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a  b  s  t  r  a  c  t

The  interplay  between  Ca2+ and  reactive  oxygen  species  (ROS)  signaling  pathways  is well  established,
with  reciprocal  regulation  occurring  at a number  of subcellular  locations.  Many  Ca2+ channels  at  the  cell
surface  and intracellular  organelles,  including  the endoplasmic  reticulum  and  mitochondria  are  regulated
by redox  modifications.  In  turn,  Ca2+ signaling  can  influence  the  cellular  generation  of  ROS,  from  sources
such  as  NADPH  oxidases  and  mitochondria.  This  relationship  has  been  explored  in  great  depth  during  the
process  of  apoptosis,  where  surges  of  Ca2+ and  ROS  are  important  mediators  of  cell  death.  More  recently,
coordinated  and  localized  Ca2+ and  ROS  transients  appear  to play  a major  role in a  vast variety  of  pro-
survival  signaling  pathways  that  may  be crucial  for both  physiological  and  pathophysiological  functions.
While  much  work  is  required  to firmly  establish  this  Ca2+-ROS  relationship  in  cancer,  existing  evidence
from  other  disease  models  suggests  this  crosstalk  is  likely  of significant  importance  in  tumorigenesis.  In
this review,  we  describe  the regulation  of  Ca2+ channels  and  transporters  by  oxidants  and  discuss  the
potential  consequences  of  the  ROS-Ca2+ interplay  in  tumor  cells.

© 2017  Elsevier  Ltd.  All  rights  reserved.
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1. Introduction

The relationship between Calcium (Ca2+) and reactive oxy-
gen/nitrogen species (ROS/RNS) is well established and has been
described in numerous disease models. Much of our knowledge has
been gained from the cardiovascular system, where this interplay
is an important aspect of pathophysiology, a prominent example
being ischemia/reperfusion injury, where the Ca2+- ROS interplay
is involved in eliciting cell death [1]. Thus, apoptosis is one event
where coordinated surges of ROS and Ca2+ have been observed
and studied in great depth [2–4]. However, in addition to cell
death, emerging evidence reveal that many diverse cellular signal-
ing events are regulated by concomitant and localized increases in
ROS and Ca2+ transients [5–8]. This Ca2+ – ROS interaction is evi-
dent by the fact that many regulators of Ca2+ signaling are redox
modified, and reciprocally Ca2+ signaling is intricately involved in
regulating ROS levels. Importantly, the subcellular location of Ca2+

stores and the sites of ROS production are closely linked, promi-
nently the ER-mitochondrial interface and the plasma membrane
[9,10].

Tight regulation of Ca2+ homeostasis lies at the center of cellu-
lar signaling. The type of signaling “output” is dependent on the
duration, localization, amplitude and frequency of the Ca2+ signal
[11,12]. Regulation of Ca2+ homeostasis is achieved by a number of
ion channels, pumps and exchangers, found on both the cell sur-
face and the organelles that act as primary intracellular Ca2+ stores.
Similarly, subcellular regions of ROS/RNS production, such as the
leading edge of migrating cells and the ER-mitochondrial interface,
are emerging as hubs of signaling, and, as highlighted below, the
type of reactive species and signal amplitudes influence the con-
sequential signaling events and cellular responses [13–15]. While
many studies have examined the redox control of Ca2+ homeostasis,
relatively few studies have investigated this connection specifically
as it pertains to carcinogenesis or metastatic progression. This may
in part be due to the fact that the role of Ca2+ signaling in cancer is
a relatively new field and that Ca2+ signaling mechanisms are com-
plex and do not adhere to a “one size fits all” paradigm in cancer cells
[16]. Much like changes in redox balance, this appears to be context
and cancer type specific. Underlying genomic differences between
tumor types, cellular heterogeneity of individual tumors, and the
contribution of the tumor microenvironment likely contribute to
this variability. Nevertheless, a number of studies have demon-
strated that increased cytosolic Ca2+ is involved in processes such
as proliferation, migration, invasion, and anchorage independent
survival, clearly demonstrating that Ca2+ signaling is important in
cancer progression [16–19]. In the present review, we  focus on the

interplay between Ca2+ and ROS in cancer, highlighting some of
the discoveries pertaining to the redox regulation of Ca2+ trans-
port mechanisms, and how Ca2+ signaling pathways in turn may
regulate the cellular redox environment. Although much work is
still required to firmly establish this relationship in different can-
cer types, two themes can be inferred from existing literature. 1)
Coordinated ROS and Ca2+ surges are required for apoptosis initi-
ation at the mitochondrial-Endoplasmic Reticulum (ER) interface,
with evidence suggesting that this interplay is altered in cancer cells
to enhance apoptosis resistance. 2) Localized, sub-lethal changes in
both ROS and Ca2+ levels fine-tune signaling cascades that maintain
proliferative and metastatic signals (Fig. 1).

2. Oxidants – the importance of what, where and how much

2.1. What and where?

The terms reactive oxygen species (ROS) and reactive nitrogen
species (RNS), are often loosely used to describe a group of very
different molecular species that vary in reactivity, half-life, site of
production and detoxification reactions (Fig. 2). These oxidants can
be either free radicals (containing an unpaired electron), such as
superoxide anion (O2

•−) and hydroxyl radical (•OH), or non-radical
oxidants, including hydrogen peroxide (H2O2), hypochlorous acid
(HOCl, primarily in neutrophils) and peroxinitrite (ONOO−), the
latter being generated in the presence of O2

•− and nitric oxide
(NO•). NO• is produced by Nitric oxide synthase, of which two
isoforms (nNOS/NOS1 and eNOS/NOS3) are regulated by Ca2+ in
a calmodulin-dependent manner [20]. It should be noted that
these species vary widely in their half-life, reactivity and diffusion
rates, and their role on macromolecular oxidation is dependent
on amounts and sites of generation, as well as the rate of oxida-
tion and abundance of target moieties [21]. Moreover, the reaction
with target molecules, such as other ROS, lipids, proteins and DNA,
is dependent on the redox environment of the cell. For example,
high abundance of reduced glutathione and fast reaction with more
readily oxidized proteins, such as peroxiredoxins, may  result in
“scavenging” of the oxidant species before these are able to reach
their target (Fig. 2) [21–23]. The relatively high reactivity of some
oxidants limits their diffusion and role as true signaling molecules.
This includes the highly reactive •OH (T1/2 10−6-10−9sec). Simi-
larly, O2

•− has a half-life of micro to milli seconds, depending on its
environment and interactions with cellular and extracellular com-
ponents such as NO•, transition metals and ascorbic acid; while
H2O2 has a half life in the order of seconds [24,25].
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