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Calpain2 mediates Rab5-driven focal adhesion disassembly and cell migration
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ABSTRACT
The early endosome protein Rab5 was recently shown to promote cell migration by enhancing focal
adhesion disassembly through mechanisms that remain elusive. Focal adhesion disassembly is
associated to proteolysis of talin, in a process that requires calpain2. Since calpain2 has been found
at vesicles and endosomal compartments, we hypothesized that Rab5 stimulates calpain2 activity,
leading to enhanced focal adhesion disassembly in migrating cells. We observed that calpain2 co-
localizes with EEA1-positive early endosomes and co-immunoprecipitates with EEA1 and Rab5 in
A549 lung carcinoma cells undergoing spreading, whereas Rab5 knock-down decreased the
accumulation of calpain2 at early endosomal-enriched fractions. In addition, Rab5 silencing
decreased calpain2 activity, as shown by cleavage of the fluorogenic substrate tBOC-LM-CMAC and
the endogenous substrate talin. Accordingly, Rab5 promoted focal adhesion disassembly in a
calpain2-dependent manner, as expression of GFP-Rab5 accelerated focal adhesion disassembly in
nocodazole-synchronized cells, whereas pharmacological inhibition of calpain2 with N-acetyl-Leu-
Leu-Met prevented both focal adhesion disassembly and cell migration induced by Rab5. In
summary, these data uncover Rab5 as a novel regulator of calpain2 activity and focal adhesion
proteolysis leading to cell migration.
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Introduction

Cell migration is a complex and highly regulated process
involving a series of signaling pathways that promote
cytoskeletal rearrangements and remodeling of integrin-
based adhesions, referred to as focal adhesions (FAs), in
order to release the cell body from the anchors that link
the cytoskeleton to the extracellular matrix.1 FA turnover
has been extensively studied and represents an enabling
characteristic for cell migration. However, while several
studies have addressed the mechanisms underlying the
assembly of FAs,2 little is known about the molecular
players involved in FA disassembly. Particularly, it has
been shown that FA disassembly is not simply the rever-
sal of the assembly process, and that disruption of ten-
sion is produced by proteolytic cleavage of FA proteins
by the intracellular calcium-dependent protease cal-
pain2.3 Calpain2 cleaves talin, a FA component required
for the stability of integrin-actin connections, and this
proteolytic event is required for the disassembly of FAs,

because expression of a calpain2-resistant talin mutant
impairs the rates of FA disassembly.4 In addition,
calpain2 displays extended proteolytic activity towards
other FA proteins, such as paxillin, cortactin, and the
focal adhesion kinase (FAK), although the role of these
cleavage events in FA disassembly is still a matter of
debate.5-7 Calpain2 is activated at different levels, includ-
ing the requirement of millimolar-range concentrations
of intracellular Ca2C and membrane association, which
make accessible the active site cleft.8,9 Under basal non-
stimulated conditions, calpain2 is generally found to be
inactive throughout the cytosol, whereas stimulation,
such as Ca2C entry promotes re-localization of calpain2
to the cell periphery and plasma membrane by mecha-
nisms that remain unclear.10-12 Recent studies suggest an
association of calpain2 with microtubules and FA pro-
teins,13,14 which suggests that microtubule-dependent
trafficking of calpain2 is relevant to its localization to
FAs. Intriguingly, calpain2 has been detected in vesicles
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and clathrin-coated pits,15-17 whereas calpain2 activity
was also detected in multivesicular endosomes following
serum stimulation.18 The role of vesicular/endosomal
calpain2 in FA disassembly and its control by endosomal
regulators remains unknown.

We have previously shown that early endosomes con-
taining the small GTPase Rab5 become re-distributed to
the cell periphery and FAs during cell migration, and
that these events involve the activation of Rab5.19 Indeed,
Rab5 activity is required for FA disassembly, tumor cell
migration and invasion,19 although the mechanisms
underlying the role of Rab5 in promoting FA disassem-
bly remain unclear. Here, we show that Rab5 increases
the recruitment of calpain2 to endosome compartments,
leading to augmented calpain2 activation, talin cleavage
and FA disassembly in a calpain2-dependent manner.

Results

Calpain2 is recruited to early endosomes in a Rab5-
dependent manner

Different studies have shown an endosome/vesicular pool
of calpain2 in resting cells.15-18 However, sorting of this
protease into the different endosomal compartments and
the consequences of such compartmentalization has not
been described. Hence, we first evaluated the localization
of calpain2 in A549 lung carcinoma cells undergoing
spreading onto fibronectin matrix. Since endogenous cal-
pain2 detected by immunofluorescence showed a diffuse
and punctate pattern throughout the cytoplasm (data not
shown, in disagreement with previous studies20), we
expressed a GFP-tagged form of calpain2, previously
shown to be functional,4,21 and evaluated its sub-cellular
localization by confocal fluorescence microscopy. GFP-
calpain2 showed a perinuclear distribution and partially
co-localized with EEA1-positive early endosomes
(Fig. 1A). By z-stack 3D reconstruction we observed
some calpain2 decorated early endosomes (Fig. 1A, mag-
nification panels), which suggested that endosomes could
be a platform for mobilizing a membrane-bound fraction
of calpain2, as previously suggested.14,15 To confirm this
possibility, we immunoprecipitated early endosome
markers and evaluated the putative association with
calpain2. Calpain2 was found to co-immunoprecipitate
with both early endosomal antigen 1 (EEA1) and Rab5,
but it was not detected in IgG control precipitates
(Fig. 1B, 1C). These data suggest that calpain2 associates
in a complex with early endosome markers, which might
be accounting for its detection at early endosomes. Since
Rab5 is a master regulator of early endosome dynamics
and it was previously shown to promote FA disassem-
bly19,22 (an event that is known to require calpain2,4), we

next sought to evaluate the requirement of Rab5 in cal-
pain2 recruitment to endosomal pools. To this end,
endogenous Rab5 was knocked-down by shRNA, as pre-
viously described23 and calpain2 levels were assessed in
endosome-enriched fractions, obtained by subcellular
fractionation in discontinuous sucrose gradients, as previ-
ously described.23 In control cells (treated with a scramble
shRNA), calpain2 was readily detected at early endoso-
mal, EEA1-enriched fractions, but not at late endosomal,
Rab7-enriched fractions (Fig. 1D). Intriguingly, upon
Rab5 knock-down, calpain2 levels were decreased at the
EEA1-enriched fractions, with no apparent changes at
the Rab7-enriched fractions (Fig. 1D). Importantly, no
changes in total calpain2 levels were observed upon Rab5
knock-down (Supplementary Fig. 1), whereas a significant
decrease was noted for both calpain2 and EEA1 in early
endosome fractions, as measured by scanning densito-
metric analysis with their respective total protein levels
(Fig. 1E, F). Taken together, these data suggest that Rab5
is required for calpain2 localization at early endosomal
pools, which might be relevant for its activation and
function.

Rab5 is required for calpain2 activation

To evaluate the dependence of Rab5 on calpain2-medi-
ated proteolysis, we used two different approaches, the
first based on a synthetic fluorogenic substrate and the
second based on the endogenous substrate talin.4,24 The
fluorogenic substrate tBOC-LM-CMAC is a cell-perme-
able molecule that fluoresces upon cleavage of L-leucyl-L-
methionine linker, which attaches a tBOC quencher.24-26

A549 cells were incubated with the substrate for different
periods of time and then samples were fixed and
mounted, to measuring the fluorescence intensity by
microscopy. Accordingly, shRNA-control cells showed a
time-dependent increase in fluorescence intensity. How-
ever, shRNA-Rab5 cells showed a delay in the kinetics of
fluorescence appearance, which was particularly evident
at 15 minutes, where shRNA-Rab5 cells reached near half
the intensity observed in shRNA-control cells (Fig. 2A,
B). By linear correlation of scatter graphs, slopes were
determined and showed a significant reduction in cumu-
lative fluorescence production (Fig. 2C), which suggests
that calpain2 activity is decreased in Rab5-depleted cells.
These observations were further confirmed in live cells by
time-lapse video microscopy, as tBOC-LM-CMAC was
readily cleaved in both shRNA-control and shRNA-Rab5
cells (Fig. 2D), although shRNA-Rab5 cells showed
delayed kinetics, as observed by the cumulative fluores-
cence signal (Fig. 2E) and the velocity of cleavage
(Fig. 2F). Importantly, these effects on calpain activity
were recapitulated by using another shRNA sequence
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targeting endogenous Rab5 (Supplementary Fig. 1).
Together, these observations confirm that Rab5 is impor-
tant for calpain2 activity.

Calpain2 activation and membrane association
depend on Ca2C levels,8,10,12,27 raising the possibility
that the effects of Rab5 knock-down are associated
with altered Ca2C fluctuations. To evaluate this possi-
bility, we measured intracellular Ca2C levels upon
serum stimulation, using the fluorescent sensor Fluo-4.
We found that Rab5-silenced cells tend to delay both,
the serum-induced time to reach the maximal
responses of Ca2C signal (signal peak of Ca2C, Fig. 2G)
and the serum-induced activation time (lapsed time
for Ca2C signal to increase from 10% to 90% of the
maximal response,28 Fig. 2H) when compared to
control cells. Alternatively, we used as stimulus hista-
mine (100 mM), a reported promoter of endoplasmic

reticulum Ca2C release and of extracellular Ca2C

entry.29,30 In these experiments, we did not observe
any significant changes in the intracellular Ca2C signal
responses induced by histamine in sh-Rab5 silenced
cells compared to control cells (Supplementary Fig. 1).

Rab5-dependent FA disassembly and cell migration
require calpain2

While recent studies have shown that Rab5 is required for
FA disassembly and cell migration,19,22,23 early studies
showed that calpain2 mediates the proteolytic cleavage of
FA proteins, leading to FA disassembly.3-5,7,17 Since Rab5
expression promotes calpain2 activity (Fig. 2), we sought
to evaluate the role of Rab5 in the cleavage of talin, an
endogenous substrate of calpain2.17 To this end, A549 cells
were allowed to spread onto fibronectin-coated plates,
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Figure 1. Calpain2 is recruited to endosomes in a Rab5 dependent manner. (A) Intracellular localization of calpain2 and the early endo-
somal network was assessed by three-dimensional reconstruction of confocal z-stacks in A549 lung cancer cells expressing GFP-Calpain2
(green) and stained for endogenous EEA1 with a polyclonal antibody (red). Calpain2-positive endosomes are indicated by arrows and
magnifications are shown in the right panels. Bar represents 10 mm. (B, C) Immunoprecipitation of early endosome proteins EEA1 (B)
and Rab5 (C). Immunoprecipitations were performed with rabbit polyclonal antibodies and endogenous calpain2 was detected by West-
ern blotting. Whole cell lysates (WCL) are shown as reference. (D) Endosome fractionation and immunoblot detection of calpain2 and
the endosomal markers Rab5, Rab7 and EEA1. A549 cells were treated with either control shRNA (sh-ctrl) or a Rab5-specific shRNA
(sh-Rab5), as previously described,19 whole cell lysates (WCL) were obtained and endosomes were enriched in discontinuous sucrose
gradients, as described in the materials and methods. Fraction 2 contained the interphase between 8 and 30% sucrose (low density,
Rab7-positive late endosomes, LE); fraction 4 contained the interphase between 30 and 35% sucrose (high density, EEA1-positive early
endosomes, EE). Whole cell lysates (20 mg) are shown as reference. Images are representative from three independent experiments.
Relative amount of calpain2 (E) and EEA1 (F) at the early endosome-enriched fraction was assessed by scanning densitometry of
immunoblots and normalized to total calpain2 and EEA1 in the whole cell lysates, respectively. Data represent the average of three
independent experiments (mean § s.e.m.; �p < 0.05, ��p < 0.01.
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which is known to increase talin cleavage, leading to the
accumulation of the processed N-terminal fragment of
47 kDa.4 As anticipated, cell spreading increased the levels
of talin cleaved fragment in control cells, whereas Rab5

knock-down decreased the accumulation of this fragment
(Fig. 3A). This result reinforces the idea of a requirement
of Rab5 in calpain2 activity, in accordance with our fluoro-
genic substrate cleavage results (Fig. 2). Since cleavage of

Figure 2. (For figure legend, see page 5.)
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talin by calpain2 is relevant for FA disassembly,4,17 we next
evaluated the requirement of calpain2 in Rab5-driven FA
disassembly, by using Rab5-depleted cells (shRNA-Rab5)
transfected with either GFP alone or GFP-Rab5. Calpain2
activity was inhibited with the selective inhibitor N-acetyl-
Leu-Leu-Met (ALLM, 50 mM) and the rates of FA disas-
sembly were measured in nocodazole-synchronized
cells.19,31,32 A549 cells were seeded onto coverslips, starved,
and incubated with 10 mM nocodazole for 4 hours to dis-
rupt the microtubule network and synchronize mature
FAs, which upon removal of nocodazole disassembled in a
synchronized manner.31,32 FAs, visualized by vinculin
staining, were almost completely disassembled at 15
minutes after nocodazole removal in shRNA-control cells,
but not shRNA-Rab5 cells, which is in agreement with
previous studies19 (Fig. 3B). Importantly, expression of
GFP-tagged Rab5 recovered the disassembly capacity and
this was found to be dependent on calpain2 activity, since
ALLM abrogated these effects (Fig. 3B, C). Since FA disas-
sembly is relevant to cell migration and Rab5 was previ-
ously shown to be required for tumor cell migration, we
evaluated the effects of inhibiting calpain2 in cells induced
to migrate by the expression of GFP-Rab5. Rab5 driven
cell migration was found to require calpain2 activity,
because ALLM abolished Rab5-induced transmigration in
Boyden chambers (Fig. 3D). Taken together, these results
indicate that Rab5-dependent FA disassembly and cell
migration require calpain2.

Discussion

This study reinforces the existence of a functional
relationship between the endosomal compartment and
cell migration,19,22,23,33 by showing that the endosomal
protein Rab5 promotes FA disassembly through the acti-
vation of the cysteine protease calpain2. By using A549
lung carcinoma cells, which is a convenient model for

the analysis of FA dynamics and migration in tumor
cells,34-36 we found that a pool of calpain2 resides in early
endosomes, as shown by confocal microscopy, immuno-
precipitation and fractionation approaches. These data
are in agreement with previous studies showing that cal-
pain2 associates with endomembranous compartments,
such as clathrin-coated vesicles and multivesicular endo-
somes.15,18 Our microscopy data allowed us to recon-
struct early endosomes and visualize the distribution of
GFP-calpain2, which was generally accumulated at the
perinuclear region, however a fraction of this protease
showed a punctate pattern towards the cell periphery
and co-localizing with early endosomes. The latter sug-
gests that these organelles may act as a platform to mobi-
lize active pools of calpain2 to FAs committed to
undergo disassembly. Three-dimensional reconstruction
of confocal images showed the presence of GFP-calpain2
decorated early endosomes, mainly located near the cell
periphery. Alternatively, immunoprecipitation and frac-
tionation data showed that Rab5 is required for calpain2
localization at early endosome pools, which suggests a
participation of Rab5 in selective targeting of calpain2 to
endosomes. Interestingly, the decreased amount of EEA1
observed at early endosome fractions obtained from
Rab5 knocked-down cells is in accordance with the
accepted model where GTP-bound Rab5 recruits EEA1
to endosomal membranes.37-40 These observations are
interesting because EEA1 is an effector protein of Rab5
and this raises the possibility that the recruitment of cal-
pain2 to the early endosomes due to Rab5 might be an
EEA1-dependent process, although additional studies
are required to sustain this hypothesis. Our biochemical
measurements showed that Rab5 knock-down was fol-
lowed by a decreased rate of calpain activity (i.e. sub-
strate cleavage), which correlated with the decreased
amount of calpain2 recruited to early endosome frac-
tions. Nevertheless, decreased calpain2 activity could

Figure 2. (see previous page) Rab5 is required for calpain2 activation. (A) Calpain2 activity in fixed cells. A549 cells treated with control
shRNA (sh-ctrl) or a Rab5-specific shRNA (sh-Rab5) were grown on glass coverslips, serum-starved for 30 minutes and incubated with
the calpain2 substrate tBOC-LM-CMAC for 0, 5, 10 or 15 min, and then fixed and mounted. Mean fluorescence intensity was measured
in background-subtracted images. (B, C) Data obtained in (A) were analyzed by linear correlation (B), and the slopes corresponding to
the velocity of substrate cleavage were calculated (C). Data represent the average of three independent experiments (mean § s.e.m.; �p
< 0.05). (D) Calpain2 activity in live cells. Fluorescence intensity of the cleaved substrate tBOC-LM-CMAC was evaluated in time-lapse
experiments, by incubating A549 cells grown on glass-bottom dishes with the substrate and recorded directly in an epifluorescence
microscope. Representative images obtained at 0 and 15 min time-frames are shown. (E, F) Data described in (D) were quantified and
plotted as the background-subtracted intensities of fluorescence (E) (���p < 0.001; two-way ANOVA), while the slopes obtained at the
initial time points corresponded to the velocity of substrate cleavage (F). Data represent the average of three independent experiments
(mean § s.e.m.; �p < 0.05). (G, H) Intracellular Ca2C response. Intracellular Ca2C levels were evaluated in time-lapse experiments, by
incubating A549 cells grown in glass-bottom dishes with the cytosolic Ca2C probe Fluo-4AM (5 mM). Ca2C signal was recorded directly
under an epifluorescence microscope. 30 seconds of baseline were recorded and then cells were stimulated with FBS 10% for 2 minutes.
Relative fluorescence (Fluorescence difference between stimulated cells and baseline (F-F0) to baseline value (F0)) was calculated as a
function of time. The time to reach the peak of Ca2C signal (i.e. the time to reach the maximal response ((F-F0)/F0)) and the time of acti-
vation (i.e. the lapsed time for Ca2C signal to increase from 10% to 90% of the maximal response28) were determined from three inde-
pendent experiments (n.s. non significant).
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also be due to altered Ca2C fluctuations. Our data suggest
that Rab5 does not regulates the total intracellular Ca2C

response, although they showed a tendency that might
involve Rab5 in the time response of serum-induced

Ca2C signal. These trends might be explained by the pos-
sible contribution of Rab5/endosome system-dependent
regulation on the plasma membrane residence of differ-
ent populations of ion channels, and thus, modulating

Figure 3. (For figure legend, see page 7.)
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the dynamics of calpain2 activity and FAs dynamics.
Accordingly, store-operated Ca2C entry (SOCE) and
Ca2C channels have been reported as calpains and FAs
dynamics regulators.41-43 Then, we cannot exclude the
possibility that Rab5-dependent effects on calpain2 acti-
vation have a partial contribution based on the availabil-
ity of these channels at the cell surface. Moreover,
monovalent non-selective cationic channels (e.g.
TRPM4) and KC channels have been involved on the
modulation of FAs dynamics.44-46 As such, changes on
the availability and local activities of these channels
might cause changes on the local membrane potential,
subsequent Ca2C signaling and subsequent FAs dynam-
ics alterations.

Finally, pharmacological inhibition assays showed
that calpain2 is required for Rab5-dependent FA
disassembly and cell migration, establishing a causal
relationship between calpain2 proteolytic function
towards FA components and early endosomes
through Rab5. Together, our results show for the first
time a specific association between the protease
responsible for adhesion detachment calpain2, and
the early endosomal network, proposing a novel level
of regulation of the focal adhesion proteolytic degra-
dation at the endosomal level.

Materials and methods

Materials

Antibodies raised against Rab5 (sc-46692), Rab7
(sc-376362), EEA1 (sc-33585), HSP90 (sc-7947) and cal-
pain2 (sc-373966) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Other antibodies included anti-vincu-
lin (number V4505, Sigma-Aldrich), anti-actin (A5060,
Sigma-Aldrich) and anti-talin (MAB1676, Merck-Milli-
pore). Goat anti-rabbit and goat anti-mouse antibodies
coupled to horseradish peroxidase (HRP) were from

KPL. Alexa-Fluor-488 and Alexa-Fluor-568-conjugated
secondary antibodies were from Invitrogen (Carlsbad,
CA). Tissue culture medium, antibiotics, and fetal bovine
serum (FBS) were from Corning Mediatech. The cal-
pain2 substrate tBOC-LM-CMAC was from Thermo-
fisher (Cat N�A6520) and the calpain2 inhibitor II
(ALLM, 50 uM) was from Santa Cruz Biotechnology
(Cat N�: sc-201268).

Plasmids

The pEGFP-C1 plasmid encoding wild-type Rab5 was
previously described19 and the pEGFP-C2 plasmid
encoding calpain2 was kindly provided by Dr. Anna
Huttenlocher (University of Wisconsin, Madison, USA).

Cell culture

A549 lung carcinoma cells were cultured in DMEM-high
glucose, supplemented with 10% FBS and antibiotics.
Down-regulation of endogenous Rab5A by different
shRNA constructs was previously described,19 (shRab5
B5 was the mainly sequence used in this work). A549
cells expressing a nonspecific shRNA sequence (plasmid
1864; Addgene) were used as experimental control.

Immunofluorescence

Cells were grown for 24 h on glass coverslips and fol-
lowing each treatment, samples were fixed with 4%
formaldehyde in PBS for 15 minutes, then permeabi-
lized with 0.1% triton X100 in PBS for 2 minutes,
washed with PBS and blocked with 5% BSA/PBS.
Samples were then incubated with primary antibodies
for 1 h at 37�C, washed 3 times (PBS, 5 minutes) and
incubated with secondary antibodies for 1 h, washed
3 times and mounted. Samples were visualized by

Figure 3. (see previous page) Rab5-mediated focal adhesion disassembly and cell migration require calpain2. (A) A549 cells treated with
either shRNA-control (sh-ctrl) or shRNA-Rab5 (sh-Rab5) were allowed to attach and spread on fibronectin-coated plates (2 mg/mL) and
whole cell lysates were analyzed by Western blotting of talin cleaved fragment (47 kDa), Rab5 and actin. Representative images are
shown and numbers below the panel correspond to the quantification of talin signals by scanning densitometry. Data were normalized
to actin (loading control) and shown as the mean of three independent experiments. (B) A549 cells treated with shRNA-control or
shRNA-Rab5 were transfected with either GFP (¡) or GFP-Rab5 (C), grown on glass coverslips and serum starved overnight. Focal adhe-
sions were synchronized by treatment with 10 mM nocodazole, and focal adhesion disassembly was assessed upon 15 min of nocoda-
zole washout in the presence of either control vehicle (DMSO) or the calpain inhibitor ALLM (50 mM). Focal adhesions were visualized
by vinculin staining and representative images obtained after nocodazole washout are shown. Asterisks indicate GFP-positive cells
(whole composite images are provided as Supplementary Figure 2). Bar represents 10mm. (C) Focal adhesion disassembly was quanti-
fied as the difference between the total number of synchronized focal adhesions per cell (time point 0) and residual focal adhesion num-
ber after nocodazole washout. Representative images (B) and data (C) were obtain from three independent experiments (mean§ s.e.m.;
���p<0.001). Note that at least 100 cells were analyzed per condition. (D) A549 cells treated with shRNA-control (sh-ctrl) or shRNA-Rab5
(sh-Rab5) were transfected with either GFP (¡) or GFP-Rab5 (C) and allowed to migrate for 120 min in Transwell chambers coated with
2 mg/mL fibronectin in the presence of either control vehicle (DMSO) or the calpain inhibitor ALLM (50 mM). Cells that migrated were
visualized by crystal violet staining. Data represent the average from three independent experiments (mean § s.e.m; �p < 0.05).
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fluorescence microscopy, using either a Nikon Eclipse
Ti epifluorecence microscope for focal adhesion anal-
ysis or a Nikon C2 plus confocal microscope for early
endosome analysis.

Focal adhesion synchronization and disassembly

For focal adhesion synchronization experiments, cells
were grown on glass coverslips, starved overnight in
medium containing 1% serum and incubated with
10 mM nocodazole in serum-free medium for 4 h to
depolymerize microtubules, as previously described.32

Nocodazole was washed-out with serum-free medium
and cells were incubated at 37�C for the indicated peri-
ods of time. Then, cells were fixed and prepared for
immunofluorescence staining. The analysis of focal
adhesion disassembly was performed by manually count-
ing the punctate and elongated structures, positive for
vinculin. The number of focal adhesions was normalized
with respect to the number of cells analyzed. Data were
normalized with respect to the number of focal adhe-
sions in control cells.

Co-localization analysis

Co-localization data was evaluated in z-stacks of images
obtained by confocal microscopy (Nikon Eclipse Ti
C2plus). Analysis was performed with the Nikon Imaging
software. Stacks were used to reconstruct three-dimen-
sional endosome network. Vesicles/endosomes which
were positive for calpain2 were zoomed and modelled
separately.

Endosome enrichment in sucrose gradients

Fractionation in discontinuous sucrose gradients was
performed as previously described.47 Briefly, cellular
homogenates from 4 £ 10-cm plates (7 £ 106 cells
per plate) were obtained by scrapping the cell layer
with 500 mL of ice cold homogenization buffer con-
taining 8% sucrose, 2 mM imidazole, pH 7.4 and pro-
tease inhibitors, and passed 8 times through a
22 1/2G needle in a 1 ml syringe, followed by centri-
fugation at 13,000xg during 5 min. Post-nuclear
supernatants were transferred to 5 ml ultracentrifuga-
tion tubes and sucrose concentration was adjusted to
40%, followed by addition of 1.5 ml layers of 35%,
30% and 8% sucrose solutions, respectively. Samples
were centrifuged at 125,000 x g for 66 min in a Sor-
vall WX plus ultracentrifuge, using a TH-660 rotor.
Ten fractions were obtained, while the interphases
between 8%-30% (fraction 2) and 30%-35% layers

(fraction 4) corresponded to late and early endosome-
enriched fractions, respectively.

Time-lapse microscopy

Time-lapse microscopy and live-cell imaging was per-
formed using the Nikon Eclipse Ti inverted epifluores-
cence microscope with a heated and humidified sealed
chamber connected to a 5% CO2 flux-meter. Cells were
grown for 24 h on glass-bottom tissue culture plates
(MatTek, Mattek Corporation), serum starved for 1 h
and then pulsed with the fluorogenic substrate tBOC-
LM-CMAC, followed by immediate recording. Pictures
were captured for 15 min with intervals of 1 min. For cal-
cium spike analysis, cells were serum-starved 30 minutes,
followed by incubation with 5 mM of Fluo-4 in serum-
free medium during 30 minutes, carefully washed and
then placed in imaging chambers with Ca2C free PBS.
Samples were imaged during 30 seconds to establish a
baseline, and then a PBS solution containing 10% FBS
was added directly and imaged for additional 2 min.
Alternatively, Fluo-4-loaded cells were placed in imaging
chambers with Ca2C-containing media, imaged during
30 seconds to establish a baseline, and then a Ca2C-con-
tainig media suplemmented with histamine (100 nM)
was added directly and imaged for additional 1.5 min.
Fluctuating Fluo-4 intensities were measured in indi-
cated regions of interest with the NIS software.

Immunoprecipitation

Immunoprecipitations were performed as previously
described.19 Briefly, cells were homogenized in 1% NP-
40 buffer containing protease inhibitors, samples were
centrifuged at 13,000 x g for 1 min at 4�C and post-
nuclear supernatants were precipitated for 30 min with
polyclonal antibodies immobilized on protein A/G
beads. Precipitated beads were solubilized in Laemmli
buffer, boiled, separated by SDS-PAGE and analyzed by
Western blotting.

Transwell migration assay

Assays were performed in fibronectin coated Boyden
chambers (Transwell Costar, 6.5-mm diameter, 8 um
pore size). Cells (50,000 cells per condition) were re-sus-
pended in 100 mL of serum-free medium, plated on top
of Transwell inserts and allowed to migrate towards
lower chambers containing medium supplemented with
10% serum. After 2 h, inserts were removed, washed and
cells that migrated to the bottom side of the inserts were
stained with 0.1% Crystal Violet in 2% methanol and
counted in an inverted microscope.
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Statistical analysis

Where pertinent, results were compared using either
unpaired t test with Welch’s correction or two-way
ANOVA, by using the GraphPad Prism 5 software (San
Diego, CA). Values averaged from at least three indepen-
dent experiments were compared. A p value < 0.05 was
considered significant.
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