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a b s t r a c t

The plasma membrane calcium ATPases (PMCAs) are ATP-driven primary ion pumps found in all
eukaryotic cells. They are the major high-affinity calcium extrusion system for expulsion of Ca2þ ions
from the cytosol and help restore the low resting levels of intracellular [Ca2þ] following the temporary
elevation of Ca2þ generated during Ca2þ signaling. Due to their essential role in the maintenance of
cellular Ca2þ homeostasis they were initially thought to be “sump pumps” for Ca2þ removal needed by all
cells to avoid eventual calcium overload. The discovery of multiple PMCA isoforms and alternatively
spliced variants cast doubt on this simplistic assumption, and revealed instead that PMCAs are integral
components of highly regulated multi-protein complexes fulfilling specific roles in calcium-dependent
signaling originating at the plasma membrane. Biochemical, genetic, and physiological studies in
gene-manipulated and mutant animals demonstrate the important role played by specific PMCAs in
distinct diseases including those affecting the peripheral and central nervous system, cardiovascular
disease, and osteoporosis. Human PMCA gene mutations and allelic variants associated with specific
disorders continue to be discovered and underline the crucial role of different PMCAs in particular cells,
tissues and organs.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Tight regulation of cellular Ca2þ is crucial for cell function and
survival. Accordingly, cells dedicate a substantial amount of energy
to the maintenance of Ca2þ homeostasis and the spatial and tem-
poral regulation of changes in [Ca2þ]. Membrane-bound Ca2þ

transporters (channels, exchangers, pumps) and Ca2þ buffers are
essential components of the cellular Ca2þ handling toolbox. Among
the transporters, ATP-driven Ca2þ pumps are uniquely capable of
moving Ca2þ across the membrane against a large Ca2þ concen-
tration gradient. To maintain long-term homeostasis, a Ca2þ pump
system is needed in the plasma membrane. The existence of a
plasma membrane Ca2þ ATPase (PMCA) system was already
recognized a half-century ago. Ever since, Ernesto Carafoli has been
at the forefront of discoveries related to the PMCAs. As part of this
Special Issue of BBRC dedicated to Ernesto, this review recognizes
his numerous seminal contributions to the field by providing a
/ZO-1; MAGUK, membrane-
e calcium ATPase.
compressed history of the major developments over the past 50
years, highlighting the progress that has been made leading to the
current realization that the PMCAs are important contributors to
human disease and potential targets for therapeutic intervention.
2. Discovery and initial characterization of the PMCA e

identification of a cellular sump pump for excess calcium
removal?

The discovery of the plasma membrane Ca2þ ATPase
(PMCA) dates to about 50 years ago, when Schatzmann described
the presence of an ATP-dependent active Ca2þ pumping system in
red blood cell membranes [1]. The choice of (mature) erythrocytes
was crucial as these cells lack intracellular membranes and thus
allow functional biochemical studies on ion transport in a “pure”
plasma membrane system. Studies on resealed erythrocyte
“ghosts” were instrumental in determining several important
biochemical properties of this calcium pump system, such as its
Mg2þ, Ca2þ, and ATP dependence, inhibition by La3þ, and high Ca2þ

transport specificity (for early reviews see, e.g., [2,3]). Progress in
identifying the protein entity and establishing detailed kinetic and
regulatory properties of the systemwas, however, hampered by the
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Fig. 1. Schematic overview of the PMCA structure. The membrane-spanning regions
are numbered and constitute the M domain. The intracellular amino- (N-term) and
carboxy-terminal (C-term) ends are labeled. The conserved aspartate (Asp) forming the
phosphorylated intermediate during the enzyme reaction cycle, the ATP binding re-
gion (ATP), and the calmodulin-binding domain (CBD) are also indicated. The direction
of active Ca2þ transport is indicated by an arrow. Major cytosolic protein domains are
labeled A (actuator), P (phosphorylation), N (nucleotide-binding), and R (regulatory).
Arrows indicate the position where alternative splicing results in isoform variability in
the first cytosolic loop (splice site A) and the C-terminal tail (splice site C).
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low abundance of the Ca2þ pump in the erythrocyte membrane and
by the intrinsic difficulty of working with hydrophobic integral
membrane proteins. The finding by the mid-1970s [4,5] that the
pump rapidly forms a ~150 kDa phosphorylated intermediate in the
presence of Ca2þ and ATP facilitated its detection during purifica-
tion. Equally important was the discovery that the erythrocyte Ca2þ

pump activity was stimulated, in a Ca2þ-dependent manner, by the
small heat-stable calcium-modulator protein [6e8] later named
calmodulin (CaM) [9]. The first successful partial purification (by
gel filtration chromatography) of a ~140 kDa protein from detergent
solubilized erythrocyte membranes was reported by Wolf and co-
workers [10] but was rapidly superseded by affinity chromatog-
raphy of the solubilized erythrocyte pump on CaM-Sepharose [11].
This method was jointly developed by the Carafoli and Penniston
laboratories and elegantly exploited the high binding affinity of the
erythrocyte PMCA for CaM in the presence of (micromolar) Ca2þ

and its dissociation from CaM upon Ca2þ removal (reviewed in Ref.
[12]). By the late 1970s and early 1980s, these and other advances in
the study of membrane ion transport resulted in much progress in
understanding of the biochemical, regulatory, and kinetic proper-
ties of the PMCA, including its 1:1 ATP:Ca2þ transport stoichiom-
etry, activation by Ca2þ-CaM, the effects of different nucleotides,
mono- and divalent cations, pH, partial proteolysis, (phospho)lipids
and detergents, and its inhibition by La3þ and vanadate (for re-
views, see Refs. [2,3,13e16].

Although most of the early biochemical and functional data on
the PMCA came from work on red blood cells, it was rapidly
discovered that a similar Ca2þ extrusion system is present in many
other cell types and tissues in mammals, and indeed appears to be
found in all animal cells as well as in plants [16,17].This could be
easily rationalized since all cells need to keep intracellular free
[Ca2þ] low (generally in the 100 nM range) to maintain viability
[18,19]. Due to its high Ca2þ transport affinity and selectivity, the
pump is ideally suited to maintain the steep Ca2þ concentration
gradient across the cell membrane and to re-establish the low
resting intracellular free [Ca2þ] after a temporary surge in [Ca2þ]i
[16]. Hence, its primary role in cellular homeostasis was assumed to
be that of a sensitive “Ca2þ sump pump”, turning on when [Ca2þ]i
rises above a certain threshold and staying “off” at levels below the
set-point. Consistent with such a role, the term “PMCA” or “Ca2þ

pump” was generally used in the singular form for over 20 years
after its discovery, even as protein biochemical and immunological
studies indicated that there could be different types of PMCAs
[15,20,21]. However, this simple picture of the PMCA was soon
undermined by the “molecular biology revolution”, which revealed
a surprising complexity in the PMCA family and cast doubt on the
validity of “the” PMCA as a mere sump pump for calcium clearance
from the cell.

3. Things get more complicated e identification and
characterization of PMCA isoforms generated from a
multigene family and via alternative RNA splicing

The ability to purify sizeable amounts of PMCA by CaM affinity
chromatography, together with advances in the isolation, charac-
terization and sequencing of peptide fragments from proteolytic
digests opened the door for detailed biochemical, and eventually
molecular, characterization of these pumps [22]. In 1988, the
advent of “molecular cloning” by recombinant DNA technology
resulted in the elucidation of the first full-length amino acid
sequence for a rat and a human PMCA, championed by the group of
Gary Shull in Cincinnati [23] and the laboratories of John Penniston
at the Mayo Clinic and Ernesto Carafoli in Zurich [24]. The following
“molecular biology revolution” led to an explosion of new sequence
data and the rapid realization that there are, in fact, multiple
PMCAs in many species and even within the same tissue of a given
species [22,25e27].

The PMCAs comprise a subfamily of the P-type ATPase super-
family (characterized by the formation of a phosphorylated enzyme
intermediate during the reaction cycle [28]) and have been classi-
fied as P2B subfamily of calcium-transporting ATPases [29e31]. In
humans and other mammals, four distinct PMCA isoforms (PMCA
1e4) are encoded by distinct genes (ATP2B1, ATB2B2, ATP2B3 and
ATP2B4 in the human genome database nomenclature) located on
separate chromosomes (12q21.3, 3p25.3, Xq28, and 1q32.1 for the
human; and 10C3, 6E3, XA7.3, and 1E4 for the mouse genes) [32]. In
addition, molecular analysis of cDNAs isolated from different tis-
sues revealed the existence of alternative RNA splice variants for
each of the primary gene products [33e39]. Two major splice sites
(sites “A” and “C”) were found to affect the encoded PMCA proteins
(see Fig. 1): splicing at site A changes the length of the first intra-
cellular loop, which is part of the A (actuator) domain; whereas
splicing at site C impacts the C-terminal tail, altering its length (due
to a reading frame shift) and more significantly, leading to very
different regulatory and functional properties of the pumps
(reviewed in Refs. [40e42]). In addition to some exon splicing
combinations that have only been observed in a few species or
special tissues [43e45], alternative splicing also occurs in the 50

untranslated region of the PMCA transcripts andmay affect splicing
at the downstream sites [46]. Combinatorial use of all available
splice options leads to over 30 distinct PMCA variants that could
theoretically be generated from the 4 mammalian genes. Although
not all of these have been confirmed, and some appear to be
expressed only at very low levels, there is robust evidence for the
expression of ~20 different PMCA variants at the transcript level
[40]. Due to the lack of specific antibodies, not all of these have been
confirmed at the protein level; however, proteomic and immuno-
detection studies suggest that most, if not all, of the expressed
transcripts are translated into the respective PMCA isoform
[47e55]. Overviews of the different splice options for generating
PMCA isoform diversity have been included inmany recent reviews
[56e58] but new variants are still being added [55]; an updated
scheme for the human splice variants is shown in Fig. 2. It should be
noted that several splice variants found in other species (e.g., the y-
splice form at site A in PMCA2 [35] and c-, d- and f-splices at site C



Fig. 2. Major alternative splice options of the human PMCA gene family. The linear scheme of the PMCA at the top shows the location where alternative splicing at sites A and C
results in different splice variants. The 10 trans-membrane regions (gray boxes) are labeled TM 1-10, the amino- (N) and carboxyl-terminus (C) are indicated, and the position of the
conserved aspartate residue (Asp) and the CaM-binding domain (CBD, hatched box) are labeled as in Fig. 1. The exon arrangement in the regions involved in alternative splicing at
sites A and C is shown in the lower part of the figure for each of the four human PMCA (ATP2B) genes. Gray boxes represent constitutively spliced exons, alternatively spliced exons
are shown as open boxes. Splicing options are indicated by connecting lines and the resulting splice variants are labeled by lowercase symbols (w, x, z for splice options at site A; a,
b, c, d, e for options at site C). The position of the translational stop codon for each of the C-terminal splice variants is indicated by the capital letter corresponding to that splice
option (A for splice variant a, B for variant b, etc.). Note that splicing at site A does not change the translational reading frame because all alternatively spliced exons contain integral
numbers of triplet codons. Also note that the e-splice variant of PMCA3 and PMCA4 is generated by read-through of the C-terminal alternatively spliced exon into the adjacent
intron (shown as thin open box), whereas PMCA1e arises from the use of an internal donor splice site in the corresponding alternatively spliced exon.
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in PMCA3 of the rat [38]) have not (yet) been detected in the human
transcriptome and may be unique to a given species. Table 1 lists
the main human PMCA variants including their length in amino
acids (AA) and major sites of expression.
Table 1
Human PMCA isoforms and splice variants.

Isoform Variant Size (AA) Major sites of expression

PMCA1 x/a 1176 Brain
x/b 1220 Ubiquitous; lung, small intestine, kidney
x/c 1249 Skeletal muscle; heart
x/d 1258 Skeletal muscle
x/e 1171 Brain

PMCA2 w/a 1199 Brain; cochlear outer hair cells
x/a 1168 Brain; hippocampal presynaptic terminals
z/a 1154 Brain; excitable tissue
w/b 1243 Brain; lactating mammary epithelial cells;

pancreatic beta cells
x/b 1212 Brain; cerebellar Purkinje cells; spinal cord
z/b 1198 Brain; excitable tissue

PMCA3 x/a 1173 Brain; spinal cord
z/a 1159 Brain; pancreatic beta cells
x/b 1220 Brain; adrenal gland; skeletal muscle
z/b 1206 Brain

PMCA4 x/a 1170 Smooth muscle; bladder; uterus; heart
z/a 1158 Smooth muscle; heart
x/b 1205 Ubiquitous; heart; kidney
z/b 1193 Heart
x/d 1241 Heart
z/d 1229 Heart
x/e 1164 Brain; bladder
z/e 1152 Brain; bladder
The discovery of multiple PMCA isoforms and a plethora of
alternative splice variants immediately raises the question of the
role of these pumps in cell physiology, and casts doubt on the idea
that they merely work as “sump pumps” for restoring and main-
taining the low global resting-state intracellular [Ca2þ] levels. To be
sure, tissue-specific gene expression may explain why some PMCA
isoforms are found in certain tissues and not in others, but why
would evolution favor such a diversity of splice variants if the only
task for the encoded proteinwas to globally eject “surplus” calcium
from the cell?
4. Regulatory and functional differences distinguish different
PMCA isoforms and splice variants

Studies using purified PMCAs (mostly PMCA4b) or membrane
preparations from eukaryotic cell systems overexpressing specific
recombinant PMCAs have provided solid evidence for structural,
regulatory and functional differences among PMCA isoforms and
their splice variants. One of the most notable differences concerns
the regulation (activation) by CaM, which binds to the C-terminal
regulatory tail of the PMCAs and thereby releases autoinhibitory
interactions of the tail with the catalytic domain of the pump
[59e61]. Of interest, the CaM-binding region overlaps splice site C
in the PMCAs (see the scheme in Fig. 1). Thus, alternative splicing at
site C impacts the affinity of the pumps for Ca2þ-CaM as well as the
degree and kinetics of their activation [62e65]. In general, the “a”
splice variants with a shortened C-terminal tail show lower CaM
affinity but increased basal activity and a more moderate CaM
stimulation than the “b” splice variants. Pronounced differences in
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the basal activity and extent of CaM activation also exist between
“b” variants of different PMCA isoforms, notably between PMCA4b
and PMCA2b: PMCA4b shows low basal activity and is stimulated
several-fold by CaM, whereas PMCA2b displays high basal activity
and more modest CaM stimulation [64]. Perhaps more interesting
are findings of the different kinetics of (CaM) activation and de-
activation of separate isoforms and of different splice variants of
the same isoform: These differences result in very different
“memories” of individual pumps for previous activation, which
may lead to differences in how different pumps deal with inter-
mittent Ca2þ spikes and affect the speed of recovery of [Ca2þ]i levels
[66,67].

Amino acid sequence differences concentrated mainly in the C-
tail of different PMCA isoforms also differentially affect their
regulation by phosphorylation (e.g., by protein kinase A and C, or
tyrosine kinases such as src), self-association, and different pro-
teineprotein interactions [32,42,68e70]. On the other hand, dif-
ferences in the “actuator” loop region close to splice site A and
upstream of the third membrane-spanning domain are thought to
be responsible for differences in the regulation of PMCA isoforms
by lipids and in particular, by acidic phospholipids [27,71e73]. In
addition, differences in the “strength” of auto-inhibition of PMCA
isoforms are likely due to sequence (and structural) differences in
the intracellular loop regions that interact with the C-terminal
regulatory tail [74]; such differences are expected to result in
different activation kinetics of the pumps. The picture that has
emerged from detailed molecular, biochemical and in vitro func-
tional studies thus clearly shows that the PMCA isoforms and many
of their splice variants respond differently to stimuli such as protein
kinase activation, changes in the phospholipid environment, or the
abundance of Ca2þ/CaM and other regulatory proteins. Together
with the highly tissue- and cell type-specific expression and vari-
able abundance of multiple isoforms, this strongly suggests the
functional division of labor among PMCAs. Recent studies at the
cellular level, and increasingly in whole organs and genetically
tractable animal models, have borne this out: The PMCAs have
emancipated from “simple” gatekeepers of intracellular [Ca2þ] to
multi-faceted contributors to complex temporal and spatial Ca2þ

signaling and tightly regulated vectorial Ca2þ flux.

5. PMCAs work as members of a team: integration of PMCAs
in multiprotein signaling complexes at the membrane

Participation in complex cellular events demands an “aware-
ness” of the local conditions and their temporal changes. To be fully
integrated in local signaling events, the PMCAs must be able to
cross-talk to the structural and functional components of the
signaling network. In hindsight, it is therefore not surprising that
yeast two-hybrid and antibody pull-down proteineprotein inter-
action studies yielded many different PMCA-interacting proteins.
The b splice variants of all PMCAs contain at their C-terminus a
consensus sequence for direct recognition of the PDZ (PSD95/hDlg/
ZO-1) proteineprotein interaction domain [75]; indeed, numerous
PDZ proteins including the membrane-associated guanylate ki-
nases (MAGUKs) PSD95, PSD93/chapsyn-110, SAP97, SAP102 and
CASK, as well as other scaffolding and regulatory proteins (CLP-36,
NOS-1, NHERFs, Homer-1/Ania3, PISP/AIPP1) have been found to
directly bind to the PMCAs [32,76e79]. The ability to bind to PDZ
proteins differentiates the b (and c/d) splice variants from the a
(and e) splice variants; in addition, some b (c/d) splice variants
show selectivity towards several PDZ proteins. For example, while
all PMCA b-variants can interact with the MAGUK PSD95 or the
single-PDZ protein PISP/AIPP1 [80,81], PMCA2b (and 1b) but not
PMCA4b, interacts with NHERFs [82,83]. Thus, specific PDZ protein
interaction further differentiates PMCA splice variants and enables
their selective incorporation into signaling complexes with cell-
type specific functions (e.g., at the postsynaptic membrane in
dendritic spines). The functional relevance of PDZ-mediated PMCA
recruitment to membrane microdomains has been demonstrated
for several PMCA-PDZ protein interactions, e.g., for PMCA4b-NOS in
regulating NO production in cardiac function and blood pressure
control [76,84e86], for PMCA4b-CLP36 in platelet activation and
aggregation [77,87], for PMCA1b-NHERF2 in the response to
muscarinic G-protein coupled receptor activation [83], and for
PMCA2b-PSD95 in nicotinic acetylcholine receptor-mediated
interneuron calcium signaling [88].

Besides PDZ proteins, numerous other proteins have been
shown to interact selectively with specific PMCA isoforms or more
promiscuously with most PMCAs, depending on whether they
interact with a unique or a highly conserved region of the pump.
The list of these proteins is still growing and includes signaling and
trafficking proteins (RASSF1, 14-3-3e, calcineurin A, syntaxin,
Homer 2 [78,89e92]), scaffolding/cytoskeletal proteins (alpha-1-
syntrophin, actin [93,94]) and membrane receptors, sensors and
channels (alpha-7 nicotinic acetylcholine receptor, glycine trans-
porter 2 (GlyT2), POST, STIM1 [88,95e97]). These diverse protein
interactions serve to fine-tune the activity of specific PMCAs
directly (e.g., by release of auto-inhibition or by decreasing the
affinity for Ca2þ, CaM and ATP) or indirectly by altering their
abundance at the membrane and their integration into specific
signaling complexes. The lipid environment also plays an important
role in when and where different PMCA isoforms are most highly
active, as differential lipid interactions can result in the partitioning
of specific PMCA isoforms into lipid (micro) domains such as gly-
cosphingolipid and cholesterol-rich lipid rafts [98,99]. The differ-
ential sorting, trafficking, and recycling of PMCA isoforms and
splice variants likely requires additional (transient) associations
with specific protein partners; these may include 14-3-3e, Homers,
PISP/AIPP1 and scaffolding PDZ proteins, but others clearly remain
to be identified. The deployment of the PMCAs to different mem-
brane locales must be carefully orchestrated in response to the
changing demands of Ca2þ signaling; hence proteineprotein in-
teractions of the PMCAs are dynamic and subject to short-term and
long-term regulation.

6. Functional specialization of PMCAs as revealed by their
involvement in different diseases

Given their distinct pattern of expression and functional prop-
erties, as well as their diverse protein partners it is not surprising
that different PMCAs are implicated in specific diseases, under-
lining the functional specialization of PMCA isoforms in controlling
different Ca2þ-mediated cellular events. Much of the knowledge of
the “global” role of each PMCA isoform has been obtained from
studies on “knockout”mice first generated in the laboratory of Gary
Shull (Pmca1, 2, 4)[100,101] and by the group of Ludwig Neyses
(Pmca4)[102], as well as from studies of naturally occurring PMCA
mutant mice (for review, see Ref. [103]). In vitro studies using
knockdown or overexpression of specific PMCA isoforms have shed
further light on their roles in specific cellular events such as dif-
ferentiation, proliferation or cell death [55,104e111]. Finally, recent
large-scale genome-wide association studies and population
screening by exome sequencing of families with inherited disease
have implicated different PMCAs in various humanpathologies. The
emerging picture reveals the association of PMCAs with multiple
signaling pathways and the consequent complexity of pathological
outcomes of the lack or aberrant expression of each pump. For
example, transgenic overexpression of PMCA4b in vascular smooth
muscles in mice resulted in altered vascular tone and increased
blood pressure, which can be explained by the inhibitory effect of
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PMCA4b on NOS and the subsequent decrease in NO production
[112,113]. However, the regulation of NOS by the PMCA4 is more
complex, as the physical tethering of NOS (via the PDZ domain) to
PMCA4b is important for maintaining the integrity of the signaling
domain at the membrane. Accordingly, PMCA4 depletion (in
Atp2b4 null mice) disengages nNOS from its membrane domain
and results in increased basal cardiac contractility via a decrease in
cGMP and a consequent cAMP-mediated positive inotropic effect
[114]. The highly integrated role of the PMCA4 in cardiac physiology
was also demonstrated in a recent study where the loss of this
pump in a transgenic mouse model of mutant tropomyosin-
induced hypertrophic cardiomyopathy was protective, improving
left ventricular end-diastolic pressure by upregulating cGMP and
preventing the disproportionate increase in heart weight [115].

Mouse knockout studies showed the importance of the ubiq-
uitous PMCA1 in organ and tissue development, revealing that
homozygous loss of PMCA1 is not compatible with normal em-
bryonic development [101]. However, because the relative impor-
tance of PMCA1 changes during development and in different
tissues, mutations in the ATP2B1 gene resulting in loss of expres-
sion or function may also cause or contribute to specific diseases.
For example, genome-wide association studies in large populations
of people from Asian, European and African ancestry showed a
highly significant association of specific SNP (single nucleotide
polymorphism) alleles in the ATP2B1 locus with increased systolic
blood pressure and cardiovascular disease risk [116e119]. Although
the precise pathogenicmechanism is not yet clear, a decreased level
of PMCA1 and consequent deficient Ca2þ handling in vascular
smooth muscle are likely involved: Conditional knockout mice in
which the Pmca1 was deleted in vascular smooth muscle devel-
oped increased blood pressure [120]. Reduction of PMCA1 in other
tissues similarly results in specific pathological outcomes, e.g., in
altered bone mineralization and remodeling [121] and impaired
gastric epithelial wound repair [122]. The latter example is of
particular interest as the importance of the PMCA1 appears to be in
providing a local pool of extracellular Ca2þ. This highlights the
multiple functions that PMCA isoforms fulfill depending on the
physiological context: In the enterocytes of the small intestine
which express primarily PMCA1b, the primary function of the
pump is to facilitate hormonally regulated (1,25(OH)2 vitamin D3-
stimulated) trans-cellular Ca2þ absorption. Decreased expression of
PMCA1b in the small intestine results in impaired dietary calcium
absorption and secondary hyperparathyroidism and bone deficits
in mice lacking the membrane cytoskeletal protein 4.1R [123]. In
this mouse model, protein 4.1R appears to be required for proper
stabilization and maintenance of PMCA1b in the basolateral
membrane of the enterocytes, reminiscent of the role of NHERF2 in
recruiting and stabilizing PMCA1b and 2b in the apical membrane
of different epithelial cells [83,124].

What lesson can we learn from these examples? Systemic dis-
ease as well as disorders restricted to tissue-specific functional
deficits can both be caused by deficiency (due to mutation or
aberrant expression) of a single PMCA isoform. As a consequence of
the integration of the PMCAs in multi-protein signaling complexes,
any disturbance of such complexes may have deleterious conse-
quences. Thus, some mutations in ATP2B genes may manifest as
modifier mutations for disorders caused by deficits in functionally
linked proteins; conversely, mutations affecting PMCA-associated
proteins may impair the normal expression and function of the
specific PMCA isoform. The heterogeneity, yet specificity of disease
phenotypes caused by mutations of a PMCA are well demonstrated
by the example of PMCA2. Several mutations including different
single amino acid substitutions and nonsense mutations have been
identified in the ATP2B2 gene in mice and humans; these lead to
hearing deficits from early onset and severe to late-onset and
relatively mild [103,125e128]. Depending on the type of the mu-
tation, other organs and systems may also be affected, such as the
vestibular system and spinal cord and cerebellar functions
[100,129e132]. Similarly, deficits in PMCA4 are not only associated
with male infertility [101,102], cardiovascular problems [133] or
altered bone remodeling [121], but may also manifest in additional
disease syndromes: A very recent study identified a structure-
destabilizing missense mutation (R268Q) in PMCA4 as likely
causative for autosomal dominant familial spastic paraplegia in a
Chinese family [134].

7. Expanded responsibilities for the PMCAs in cell signaling
and cell function

Starting from the relatively vague concept of a plasma mem-
brane calcium pump required in all eukaryotic cells to maintain and
restore the low resting intracellular Ca2þ levels, the past half-
century has seen tremendous progress in our understanding of
the biochemical, structural, molecular, and functional characteris-
tics of this versatile molecular machine. In mammals, well over 20
distinct PMCAs are expressed from 4 genes and by alternative RNA
splicing; these variants differ substantially in their regulatory and
functional properties, their tissue abundance, developmental
pattern of expression, and localization in distinct membrane
microdomains. Their function is tightly integrated with the cell's
physiological Ca2þ signaling and Ca2þ transport needs: theymay be
needed for bulk vectorial calcium transport such as in the intestine,
kidney and mammary gland, but also for fine-tuning temporally
and locally restricted Ca2þ signals in response to receptor-mediated
cell stimulation. Isoform- and splice variant-specific proteinepro-
tein and proteinelipid interactions underlie the specific and
dynamically regulated incorporation of PMCAs inmulti-component
signaling complexes. Reciprocal interactions allow PMCA-mediated
regulation of signaling but also feed-back regulation of PMCA
function. The diversity of PMCA functions in cell physiology is re-
flected by the growing number of congenital disorders and disease
phenotypes attributed to mutations and aberrant expression of
different PMCAs.
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