27kip12/2 mice compared to p27kip1CK2 mice (Fig. 6A,B). In
wild-type mice, the number of F4/80-positive cells in surrounding

healthy tissue was comparable to p27kip12/2 mice and lower than
in p27kip1CK2 mice (Fig. 7). The number of macrophages
recruited into lung tumours was equally increased in p27kip1+/+

and p27kip1CK2 mice compared to p27kip12/2 mice (Fig. 7).

These differences could not be attributed to a higher number of
circulating monocytes in p27kip1CK2 mice, as the percentages of
circulating monocytes in p27kip12/2, p27kip1CK2 and p27kip1+/+

mice were 9.61% 6 4.18, 11.45% 6 1.06 and 8.95% 6 3.80,
respectively (mean 6 s.d. of three mice). The subcellular
localisation of p27kip1CK2 was mainly cytosolic in tissue

macrophages, which is in marked contrast to its nuclear
accumulation in F4/80-negative, SPC-positive cells (Fig. 6C,D).

We conclude that, in vivo, the tissue recruitment of

macrophages is controlled by p27kip1 that accumulates in their
cytoplasm, thus corroborating our in vitro data. In addition, our
results suggest that part of the migration process towards tumour
tissues involves mesenchymal motility, as we have previously

shown that this mode of migration is hindered by p27kip1

deficiency.

DISCUSSION
Characterisation of macrophage 3D-migration represents a
challenging research field that could potentially provide

pharmacological tools for the control of the deleterious tissue

Fig. 5. p27kip1 promotes 3D-mesenchymal migration in a way
dependent on its phosphorylation and its relocation from the nucleus to
the cytoplasm. (A) The relative amount of pSer10-p27kip1 (P-p27kip1) is
increased during macrophage mesenchymal migration. Western blot
analysis of pSer10-p27kip1 level in parallel to p27kip1 expression levels was
performed in hMDMs in a 2D environment, and 3D Matrigel, fibrillar- and
gelled collagen following 72 h of migration. Ratio of pSer10-p27kip1 to total
p27kip1 signal was calculated. Experiments were performed on hMDMs
isolated from three independent donors and one representative experiment is
shown. (B,C) p27kip1 (pSer10-p27kip1) is exported to the cytoplasm during
macrophage mesenchymal migration. After 72 h of migration, hMDMs in 3D
matrices (fibrillar- or gelled collagen) were fixed, permeabilised and stained
with antibody against phosphorylated Ser10 in p27kip1, phalloidin–Texas-Red
for F-actin and DAPI for nuclei. (B) Representative images obtained by
epifluorescence acquisition are shown. Scale bars: 10 mm. Cells that are out
of focus are macrophages inside the matrix that are either above or below the
hMDMs which in focus. The cytoplasmic localisation of p27kip1 and the lack
of nuclear labelling in gelled collagen are indicated by arrows. Nuclear
accumulation of p27kip1 is indicated by arrowheads. Nuclei are surrounded
by dashed lines. Fluorescence intensities were measured and ratios
between the nucleus and cytoplasm (C) were calculated in at least 50
hMDMs during five independent experiments (mean6s.d.). Statistics: paired
Student’s t-test, two-tailed, 95% confidence interval, P,0.0001
(B). (D,E) The p27kip1Ser10Ala (p27kip1 S10A) mutant has a nuclear export
defect and leads to an impaired triggering of macrophage mesenchymal
migration. p27kip1+/+ (black) and p27kip1Ser10Ala (purple) BMDMs were
allowed to migrate through Matrigel. The percentage of cell migration (D) and
the number of round BMDMs (E) were quantified. Each point represents an
individual mouse (mean value of migration inserts performed in triplicates).
Mean 6 s.d. of three to four mice are shown. Statistics: unpaired student t-
test, two-tailed, 99% confidence interval. P50.0154 (D), P50.002
(E). (F–H) The cytoplasmic localisation of p27kip1CK- correlates with
enhanced mesenchymal and diminished amoeboid migration. p27kip1+/+

(black) and p27kip1CK- (green) BMDMs were allowed to migrate through
Matrigel (F–H) or fibrillar collagen (H). The percentage of BMDM migration
(F), the percentage of round BMDMs (G) and the z-distribution within the
matrices (H) were measured. In F and G, each point represents an individual
mouse (mean value of migration performed in triplicates). The mean 6 s.d. of
at least four mice is shown. In H, each point represents the z-position (mm) of
a BMDM within the matrix (0 representing the surface of the matrix). A total of
763 and 232 BMDMs from three p27kip1+/+ mice and 1470 and 170 from three
p27kip1CK- mice were analysed in Matrigel and fibrillar collagen, respectively.
Statistics: unpaired Student’s t-test, two-tailed, 99% confidence interval.
P50.50 at 24 h, P50.40 at 48 h and P50.37 at 72 h (F), P50.67
(G), P,0.0001 (H).
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infiltration of these cells in inflammatory diseases and cancers.

Macrophages are the only leukocytes known to adopt a
mesenchymal mode when migrating through dense matrices
(Cougoule et al., 2012; Van Goethem et al., 2010). Our existing
findings on macrophage mesenchymal migration are based on the

formation and organisation of podosomes, which are implicated

in ECM proteolysis (Cougoule et al., 2010; Guiet et al., 2012;

Van Goethem et al., 2011; Van Goethem et al., 2010). In the
present study, we uncover another mechanism regulating
macrophage mesenchymal migration, based on the finding that
a single macrophage is equipped to employ both amoeboid and

mesenchymal migration, and that hindering of amoeboid

Fig. 6. The recruitment of
macrophages into lung tumours is
dependent on p27kip1 localised to the
cytoplasm. Lung sections of urethane-
treated p27kip12/2 and p27kip1CK- mice
were prepared and labelled. (A) Lung
tumours (left) and surrounding healthy
tissues (right) immunohistochemistry
sections stained with anti-F4/80 antibody
to evaluate macrophage tissue infiltration.
(B) Quantification of F4/80-positive cells
per mm2 of lung tumor (left) and
surrounding healthy tissue (right).
Statistics: One-way ANOVA: **P50.006,
***P,0.0001. (C) Lung tumour
immunohistochemistry sections labelled
with anti-F4/80 (macrophages, green),
anti-p27kip1 (red), anti-SP-C antibodies
(alveolar type II and adenocarcinoma
cells, purple) and Hoechst 33304 (nuclei,
blue) to assess cytoplasmic localisation of
p27kip1. A higher magnification of lung
slices from p27kip1CK- mice is also shown.
Arrows indicate macrophages with
cytoplasmic localisation of p27kip1, and
arrowheads indicate adjacent F4/80-
negative cells showing nuclear
localisation of p27kip1. Hoechst staining
was used to define nuclei position (not
shown on bottom pictures but replaced by
a dashed circle for clarity).
(D) Quantification of the proportion of F4/
80-positive cells (left graph) or F4/80-
negative cells (right graph: SPC positive
cells) with cytoplasmic and/or nuclear
localisation of p27kip1. Statistics: paired
Student’s t-test, two-tailed, 95%
confidence interval.
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migration through inhibition of the Rho/ROCK pathway
participates in mesenchymal migration triggering (Fig. 8).

The present findings suggest that RhoA inhibition is a requisite

for switching off amoeboid migration, thus prompting cells to use
mesenchymal migration in dense matrices. Rho-GTPases have
largely been involved in the remodelling of actin-cytoskeleton

during cell migration (Sahai and Marshall, 2003). In tumour cell
lines, activation of Rho-ROCK signalling is necessary to promote
the round morphology with bleb-like structures characteristic of

amoeboid migration, and to antagonise the formation of elongated
protrusions (Sahai and Marshall, 2003). In line with this, we
observed that ROCK inhibition induces a change in macrophage
morphology both on the surface and inside Matrigel:

macrophages become even more elongated and protrusive after
treatment with inhibitor Y27632 compared to untreated cells. We,
therefore, propose that macrophages exhibiting this protrusive

phenotype are more prone to worm their way into the small holes
that they create by proteolysis in a dense matrix during
mesenchymal migration. In contrast, the triggering of

macrophage mesenchymal migration in fibrillar collagen upon
amoeboid migration inhibition was not observed. Indeed, we
have clearly shown that ROCK inhibition completely abolishes

macrophage migration through fibrillar collagen. One explanation
could be that – in contrast to tumour cells such as HT1080, which
can employ mesenchymal migration in either loose or dense
matrices (Carragher, 2006; Friedl and Wolf, 2003) – amoeboid

migration is the default migration mode of macrophages in
fibrillar collagen, whereas mesenchymal migration is only
triggered by the contact of macrophages with dense matrices

and could require additional effectors that are not expressed
during amoeboid migration or upon macrophage contact with
loose matrices. So, although ROCK inhibition induces an

elongated macrophage morphology, this is not sufficient to
trigger macrophage mesenchymal migration in fibrillar collagen.

Since amoeboid migration inhibition is likely to participate in
the triggering of mesenchymal migration in dense matrices, we

considered whether mesenchymal migration inhibition conversely
participates in amoeboid migration triggering in loose matrices.

However, this seems unlikely because we have never observed
any evidence of amoeboid migration activation in macrophages
migrating through fibrillar collagen by using pharmacological

inhibitors of mesenchymal migration, such as protease inhibitors
(Van Goethem et al., 2010).

In this present work, we propose that p27kip1 is an upstream

trigger of inhibition of the Rho/ROCK pathway during
macrophage mesenchymal migration. Until recently, p27kip1

was mainly recognised as an inhibitor of the cell cycle as it

prevents the activation of cyclin–CDK complexes and, thus,
negatively controls cell proliferation by arresting the cell cycle at
the G1/S transition (Besson et al., 2004a; Sherr and Roberts,
1999). However, p27kip1 has also been shown to participate in the

migration of cancer cells (Denicourt et al., 2007; Nagahara et al.,
1998), mouse fibroblasts (Besson et al., 2004b) and neuronal
progenitor cells (Kawauchi et al., 2006; Ueno et al., 2011), but its

function in cell migration is quite conflicting depending on the
cellular context. Cytoplasmic p27kip1 has been reported to
interact with stathmin (a microtubule-destabilising protein) in

Src-transformed fibroblasts and RhoA in primary fibroblasts to
inhibit and stimulate cell migration, respectively (Baldassarre
et al., 2005; Besson et al., 2004b). Our results contribute

to consolidate pro- and anti-migratory functions of p27kip1

because we show here that p27kip1 is pro-migratory regarding
mesenchymal migration but is anti-migratory regarding amoeboid
migration.

We report for the first time p27kip1 upregulation during
mesenchymal migration and not amoeboid migration, and this is
correlated with the upregulation of the corresponding mRNA

(data not shown). We propose that this upregulation participates
in the potentiation of mesenchymal migration based on our
observation that mesenchymal migration is affected in p27kip1-

mutant BMDMs.
Among the potential partners of p27kip1, our results support a

causal relationship between the inhibition of the RhoA signalling
pathway, the regulation of mesenchymal migration and p27kip1

because (i) phosphorylation of markers of the Rho/ROCK
pathway activity is diminished during mesenchymal migration

Fig. 7. The recruitment of macrophages into
lung tumours is equally increased in
p27kip1+/+ and p27kip1CK2 mice compared to
p27kip12/2 mice. (A) Lung tumour and
surrounding healthy tissue
immunohistochemistry sections from p27kip1+/+

mice stained with anti-F4/80 antibody to
evaluate macrophage tissue infiltration.
(B) Quantification of F4/80-positive cells per
mm2 of tissue from p27kip1+/+ is compared to the
quantifications obtained on p27kip12/2 and
p27kip1CK- mice (presented in Fig. 6). Statistics:
One-way ANOVA.
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and pharmacological inhibition of this pathway activates
macrophage mesenchymal migration and, (ii) the ROCK
inhibitor Y27632 reverses the effect of p27kip1 deficiency on
mesenchymal migration. In addition, we show that activation of

mesenchymal migration correlates with p27kip1 relocation to the
cytoplasm, where it is more prone to interact with RhoA. In
contrast, during migration through porous matrices, such as

fibrillar collagen, p27kip1 is neither upregulated nor relocated to
the cytoplasm, thus limiting its interference with RhoA as
proposed in Fig. 8.

In addition to reduced mesenchymal migration observed in
Matrigel, we report that p27kip1 deficiency induces partial
activation of amoeboid migration, with ,30% of p27kip12/2

BMDMs exhibiting the round amoeboid-like cell shape. Although
we have never – as described for tumour cells (Carragher et al.,
2006; Friedl and Wolf, 2003; Sahai and Marshall, 2003) – observed
a clear mesenchymal–amoeboid transition with macrophages, this

observation suggests that, although not complete, partial transition
from mesenchymal to amoeboid migration could occur in Matrigel
despite its low porosity. This p27kip12/2 BMDM phenotype can be

reversed by ROCK inhibition, further supporting a shift from
mesenchymal to amoeboid migration. This result was quite
surprising in a dense matrix, whose porosity is too low to allow

cells to migrate without previous proteolysis. We have previously
shown that macrophages create tunnel-like pathways when

progressing into low-porosity matrices such as Matrigel,
requiring proteolytic remodelling in order to be infiltrated (Guiet
et al., 2011; Van Goethem et al., 2011; Van Goethem et al., 2010).
These tunnels can be used by trailing round macrophages (Guiet

et al., 2011; Van Goethem et al., 2011; Van Goethem et al., 2010).
We propose that, in the absence of p27kip1, BMDMs show a
propensity to shift back to non-proteolytic amoeboid migration and

migrate using the tunnel-like pathways created by forerunner
mesenchymal migrating cells.

Tissue infiltration of macrophages into tumours generally

favours tumour growth and invasiveness (Pollard, 2009; Porta
et al., 2011), and p27kip1 has been shown to be oncogenic
(Besson et al., 2007). We show that cytoplasmic p27kip1 is

required for efficient tumour infiltration by macrophages. We
propose that p27kip1 achieves this pathophysiological role
by stimulating mesenchymal migration of macrophages.
Interestingly, in contrast to p27kip12/2 mice, aging p27kip1CK2

mice spontaneously develop lung tumours that are infiltrated by
macrophages and are locally invasive (Besson et al., 2007).
Therefore, macrophages that are competent to employ

mesenchymal migration seem to display a greater ability to
infiltrate of lung tumours.

This work uncovers p27kip1 as a new effector of macrophage

3D-migration, which promotes mesenchymal migration at least
partly through inhibition of amoeboid migration. Interestingly, it

Fig. 8. Proposed model of the regulation of macrophage 3D-migration by p27kip1. When adhering to a porous matrix (right panel), p27kip1 status is
unchanged compared to its status in 2D (dense matrix). p27kip1 expression levels are not increased and remain mostly in macrophage nuclei. Therefore p27kip1

does not significantly interfere with the Rho/ROCK signalling pathway (1) which is likely to activate amoeboid migration by generating a ROCK-mediated
actomyosin contractile force (3). It is worth noting that in wild-type macrophages a small proportion of p27kip1 is present in the cytoplasm and might neutralise
part of the cytoplasmic RhoA, therefore restricting full amoeboid migration efficiency (2). This might explain why amoeboid migration efficiency is increased in
p27kip12/2 and p27kip1Ser10Ala macrophages. In contrast, upon adhesion on dense matrices (left panel), p27kip1 expression levels are increased and the protein
is exported from the nucleus to the cytoplasm in a phosphorylation-dependent manner (19). This induces neutralisation of cytoplasmic RhoA (Besson et al.,
2004b) (29) which can no longer activate the ROCK signalling pathway required for amoeboid migration. Consequently, this leads to inhibition of amoeboid
migration, which is likely to participate in the triggering of mesenchymal migration (39). This process is exacerbated in the p27kip1CK2 mutant, in which the
proportion of cytoplasmic p27kip1 is increased compared to wild-type, leading to a more-efficient mesenchymal migration.
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also controls tissue infiltration of macrophages in a tumour
model, suggesting that targeting an effector of mesenchymal

migration is a relevant therapeutic strategy for reducing the
presence of macrophages in pathologic tissues.

MATERIALS AND METHODS
Isolation of monocytes and culture of hMDMs and BMDMs
p27kip1+/+, p27kip12/2, p27kip1Ser10Ala and p27kip1CK2 mice have been

previously described (Biswas et al., 2006; Fero et al., 1996). Human

monocytes were isolated from blood of healthy donors (buffy coat

obtained from Etablissement Français du Sang, Toulouse, France) and

differentiated into human monocyte-derived macrophages (hMDMs) as

previously described (Van Goethem et al., 2010). Blood samples were

obtained following standard ethical procedures and with the approval of

the concerned Internal Review Boards.

Bone-marrow-derived macrophages (BMDMs) were isolated from

p27kip1+/+, p27kip12/2, p27kip1Ser10Ala and p27kip1CK2 mice and

BMDMs were prepared as previously described (Cougoule et al., 2010).

All experiments were performed according to animal protocols approved

by the Animal Care and Use committee of the Institut de Pharmacologie

et de Biologie Structurale.

Extracellular matrix preparation and 3D-migration assay
Fibrillar collagen I, gelled collagen I and Matrigel were prepared as

described previously (Van Goethem et al., 2010), except that Nutragen

(Advanced BioMatrix, San Diego, CA) was mixed with rat tail collagen I

(BD Biosciences, Le Pont de Claix, France) (1 mg/ml final collagen

concentration) for fibrillar collagen. Pepsin-extracted denatured collagen

was used instead of native collagen because the latter only allows

polymerisation into dense gel and, therefore, can only generate MM in

macrophages (Van Goethem et al., 2010; Wiesner et al., 2014). Matrices

(100 ml) were polymerised in Transwell Invasion Chambers (BD Falcon,

Le Pont de Claix, France) placed within 24-well Companion plates (BD

Biosciences). 3D migration assays with or without ROCK inhibitor

Y27632 were performed as described (Van Goethem et al., 2010). Only

Matrigel was used in BMDM migration assays to trigger mesenchymal

migration because, in contrast to hMDMs, these cells are unable to

migrate through gelled collagen (Cougoule et al., 2010). Migration

experiments were conducted for 24–72 h and the percentage of cell

migration, the morphology of migrating macrophages and the distance of

migration were monitored as described (Van Goethem et al., 2010).

siRNA transfection of hMDMs
hMDMs were transfected with small interfering RNA (siRNA) (sequence

information available from the authors on request) by electroporation

using the NeonH Transfection System (Invitrogen, Saint-Aubin, France).

A pellet of 26105 harvested hMDMs per transfection was obtained by

centrifugation and resuspended in 10 ml of R buffer [containing 75 nmol

of either control non-targeting or p27kip1 siRNA (Dharmacon RNA

Technologies, Thermo Scientific, Illkirch, France)]. Cells were then

electroporated with two 40-ms pulses of 1000 V, immediately transferred

to a tube with complete medium and seeded on glass coverslips for

further western blot analysis or on 3D matrices polymerised in Transwell

inserts for migration assays. Knockdown of p27kip1 was assessed 24 h,

48 h and 72 h post-transfection by western blot analysis on transfected

macrophages loaded on glass coverslips.

Western blotting
Protein extracts were obtained by homogenising cells adhering to glass

coverslips or migrating in 3D ECMs in boiling Laemmli cell lysis buffer

(16 for 2D and 46 for 3D) until complete dissolution of the matrix. We

used primary rabbit anti-p27kip1 polyclonal antibodies (1:1000; Cell

Signaling), rabbit anti-phosphoSer10-p27kip1 monoclonal antibodies

(1:500; Abcam, Cambridge UK), rabbit anti-cofilin (1:100; Cell

Signaling), rabbit anti-phospho-Ser3-cofilin (1:1000; Cell Signaling),

rabbit anti-ERM (1:100; Cell Signaling) and anti-phospho-ERM (1:1000;

Cell Signaling) for 16h at 4 C̊ followed by secondary goat anti-rabbit

immunoglobulin G antibodies coupled to horseradish peroxidase

(1:10,000; BioRad, Marnes-la-Coquette, France) for 2h at room

temperature. Rabbit anti-actin primary antibody (1:10,000; Sigma-

Aldrich) was used as loading control. The quantification of western

blots was conducted using Image J software and values were normalised

to the loading control.

Immunostaining and fluorescent microscopy
Cells on glass coverslips or in matrices were fixed and stained as

previously described (Van Goethem et al., 2011; Van Goethem et al.,

2010). For p27kip1 localisation, cells were stained with primary antibody

for 48h, either rabbit anti-p27kip1 (1:1000; Ozyme, Cell Signaling, St-

Quentin-En-Yvelines, France) or rabbit anti-P-Ser10-p27kip1 (1:100; BD

Biosciences), followed by an anti-mouse or anti-rabbit secondary

antibody conjugated to Alex-Fluor-488 (1:500 or 1:1000, respectively;

Cell Signaling), DAPI (1:750; Sigma-Aldrich, Lyon, France) and

phalloidin–Texas-Red (1:200; Molecular Probes, Invitrogen) for 2h.

Images were acquired using a DM-RB fluorescence microscope

(Leica Microsystems, Deerfield, IL) or a confocal FV1000 microscope

(Olympus, Hamburg, Germany). The same exposure times were used

when images had to be compared. All of the images were prepared with

Adobe PhotoshopH. Fluorescence intensity in circular areas of constant

size was measured using Image J software and fluorescence intensity

ratio in nucleus over cytoplasm (Arbitrary Units) was calculated for each

macrophage. Statistical analysis was performed with GraphPad Prism

software.

Immunohistochemistry and immunofluorescence on
lung sections
Paraffin-embedded lungs from p27kip1+/+, p27kip12/2 and p27kip1CK2

mice treated with urethane to induce lung tumour formation were

described elsewhere (Serres et al., 2011). Paraffin sections were cleared

and rehydrated tissue sections were steamed for 30 min in sodium citrate

pH 6 unmasking solution and blocked in PBS 0.2% Triton-X100, 3%

BSA and 10% donkey serum for 30 min at room temperature. For

macrophage infiltration quantification assays, sections were stained using

a rat anti-F4/80 antibody (AbD Serotec, Oxford, UK). Slides were then

scanned using a Pannoramic 250 Flash II slide scanner (3DHISTECH,

Budapest, Hungary) with a 206magnification lens. Automatic

quantification of macrophages on virtual slides was performed using a

custom-made macro developed in ImageJ software. Briefly, colours were

deconvoluted using a plugin by Gabriel Landini (http://www.mecourse.

com/landinig/software/cdeconv/cdeconv.html) to separate staining of

peroxydase substrate from hematoxylin coloration. A threshold on

staining of peroxydase substrate was chosen manually to dissociate

specific signal from the background. The average peroxidase-substrate-

positive cell area was evaluated by dividing the peroxydase substrate area

by the number of positive cells that were counted manually in an

,5000 mm2 region. Tissues of interest were then delimited manually and

the area of peroxidase-substrate-positive staining per tissue area was

automatically measured. The density of peroxidase-substrate-positive

cells was then deduced from the density of staining and the evaluation of

average cell area. Statistical tests were performed on SigmaPlot 12.5

using One-Way ANOVA. For p27kip1 cellular localisation assays, slides

were stained simultaneously with rabbit anti-p27kip1 (C-19, Santa-Cruz

Biotechnology Inc., Dallas, TX), rat anti-F4/80 pan macrophage marker

(BM8, AbD Serotec) and goat anti-surfactant protein-C (SP-C) (M-20,

Santa-Cruz Biotechnology Inc.) antibodies as described previously

(Besson et al., 2007; Serres et al., 2011). Samples were then incubated

with the indicated primary antibodies for 1 h at 37 C̊. After rinsing,

sections were incubated with secondary antibodies conjugated to either of

the indicated fluorochromes (Cy2, Cy3 and Cy5) (Jackson

ImmunoResearch Laboratories, Inc., Suffolk, UK) for 30 min. DNA

was labelled with Hoechst 33304 added to the first wash after secondary

antibody. After mounting of the slides, images were acquired on a Nikon

Eclipse 90i microscope equipped with a CoolSnap HQ2 camera using the

NIS-Br software (Nikon, Champigny-sur-Marne, France). The proportion

of cells with cytoplasmic and/or nuclear localisation of p27kip1 was
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quantified on lung sections of three p27kip1CK2 and five p27kip1+/+ mice

using ImageJ. Statistics were performed using paired Student’s t-test,

two-tailed, 95% confidence interval.

Measurement of monocyte content in mice blood samples
Heparinised circulating blood was collected and the number of

monocytes was measured by using the Micros 60 Hematology

Analyzer (Horiba, Kyoto, Japan). Statistical analysis was performed

with GraphPad Prism software.
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