
Contents lists available at ScienceDirect

BBA - Molecular Cell Research

journal homepage: www.elsevier.com/locate/bbamcr

Cortical cytoskeleton dynamics regulates plasma membrane calcium ATPase
isoform-2 (PMCA2) activity

Marianela G. Dalghia,b,⁎, Mariela Ferreira-Gomesa, Nicolás Montalbettib, Alexandre Simoninb,
Emanuel E. Strehlerc,d, Matthias A. Hedigerb, Juan Pablo Rossia,⁎⁎

a IQUIFIB – Instituto de Química y Fisicoquímica Biológicas, Conicet/UBA, Junín 956, 1113 Buenos Aires, Argentina
b Institute of Biochemistry and Molecular Medicine, Swiss National Centre of Competence in Research, NCCR TransCure, University of Bern, Bühlstrasse 28, 3012 Bern,
Switzerland
c Department of Biochemistry and Molecular Biology, Mayo Clinic College of Medicine, Rochester, USA
d Department of Biomedicine, University of Basel, Switzerland

A R T I C L E I N F O

Keywords:
PMCA2
Actin
Microtubules
Cortical cytoskeleton
Modulation

A B S T R A C T

We have previously shown that purified actin can directly bind to human plasma membrane Ca2+ ATPase 4b
(hPMCA4b) and exert a dual modulation on its Ca2+-ATPase activity: F-actin inhibits PMCA while short actin
oligomers may contribute to PMCA activation. These studies had to be performed with purified proteins given
the nature of the biophysical and biochemical approaches used. To assess whether a functional interaction
between the PMCAs and the cortical cytoskeleton is of physiological relevance, we characterized this
phenomenon in the context of a living cell by monitoring in real-time the changes in the cytosolic calcium
levels ([Ca2+]CYT). In this study, we tested the influence of drugs that change the actin and microtubule
polymerization state on the activity and membrane expression of the PMCA transiently expressed in human
embryonic kidney (HEK293) cells, which allowed us to observe and quantify these relationships in a live cell, for
the first time. We found that disrupting the actin cytoskeleton with cytochalasin D significantly increased PMCA-
mediated Ca2+ extrusion (~50–100%) whereas pre-treatment with the F-actin stabilizing agent jasplakinolide
caused its full inhibition. When the microtubule network was disrupted by pretreatment of the cells with
colchicine, we observed a significant decrease in PMCA activity (~40–60% inhibition) in agreement with the
previously reported role of acetylated tubulin on the calcium pump. In none of these cases was there a difference
in the level of expression of the pump at the cell surface, thus suggesting that the specific activity of the pump
was the regulated parameter. Our results indicate that PMCA activity is profoundly affected by the
polymerization state of the cortical cytoskeleton in living cells.

1. Introduction

All cells need to keep a low cytosolic free calcium concentration
([Ca2+]CYT ~ 100 nM) to maintain viability [1,2] while at the same
time they use its increase as a versatile signaling pathway [3,4].
Elevations of cytoplasmic Ca2+ underlie a myriad of basic cellular
functions ranging from extremely rapid (e.g. neurosecretion and
skeletal muscle contraction) to long-term responses (e.g. cellular
differentiation and mitogenesis). One of the mechanisms responsible
for the maintenance of the steep Ca2+ concentration gradient across
the plasma membrane is the plasma membrane calcium pump (PMCA)

that actively expels Ca2+ from all eukaryotic cells with high transport
affinity and selectivity [5,6]. As is widely accepted nowadays, PMCAs
are able not only to maintain the long term resting Ca2+ levels [7] but
also are key players in determining the duration and amplitude of the
increase in [Ca2+]CYT achieved after various cellular stimuli [8–10]. In
order to be fully integrated in both global and local signaling events,
PMCAs interact with other proteins and lipids [10] that regulate PMCA
activity directly or alter the subcellular localization of the pumps.
Calmodulin [11,12] and acidic phospholipids [13,14] are among the
best characterized modulators of PMCA activity.

Our group discovered a novel regulatory mechanism of PMCA
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activity that involves the actin cytoskeleton [15,16]. Actin is an
abundant component of the cortical cytoskeleton and its reorganization
in response to various stimuli is important in many cellular processes
among which regulation of ion transport has been well established
[17]. We have previously shown that purified actin can directly bind to
hPMCA4b (a major human PMCA isoform) isolated from red blood cells
and exert a dual modulation action on PMCA Ca2+-ATPase activity: on
one side F-actin inhibits PMCA [15] while short actin oligomers may be
responsible for PMCA activation [16]. The latter involves an increase in
the apparent affinity for Ca2+ and in the levels and turnover of the
phosphorylated states of the pump. Due to the nature of the biophysical
and biochemical approaches used, these studies had to be performed
using isolated, purified proteins. However, in order to assess whether
the functional interaction between the PMCA and the actin cytoskeleton
may be of physiological relevance, we decided to further characterize
this in the context of a living cell by monitoring in real-time the changes
in the [Ca2+]CYT affected by the PMCA.

In the present study, we tested the influence of drugs that change
the actin and tubulin polymerization state on the activity and mem-
brane expression of the PMCA2 transiently expressed in human
embryonic kidney (HEK) cells. Moreover, we analyzed how PMCA
handled the extrusion of two different [Ca2+]CYT pools – one coming
from the endoplasmic reticulum (ER) and the other from the extra-
cellular milieu – and how its activity could be regulated under these
conditions. We found that independently of the Ca2+ source the
disruption of the actin cytoskeleton with cytochalasin D (CytD)
significantly increased PMCA-mediated Ca2+ extrusion without affect-
ing the level of expression of the pump at the cell surface. When cells
were pre-treated with the F-actin stabilizing agent jasplakinolide (JAS),
PMCA activity was reduced while ruling out that the inhibition was due
to a decrease in the amount of PMCA present at the plasma membrane.
Colchicine (Col) treatment also reduced PMCA2 activity, in agreement
with previous reports suggesting decreased PMCA-mediated Ca2+

extrusion upon microtubule disruption [18].
Taken together, our results indicate that PMCA activity is pro-

foundly affected by the polymerization state of the cortical cytoskeleton
in living cells.

2. Materials and methods

2.1. Materials

HEK293 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA). Lipofectamine 2000 was obtained from Life
Technologies (Carlsbad, CA). Cell culture medium, fetal bovine serum
(FBS), and cell culture supplements were from Invitrogen (Carlsbad,
CA). The calcium 5 assay kit was purchased from Molecular Devices
(Sunnyvale, CA). Thapsigargin, cytochalasin D, jasplakinolide and
colchicine were purchased from Sigma-Aldrich Chemie GmbH (Buchs,
Switzerland). The DC Protein Assay was purchased from BioRad
Laboratories (Reinach, Switzerland). PMCA ATPase monoclonal anti-
body (5F10) was from Thermo Scientific, anti b-actin and anti-GAPDH
antibodies were from Santa Cruz Biotechnology.

2.2. Cell culture and overexpression of hPMCA2 and hPMCA4

HEK293 cells were cultured as monolayers in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% FBS, 10 mM HEPES,
1 mM sodium pyruvate and 0.1 mM non-essential amino acids in a
humidified incubator (37 °C, 5% CO2). Cells were transfected with
pMM2-hPMCA2w/b [19] or pMM2-hPMCA4x/b [20] using Lipofecta-
min 2000 as described in the manufacturer's protocol. Mock cells (cells
transfected with the empty vector) were cultured in parallel as control
of expression and activity.

2.3. Calcium transport measured by real-time fluorescence imaging

HEK293 cells were seeded on poly-D-lysine-coated 96-well black-
walled, clear-bottom plates (Corning Costar) at a density of
1.5 × 104 cells/well. After 15 h, they were transfected with mock,
PMCA2 or PMCA4 plasmids and calcium transport was assayed 24 h
after transfection. Cells were loaded with calcium 5 dye (Molecular
Devices) in Krebs-Ringer buffer as described previously [21] with the
exception that sodium chloride was replaced by N-methyl-D-glucamine
in order to minimize the effect of the Ca2+/Na+ exchanger. Briefly, the
growth medium was removed and 100 μL dye loading buffer was added
to each well and incubated for 1 h at 37 °C. Plates were not washed
after dye loading. Fluorescence measurements were carried out using a
fluorometric imaging plate reader (FLIPRTETRA, Molecular Devices).
Cells were excited using a 470- to 495-nm LED module, and the emitted
fluorescence signal was filtered using a 515- to 575-nm emission filter
for detection. Fluorescence signals were analyzed using the FLIPRTETRA

software (ScreenWorks 3.1.2.002). PMCA-mediated Ca2+ efflux activ-
ity was continuously measured as follows. First, a stable baseline was
established for 50 s. Thereafter, 50 μL of Krebs-Ringer buffer containing
3× TG (1 μM final concentration unless otherwise stated) was added.
After 15 min (or shorter times for CytD experiments), 50 μL of Krebs-
Ringer buffer containing 4× Ca2+ (1 mM final concentration unless
otherwise stated) was added. In CytD, JAS and Col experiments, the
corresponding compound was added to the dye solution at the desired
concentration when incubation times were longer than 10 min and also
added to the TG and Ca2+ solutions to maintain the final concentration
during all the measurements. When pre-treatment consisted of
5–10 min of incubation, the drug was added together with TG at a
3× concentration and further supplemented in the Ca2+ solution. To
evaluate the direct effect of the compounds on the PMCA, the drug was
added together with Ca2+ at a 4× concentration. Traces showing the
time course of fluorescence intensity were normalized to the baseline
and expressed as relative cytosolic calcium ([Ca2+]CYT). Results are
given as the mean ± S.E.M. from three independent experiments, each
condition performed on 6 wells. Wells were excluded prior to data
analysis based on poor or uneven dye loading (five to six wells in total).
PMCA-mediated Ca2+ efflux activity was estimated using the integral
of the rise in [Ca2+]CYT from the moment of the addition of the
compound (TG or Ca2+) until basal levels were reached (TG) or the end
of the measurements (Ca2+).

2.4. Cell surface biotinylation and Western blotting

HEK293 cells were seeded on a 6-well plate at a cell density of
4.5 × 105 cells/well and maintained in supplemented DMEM as de-
scribed above. After 15 h, they were transfected with mock or PMCA
plasmids and plasma membrane and total expression was assayed after
24 h post-transfection. Surface proteins were biotinylated with 200 mg/
mL EZ-Link Sulfo-NHS-SS-Biotin (Pierce, Reinach, Switzerland) accord-
ing to the manufacturer's protocol. Cells were lysed in RIPA lysis buffer
(150 mM NaCl, 50 mM Tris pH 7.4, 5 mM EDTA, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) supplemen-
ted with protease inhibitors (Roche Applied Science), and biotinylated
surface proteins were isolated using streptavidin agarose beads. Protein
content in the lysate was determined using the DC protein assay
(BioRad). The plasma membrane, the total lysate, and the cytosolic
fraction were incubated for 2 h at room temperature with 2× Lämmli
buffer. Samples were separated using a 8% SDS gel (5 μg of protein per
lane) and proteins were transferred to a PVDF blot membrane
(Millipore). After blocking, the blot was incubated with the pan-
PMCA primary mouse monoclonal antibody 5F10 (1:1000 dilution;
Pierce) overnight at 4 °C. Goat horseradish peroxidase
(HRP)–conjugated anti-mouse (1:3000; BioRad) was used as the
secondary antibody. Immunoreactive bands were visualized using the
enhanced chemiluminescence (ECL) method. Digital images were
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quantified using GelPro Analyzer version 4.0. Protein density was
normalized to the β-actin (1:1000; Santa Cruz Biotechnologies) or
GAPDH (1:1000; Santa Cruz Biotechnologies) loading control.

2.5. Measurement of Ca2+-ATPase activity

ATPase activity of purified PMCA, obtained as described in detail in
Dalghi et al. [16], was measured at 37 °C by following the release of Pi
from ATP as described previously [22]. The incubation medium was
120 mM KCl, 30 mM MOPS-K (pH 7.4), 3.75 mM MgCl2, 70 μg/mL
C12E10, 10 μg/mL phosphatidylcholine, 1 mM EGTA, and enough CaCl2
to give the desired final free Ca2+ concentration. The reaction was
started by the addition of ATP (final concentration 2 mM). Release of Pi
was estimated using the procedure of Fiske and Subbarow [23].
Unspecific (non-enzymatic) ATP hydrolysis, determined in the absence
of free Ca2+, was subtracted from each measurement value. Pre-
incubation with either drug or vehicle was performed as described in
the figures. Measurements were performed in a Jasco V-630 Bio
spectrophotometer.

2.6. Statistics

Data were expressed as mean ± S.D. from at least three indepen-
dent experiments. One-way analysis of variance (ANOVA) followed by
Bonferroni test was performed using GraphPad Prism version 5.00 for
Windows, GraphPad Software (San Diego, CA, USA). A probability (P)
value < 0.05 was considered statistically significant. Theoretical
equations were fitted to the results by nonlinear regression based on
the Gauss-Newton algorithm using the commercial software Sigma-Plot
12.0 for Windows.

3. Results

3.1. Characterization of [Ca2+]CYT transients in HEK293 cells
overexpressing hPMCA2 and hPMCA4

To explore how changes in the actin cytoskeleton dynamics affect
the activity of PMCA in a living cell and whether this response changes
under different incoming Ca2+ signals, we first examined the effect of
the pump on Ca2+ transients generated by (i) Ca2+ released from
intracellular stores, and by (ii) extracellular Ca2+ entry through store-
operated calcium channels (SOCs). This is of interest because several
downstream pathways are differentially regulated depending on the
Ca2+ source [24–27]. To release the ER Ca2+ pool into the cytoplasm
we added TG under nominally Ca2+-free conditions. TG specifically
inhibits the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA)
which prevents the re-uptake of Ca2+ back into the ER [28,29],
allowing Ca2+ to leak out passively by yet ill-defined channels present
in the ER membrane [30,31]. In Fig. 1A, a typical time course
experiment is shown, which comprises a first phase involving the
transient elevation in [Ca2+]CYT upon the addition of 1 μM TG and a
second phase subsequent to the addition of 1 mM Ca2+ to the external
medium that induced a sustained [Ca2+]CYT increase indicative of SOC
activity. HEK293 cells have been widely used to investigate the
mechanism of store-operated Ca2+ entry (SOCE) and it has been shown
that they endogenously express all the components of this system, e.g.
four TRPC, three Orai and two STIM mRNAs were found in HEK293
cells [32,33]. The magnitude of the responses obtained – a peak in
[Ca2+]CYT of ~2 fold above the basal level after the addition of TG and
peaks in [Ca2+]CYT of ~5–7 fold after the subsequent addition of 1 mM
Ca2+ – is in complete agreement with the range of values reported for
the endogenous SOCE system in HEK293 cells [32]. We confirmed an
optimal TG concentration was used by determining the initial velocity
of Ca2+ released from the ER into the cytoplasm (Fig. 1 B and C), which
constitutes an indirect measurement of SERCA inhibition and ER
depletion. A Hill equation is the best fit to the experimental data with

a K0.5 = (374 ± 7) nM. We also examined the TG effect on the initial
velocity of the extracellular Ca2+ entry to determine the optimal TG
condition for coupling the ER depletion to the SOC activity (Fig. 1 B and
D). In this case, the initial velocity of Ca2+ entry was better described
by a hyperbola with a K0.5 = (78 ± 39) nM. Based on these results we
decided to perform future experiments using 1 μM TG which shows
saturating effects for ER depletion and SOC activation, being in full
agreement with the range in which TG is generally used in cell culture
and in HEK293 cells in particular [34].

We next tested the response of HEK293 cells to different [Ca2+]ext.
after pretreatment with 1 μM TG (Fig. 1E–G). The initial velocity of
calcium entrance, calculated as the slope of the fluorescent signal as a
function of time during the first 30s after injection, and the total
calcium entry, calculated as the AUC for the interval between the
addition of Ca2+ until the end of the measurements, showed a
hyperbolic relationship with the nominal [Ca2+]ext., displaying a K0.5

of 1.69 ± 0.49 and 1.17 ± 0.19 mM, respectively.
Following Ca2+ entry, either from the ER or the extracellular

medium, there is a recovery phase where Ca2+ is exported back out
of the cell by the Na+/Ca2+ exchanger and the PMCA, sequestered
back in the ER by the action of the SERCA pumps and into the
mitochondria, and chelated by cytosolic proteins [4]. All these events
allow for restoring the basal levels of [Ca2+]CYT after a given stimulus.
In our model system (Fig. 1A), we observed that [Ca2+]CYT returned to
a level approaching the baseline after ER depletion. However, the
constant Ca2+ influx from the extracellular medium, due to the fact
that we did not wash out Ca2+ or add any Ca2+ chelating agent, could
only be in part counteracted by the Ca2+ removal systems and a new
steady state in [Ca2+]CYT was achieved. To assess how changes in actin
dynamics specifically affect PMCA activity and considering the lack of
specific inhibitors for the pump, we decided to employ an overexpres-
sion approach which would also provide us with the possibility of
studying different PMCA isoforms. Because PMCA isoforms exhibit
different kinetic and regulatory properties, we decided to study two
distinct isoforms of the pump: PMCA4, which we previously reported to
be regulated by actin when studied in an isolated system [15], and
PMCA2, an isoform characterized by its high basal activity and
sensitivity to calmodulin [35]. We first assessed how the overexpression
of both PMCA isoforms affected the shape of the Ca2+ signals
(Fig. 2A–C). Equimolar concentrations of N-methylglucamine in place
of NaCl were used to block the Na+/Ca2+ exchanger, and TG, which
blocks SERCA, was added to enhance the role of PMCA in Ca2+

extrusion. Because the activity of PMCA is intrinsically Ca2+-depen-
dent, comparisons were made only among conditions in which
[Ca2+]CYT signals at the beginning of the Ca2+ extrusion time course
were in the same range. Overexpression of hPMCA2w/b (from now on
named PMCA2) in HEK293 cells led to a significant decrease in the
global [Ca2+]CYT at all times after a stimulus, typically characterized by
a decrease in the maximum [Ca2+]CYT reached (i.e., the amplitude of
the Ca2+ signal), a slight shift to the left in the time at which this
maximal concentration is achieved and a reduced plateau value in the
sustained Ca2+ entry phase mediated by SOCs. For further compar-
isons, quantification of the effect of PMCA overexpression and the
corresponding treatments was done based on the area under the curve
(AUC) comprised as follows: (i) for the first phase, from the time of
addition of TG until the time when [Ca2+]CYT returns to the baseline
and (ii) for the second phase, from the time after addition of Ca2+ until
the end of the experimental recordings. The AUC thus represents the
overall [Ca2+]CYT of each phase, such that a more effective mechanism
of Ca2+ extrusion will be reflected in an overall AUC decrease. PMCA2
overexpression reduced the increase in [Ca2+]CYT induced by TG by
57 ± 7% and that mediated by SOCs by 31 ± 7% compared to mock-
transfected cells. Unexpectedly, overexpression of hPMCA4x/b resulted
in no significant difference in [Ca2+]CYT handling compared to mock-
transfected cells for any of the stimuli in spite of being successfully
overexpressed (data not shown). As seems to be true for all eukaryotic
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cells, HEK293 cells express endogenous PMCAs, as illustrated in
Figs. 3G, 4F and 5E. The antibody we used in these experiments
(5F10, Thermo Scientific) does distinguish between the four isoforms of
the pump, but it has been previously reported that the isoforms present
in HEK293 cells are PMCA1b and PMCA4b [34–37]. Previous studies in
HeLa cells have shown that the abundance of PMCA4 only moderately
influences the SOC Ca2+ signal [37]. This is in agreement with our
finding that overexpression of PMCA4, which was 5 to 7 times above
the endogenous PMCA levels in the transfected HEK293 cells, had little
impact on the [Ca2+]CYT transients. One possible explanation is that
much of the overexpressed PMCA4 is functionally “silent” because of a
lack of trafficking and integration in the plasma membrane. In HeLa
and Huvec cells the delivery of PMCA4b to the plasma membrane is
strongly enhanced when the cells reach confluence [37,38]; in our
transient expression system the amount of PMCA4b actually present in
the cell membrane may thus be limited. It has also been shown that
PMCA4b is inhibited by the SOC components STIM1/Orai upon
sustained store-operated Ca2+ entry [39], which may further help to
explain why overexpression of PMCA4b showed little or no effect on
[Ca2+]CYT transients in our system. In contrast, PMCA2 shows very
different characteristics and accordingly, its overexpression (by
7.6 ± 1.8 fold in total lysates and 11.0 ± 0.3 fold in membranes)
significantly enhanced Ca2+ extrusion, probably due to its fast kinetics
[37]. Based on these findings, we decided to continue our study on the

regulation of PMCA by the actin cytoskeleton using PMCA2 as a model.

3.2. Depolymerization of the actin cytoskeleton by Cytochalasin D
stimulates Ca2+ efflux mediated by hPMCA2

To test the hypothesis that the activity of the PMCA can be increased
by shortening the actin filaments present in living cells, we used
cytochalasin D (CytD), a fungal metabolite that induces gradual
depolymerization of actin by binding to the fast-growing barbed end
of the filaments [40,41]. Due to its membrane-permeant property, CytD
is suitable to induce filament disruption in intact cells. The experi-
mental procedure consisted in pre-incubating the cells with DMSO
(vehicle control) or CytD for the period of time indicated in each figure,
followed by the addition of 1 mM Ca2+ to the extracellular medium
once the [Ca2+]CYT reached plateau values after the first transient
induced by 1 μM TG treatment in nominally Ca2+-free medium. In this
way, we sought to determine whether a rise in [Ca2+]CYT originating
from different sources differently impacts the response of the pump
upon CytD treatment. Compared to TG-evoked Ca2+ transients, the
Ca2+ signal mediated by SOCs represents not only a different mechan-
ism of Ca2+ entry into the cytosol but also a much higher increase in its
level as discussed in the previous section. The value of the AUC
(calculated as described under Materials and methods) obtained for
mock-transfected HEK293-cells treated with vehicle was established as

Fig. 1. Pattern of Ca2+ transients in HEK293 cells induced by TG and SOCs. (A) Representative traces of the time course of [Ca2+]CYT in HEK293 cells upon addition of 1 μM TG in
nominal free Ca2+ medium and after adding Ca2+ (1 mM) to the extracellular solution. (B) Dependence of [Ca2+]CYT transients on the TG concentration (0–3 μM) at a fixed extracellular
Ca2+ concentration (1 mM). Inset: Detail of the Ca2+ signal obtained in the time range of 0–100 s after TG addition. (C) Initial velocity of Ca2+ released from the ER after TG addition as a
function of TG concentration calculated as the first derivate of the Ca2+ signal as a function of time from data shown in (A-inset). (D) Initial velocity of Ca2+ entry from the extracellular
medium after Ca2+ addition to the medium as a function of TG concentration calculated as the first derivate of the Ca2+ signal as a function of time from data shown in (A). (E)
Dependence of [Ca2+]CYT transients on the extracellular Ca2+ concentration (0–5 mM) at a fixed, saturating concentration of TG (1 μM). Inset: Detail of the Ca2+ signal obtained during
the first 30s after Ca2+ addition. (F) Initial velocity of Ca2+ entry from the extracellular medium after Ca2+ addition to the solution as a function of the extracellular Ca2+ concentration
calculated as the first derivate of the Ca2+ signal as a function of time from data shown in (E). (G) Area under the curve of the [Ca2+]CYT signal as a function of the extracellular Ca2+

concentration calculated as the integral of the signal in the time range from the addition of Ca2+ to the end of the recordings. All experiments were performed in n = 6 in 2–3
independent experiments.
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100% and values of AUC obtained for all other conditions were related
to this reference value. By performing ANOVA analysis on these data,
we assessed whether the treatment affected the behavior of the mock-
transfected HEK293 cells, the effect of PMCA2 overexpression, and the
effect of the treatment on PMCA2 function. To quantify the latter, we
considered the difference in AUC between mock-transfected HEK293
cells and HEK293-PMCA2 cells treated with vehicle as the activity of
PMCA2 under control conditions. We then calculated the difference in
AUC between mock-transfected HEK293 cells and HEK293-PMCA2 cells
treated as described for each experiment and related to the control as
described in Eq. (1):

PMCA activity
AUC AUC

AUC AUC
% 2 = ( − )

( − )
× 100mock treatment PMCA treatment

mock veh PMCA veh

, 2,

, 2, (1)

Pretreatment of HEK293-PMCA2 cells with 5 μM CytD for 5 min
prior to the start of the recordings resulted in a significant decrease in
the AUC of the [Ca2+]CYT signal released from the ER stores compared
to vehicle treated HEK293-PMCA2 cells (Fig. 3A and B). Using Eq. (1)
we obtained a value of 138 ± 13% for PMCA2 activity; the control
value for PMCA2 activity was (100 ± 17) %, as summarized in
Table 1. This means that Ca2+ extrusion mediated by PMCA2 increased
~40%. CytD showed no significant effect in mock-transfected cells
compared to vehicle control, meaning that under these conditions
neither the processes of Ca2+ release from the ER nor its removal from
the cytosol are affected. This is in agreement with previous reports
showing that treatment of HEK293 cells [42] or other cell types [43,44]
with different actin filament disrupting agents does not affect the Ca2+

transients evoked by TG. However, there are divergent findings
regarding the role for actin cytoskeleton breakdown in the coupling
of store depletion to the activation of SOCs, ranging from no observed
effect [44,45] to inhibition [46] or increased activation in SOC activity
[42]. This apparent discrepancy may be attributed to a cell type

dependent differential contribution of the cytoskeleton to the SOC
activity [43]. The role of CytD was then assessed only under conditions
where a minimal effect in SOCs activity was observed, as in HEK293
cells an increase in SOC activity was reported to occur upon actin
depolymerization [42].

To trigger the second phase of the experiments shown in Fig. 3A,
Ca2+ was added 10 min after the start of the recordings, which
represents an overall 15 min pre-incubation of the cells with CytD.
Under these conditions, we observed no effect of CytD in mock
transfected HEK293 cells, but a significant increase in Ca2+ removal
from the cytosol in HEK293-PMCA2 cells with respect to vehicle control
(Fig. 3A and C). Calculating the change in PMCA2 activity due to CytD
treatment, we obtain a ~100% increase; PMCA2 activity upon CytD
treatment was 204 ± 24% compared to vehicle values of 100 ± 2%.
These results suggest that CytD treatment of the cells increases PMCA2-
mediated Ca2+ removal from both Ca2+ sources, the ER and the
extracellular medium. Direct comparison of the magnitude of the effect
between the two phases is not possible because there are two variables
(i) the time of pre-incubation with CytD which is different for the start
of each phase, very likely representing a different state of actin
polymerization, and (ii) the extent of the Ca2+ transient reached. We
next decided to focus on the second phase. We reasoned that changes in
the extent of actin depolymerization – achieved by changes in the pre-
treatment conditions with CytD – may be reflected in the levels of Ca2+

extrusion mediated by the pump as a consequence of a difference in the
level of activation. Longer incubation times had to be avoided as they
led to round-shaped cells with higher possibility of detachment from
the plate surface upon injection and significant impact on SOCs activity.
Therefore, we decided to pre-treat the cells for a shorter period of time
during which CytD was added concomitantly with TG (Fig. 3D and E),
representing a 7.5 min pre-incubation time until the addition of Ca2+

in the extracellular medium. Under these conditions, 5 μM CytD

Fig. 2. Effect of PMCA4 and PMCA2 overexpression on the shape of the Ca2+ transients in HEK293 cells induced by TG and SOCs. (A) Representative traces of the time course of
[Ca2+]CYT in HEK293 cells transiently overexpressing PMCA4 or PMCA2 or transfected with empty vector (control) upon addition of 1 μM TG in nominal free Ca2+ medium and after
adding Ca2+ (1 mM) to the extracellular solution. (B) Area under the curve of the [Ca2+]CYT signal after TG (1 μM) addition (first phase). Significant differences from control are
indicated as *p < 0.05 and ****p < 0.0001 (one-way ANOVA). (C) Area under the curve of the [Ca2+]CYT signal after addition of Ca2+ to the extracellular solution (1 mM; second
phase). AUC were calculated as indicated under Materials and methods, significant differences from control are indicated as ****p < 0.0001 (one-way ANOVA). (D) Representative
traces of the time course of [Ca2+]CYT in HEK293 cells transiently overexpressing PMCA2 (dashed curve) or transfected with empty vector (bold curve) upon addition of 1 μM TG in
nominal free Ca2+ medium and after adding different Ca2+ concentrations to the extracellular solution. (E) Effect of PMCA2 expression in Ca2+ removal from the cytosol after TG or TG
plus extracellular Ca2+ at different concentrations as shown in (D) expressed as the percentage of AUC with respect to mock transfected HEK293 cells at each given TG or TG-Ca2+

concentration. All experiments were performed in n= 6 in 2–3 independent experiments.
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resulted in a PMCA activity of (114 ± 8) %, which represents a slight
increase in PMCA activity compared to control which was (100 ± 4)%.
This means that by reducing the time of incubation with CytD there was
a reduction in the magnitude of the effect. When used at a higher
concentration for the same period of time, CytD (10 μM) led to a greater
increase in PMCA2 activity reaching a value of (185 ± 4) %. This
suggests that there is a certain extent of actin depolymerization leading
to PMCA2 activation which can be achieved either by changing the time
or the concentration of CytD. In summary, these results suggest that
CytD, most likely through its depolymerizing effect on the actin
filaments, was able to induce an increase in removal of cytosolic
Ca2+ mediated by the PMCA2. Interestingly, it has been recently
reported that upon an increase in [Ca2+]CYT there is a rapid and
transient actin rearrangement involving the depolymerization of cor-
tical actin [47]. Calcium release from ER stores was observed to be
insufficient to induce a decrease in actin filaments at the cell cortex,
and the presence of high extracellular calcium was needed to observe
such effect [47]. This would mean, then, that under our experimental
conditions, PMCA2-HEK293 cells treated with vehicle could be acti-
vated in the second phase as a consequence of the effect of calcium on
the actin cytoskeleton. If this is the case, we may be underestimating
the magnitude of the CytD treatment. Beyond this consideration, future
studies assessing whether and how changes on actin dynamics induced

by a substantial increase in [Ca2+]CYT affects PMCA activity will be
highly valuable in understanding calcium signaling pathways and
homeostasis.

In order to rule out a possible direct effect of CytD on the pump, we
added CytD concomitantly with the Ca2+ addition (Fig. 3F). We
observed no effect on the AUC of the response at any of the concentra-
tions used (5 and 10 μM) implying that a certain period of time is
needed for these regulatory phenomena to occur. These findings are
compatible with an effect on altering actin dynamics and unlikely a
direct effect of the drug on the pump. This is also evident in Fig. 3D,
where no effect of CytD can be observed in the extrusion of Ca2+

released from the ER (first phase of the curve) when added concomitant
to TG. The time-dependency of the observed effect, in addition to the
lack of immediate effect of CytD on the pump, is strong evidence in
favor of a cytoskeleton-mediated effect of CytD. Based on our previous
observations, we hypothesize that shortening actin filaments increases
PMCA activity. To demonstrate that in a living cell system this may also
be the case, we sought to rule out that the actin cytoskeleton was
affecting PMCA2 trafficking to the plasma membrane. Thus, to deter-
mine whether HEK293-PMCA2 cells incubated with CytD show altered
PMCA2 expression at the plasma membrane, we used membrane-
impermeant sulfo-NHS SS biotin to label cell surface proteins selec-
tively. These were then isolated with streptavidin beads, and Western

Fig. 3. Effect of Cytochalasin D on PMCA2-mediated Ca2+ extrusion. Representative traces of the time course of [Ca2+]CYT in HEK293 cells transiently overexpressing PMCA2 or
transfected with empty vector (control) upon addition of: (A) CytD (5 μM) 5 min prior to the start of the recordings, (D) CytD (5–10 μM) concomitant to the addition of TG, and (F) CytD
(5–10 μM) concomitant to the addition of Ca2+ to the extracellular solution, In all cases the experimental scheme described in Fig. 2A was followed. Bar graphs show the area under the
curve of the [Ca2+]CYT signal in the experiment shown in (A) after addition of (B) TG (first phase), and (C) Ca2+ (second phase), and (E) of that depicted in (D) after addition of Ca2+.
AUC were calculated as indicated under Materials and methods, significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 (one-way ANOVA).
Data are from three independent experiments performed in n = 6. (G) Immunoblot of total PMCA protein expression in whole lysate (left panel) or in the plasma membrane (right panel)
after incubation of HEK293-PMCA2 or HEK293 transfected with the empty vector with 5 and 10 μM CytD for 15 min, representative from three different experiments. For the loading
control of the whole lysate, β-actin and GAPDH were assessed.
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blotting was used to quantify surface expression levels. The PMCA
antibody (5F10) detected a band of ~140 kDa from HEK293-hPMCA2
and mock transfected cells, consistent with the pump running as a
monomer under denaturing conditions. Since the treatment could affect

the actin content in the supernatant of the lysate, we used both β-actin
and GAPDH as loading controls. CytD treatment had no effect on the
surface nor the total expression of PMCA2 (Fig. 3G), indicating that an
effect on the pump trafficking is unlikely to account for the increase in

Fig. 4. Effect of Jasplakinolide on PMCA2-mediated Ca2+ extrusion. Representative traces of the time course of [Ca2+]CYT in HEK293 cells transiently overexpressing PMCA2 or
transfected with empty vector (control) upon addition of: (A) JAS (1 μM) for 1 h prior to the start of the recordings, and (D) JAS (1 μM) concomitant to the addition of Ca2+ to the
extracellular solution. In all cases the experimental scheme described in Fig. 2A was followed. Area under the curve of the [Ca2+]CYT signal in experiments shown in (A) after addition of:
(B) TG (first phase), and (C) Ca2+ (second phase), and in (D) after the addition of (E) Ca2+ (second phase). AUC were calculated as indicated under Materials and methods, significant
differences are indicated as **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA). Data are from three independent experiments performed in n = 6. Inset (D): Direct effect of
JAS (1 μM, 5 min pre-incubation) assessed on purified PMCA by measuring the Ca2+-ATPase activity of the pump in presence of the drug or DMSO as vehicle control (data from three
independent experiments performed in triplicates). When not apparent the error bar is within the columns. (F) Immunoblot of total PMCA protein expression in whole lysate (left panel) or
in the plasma membrane (right panel) after incubation of HEK293-PMCA2 or HEK293 transfected with the empty vector with 1 μM JAS for 1 h, representative from three different
experiments. β-actin and GAPDH were also assessed and the latter was taken as loading control.

Fig. 5. Effect of Colchicine on PMCA2-mediated Ca2+ extrusion. (A) Direct effect of Col (30 μM, 5 min pre-incubation) was assessed on purified PMCA by measuring the Ca2+-ATPase
activity of the pump in presence of the drug or buffer as vehicle control. When not apparent the error bar is within the columns. (B) Representative traces of the time course of [Ca2+]CYT
in HEK293 cells transiently overexpressing PMCA2 or transfected with empty vector (control) upon pre-incubation with Col (30 μM) for 30 min prior to the start of the recordings. The
experimental scheme described in Fig. 2A was followed. Area under the curve of the [Ca2+]CYT signal in experiments shown in (B) after addition of: (C) TG (first phase), and (D) Ca2+

(second phase). AUC were calculated as indicated under Materials and methods, significant differences are indicated as *p < 0.05, **p < 0.005, ***p < 0.0005 (one-way ANOVA).
Data are from three independent experiments performed in n = 6. (F) Immunoblot of total PMCA protein expression in whole lysate (left panel) or in the plasma membrane (right panel)
after incubation of HEK293-PMCA2 or HEK293 transfected with the empty vector with 30 μM JAS for 30 min, representative from three different experiments. For the loading control of
the whole lysate, β-actin and GAPDH were assessed.
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Ca2+ efflux in response to CytD treatment. Although relocalization of
the PMCA to the plasma membrane was suggested to be regulated by
the actin cytoskeleton, as treatment with CytD blocked PMCA translo-
cation [48], we have not found experimental evidence that supports
this observation. Based on these results, we propose that it is the
activity of the pump that is modulated by actin filament depolymeriza-
tion, and not its abundance in the plasma membrane. Whether PMCA
activity regulation involves the direct interaction with actin molecules,
as previously observed in vitro, cannot be inferred from these experi-
mental results (see Discussion).

3.3. Stabilization of F-actin by jasplakinolide inhibits Ca2+ efflux mediated
by hPMCA2

We have previously shown that purified PMCA4 is inhibited by F-
actin [15]. This, in addition to the preceding data, made us wonder
whether stabilization of the actin filament network which lies close to
the plasma membrane could lead to the pump inhibition in vivo. With
this aim, we used jasplakinolide (JAS), a cell-permeant peptide isolated
from the marine sponge Jaspis johnstoni, that induces actin polymeriza-
tion at the same time that it stabilizes pre-existing filaments [49,50] by
potently binding to F-actin (Kd = 15–300 nM; [49]). Cells were pre-
treated with 1 μM JAS for 1 h; these conditions were found, in our
hands and by others [49], to produce the maximal detectable effects of
JAS without adversely affecting gross cell shape or adherence. Under
these conditions, we observed a full inhibition of Ca2+-extrusion
mediated by PMCA2 (Fig. 4A–C) as revealed by the overlapping traces
of HEK293-PMCA2 and HEK293 treated with JAS. Quantification of
JAS effects on PMCA2 is summarized in Table 2. The JAS effect was
observed for both phases of the curves, meaning that actin polymeriza-
tion leads to an impaired PMCA-mediated Ca2+ recovery when a
[Ca2+]CYT increase occurs as a consequence of either ER depletion or
extracellular influx. JAS has been reported to have no significant effect
on the extent of Ca2+ release from the ER upon TG treatment [42,44]
which is in agreement with our observations. However, JAS has been
reported to inhibit SOCs activity [44]. Galán et al. [42] reported a
~60% attenuation of SOCs activity in HEK293 cells. However, in this

study the authors used a concentration of JAS 10 times higher than the
one used in the present work and JAS effects can vary strongly in a
time- and concentration-dependent manner as previously reported
[50].

Similarly to the approach used in CytD experiments, we reasoned
that if we added JAS simultaneously with Ca2+, we could assess
whether the drug possesses an effect independent of the one exerted on
actin polymerization, which would thus most likely represent a direct
effect of the compound on the pump. When we added JAS together with
Ca2+, we found a slight but not statistically significant inhibition of
PMCA-mediated Ca2+ extrusion (Fig. 4D–E). We further confirmed
these results by assessing the effect of JAS on PMCA isolated from
human red blood cells (Inset in Fig. 4D) where we observed no
difference in the Ca2+-ATPase activity of the pump upon JAS pre-
incubation (1 μM, 5 min) compared to vehicle control (DMSO).

In order to determine whether inhibition of Ca2+ extrusion
mediated by PMCA2 could be attributable to a reduction in PMCA2
expression at the plasma membrane, we performed biotinylation assays
as described in the previous section. We did not observe any difference
in PMCA2 expression in the plasma membrane, nor in the total amount,
when cells were pre-treated with JAS, under the same conditions as
those used in the functional assays, compared to vehicle. Similarly to
what we did in the CytD experiments, we used β-actin and GAPDH as
loading controls. In this case, we did observe a difference in the amount
of β-actin present in the samples: β-actin was completely absent when
the cells were pre-treated with JAS (1 μM, 1 h, 37 °C). This is due to the
centrifugation step following cell lysis which allows for a clear super-
natant depleted from cell debris. The large F-actin aggregates formed
upon JAS treatment very likely remained in the pellet fraction. Indeed,
this is the principle of a widely used biochemical method as well as
commercial kits developed to study the ratio between G- and F-actin
[51]. In this case we took advantage of this phenomena to show that
JAS is effectively enhancing F-actin content and used GAPDH as the
loading control. However, we did not observe any difference in β-actin
content in the samples treated with CytD (compared to vehicle control,
DMSO; see Fig. 3G). This may be explained by the fact that this method
uses high centrifugation speed (typically 100,000 ×g, 1 h), unlike the
conditions we used to clear the lysate (350 ×g, 5 min) under which
only big clusters of F-actin aggregates sediment.

Taken together, these data indicate that a shift from G-actin or
shorter filaments towards F-actin inhibits PMCA activity without
showing an effect on its expression in the plasma membrane.

3.4. Depolymerization of microtubules by colchicine decreases Ca2+ efflux
mediated by hPMCA2

It has been previously shown that tubulin binds to PMCA and
inhibits its enzyme activity [18]. In this study, Monesterolo et al. [18],
investigated the effect of acetylated tubulin on PMCA activity in
vesicles isolated from brain synaptosomes, where they found that taxol,
a known microtubule stabilizing agent, led to a decrease in the amount
of acetylated tubulin/PMCA complex and stimulated PMCA activity.
Nocodazole, an inhibitor of tubulin polymerization, showed a strong
inhibitory effect (~80% of inhibition) in spite of also promoting the
dissociation of the complex. The authors showed that the inhibition
could be explained by a direct effect of the drug on the pump. However,
the effect of microtubule depolymerization on PMCA activity and its
impact in the context of a living cell remains to be addressed. To this
aim, we treated HEK293-PMCA2 cells with colchicine (Col), another
microtubule depolymerizing agent [52–54] that showed no direct effect
on PMCA2 activity (Fig. 5A). We observed that Col (30 μM, 30 min) led
to a significant increase in the AUC of the [Ca2+]CYT signal both after
Ca2+ release from the ER stores and after Ca2+ influx from the
extracellular medium (Fig. 5B–D): PMCA2-mediated Ca2+ extrusion
showed ~70% and ~60% of inhibition for the first and second phases,
respectively (Table 3). As was also shown for the actin cytoskeleton,

Table 1
Effect of actin depolymerization by CytD on PMCA2 activity.

Treatment PMCA2 activity
(mean ± S.E.M. in % of control)

First phase Second phase

Vehicle (0.1% DMSO) 100 100
CytD 5 μM, 5 min preincubation 138 ± 8 204 ± 17
CytD 5 μM, 7.5 min preincubation (CytD

+ TG)
N.A. 114 ± 22

CytD 10 μM, 7.5 min preincubation (CytD
+ TG)

N.A. 185 ± 12

CytD 5 μM, no preincubation (CytD
+ Ca2+)

N.A. 119 ± 16

CytD 10 μM, no preincubation (CytD
+ Ca2+)

N.A. 103 ± 9

N.A.: Not applicable.

Table 2
Effect of actin polymerization by JAS on PMCA2 activity.

Treatment PMCA2 activity
(mean ± S.E.M. in % of control)

First phase Second phase

Vehicle (0.1% DMSO) 100 100
JAS 1 μM, no preincubation (JAS + Ca2+) N.A. 47 ± 32
JAS 1 μM, 1 h 9 ± 16 0
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several studies have reported that depolymerization of the microtubular
cytoskeleton using nocodazole did not affect SOCs currents [44,55],
while others have shown that nocodazole and, to a lesser but still
significant extent colchicine (100 μM, 20 min) could decrease SOC-
mediated Ca2+ influx [56]. Moreover, it has also been observed that
treatment with colchicine enhanced the activation of SOCs by ER
depletion [42]. Under our experimental conditions (30 μM, 30 min), we
observed no significant effect of colchicine on ER- or SOC-mediated
calcium transients.

In order to rule out that a reduction in PMCA2 expression at the
plasma membrane could account for the decrease in Ca2+ extrusion we
again performed biotinylation assays. We did not observe any differ-
ence in PMCA2 expression in the plasma membrane, nor in the total
lysate amount, when cells were pre-treated with Col under the same
conditions as those used in the functional assays. This was the expected
result given the previous observations on the effect of tubulin on the
catalytic activity, but not in the trafficking, of the pump. Our
interpretation for the inhibitory effect of Col on PMCA2 activity is that
the promotion of microtubules depolymerization leads to a rise in the
tubulin (the dimer) pool in the cell, which in turn forms a complex with
the pump to inhibit its activity. The same reasoning would explain the
previously reported effect of taxol [18]: reducing the “free” tubulin pool
by assembling tubulin into the microtubule would lead to a decrease in
tubulin/PMCA complex by the law of mass action, releasing the pump
from inhibition. However, it has not yet been fully demonstrated, and is
beyond of the scope of the present study, whether the (acetylated)
tubulin species that forms a complex with the enzyme is a constituent of
microtubules or an isolated tubulin dimer. Our results, and the
previously reported taxol experiments, would support the latter.

4. Discussion

We previously reported a novel regulatory mechanism of PMCA
activity by actin using an in vitro system [15,16], showing that actin
differentially regulates the pump's catalytic activity depending on its
polymerization state. We found that both, G- and F-actin bind directly
to the pump and induce conformational changes that may help explain
the effects observed on the activity of PMCA. Short actin oligomers –
consisting of 3–4 actin monomers – have been observed to produce the
maximal activation of the pump [16]. Interestingly, short filamentous
actin has been observed at or close to the plasma membrane [57,58].
Moreover, it has been recently shown that a rise in [Ca2+]CYT leads to
rapid and transient actin rearrangements, consisting in filament poly-
merization around the nucleus and at the ER, while cortical actin is
being disassembled [47,59]. Actin depolymerization upon calcium
increase in the micromolar range had been shown to be promoted
through pathways involving gelsolin, villin and cofilin [60–62]. These
observations further suggest that a regulatory mechanism of PMCA
activity comprised by differential actin dynamics at the cell cortex may
well be of physiological relevance. With this aim, we tested the effect of
altering the actin cytoskeleton dynamics in a living cell while monitor-
ing in real-time the changes in Ca2+ transients. We found that PMCA2
is able to shape the Ca2+ transients arising from both the ER and the
extracellular environment under control conditions, in agreement with
Pászty et al. [37]. When HEK293 overexpressing PMCA2 were incu-
bated with CytD, we found that PMCA-mediated Ca2+ extrusion

increased in a time- and concentration-related manner. This, in addition
to (i) the lack of an immediate effect of the drug in the cells, (ii) the lack
of a direct effect of CytD on the pump, previously reported on purified
PMCA [58], and (iii) the lack of an effect on the total and membrane
expression of PMCA2, led us to suggest that CytD-mediated actin
depolymerization increases PMCA2 specific activity. We thus hypothe-
size that, similar to the activation of the pump by the calcium-
calmodulin system, actin can act as a sensor of the [Ca2+]CYT resulting
in the formation of actin species – i.e. short oligomers – that lead to
PMCA activation which in turn results in the restoration of the normal
low [Ca2+]CYT. It is interesting to note that calcium released from the
ER was shown to be insufficient to promote actin rearrangements in
several cell lines and extracellular calcium influx was required [47]. If
this is the case, we expect that PMCA becomes activated by actin
depolymerization only under circumstances where a relatively high and
sustained Ca2+ influx from the extracellular medium is involved.
Further studies will be required to address under which types of
Ca2+ signaling events the pump is activated by this mechanism; this
will involve the correlation between how an increase in [Ca2+]CYT
modifies actin dynamics at the cell edge – ER released versus extra-
cellular influx – and how this impacts PMCA activity. During T cell
activation, where a rapid release of Ca2+ from the ER is followed by a
sustained influx of extracellular Ca2+ across the plasma membrane via
SOCs, actin undergoes rapid rearrangements, which in turn induce
feedback regulation of Ca2+ signaling [63]. Thus, if actin depolymer-
ization is able to increase PMCA activity, PMCA could be one of the key
pieces in the reciprocal interdependence previously described between
Ca2+ signaling and cytoskeletal rearrangements [63].

In addition to our observation on the effect of actin depolymeriza-
tion on PMCA activity, the opposite situation also appeared to be true:
when actin polymerization was induced using JAS, Ca2+ extrusion
mediated by PMCA2 was completely abolished. In this case again, the
direct effect of the drug on the pump as well as changes in the total
expression or in the trafficking of the pump towards the plasma
membrane were ruled out. Together, these results suggest that actin
dynamics plays a role in regulating PMCA activity in intact cells.

Our previous in vitro studies showed that actin regulates PMCA
activity by a direct interaction with the pump, as described at the
beginning of this section. However, there are many possible explana-
tions that may account for the observed effect in a living cell system
other than or in addition to a direct interaction between the PMCA and
the actin molecules. Padányi et al. (2009) [64] showed that depoly-
merization of the actin cytoskeleton by cytochalasin D increased
PMCA4b cluster areas, attributing actin a role of fence able to limit
the lateral diffusion of the pump. However, they did not address if or
how this affected the pump's activity. One possible mechanism for the
observed effect of cytoskeleton rearrangement is a differential mobility
of the pump within the plasma membrane, which may affect its
translation in or out of certain regions (e.g. lipid rafts) where its activity
can be differentially regulated by a new lipid environment, other
binding partners or by changing its oligomeric state [65–67]. Oligo-
meric PMCA appears to be present in caveolae where the pump
molecules are 18- to 25-fold concentrated compared to non-caveolae
regions [65–67] and where the biologically most relevant PMCA
activators, acidic phospholipids and calmodulin, are enriched
[68,69]. Interestingly, PIP2 – an acidic phospholipid that increases
PMCA activity [14,70] and – which is itself promoted by an increase in
Ca2+ – is also a critical regulator of actin dynamics [71]. Clearly, the
interrelationship between Ca2+, PMCA and actin is extremely complex
as may be also true for the other major substrate of the pump, ATP.
Thus, another possible explanation for PMCA regulation by actin may
be the differential accessibility and/or availability of substrates, i.e.
Ca2+ and ATP. Actin causes an increase in the medium viscosity when
polymerized which might be relevant to explaining why F-actin inhibits
PMCA activity. Previous studies from our laboratory [15,72] using
human erythrocyte membranes suggest that accessibility of the sub-

Table 3
Effect of microtubule depolymerization by Col on PMCA2 activity.

Treatment PMCA2 activity
(mean ± S.E.M. in % of control)

First phase Second phase

Vehicle (0.1% DMSO) 100 100
Col 30 μM, 30 min 31 ± 6 64 ± 14
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strates (Ca2+ and ATP) is not the cause of the observed decrease in
PMCA activity. However, it would be very interesting to assess whether
actin filaments or microtubule dynamics can affect the ATP levels in the
surroundings of the pump in a living cell. Actin requires ATP for
polymerization, hence ATP depletion could be expected in areas of high
actin turnover and net actin assembly. Suzuki et al. (2015) [73] showed
that cells treated with Latrunculin A – which binds with 1:1 stoichio-
metry to monomeric actin, sequestering monomers and preventing their
assembly – had increased ATP levels at the edge of the cell. Potentially,
then, the increase in actin polymerization due to the jasplakinolide
treatment may inhibit PMCA activity by decreasing ATP levels. Future
studies using ATP sensors in living cells [74] may be able to address this
hypothesis. Alternatively, actin polymerization could impair the acces-
sibility of PMCA to cytosolic modulators (i.e. calmodulin). It would be
interesting to determine if changes in the actin cytoskeleton dynamics
modify the pump interactome profile. This would provide valuable
information about the calmodulin accessibility to the C-terminal tail of
the pump as well as changes in the interaction of the pump with other
known binding partners. Such changes may influence not only PMCA
activity but also the coupling of the pump to these proteins, thereby
affecting the signaling pathways in which they are involved.

The involvement of the actin cytoskeleton in modulating PMCA
activity is not exclusive but has been observed in other transport
systems. A number of channels, pumps and symporters are affected by
agents that modify the actin network. As an example, cytochalasins
have been found to stimulate Na+-K+-2Cl− cotransport [75] and to
activate the Na+/K+-ATPase [76], while some K+ channels are
inactivated by this treatment [77]. Phalloidin can inhibit K+ and
Na+ channels [78,79] and jasplakinolide prevented the activation of
Cl− secretion induced by cAMP [75].

In addition to actin, the microtubule network is also a well-known
constituent of the cortical cytoskeleton. Soluble tubulin has been found
associated to the plasma membrane, and it is believed that this
interaction may be the result of its binding to integral plasma
membrane proteins [80]. Although it has been shown that acetylated
tubulin can bind and inhibit PMCA activity [18], the effect of changes
in microtubule dynamics, specially its depolymerization had not been
addressed yet. Taking advantage of our experimental system to measure
the effect of microtubule depolymerization induced by colchicine on
PMCA activity, we found that microtubule depolymerization led to
PMCA activation, very likely by rising the tubulin pool in the cell which
in turn forms a complex with the pump and inhibits it. However, we
cannot rule out other possibilities that may account for the observed
effect. It has been shown that the intracellular ATP level at the cell edge
is influenced not only by actin dynamics but also – albeit to a lesser
extent – by microtubule dynamics [73]. It was shown that treating cells
with taxol – a microtubule stabilizer – increased ATP levels. Since we
observed that colchicine inhibited PMCA activity, the effect of disrupt-
ing the microtubule network could also be explained by the effect of
microtubules on ATP levels.

Lastly, a further level of complexity arises in this system if we
consider crosstalk between the actin and microtubule cytoskeletons,
which has been reported to occur during cell division, shape changes
and migration [81,82]. The architecture of the cortical F-actin cytoske-
leton can be regulated by microtubules via modulation of different
effectors such as Rho GTPses. Conversely, feedback can also occur from
the cortical actin cytoskeleton to alter microtubule stability. Thus, the
state of PMCA activation/inhibition may be the result of this complex
actin/microtubule interaction dynamics.

5. Conclusion

In the present work we provide evidence for the role of the cortical
cytoskeleton – both, the actin and microtubule systems – in modulating
the PMCA activity in a living cell system. Moreover, this is the first time
that PMCA2 is shown to be regulated by actin. Together with our

previous reports, this suggests that regulation by the actin cytoskeleton
may be a property shared by all PMCA isoforms.
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