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Abstract: All human life starts with a calcium (Ca%*) wave. This ion regulates a plethora of cellular
functions ranging from fertilisation and birth to development and cell death. A sophisticated
system is responsible for maintaining the essential, tight concentration of calcium within cells.
Intricate components of this Ca?* network are store-operated calcium channels in the cells’ membrane.
The best-characterised store-operated channel is the Ca?* release-activated Ca2* (CRAC) channel.
Currents through CRAC channels are critically dependent on the correct function of two proteins:
STIM1 and Orail. A disruption of the precise mechanism of Ca?* entry through CRAC channels
can lead to defects and in turn to severe impacts on our health. Mutations in either STIM1 or Orail
proteins can have consequences on our immune cells, the cardiac and nervous system, the hormonal
balance, muscle function, and many more. There is solid evidence that altered Ca?* signalling
through CRAC channels is involved in the hallmarks of cancer development: uncontrolled cell
growth, resistance to cell death, migration, invasion, and metastasis. In this work we highlight the
importance of Ca?* and its role in human health and disease with focus on CRAC channels.

Keywords: science communication; science literacy; calcium; store-operated channels; STIM; Orai;
disease; cancer; therapeutic target

1. Aim of This Work and the Importance of Calcium in Life

Society’s relationship with natural science is at a critical level. Never have the issues
affecting science been more demanding and challenging, the public more interested, or
the opportunities more apparent. However, public confidence in scientific advice has been
shaken within the last 2 years of the COVID-19 pandemic. The progress of biotechnology
seems to be far ahead of the awareness and approval of many people. We are now in a
climate of deep concern due to public mistrust, unease, and occasional hostility. Since the
start of the prevailing pandemic in 2020, science has made immense progress, especially
in the design of a new era of vaccines. Unfortunately, to date, scientific progress and its
knowledge are still out of reach for the majority of people. This leads to unwarranted
doubts as well as disbelief in science and scientific facts. We believe this is primarily due to
a misunderstanding of science amongst the lay population, especially in a time when more
and more scientific publications are becoming freely accessible. In our opinion, the scientific
community is missing interpersonal and clear communication skills. With this review, we
thus emphasise communication of our scientific knowledge on Ca?*, with special emphasis
on CRAC channels, to the broad, interested masses in order to give people better insight
into science and possibly also to reduce their scepticism of new scientific findings. Thus, it
is important to know—all human life starts with a calcium wave.
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Calcium (Ca®*) is a major element of human life. It is the first signal in a fertilised egg,
which occurs when the envelope of a female oocyte is breached by a male sperm cell [1].
Later in life and through a balanced diet, Ca®* is absorbed mainly through dairy products
and green leafy vegetables [2]. Ca?* as a vital mineral is quantitatively the most important
in the human body. The main amount (roughly 99%) is stored in bones and teeth, but the
Ca?* ion fulfils far more important roles in humans. Ca?* serves a courier role inside our
cells (as the so-called intracellular “second messenger”), meaning its concentration within
cells is changed in response to an outside (extracellular) signal. This extracellular signal is
called “first messenger” or “ligand”. Once its messenger-function is activated, Ca?* holds
remarkable roles important for fertility, birth, development, muscle contraction, and the
function and regulation of cells and tissues; it plays important roles within our immune
system and is associated with viral life cycles [3-9].

As Ca®* regulates virtually all cellular functions and also has the potential to induce a
cell’s death, it is mandatory to tightly maintain its balance (a process which is called “Ca?*
homeostasis”). A permanent increase of the Ca?* concentration inside the cell (within the
cytosol) is toxic and can lead to processes where our immune system attacks the body’s
own cells (formally known as “autoimmune attacks”), inflammation of tissues, and other
pathophysiological (“abnormal”) conditions [10-12]. Therefore, cells control their Ca?*
levels at all times. This monitoring system includes diverse transporters and ion channels
within our cells to keep the concentration of Ca?* in a temporally defined and tight range.
Upon activation by a ligand, the cytosolic concentration of Ca?* increases by 1000-fold
through the release of Ca®* from stores of the endoplasmic reticulum (ER—a network used
to transport various substances around the cell). To maintain the high level of Ca?*, which
is needed for cellular functions, the entry of extracellular Ca?tis obligatory [8,13]. When
needed, the cytosolic Ca?* concentration can be increased in two different ways: either by
releasing Ca?* from ER stores within the cell, or by allowing Ca?* entry through the cell
membrane (also termed plasma membrane, PM) (Figure 1). As the internal stores of the ER
have limited capacity, the main process of Ca®* increase is through influx from the outside
surroundings of the cell.

As mentioned above, Ca?* can enter the cell via Ca?* ion channels embedded in
the plasma membrane. A primary route for this Ca* influx is through “store-operated
channels”. These types of channels open in response to a signal of empty internal Ca?*
stores. This implies that there must be a communicated trigger signal from the cells’ interior
to open up the “gate” in the membrane. The prototypic store-operated channel fulfilling
these criteria is the so-called Ca?* release-activated Ca>* (CRAC) channel. In the normal
physiological state, the CRAC channel transports Ca®* into the cell just when needed.
However, if this channel is changed in any way (due to inherited or acquired malfunctions,
called “mutations”) this can have serious impacts on our health.
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Figure 1. Calcium function from whole organism to single cell level. (Left): Biological processes
and systems that depend on calcium. Yellow circles schematically mark sites affected by calcium-
related diseases within the human body such as the brain, lungs, heart, muscles, and the immune
system. (Right—middle lane): Scheme of a human cell. At resting conditions, calcium (purple) is
stored within the ER. At this stage, calcium is bound to STIM1 proteins (green) which are in an
inactive state. As soon as calcium stores are emptied, STIM1 loses the bound calcium, elongates,
and communicates with Orail in the plasma membrane (red). Subsequently, calcium ions enter
the cell from the extracellular milieu, trigger calcium-dependent responses, and the ER calcium
stores are refilled as well. (Right—upper and lower lane): Live-cell fluorescent images of human
embryonic kidney (HEK293) cells to visualise the localisation of STIM1 (green) and Orail (red)
proteins within the cell. With full ER-calcium stores, both proteins are evenly distributed (upper lane).
Upon emptying of the ER store, both proteins locate at sites called puncta where they interact (lower
lane). (Image created by A.B.).

2. Calcium Uptake into the Cell—The CRAC Channel

The origin of all proteins lies in our genetic code, the deoxyribonucleic acid (DNA),
which we inherit from our parents. Proteins are built according to instructions stored in
certain areas of our DNA (the “genes”), which are essential for our survival. The CRAC
channel system is based on the interaction of two proteins: one of them is partially located
inside the ER, able to sense the Ca?* concentration within. This protein is called stromal
interaction molecule 1 (STIM1) [14,15]. The second protein involved is named Orail,
residing in the plasma membrane and acting as the actual Ca?* channel [16,17] (Figure 1).
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One may be puzzled by the nomenclature of proteins in science, but it is quite easily
explained: the person(s) who discover the protein get(s) to name it. For STIM1, the name
stems from the identification of the first human form as cell adhesion molecule (necessary
for attachment) in the stroma, the supporting tissue of an organ [18]. Even though the
naming was later found to be inaccurate, it was still retained. Orail was named after the
keepers of the gates of heaven in Greek mythology—the Horae [16]—at least here one can
guess a figurative connection to a channel in the cell.

STIM1 traverses the membrane of the endoplasmic reticulum and includes a Ca2*
binding motif that can sense the stores’ Ca%* concentration. As soon as the store loses Ca?*
for triggering a particular function within the cell, STIM1 redistributes into many local
aggregates, known as “puncta” within the ER, which can be visualised with microscopic
techniques (mainly this implies the labelling of proteins with a fluorescent tag—a “shiny”
attachment needed for visualisation; Figure 1) [14,15]. These puncta are nothing other than
hotspots of STIM1 aggregation to enable the interaction with Orail channels in the plasma
membrane. Upon Ca?* store depletion, STIM1 unfolds its cytosolic part (which is otherwise
wrapped up close to the ER membrane) to bridge the distance to the usually far apart
plasma membrane, allowing it to directly interact with Orail in the created puncta [19].
Once the interaction of the two proteins is established, the channel opens and allows Ca**
ions to enter the cell and refill the internal stores.

Orail was discovered in 2006 in patients with a severe form of immunodeficiency
(where the patients” whole immune system is disrupted) [16]. There, an actual small
error within Orail (called “point-mutation” where one single building block out of a total
301 of the protein is exchanged for another) leads to the loss of T-cell function; T-cells
are the essential effector cells of our immune system (the name stems from their origin
in the thymus gland, a specialised organ of the immune system). The T-cells lose their
function (they are more or less paralysed) in response to a lack of Ca®*, which is not
able to enter the cells due to the erroneous Orail channel, culminating in severe immune
impairment. Physiologically healthy Orail proteins associate in groups of six, forming a
so-called “hexamer”. This bunch of six proteins assembles in a circle with a hole in the
centre that represents the actual funnel for Ca?* entry (Figure 1). The structures of Orail
proteins facing the cell’s interior hold several interaction sites for STIM1 [19,20] and the
domains facing the outside of the cell can attract Ca?* ions to allow for a facilitated Ca2*
flux upon channel opening [21]. In the case of the aforementioned immune disease, the
Orail pore is permanently plugged so that no Ca* can enter the cell.

Such a two-component system as it exists for the CRAC channel is highly unusual
in biology as it involves proteins from two different cellular compartments, the ER and
PM, respectively. However, it is precisely this evolutionary feat that makes this system
so important for humans. To date, mutated STIM1 and Orail proteins, and therefore an
altered Ca?* signal, have been associated with a variety of human diseases, underscoring
their importance.

3. Calcium and Its Role in Human Diseases

The complex pattern of Ca?* signalling is highly coordinated in space and time. One
can easily believe that a disruption of these precise mechanisms can lead to defects [22,23].
The relationship of CRAC channels with human diseases first became obvious from studies
in the 1990s. There, defects in CRAC channel function and subsequent Ca?* entry in
patients with a severe form of immunodeficiency (severe combined immunodeficiency,
SCID) were reported to result in fatal infections with bacterial and viral pathogens [24-27].
At that time, the genes mutated in the immunodeficient patients were not known until
the discovery of Orail proteins in 2006 [16,17,28]. Back then, it was shown that one single
mutation within Orail leads to this loss-of-function (LoF) phenotype in SCID patients
mentioned before. LoF implies that Orail loses its actual purpose and is no longer able to
conduct Ca?* into the cell when needed. This phenomenon, also called channelopathy (a
pathological state that is caused by defects in a channel), has serious implications for our
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immune cells: without proper Ca?* homeostasis, they simply are paralysed. The occurring
syndrome in patients is characterised by recurrent and chronic infections, immune cells
attacking our own cells (“autoimmunity”), a lower-than-normal number of platelets in the
blood (“thrombocytopenia”), a state of low muscle tone (“muscular hypotonia”), problems
with the skin (“ectodermal dysplasia”, describing inherited conditions that cause defects in
structures emerging from the ectoderm of the embryo such as hair, teeth, and skin), and the
inability to sweat (“anhidrosis”) [29].

To examine pathological functions of genes in living organisms, scientists usually make
use of model organisms to study specific mutations in proteins. For an animal to become
a model organism in science, it must have several characteristics: a comparatively small
size and it should be easy to keep and reproduce quickly. Only under these conditions
can scientific results be obtained with reasonable effort and in a relatively short time.
Mice usually serve as prototypic model systems—hardly any mammalian organism has
been studied as intensely as the mouse—its genome (the collection of all genes) has been
completely decoded and 99% of the genes in the mouse genome have a similar form in
humans [30]. The use of mice has shown us that Orail and STIM1 proteins play important
roles in the network that controls our heartbeat (“cardiac conduction”), within the nervous
system (“nociception”, a process by which noxious stimulation is communicated through
the nervous system), neurodegenerative diseases (affecting the signal transmission of nerve
cells, as in Alzheimer’s or Parkinson’s disease), cardiopulmonary disorders (related to
heart and lungs), and ischemic stroke (within the brain) [31-35]. In principle, results in
mice cannot be completely extrapolated, but they provide clues as to what effect these
mutations might have in humans.

Apart from LoF mutations that can occur in proteins, alterations with the consequence
of higher activity of the protein may also lead to disease. In this regard, a gain-of-function
(GoF) mutation in STIM1 is associated with the so-called Stormorken syndrome (named
after its discoverer) [36]. This GoF mutation induces disproportionate Ca?* entry into the
cell and patients suffer from an excessive contraction of the pupil of the eye (“miosis”),
thrombocytopenia, intellectual disability, muscle fatigue, the absence of normal spleen
function (“asplenia”), and they exhibit a condition where the skin becomes dry and horny
(“ichthyosis”). A related disease is tubular aggregate myopathy (TAM, affecting primarily
the skeletal muscles), a similar multisystemic disease, varying in disease severity and age
of onset [37-39]. Variations in Orail have also been discovered and linked to Kawasaki
disease [40], a systemic inflammation of blood vessels (“vasculitis”) which predominantly
affects infants and children.

An essential role of CRAC channel proteins has also been proven for cells of the
innate and adaptive immune system in humans [41,42]. The term innate immune system is
understood to mean cells that are already present at birth, such as macrophages, neutrophils,
and dendritic cells. Macrophages are phagocytes (they “eat” other cells), highly specialised
in the removal of dying/dead cells and cell remains (“debris”). Neutrophils are white
blood cells that help our body fight infections such as bacteria or viruses (foreign invaders
are called “antigens” or “pathogens”). Dendritic cells serve as a link between the innate
and adaptive immune system as they can capture, process, and present antigens to more
specialised cells which afterwards respond to this antigen with effector functions (to directly
fight antigens) or the creation of highly specific antibodies. Antibodies are the “heroes” of
our immune system: after a production phase of approximately 10 days, they can accurately
detect and erase foreign antigens. The adaptive immune system comprises everything we
have “learned” during our lifetime by experience: specialised cells have adapted to specific
antigens after encountering them the first time. These cells are mainly T-cells (also called
T-lymphocytes, derived from the thymus) and B-cells (also called B-lymphocytes, derived
from the bone marrow; the only cells that can produce antibodies). Since the immune
system is constantly protecting our body from external attacks, it is easy to understand the
need to maintain the balance of Ca?*—a task accomplished by STIM and Orai proteins.
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Ca?* is also well-established to be important for the transmission of signals via nerve
cells (neurons) and for the contraction of heart muscles (cardiomyocytes). There is evidence
that Ca* is involved in neurodegenerative diseases such as Alzheimer’s, Huntington’s, and
Parkinson’s disease [35]. In addition, the latest findings point to an association of CRAC
channel proteins in the nervous system and pain [34]. Ca®* signals are furthermore known
to play an essential role in infection with diverse viruses. Therefore, Ca?* is important
for virus-host cell interaction [7], viral replication, and release [6,9,43]. Viruses have the
ability to dysregulate Ca?* dynamics within a cell [44]. During the ongoing coronavirus
disease 2019 (COVID-19) pandemic, it has been shown that Ca?* can bind to severe acute
respiratory syndrome coronavirus 2, the COVID-19-causing virus (SARS-CoV-2), leading
to a facilitated viral entry into human cells [45,46]. This makes Ca?* channels a feasible
drug target site to prevent COVID-19; this has already been successfully proven to be
effective against the common flu (influenza A) or ebolavirus-triggered disease [46]. Yet not
all Ca?*-dependent mechanisms of SARS-CoV-2 have been fully deciphered and are still
under investigation [43].

Apart from viral infections, disturbances in Ca?* homeostasis are also linked to cancer.
Cancer as the leading cause of death globally comprises more than 100 different types,
affecting any part of the body in both sexes [47]. Cancer caused nearly 10 million deaths
worldwide in 2020. The most common cancer types in women are breast (25.8%), colorectal
(9.9%), lung (8.8%), and cervix (6.9%). Whereas lung (15.4%), prostate (15.1%), and colorec-
tal (11.4%) cancers are the most common among men [48]. Pathophysiological features of
cancer are known as cancer hallmarks [49,50]. Of these hallmarks, three are critically de-
pendent on Ca?*: (i) enhanced growth (“proliferation”) of cells (meaning their insensitivity
to anti-growth signals and the fact that they show limitless reproduction), (ii) resistance
to programmed cell death (a mechanism by which the cell is destroyed by autologous
mechanisms, also called “apoptosis”), and (iii) migration, invasion, and metastasis (the
movement, intrusion, and growth at other body sites via vascularisation and angiogenesis)
of cancer cells [51-53]. Over the last years, many research groups have investigated the
role of Orai and STIM proteins in cancer development [54,55]. The first evidence found
stems from the 1980s when Ca?* channel blockers were identified as inhibitors of cancer
growth [56-58]. Meanwhile, it has been discovered that Ca®* activates several key sig-
nalling pathways and transcription factors (needed for the production of proteins) that
control cell proliferation and the cell cycle in cancer cells [59-62].

Most major carcinomas develop from epithelial origin, meaning cells that line hol-
low organs and glands. In epithelial cells, the main pathway for Ca?* entry is through
store-operated Ca?* channels, especially CRAC channels [63,64]. To what extent Orail
proteins have the potential to cause cancerous remodelling is dependent on the cancer type
and the particular context [31]. Furthermore, Ca?* is essential for human brain tumour
glioblastoma invasion [65] and for invasive stimuli in breast cancer [66—-68]. Melanoma cells
are dependent on Orail which plays a central role in cell migration and proliferation [69,70].
Moreover, in colon and breast cancer, Orail plays a fundamental role in invasion and metas-
tasis [71,72]. It has been shown for prostate cancer that remodelling of Ca2* homeostasis
leads to resistance to apoptosis [73,74], due to a decreased level of Orail proteins expressed
in the cell. Not only Orail but also STIM1 can be a cause of cancer development. It has
been demonstrated that STIM1 proteins play major roles in glioblastomas, cervix, breast,
lung, liver, melanoma, and colon carcinomas [66,69,75-79]. Within these cancers one can
find higher levels of STIM1 proteins than in healthy tissues.

Unmentioned so far, there are other very similar proteins besides Orail and STIM1.
The information for the synthesis of further Orai and STIM proteins is encoded within the
DNA of humans; these are referred to as Orai2, Orai3, and STIM2. These “relatives” are
scientifically termed “homologs” and, much like siblings, show common and differentiating
features and functions. All three Orai proteins can, for instance, be activated by STIM1 if
Ca?* is low inside the ER, but they differ at key sites that interact with STIM1. STIM2 is
more sensitive to Ca?* but is weaker in activating Orai. Not all tissues and cell types need all
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of the homologs, implying that there are differences in the requirement of their expression.
Yet the interplay of STIM1 and STIM2 with the Orai proteins shapes the Ca?* signal and is
important in deciding for a specific cellular response and not the other. Moreover, STIM2
and Orai2/3 are relevant to cancerous processes, whereby Orai2 was, for instance, reported
to promote migration and metastasis in gastric cancer [80,81] and is important for cell cycle
progression of breast cancer cells [82]. STIM?2 is relevant in leukaemia [83], while Orai3 is
associated with the migration of breast cancer cells [84] and is linked to pancreatic tumour
growth [85]. Overall, a tremendous amount of research has been performed on the STIM1
and Orail isoforms over the past 17 years. These two proteins seem to play a major role in
the vast majority of cell types regarding the CRAC channel system. Accordingly, less is
found in the literature about the other isoforms (STIM2 and Orai2/Orai3). It is possible
that mixed forms are present, whereby the combination of STIM1/2 or Orail/2/3 builds
the CRAC channel. However, the extent to which this is physiologically relevant is still
poorly understood and requires further investigation.

4. Outlook

As outlined in this work, Ca®* plays a major role in human health and disease. To date,
there are no drugs currently being used clinically that target the Ca?* signalling machinery,
although several pharmaceutical companies are working on it. In order to develop new
drugs, the molecular structures of the proteins involved must first be deciphered [86].
This is known under the term “basic research”. Only then can the focus turn to applied
research to develop specific substances targeting the Ca®* signalling machinery in cells.
Understanding the structure of CRAC channels, meaning STIM and Orai proteins, will
improve the prospects for developing novel and relatively untapped therapeutic agents
which aim at combating the growing list of human diseases associated with aberrant
store-operated Ca?* influx in humans, including cancer and COVID-19.

Communicating the current state of science to society is often a difficult task. We hope
this paper is a first step in helping people without a background in biology understand
the important role calcium plays in humans and the importance of research being con-
ducted on this topic. No one benefits from scientific progress if it is not understood and
broadly accepted.
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