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Transporters and channels are membrane proteins that mediate the traffic of
metabolites, water and ions across biological membranes. Membrane transport
proteins are crucial to maintain homeostasis and assure cell survival upon intracellular
or environmental stress. A failure of any of these transport systems may have dramatic
consequences for cell function.

There is increasing evidence that membrane transport proteins play important
functions in healthy conditions and that their absence or dysfunction may cause
diseases. In recent years much attention has been paid to diseases resulting from
defective transporters (“carrier diseases”) and ion channels (“"channelopathies”). Very
interestingly, altered expression of transporters has been described in several human
pathologies.

On this basis, many transport proteins are well acknowledged targets for drugs.
Many others are involved in drug delivery and disposition and/or are considered
potential targets. Others are off-targets for drugs and then, are responsible for side
effects. Thus, membrane protein drug discovery is now an emerging field where the
search for physiological mechanisms of regulation and for chemical compounds as
modulators of transport activity, present new opportunities for drug development
and for new therapies.

This Research Topic addresses the latest research advances in membrane transport
proteins, stimulating future research on these important protein families.
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Targeting Endoplasmic Reticulum
and/or Mitochondrial Ca?* Fluxes as
Therapeutic Strategy for HCV
Infection

Rosella Scrima’, Claudia Piccoli’, Darius Moradpour? and Nazzareno Capitanio ™

" Department of Clinical and Experimental Medicine, University of Foggia, Foggia, Italy, ? Service of Gastroenterology and
Hepatology, Centre Hospitalier Universitaire Vaudois, University of Lausanne, Lausanne, Switzerland

Chronic hepatitis C is characterized by metabolic disorders and by a microenvironment
in the liver dominated by oxidative stress, inflammation and regeneration processes
that can in the long term lead to liver cirrhosis and hepatocellular carcinoma. Several
lines of evidence suggest that mitochondrial dysfunctions play a central role in these
processes. However, how these dysfunctions are induced by the virus and whether
they play a role in disease progression and neoplastic transformation remains to be
determined. Most in vitro studies performed so far have shown that several of the
hepatitis C virus (HCV) proteins also localize to mitochondria, but the consequences
of these interactions on mitochondrial functions remain contradictory and need to be
confirmed in the context of productively replicating virus and physiologically relevant
in vitro and in vivo model systems. In the past decade we have been proposing a
temporal sequence of events in the HCV-infected cell whereby the primary alteration
is localized at the mitochondria-associated ER membranes and causes release of
Ca?t from the ER, followed by uptake into mitochondria. This ensues successive
mitochondrial dysfunction leading to the generation of reactive oxygen and nitrogen
species and a progressive metabolic adaptive response consisting in decreased oxidative
phosphorylation and enhanced aerobic glycolysis and lipogenesis. Here we resume
the major results provided by our group in the context of HCV-mediated alterations of
the cellular inter-compartmental calcium flux homeostasis and present new evidence
suggesting targeting of ER and/or mitochondrial calcium transporters as a novel
therapeutic strategy.

Keywords: HCV, mitochondria associated membranes (MAM), calcium channels, viroporin, oxidative
phosphorylation, redox signaling

INTRODUCTION

Liver disease related to HCV infection represents a major health burden worldwide (Di Bisceglie,
1998). Recent estimates suggest around 71 million chronically infected individuals, i.e., 1% of
the world population (Cf. WHO Global Hepatitis Report 2017 | http://www.who.int/hepatitis/
publications/global-hepatitis-report2017/en/). Approximately 80% of acutely infected individuals
develop chronic infection which may progress to cirrhosis in 2-20% after 20 years and in
15-30% after 30 years. Once cirrhosis is established, the risk of hepatocellular carcinoma (HCC)
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development is 1-5% per year (Alter and Seeff, 2000). Great
progress has been achieved in the treatment of chronic hepatitis C
in recent years. Currently available directly acting antivirals yield
sustained virologic response rates >90%, with very well-tolerated
and relatively short treatment regimens (Pawlotsky et al., 2015).

HCV is a positive strand RNA virus belonging to the
Flaviviridae family and Hepacivirus genus discovered in 1989
(Choo et al.,, 1989). It infects hepatocytes, with the main steps
of its life cycle involving: binding to membrane receptors and
entry into the cell host; uncoating of the genome from the viral
capsid; translation of the viral genome at the ER; replication and
assembly; as well as release of the virus particles (Moradpour
etal., 2007). Notably, HCV replication and virion assembly takes
place in a specialized lipid-enriched cellular compartment of the
infected host called membranous web (Dubuisson et al., 2002). It
is important to remind that HCV is not cytolytic.

MITOCHONDRIAL OXIDATIVE
METABOLISM IN HCV INFECTION

The 9.6-kb HCV genome harbors a long open reading frame
which is translated into a polyprotein of about 3000 amino acids.
This is processed at the level of the ER by cellular and viral
proteases to generate 10 proteins. Three of them (structural—
core, E1, and E2) contribute to the virus particle, the others
(non-structural—p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) are
functional proteins necessary for replication and assembly of the
virion (Moradpour and Penin, 2013).

It is amazing how such a limited number of proteins
is sufficient to reroute host cell physiology to promote
establishment of the infection and viral propagation. An example
is given by the capability of HCV to evade innate immunity. This
relies in part on the activation of MAVS (mitochondrial antiviral
signaling protein) which is anchored on the mitochondrial outer
membrane and that after binding of RIG-1 provides a recruiting
platform for a number of factors whose activation leads to
expression of interferon-f (Seth et al., 2005; West et al., 2011).
One of the two viral proteases, the NS3-4A protease, cleaves
MAVS, thereby impairing interferon induction (Li et al., 2005;
Meylan et al., 2005; Bellecave et al., 2010). The involvement
of mitochondria in the viral life cycle is even more pervasive.
Indeed, HCV proteins were found to localize at contact sites
between the ER and the mitochondrial compartment and move
by lateral trafficking to the mitochondrial outer membrane
(Mottola et al., 2002; Schwer et al., 2004; Griffin et al., 2005;
Kasprzak et al., 2005; Suzuki et al., 2005; Nomura-Takigawa et al.,
2006; Rouillé et al., 2006; Ripoli et al., 2010; Horner et al., 2011).
The ER-mitochondria contact sites, also known as mitochondria
associated membranes (MAMs) (Mannella et al., 1998; Rizzuto
etal., 1998), are a well-organized intracellular synapse-like inter-
organelle communicating systems whose structural tethering
components have been elucidated (Raturi and Simmen, 2013;
Giorgi et al., 2015; Giacomello and Pellegrini, 2016). The
main proposed function of MAMs is to provide a tightly
controlled, localized flux of calcium from the ER store into
mitochondria without raising its concentration in the cytosol

(Rizzuto and Pozzan, 2006; Krols et al., 2016). Calcium is
a recognized physiological modulator of the mitochondrial
metabolism, though above a threshold level it becomes cytotoxic
(Duchen, 2000).

On this background, we have investigated functional
properties of mitochondria in the context of HCV infection.
To this aim we used two well-established in vitro cell models.
One is a tetracycline-regulated system allowing the inducible
expression of the entire HCV polyprotein or of defined parts
thereof in stably transfected U-2 OS human osteosarcoma
cells (Moradpour et al, 1998); in the inducible system only
transcription and translation of the viral proteins occurs. The
other is an infective system where the virus accomplishes its
entire life cycle in the permissive HCC-derived cell line Huh-7.5;
to track infected cells GFP was inserted into the HCV genome
(Moradpour et al., 2004; Schaller et al., 2007).

The main results of systematic studies carried over the
past decade by our group are schematically illustrated in
Figure1 (Piccoli et al., 2007; Ripoli et al., 2010; Quarato
et al, 2012, 2014). It is shown that expression of the
HCV proteins both in the inducible system and in Huh
7.5 cells transfected with infectious full-length HCV leads to
profound alterations of the mitochondrial functions. These
comprise: (i) intra-mitochondrial calcium (mtCa®t) overload;
(i) dissipation of the mitochondrial membrane potential (AW,),
which correlates with inhibition of cell respiration and complex
I (NADH dehydrogenase) activity; (iii) overproduction of
reactive oxygen and nitrogen species (RO/NS). Time-resolved
analysis demonstrated that mtCa?" overload was the earliest
mitochondria-related alteration following induction of HCV
protein expression (Piccoli et al., 2007; Quarato et al., 2012).

INHIBITORS OF THE
INTRA-MITOCHONDRIAL CA2+ FLUX
DAMPEN HCV-MEDIATED
MITOCHONDRIAL DYSFUNCTION

The major transporter of Ca?t into mitochondria is the
mitochondrial calcium uniporter (MCU) (De Stefani et al., 2011).
MCU is part of a complex, comprising also regulatory subunits,
mediating a AW,,-driven accumulation of calcium ions on the
negative site of the inner mitochondrial membrane (Marchi and
Pinton, 2014; Granatiero et al., 2017). From the kinetic point
of view, MCU is a very low-affinity, high-capacity transporter,
meaning that though possessing a relatively high Km for Ca?*
its abundance in the inner mitochondrial membranes makes
mitochondria an efficient buffering compartment preventing
harmful Ca*" rising in the cytosol (Deryabina et al., 2004).
The kinetic limitation of MCU is overcome by MAMs, which
releasing ER-calcium in its intermembrane space provides a
relatively high-concentration Ca?" microdomain (Rizzuto and
Pozzan, 2006). The ER possesses a number of calcium releasing
channels comprising inositol trisphosphate (IP3) and ryanodine
receptors (Patterson et al., 2004; Hamilton, 2005).

Importantly, when cells inducibly expressing the HCV
polyprotein were treated with ruthenium red (RR) or Ru360,
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FIGURE 1 | Overview of the alterations in mitochondrial physiology linked to HCV protein expression and of drug-targetable ion channels and translocators. The
contact site between endoplasmic reticulum and mitochondria is shown (mitochondrial associated membrane, MAM). HCV proteins are shown in purple on the ER
membrane (ERM) and on the outer mitochondrial membrane (OMM) where they are likely transferred from ERM by lateral diffusion. Interaction of HCV proteins with the
ERM-located Ca2+ transporters (RyR/IP3R) is shown, causing localized increase of the [Ca2+ ], thereby promoting its uptake within the mitochondria via the
voltage-dependent anion channel (VDAC) and the mitochondrial calcium uniporter (MCU) located in the OMM and IMM respectively. The viroporin HCV p7 is also
shown to contribute to the mitochondrial Ca?+ load. Activation of the ER unfolded protein response (UPR) linked to the stressing accumulation of HCV proteins might
also be indirectly involved in the deregulation of the inter-organelle CaZ* fluxes (not shown). The increased intramitochondrial [Ca2+] affects components of the
respiratory chain (RC) and activates mitochondrial nitric oxide synthase (not shown, but see text), thereby increasing generation of reactive oxygen and nitrogen
species (RO/NS). RC is illustrated within the IMM cristae with complexes |, Ill, IV (from right to left). The FoFy HT-ATP synthase is also shown in the upper part of the
crista. Electron transfer from NADH to O» (forming H»O) and the chemiosmotic circuitry coupling RC proton pumping to the AW-driven ATP synthesis are shown by
black arrowed lines. Electron leak from dysfunctional RC leads to ROS formation/accumulation (red arrowed lines) which is mitigated by the concerted action of
Mn-superoxidase dismutase 2 (SOD2), catalase (CAT) and glutathione peroxidase (GPX) with glutathione reductase (GR) and nicotinamide nucleotide
transhydrogenase (NNT) needed to regenerate reduced glutathione (GSH) at expense of NADPH. The enhanced intramitochondrial levels of Ca2* and RO/NS are
shown to activate the permeability transition pore (PTP), illustrated schematically by the cyclophilin D (CyP D)-mediated assembly of OMM and IMM components.
Opening of the PTP causes flush out of low molecular weight metabolites comprising NAD(P)+/NAD(P)H and GSH/GSSG. This leads to further impairment of the RC
activity (and of the oxidative phosphorylation) and to reduced ROS scavenging with consequent worsening of the redox balance. RO/NS are finally shown to affect the
activity of the Cat transporting system (green arrow) with further entry of Ca?* into the mitochondria, thereby fuelling a positive feedback mechanism. Blocking the
above-illustrated cycle of alterations constitutes a rationale to develop therapeutic strategies. Accordingly, inhibitors of the ER Ca2t channel(s) (dantrolene), the
viroporin p7 (amantadine), the MCU (ruthenium red/Ru360), the PTP (aciclovir) are shown. Reproduced with modifications from Quarato et al. (2013). Copyright
(2013), with permission from Elsevier.

was observed when these cells were treated with dantrolene,
an inhibitor of the ER calcium channels (Piccoli et al.,
2007).

both inhibitors of the MCU (Broekemeier et al., 1994; Matlib
et al., 1998), the above-reported mitochondrial alterations were
fully prevented (Piccoli et al., 2007). A similar protection
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Taken together, the results obtained led us to suggest
a working model whereby the overload of mtCa?t is the
seminal event in the successive alterations (Piccoli et al,
2006, 2009; Quarato et al., 2013). Possibly, overcrowding of
HCV proteins at MAMs might affect the overall calcium
retention capacity of the ER membranes as a consequence
of a mild unfolded protein response (UPR) (Carreras-Sureda
et al, 2017) or elicit a specific effect on the Ca’* channels
(Deniaud et al., 2008). The MCU-mediated load of Ca®**t into
the mitochondria drives alterations in the redox homeostasis.
This might be achieved by activation of a Ca’**-dependent
mitochondrial isoform of the nitric oxide synthase (Dedkova
et al., 2004; Ghafourifar and Sen, 2007). NO is known to affect
the mitochondrial respiratory chain by competitive inhibition
of the cytochrome ¢ oxidase and/or by covalent modification
of complex I (Brown and Borutaite, 2004; Sarti et al., 2012).
Impairment of the normal electron transfer in the respiratory
chain results in enhanced electron leak to O,, with formation
of the superoxide anion (O5™) (Murphy, 2009), which is further
converted to H,O, by the Mn-SOD. To support this model is
the evidence provided by confocal microscopy analysis, using
specific probes for NO, O3~, and peroxides, showing a clear
compartmentalization of the fluorescent signals resembling the
mitochondrial network (Piccoli et al., 2007). Overproduction of
ROS has been recurrently reported to enhance mtCa?* uptake
likely by modification of redox sensitive cysteines of the ER
calcium channels (Feissner et al., 2009; Gorlach et al., 2015)
and/or of the MCU (Dong et al., 2017). Accordingly, treatment
of cells inducibly expressing the HCV polyprotein with the
antioxidant N-acetylcysteine (NAC) prevented completely the
mtCa?* overload as well as inhibition of the mitochondrial
respiratory activity and of the AW, generation (Piccoli et al,
2007).

The enhanced levels of Ca?* and RO/NS into mitochondria
proved to activate a long established feature of the organelle
better known as mitochondria permeability transition (MPT)
(Giorgio et al., 2017). MPT consists in increased non-specific
conductance of the inner mitochondrial membrane to low
molecular weight molecules (<1,500 Da). Activation of the
MPT is attained by a number of factors promoting binding of
cyclophilin D (Cyp D) to the MPT pore (Elrod and Molkentin,
2013). The molecular nature of the MPT pore has been elusive
for a long time though recent evidence suggests the F,F;-ATP
synthase as a plausible candidate (Bernardi et al., 2015; Jonas
et al,, 2015). Transient opening (i.e., flickering) of the MPT pore
works as a relief valve-like system avoiding hyperpolarization of
the inner mitochondrial membrane as well as recycling of Ca?*
(Aon et al., 2008; Nivala et al., 2011). Conversely, permanent
opening of the MPT pore causes exit of low molecular weight
antioxidants (like glutathione) and redox coenzymes fostering
oxidative stress as well as swelling of mitochondria because
of its hyperosmolarity as compared with the cytosol (Di Lisa
et al., 2001). This event can lead to autophagy of the organelle,
apoptosis or necrosis depending on the prevailing cellular setting
(Kroemer et al., 2007).

To verify the involvement of the MPT in the observed
HCV-mediated mitochondrial dysfunctions we tested the effect

of alisporivir, a robust antiviral drug (Paeshuyse et al., 2006;
Coelmont et al., 2009; Gallay and Lin, 2013). Alisporivir is a
cyclosporin A analog but without immunosuppressive properties
(Gallay and Lin, 2013). It binds to Cyp D, interfering with its
opener function of the MPT (Elrod and Molkentin, 2013). When
alisporivir was tested on the mitochondrial dysfunctions caused
by HCV protein expression we found an impressive capability of
the drug to fully prevent (and even reverse) the AWy, collapse,
RO/NS production and mtCa?t overload (Quarato et al., 2012).

Combination of all the above reported observations supports a
pathogenetic model for HCV infection whereby a self-nourishing
mechanism is activated, consisting in positive feed-back loops
initiated by the entry of Ca?" into mitochondria and fuelled by
the ensuing RO/NS overproduction elicited by impaired activity
of the respiratory chain (Figure 1). In such a cascade of events
an essential role is seemingly played by mitochondrial and ER
transporters (i.e., MCU, MPT pore, ER-Ca?" channels) since
inhibition of either of them prevents and reverses the HCV
protein-mediated mitochondrial alterations.

EXPLORING THE HCV VIROPORIN p7 AS A
POTENTIAL THERAPEUTIC TARGET

The impact of Ca>* flux homeostasis in the interplay between
HCV and the host cell is also underlined by the presence in the
HCV proteins of the viroporin p7 (Madan and Bartenschlager,
2015). p7 is a transmembrane protein constituted by two
transmembrane helices which is thought to oligomerize in
hexameric structures, forming a channel (Clarke et al., 2006).
When inserted into artificial membranes, p7 proved to increase
ionic conductance with selectivity toward cations (Griffin
et al.,, 2003; Montserret et al., 2010; Wozniak et al., 2010). It
accumulates in ER membranes and is particularly enriched at
the MAMs sub-compartment (Griffin et al., 2004). Data obtained
in vitro suggested a role of the antiviral drug amantadine
in inhibiting HCV p7-mediated cation conductance (Griffin
et al.,, 2003; Cook et al., 2013; see also Atoom et al., 2014).
Given this premise and in keeping the observed mitochondrial
alterations caused by HCV protein expression we tested on those
the effects of amantadine, an adamantane-derived compound
(Figure 1). We found that amantadine not only prevented but
also rescued HCV protein-mediated mitochondrial dysfunction
in cells inducibly expressing the HCV polyprotein (Quarato
et al., 2014). Specifically, amantadine corrected: (i) overload of
mitochondrial Ca?*; (ii) inhibition of respiratory chain activity
and oxidative phosphorylation; (iii) reduction of membrane
potential; (iv) overproduction of reactive oxygen species. The
effects of amantadine were observed within 15min following
drug administration and confirmed in Huh-7.5 cells transfected
with the infectious full-length HCV genome. However, these
effects were also observed in cells expressing subgenomic HCV
constructs, indicating that they are not mediated or only in part
mediated by p7. Single organelle analyses carried out on isolated
mouse liver mitochondria demonstrated that amantadine
induces hyperpolarization of the membrane potential (Quarato
et al., 2014). Moreover, amantadine treatment increased the
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calcium threshold required to trigger mitochondrial permeability
transition opening (Quarato et al, 2014). These results
led to the conclusion that amantadine displays off-target
effects likely relatable to Ca?t transporting systems of the
host cell.

METABOLIC REWIRING OF HOST CELL BY
HCV

Surprisingly, in spite of the overt impairment of the
mitochondrial respiratory chain activity and of the concurrent
oxidative phosphorylation (OxPhos), HCV-infected cells did
not show evident signs of sufferance or bioenergetic failure.
Indeed, the difference in growth rate and viability of both
HCV-induced U2-OS cells and HCV-infected Huh-7 cells
was negligible as compared with control cells. Accordingly,
the cellular ATP level was unaffected, if not increased, in
HCV-induced U2-0OS cells grown in glucose-containing media
(Piccoli et al., 2007). Though this is consistent with the non-
cytopathic property of HCV, it implies the need to understand
how the virus rewires the host cell metabolism (Diamond et al.,
2010).

An important factor and regulator of metabolism in cells
challenged by stressing conditions is constituted by hypoxia
inducible factor la (HIF-la) (Wang and Semenza, 1993).
HIF-1a is rapidly degraded under normal oxygen tension
following hydroxylation by O;- and 2-oxo-glutarate-dependent
prolyl hydroxylases (PDHs) (Bruick and McKnight, 2001).
The hydroxylated HIF-1a is then ubiquitinated and steered
toward proteasomal degradation (Mole et al., 2001). Conversely,
under hypoxic conditions the hydroxylation of HIF-la is
dampened and it accumulates and moves to the nucleus where
promotes transcription of a number of prosurvival genes,
including those coding for glycolytic enzymes (Semenza et al.,
1994; Wang et al., 1995). However, conditions different from
hypoxia, which in turn inhibit PDH activity (i.e., RO/NS
and/or competing 2-oxo-acids) result in stabilization of HIF-
la also under normoxia (Déry et al., 2005; Pugh, 2016;
Figure 2A).

We demonstrated that HIF-1a is stabilized under normoxic
conditions both in HCV-induced U2-OS and HCV-infected
Huh-7 cells as well as in patients’ liver biopsies (Ripoli et al.,
2010; see also Nasimuzzaman et al., 2007; Wilson et al., 2012).
Consistent with this finding, we showed that the HIF target genes
coding for the glycolytic enzymes hexokinases I and II (HKI,
HKII) were both upregulated at the transcriptional and protein
levels. This would indicate a metabolic shift toward aerobic
glycolysis that we supported by an observed higher release of
lactate in HCV-induced U2-OS cells (Figure 2B). It is worth
considering that HKII was shown to interact with the outer
mitochondrial membrane at the level of the voltage-dependent
anion channel (VDAC) and to prevent MPT activation (Pastorino
et al., 2005; Chiara et al., 2008). Also, HKI was found to interact
with the outer mitochondrial membrane, thereby blocking
apoptotic signals (Abu-Hamad et al., 2008; Schindler and Foley,
2013).

On this basis, we proposed a model, consistent with other
reported evidence, whereby the MPT pore oscillates between
the closed and open state under the positive influence of HKII,
which restrains the effects of RO/NS and mtCa*t (Quarato
etal., 2012). Stabilization of HIF-1a, up-regulating the expression
of HKIIL, is likely to be linked to activation of the AKT-
mTOR pathway (Land and Tee, 2007; Agani and Jiang, 2013).
Indeed it has been suggested that PI3K, the upstream activator
of AKT, binds the HCV NS5A protein which activates it
permanently (Street et al., 2005). Moreover, the active form of
AKT deactivates GSK-3p, which by phosphorylation of VDAC
displaces HKII, promoting permanent opening of the MPTP
under stressing conditions (Pastorino et al., 2005; see also Chiara
et al., 2008). In agreement with this proposal, we found that the
phosphorylation state of AKT and GSK-3p was enhanced both
in HCV-induced U2-OS and in HCV-transfected Huh 7.5 cells
(Figure 2D).

We have here a remarkable example of the strategy put in
action by HCV which although impairing the most important
energetic powerhouse of the cell (i.e., the mitochondrial OxPhos
system) at the same time tunes the consequent effects evading
premature cell-death signaling of the host cell.

INHIBITORS OF THE ER AND
MITOCHONDRIAL CA%+
CHANNEL/PORTER DAMPER
LIPOGENESIS IN HCV INFECTED CELLS

A recently emerged property of HCV is the enhanced mitophagy
in the host cell (Kim et al, 2013, 2014; Ruggieri et al,
2014). Mitophagy is a selective autophagic degradation of
mitochondria which is part of a quality control processing
of the cell (Anding and Baehrecke, 2017). The main trigger
for recognizing damaged mitochondria is a drop in the
membrane potential which recruits and activates mitophagic
factors like PINKI and parkin to initiate first the fission of
the mitochondrial network and then the engulfment of the
isolated mitochondria into isolation membranes to become
mitophagosomes (Zimmermann and Reichert, 2017). However,
and remarkably in the context of HCV infection, this process
appears to be somehow abortive since the mitophagosomes,
instead of fusing with lysosomes, have been reported to
accumulate, together with lipid droplets, in the membranous web
which is the peculiar environment where HCV RNA replication
takes place (Hara et al., 2014). Blocking this process results in
suppression of the viral replication (Fang et al., 2017). This is
possibly another strategy to hinder the MAVS-mediated immune
response.

Accumulation of lipid droplets can be easily detected by
staining cells with Oil Red O. Figure 3 shows the impressive
accumulation of lipid droplets in HCV-infected Huh 7.5 cells and
the co-localization of them with GFP-labeled NS5A HCV protein.
Similar results were obtained with HCV-induced U2-OS cells.
This observation clearly implies an HCV-mediated deregulation
of fatty acid metabolism, which may derive from an inhibition
of fatty acid oxidation (FAO) or increased fatty acid synthesis

Frontiers in Chemistry | www.frontiersin.org

10

March 2018 | Volume 6 | Article 73


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Scrima et al. Mitochondrial Ca2*-Homeostasis and HCV-Related Diseases

A
’ Ca2* Membraneous Web
) _JHevp= \
Ca?* 4\
1
Glycolytic enzymes
(_ mRNAs
NADH Glycolysis -
‘ By ‘7— ucose SREBPlc
NAD* DHAP —> G3P ()
AcCoA @ GsKk-3 --»!
1
OAA Rate limiting FA O ¢ v
\_’CIT step ¢ f' @ l Q
— crrT» AcCoA @MaICoA
OAA !
co ¥ D)
2T¢<___‘\r _>@3 @(_f\ NS5A
s e < ACC mRNA J
Inactive
B Lactate released ||C D
Huh 7.5 (nmol/ml/10¢ cells) ) ) Huh 7.5 —
CTRL JC1-GFP 100 4 % Normalized transcripts CTRL JCL-GFP _ P*
i 1 00 1.0 20 30 40 c. -
core [ O o 0 1o = 0 4 core[ wmm]|
- 1.5
40
*% PS79-ACC | e s | 116 1.0
B -actin | e—— 20 PDP ]
| -
F.C.: fold change 0 o 0.5
[ cTRL PDK CTRL S473-AKT | s 4 1.91
Normalized transcripts M pici-Grp M pic1-Grp P ‘ C]cTRrL
(fold change of control) pS21-GSK3p | ' 205 M pici-Grp
0 2 4 6 8 -
HIF-1o; % % P<0.05(n=3) #: P<0.05 (n=3) e
HKA se%: P< 0.01 (n=3) s%1 P<0.01 (n=3) -ezioiechange 2 P<0.05 (n=3)

FIGURE 2 | HCV induces rewiring of cell metabolism in infected cells. (A) The scheme summarizes major changes in the metabolic pathways induced by HCV
infection as supported by evidence reported in the literature and by the unpublished results showed in panels (B-D) obtained in HCV Jc1 RNA-transfected Huh-7.5
cells in vitro. HCV protein-induced enhanced entry of CaZ* into mitochondria is shown to dampen the respiratory chain activity and oxidative phosphorylation
(OxPhos) and to elicit increased reactive oxygen species (ROS) production. These inhibit the prolyl-hydroxylase (PHD) leading to stabilization of the hypoxia induced
transcription factor (HIF-1a) which controls the expression of the glycolytic enzymes, thereby shifting cell metabolism toward aerobic glycolysis. (B) shows the
stabilization of HIF-1a and the consequent metabolic shift evidenced by upregulation of the hexokinase | (HK-I) transcript and by increased lactate release in
transfected Huh-7.5 cells. The enhanced glycolytic flux leads to accumulation of pyruvate which proved to further inhibit PHD. Pyruvate enters into mitochondria
where it is converted in acetyl-CoA (AcCoA) by the pyruvate dehydrogenase (PDH). The HCV protein-mediated load of Ca* into mitochondria is shown to activate
the pyruvate dehydrogenase phosphate (PDP), which controls the activity of the PDH. To note, at the transcriptional level both PDH and PDP [but not the pyruvate
dehydrogenase kinase (PDK)] are significantly up-regulated in HCV RNA-transfected Huh-7.5 cells (C). The enhanced production of AcCoA leads to formation of
citrate (CIT), which because of the limited availability of oxidized NAD* (caused by impaired respiratory chain activity) is not further transformed via the tricarboxylic
cycle and exits from mitochondria to shuttle AcCoA in the cytosol. The cytosolic AcCoA functions as precursor for the de novo synthesis of fatty acids (FA) that with
intermediates of glycolysis forms triglycerides (TG) accumulating as lipid droplets. (D) shows that HCV RNA-transfected Huh-7.5 cells displays a two-fold increased
expression of the acetyl CoA carboxylase (ACC), the controlling step in FA synthesis. ACC activity is controlled by its inactivating phosphorylation mediated by the
AMP-activated protein kinase (AMPK) which is in turn controlled by the phosphorylated state of Akt/protein kinase B. Phosphorylation of AKT is mediated by activation
of the phosphatidylinositol 3-kinase (PI3K), which has been reported to interact with HCV NS5A. Notably, the phosphorylated AKT is known to inactivate the glycogen
synthase kinase 3 (GSK3B) which inhibits the activity of the transcription factor sterol regulatory element-binding protein 1c (SREBP 1c¢) controlling the expression of
ACC. Consistently, the Western blots in panel (D) show enhanced phosphorylation of both AKT and GSK3B. The inability of HCV RNA-transfected to properly oxidize
FA by the mitochondrial B-oxidation (requiring efficient respiratory chain) may lead to cytosolic accumulation of acyl-CoA which flow into TG synthesis (not shown).
Lipid droplets results in formation of a membraneous web, contributed also by the HCV protein induced extensive rearrangement of host cell membranes, which
contains the sites of viral replication and possibly assembly.
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FIGURE 3 | Effect of ruthenium red and dantrolene on lipid droplet formation in transiently HCV RNA-transfected Huh-7.5 cells. Lipid droplets were stained with Oil
Red O (8 mg/ml for 60 min) and imaged by laser scanning confocal microscopy. Representative images of control and Jc1-GFP RNA-transfected Huh-7.5 cells are
shown illustrating the merge of Oil Red O (red) and GFP-related (green) fluorescence signals; the latter was used to track HCV-transfected cells (>90% of the cell
population). Control Huh-7.5 cells were subjected to the transfection protocol but without HCV RNA. The time point after transfection was 72 h (see Ripoli et al., 2010
for further details). Where indicated 5 wM Ruthenium red (RR) or 10 uM dantrolene (DAN) were added soon after transfection. Enlargements of the merged pictures
are also shown to better visualize lipid droplets in HCV RNA-transfected Huh-7.5 cells. The histograms of the Oil Red O-related fluorescence in GFP-positive
transfected cells comparing untreated and drug-untreated cells are shown and refer to the averaged size and to the occupied cellular area fraction of the lipid droplets.
The fluorescence intensity was assessed by averaging 10-20 cells from each of at least 10 optical fields under each condition using ImageJ 1.49v (http://imagej.nih.

goV/ij). The average of four independent experiments plus the standard error of the mean (SEM), along with statistical analysis, is shown.

(FAS) or both. Deregulation of peroxisome proliferator-activated
receptors (PPARs), the master transcription factors regulating
lipid metabolism, is likely to be involved (Agriesti et al., 2012).
Notably, treatment of infected cells with either dantrolene or
RR prevented lipid droplet accumulation, pointing once again
to alteration of the ER-mitochondria calcium flux as a germinal
event in HCV infection.

Hampering of FAO can be envisioned as a consequence of the
HCV-mediated impairment of respiratory chain function which
limits the proper redox recycling of the coenzymes required
in fatty acid p-oxidation. In addition, flickering of the MPT
would result in progressive leakage from the mitochondrial
compartment of factors needed for FAO (like carnitine) (Di Lisa
etal., 2001).

However, also an enhanced fatty acid and triglyceride (TG)
biosynthesis is likely to occur concurrently with FAO dampening.
Consistently, we found up-regulation of the FAS rate-limiting

enzyme acetyl CoA carboxylase (Wakil et al, 1983; Kim,
1997) both in terms of enhanced expression and of post-
translational activating phosphorylation via the PI3K-AKT axis
(Hardie, 1989; Figure 2D). Activation of the transcription factor
SREBPIc, controlling the expression of ACC, is known to
be linked to the AKT-mediated inactivation of GSK-3f (Kim
et al, 2004; Park et al., 2009; Yecies et al, 2011). Such
a signaling pathway was recently found to upregulate HCV
RNA translation (Shi et al., 2016). Precursors for FAS and
TG are provided by glycolytic metabolites. Acetyl CoA is
largely derived by pyruvate oxidative decarboxylation, catalyzed
by the pyruvate dehydrogenase (PDH) complex, and via the
citrate shuttle released in the cytoplasm. The PDH function
is tightly controlled by its phosphorylation state, which in
turn depends on the balanced activities of a PDH kinase
(PDK) and a PDH phosphatase (PDP) (Roche et al., 2001).
To note, we found that HCV full-lenght RNA-transfected
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FIGURE 4 | Pathogenetic model of HCV-mediated alterations. The development of disease in patients with chronic hepatitis C is modeled as a function of the level of
the oxidative alteration and of the mt-Ca2* load. Three pathogenic settings are presented. Low RO/NS- and mt—Caz*'-dependent stress level activates a pro-survival
and proliferative adaptive response by redox signaling. The flickering balance between the mitochondrial PTP closed/open configuration is set to a level that causes
collapse of the respiratory chain-mediated protonmotive force (i.e., ApHT), with consequent impairment of ATP synthesis by the FoF1-Ht ATP synthase. This forces
the infected cell to shift its energy-supplying metabolism toward glycolysis by activation of the transcription factor HIF-1a. Collapse of the AuH™ is a trigger for
selective removal of damaged mitochondria by the organelle-specific autophagic machinery (i.e., mitophagy), which is required for HCV replication. Such a prosurvival
setting in the host cell facilitates HCV persistence. However, if additional (mutagenic) hits accumulate over the time this may result in clonal expansion, leading to
hepatocellular carcinoma. Intermediate levels of RO/NS and mt-Ca?+ enhance the closed to open transition of the PTP causing, among others, depletion of
low-molecular weight metabolites (.., glutathione, NAD™, carnitine, coenzyme A) needed to guarantee antioxidant capacity and import of long chain acyl-CoA
(AcCoA) for B-oxidation. Accumulation of acyl-CoA leads to conversion into triglycerides (TG). Other factors, described in Figure 2 (i.e., activation of HIF-1a,
PI3K-Akt-ACC) and of the sterol regulatory element-binding protein (SREBP-1c) may contribute to enhanced de novo lipogenesis. All together this may account for
the steatosis which can be observed in HCV-infected hepatocytes. Accumulation of lipid droplets in the cytoplasm is believed to provide an assembly platform for
HCV. High intramitochondrial concentrations of Ca2* and ROS induces permanent opening of the PTP causing osmotic swelling and rupture of the outer
mitochondria membrane. The consequent release of cytochrome ¢ and other pro-apoptotic factors triggers the caspase cascade. Depending on the intracellular ATP
level, this would lead to apoptosis or necrosis activating, in the last case, tissue fibrosis. Reproduced with modifications from Quarato et al. (2013), Copyright (2013),
with permission from Elsevier.

Huh 7.5 cells displayed enhanced transcript levels of PDH CONCLUSIONS

and PDP (Figure 2C). Remarkably, mtCa?" is required to

stimulate the PDH phosphatase and consequently the PDH, In conclusion, the emerging strategy put in action by HCV
which is more active in its dephosphorylated state (Huang et al., i consistent with a fine rewiring of host cell metabolism.
1998; Denton, 2009). This notion would explain the observed ~ This is achieved by depressing mitochondrial OxPhos while
inhibition of lipid droplet accumulation in HCV-infected cells ~ fostering glycolysis which provides, in addition to energy,

when treated with inhibitors of either the MCU or ER-calcium ~ precursors for biosynthetic processes. A major and perhaps
channel(s). germinal event appears to be a deregulation of Ca®t flux
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homeostasis between the ER and mitochondria at specialized
contact sites. This would selectively target mitochondria,
avoiding large changes of the Ca’" concentration in the
cytosol, thus preserving cell viability. The ensued increase of
mtCa?* leads to changes in the mitochondrial redox tone.
This results in progressive dysfunction of the respiratory chain
activity and the resulting OxPhos failure is bioenergetically
compensated by an enhanced glycolytic flux. In this context,
concurrent or consequent activation of prosurvival transcription
factors contributes to dampen cell death. Realization of
a membranous web constituted by accumulation of lipid
droplets, and possibly by incomplete mitophagy, provides a
suitable platform for HCV replication and virus particles
assembly. Depending on the prevailing conditions (i.e., the
level of the oxidative alterations and of the mtCa2t load)
in such a multistep process, HCV infection can progress to
different clinical outcomes including steatosis, fibrosis, HCC
(Figure 4).
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Infectious diseases caused by pathogenic protozoa are among the most significant
causes of death in humans. Therapeutic options are scarce and massively challenged
by the emergence of resistant parasite strains. Many of the current anti-parasite drugs
target soluble enzymes, generate unspecific oxidative stress, or act by an unresolved
mechanism within the parasite. In recent years, collections of drug-like compounds
derived from large-scale phenotypic screenings, such as the malaria or pathogen box,
have been made available to researchers free of charge boosting the identification of
novel promising targets. Remarkably, several of the compound hits have been found
to inhibit membrane proteins at the periphery of the parasites, i.e., channels and
transporters for ions and metabolites. In this review, we will focus on the progress
made on targeting channels and transporters at different levels and the potential for use
against infections with apicomplexan parasites mainly Plasmodium spp. (malaria) and
Toxoplasma gondii (toxoplasmosis), with kinetoplastids Trypanosoma brucei (sleeping
sickness), Trypanosoma cruzi (Chagas disease), and Leishmania ssp. (leishmaniasis),
and the amoeba Entamoeba histolytica (amoebiasis).

Keywords: drug target, transport, infection, resistance, parasite, malaria, protozoa

HUMAN-PATHOGENIC PROTOZOA, CURRENT TREATMENT,
RESISTANCE

Apicomplexa

With more than 200 million new infections per year, malaria-causing Plasmodium spp. are the most
prominent parasites. The death toll of malaria is still >400,000 per year. About 90% of the cases
occur in the WHO African Region and are caused almost exclusively by the species Plasmodium
falciparum. In the subtropical zones outside of Africa, Plasmodium vivax is responsible for up to
64% of the cases. Ongoing efforts to eradicate malaria are hampered by the lack of effective antisera
and the spreading of resistant strains against antimalarial treatment (WHO, 2017b). Hence, current
research aims at identifying suitable epitopes for future immunization programs, and discovery of
new drug targets to establish novel modes of antimalarial drug action.

The current first-line treatment of uncomplicated P. falciparum malaria is an oral artemisinin-
based combination therapy (WHO, 2015). The mechanisms of how artemisinin and its derivatives,
such as artesunate and artemether, attain antimalarial activity are thought to reside in generating
oxidative stress by liberating reactive oxygen species from an internal peroxo-moiety, and in
affecting a calcium ATPase (SERCA or PfATP6) of the sarcoplasmic-endoplasmic reticulum
(Moore et al., 2011). The half-life of the fast-acting artemisinins is very short, typically around
1 h. To maintain this highly efficient therapeutic option in view of an increasing number of mutant
parasite strains with varying degrees of resistance to the artemisinins (Jambou et al., 2005), these
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compounds are combined with drugs that exhibit longer half-
lives (WHO, 2001; Kavishe et al, 2017). Patients infected
with P. vivax, Plasmodium ovale, Plasmodium malariae, or
Plasmodium knowlesi are equally treated with an artemisinin
combination therapy or with chloroquine depending on
the sensitivity of the infecting strain. For a number of
decades, chloroquine was used for monotherapy until massive
resistance occurred. Chloroquine accumulates in the parasite’s
digestive vacuole and interferes with heme-detoxification during
hydrolysis of hemoglobin from the host (Slater, 1993; Thomé
et al., 2013; WHO, 2015). For preventing relapse from dormant
liver stages after infections with P. vivax or P. ovale, the use of
primaquine is recommended (Fernando et al., 2011; Mikolajczak
et al,, 2015; Laleve et al., 2016). Complicated infections require
rapid administration via intravenous or intramuscular injections
of artesunate for at least 24h followed by artemisinin-based
combination therapy (Abiodun et al., 2013; WHO, 2015).

A malaria-related, tick-borne disease, babesiosis, normally
occurs in livestock and domestic animals, and only occasionally
emerges in humans. Most cases of human babesiosis are caused
by Babesia microti. First-line treatment is a combination of
the ubiquinone analog atovaquone and the antibiotic macrolide
azithromycin (Krause et al., 2000).

Another apicomplexan parasite, Toxoplasma gondii, causes
the food-borne disease toxoplasmosis. It is estimated that
30-50% of the worlds population are infected with this
parasite. It persists, often life-long, in the host in a dormant,
cystic bradyzoite form. Although the infection usually occurs
asymptomatic, it can evolve to a life-threating illness in immune-
compromised patients. Infections of pregnant women can be
transmitted to the fetus giving rise to spontaneous abortion
or stillbirth (Flegr et al., 2014). Toxoplasmosis is treated with
the dihydrofolate reductase inhibitor pyrimethamine or the
antibiotic sulfadiazine. Second-line drugs are azithromycin,
clarithromycin, atovaquone, dapsone, and cotrimoxazole. Due to
side effects and ineffectiveness against the dormant bradyzoite
form novel therapeutics are urgently needed (Petersen and
Schmidt, 2003).

Kinetoplastids

Parasites of the phylum euglenozoa, i.e., the kinetoplastids,
are the causative agents of various infections that are classified
as neglected tropical diseases. Overall, it is estimated that one
billion people in tropical and subtropical countries are affected.
Infections with Leishmania spp. lead to cutaneous (Leishmania
major, Leishmania tropica) mucocutaneous (Leishmania
braziliensis), or visceral leishmaniasis (Leishmania donovani,
Leishmania infantum), which is spread by sandflies. About
250,000 new cases are registered per year in 87 countries
(WHO, 2017a). For treatment, sodium stibogluconate,
amphotericin B, miltefosine, paromomycin, and pentamidine
are used; yet, the therapy needs major improvement as it
is characterized by high levels of toxicity for the patient.
Further, resistance against the drugs, in particular to the
pentavalent antimonial stibogluconate, strongly limits their
usability (Loiseau and Bories, 2006; Ponte-Sucre et al,
2017).

Parasites of a related kinetoplastid species, Trypanosoma,
cause life-threatening infections, i.e., human African
trypanosomiasis or sleeping sickness (Trypanosoma brucei)
and Chagas disease (Trypanosoma cruzi). Human African
trypanosomiasis is spread by the tsetse fly in tropical Africa.
Approximately 3,000 cases were reported in 2016 (WHO, 2016).
In the first hemolytic stage, T. brucei replicates extracellularly
in the host blood causing fever and joint pain among other
symptoms. In the second, severe neurological stage of the
disease, the parasite reaches the central nervous system. Patients
suffer from disruption of the sleep-wake cycle and irreparable
neurological damage. Parasites in the peripheral blood stream
can be attacked by the drugs suramin and pentamidine. For the
central nervous system form, only the mercurial melarsoprol
and eflornithine are available (Brun et al., 2010). As in the case
of leishmaniasis, modern, i.e., less toxic and more effective drugs
are needed. T. cruzi-derived Chagas disease is prevalent in Latin-
America claiming 14.000 deaths per year. An estimated 6 million
people are infected by T. cruzi spread by the bug Triatoma
infestans (also kissing bug or winchuka). As a treatment, the
chemical radical-producing drug benznidazole and nifurtimox
are available. With only two compounds at hand, limited success
rates and severe side-effects, new drugs are required against this
parasite (Castro et al., 2006).

Amoebae

The free-living amoebozoan parasite Entamoeba histolytica
causes amoebiasis. With an estimated death toll of 40,000-
100,000 per year, it ranges second behind Plasmodium infections
(Stanley, 2003). The disease is most prevalent in but not restricted
to the tropics when sanitation is poor. Although the majority of
infections progress asymptomatically, a life-threatening amoebic
colitis can manifest. E. histolytica forms hardy, infectious
cysts that are ingested by the host via contaminated food
or water. After reaching the colon, the cysts transform into
trophozoites that are capable of invading the intestinal mucosa.
When breaching the mucosa, trophozoites can disseminate,
among others, to the liver and the central nervous system
causing serious complications, i.e., amoebic abscesses (Shirley
and Moonah, 2016). First line treatment is a combination of the
antibiotics metronidazole and paromomycin. Alternative, second
line treatments for metronidazole are other nitroimidazoles,
e.g., tinidazole or ornidazole, and the broad-spectrum anti-
parasitic nitazoxanide. Paromomycin can be substituted by
diiodohydroxyquinoline and diloxanide, both drugs act by a so-
far unresolved mechanism and may not be effective against all
strains (McAuley and Juranek, 1992).

The severity of infections by protozoan parasites, the limited
arsenal of drugs, often with hardly tolerable side effects, and
the increasing resistance problem call for novel approaches.
The scope of this review is, thus, to discuss the potential of
channel and transport proteins as novel targets for anti-parasite
chemotherapy in terms of druggability, selectivity, and proneness
to resistance. There is considerably more data available from
the malaria research field compared to the more neglected
parasite-caused diseases. A major criterion for inclusion of a
channel or transporter into this review was existing proof of
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principle involving first small-molecule inhibitors that exhibit
anti-parasitic potency.

TARGETING TRANSPORT PROCESSES OF
PARASITES AT DIFFERENT LEVELS

Transmembrane transporters and channels are usually classified
based on their biophysical and biochemical properties, such as
mechanism of transport and substrate selectivity. We decided
to provide a pharmacological and pharmaceutical view on the
topic and structured this manuscript based on the location of
the transporter of interest and, accordingly, the site of action of
a respective drug (Figure 1). We will approach the parasite from
the outside, first hitting the host cell in the case of intracellular
parasites. i. Indirect targeting. If it is possible to address infected
host cells selectively by targeting transport proteins of the host
cell plasma membrane this would leave the parasite little options
for defending itself against the attack. Malaria parasites for
instance are known to modify the functionality of red blood
cell proteins and to integrate plasmodial membrane proteins
into the erythrocyte membrane. ii. Peripheral targeting. Target
proteins residing in a parasite’s plasma membrane possibly can be
inhibited from the outside. In this case and in indirect targeting,
resistance mechanisms would be limited to changing the drug
binding site of the target protein. iii. Internal targeting. For
targeting transporters within a parasite, i.e., at organelles such
as the digestive vacuole or mitochondria, respective drugs would
need to enter the parasite’s cytosol. In this case, the parasite
has additional means to generate resistance, either by preventing
uptake of the compound, by altering it chemically, or by pumping
it out via efflux transporters. Hence, we will also address iv.
Targeting drug efflux transporters.

Indirect Targeting—Channels and
Transporters of the Infected Host Cell

Membrane

It was recognized early on in malaria research that the transport
of ions, amino acids, and other nutrients across the plasma
membrane of infected red blood cells increases compared to
uninfected cells. This way, the parasite actively adapts the ionic
environment inside the erythrocyte to its needs and ensures
access to nutrients from the host blood. Over the years, it has
become evident that such new permeability pathways (NPP)
are not only due to infection-dependent alteration of the host
membrane proteins but also to export of Plasmodium-derived
proteins and integration into the host cell membrane (Overman,
1947; Ginsburg et al., 1985; Desai et al., 2000; Huber et al., 2002).
Proteins at the erythrocyte plasma membrane pose attractive
targeting sites as the respective inhibitor compounds would not
be in direct contact with the parasite. Interference by the parasite
with drug action would be restricted to alteration of the protein
resulting from gene mutations, whereas other means, such as
expedited drug export or metabolism would not be applicable.
It remains to be shown, however, whether this indirect approach
can reliably kill parasites (Cohn et al, 2003). The efficiency

of compounds that indirectly target parasites is summarized in
Table 1.

Plasmodial Surface Anion Channel

One extensively studied type of conductivity of the red blood cell
membrane that is brought about upon infection is derived from
the plasmodial surface anion channel (PSAC; Figure 1). Despite
a still elusive protein identity, permeability for various substrates,
such as sugars, amino acids, nucleosides, and inorganic anions
and cations, has been attributed to this voltage-dependent
channel (Ginsburg et al., 1985; Kirk and Horner, 1995; Upston
and Gero, 1995; Saliba et al., 1998; Hill et al., 2007). PSAC
seems to transport the mentioned substrates via two different
routes within the protein or protein complex. One path is said
to be used primarily for alanine and sorbitol uptake and can be
blocked by furosemide, whereas the other one conducts mainly
proline and the unnatural substrate phenyltrimethylammonium
(PhTMA). The latter path is sensitive to so-called PSAC residual
transport inhibitors, abbreviated as PRT (Alkhalil et al., 2004;
Pain et al., 2016). Based on this finding, full blockade of PSAC
may require a combination of a PRT inhibitor plus a furosemide
derivative. For example, PRT1-20 alone (Table1) yielded an
ICsp on P. falciparum growth of 5uM; in combination with
furosemide it was 10 times lower (Pain et al., 2016). Toward
identification of the PSAC protein or regulators thereof, the
finding could become helpful that certain parasite strains are
susceptible to one particular group of PSAC inhibitors. This
pointed to two genes, CLAG3.1 and CLAG3.2 (cytoadherence
linked asexual protein) of which only one appears to be active
at a time. Mutations in the genes led to modified PSAC activity.
Further, epigenetic regulation of the CLAG3 genes was suggested
to modulate PSAC (Sharma et al., 2013; Nguitragool et al., 2014).
To illustrate this, ISPA-28 (Table 1), an isolate-specific PSAC
antagonist, exhibited an ICs¢ of 56 nM against the P. falciparum
Dd2 strain and 43 M against the HB3 strain, i.e., a value higher
by three orders of magnitude. When the CLAG3 gene of the
Dd2 strain was transferred to the HB3 strain, it showed the
same nanomolar susceptibility (Nguitragool et al., 2011, 2014).
Clearly, identification of the true nature of the PSAC protein
and/or components as well as expression or reconstitution in
a heterologous or artificial system would be highly appreciated
for in-depth structure-function analyses, inhibitor screening and
development.

Host lon Channels

Besides the parasite-derived PSAC, host encoded transport
proteins of the erythrocyte may be exploited as drug targets if
their functionality changes with infection. Oxidative stress was
shown to alter potassium and chloride conductance of infected
red blood cells (Staines et al., 2001; Huber et al., 2004). However,
specific inhibitors are yet to be found to determine their potential
as anti-parasite drugs.

There is evidence that in the liver-stage, Plasmodium berghei
infection leads to a sevenfold increase in chloride conductance
of the hosts volume-regulated anion channel, VRAC, as
found using a human hepatoma cell line (Figure 1; Prudéncio
et al, 2009). Conductivity was inhibited by tamoxifen, and
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mefloquine at single-digit micromolar concentrations (Table 1).
The underlying mechanism of channel activation by the
parasite, the effect of estrogen receptor modulators on VRAC
conductivity, and, ultimately, whether indirect targeting of
VRAC would be suitable for malarial therapy of the liver stage
is not clear at this time. With the system and compounds at hand
further investigations will be possible that may shed some light
on the phenomenon.

Host V-Type Proton ATPase

In the search of new drug targets against L. donovani, Muylder
et al. chose a strategy of host-directed therapy. The amastigote
form of the parasite develops primarily inside phagocytic cells
and is inert to digesting enzymes. A screening assay using a
human macrophage cell line infected with L. donovani yielded
one hit compound, a jL-opioid receptor antagonist naloxonazine
(de Muylder et al.,, 2011; Table 1). It turned out that naloxonazine
upregulates expression of the V-type proton ATPase subunit C,
ATP6VOC. This upregulation was linked to an increase in the
volume of intracellular acidic vacuoles suggesting an indirect
effect on Leishmania amastigotes through host cell vacuolar
remodeling (de Muylder et al., 2016). How such a therapy would
be tolerated by the host and whether the parasites will find ways
to adapt to the remodeled vacuoles is not known.

Host Nutrient Channels and Transporters

We describe two examples illustrating that nutrient transport
of the host cell affects growth of P. berghei parasites, ie., in
the blood-stage depending on the glycerol permeability of an
aquaporin (Liu et al., 2007), and in the liver-stage via arginine
transport (Meireles et al., 2017). Aquaporin-9 knockout mice
lack a functional glycerol channel in their erythrocytes. In this
environment, P. berghei, grew considerably slower compared to
wildtype erythrocytes, and infected AQP9-null mice survived
longer. The authors attribute the effect to reduced glycerol
levels in the parasite impeding glyceroplipid biosynthesis for the

build-up of membranes during growth. Similarly, knockdown
of the arginine-transporting SLC7A2 of the solute carrier family
decreased intra-hepatic growth and multiplication of P. berghei
parasites in vivo and ex vivo (Meireles et al., 2017). A sufficient
supply of arginine is required for the vital polyamine synthesis of
the parasites. Today, glycerol or arginine transport-modulating
small molecules have not been found and/or tested.

Together, although an indirect approach holds strong
potential against parasite infections, several gaps in basic
knowledge need to be filled with regard to the identity of
the involved transport proteins, selectivity of inhibitors, and
susceptibility/adaptability of the parasites.

Peripheral Targeting—Channels and
Transporters of the Parasite Plasma

Membrane

The substrate spectrum of the parasite-induced new permeation
pathways at the host cell membrane is broad. Transport proteins
at the parasite’s plasma membrane (Figure 1), in turn, appear
much more specific. These membrane proteins facilitate the
uptake of the main energy source, glucose, and precursors for
biosynthesis, such as nucleosides for DNA/RNA, or glycerol
for glycerolipids. Equally vital is the efficient release of waste
molecules derived from energy metabolism, e.g., lactic acid, or
from protein degradation, i.e., ammonia and urea. Nutrient
and metabolite transport often depends on transmembrane ion
gradients, e.g., of protons or sodium, generated by ATPases
and is further modulated by ion channels. Efficiency data on
compounds for peripheral parastite targeting are displayed in
Table 2.

Targeting Peripheral Nutrient and Metabolite
Transporters

Considering their significance for survival, it seems quite
surprising that plasmodia rely on a single hexose transporter, HT,
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TABLE 1 | Efficiency of compounds for indirect targeting.

Target Parasite Compound name Effect on Effect on Cell stage Effect  Host Reference
species protein parasite in vitro invivo  species
PSAC ) o - ICs0 Trophozoites - Human Pain etal., 2016
P, falciparum N\N/\<
HN—©—</ /J\ N 5uM
o~ :
HC
PRT1-20
@\ ° HeL o, - ICs50 Trophozoites - Human Nguitragool et al.,
. =N/ 0.06 M 2011
| NH =
HSC/N ‘N
CHy O o~
ISPA-28
VRAC (host) P, berghei ICs0 - Liver-stage - Human Prudéncio et al.,
4uM 2009
Tamoxifen
IC50 - Liver-stage - Human Prudéncio et al.,
2 1M 2009
Mefloquine
ATPBVOC L. donovani "o - ICs0 Amastigotes - Human de Muylder et al.,
(host) 3.5uM (Intracellular) 2011
o}
N
HC o WCHz
N7
P
SN e CHy
N,

OH

Naloxonazine

and a single lactic acid transporter, the latter being a member
of the microbial formate-nitrite-transporter family, FNT. Both
transporters are present at the plasma membrane and both have
been validated as novel antimalarial drug targets using cultured
parasites.

Glucose transporters

Soon after the identification of HT, first weak glucose-
analog inhibitors were described (Krishna and Woodrow,
1999; Woodrow et al., 1999; Joet et al., 2003). One of these
compounds, C3361 (Table2), yielded Kj-values in the puM
range on glucose transport of Plasmodium berghei, Plasmodium
falciparum, Plasmodium yoelii, Plasmodium vivax, Plasmodium
knowlesi, Babesia bovis, and T. gondii (Joet et al., 2003; Blume
et al, 2011). C3361 was not only active in the blood-stage
but also inhibited parasite development in the liver-stage

of P. berghei with an ICsyp of 11puM (Slavic et al, 2011).
The vector stages, however, were much less susceptible, and
a transmission block required 1mM. Interestingly, C3361
failed to inhibit growth of the related apicomplexan Babesia
parasites suggesting an alternative glucose transport pathway.
In fact, the B. bovis genome contains two putative hexose
transporter genes, of which only one has been characterized
so-far (Derbyshire et al., 2008). Knockout of the homologous
Toxoplasma glucose transporter, GT, led to moderate growth
inhibition. Apparently, it is dispensable for the survival of the
parasite. A search for alternative transporters in Toxoplasma
produced three more putative sugar transporters of which
one was found to be located at the plasma membrane.
Yet, a knockout failed to effect parasite growth. Contrary
to plasmodia, Toxoplasma seems not to rely exclusively on
glucose as an energy source. It is discussed that glutamine can
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TABLE 2 | Efficiency of compounds for peripheral targeting.

Target Parasite Compound name Effect on Effect on Cell stage Effect Host Reference
species protein parasite in vitro in vivo species
HT Plasmodium o ICs0 ICs0 Trophozoites - - Ortiz et al., 2015
spp. ¢ omon, 39nM 1.24 M
CHy
O a b °
I \
N—§ N CHy
‘0‘ / \ NH
TCMDC-125163
on Ki ICs0 Trophozoites - - Joet et al., 2003;
o 8.6-53uM  15-16 M Blume et al., 2011
OH . .
- N A e - ICs0 Liver-stage - Human Slavic et al., 2011
o 11 M
; C3361 - )
HTAH B. bovis K No inhibition  Trophozoites - - de Muylder et al.,
4.1 uM at 100 uM 2011
GT1 T. gondii Ki No inhibition Tachyzoites - - Blume et al., 2011
82 M at 200 uM
FNT R, falciparum . e o ICs50 ICs0 Trophozoites - - Golldack et al.,
- N 0.02- 0.14 M 2017,
£ o L /CH,0-17 M Hapuarachchi
N ° " ° etal., 2017
MMV007839
o ICs0 ICs0 Trophozoites - -
0.05- 1.70uM
e n 017 uM
F o
F 3 OH
MMV000972
PTO T. brucei Inhibition at - - - - Sanchez, 2013
2 250 uM
and w@ "
HO
A\
N
UK5099
PAT12 Tcruzi o o o - ICs0 Epimastigotes - - Reigada et al.,
’ ’ ’ 0.13pM 2017
=N N N
HC
o 'OH 1S
Isotretinoin
ICs50 Trypomastigotes ~ — -
30.6 uM
ENT1 Plasmodium R ICs0 ICs0 Trophozoites - - Frame et al.,
spp. @H(N . “ﬂ°>_@ 2530nM  3-55uM 2015b
ChemBridge 9001893
CH,
X
/0
HyC o o o
o
CH,
ChemBridge 6946484
(Continued)
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TABLE 2 | Continued

Target Parasite Compound name Effect on Effect on Cell stage Effect Host Reference
species protein parasite in vitro in vivo species
ATP4 P, falciparum - IC50 Trophozoites Clearance  Human Rottmann et al.,
0.5-1.4nM with 3-day 2010; Spillman
dosing, 30 mg and Kirk, 2015
per day
Cipargamin
. - IC50 Trophozoites - - Spillman and Kirk,
F\EF o 30uM 2015
N
‘ =
o NH
Z
F
SJ733
Calcium Leishmania spp. ICs0 Promastigotes/  — - Tempone et al.,
channels 2.6-181 pM Amastigotes 2009
NO,
) o
HC. _CHy
0 0
H,C u CHy — — —
Trypanosoma 1 4-dihydropyridines Trypomastigotes Reiméo et al.,
SPp- (e.g., Nifedipine) 2010, 2011
A. castellanii - Large Trophozoites - - Baig et al., 2013
inhibition at
1.2uM
Amlodipine
L. infantum - IC50 Promastigotes - - Reiméao et al.,
O 2-16 uM 2016
CHy
@“ g
H
Non-dihydropyridines (e.g., fendiline)
T. cruzi - Epimastigotes - - Reiméo et al.,
2016
K1/K2 T. brucei ICs0 - - - - Schmidt et al.,
0.7 uM 2017
Fluticasone
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be used as a potent alternative energy source (Blume et al,
2009).

More recent screenings for inhibitors of the plasmodial HT
using the Tres Cantos antimalarial compound set (TCAMS) and
the malaria box led to the discovery of nanomolar inhibitors,
e.g., TCMDC-125163 (Table2) has an ICsp of 39nM for
heterologously expressed HT, 3.2 uM for the human red blood
cell glucose transporter GLUT1, and an ECsy of 1.24 pM for
growth of cultured P. falciparum parasites. Binding of the
identified compounds occurred mostly non-competitive with
glucose and, hence, likely to a site different from the glucose
binding pocket (Ortiz et al., 2015).

Lactate and pyruvate transporters

The end products of glucose-based energy metabolism are
lactic acid in plasmodia, and pyruvic acid in trypanosomes. In
order to prevent detrimental acidification of the cytosol and
inhibition of the metabolic pathway by accumulating product,
such molecules need to be swiftly released from the cells. Lactate
transport in living P. falciparum parasites was experimentally
shown in the early 1990s (Kanaani and Ginsburg, 1991). It
took until 2015 that the responsible transporter was identified
by our and Kiaran Kirk’s group (Marchetti et al., 2015; Wu
et al., 2015). The protein is structurally and in terms of
transport mechanism unrelated to human lactate transporters
from the monocarboxylate transporter family (MCT). Instead,
the plasmodial lactic acid transporter is a member of the
microbial formate-nitrite transporter family, FNT. Besides L-
lactate, it transports D-lactate, as well as formate, acetate and
pyruvate by a proton cotransport mechanism (Wiechert and
Beitz, 2017; Wiechert et al., 2017).

Screening of the malaria box yielded two compounds,
MMV007839 and MMV000972 (Table 2), that efficiently block
PfENT at nanomolar concentrations (Spangenberg et al., 2013;
Golldack et al., 2017). In vitro selection of a resistant P.
falciparum strain helped to locate the binding site at the
intracellular face of the transporter. The compounds, thus, need
to enter the parasite where they assume a lactate substrate-
like form carrying a negative charge for efficient binding.
Transport across consecutive membranes that shield the parasite
is achieved by a cyclic hemiketal form that is neutral and
lipophilic, see Table 2 (Golldack et al., 2017). FNTs are absent in
humans, however, some other protozoan parasites carry single
or multiple copies of FNT genes, e.g., Babesia spp., T. gondii,
and E. histolytica, representing putative targets. Kinetoplastids,
in turn, do not encode FNTs in their genomes, raising the
question of how monocarboxylate transport is achieved in these
organisms. In T. brucei, a high-affinity pyruvate transporter,
TbPTO, was recently discovered that is more related to polytopic
proteins from plants than to mammalian MCTs (Sanchez, 2013).
This transporter at the plasma membrane plus two additional
mitochondrial pyruvate transporters of T. brucei were found to
be inhibitable by the pyruvate-reminiscent compound UK5099
(Stafkova et al., 2016; Table 2).

Nucleobase and nucleoside transporters
Apart from nutrients and metabolites of energy metabolism,
precursors, and components of biosynthetic pathways are typical

substrates of parasite transporters. In this sense, a group of
transporters found at the plasma membrane of plasmodia
imports nucleobases and nucleosides. Four P. falciparum genes
encode equilibrative nucleoside transporters, ENT1-4 of which
ENT1 seems to provide the major uptake route (Downie et al.,
2006, 2008, 2010; Frame et al., 2012, 2015a). Small molecule
inhibitors were found by high throughput screening, e.g.,
ChemBridge no. 9001893 and 8946464 (Table 2), that inhibited
the P. falciparum PfENT1 with IC5 values in the low nanomolar
range. Efficiency was similar with the P. vivax and P. berghei
ENT1 proteins (Arora et al., 2016; Deniskin et al., 2016). The
compounds were less potent, however, in parasite cultures with
ECsg-values from 0.8 to 6.5 M (Frame et al., 2015b).

Aquaporin solute channels

Plasmodium and Toxoplasma parasites express a single
aquaglyceroporin channel, AQP, at the plasma membrane
(Hansen et al., 2002; Pavlovic-Djuranovic et al., 2006). These
AQPs conduct water and small, uncharged solutes that
are relevant in glycerolipid biosynthesis (glycerol), protein
degradation (urea, ammonia), and oxidative stress (hydrogen
peroxide) (Hansen et al., 2002; Beitz et al, 2004; Zeuthen
et al., 2006; Wu et al., 2010; Wree et al., 2011; Almasalmeh
et al, 2014). Small, drug-like inhibitors for apicomplexan
AQPs are missing (Song et al., 2012), but their potential as
drug targets is underscored by a P. berghei PbAQP knockout
strain that exhibited strongly reduced growth, virulence, and
progression through the liver stage (Promeneur et al, 2007,
2018). T. brucei expresses three AQPs of which TbAQP2 is
a key factor for the uptake of the anti-trypanosomal drug
pentamidine (Uzcategui et al, 2004; Song et al., 2016).
The L. major AQP facilitates uptake of antimonite into the
parasite released from the anti-leishmanial drug stibogluconate
(Mukhopadhyay and Beitz, 2010; Mukhopadhyay et al,
2011).

Drug repurposing/polyamine transporters

An attempt to repurpose already used drugs revealed that
retinoids, an established class for the pharmacotherapy of
severe acne, target parasitic nutrient transporters. Initially,
retinoic acid and retinol acetate were shown to inhibit the
growth of L. donovani (Mukhopadhyay and Madhubala, 1994).
More specifically, isotretinoin (Table2) was found to block
a polyamine transporter, PAT12, when adding to cultures
of T. cruzi epimastigotes. In vitro growth of emerging
trypomastigotes and epimastigotes was inhibited with ICs( values
of 0.13 and 30.6 uM, respectively. PAT12 is a member of
the polyamine and amino acid transporter family, AAAP, for
which isotretinoin displayed activity as a multi-target inhibitor
(Reigada et al., 2017). This shows that repurposing is a valid
tool and can promote research in the field of neglected
diseases.

Targeting Peripheral lon Transporters and Channels

The establishment and maintenance of ion gradients across the
parasite plasma membrane is vital for the membrane potential,
osmotic balance, as well as for driving transport processes.
P-type ATPases are single protein units that convert energy
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from ATP hydrolysis into cation transport (Weiner and Kooij,
2016). ATP4 of P. falciparum was recently shown to act as
a sodium pump at the plasma membrane (Dyer et al, 1996;
Spillman et al., 2013). There is evidence that sodium export
by ATP4 is coupled to proton import. Whether cell death
upon blockade of ATP4 occurs due to cytosol acidification,
osmotic swelling, collapse of the electrochemical potential, or
a combination thereof is unknown (Spillman et al., 2013;
Spillman and Kirk, 2015). For whatever reason, blocking of
ATP4 is lethal for malaria parasites rendering ATP4a most
attractive novel drug target. Analysis of the 400 malaria box
compounds yielded the surprisingly high number of 28 hits,
which further underscores the central role of ATP4 for parasite
viability.

ATP4/P-type sodium ATPase

Two previously identified ATP4 inhibitors already entered the
clinical trial stage. The clinical candidate cipargamin with a
spiroindolone scaffold (Table2) is thought to bind to the
transport path of ATP4 from the intracellular entry site as
deduced from in vitro selection of resistance mutations (Spillman
and Kirk, 2015). Growth of sensitive P. falciparum strains
was inhibited with ICsg-values in the range of 0.5-1.4nM.
Application of a single 100mg kg~! dose in an in vivo mouse
model study killed all P. berghei parasites. In human trials,
a 3-day dosing regime with 30 mg per day led to parasite
clearance (Rottmann et al., 2010; White et al., 2014). Cipargamin
exhibited low toxicity in humans, high oral bioavailability and
suitable half-life. Other related ATP4-inhibiting spiroindolones
have been found to be similarly potent (Spillman et al., 2013).
The second promising candidate undergoing a clinical trial is the
dihydroisoquinolone SJ733 (Jiménez-Diaz et al., 2014; Table 2).
It shows more distant structure similarities to cipargamin with
the 5-membered heterocycle of the indolone moiety replaced by
a 6-membered ring (Jiménez-Diaz et al., 2014; Spillman and Kirk,
2015; Crawford et al., 2017). Although resistance mutations were
selectable in vitro by sub-lethal concentrations, ATP4 inhibitors,
when dosed properly, might prove advantageous against the
rise of resistant strains in the clinic due to their fast acting

property.

Drug repurposing/calcium channels

Drug repurposing approaches aim at ion channels at the
plasma membrane of kinetoplastids. Several established 1,4-
dihydropyridine calcium channel blockers used for the treatment
of hypertension in humans were tested on various Leishmania
and Trypanosoma species. Nifedipine, amlodipine, bepridil,
nimodipine, and others showed weak effects in vitro with ICs-
values in the micromolar range (Maya et al, 2000; Tempone
etal., 2009; Reimdo et al,, 2010, 2011). Amlodipine and lacidipine
administered in four weekly single doses of 10 mg kg ! reduced
the parasite burden of L. donovani-infected BALB/c mice by
75-85% (Palit and Ali, 2008). Amlodipine was also tested for
activity against cultured amoebae of Acanthamoeba castellanii
and largely inhibited growth at 1.2pM (Baig et al., 2013).
The non-dihydropyridine calcium channel blockers fendiline,
mibrefadil, and lidoflazine inhibited in vitro growth of L.

infantum promastigotes and T. cruzi epimastigotes with ICsp-
values from 2-16 pM (Reimdo et al., 2016). Verapamil, however,
failed to inhibit growth of L. donovani promastigotes, but seemed
to reverse the resistance against stibogluconate by an unknown
mechanism (Neal et al., 1989; Valiathan et al., 2006). Although
being calcium channel blockers in humans, the target in the tested
parasites remains to be established.

Drug repurposing/potassium channels

Recently, a screening by the National Center for Advancing
Translational Sciences Small Molecule Resource identified
fluticasone, an established corticosteroid for the treatment of
asthma, to inhibit the T. brucei potassium channels TbK1 and
TbK2. The proteins were localized to the parasite’s plasma
membrane and electrophysiologically characterized in Xenopus
oocytes (Steinmann et al, 2015). Fluticasone was found to
inhibit the TbK1/TbK2-mediated currents at an ICsy of 0.7 uM
(Schmidt et al., 2017).

Internal Targeting—Channels and
Transporters of Parasite Organelle

Membranes

Drugs that need to enter the parasite’s cytosol encounter several
more challenges than compounds acting from the outside.
Diffusional uptake across the plasma membrane requires high
lipophilicity, small molecule size, and absence of charged
moieties. Alternatively, compounds can be shuttled into the cell
by a more active type of transport via endogenous channels
and transporters. This route is taken for instance by antimonite
released from stibogluconate in Leishmania therapy or by
pentamidine against trypanosomes. In both cases, resistance
mutations of a transporting aquaglyceroporin efficiently prevent
the drugs from entering the parasites. Another factor is the
metabolic stability of the drug within the parasite cell. This area
is not well studied, yet it is conceivable that inactivation by
chemical modification may well occur in a similar fashion as
in the host cells, which detoxify xenobiotics e.g., by oxidation
and conjugation reactions. Finally, drugs that actually made
it to the site of action in a functional form may be pumped
out of the parasite cell by drug resistance transporters. The
prominent example is the chloroquine resistance transporter,
CRT. Table3 gives an overview on the new developments
of compound targeting channels and transporters of internal
organelle membranes.

Despite these challenges, all currently used drugs in anti-
parasite therapy act at internal sites. It remains to be seen how
a shift to peripheral or even indirect attacks will affect resistance
formation.

Artemisinins/Sarcoplasmic P-type Calcium ATPase
SERCA/ATP6

Artemisinin (Table 3) and derivatives are the most important
antimalarials today. The molecules contain a peroxo moiety. It is
discussed that iron!' from heme when released from hemoglobin
during degradation in the digestive vacuole chemically activates
the artemisinins producing reactive oxygen species that damage
proteins more or less specifically inside the mitochondria
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(Asawamahasakda et al., 1994; Moore et al., 2011) or at other sites
in the cell including DNA as a target. Evidence further points to
a P-type calcium ATPase, SERCA, or ATP6, at the sarcoplasmic
endoplasmic reticulum as one of the affected proteins (Eckstein-
Ludwig et al, 2003; Naik et al., 2011; Abiodun et al., 2013;
Pulcini et al., 2013; Krishna et al., 2014; Nunes et al., 2016).
However, there is a mismatch of artemisinin efficiency on the
parasites and on heterologously expressed ATP6. In P. falciparum
cultures, ICsy-values were 11 and 13 nM tested on a chloroquine
resistant (K1) and a sensitive (NF54) strain, respectively (del
Pilar Crespo et al., 2008). The artemisinins also showed some
potency on several other protozoan parasites, i.e., T. gondii
(Berens et al., 1998; Jones-Brando et al., 2006; Hencken et al.,
2010), T. brucei, T. cruzi, L. donovani, L. major (Yang and Liew,
1993; Mishina et al., 2007), and Babesia gibsoni (Iguchi et al.,
2015) yielding ECsg-values from 0.36 to 120 WM. For Leishmania
spp., artemisinin exhibited in vivo activity in infected hamster
and BALB/c mice models (Ma et al., 2004; Sen et al., 2010;
Ghaffarifar et al., 2015). Naegleria fowleri, a problematic, cyst-
forming amoeba, has been shown to be sensitive to artemisinin
in vitro (Cooke et al., 1987), whereas treatment failed in a mouse
model (Gupta et al., 1995). Purified recombinant P. falciparum
ATP6, however, could not be directly inhibited by artemisinin
or derivatives (Cardi et al., 2010; Arnou et al., 2011), and full
inhibition of yeast expressed SERCA of T. gondii required high
concentrations of 10 UM (Nagamune et al., 2007). The small
molecule arterolane (Table 3) has a different scaffold than the
artemisinins but equally contains a peroxo group and, thus,
should be capable of releasing reactive oxygen species. When
tested on P. falciparum ATP6 expressed in Xenopus oocytes it was
found to be clearly less potent than artemisinin with a Kj-value
of 7.7 WM; yet, parasite growth was inhibited a very low ICsg
of 1.5nM similar to artemisinin. These mixed results show that
ATP6/SERCA is probably not the main target of the artemisinins.
Still, parasite SERCA/ATP6 seems to hold potential as
a therapeutic target, because thapsigargin (Table 3), a plant
sesquiterpene lactone and general SERCA inhibitor, killed
cultured chloroquine resistant and sensitive P. falciparum
parasites with ICsg of 246 and 298 nM (del Pilar Crespo et al.,
2008; Abiodun et al, 2013). Thapsigargin further inhibited
growth of T. gondii, Trypanosoma spp., L. donovani, E.
invadens, and Neospora canium with ECsg-values in the range
of 0.5-39 uM (Kim et al., 2002; Mishina et al., 2007; Martinez-
Higuera et al., 2015). Yeast expressed T. gondii SERCA was fully
inhibited by thapsigargin at 1 uM (Nagamune et al., 2007).

Atovaquone/Mitochondrial Cytochrome bc1 Complex
A key function of mitochondria in general is the build-up of a
steep proton gradient across the inner mitochondrial membrane,
which is used to drive ATP synthesis by the F-type ATPase,
or ATP synthase. To this end, the inner membrane harbors
a cytochrome bcl complex. The bcl proteins use ubiquinone,
also called coenzyme Q, as a redox cofactor in electron transfer
reactions (Q-cycle), which free four protons that are transported
to the intermembrane space in the process (Crofts et al., 1999a,b;
Crofts, 2004).

The drug atovaquone (Table 3), a ubiquinone analog and
cytochrome bcl complex inhibitor, is in use against malaria,
toxoplasmosis and babesiosis for many years. It interferes
with ubiquinone cofactor binding to the Qg site as shown by
manifesting resistance mutations in this region of the protein
(Fry and Pudney, 1992; Srivastava et al., 1999; McFadden et al.,
2000; Kessl et al., 2007; Valliéres et al., 2012; Siregar et al.,
2015). Combination of atovaquone with proguanil lowers the
ICsp from 2 nM to 400 pM probably by a synergistic mechanism
as proguanil destroys the mitochondrial membrane potential
in the presence of an electron transport inhibitor (Srivastava
and Vaidya, 1999). Several resistant strains have formed during
the use of atovaquone (Hutchinson et al., 1996; Painter et al.,
2007; da Cruz et al.,, 2012). Since the cytochrome bcl complex
is common to mitochondria of all species is was possible to
inhibit the growth of other parasites as well. Potency against
T. gondii was sub-micromolar in vitro, i.e., tachyzoites in human
foreskin fibroplasts, and in vivo using a mouse model with ICs-
values of 0.14 and 0.85 wM, respectively (Doggett et al., 2012).
Similarly, atovaquone acted on Babesia spp. in vitro and in vivo
in hamsters (Hughes and Oz, 1995; Wittner et al., 1996; Matsuu
et al., 2008). In dog and human studies, combination with the
antibiotic azithromycin turned out to be positive (Krause et al.,
2000; Birkenheuer et al., 2004; Di Cicco et al., 2012; Checa et al.,
2017). Treatment of L. donovani infections in a mouse model
were less successful resulting only in a 30% lower parasite burden
(Croft et al., 1992).

A related hydroxynaphthoquinone compound, buparvaquone
(Table 3), is used for the treatment of theileriosis in cattle
(McHardy et al., 1985; Minami et al., 1985; Muraguri et al.,
1999; Mhadhbi et al., 2010), and horses (Zaugg and Lane, 1989).
Anti-leishmanial activity was evaluated in vitro for L. donovani,
Leishmania aethiopica, L. major, Leishmania amazonensis,
Leishmania mexicana, Leishmania panamensis, L. infantum,
Leishmania chagasi, L. braziliensis, and L. tropica promastigotes
and amastigotes resulting in ICsp-values of 0.001-5.495puM
(Méntyld et al., 2004a,b; Reimao et al., 2012; Jamal et al., 2015).
Animal models showed that the in vivo efficiency was higher
when prodrugs of buparvaquone were applied (Croft et al., 1992;
Garnier et al., 2007) or when a nanoliposomal drug preparation
was used (da Costa-Silva et al., 2017).

In the search for alternative chemical scaffolds, decoquinate
(Table 3), a 4-oxo-quinoline, was tested. However, the overall
structure is still similar to ubiquinone. The compound is in use
in veterinary medicine against coccidia (Miner and Jensen, 1976;
Ricketts and Pfefferkorn, 1993). When tested against blood-stage
as well as liver-stage P. falciparum, in either case nanomolar ICs
values were found at low host cell toxicity (da Cruz et al., 2012).
Another potent inhibitor of the cytochrome bcl complex with
good selectivity for P. falciparum is the dihydroacridinedione
WR249685 (Table 3), which has an ICsy of 3nM on the in
vitro growth of the parasites (Biagini et al., 2008). Screening
of the TCAMS library for cytochrome bcl complex inhibition
yielded one efficient compound, TCMDC-135546 (Table 3), with
an ICsp of 22nM on parasite growth (Raphemot et al., 2015).
Naphthoquinone esters were derived from the anticancer drug
rhinacanthin and showed low nanomolar ICsp-values on the
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growth of P. falciparum. Notably, the molecules seem to bind
to the Q; ubiquinone site of cytochrome bcl rather than Qg as
the above-mentioned compounds (Kongkathip et al., 2010). In a
diversity oriented synthesis approach, macrolactame derivatives
were generated that yielded nanomolar ECsp-values and are
thought to target the Q; site as well (Comer et al, 2014;
Lukens et al., 2015). Finally, more compounds were derived from
endochin, an experimental antimalarial of the 1940s, with the aim
to improve solubility and metabolic stability in the host. Such
compounds were found not to inhibit the human cytochrome bcl
complex but to very efficiently target the Q; site of the cytochrome
bcl complex of falciparum and vivax plasmodia from various
clinical field isolates as well as T. gondii and Babesia microti
(Doggett et al.,, 2012; Nilsen et al.,, 2013; Lawres et al., 2016).
Leishmania spp., however, were much less susceptible to this type
of inhibitors with ICsp-values in the micromolar range (Ortiz
et al., 2016).

Diamidines/Mitochondrial ATP Synthase

Similar to the artemisinins in plasmodia, the mode of diamidine
action, e.g., pentamidine, in trypanosomes is not fully resolved.
Screening of an diamidine library yielded furamidine (Table 3)
and related compounds that act comparably to pentamidine
against T. brucei parasites in mice and rhesus monkeys
(Rane et al., 1976; Steck et al., 1982). Further, a prodrug of
furamidine, DB289 (Table 3), with better oral availability was
developed (Ismail et al., 2003; Ansede et al., 2004). Regarding
transporter targeting, it was found that the F1F0-ATPase, i..,
the mitochondrial proton gradient-driven ATP synthase, was
inhibited at concentrations around 10 M and caused a collapse
of the mitochondrial membrane potential. The efficiency of
diamidines on the growth of trypanosomes, however, is clearly
lower, i.e., in the submicromolar range, indicating that ATP
synthase is not the main target. It was also suggested that the
compounds inhibit other ATPases (Lanteri et al., 2008). DB289
entered phase III clinical trials as the first orally available drug
against blood stage human African trypanosomiasis. However,
due to manifestation of delayed renal insufficiency in a number
of recipients, further development was terminated (Harrill et al.,
2012). Two related aza analogs of furamidine (DB820, CPD0801)
are still followed up on as they have shown efficiency against
T. brucei in a mouse model of second stage trypanosomiasis
(Wenzler et al., 2009; Ward et al., 2011).

G25/Mitochondrial Choline Transport

The notion that a choline-related compound, named G25
(Table 3) carrying two quaternary ammonium moieties spaced
by a 16-carbon linker, efficiently kills malaria parasites led to
the idea that choline transport might be a valid antimalarial
target (Wengelnik et al, 2002; Biagini et al, 2004). Besides
P. falciparum, also T. brucei and L. mexicana turned out to
be sensitive to G25 (Ibrahim et al., 2011). The mode of action
remains unclear. Besides the notion that these compounds
inhibit choline transport, it was reported that the mitochondrial
structure and function of trypanosomes was affected (Ibrahim
et al,, 2011; Macédo et al., 2013). An RNA interference approach
in the blood stream form of T. brucei hinted at the involvement of

a member of a mitochondrial carrier protein family, TbMCP14,
which is unrelated to mammalian carriers (Schumann Burkard
etal., 2011; de Macédo et al., 2015).

Aminomethylenediphosphonate/Vacuolar-Type
Inorganic Pyrophosphatase

Vacuolar-type pyrophosphatases, V-PPases, seem to be absent
in vertebrates, yet have vital functions in protozoan energy
conservation and membrane transport. Accordingly, they
may represent suitable drug targets (Rodrigues et al, 2000;
Drozdowicz etal., 2003). Yeast-expressed V-PPase from T. gondii,
TgVP1, was inhibitable by aminomethylenediphosphonate,
AMDP (Table 3), with an ICsy of 0.9 WM. The presence of V-
PPases has also been shown in P. falciparum and T. cruzi (Urbina
et al, 1999; MclIntosh et al, 2001). Anti-parasitic, drug-like
molecules targeting V-PPases are yet to be found.

Targeting Drug Efflux Transporters

Drug resistance due to expedited export of the compounds is a
key factor in pharmacotherapy not only of anti-infectives but in
general. The loss of drug action may be reversed by inhibition of
the responsible efflux transporter.

Verapamil, (Dimeric) Quinine, Saquinavir/Digestive
Vacuole Chloroquine Resistance Transporter
The discovery of chloroquine was a breakthrough in malaria
therapy. It acts by inhibiting heme detoxification in the form
of polymerized hemozoin in the digestive vacuole (Foley
and Tilley, 1997). Promoted by monotherapeutic use and
widespread underdosing in eradication programs, however,
resistant P. falciparum strains were selected over the years
rendering chloroquine largely useless today (Wellems et al.,
1991; Waller et al., 2003). Resistance mutations were found
in one particular gene of unknown function at that time. It
turned out that the mutations resulted in a gain-of-function
transporter shuttling chloroquine out of the digestive vacuole
at a strongly increased rate (Fidock et al., 2000; Lakshmanan
etal., 2005). The physiological role of the chloroquine-resistance-
transporter, CRT, is still elusive. However, a variety of amino
acids, polyamines and peptides have been found to be CRT
substrates (Juge et al., 2015). Several attempts have been
undertaken to block CRT with the aim to reverse chloroquine
resistance. The calcium channel blocker verapamil (Table 3) was
shown to inhibit CRT expressed in Xenopus oocytes with an ICsg
of 30uM (Ye and van Dyke, 1988, 1994; Tanabe et al., 1989).
In the same system, quinine, a natural product and chloroquine
analog, yielded an ICsy of 48 uM (Martin et al., 2009), and the
antiretroviral drug saquinavir was effective at 13 uM (Martin
et al., 2012). Chemical synthesis of dimeric quinines lowered the
ICs to 1 wM on CRT-expressing oocytes and efficiently inhibited
parasite growth in the nanomolar range (Hrycyna et al., 2014).
The resistance reversing effect of verapamil cannot be
exploited in humans, because the required dose would be too
high to be tolerable (Ye and van Dyke, 1988). One approach
was to develop a drug-like compound with dual functionality,
i.e., blockade of hemozoin formation plus inhibition of CRT
(Burgess et al., 2006; Kelly et al., 2009). The obtained dibemethin
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derivates (Table 3) showed ICsy values of 26 nM on parasite
growth, yet potency on the isolated CRT protein was only 69 M.
Bioavailability appeared sufficient after oral administration in
mice (Zishiri et al., 2011).

ACT-213615, ACT-451840/Digestive Vacuole
Multidrug Resistance Transporter 1

Based on similarity to human multidrug resistance transporters
in terms of sequence and function another transporter of the
digestive vacuole of malaria parasites was termed multidrug
resistance transporter 1, MDR1 (Foote et al., 1989; Cowman
et al, 1991). MDRI transport is directed into the digestive
vacuole. This way, mefloquine, artemisinin, and artesunate are
thought to be trapped by compartmentalization preventing the
drugs from hitting their target in the sarcoplasmic endoplasmic
reticulum (Reed et al., 2000; Pickard et al., 2003; Price et al., 2004;
Rohrbach et al., 2006). Resistance was increased in strains with
multiple copies of the pfindrl gene (Cowman et al., 1994; Pickard
et al,, 2003). For quinine in turn, it is required that MDR1 is
functional to deliver the compound to its site of action inside
the digestive vacuole. Therefore, a transport decreasing N1042D
mutation of MDR1 was made responsible for quinine resistance
(Rohrbach et al., 2006). Apart from transport of antimalarial
drugs, MDRI1 appears to be vital for the malaria parasite, because
in cell viability screening and subsequent analyses, two small-
molecule compounds were found to target MDR1. ACT-213615
(Table 3) is proposed to inhibit either PIMDRI1 directly or a
regulating protein upstream of it yielding an ECsg value of 4 nM
on parasite growth (Brunner et al, 2012, 2013). The second,
highly related compound, ACT-451840 (Table 3), was even more
potent and a single nucleotide polymorphism in the MDRI gene
was identified that turned out to be responsible for resistance
against the compound. The compound was well tolerated in first
clinical trials, however, none of the eight tested subjects could be
completely freed from parasites (Krause et al., 2016; Le Bihan
et al,, 2016; Ng et al., 2016). The physiological substrates and
function of MDR1 remain to be established.

CONCLUSION

The identification of anti-parasitic targets at the parasite’s plasma
membrane or even at host membranes opens up options
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Aquaporins comprise a family of 13 members of water channels (AQP0-12) that facilitate
a rapid transport of water across cell membranes. In some cases, these pores are
also permeated by small solutes, particularly glycerol, urea or nitric oxide, among other
solutes. Several aquaporins have been identified in the pancreas, an exocrine and
endocrine organ that plays an essential role in the onset of insulin resistance and type
2 diabetes. The exocrine pancreas, which accounts for 90% of the total pancreas,
secretes daily large volumes of a near-isotonic fluid containing digestive enzymes into
the duodenum. AQP1, AQP5, and AQP8 contribute to fluid secretion especially from
ductal cells, whereas AQP12 allows the proper maturation and exocytosis of secretory
granules in acinar cells of the exocrine pancreas. The endocrine pancreas (10% of the
total pancreatic cells) is composed by the islets of Langerhans, which are distributed
in a, B, 8, & and pancreatic polypeptide (PP) cells that secrete glucagon, insulin,
somatostatin, ghrelin and PP, respectively. AQP7, an aquaglyceroporin permeated by
water and glycerol, is expressed in pancreatic B-cells and murine studies have confirmed
its participation in insulin secretion, triacylglycerol synthesis and proliferation of these
endocrine cells. In this regard, transgenic AQP7-knockout mice develop adult-onset
obesity, hyperinsulinemia, increased intracellular triacylglycerol content and reduced
B-cell mass in Langerhans islets. Moreover, we have recently reported that AQP7
upregulation in B-cells after bariatric surgery, an effective weight loss surgical procedure,
contributes, in part, to the improvement of pancreatic steatosis and insulin secretion
through the increase of intracytoplasmic glycerol in obese rats. Human studies remain
scarce and controversial, with some rare cases of loss-of function mutations of the
AQP7 gene being associated with the onset of type 2 diabetes. The present Review is
focused on the role of aquaporins in the physiology and pathophysiology of the pancreas,
highlighting the role of pancreatic AQP7 as a novel player in the control of B-cell function
and a potential anti-diabetic-drug.
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INTRODUCTION

The movement of water through the lipid bilayers of cell
membranes is essential for homeostasis. Aquaporins (AQPs)
are channel-forming integral membrane proteins of the major
intrinsic protein (MIP) family that allow the water transport
across the cell membranes (King et al., 2004; Soveral et al.,
2017; Yang, 2017). The secondary structure of AQPs consists
of six transmembrane o-helices and two highly conserved,
hydrophobic asparagine-proline-alanine (NPA) consensus motifs
(Jung et al, 1994). The three-dimensional structure of AQPs
resembles an hourglass with the NPA motifs forming the
aperture of a very tight water channel pore of ~2 A in
diameter. In the cellular membranes, AQPs exist as a tetrameric
assembly of individually active subunits. Professor Peter Agre was
awarded the 2003 Nobel Prize in Chemistry for the discovery
and characterization of the first water channel protein AQP1
(Agre, 2009). To date, thirteen aquaporins have been discovered
(AQP0-AQP12) in mammalian tissues, which are classified into
three subgroups depending on their permeability and structure:
orthodox aquaporins, aquaglyceroporins and superaquaporins
(Verkman et al., 2014). Orthodox aquaporins (AQPO, 1, 2,
4, 5, 6, and 8) are considered pure water channels, whereas
aquaglyceroporins (AQP3, 7, 9, and 10) are permeated by
water and other small solutes, such as glycerol or urea (Oliva
et al., 2010). Superaquaporins (AQP11 and 12) exhibit very
low homology to the other groups of AQPs due to their
unique asparagine-proline-cysteine (NPC) motifs (Soveral et al.,
2017) and their subcellular localization on the membrane
of intracellular organelles instead of the plasma membrane
(Ishibashi, 2006; Calvanese et al., 2013).

The human AQP7 gene, mapped to chromosome 9p13.3,
was cloned from the adipose tissue in 1997 (originally named
AQPap) (Ishibashi et al., 1997, 1998). The glycerol channel
AQP7 plays a crucial role in the control of triacylglycerols
(TG) accumulation and glucose homeostasis with Agp7-KO mice
exhibiting adult-onset obesity, impaired insulin secretion and
insulin resistance (Maeda et al., 2004; Hara-Chikuma et al,,
2005; Hibuse et al., 2005; Matsumura et al., 2007). AQP7 is
markedly increased during adipocyte differentiation, because
the AQP7 gene promoter contains putative response elements
for peroxisome proliferator-activated receptor o and y (PPAR«a
and PPARYy), the master transcription factor of adipogenesis
(Kishida et al., 2001; Walker et al., 2007; Méndez-Giménez et al.,
2015). In this sense, the administration of the PPARy agonists
rosiglitazone or pioglitazone, which are insulin-sensitizing drugs,
to rodents has been shown to upregulate AQP7 expression
in the adipose tissue (Kishida et al, 2001; Lee et al., 2005;
Rodriguez et al., 2015b). Although AQP7 was considered the
unique glycerol channel in human adipose tissue, AQP3, AQPS5,
AQP9, AQP10, and AQP11 also represent novel pathways for

Abbreviations: AQP, aquaporin; ATGL, adipose triglyceride lipase; DHAP,
dihydroxyacetone phosphate; GK, glycerol kinase; GLP-1, glucagon-like peptide 1;
GPD, glycerol-3-phosphate dehydrogenase; FFA, free fatty acids; HSL, hormone-
sensitive lipase; NAFLD, non-alcoholic fatty liver disease; PPAR, peroxisome
proliferator-activated receptor; TG, triacylglycerols.

glycerol transport in human adipocytes (Frithbeck and Gémez-
Ambrosi, 2001; Rodriguez et al., 2011b; Laforenza et al., 2013;
Madeira et al., 2014b, 2015). In the basal state, perilipin-1 binds
to AQP7 in the lipid droplets, thereby preventing localization of
AQP?7 to the plasma membrane where it can exert glycerol efflux
activity (Hansen et al., 2016). In circumstances of negative energy
balance, such as fasting or exercise, TG are hydrolyzed to glycerol
and free fatty acids (FFA) by adipose triglyceride lipase (ATGL)
as well as hormone-sensitive lipase (HSL) enzymes (Frithbeck
et al., 2014; Méndez-Giménez, 2017). Both FFA and glycerol
are released into the bloodstream and can be used as energy
substrates in peripheral tissues. Several lipolytic stimuli, such
as catecholamines, leptin, atrial natriuretic peptide, uroguanylin
and guanylin, regulate the expression and translocation of
aquaglyceroporins from the cytosolic fraction (AQP3) or the lipid
droplets (AQP7) to the plasma membrane facilitating glycerol
release from adipocytes (Kishida et al., 2000; Walker et al., 2007;
Rodriguez et al,, 2011b, 2015b, 2016). By contrast, lipogenic
stimuli, such ghrelin and dexamethasone, downregulate the
expression of AQP7 in adipocytes, which results in an increase
in intracellular glycerol (Fasshauer et al., 2003; Rodriguez et al.,
2009), a metabolite that induces changes in the conformation
and enzymatic activity of glycerol kinase (GK), favoring the
conversion of glycerol to glycerol-3-phosphate (Yeh et al., 2004).
The consequent increase in glycerol-3-phosphate concentrations
induces TG biosynthesis, leading to a progressive adipocyte
hypertrophy (Hara-Chikuma et al., 2005). Noteworthy, the gene
expression of the main lipogenic enzymes are downregulated in
visceral adipose tissue of obese subjects (Ortega et al., 2010).

Circulating glycerol constitutes an important energy substrate
during fasting with the liver being responsible for about 70—
90% of whole-body glycerol metabolism (Reshef et al., 2003).
AQP9 constitutes the main route for hepatocyte glycerol uptake
(Jelen et al., 2011; Calamita et al., 2012), although the human
liver also expresses the aquaglyceroporins AQP3, AQP7, and
AQP10 (Rodriguez et al., 2014). AQP9 is mainly localized in the
sinusoidal plasma membrane that faces the portal vein (Elkjaer
etal., 2000; Nicchia et al., 2001; Gena et al., 2013; Rodriguez et al.,
2014). In hepatocytes, glycerol is phosphorylated to glycerol-
3-phosphate by GK, and glycerol-3-phosphate constitutes a
precursor for hepatic gluconeogenesis as well as for the de novo
TG synthesis (Rodriguez et al., 2014). The proportion of glycerol
used for hepatic gluconeogenesis or lipogenesis mainly depends
on the nutritional state (Kuriyama et al., 2002; Calamita et al.,
2012), but a sexual dimorphism has been also observed in
hepatocyte glycerol utilization (Nicchia et al., 2001; Lebeck et al.,
2015; Rodriguez et al., 2015a). The close coordination between
adipose and hepatic aquaglyceroporins is required for the control
of whole-body glucose homeostasis as well as lipid accumulation
in both rodents (Kuriyama et al., 2002; Rodriguez et al., 2015b)
and humans (Catalan et al., 2008; Miranda et al., 2009; Rodriguez
etal, 2011D).

The existence of several AQPs has been identified in the
pancreas (Table 1), an exocrine and endocrine organ of the
digestive system that plays an essential role in the onset of
insulin resistance and type 2 diabetes (Delporte, 2014). Exocrine
and endocrine cells account for 90 and 10%, respectively, of
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TABLE 1 | Tissue distribution and biological function of pancreatic aquaporins.

Type Exocrine/endocrine pancreas  Cellular location Biological function References
AQPO Not detected (mice, rats and - - Isokpehi et al., 2009
humans)
AQP1 Exocrine pancreas (rat and Acinar cells, intercalated Pancreatic fluid secretion Koyama et al., 1997; Hurley et al., 2001;
humans) ducts and capillaries Ko et al., 2002; Burghardt et al., 2003
AQP2 Not detected (rats and humans) - - Hurley et al., 2001; Isokpehi et al., 2009
AQP3 Exocrine pancreas (humans) Acinar and collecting duct Marker of tumor aggressiveness in Ishibashi et al., 1995; Burghardt et al.,
cells pancreatic ductal adenocarcinomas 2003; Direito et al., 2017
AQP4 Negligible expression (rat and - - Koyama et al., 1997; Hurley et al., 2001;
humans) Burghardt et al., 2003
AQP5 Exocrine pancreas (humans) Intercalated and intralobular Pancreatic fluid secretion and marker of Burghardt et al., 2003; Direito et al., 2017
ductal cells tumor differentiation in pancreatic ductal
adenocarcinomas
AQP6 Not detected (mice, rats and - - Isokpehi et al., 2009
humans)
AQP7 Endocrine pancreas (mice and B- and 8-cells Control of insulin synthesis and secretion, Matsumura et al., 2007; Best et al., 2009;
rats) triacylglycerol accumulation and Méndez-Giménez et al., 2017
proliferation of B-cells
AQP8 Exocrine pancreas (rat and Acinar cells Pancreatic fluid secretion Koyama et al., 1997; Calamita et al., 2001;
humans) Hurley et al., 2001; Burghardt et al., 2003
AQP9 Not detected (rats and humans) - - Isokpehi et al., 2009
AQP10  Not detected (humans) - - Hatakeyama et al., 2001; Méndez-Giménez
etal., 2017
AQP11  Negligible expression (humans) - - Isokpehi et al., 2009
AQP12  Exocrine and endocrine Acinar cells and p-cells Maturation and exocytosis of zymogen [toh et al., 2005; Ohta et al., 2009;

pancreas (rats)

granules, marker of pancreatic damage in

Méndez-Giménez et al., 2017

acute pancreatitis and pancreatic steatosis

AQR aquaporin.

the total pancreatic cells. Exocrine cells comprise acinar cells,
which synthesize and secrete digestive enzymes, and ductal cells
that release most of the pancreatic juice. Endocrine cells are
organized into small clusters of cells termed islets of Langerhans,
which are composed by five cell subtypes, a-cells (20% of
the total cells producing glucagon), p-cells (~70% producing
insulin), 8-cells (10% producing somatostatin), polypeptide cells
(5% producing PP) and e-cells (<1% producing ghrelin). In the
present review, we have focused on the role of AQPs in the
physiology and pathophysiology of the pancreas, highlighting the
role of pancreatic AQP7, which has emerged as a novel player in
the control of B-cell function (Matsumura et al., 2007; Best et al.,
2009; Louchami et al., 2012; Méndez-Giménez et al., 2017).

AQUAPORINS IN THE EXOCRINE
PANCREAS: REGULATION OF
PANCREATIC FLUID SECRETION AND
MARKERS OF PANCREATIC DAMAGE

The exocrine pancreas secretes daily a large volume of HCOJ -
rich fluid containing digestive enzymes to neutralize gastric acid
that enters into the duodenum and to digest dietary nutrients
(Hurley et al., 2001). The epithelial cells lining the ductal
system and, to a lesser extent, acinar cells of the exocrine
pancreas generate near-isotonic fluids, a mechanism that requires

a high transepithelial water permeability (Hurley et al., 2001;
Ko et al.,, 2002; Burghardt et al., 2003). Several AQPs, including
AQP1, AQP5, AQP8, and AQP12, contribute to the high water
permeability of apical and basolateral membranes of both acinar
and ductal cells of the exocrine pancreas (Table 1). However, it
is tempting to speculate that the existence of other unidentified
water channels in the exocrine pancreas, since HgCl,, a non-
selective AQP blocker, reduces total water permeability by
as much as 90% in isolated rat acinar cells (Hurley et al,
2001) and 78% in isolated rat interlobular ducts (Ko et al,
2002). In the human pancreas, AQP8 is exclusively expressed
in the apical membrane of pancreatic acinar cells, whereas
AQP1 and AQP5 are abundantly expressed in the apical and
basolateral membranes of the epithelial cells of intercalated ducts,
which is probably the main site of pancreatic fluid secretion
(Burghardt et al., 2003; Figure1). In this sense, pancreatic
fluid secretion starts with the secretion of a small volume of
isotonic-like fluid rich in NaCl from acinar cells with AQPS8
allowing water efflux to the lumen. Subsequently, intercalated
ducts, secrete Na™, HCO3~, and Cl~ with AQP1 and AQP5
allowing water movement from ductal cells to the ductal lumen
(Delporte, 2014). The digestive enzymes within the pancreatic
juice are synthesized in acinar cells and are stored in secretory
vesicles termed zymogen granules in the apical pole of the
cell. Interestingly, AQP12 is expressed in the pancreatic acinar
cells with an intracellular localization in the rough endoplasmic
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FIGURE 1 | Role of aquaporins in isotonic fluid secretion and zymogen
granule exocytosis in the exocrine pancreas. The primary function of
pancreatic acinar cells is to synthesize and secrete digestive enzymes, which
are stored in zymogen granules in the apical poles. AQP12, which is located in
the cytoplasm, contributes to the proper formation, maturation and exocytosis
of zymogen granules, a process dependent on water transport across the
membranes. Acinar cells also secrete a small volume of a NaCl-enriched
isotonic fluid. The water efflux from acinar cells to the lumen is mainly mediated
by AQP8. Ductal cells secrete Nat, CI—, HCO3~ as well as large amounts of
water via AQP1 and AQP5 in order to form the final isotonic pancreatic fluid.

reticulum and the membranes of zymogen granules near the
rough endoplasmic reticulum (Itoh et al., 2005; Figure 1). AQP12
not only participates in the secretion of pancreatic isotonic fluid,
but it is also involved in the proper maturation and exocytosis
of the zymogen granules in murine pancreatic acinar cells (Itoh
et al., 2005; Ohta et al., 2009). There is evidence of expression
of AQP12 in the human pancreas (Isokpehi et al., 2009), and its
tissue distribution and function warrants further investigation.
The pancreatic exocrine function is severely impaired during
pancreatitis, the inflammation of the pancreas, which is divided
in acute and chronic types (Delporte, 2014; Ravi Kanth and
Nageshwar Reddy, 2014). The clinical symptoms of acute
pancreatitis include upper abdominal pain, nausea, vomiting
and increased serum levels of the digestive enzymes amylase
and lipase. Chronic pancreatitis is characterized by recurrent
abdominal pain, damage of the pancreatic parenchyma with
inflammation and fibrosis, ductal dilation, necrosis and finally
a progressive loss of exocrine (maldigestion) and endocrine
(diabetes mellitus) functions. Changes in both AQP1 and AQP12
have been observed during the onset of acute and chronic
pancreatitis, reflecting their potential as markers of pancreatic
damage. AQP1 is overexpressed in the pancreatic ducts of
patients with autoimmune pancreatitis, which showed chronic
pancreatitis characterized by a severely impaired secretion of
digestive enzymes from acinar cells as well as pancreatic fluid and
HCO;3 secretion from ducts (Ko et al., 2009; Koyama et al., 2010).
The upregulation of AQP1 might constitute a compensatory
mechanism to overcome the slowed fluid movement across the
pancreatic endothelia and ducts, which alter the convective flow

of pancreatic digestive enzymes through the pancreatic duct. On
the other hand, AQP12 deficiency increases the susceptibility of
caerulein, a cholecystokinin-8 analog inducing acute pancreatitis
(Ohta et al., 2009). Accordingly, AQP12-KO mice show more
numerous and larger exocytic vacuoles in acinar cells, an
important cellular hallmark of early pancreatitis, than control
mice.

Likewise, a deregulation of AQPs has been also detected
in other pathophysiological conditions of the pancreas, such
as obesity-associated pancreatic steatosis (Méndez-Giménez
et al, 2017) or pancreatic ductal adenocarcinoma (Direito
et al., 2017). AQPI12 is upregulated in the pancreas of obese
rats with the increased pancreatic AqgpI12 mRNA levels being
positively associated with markers of insulin resistance and
ectopic lipid overload (Méndez-Giménez et al., 2017). A strong
immunoreactivity for AQP3 and AQP5 is observed in the ductal
cells of patients with pancreatic ductal adenocarcinomas that
is associated to tumor aggressiveness and tumor differentiation,
respectively (Direito et al., 2017).

AQUAPORIN-7 IN THE ENDOCRINE
PANCREAS: CONTROL OF INSULIN
RELEASE, TRIACYLGLYCEROL
ACCUMULATION AND g-CELL
PROLIFERATION

Circulating glucose is the most relevant regulator of proinsulin
synthesis and insulin secretion in pancreatic p-cells (Muoio
and Newgard, 2008). However, glycerol constitutes another
metabolite involved in nutrient-induced insulin release through
the activation of the glycerol-phosphate shuttle, a metabolic
pathway that replenishes cytosolic NAD™ levels necessary
to maintain glycolysis, which in turn provides pyruvate for
anaplerosis (Skelly et al., 2001). AQP7 has been identified
in pancreatic B-cells of murine and rat endocrine pancreas
(Figure 2), but not in the acini or the ducts of the exocrine
pancreas, as well as in the rat pancreatic BRIN-BD11 and RIN-
m5F B-cell lines (Matsumura et al., 2007; Best et al., 2009;
Delporte et al., 2009; Méndez-Giménez et al., 2017). AQP7
transports urea and glycerol in B-cells, resulting in a similar B-cell
swelling, activation of the volume-regulated anion channel and
insulin secretion (Best et al., 2009). Nonetheless, glycerol triggers
a more marked and sustained effect on membrane potential
(Best et al., 2009). Extracellular glycerol is transported into -
cells through AQP?7, transformed into glycerol-3-phosphate by
the activation of the GK enzyme activity and entered into the
glycerol-3-phosphate shuttle (Rodriguez et al., 2011a; Figure 3).
In this metabolic process, glycerol-3-phosphate is converted into
dihydroxyacetone phosphate (DHAP) in a reaction catalyzed by
the inner membrane-bound mitochondrial glycerol-3-phosphate
dehydrogenase (GPD) that reduces FADT to FADH, that
enters in the mitochondrial oxidative phosphorylation process
to generate ATP (Skelly et al,, 2001; Matsumura et al.,, 2007;
Rodriguez et al., 2011a; Méndez-Giménez, 2017). The subsequent
increase in the cytosolic ATP/ADP ratio induces the closure
of ATP-sensitive K channels, depolarization of the plasma
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FIGURE 2 | AQP?7 distribution in B-cells of Langerhans islets. Immunohistochemistry showing the location of insulin and AQP7 in Langerhans islets in serial sections of
rat pancreas using specific primary antibodies (magnification 100x). Negative control was obtained in the absence of primary antibody. The detailed methodology is
described in the following reference (Méndez-Giménez et al., 2017).
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FIGURE 3 | Role of AQP7 in insulin secretion and triacylglycerol accumulation in B-cells of the endocrine pancreas. AQP7 facilitates glycerol influx to p-cells. The
increase in intracellular glycerol and the consequent activation of glycerol kinase (GK) activity, in turn, stimulate the pro-insulin mRNA and insulin secretion, probably
through their participation in the glycolysis and glycerol-phosphate shuttle activities in the g-cell. Glycerol can be also used as a substrate for de novo synthesis of TG.
Both ghrelin and glucagon-like peptide 1 (GLP-1) down-regulate AQP7 expression in B-cells. The subsequent increase in intracellular glycerol might be used for the
biosynthesis of triacylglycerols (TG) induced by ghrelin as well as for insulin synthesis and secretion triggered by GLP-1. GDP, glycerol-3-phosphate dehydrogenase;
GLUT4, glucose transporter 4; PP, pancreatic polypeptide.

levels promotes p-cell hypertrophy and insulin hypersecretion,
ultimately causing p-cell dysfunction and death through
lipoapoptosis (El-Assaad et al., 2003; Méndez-Giménez et al.,
2017). p-cells require a continuous sense fuel load, particularly
glucose, and they cannot protect themselves by blocking glucose
uptake to avoid excess nutrient load and their capacity to
store fuel excess in the form of TG is limited (Mugabo et al,
2017). Excess-fuel detoxification pathways comprise glycerol
and FFA formation and release to the extracellular milieu and

membrane, activation of voltage-dependent Ca?* channels
followed by a rapid influx of Ca?* that triggers insulin exocytosis.
Aqp7-KO mice show increased fB-cell glycerol content and GK
activity, which result in higher basal and glucose-induced insulin
secretion (Matsumura et al., 2007; Louchami et al., 2012).
Interestingly, AQP7 deficiency is associated with reduced (-
cell mass caused by a decrease in B-cell proliferation, but it is
also related to increased insulin-1 and insulin-2 transcript levels
indicating a more efficient insulin biosynthesis and secretion

(Matsumura et al., 2007).

Short-term exposure of P-cells to FFA increases glucose-
stimulated insulin secretion, but chronic exposure to high FFA

the diversion of glucose carbons to TG and cholesterol esters
in B-cells. In this regard, AQP7 plays an important role in
the modulation of intraislet glycerol concentration and TG
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synthesis (Figure 3; Matsumura et al., 2007; Louchami et al.,
2012; Méndez-Giménez et al., 2017). AQP7 deficiency in mice
causes an increased intracellular glycerol and the GK activity
resulting in an increase in TG concentration in the Langerhans
islets (Hibuse et al., 2005; Matsumura et al., 2007).

OBESITY IS ASSOCIATED WITH
DEREGULATION OF
AQUAGLYCEROPORINS IN THE ADIPOSE
TISSUE, LIVER AND PANCREAS

AQP7-KO mice display a clear phenotype of adult-onset
obesity and hyperinsulinemia (Maeda et al, 2004; Hibuse
et al., 2005; Matsumura et al., 2007), but the impact of AQP7
loss-of-function homozygous mutations in human obesity and
diabetes remains controversial. In a study conducted in 160
adult Japanese subjects, those individuals carrying homozygous
missense mutations (R12C, V59L, and G264V) and silent
mutations (A103A and G250G) in the AQP7 gene neither
exhibit obesity nor diabetes (Kondo et al., 2002). Nonetheless,
Kondo and colleagues found that the unique case homozygous
for G264V mutation in the AQP7 gene exhibited an impaired
exercise-induced increase in plasma glycerol in spite of the
increased plasma noradrenaline (Kondo et al., 2002), confirming
the role of AQP7 in adipocyte lipolysis. Hyperglyceroluria and
platelet secretion defect have been also attributed to the G264V
variant of AQP7 gene in three children homozygous for this non-
functional mutation (Goubau et al., 2013). In another cohort of
178 Caucasian subjects, one single case of a subject homozygous
for the G264V mutation exhibited glycerol levels below the 10th
percentile, overweight and type 2 diabetes (Ceperuelo-Mallafré
et al, 2007). Moreover, a study performed in 977 Caucasian
individuals detected a single-nucleotide polymorphism (A593G)
in the human AQP7 gene promoter that was related to decreased
AQP7 expression in the adipose tissue as well as with type 2
diabetes (Prudente et al., 2007). Further studies are required
to analyze the real impact of AQP7 gene variants in the onset
of obesity and type 2 diabetes. Nonetheless, growing evidence
support the strong metabolic impact of the regulation of AQP7
expression in the onset of obesity and its associated comorbidities
(Frithbeck, 2005; Friithbeck et al., 2006; Méndez-Giménez et al.,
2014). Human obesity is associated with a deregulation in the
expression of aquaglyceroporins in adipose tissue (Marrades
et al, 2006; Ceperuelo-Mallafré et al., 2007; Prudente et al.,
2007; Catalan et al., 2008; Rodriguez et al, 2011b) and liver
(Catalan et al., 2008; Miranda et al., 2009; Rodriguez et al., 2014).
Visceral adipose tissue of obese patients shows an upregulation
of AQP3 and AQP7, which might be related to the increased
lipolytic rate in this fat depot (Cataldn et al., 2008; Rodriguez
et al, 2011b). In contrast, AQP7 is downregulated in the
subcutaneous adipose tissue leading to the promotion of an
intracellular glycerol accumulation and a progressive adipocyte
hypertrophy (Rodriguez et al, 2011b). Moreover, our group
found a reduction of glycerol permeability and AQP9 expression
in the liver of obese patients with non-alcoholic fatty liver
disease (NAFLD) in parallel to the degree of hepatic steatosis,

being further aggravated in insulin-resistant patients (Rodriguez
et al, 2014). The downregulation of AQP9 seems to be a
compensatory mechanism whereby the liver counteracts further
TG accumulation within its parenchyma as well as reduces
hepatic gluconeogenesis in obese patients with NAFLD.

Obesity is commonly associated with insulin resistance and
type 2 diabetes. Under normal conditions, the pancreatic islet
B-cells increase insulin secretion sufficiently to overcome the
reduced efficiency of insulin action, thereby maintaining normal
glucose tolerance. In order to maintain an appropriate long-
term glycemic control in insulin-resistant states, the number of
pancreatic islet B-cells or B-cell mass, is expanded (de Koning
et al., 2008; Méndez-Giménez, 2017). The B-cell dysfunction is
characterized by a decreased insulin gene expression, blunted
glucose-stimulated insulin secretion as well as increased p-cell
apoptosis rates (Wajchenberg, 2007). Obesity-associated insulin
resistance has been attributed to ectopic lipid overload, with
lipotoxicity being a major contributor of -cell dysfunction (Lee
etal., 2010; van Raalte et al., 2010; Ou et al., 2013). Since glycerol
also constitutes an important metabolite for insulin exocytosis
and TG synthesis in B-cells, we analyzed the impact of obesity
and weight loss achieved by bariatric surgery on pancreatic AQP7
in a recent study (Méndez-Giménez et al., 2017). As expected
hyperinsulinemic and insulin-resistant obese rats exhibited
adaptive changes in B-cell mass as well as pancreatic steatosis.
Bariatric surgery improved f-cell dysfunction in obese rats, as
evidenced by reduced pancreatic p-cell apoptosis, steatosis and
insulin secretion. Interestingly, both weight gain and weight
loss achieved by bariatric surgery were associated with increased
pancreatic AQP7 mRNA and protein levels (Méndez-Giménez
etal., 2017). AQP7 upregulation in the pancreas might constitute
an adaptive response of B-cells to increase glycerol uptake and
the subsequent insulin synthesis and secretion, which seems
nevertheless inefficient to reduce the hyperglycemia in the obese
state, but not after bariatric surgery. Further studies are needed
to validate the potential role of AQP7 in p-cell function in the
human pancreas.

ROLE OF AQP7 IN GHRELIN- AND
GLP-1-INDUCED IMPROVEMENT OF
PANCREATIC 8-CELL FUNCTION AFTER
BARIATRIC SURGERY

Bariatric surgery significantly improves insulin sensitivity
within days after this procedure, which implicates mechanisms
independent of weight loss that involve the modulation of
intrinsic gut hormones via the gastro-entero-insular axis
(Frithbeck, 2015; Méndez-Giménez, 2017). The incretin
hormone glucagon-like peptide-1 (GLP-1) is among the most
widely studied modulators of B-cell function, with the incretin
effect accounting for 70% of the insulin secretion after an oral
glucose tolerance test (Hussain et al.,, 2016). At the endocrine
pancreas, GLP-1 binds its receptor GLP-1R and suppresses
glucagon secretion from a-cells and potentiates insulin secretion
from P-cells in a glucose-dependent manner. On the other
hand, ghrelin represents a survival factor promoting cell survival
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in vitro in HIT-T15 pancreatic B-cells (Granata et al., 2006) and
in vivo in streptozotocin-induced diabetic mice (Bando et al.,
2013). Interestingly, we found that acylated and desacyl ghrelin
induced intracellular lipid accumulation in RIN-m5F f-cells
(Méndez-Giménez et al., 2017), which is in agreement with the
lipogenic effect of ghrelin isoforms in other metabolic tissues,
including adipose tissue and liver (Rodriguez et al., 2009; Porteiro
et al., 2013; Ezquerro et al., 2016). We confirmed the water (Pf)
and glycerol (Pgly) permeability of the rat RIN-m5F p-cells
(Méndez-Giménez et al.,, 2017), which exhibited permeability
values within the range of the Pf and Pgly measured in mature
murine 3T3-L1 adipocytes with endogenous AQP7 expression
(Madeira et al., 2013). To gain further insight into the molecular
mechanisms triggering the improvement of B-cell function,
the role of ghrelin and GLP-1 in the expression of pancreatic
AQP7 was studied (Figure 3). Acylated and desacyl ghrelin
constitute negative regulators of AQP7 in adipocytes and this
downregulation contributes, in part, to the lipid accumulation
in fat cells (Rodriguez et al., 2009). Accordingly, acylated and
desacyl ghrelin diminished the AQP7 expression in parallel to
an increased TG content in RIN-m5F B-cells (Méndez-Giménez
et al,, 2017). Interestingly, GLP-1 showed a tendency toward a
downregulation of AQP7 in RIN-m5F B-cells with the AQP7
protein expression being negatively associated with insulin
release (Méndez-Giménez et al., 2017). Thus, it seems plausible
that the reduction of AQP7 induced by ghrelin and GLP-1 might
result in intracellular glycerol accumulation, which can be used
for the biosynthesis of TG as well as for insulin synthesis and
secretion in B-cells (Figure 3).

CONCLUSIONS

Although there is compelling evidence from murine and human
studies that AQP7 might constitute an effective anti-diabetic drug
target (Rodriguez et al., 2011a; Méndez-Giménez et al., 2014;
da Silva and Soveral, 2017), the discovery and development of
pharmacological AQP modulators has been slow, in part because
current efforts to identify inhibitors are hampered by challenges
in screening assays and in targeting the compact, pore-containing
AQP molecule (Verkman et al., 2014).

Several heavy metals, such as mercury chloride (HgCl,),
silver sulfide (AgS) or gold(III) compound [Au(phen)Cl,]Cl
(phen=1,10-phenatroline) (Auphen) constitute AQP7 inhibitors
(Preston et al., 1993; Delporte et al., 2009; Madeira et al., 2014a).
Hg?" ions bind specifically the mercury-sensitive cysteine located
just in front of the second NPA box of several AQPs (Preston
et al., 1993). This covalent modification of cysteine residues
either induces the blockage or conformational change of the
AQP pore causing the inhibition of water permeability. Silver
(AgNO3 or AgS) or gold (HAuCly or Auphen) compounds
interact with sulthydryl groups of proteins, such as the thiolates
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Cancer and neurodegeneration are different classes of diseases that share the
involvement of mitochondria in their pathogenesis. Whereas the high glycolytic rate (the
so-called Warburg metabolism) and the suppression of apoptosis are key elements
for the establishment and maintenance of cancer cells, mitochondrial dysfunction and
increased cell death mark neurodegeneration. As a main actor in the regulation of cell
metabolism and apoptosis, VDAC may represent the common point between these
two broad families of pathologies. Located in the outer mitochondrial membrane, VDAC
forms channels that control the flux of ions and metabolites across the mitochondrion
thus mediating the organelle’s cross-talk with the rest of the cell. Furthermore, the
interaction with both pro-apoptotic and anti-apoptotic factors makes VDAC a gatekeeper
for mitochondria-mediated cell death and survival signaling pathways. Unfortunately,
the lack of an evident druggability of this protein, since it has no defined binding
or active sites, makes the quest for VDAC interacting molecules a difficult tale.
Pharmacologically active molecules of different classes have been proposed to hit cancer
and neurodegeneration. In this work, we provide an exhaustive and detailed survey of
all the molecules, peptides, and microRNAs that exploit VDAC in the treatment of the
two examined classes of pathologies. The mechanism of action and the potential or
effectiveness of each compound are discussed.

Keywords: mitochondria, apoptosis, VDAC, peptides, oligos, microRNAs, biological drugs

INTRODUCTION

Mitochondria are crucial organelles for eukaryotic cells since they support the huge demand of
energy required to maintain cellular homeostasis. Metabolites and ions are, thus, continuously
exchanged with the cytosol through the Mitochondrial Outer Membrane (MOM), which
owes its selective permeability mainly to the presence of mitochondrial porins, known as
Voltage-Dependent Anion Channel (VDAC) (Shoshan-Barmatz et al., 2010). VDACs are the most
abundant pore-forming proteins of the MOM and, differently from other structurally similar
proteins such as Tom40 or Sam50, they serve as unspecific channels allowing the exchanges of
molecules up to a molecular weight of 1,500 Da. High conserved through evolution, in mammals
three distinct genes encode for three different VDAC isoforms, namely VDAC1, VDAC2, and
VDACS3. The three isoforms are characterized by similar molecular weight of 28-32 kDa and by
about 70% of sequence similarity (Sampson et al., 1997; Messina et al., 2012), all features suggesting
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a common tridimensional structure. Nevertheless, the three
proteins display different roles in physiological and pathological
conditions, as well as different expression level and tissue-
specificity. Beyond the metabolic functions, the peculiar position
of VDA s, at the interface between cytosol and mitochondria,
makes porins the mitochondrial docking site for several cytosolic
proteins, including molecules involved in the regulation of cell
life and death. In this perspective, VDAC proteins appear as
regulator of apoptosis, exerting both pro- and/or anti-apoptotic
functions in physiological and pathological condition. Many
pathologies, such as cancer and neurodegenerative disorders,
indeed, show a deregulation of apoptosis pathways that correlates
with alteration of VDAC activity, expression and functionality.
For this reason, VDAC proteins have quickly become a new
pharmacological target, and many molecules and peptides have
been developed so far, aimed to modulate VDACs activity and
ability to regulate apoptosis, with the final goal to find new
therapeutic strategies for many disease treatments. In this review,
we have grouped and described molecules and peptides with both
pro-apoptotic and pro-survival properties. These molecules have
been associated with different pathologies and while several of
them are well known and already used in clinical trials, other new
molecules, just assayed in vitro or at the cellular level, have been
surveyed here.

STRUCTURE AND FUNCTION OF VDAC
PROTEINS

VDAC proteins are crucial for the metabolic cross talk
between cytosol and mitochondria. Through VDACs, the
newly synthetized ATP is continuously exchanged with ADP,
as well as NADT/NADH and many Krebs’s cycle intermediates
(Benz, 1994; Hodge and Colombini, 1997; Rostovtseva and
Colombini, 1997; Lee et al, 1998). VDAC proteins regulate
the flux of small ions (ClI~, K*, Na%t, and Ca’*), participate
in fatty acid transport across the MOM and in cholesterol
distribution in mitochondrial membranes (Campbell and
Chan, 2008; Lee et al., 2011). Furthermore, VDACs participate
in the regulation of calcium concentration, maintaining
the physiological level of cytosolic calcium, and are the
channels responsible of ROS (superoxide anion) release to
the cytosol (Han et al, 2003; Simamura et al, 2008a; De
Stefani et al, 2012). Through the interaction with many
metabolic enzymes, such as hexokinases, glycerol kinase
(Fiek et al., 1982), glucokinase, and creatine kinase (Brdiczka
et al, 1994), VDACs take part in the control of glycolytic
metabolism. The main VDAC cellular functions are summarized
in Figure 1.

Among VDAC isoforms, VDACI is the most abundant and
best characterized one. In 2008, the crystallographic structure
of mouse VDAC1 was solved by means of X-ray diffraction
and confirmed by NMR in the human protein. As reported in
Figure 2A, VDACI is organized as a transmembrane B-barrel,
made by 19 anti-parallel $-strands, while the N-terminal domain,
including the first 25 amino acids, is structured in a-helix short
stretch, and is localized inside the pore’s lumen (Bayrhuber et al.,

2008; Hiller et al.,, 2008; Ujwal et al., 2008). The N-terminal
domain is suspected to participate in the stabilization of the pore’s
structure by its interaction with the channel’s wall (Villinger
et al.,, 2010) but, at the same time, it is considered the mobile
part of the protein, being exposed to the cytosol under certain
conditions (Geula et al., 2012; Tomasello et al., 2013). The 3D
structures of the others human VDAC isoforms remain unsolved
so far. Recently, VDAC2 from zebrafish was crystalized, showing
to have a structure very similar to that of VDAC1 (Schredelseker
et al.,, 2014). Due to the high sequence similarity between the
three isoforms, homology modeling studies predict similar 3D
structure for VDAC2 and VDAC3. An exception is the N-
terminal domain of VDAC2, which is longer than the other
two isoforms and cannot be modeled (De Pinto et al., 2010a).
Furthermore, homology modeling revealed high similarity also
with porins extracted from Saccharomyces cerevisiae (Guardiani
et al., 2018): the ability of human and mouse VDAC isoforms to
complement the lack of the endogenous porinl in yeast (Reina
etal., 2010; Magri et al., 2016a) confirmed that VDACs are made
with a common motif.

Electrophysiological ~techniques are widely used to
characterize the electrophysiological features of VDAC channels
from many organisms (De Pinto et al., 1989; Palmieri and De
Pinto, 1989; Aiello et al., 2004; Reina et al., 2013; Guardiani
et al,, 2018). Mammalian VDAC1 and VDAC?2 easily open pores
into an artificial membrane formed in a Planar Lipid Bilayer
(PLB) apparatus: the pore-forming activity is studied in terms
of conductance increase through the otherwise not conducting
phospholipidic membrane (Figure2B). Different VDAC
proteins may show differences in their electrophysiological
features, in dependence of the sequence of the protein, the
phospholipids in the membrane (Brenner and Lemoine, 2014)
and the applied voltage. E.g., high cholesterol can impair the
activity of many membranes’ proteins and, specifically, inhibit
VDAC function (Campbell and Chan, 2008). In general, however,
they have a typical behavior that can be easily recognized: the
formation of the pores is discrete, with a stepwise appearance,
and the known VDAC proteins are more or less uniform in this
appearance (Benz et al., 1989; Menzel et al., 2009; Guardiani
et al., 2018). VDAC:s are characterized by different conductance
values accordingly to the applied voltage. This phenomenon is
called voltage-dependence, and it is well known for the channels.
In vitro, in reconstitution experiments where VDACs are inserted
in an artificial membrane, when a low voltage between £ 20 mV
is applied, both VDAC1 and VDAC2 display a high-conductive
state (known also as “open” state), with conductance value of
about 3.5-4.0 nS in 1M KCl or NaCl (Colombini, 1980; Xu
etal.,, 1999; Gattin et al., 2015). However, as the voltage increases
(in positive or negative sign), VDAC1 and VDAC2 undergo
several low-conducting (“closed”) states (see Figures2C,D).
These features are well conserved in the evolution for many
VDAC isoforms: e.g., similar electrophysiological features were
found for VDACI and, more recently, for VDAC2 from bovine
spermatozoa (Menzel et al, 2009) and for VDAC2 extracted
from yeast S. cerevisiae (Guardiani et al., 2018). On the contrary,
human VDAC3 shows a very low propensity to form pores
into PLB. VDAC3 channels are characterized by a very low
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FIGURE 1 | Functional roles of VDAC1 in physiological conditions. Schematic representation of VDAC1 functions in the cell. VDAC1 serves as the main gate in the
MOM for metabolites, such as ATP/ADP and NADT/NADH, but also Krebs cycle’s intermediates, cholesterol and glutamate. Furthermore, by interaction with many
cytosolic enzymes, such as Hexokinases (HK), Glucokinase (GK), and Creatine Kinase (CK), VDAC1 provides the ATP source essential for enzyme’s activity. VDAC1
controls the flux of magnesium, chloride and potassium ions across the MOM, as well as of calcium, participating in the maintenance of cytosolic Ca?t level in the
physiological range. Evidence highlighted that VDAC1 acts as a preferential release channel for the hydrophilic ROS superoxide anion, produced during respiration by
OXPHOS. Moreover, VDAC1 is considered a regulator of apoptosis; indeed, under apoptotic stimuli, VDAC1 undergoes oligomerization, by interacting with the
pro-apoptotic protein Bax or with other VDAC1 molecules and constituting a channel big enough to promote cytochrome ¢ (CYT C) releases to the cytosol and
activation of apoptosis. It has been showed that many cytoskeleton proteins, such as Actin (Act) or Tubulin (Tub) bind VDAC1 participating in the regulation of channel

conductance (about 100 pS in 1 M KCI) without showing any
voltage-dependence (Checchetto et al., 2014; Okazaki et al,
2015). This peculiar behavior of VDAC3 possibly depends from
the high oxidation level of cysteines (Reina et al, 2016a), a
specific feature which suggests a putative role of VDAC3 in the
redox signaling and mitochondrial quality control (De Pinto
et al,, 2016; Reina et al., 2016b). Accordingly, the analysis of
VDACS3 interactome has highlighted the propensity of this
isoform to bind redox enzyme and stress-sensor proteins
(Messina et al., 2014), supporting this hypothesis.

VDAC IN APOPTOSIS REGULATION

Mitochondria play a key role both in intrinsic and extrinsic
pathways of apoptosis. Mitochondria contain a set of apoptogenic
factors, including cytochrome ¢ (cyt c), AIF and Smac/Diablo.
In physiological conditions, apoptogenic factors are normally
located in the intermembrane space of mitochondria (IMS).
However, under apoptotic stimuli, they are released into the
cytosol, leading to cyt c interaction with APAF-1 and the
formation of apoptosome, which in turn activates the caspases
cascade (Wang and Youle, 2009; Vaux, 2011). The release
of cyt ¢ to the cytosol occurs by the alteration of MOM
permeability, a mechanism finely regulated by Bcl-2 proteins.
Bcl-2 represents a heterogeneous family of both pro- and anti-
apoptotic proteins, characterized by the presence of the common
domain BH3. Bcl-2 proteins are mainly cytosolic; however, after
certain stimuli, they translocate to the mitochondria, promoting
the MOM permeabilization (Martinou and Youle, 2011). Many

intrinsic stimuli, such as increased cytoplasmic level of Ca*,
severe oxidative stress, DNA damages and hypoxia (Le Bras
et al., 2005; Keeble and Gilmore, 2007; Kroemer and Zitvogel,
2007), promote the mitochondrial translocation of the pro-
apoptotic protein Bax and its interaction with the mitochondrial-
located Bak, through conformational changes that leads to the
formation of hetero-oligomers big enough to allow the passage
of apoptogenic factors (Gross et al., 1998; Kroemer et al., 2007).
Similarly, an extrinsic signal, e.g., the binding of an extracellular
molecule to a specific receptor on the plasma membrane,
results in the activation of caspase-8 that, in turn, promotes
the cleavage of the pro-apoptotic protein Bid. The truncated
Bid form, tBid, translocates into MOM, and interacts with
Bak, participating in hetero-oligomers formation (Korsmeyer
et al, 2000). In this contest, VDAC proteins participate in
the regulation of mitochondrial-mediated apoptosis in different
ways. In particular, while VDACI is widely considered a pro-
apoptotic protein (see below), VDAC2 exerts an anti-apoptotic
function. On the contrary, no information about the involvement
of VDACS3 in apoptosis regulation is available so far.

Much evidence indeed indicates a specific function as pro-
survival protein for VDAC2. This suggests a co-evolution of
this mammalian-specific VDAC isoform with Bcl-2 proteins
to regulate cell death (Cheng et al, 2003). In fact, VDAC2
specifically binds Bak, sequestrating it into the MOM in
an inactive conformer and, thus, inhibiting Bak-dependent
mitochondrial apoptosis (Cheng et al., 2003). Only recently,
the specific domain of VDAC2 necessary for BAK interaction
was identified (Naghdi et al, 2015). A similar mechanism of
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FIGURE 2 | Structure and electrophysiological features of human VDAC1. (A) Three-dimensional structure of human VDAC1 from the side or top view. VDAC1 is a
B-barrel (in red) formed by 19 anti-parallel B-strands, with the exclusion of 1 and 19 which are parallel. The strands are connected by loops (in purple). The
N-terminal domain (in light blue) is arranged in a-helix and it is located inside the pore’s lumen. This structure was drawn by PyMol software and is based on the
hVDACT (PDB 5XDN). (B) Representative trace of recombinant hVDACT insertion in artificial membrane measured at the PLB. The trace indicates that hVDAC1 can
easily form channels of about 4 nS in 1 M KCI. The experiment was performed at the constant voltage of + 10 mV. (C) Representative triangular curve of recombinant
hVDAC1 showing changes in channel conductance upon application of a voltage ramp between + 50 mV. As shown, hVDAC1 remains in a stable high-conductive
state at low voltages, between + 30 mV; conversely, at higher voltages, hVDAC1 switches into low-conductive states. The experiment was performed in 1 M KCI.

(D) Bell-shaped curve of hVDAC1 voltage dependence, showing the channel’s open probability (G/Gpax) in relation to the voltage applied. Data are expressed as
mean of G/Gpjax £ SEM of n = 3 independent experiments, performed in 1 M KCl in a voltage range of + 60 mV.

VDAC2-mediated inhibition was found also for the cytosolic  etal., 1998; Bernardi, 1999; Green and Evan, 2002; Tsujimoto and
protein Bax, which was partially found in the MOM and  Shimizu, 2007). However, mPTP opening in VDACI- or ANT-

associated to VDAC2 (Ma et al., 2014). null cells (Baines et al., 2007), have challenged the mPTP model,
Conversely, VDACI is able to bind Bax exerting a pro-  which remains a not completely answered question.
apoptotic activity. In particular, the interaction of Bax with Pro-apoptotic properties of VDAC1 are prevented by its

VDACI not only blocks the ATP/ADP exchange, affecting the  interaction with the metabolic enzymes hexokinases (HKs).
channel functioning (Vander Heiden et al, 1999), but leads  The two main HK isoforms, namely HK1 and HK2, are both
to the formation of hetero-oligomers VDAC1-Bax involved in  involved in the first rate-limiting step of glycolysis. Both isoforms
cyt ¢ release and caspase cascade activation (Shimizu et al,  bind to VDACI, obtaining a direct access to mitochondrial
1999; Shimizu and Tsujimoto, 2000). Alternatively, apoptotic =~ ATP, despite HK2 shows a higher affinity for mitochondrial
stimuli are able to induce VDAC1 oligomerization, leading to the ~ binding (Wilson, 2003). The biological significance of VDACI1-
formation of channels big enough to allow the passage of cytcto  HKs complexes is more profound. Indeed, HKs compete
the cytosol (Keinan et al., 2010). with Bax for binding to VDACI, reducing the formation of

An early theory indicated that opening of the mitochondrial =~ VDAC1-Bax complexes (Vyssokikh et al., 2002); conversely,
Permeability Transition Pore (mPTP), led to loss of the HKs detachment from VDACI induces apoptosis, increasing
mitochondrial membrane potential, mitochondrial swelling, and ~ VDAC1 propensity to bind Bax or to participate in hetero-
the rupture of the MOM (Zoratti and Szabo, 1995; Halestrap ~ or homo-oligomeric structure formation (Abu-Hamad et al,
et al,, 1997). In an old model, mPTP was proposed to be formed ~ 2008). Not coincidentally, VDAC1-HKs complexes are exploited
by VDACI in the MOM, adenine nucleotide translocator (ANT)  in tumors, since mitochondrial HK2 increases the glycolysis
in the IMM, and cyclophilin-D (CyP-D) in the matrix (Marzo  rate, participating to the “Warburg effect,” and protects cancer
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FIGURE 3 | Pro- and anti-apoptotic molecules acting on VDAC1 and putatively involved in pharmacological treatment of cancer and neurodegeneration.

(A) Pro-apoptotic molecules and peptides acting on VDAC1 with proven or potential role in the pharmacological treatment of cancer phenotype. Group 1 includes
molecules acting on VDACT1 channel activity by promoting the impairment of metabolic exchanges between mitochondria and cytosol, leading to MOM
permeabilization and activation of apoptosis. Group 2 includes molecules and peptides acting on VDAC1-HKs complexes by promoting HKs detachment from
VDAC1 (2A) or preventing HKs binding to VDAC1 (2B). Group 3 includes molecules and peptides acting on ANT-VDAC1 complexes (the precise mechanism is still
unclear). Group 4 includes molecules inducing VDAC1 overexpression and the consequent propensity of VDAC1 to form oligomers. (B) Anti-apoptotic molecules and
peptides acting on VDACT and potentially able to reduce mitochondrial dysfunction in neurodegenerative diseases. Group 1 includes peptides with proven ability to
bind VDAC1 and to impair the aggregation of misfolded SOD1 mutants or Ap peptide with VDAC1, restoring VDAC1-HKs complexes, and VDACT functionality. Group
2 includes molecules acting on VDAC1 phosphorylation at both plasma membrane (2A) and mitochondrial (2B) level with consequences on VDACT1 channel activity or
the ability to bind HKs. Group 3 includes channel blockers, molecules with proven ability to bind specifically VDAC1 and to counteract the VDAC1 oligomerization.
Group 4 includes siRNA able to downregulate VDACT expression, decreasing in turn the VDAC1 propensity to form oligomers.
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cells from apoptosis (Gatenby and Gillies, 2004; Pedersen,
2008).

VDAC-Mediated Apoptosis as a Target for
Many Disease’s Treatment

VDAC proteins play a crucial role in controlling mitochondrial
metabolism and apoptosis. In this perspective, VDACs become
interesting from a pharmacological point of view and many
molecules targeted to VDAC proteins have been developed so
far. Indeed, both alterations of apoptosis and of mitochondrial
bioenergetics represent basal molecular mechanisms whose
modulation is present in many pathologies.

A cancer hallmark is the apoptosis inhibition. A combination
of factors leads to raising cell resistance to death stimuli. In
many tumors, several anti-apoptotic proteins are overexpressed
(Strasser et al., 1990; Adams and Cory, 2007) and the rapid
growth of malignant cells is strongly supported by VDACI-
HKs complexes, which increase glucose metabolism and inhibit
apoptosis (Mathupala et al., 2006). Conversely, the detachment
of HKs from VDAC1 promotes the channel propensity to
interact with the pro-apoptotic Bax and Bak proteins (Majewski
et al,, 2004) or to form VDACI oligomers (Keinan et al,
2010). Therefore, therapeutic approaches aimed to counteract
malignant cells proliferation have taken into account strategies
directed to induce HKs detachment from VDACI and/or to act
on VDACI expression and channel activity.

In cancer, cell death is significantly inhibited, but in
neurodegenerative disease, on the opposite, the early onset
of neuron’s death is among the causes of the pathologies.
Neurodegenerative disorders represent a large group of age-
related pathologies, which affect different nervous system’s
regions. Among disorders affecting brain, the most studied
are undoubtedly Alzheimers disease (AD) and Parkinson’s
disease (PD), while the most known neuromuscular disorder
is Amyotrophic Lateral Sclerosis (ALS), which specifically
affects spinal cord. Pathologies such as AD, PD, and ALS are
characterized by different etiologies and symptoms. Nevertheless,
at the molecular level, they are characterized by accumulation
within the cells of misfolded proteins and/or peptide which
can directly interact with VDAC1 (Magri and Messina, 2017).
The interaction of misfolded protein with VDACI has dramatic
consequences for mitochondrial functionality. At the same time,
in AD and in PD, a significative alteration of caspase-mediated
apoptotic pathways was found (Li et al,, 2000; Rohn et al,
2009), which correlated with a reduction of mitochondrial rate
of HKs (Israelson et al., 2010; Smilansky et al., 2015; Magri et al.,
2016b). Furthermore, the analysis of post-mortem brain from
AD patients and transgenic mice have shown that VDACI is
over-expressed and that the level of VDAC1 phosphorylation
is significantly increased (Cuadrado-Tejedor et al, 2011). In
this perspective, molecules able to interfere with misfolded
proteins interaction with VDAC1 and/or decrease the pro-
apoptotic features due to the overexpression of the channel
have been proposed as therapeutic tool. In this review, we
grouped molecules that, by acting on VDACI, exert pro-
and anti-apoptotic features, thus putatively able to counteract

mitochondrial dysfunction in cancer and neurodegenerative
diseases, respectively. However, the targeted delivery of drugs
to specific intracellular locations is one of the most challenging
obstacle to be overcome. Several chemotherapeutic drug cannot
easily cross the protective, physiological barriers in tumor tissues.
For this reason, we paid specific attention onto biological
molecules like peptides and oligos, which definitely represent
a most promising alternative to conventional molecules used
nowadays against cancer and neurodegeneration.

VDAC TARGETED MOLECULES THAT
AFFECT APOPTOSIS

Pro-apototic Molecules Acting on VDAC1
Channel Activity

Over the years, various anti-cancer molecules able to directly
target to VDACI were proposed (Reina and De Pinto, 2017).
Most of described molecules directly interact with VDACI,
reducing the channel conductance, eventually leading to
apoptosis (Figure 3A, Group 1). The Konig’s Polyanion (KPa),
a 1:2:3 copolymer of methacrylate, maleate, and styrene, is
surely one of the first listed compound able to lower VDAC’s
gating voltage and induce irreversible channel closure in vitro
(Konig et al., 1982; Colombini et al., 1987; Tedeschi et al., 1987;
Benz et al., 1988; Mannella and Guo, 1990). Nevertheless, the
existence of contrasting results that prove both apoptotic and
anti-apoptotic effects together with the lack of specificity for
VDAC, prevent KPa utilization as an anticancer drug. Likewise,
dicyclohexylcarbodiimide (DCCD) has been reported to inhibit
hexokinase binding by covalently labeling VDAC (Nakashima
et al., 1986; Nakashima, 1989; De Pinto et al., 1993; Shafir et al.,
1998) and blocking its channel activity (Shafir et al., 1998).
The high specificity of this interaction is strengthened by the
identification of VDAC-Glu72 amino residue as the binding site
of both DCCD and hexokinase (De Pinto et al., 1993; Zaid et al,,
2005). In spite of this, the ability of DCCD to inhibit various
ATPases prohibits its use in humans.

Several molecules have been intensively tested in cellulo.
For instance, fluoxetine, a drug prescribed for the treatment
of major depressive disorders, has been reported to inhibit
proliferation of several cancer cells lines (Serafeim et al., 2003;
Krishnan et al., 2008; Stepulak et al., 2008; Lee et al., 2010;
Mun et al,, 2013), although previous studies have associated
the administration of this compound to an increased risk
of developing tumor (Brandes et al., 1992; Lee et al, 2001).
Once penetrated inside the cell, fluoxetine binds mainly to
mitochondria (Mukherjee et al., 1998), most likely using VDAC,
as demonstrated by PLB assays. In this conditions indeed,
fluoxetine interacts with VDAC, altering its channel properties
(Nahon et al., 2005; Thinnes, 2005). A recent report, however,
questions the specificity of fluoxetine for VDAC, proposing its
interaction with the Glutamate receptor 1 (GluR1) to trigger
apoptosis in glioma cells (Liu et al., 2015). Aspirin, the famous
nonsteroidal anti-inflammatory drug used as an antipyretic
and analgesic agent, has been lately associated with a pro-
apoptotic activity against different cancer cell types, such as colon
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cancer, chronic lymphocytic leukemia and myeloid leukemia.
Tewari et al. demonstrated a direct modulation of membrane-
reconstituted VDAC1 by aspirin, suggesting this interaction
as responsible for the anticancer effects of the drug (Tewari
et al.,, 2017). Following VDACI binding, indeed, aspirin would
dissipate mitochondrial membrane potential (A{ym), dissociate
HK2 from mitochondria and promote cell death. Accordingly,
silencing of VDACI protects HeLa cells from aspirin-induced
cell death. Erastin is another anti-tumor agent that use VDAC
as a docking site in mitochondria and induces oxidative, non-
apoptotic death in human tumor cells with mutations in the
oncogenes HRAS, KRAS, or BRAF. Erastin specifically binds
VDAC isoforms 2 and 3 (Yagoda et al., 2007), as confirmed by
knockdown experiments, and it also modulates VDAC-tubulin
interaction in proliferating cells (Maldonado et al., 2013). VDAC
has been also proposed as a target for cannabidiol (CBD), a
phytocannabinoid derived from Cannabis species and devoid
of psychoactive activity. Reconstitution experiments in artificial
membranes demonstrated indeed the ability of CBD to directly
bind VDAC, markedly decreasing its channel conductance. This
interaction, further confirmed by microscale thermophoresis
analysis (Rimmerman et al.,, 2013), may be responsible for the
strong anti-tumor effects of cannabidiol observed in numerous
cancer cells types (Ligresti et al., 2006; Massi et al., 2013).
Avicins represent a class of natural compounds reported to
target and close VDAC in lipid bilayers, causing the OMM
permeabilization and the release of cytochrome ¢ (Lemeshko
et al., 2006; Haridas et al., 2007). Once again, such a mechanism
would explain the pro-apoptotic effect of these triterpenoid
saponines in tumor cells (Haridas et al, 2001; Mujoo et al,
2001; Gaikwad et al., 2005). Interestingly, avicins can still trigger
cell death via autophagy even when Bax or Bak genes are
deleted or caspases are inhibited, suggesting potential therapeutic
activity in apoptosis-resistant cancers. Recently, chrysophanol,
emodin, rhein, aloe-emodin, and catechin, the bioactive anti-
cancer components of the herb Rheum officinale Baill, have
been reported to bind VDAC through Thr207 and the N-
terminal region of the protein (Li et al, 2017). A survey of
literatures shows that these derivatives induce apoptosis in many
human cancer cell lines, including lung adenocarcinoma A549,
cervical carcinoma HeLa, and hepatoma HepG2 cells (Chu
et al., 2012). Given the importance of VDAC as an anti-cancer
target, the authors proposed a key role for this interaction in
the cytotoxic activity of the compounds. Electrophysiological
experiments have demonstrated the ability of ruthenium Red
(RuR), a water-soluble hexavalent polycation whose effects on
apoptosis are debated (Anghileri, 1975; Zaid et al., 2005), to
induce channel closure of membrane-reconstituted VDACI as
well (Israelson et al., 2008). Interestingly, RuR would interact
with the same VDACI loops responsible for HK1 binding
(Israelson et al, 2008). Although with a slightly different
mechanism, it is worth mentioning also furanonaphtoquinones
(FNQs), a class of highly reactive molecules that induce
caspase-dependent apoptosis via ROS production. VDAC was
proposed as the pharmacological target of FNQs, since their anti-
cancer activity was increased upon VDACI1 overexpression and
decreased upon VDACI silencing by siRNA (Simamura et al.,

2006, 2008b). In 2003, Cesura et al. identified VDACI as the
major molecular target of the PTP inhibitor Ro 68-3400 in
mitochondria prepared from a human neuroblastoma cell line.
Later, however, this statement underwent several confutations
(Cesura et al., 2003). Initially, single channel analysis revealed
that Ro 68-3400 failed to alter the electrophysiological properties
of VDACI incorporated into lipid membranes and afterwards,
Bernardi and coworkers proposed the Mitochondrial Phosphate
Carrier (PiC) as the proper interactor (Krauskopf et al.,
2006).

Compounds that are already part of clinical trials conclude
this list. Among them, cisplatin is one of the best known
chemotherapeutic drug for the treatment of numerous human
cancers (Khan et al., 1982; Scher and Norton, 1992; Abrams
et al., 2003; Koch et al., 2013). Several clues about the enhanced
sensitivity to cisplatin of cells with increased expression of
VDACI, suggested that this protein may serve as a cisplatin
receptor in the apoptotic pathway (Thinnes, 2009). According
to Keinan et al. cisplatin would induce cell death through
VDACI oligomerization (Keinan et al., 2010), albeit discordant
data proposed a significantly increased cytotoxicity of this
drug in cancer cells silenced for VDACI (Wu et al, 2016).
Clinical studies performed with itraconazole, a common
antifungal drug, have demonstrated its potent antiangiogenic
and anticancer activity. Again, VDAC would be part of the
mechanism of action of this compound. Liu and coworkers,
indeed, reported that the binding of itraconazole to VDACI1
causes an increase in the AMP:ATP ratio, which in turn
activates AMPK that down-regulates mTOR pathway and thus
inhibits cell proliferation (Head et al., 2015). VDAC has been
recently proposed as the therapeutic target of curcumin as well.
Curcumin (diferuloylmethane) is a component of the golden
spice turmeric (Curcuma longa) with anti-inflammatory and
antitumor activity (Aggarwal et al., 2003). Along with reports
that claim curcumin capable of binding to Bcl2 proteins (Carroll
et al., 2011; Rao et al,, 2011; Yang et al., 2015), Tewari et al.
firstly demonstrated its interaction with membrane-reconstituted
VDACI (Tewari et al., 2015). Noteworthy, curcumin has already
entered phase II clinical trial for the treatment of advanced
pancreatic cancer (Dhillon et al., 2008) and the prevention of
colorectal neoplasia (Carroll et al., 2011). Finally, a structural
analog of the above mentioned erastin, called PRLX 93936,
is currently in Phase I/II clinical trial for the treatment of
patients with multiple myeloma (ClinicalTrials.gov database,
NCI). As for erastin, it inhibits VDAC2 and VDAC3 in cells
harboring mutations in the oncogenes HRAS, KRAS, and
BRAF.

Pro-apoptotic Molecules Counteracting
the Interaction of VDAC1 With Hexokinases

or the Adenine Nucleotide Transporter

VDAC-hexokinase interaction certainly represents a crucial
point in the establishment and maintenance of the cancerous
metabolism. For this reason, one of the main classes of anti-
cancer drugs targeted to VDAC specifically aims at destroying
this bond (Figure 3A, Group 2). Clotrimazole, an antimycotic
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drug used in the treatment of fungal infections, is one of the
best known molecule able to inhibit glycolysis by inducing the
detachment of mitochondrial-bound hexokinase and therefore
triggering apoptosis in various mouse models of cancer (Penso
and Beitner, 1998; Snajdrova et al., 1998; Palchaudhuri et al.,
2008; Kadavakollu et al., 2014). Unfortunately, despite many
attempts to increase its bioavailability (Abdel-Moety et al., 2002;
Prabagar et al.,, 2007; Yong et al., 2007), clotrimazole still has
limited success in clinical use because of its poor solubility
in water. Numerous reports also describe 3-bromopyruvate
(3BrPA) and methyl jasmonate as drugs involved in tumor
suppression through detachment of hexokinase from VDAC
(Galluzzi et al., 2008, 2013; Goldin et al., 2008; Cohen and
Flescher, 2009; Cardaci et al., 2012; Ko et al., 2012; Pedersen,
2012; Shoshan, 2012). The first one is a pyruvate analog
whose binding probably expose sites previously occupied by
HK2 making them available to pro-apoptotic molecules, thus
promoting the release of cytochrome ¢ from mitochondria
(Chen et al., 2009; Nakano et al., 2012). Several in vitro studies
confirmed the extremely high selectivity of 3BrPA for malignant
cells (Pedersen, 2007; Nakano et al.,, 2011). For many reasons,
that we have not the space to discuss here, it has not yet
entered in formal clinical trials, albeit human administration
of 3BrPA has been reported (Ko et al., 2012; El Sayed et al.,
2014). Methyl jasmonate is instead a plant stress hormone of
the jasmonate family that showed to be highly selective toward
cancer cells and ineffective toward normal cells (Fingrut and
Flescher, 2002) and to have the ability to act against drug resistant
cells (Fingrut et al., 2005). Although with a somewhat different
mechanism, it is also worth mentioning in this context the
2-deoxy glucose (2DG) that, inhibiting the activity of HK2,
indirectly prevents its binding to VDAC. According to Ben Sahra
et al,, treatment with 2DG would promote cancer cell apoptosis
when used in combination with the anti-diabetic drug metformin
(Ben Sahra et al., 2010). Currently, 2-deoxy glucose is in phase
I/IT trial for the treatment of advanced cancer and hormone
refractory prostate cancer (ClinicalTrials.gov database, NIH). A
potent anti-tumor activity has been as well described for oroxilin
A, an O-methylated flavone found in Scutellaria baicalensis
and Oroxylum indicum. Besides several studies demonstrating
its ability to induce apoptosis (Hu et al, 2006; Li et al,
2009; Zhao et al, 2010), to arrest cell cycle (Yang et al,
2008) and suppress metastasis in many cancer cell types, it
was reported that oroxylin A induces dissociation of HK2
from mitochoia in human breast carcinoma cell lines (Wei
et al,, 2013). Despite conflicting opinions about the essential
role for VDAC and adenine nucleotide translocase (ANT) in
permeability transition pore (PTP), a channel whose opening
leads to mitochondrial depolarization, VDAC-ANT complex
is still recognized as an anti-cancer target (Beutner et al,
1998; Neuzil et al., 2013; Figure 3A, Group 3). Compounds
that act at that level are lonidamine, arsenites, and steroid
analogs (Belzacq et al., 2001). Interestingly, the arsenite analog
4-(N-(S-glutathionylacetyl)amino) phenylarsenoxide (GSAO)
was shown to inhibit ANT and to selectively kill proliferating
angiogenic endothelial cells, while being non-toxic to growth-
arrested endothelial cells (Don et al., 2003).

Pro-apoptotic Molecules Controlling
VDAC1 Expression Level

This third class of drugs includes few molecules. They act
through less clear mechanisms than those described above, but
all culminate in the modulation of VDAC expression levels
(Figure 3A, Group 4). Endostatin is an example. The C-terminal
globular domain of collagen XVIII is indeed a potent inhibitor of
angiogenesis that promotes apoptosis by up-regulating VDAC1
expression. More specifically, this molecule seems to reduce HK2
expression, which, in turn, would lead to VDAC phosphorylation
and accumulation (Yuan et al., 2008). Myostatin, a myokine
of the transforming growth factor-p (TGF-B) superfamily,
influences the expression levels of both HK2 and VDAC as
well. Liu et al. proposed impaired VDAC and HK2 expression
levels as responsible for HK2 dissociation from VDAC (Liu
etal., 2013) and, consequently, for apoptosis induction in cancer
cells. As reported in (Huang et al., 2015), Cyathin-R attenuates
tumor growth and triggers apoptosis in Bax/Bak-deficient cells by
modulating VDAC1 expression. This fungal-derived diterpenoid
increases VDACI protein levels, thus supporting oligomerization
that results in cell death. The involvement of VDAC is
confirmed by the evidence that its silencing or inhibition of
channel conductance and oligomerization completely abrogate
Cyathin-R effects. Very recently, the marine metabolite hierridin
B from Cyanobium sp. was proved to induce cytotoxicity
selectively in HT-29 adenocarcinoma cells (Ledo et al., 2013)
through significant changes in VDAC1 mRNA expression and
protein content (Freitas et al., 2016). From scarce information
available, arbutin, a glycosylated hydroquinone extracted from
the bearberry plant in the genus Arctostaphylos and widely used
in cosmetics for its depigmenting effects would induce apoptosis
in A375 human malignant melanoma cells by up-regulating
VDACI (Nawarak et al., 2009).

Anti-apoptotic Molecules Impairing VDAC1

Oligomerization

Alzheimer’s disease is characterized by an enanched expression
levels of VDAC1 (Yoo et al., 2001; Cuadrado-Tejedor et al.,
2011) and by reduced interaction of VDACI1 with the glycolityc
enzymes HKs (Smilansky et al., 2015). These conditions increase
VDACI propensity to form oligomers (Smilansky et al., 2015),
promoting in turn the enhancement of apoptosis, with dramatic
consequences for the early neuron’s death (Mattson, 2000).
Therefore, feasible therapeutic strategies to prevent apoptosis in
AD include the downregulation of VDAC1 expression and/or the
inhibition of VDACI oligomerization (Figure 3B, Group 1).

The 4,4'-diisothiocyanostilbene-2,2’-disulfonic acid, known
as DIDS, is a calcium and chloride channel blocker (Cabantchik
et al., 1978) which, when added to PLB-reconstituted VDACI, is
able to decrease the channel conductance (Thinnes et al., 1994).
It has been demonstrated that DIDS exerts a pro-survival activity
in HeLa cells treated with apoptotic inducers by preventing
the activation of caspase-3, nuclear DNA fragmentation and
cell volume decrease, common hallmarks of apoptosis activation
(Benitez-Rangel et al., 2015). Although a direct inhibition of
caspase’s activity was recently proposed (Benitez-Rangel et al.,
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2015), DIDS is able to counteract apoptosis at the early stage,
by diminishing VDACI oligomerization and thus preventing
cyt ¢ release to the cytosol (Keinan et al, 2010). In fact,
treatment of HeLa cells with DIDS was able to counteract
the toxicity of staurosporine, an established apoptotic inducer,
via VDACI oligomerization (Keinan et al., 2010). Very similar
results were achieved by using DIDS analogs (H,DIDS, SITS,
DPC) which successfully counteracted cisplatin- or selenite-
induced apoptosis in SH-SY5Y cells (a cell line commonly used
as model of neurodegenerative diseases), again by diminishing
the oligomerization of VDACI1 (Ben-Hail and Shoshan-Barmatz,
2016). The molecular mechanism correlating the channel block
with VDACI oligomerization is not completely understood, even
though several hypothesis have been proposed. For instance,
DIDS binding to VDACI could interfere with Bax interaction
with VDACI and, thus, formation of oligomers (Liu et al., 2008;
Tajeddine et al., 2008).

A high-throughput compound screening approach led
recently to the identification of other blockers exerting high
specificity for VDACI. One of them, called AKOS-022, was
able to reduce significantly VDACI conductance at the PLB
and decrease VDACI oligomerization already at micromolar
concentration (Ben-Hail et al., 2016). Molecules based on the
chemical structure of AKOS-022 were then synthetized, in order
to maximize the anti-apoptotic effect. Among them, molecules
named VBIT-3 and VIBT-4 have shown a pro-survival activity
counteracting VDACI oligomerization in a pharmacological
range of concentration and only in presence of VDACI
overexpression, suggesting the pharmacological employment in
AD (Ben-Hail et al., 2016).

Anti-apoptotic Molecules Modulating
Post-translational Modification of VDAC1

VDACI1 is subject of post-translational modifications, such
as phosphorylation, oxidation, and acetylation (Kerner et al.,
2012; Figure 3B, Group 2). In particular, phosphorylation
occurs in specific serine, tyrosine or threonine residues and
leads to the modulation of the channel activity and the
regulation of apoptosis (Bera et al., 1995; Banerjee and Gosh,
2006). Many kinases have been found involved in VDACI
modification, e.g., the glycogen synthase kinase 3 beta (GSK3p)
phosphorylates VDACI on threonine 51 (Martel et al., 2013).
The phosphorylation of VDACI Thr 51 exerts a strong effect on
the channel ability to bind HKs: as the phosphorylation extent
increases, indeed, the affinity of the glycolytic enzyme for VDAC1
diminishes (Martel et al., 2013). Therefore, activation of GSK3p
favors apoptosis by promoting HKs detachment from VDACI.
In AD, the activity of GSK3p is significantly enhanced, resulting
in a cascade events which include VDAC1 phosphorylation,
detachment of mitochondrial HK1 and activation of apoptosis
(Martel et al., 2013). At the same time, the enhanced activity
of GSK3B correlated with the accumulation of AP peptide and
the phosphorylation of Tau (Jope and Johnson, 2004; Jope et al.,
2007). Hesperidin is a flavonoid found in citrus with known
anti-inflammatory and anti-oxidant properties. The employment
of hesperidin in AD has shown to be protective in different

pathological models: e.g., in rat, the flavonoid was able to
significantly improve the cognitive impairments typical of the
pathology, by decreasing both oxidative stress and apoptosis
rate (Justin Thenmozhi et al, 2017). The protective effect
of hesperidin in AD is due to the modulation of Akt/GSK-
3p pathway, a cascade mechanism that involves VDACI.
Hesperidin, indeed, promotes the phosphorylation of Akt, which
once activated, reduces GSK-3p activity (Wang et al., 2013). As
consequence, the phosphorylation rate of VDACI is significantly
reduced while HK1 binding to VDACI is improved, supporting
cell metabolism and cell growth (Wang et al., 2013).

An analog mechanism was found also for the VDAC1 portion
localizing on the plasma membrane (pl-VDAC) (Thinnes et al.,
1989). pl-VDAC is particularly abundant in hippocampus and
frontal cortex and localizes in specialized membrane regions
called lipid rafts (Bathori et al., 1999; De Pinto et al., 2010b),
where together with caveolin-1 and the estrogen receptor o-
like (mER), pl-VDAC forms a large protein complex (Ramirez
et al., 2009; Herrera et al., 2011). As for the mitochondrial
counterpart, pl-VDAC takes part in the control of the extrinsic
pathway of apoptosis, by controlling ions transport across the
membrane (Akanda et al., 2008; Thinnes, 2010). It has been
proposed a key role of pl-VDAC in mediating AP-toxicity
(Marin et al., 2007; Ramirez et al., 2009). Not coincidentally,
pl-VDAC is expressed in brain regions with cognitive functions
and thus more susceptible to AD. Experimental evidences
have highlighted a protective effect of the estrogen estradiol
against AP-toxicity in different AD models (Sherwin and Henry,
2008; Correia et al., 2010). Estradiol, indeed, modulates the
phosphorylation level of pl-VDAC and its channel activity: when
phosphorylated by estradiol, pl-VDAC is maintained in a closed
and inactive form, which protects cells from apoptosis activation
(Herrera et al., 2011). Conversely, the de-phosphorylation of
pl-VDAC, operated by the antiestrogen tamoxifen, promotes
channel opening, a mechanism which correlates directly with
apoptosis (Herrera et al., 2011).

BIOLOGICAL MOLECULES AFFECTING
VDAC FUNCTIONS

Pro-apoptotic Peptides Interfering With
VDAC1-HKs Interaction

Anti-cancer peptides have primarily been designed to interfere
with VDAC binding to some of its major interactors, such as
hexokinase. These “interfering” peptides simply mimic VDAC
or HK sequences strongly suspected to be involved in the
protein-protein interaction: the rationale is to restrict the side
effects generally associated to the utilization of chemical drugs.
The mechanistic hypothesis behind the pro-apoptotic effects of
peptides implies the establishment of a competition between
them and the two interacting proteins (Figure 3A, Group 2).
The first work to lead the way of using anti-tumor peptides
was the paper by Arzoine and colleagues. In this report,
synthetic peptides mimicking the N-terminal region and two
cytoplasmic loops of VDAC, respectively LP1, LP3, and LP4,
were found able to detach and even prevent hexokinase binding
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to VDAC (Arzoine et al., 2009). Subsequently, LP1 and LP4
peptides were further engineered by adding the Antennapedia
homeodomain (HDAntp) from Drosophila, in order to increase
their intracellular delivery. Interestingly, modified VDAC1-based
peptides were proved to reduce the anti-apoptotic effects of Bcl-
2 or Bcl-xL (Arbel and Shoshan-Barmatz, 2010; Arbel et al,,
2012) and selectively kill Chronic Lymphocytic Leukemia cells
(Prezma et al., 2013). Peptides designed on the first 15 amino
acid residues of HK1 have been shown to induce apoptosis in
different cancer cell types as well (Gelb et al., 1992). Beside
those based on VDAC and HK1 sequences, also a peptide
from Lactobacillus casei peptidoglycan has been reported to
exert antitumor activity by detaching mitochondrial-bound
hexokinase (Fichera et al., 2016). There are only few information
regarding the existence of anticancer peptides able to directly
inhibit VDAC activity. An example is Mastoparan, a peptide
contained in wasp venom and initially considered capable of
triggering apoptosis via VDAC binding (Shol-ts et al., 1984;
Pfeiffer etal., 1995). Recently, however, the pro-apoptotic effect of
mastoparan has been associated to its ability to interact with the
phospholipid phase of the membrane (Yamamoto et al., 2014).
The structural analog, the highly cytotoxic Mitoparan (MitP)
targets mitochondria and induces apoptosis in human cancer
cells, with a mechanism in which the involvement of VDAC
was not completely demonstrated (Jones et al., 2008). A single
report makes the chimeric TEAM-VP peptide, composed of a
short sequence from HIV-1 Vpr (Viral protein R) fused with a
cyclic RGD motif, a member of this class. According to Borgne-
Sanchez et al. (2007) indeed, TEAM-VP would induce apoptosis
in endothelial cells by binding both ANT and VDAC.

Pro-survival Peptides Contrasting
Interaction of Misfolded Protein With
VDAC1

A common feature of neurodegenerative diseases is represented
by the accumulation of misfolded protein and peptides upon the
cytosolic surface of mitochondria or to the VDACI. Both AB
peptide and hyper-phosphorylated Tau co-immuno-precipitated
with VDACI1 in AD patients and in 3xTg-AD mice (Manczak
and Reddy, 2012). Similarly, aSyn was found co-precipitated with
VDACI in substantia nigra of a rat model of PD (Lu et al,
2013). In the neuromuscular disorder ALS, several mutants, but
not wild-type, SOD1 were found co-precipitated with VDAC1
exclusively in spinal cord’s mitochondria (Israelson et al., 2010).
The addition of misfolded proteins to the PLB-reconstituted
VDACI resulted in a strong inhibition of channel conductance
(Israelson et al, 2010; Magri et al, 2016b), suggesting an
impairment of metabolite exchanges through VDACI. At the
same time, as the misfolded proteins interact with VDACI,
the amount of HKs on the mitochondrial surface decreases
(Smilansky et al., 2015; Magri et al., 2016b), possibly altering
apoptosis. In this contest, synthetic peptides mimicking specific
protein domains can represent a promising therapeutic strategy:
they are aimed to bind the bait proteins (for example VDAC1
itself), clogging the docking site normally available for the
interaction with other protein(s) (Figure 3B, Group 3).

A first strategy consisted in the development of VDACI1-based
peptides aimed to bind misfolded proteins. The N-terminal
domain of VDACI, including the first 26 amino acid residues,
is commonly considered the mobile part and an exposed moiety
of the protein, putatively involved in the binding of cytosolic
proteins in physiological conditions (Shi et al., 2003; Geula
et al., 2012), as well as of AP peptide in AD (Thinnes, 2011).
Therefore, a peptide based on the first 26 amino-terminal
residues of VDACI1, named VDACI-N-Term peptide, was
recently developed (Smilansky et al, 2015). By exploiting
several techniques, such as Surface Plasmon Resonance, the
ability of VDACI-N-Term to bind AP peptide was confirmed
(Smilansky et al., 2015). Moreover, treatment of PCI12 cells
with VDAC1-N-Term peptide, in presence of external AP,
significantly reduces AP uptake within the cells as well as
the AP-induced apoptosis (Smilansky et al., 2015), suggesting
a protective role exerted by the peptide against AB. As for
the mitochondrial VDACI, the pl-VDAC is suspected to
mediate the extracellular AP toxicity, possibly promoting the
peptide internalization (Thinnes, 2011): in fact, SHSY5Y cells
overexpressing pl-VDAC are much sensitive to AP peptide
toxicity (Smilansky et al., 2015). Therefore, VDACI-N-Term
peptide decreases AP internalization and toxicity by binding AB,
preventing thus its intracellular accumulation (Smilansky et al,,
2015).

A second strategy consisted in the development of peptides
able to bind VDACI1 and based onto the most known VDAC1
interacting proteins, such as HK1. This strategy was successfully
applied in an ALS model, which is characterized by lower HKs
expression in affected tissue (Magri et al., 2016b; Magri and
Messina, 2017). In particular, a small peptide, corresponding to
the sequence 2-12 of N-terminal domain of HK1, was developed,
since this region is commonly recognized as important for
the interaction with VDACI. Again, in vitro techniques were
used to prove the interaction of this peptide, named NHKI,
with VDAC1 (Magri et al,, 2016b). Furthermore, by binding
VDACI1, NHKI impairs the interaction of SOD1 G93A with
the channel as well as accumulation of SOD1 mutant on the
cytosolic surface of MOM (Magri et al, 2016b). Moreover,
if expressed in NSC34 cells (a commonly recognized ALS
cell line model), NHKI is able to impair toxicity mediated
by SOD1 G93A overexpression (Magri et al., 2016b). Overall,
the results suggest that NHK1 binds VDACI and counteracts
the binding of SOD1 G93A with a very simple mechanism
(Magri et al., 2016b). Although no experimental evidence are
available so far, it is however possible to hypothesize a similar
application also in other pathological model, such as PD or AD,
in which NHK1 could reduce the affinity of aSyn or AP for
VDACI.

Oligonucleotides and microRNAs With Pro-

or Anti-apoptotic Features

A pharmacological molecule that appears to exploit VDAC as
a mitochondrial target is G3139, an 18-mer phosphorothioate
anti-sense oligonucleotide complementary to the first six
codons of Bcl-2 mRNA. This drug has entered phase III

Frontiers in Chemistry | www.frontiersin.org

60

April 2018 | Volume 6 | Article 108


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Magri et al.

VDAC as a Target for Drugs

clinical trials in different human cancers (O’Brien et al,
2007; Moulder et al., 2008; Rai et al., 2008) because of its
selective and specific down-regulation of Bcl-2 expression.
Beside this effect, in vitro experiments with PLB indicated
the attitude of G3139 to directly bind VDACI and to reduce
channel conductance (Lai et al., 2006; Tan et al., 2007).
Hence, exposure of isolated mitochondria to G3139 results
in VDAC closure, accumulation of mitochondrial ROS and
onset of cell death (Aggarwal et al, 2003; Tikunov et al.,
2010).

Today, microRNAs (miRNAs) definitely represent an
emerging tool in the treatment of cancer and neurodegenerative
diseases. These molecules are short single-stranded RNAs
of 21-24 nucleotides complementary to the 3’-end or, more
rarely, to the 5-end of mRNAs transcribed from target genes.
Physiologically, microRNAs regulate gene expression at both
transcriptional and post-translational level. Hence, because of
their indispensable role in the control of numerous biological
processes including cell cycle, cell growth, and apoptosis (Siomi
and Siomi, 2010), considerable changes in their expression
profiles have been associated with various diseases. In cancer,
for instance, the simultaneous expression increase of miRNAs
that act as oncogenes and decrease of others functioning
like tumor-suppressors has been described (Di Leva et al,
2012). As the main actor in the Warburg metabolism, together
with hexokinase, VDAC has been proposed as a target of
miRNA modulation (Bargaje et al, 2012; Chaudhuri et al,
2016; Wang et al, 2016). Although there are still very few
available data, the small non-coding RNA miR-7 would down-
regulate the oncogene VDACI in hepatocarcinoma tissues,
affecting cell proliferation and metastasis (Wang et al., 2016).
Interestingly, Chaudhuri et al. described also a protective
effect of miR-7 in cellular models of Parkinson disease,
where it prevents depolarization of mitochondria by directly
down-regulating VDAC (Chaudhuri et al., 2016) (Figure 3B,
Group 4).
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The sarco(endo)plasmic reticulum Ca?+-ATPase (SERCA) is an intracellular membrane
transporter that utilizes the free energy provided by ATP hydrolysis for active transport of
Ca’* ions from the cytoplasm to the lumen of sarco(endo)plasmic reticulum. SERCA
plays a fundamental role for cell calcium homeostasis and signaling in muscle cells
and also in cells of other tissues. Because of its prominent role in many physiological
processes, SERCA dysfunction is associated to diseases displaying various degrees
of severity. SERCA transport activity can be inhibited by a variety of compounds with
different chemical structures. Specific SERCA inhibitors were identified which have been
instrumental in studies of the SERCA catalytic and transport mechanism. It has been
proposed that SERCA inhibition may represent a novel therapeutic strategy to cure
certain diseases by targeting SERCA activity in pathogens, parasites and cancer cells.
Recently, novel small molecules have been developed that are able to stimulate SERCA
activity. Such SERCA activators may also offer an innovative and promising therapeutic
approach to treat diseases, such as heart failure, diabetes and metabolic disorders. In the
present review the effects of pharmacologically relevant compounds on SERCA transport
activity are presented. In particular, we will discuss the interaction of SERCA with specific
inhibitors and activators that are potential therapeutic agents for different diseases.

Keywords: anticancer drug, antimalarial agent, drug-protein interaction, sarco(endo)plasmic reticulum Ca2+-
ATPase, SERCA activator, SERCA inhibitor, solid supported membrane

INTRODUCTION

P-type ATPases are membrane transporters that couple the energy provided by ATP hydrolysis
to the active transport of various ions or phospholipids. These enzymes generate and maintain
crucial electrochemical potential gradients across biological membranes (Kiihlbrandt, 2004; Bublitz
et al,, 2011). During their enzymatic cycle P-type ATPases form a phosphorylated intermediate by
interaction of ATP with a conserved aspartate residue at the catalytic domain.

The Ca?*-ATPase from sarco(endo)plasmic reticulum (SERCA), belonging to the Pjjs-ATPase
subfamily, is an intracellular membrane-associated protein of approximately 110 KDa which is
involved in cell calcium signaling and homeostasis (Brini and Carafoli, 2009). In muscle cells this
enzyme hydrolyzes one ATP molecule to transport two Ca?* ions against their electrochemical
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potential gradient from the cytoplasm to the lumen of
sarcoplasmic reticulum (SR) (Inesi and Tadini-Buoninsegni,
2014). SERCA therefore induces muscle relaxation by pumping
back cytosolic calcium into the SR lumen. SERCA isoforms
are involved in calcium signaling mechanisms for many
biological functions, e.g., excitation-contraction coupling,
excitation-secretion coupling, gene transcription, and apoptotic
mechanisms. Because of its pivotal role, alterations in SERCA
expression and impaired pump function have been related to
several diseases, such as Brody’s disease, Darier’s disease, heart
failure, cancer, and diabetes (Brini and Carafoli, 2009).

The SERCA enzyme is one of the best investigated membrane
transporter. Its structure comprises three distinct cytoplasmic
domains, i.e., the A (actuator), N (nucleotide binding), and P
(phosphorylation) domains, and a transmembrane region of 10
helical segments (TM1-TM10) including the two Ca** binding
sites. SERCA transport cycle is described by the E;-E, scheme
(de Meis and Vianna, 1979). If one starts at the E; state, the
ATPase cycle (Figure 1) begins with high affinity binding of two
Ca** ions derived from the cytosol, followed by phosphorylation
of the enzyme by ATP and formation of a high energy E;~P
state. During relaxation from the E; ~P state to the lower energy
E,P state, Ca’t ions are translocated across the membrane
and released into the SR in exchange for luminal protons.
Hydrolytic cleavage of the phosphoenzyme (dephosphorylation)
is the final reaction step, which allows the enzyme to undergo
a new transport cycle. High resolution crystal structures of
various conformational states in the SERCA transport cycle were
obtained, as described in detailed reviews (Toyoshima, 2008;
Moller et al., 2010; Bublitz et al., 2013; Toyoshima and Cornelius,
2013).

In this short review we will focus our attention on the
interaction of SERCA with specific inhibitors and activators
that may represent potential therapeutic agents for different
diseases. To investigate the effects of pharmacologically relevant
compounds on SERCA transport activity, we employ an
electrophysiological technique, which is discussed in the next
section.

DRUG INTERACTIONS INVESTIGATED BY
ELECTROPHYSIOLOGY BASED ON SOLID
SUPPORTED MEMBRANES

The ion transport mechanism of P-type ATPases, e.g., Na™,K*-
ATPase, SERCA, and Cu'-ATPases (ATP7A and ATP7B)
(Pintschovius et al,, 1999; Tadini-Buoninsegni et al., 2008a;
Lewis et al,, 2012; Inesi et al., 2014; Tadini-Buoninsegni and
Smeazzetto, 2017), was investigated by an electrophysiological
technique based on a solid supported membrane (SSM). In
particular, SSM-based electrophysiology was useful to identify
electrogenic steps and to assign rate constants to partial reactions

Abbreviations:  Br,-TITU,  1,3-dibromo-2,4,6-tris(methyl-isothio-uronium)
benzene; DBHQ, 2,5-di(tert-butyl)hydroquinone; CPA, cyclopiazonic acid;
ER, endoplasmic reticulum; PLN, phospholamban; PSMA, prostate-specific
membrane antigen; SR, sarcoplasmic reticulum; SERCA, sarco(endo)plasmic
reticulum Ca?*-ATPase; SSM, solid supported membrane; TG, thapsigargin.

2Ca?t ATP ADP

E,— L E,ca, M

E1~P'Caz

2Ht
2Ca?*

P;
H>E> 4; H2'E2'P4—¥

2H*

E,-P-Ca,

i

P; AV—/—

phospholipid

alkanethiol
Au

FIGURE 1 | Upper Panel: Schematic diagram of sequential reactions in the
transport cycle of SERCA. Lower Panel: SR vesicle adsorbed on a SSM and
subjected to an ATP concentration jump (not drawn to scale). If the ATP jump
induces net charge displacement, a compensating current flows along the
external circuit (the red spheres represent electrons) to keep constant the
potential difference AV applied across the whole system. RE is the reference
electrode. Reprinted from Tadini-Buoninsegni et al. (2008a) with permission
from Elsevier.

in the transport cycle of P-type ATPases. In the case of Na™,K*-
ATPase SSM-based electrophysiology provided a direct proof
for the electrogenicity of Na® binding to the cytoplasmic
side of the protein (Pintschovius et al, 1999). Also in the
case of SERCA SSM-based electrophysiology was employed
for a detailed characterization of the enzyme’s transport cycle,
especially as concerns Ca*™ binding and Ca?t/H™ exchange
(Tadini-Buoninsegni et al., 2006; Liu et al., 2009).

This  technique = makes use of a  hybrid
alkanethiol/phospholipid bilayer supported by a gold electrode
(SSM, Figure 1; Pintschovius and Fendler, 1999). The SSM
is formed in two sequential self-assembly steps. First, an
octadecanethiol monolayer is obtained which is covalently
bound to the gold electrode via the sulfur atom. Then, a
second phosphatidylcholine monolayer is formed on top of
the thiol layer. Proteoliposomes, membrane fragments, or
vesicles containing the ATPase are adsorbed on the SSM surface
(Figure 1). Once adsorbed, the ATPase molecules are activated by
a concentration jump of a specific substrate through fast solution
exchange. By rapidly changing from a solution containing
no substrate for the protein to one that contains a substrate,
the protein is activated and a current transient is detected,
which is related to charge displacement across the ATPase.
The transient nature of the current signal is a consequence of
the capacitively coupled system formed by the SSM and the
membrane entities adsorbed on it (Schulz et al., 2008; Tadini-
Buoninsegni and Bartolommei, 2016). In the case of SERCA,
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an ATP concentration jump on SERCA-containing vesicles
adsorbed on the SSM generates a current signal, that is related to
an electrogenic event corresponding to translocation and release
of bound Ca** upon phosphorylation by ATP within the first
enzyme cycle (Tadini-Buoninsegni et al., 2006). Therefore, the
SSM technique allows pre-steady state measurements of charge
displacements within the first transport cycle of the ATPase,
while steady-state currents are not measured.

SSM-based electrophysiology was successfully employed to
investigate drug interactions with P-type ATPases. In this respect,
the effects of various compounds of pharmacological interest
on SERCA pumping activity were characterized by SSM-based
current measurements (Tadini-Buoninsegni et al., 2008b, 2017;
Bartolommei et al., 2011; Ferrandi et al., 2013; Sadafi et al., 2014).
A molecular mechanism was proposed to explain the effect of
each compound, and the reaction step and/or intermediate of the
pump cycle affected by the drug was identified.

We point out that the SSM electrode combined with
robotized instrumentation is an attractive tool for drug
screening and development (Kelety et al., 2006). In this respect,
high-throughput devices capable of performing automated
measurements have been developed. For example, the SURFE?R
96SE device (Nanion Technologies, Munich, Germany) is able
to analyze 96 SSM sensors in a fully parallel mode allowing
determination of the dose dependence of 100 compounds in
<30 min (Bazzone et al., 2017).

PHARMACOLOGICAL INHIBITORS OF
SERCA ACTIVITY

Various SERCA inhibitors with a variety of chemical structures
are known (Michelangeli and East, 2011). These compounds
represent a very useful tool in studies of the SERCA catalytic and
transport mechanism. Using X-ray crystallography of SERCA-
inhibitor complexes (Toyoshima and Nomura, 2002; Olesen
et al., 2004; Obara et al., 2005; Moncogq et al., 2007; Laursen et al.,
2009), distinct SERCA conformational states were determined at
atomic resolution.

A very potent and highly selective inhibitor is thapsigargin
(TG), a sesquiterpene lactone derived from the plant Thapsia
garganica (Rasmussen et al., 1978). TG is the most widely
employed SERCA inhibitor (Michelangeli and East, 2011) and
can inhibit SERCA activity with an ICsy in the sub-nanomolar
range (Sagara and Inesi, 1991). Other specific SERCA inhibitors
are cyclopiazonic acid (CPA) (Seidler et al., 1989), a secondary
metabolite from certain fungi, and the synthetic compound
2,5-di(tert-butyl)hydroquinone (DBHQ) (Moore et al.,, 1987).
Mutational analysis and crystallographic data have shown
that CPA and DBHQ occupy the same binding pocket at
the cytoplasmic ends of the transmembrane helices TM1-
TM4, while TG binds in a groove delimited by TM3, TMS5,
and TM7 (for a review see Yatime et al., 2009), where the
residue Phe256 plays a fundamental role for both binding and
inhibitory effect of TG (Xu et al., 2004). TG, CPA, and DBHQ
(Table 1) affect SERCA transport activity in a similar way. These
inhibitors bind to SERCA in a calcium-free E, conformation

and stabilize a compact ATPase conformational state (dead-
end state), preventing cytoplasmic calcium binding and catalytic
activation (Inesi et al., 2005; Yatime et al., 2009; Michelangeli and
East, 2011).

The inhibitory effects of TG, CPA, DBHQ, and1,3-dibromo-
2,4,6-tris  (methyl-isothio-uronium) benzene (Br,-TITU),
another SERCA inhibitor (Berman and Karlish, 2003), on
Ca’t-ATPase transport activity were also characterized
by electrophysiological measurements on a SSM (Tadini-
Buoninsegni et al,, 2008b). In this study it was shown that
Br,-TITU displays an inhibitory mechanism different from that
of TG, CPA, and DBHQ. In particular, it was demonstrated that
the inhibitory effect of Br,-TITU is related to kinetic interference
with a conformational transition of the phosphorylated
intermediate (E;P-Ca; to E,P transition).

It is noteworthy that TG-related prodrugs are being evaluated
as anticancer drugs. Since TG will inhibit SERCA proteins
regardless of the cell type thereby damaging intracellular calcium
homeostasis not only in cancer cells but also in normal cells, its
high cytotoxicity prevents direct use of TG as a general antitumor
agent. However, a TG-based prodrug strategy was developed
to overcome the above-mentioned limitation (Denmeade et al.,
2012; Andersen et al, 2015; Doan et al, 2015; Cui et al,
2017). In particular, a prodrug, named mipsagargin, was obtained
by conjugating a TG analog to a peptide that is targeted
by prostate-specific membrane antigen (PSMA) (Denmeade
et al., 2012; Andersen et al., 2015; Doan et al., 2015), which
is overexpressed in prostate cancer cells and most tumor
endothelial cells. This inactive and non-toxic prodrug becomes
activated once it reaches tumor cells and the specific peptide
sequence is cleaved by PSMA, thereby releasing the active
cytotoxic TG analog. The prodrug mipsagargin can therefore be
considered as a potential therapeutic agent for the treatment of
various types of cancer, including prostate, breast and bladder
cancers.

In the context of antitumor agents, SSM-based
electrophysiology was employed to analyze the interaction
of metal-based anticancer drugs with P-type ATPases, i.e.,
SERCA, Nat,Kt-ATPase and Cu'-ATPases (Sadafi et al.,
2014; Tadini-Buoninsegni et al., 2014, 2017). In particular, the
inhibitory effect of cisplatin (Table 1) on the transport activity
of SERCA and Na™,Kt-ATPase was very recently investigated
(Figure 2) (Tadini-Buoninsegni et al., 2017). Cisplatin is a
platinum-containing anticancer drug, which is widely employed
as a chemotherapeutic agent against several tumors (Wang
and Lippard, 2005). However, cisplatin administration causes
inevitable adverse effects, which include nephrotoxicity,
ototoxicity and neurotoxicity. We have shown that cisplatin
is able to inhibit ATP-dependent cation translocation by
SERCA and Na®t ,KT-ATPase with different degrees of potency
(Figure 2). In particular, cisplatin was found to be a much
stronger inhibitor of SERCA (ICsp of 1.3 wM) than of Na™,K*-
ATPase (ICsg of 11.1 wM). We propose that cisplatin inhibition
of SERCA and Na®™ ,K'-ATPase activities may be relevant to
the molecular mechanisms that underlie the various adverse
effects of cisplatin and other platinum-containing anticancer
drugs.
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TABLE 1 | SERCA inhibitors and activators cited in the text.

Compounds

Main properties and therapeutic applications

References

Inhibitors  Thapsigargin (TG)
anticancer drugs.
Cyclopiazonic acid (CPA)
antimalarial agents.
2,5-di(tert-butylhydroguinone (DBHQ)
1,3-dibromo-2,4,6-tris
(methyl-isothio-uronium) benzene

Specific inhibitor.

Very potent and highly selective inhibitor. TG-related prodrugs as

Potent and specific inhibitor. Cardioprotective effect. CPA derivatives as

SERCA and Na*t,K+-ATPase inhibitor.

Sagara and Inesi, 1991; Denmeade et al.,
2012; Doan et al., 2015

Seidler et al., 1989; Avellanal et al., 1998;
Moncoq et al., 2007; Cardi et al., 2010

Moore et al., 1987; Obara et al., 2005
Berman and Karlish, 2003

(Bro-TITU)
Cisplatin Widely employed platinum-containing anticancer drug. SERCA and Wang and Lippard, 2005;
Nat,K+-ATPase inhibitor. Tadini-Buoninsegni et al., 2017
Curcumin Antioxidant, anti-inflammatory and anticancer effects. Antimalarial Bilmen et al., 2001; Reddy et al., 2005;
activity. Schaffer et al., 2015
Activators Istaroxime Cardiac drug with inotropic and lusotropic properties. Stimulatory effect Rocchetti et al., 2005; Micheletti et al.,

on cardiac SERCA2a isoform. Therapeutic applications in acute and

chronic heart failure.

Pyridone derivative
applications in heart failure.

CDN1163

Stimulatory effect on cardiac SERCA2a isoform. Potential therapeutic

Allosteric SERCA activator. Potential pharmacological agent for
diabetes and metabolic dysfunction.

2007; Gheorghiade et al., 2011; Ferrandi
etal., 2013

Kaneko et al., 2017

Cornea et al., 2013; Gruber et al., 2014;
Kang et al., 2016

As concerns other specific inhibitors of SERCA activity,
CPA has been proposed to have therapeutic properties. In a
study of the isolated rabbit heart CPA was found to have a
cardioprotective effect on myocardial ischemia (Avellanal et al.,
1998). The mechanism involved in CPA cardioprotection is not
fully understood and could be partly attributed to a decreased
SR calcium contribution to the calcium overload induced by
ischemia.

It is noteworthy that CPA has been found to be a potent
inhibitor of the SERCA ortholog PfATP6 of Plasmodium
falciparum (Cardi et al., 2010; Arnou et al, 2011), the
protozoan parasite causing malaria which is responsible for most
malaria-related deaths globally. Considering that the parasite
P. falciparum is becoming increasingly resistant to some of
the most commonly used antimalarial drugs, PFATP6 has been
validated as a potential and promising target for the development
of new and effective antimalarials. PATP6 and mammalian
SERCA are characterized by a different pharmacological profile:
compared to rabbit SERCA1la isoform from the skeletal muscle,
PfATP6 is less sensitive to TG and DBHQ and exhibits a
much higher affinity for CPA (Cardi et al., 2010; Arnou et al,,
2011). Moreover, it was shown that PfATP6 is not inhibited
by the widely employed antimalarial drug artemisinin (Cardi
et al, 2010; Arnou et al., 2011), which was proposed to target
PfATP6 (Eckstein-Ludwig et al., 2003). In a recent study, the
interaction of CPA with PfATP6 and SERCA was characterized
by molecular dynamics simulations (Di Marino et al., 2015).
This study points to significant differences in the mode of CPA
binding to the plasmodial and mammalian SERCA. These are
useful information that can assist in the design and development
of CPA derivatives, which are selective toward PfATP6 and with
a reduced activity against mammalian SERCA. Besides PfATP6,
the P. falciparum protein PfATP4, a P-type Na™-ATPase in the

plasma membrane of the parasite, has emerged as a potential
antimalarial drug target and inhibition of this pump is also
being considered as a possible treatment against malaria (Turner,
2016).

Among SERCA inhibitors of pharmacological interest, it
is worth mentioning the polyphenolic compound curcumin
(Table 1). Curcumin, which is obtained from the spice turmeric,
is known for its antioxidant, anti-inflammatory and anticancer
effects (Schaffer et al., 2015). It was reported that curcumin
inhibits SERCA activity with an ICsy in the micromolar range
(Bilmen et al., 2001; Dao et al, 2016) by stabilizing the E1
conformational state of SERCA and preventing ATP binding
and ATP-dependent phosphoenzyme formation (Bilmen et al.,
2001). In the search for new antimalarial agents, curcumin
was shown to possess a remarkable antiplasmodial activity,
as demonstrated by the inhibitory effects of curcumin on a
chloroquine-resistant P. falciparum strain (Reddy et al., 2005). It
was proposed that the PFATP6 protein could be a possible target
for curcumin antimalarial action (Reddy et al., 2005). In a very
recent study, selected curcumin analogs were synthesized and
their antimalarial activity against different P. falciparum strains
was evaluated (Dohutia et al., 2017). In particular, molecular
docking was performed to investigate the interaction of these
curcumin analogs with PfATP6. The results of this study may
provide useful information for the development of curcumin
derivatives which could serve as promising drug candidates
against malaria.

PHARMACOLOGICAL STIMULATION OF
SERCA ACTIVITY

Molecules that are able to stimulate SERCA activity have
been recently identified (Tablel). A remarkable example
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FIGURE 2 | Upper Panel: SERCA current signals induced by 100 uM ATP
concentration jumps in the presence of 10 wM free Ca?* and in the absence
(control measurement, solid line, a) or in the presence of 5 WM cisplatin (dotted
line, b). (Inset) Normalized charges (Qy) related to ATP concentration jumps in
the presence of Ca?* ions as a function of cisplatin concentration. The
charges are normalized with reference to the maximum charge attained in the
absence of cisplatin (control measurement). The solid line represents the fitting
curve to the ATP-induced charges (ICsg = 1.3 & 0.1 wM). The error bars
represent S.E. of three independent measurements. Lower Panel:

Nat K+ -ATPase current signals induced by 100 M ATP concentration jumps
in the presence of 80 mM NaCl and 50 mM KCI, and in the absence (control
measurement, solid line, a) or in the presence of 5 M cisplatin (dotted line, b).
(Inset) Normalized charges (Qy) related to ATP concentration jumps in the
presence of Nat and K+ ions as a function of cisplatin concentration. The
charges are normalized with respect to the maximum charge measured in the
absence of cisplatin (control measurement). The solid line represents the fitting
curve to the ATP-induced charges (ICsg = 11.1 &+ 0.8 wM). The error bars
represent S.E. of three independent measurements. Tadini-Buoninsegni et al.
(2017)—Reproduced by permission of The Royal Society of Chemistry.

of SERCA activators is the drug istaroxime. Istaroxime
is an innovative cardiac drug which combines inotropic
(cardiomyocyte contraction) and lusotropic (cardiomyocyte
relaxation) properties (Hasenfuss and Teerlink, 2011). Istaroxime
has a double mechanism of action, i.e., it inhibits Na®,K*-
ATPase activity and exerts a stimulatory effect on SERCA2a

(Micheletti et al., 2002, 2007; Rocchetti et al., 2005, 2008),
the SERCA isoform in the heart which is central to cardiac
electrophysiological and mechanical function. Preclinical studies
and clinical trials indicate that combining SERCA2a stimulation
and Na® ,KT-ATPase inhibition may increase contractility
and facilitate active relaxation, improving both systolic and
diastolic heart function (Gheorghiade et al., 2011). The
stimulatory effect of istaroxime on SERCA activity was
investigated by combining different experimental methods,
including electrophysiological measurements on dog cardiac SR
vesicles adsorbed to a SSM (Ferrandi et al., 2013). This study
shows that istaroxime enhances SERCA2a activity, Ca?* uptake,
and Ca’*-dependent charge movements into SR vesicles from
healthy or failing dog hearts. It was proposed that istaroxime acts
by displacing the regulatory protein phospholamban (PLN) from
the SERCA2a/PLN complex, thereby removing the inhibitory
effect of PLN on this complex. Displacement of PLN from
SERCA2a may favor the SERCA2a conformational transition E;
to Ey, thus accelerating Ca?* cycling. Istaroxime with its unique
mode of action may provide a new small-molecule therapeutics
for the treatment of both acute and chronic heart failure.

Very recently, a pyridone derivative was reported to
activate the SERCA2a isoform by attenuating the inhibitory
effect of PLN (Kaneko et al, 2017). In vitro and in vivo
experiments have demonstrated that the pyridone derivative
stimulates the Ca?*-dependent ATPase activity of cardiac
SR vesicles, increases Ca’" transients of isolated adult rat
cardiomyocytes and accelerates contraction and relaxation of
isolated perfused rat hearts. It was concluded that the pyridone
derivative behaves like a SERCA2a activator, which binds and
inhibits PLN, and enhances systolic and diastolic functions
of the heart. The pyridone derivative is thus proposed as a
novel lead compound for therapeutic applications in heart
failure.

Impaired SERCA function leads to elevation of intracellular
calcium concentration and alterations in calcium homeostasis,
which trigger endoplasmic reticulum (ER) stress. ER stress is
associated with a variety of common diseases (Oyadomari and
Mori, 2004), including the metabolic syndrome and type 2
diabetes (Back and Kaufman, 2012). Pharmacological activation
of SERCA can reduce ER stress and may therefore represent
a novel strategy for the treatment of diabetes and metabolic
disorders. A recent study (Kang et al, 2016) evaluated the
metabolic effects of the quinoline-amide compound CDN1163,
which is a novel SERCA activator (Cornea et al, 2013;
Gruber et al, 2014). CDN1163 directly binds to the SERCA
enzyme to activate Ca’"-ATPase activity, probably via an
allosteric mechanism (Cornea et al., 2013; Gruber et al., 2014).
Kang et al. (2016) demonstrated that CDN1163 activation
of the SERCA2b isoform from mouse liver reduces ER
stress and improves mitochondrial efficiency and metabolic
parameters in an animal model of insulin resistance and type
2 diabetes (ob/ob mice), suggesting that SERCA activators may
represent promising pharmacological agents to treat diabetes
and metabolic dysfunction. Finally, since defective SERCA is a
significant cause of ER stress and neuron loss in Parkinson’s
disease, direct activation of SERCA by small-molecule drugs
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is currently explored as a viable strategy to develop a novel
therapeutic approach to cure Parkinson’s disease (Dahl, 2017).

CONCLUSIONS

SERCA plays an essential role in the maintenance of cellular
calcium homeostasis and calcium pump malfunction is
associated to severe disorders and several pathophysiological
conditions. Therefore, the SERCA enzyme represents an
important target for the development of new drugs. SERCA
inhibitors have been identified as potential drug candidates
against various diseases. As discussed above, inhibition of
SERCA activity in cancer cells provides an alternative therapeutic
approach to cure different types of cancer. Moreover, specific
inhibitors targeting the SERCA ortholog PfATP6 in the parasite
P. falciparum may serve as innovative and effective antimalarial
agents. In addition, studies on novel SERCA activators indicate
that pharmacological activation of SERCA may constitute
a promising strategy for the treatment of heart failure and
diabetes. Research effort is devoted to the synthesis of highly
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The human SLC37 gene family includes four proteins SLC37A1-4, localized in the
endoplasmic reticulum (ER) membrane. They have been grouped into the SLC37 family
due to their sequence homology to the bacterial organophosphate/phosphate (Pi)
antiporter. SLC37A1-3 are the less characterized isoforms. SLC37A1 and SLC37A2
are Pi-linked glucose-6-phosphate (G6P) antiporters, catalyzing both homologous (Pi/Pi)
and heterologous (G6P/Pi) exchanges, whereas SLC37A3 transport properties remain
to be clarified. Furthermore, SLC37A1 is highly homologous to the bacterial glycerol
3-phosphate permeases, so it is supposed to transport also glycerol-3-phosphate.
The physiological role of SLC37A1-3 is yet to be further investigated. SLC37A1
seems to be required for lipid biosynthesis in cancer cell lines, SLC37A2 has
been proposed as a vitamin D and a phospho-progesterone receptor target gene,
while mutations in the SLC37A3 gene appear to be associated with congenital
hyperinsulinism of infancy. SLC37A4, also known as glucose-6-phosphate translocase
(GBPT), transports G6P from the cytoplasm into the ER lumen, working in complex with
either glucose-6-phosphatase-a (G6Pase-a) or G6Pase-f to hydrolyze intraluminal GEP
to Pi and glucose. GBPT and G6Pase- are ubiquitously expressed, whereas G6Pase-a
is specifically expressed in the liver, kidney and intestine. G6PT/G6Pase-a complex
activity regulates fasting blood glucose levels, whereas G6PT/G6Pase-p is required for
neutrophil functions. GBPT deficiency is responsible for glycogen storage disease type Ib
(GSD-1b), an autosomal recessive disorder associated with both defective metabolic and
myeloid phenotypes. Several kinds of mutations have been identified in the SLC37A4
gene, affecting G6PT function. An increased autoimmunity risk for GSD-Ib patients has
also been reported, moreover, SLC37A4 seems to be involved in autophagy.

Keywords: SLC37A1-4, endoplasmic reticulum, glucose-6-phosphate translocase, G6PT deficiency, glycogen
storage disease type Ib

INTRODUCTION

The SLC37 family belongs to the largest human solute-carrier (SLC) superfamily, comprising
more than 52 gene families, and over 400 membrane-bound proteins catalyzing the transport of
metabolites across biological membranes (He et al., 2009; Perland and Fredriksson, 2017).

So far, four isoforms have been identified, named SLC37A1-4 (Bartoloni and Antonarakis,
2004; Chou and Mansfield, 2014). They are transmembrane proteins located in the endoplasmic
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reticulum (ER) membrane (Pan et al, 2011), and have been
grouped into the SLC37 family due to their sequence homology
to the bacterial organophosphate/phosphate (Pi) antiporter
(Pao et al, 1998). Moreover, in the membrane transporter
classification system included in the transport classification
database, SLC37 carriers are reported to belong to the OPA
family, classified as 2.A.1.4 (http://www.tcdb.org/). SLC37A1-4
translocases are also called sugar-phosphate exchangers SPX1-
4 (Bartoloni et al., 2000; Takahashi et al., 2000; Bartoloni
and Antonarakis, 2004), and are predicted to consist of 10-12
transmembrane domains (Chou and Mansfield, 2014).

SLC37A1, SLC37A2, and SLC37A4 are Pi-linked glucose-6-
phosphate (G6P) antiporters, catalyzing both homologous (Pi/P1)
and heterologous (G6P/Pi) exchanges, and are inhibited to a very
different extend by cholorogenic acid, while SLC37A3 transport
activity is yet to be determinated (Chen et al., 2008; Pan et al.,
2011).

SLC37A1, SLC37A2, and SLC37A3 are the less characterized
SLC37 family members (Chou and Mansfield, 2014). SLC37A1
gene appears to be involved in breast (Iacopetta et al., 2010)
and colorectal (Kikuchi et al., 2018) cancers. SLC37A2 has been
recently proposed as a vitamin D (Wilfinger et al., 2014; Saksa
et al., 2015) and a phospho-progesterone receptor (Knutson
et al.,, 2017) target gene. Moreover, in obese murine models its
expression seems to be related to chronic inflammation that
supports metabolic syndrome (Kim et al., 2007). In dairy cattle,
a SLC37A2 mutation appears to be responsible for increased
female infertility due to embryonic death (Fritz et al., 2013;
Reinartz and Dist, 2016). The SLC37A3 gene has been possibly
related to congenital hyperinsulinemia (Proverbio et al., 2013).
Furthermore, this gene seems to be involved in epigenetic
modifications, because its methylation level depends on fasting
glucose blood levels, at least after a significant weight loss (Benton
et al,, 2015). SLC37A4, also known as glucose-6-phosphate
translocase (G6PT), is the more extensively studied isoform,
and is a member of the multicomponent glucose-6-phosphatase
system (G6Pase-system). In the liver and kidney, the activity of
this complex is required to maintain blood glucose homeostasis
(Bartoloni and Antonarakis, 2004). Additionally, it supports
neutrophil and macrophage functions (Chou and Mansfield,
2014).

In the past, G6Pase-system was believed to consist of a
glucose-6-phosphatase, with its active site facing the ER lumen,

Abbreviations: AMPK, 5 AMP-activated protein kinase; ATG, autophagy-
related gene; CBA, chicken B-actin; CRC, colorectal cancer; WAT, white adipose
tissue; CHI, congenital hyperinsulinism of infancy; Tconvs, conventional T cells;
FOXP3, forkhead box P3; G6Pase-a, promoter/enhancer GPE; G6Pase-system,
glucose-6-phosphatase system; G6PT, glucose-6-phosphate translocase; GSD-I,
glycogen storage disease type I; G-CSE granulocyte colony-stimulating factor;
HIF-1a, hypoxia-inducible transcriptional factor-1a; IBD, inflammatory bowel
disease; mTORCI1, mammalian target of rapamycin complex 1; miGT, minimal
G6PT  promoter/enhancer; OPA, organophosphate/phosphate antiporter;
PPAR-y, peroxisome proliferator-activated receptor-y;  phospho-Ser294
PR, phospho-Ser294 progesterone receptor; CMV, cytomegalovirus; rAAV,
recombinant adeno-associated virus; Tregs, regulatory T cells; RUNX2, runt-
related transcription factor 2; SLC, solute-carrier; SP, stabilizing protein; SPX,
sugar-phosphate exchangers; TCR, T cell receptor; ULK1, unc-51 like autophagy
activating kinase 1; VDR, vitamin D receptor.

and three translocases (known as T1-3). In detail, T1 mediated
G6P import through the ER membrane, whereas T2 and T3
catalyzed Pi and glucose efflux from the ER cavity, respectively
(Gerin etal., 2001). Moreover, the presence of a regulatory 21 kDa
hepatic microsomal glucose-6-phosphatase stabilizing protein
(SP) was also hypothesized (Burchell et al., 1985). The existence
of T2, T3, and SP has never been proven.

Based on recent scientific literature, T1 corresponds to G6PT,
and it works in complex with either glucose-6-phosphatase-
a (G6Pase-a, also called G6PC1) or glucose-6-phosphatase-f§
(G6Pase-B, known as G6PC3; Chou et al., 2002).

G6Pase-a is specifically expressed in the liver, kidney, and
intestine, and it hydrolyzes intraluminal G6P to Pi and glucose,
then this sugar exits the cell and enters the bloodstream to
maintain interprandial blood glucose homeostasis (Chou and
Mansfield, 2014).

G6PT deficiency is responsible for glycogen storage
disease type Ib (GSD-Ib, OMIM232220), whereas G6Pase-a
impairment causes GSD type Ia (GSD-Ia, OMIM232200)
(Chou et al., 2010a,b). Both disorders prevent the final steps
of gluconeogenesis and glycogenolysis; as a result, endogenous
glucose production is severely compromised creating metabolic
impairment, consisting of fasting hypoglycemia, hyperlipidemia,
hyperuricemia, lactic acidemia, growth retardation, and
amassing of glycogen and fat in the liver and kidneys, causing
hepatomegaly and nephromegaly, respectively (Chou et al., 2002,
2010b).

In neutrophils, G6PT is functionally coupled to the ubiquitous
G6Pase-B, in order to support neutrophil and macrophage
functions (Chou et al., 2010a,b; Jun et al., 2010). G6Pase-p
deficiency results in severe congenital neutropenia (Boztug et al.,
2009). This condition has been considered as a glycogen storage
disease I related syndrome (GSD-Irs, OMIM 612541).

Unlike GSD-Ia, both GSD-Irs (Cheung et al., 2007; Jun et al.,
2010; McDermott et al., 2010) and GSD-Ib (Kim et al., 2008; Jun
etal.,, 2014) can cause neutropenia and myeloid dysfunction.

In this review, we focus on the physiopathological role
of the SLC37A family members, in particular on the best
characterized G6PT, highlighting its role in autophagy, an
increased autoimmunity risk for GSD-Ib patients, as well as new
promising therapeutic strategies for GSD-Ib.

SLC37A1 FAMILY MEMBER

The human SLC37A1 protein, also knows as SPX1, is encoded
by the SLC37A1 gene (NM_018964), mapped to chromosome
21q22.3, and containing 19 coding exons and 7 untranslated
exons. Alternative splicing origins different transcripts, although
the predicted protein sequence is identical, consisting of 533
amino acids, with a calculated molecular weight of 58 kDa
(Bartoloni et al., 2000). This latter contains a mitochondrial
cleavage site, as well as both N- and C-terminal ER signals for the
ER retention (Bartoloni et al., 2000). This protein displays 59, 35,
and 22% sequence identity with the human SLC37A2, SLC37A3
and SLC37A4 proteins, respectively (Chou et al., 2013), and it is
86% identical to its mouse homolog (Bartoloni and Antonarakis,
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2004). SLC37A1 and SLC37A2 isoforms are the most related,
while all the remaining pairwise sequence comparisons between
the other SLC37 family members show lower sequence identity;
hence, it is feasible that they might have had an independent
evolution.

The human SLC37A1 protein shares 30 and 71% sequence
identity to bacterial GlpT and Mus musculus SLC37A2,
respectively (Takahashi et al., 2000); suggesting that mammalian
SLC37A1 could be able to transport glycerol-3-phosphate (G3P),
probably catalyzing an heterologous G3P/Pi exchange; therefore
its gene was also called G3PP (Bartoloni et al., 2000).

A G3P transport activity has never been demonstrated,
althought SLC37A1 association with glycolipid metabolism has
been suggested (Bartoloni and Antonarakis, 2004; Dolce et al.,
2011). The hypothetical role of SLC37A1 as a G3P exchanger
has been postulated in cancer cells (Iacopetta et al., 2010). In
details, in estrogen receptor (ESR) negative SkBr3 breast cancer
cells (Lappano et al., 2017), as well as in ESR positive endometrial
Ishikawa tumor cells, the expression of the SLC37A1 transcript
was proven to be upregulated by the epidermal growth factor
(EGF), through the EGF receptor/mitogen-activated protein
kinase/Fos transduction pathway. Notably, in the same work the
SLC37A1 protein localization in the ER was also demonstrated,
supporting the hypothesis that this protein could import G3P
into the ER lumen to sustain phospholipid biosynthesis, required
to promote cancer progression (Iacopetta et al., 2010).

The functional role of SLC37A1 was also investigated in
other human diseases. Analyses led in patients affected by
glycerol kinase deficiency-like syndrome, with glyceroluria
but lacking mutations in the human glycerol kinase gene,
found only non-pathogenetic sequence variants in the
human SLC37A1 gene, excluding its implication in this defect
(Bartoloni et al., 2000).

Furthermore, this gene critically maps to autosomal recessive
nonsyndromic deafness locus (DFNB10), on chromosome
21q22.3, but its involvement in the pathogenesis of this disease
was also excluded by mutational analysis (Bartoloni et al., 2000).

More recently, SLC37A1 upregulation (at the mRNA and
protein levels) was found in patients with colorectal cancer
(CRC), and it was associated with positive venous invasion,
liver metastasis, and poor patient outcomes (Kikuchi et al,
2018). Moreover, in a colon cancer cell line, LS180, SLC37A1
upregulation was positively correlated to Sialyl Lewis A and
Sialyl Lewis X levels. These carbohydrate antigens are ligands
for the adhesion molecule E selectin, and are responsible for the
adhesion of cancer cells to the endothelium during metastasis,
which is a typical process of cancer progression (Bartella et al.,
2016; Tacopetta et al., 2017). Their positive modulation suggests
that SLC37A1 might play a key role in the hematogenous
metastasis of CRC, even if the underlying mechanisms remain
unclear (Kikuchi et al., 2018).

Currently, it is proven that SLC37A1 can catalyze both
heterologous G6P/Pi and homologous Pi/Pi exchanges, but it
is poorly sensitive to chlorogenic acid and is not functionally
coupled to Gé6Pases. On this basis, it is unlikely that it is
involved in blood glucose homeostasis (Pan et al., 2011), so its
physiological role remains to be clarified.

SLC37A1 mRNA is ubiquitously expressed, although mainly
in adult kidney, spleen, liver, small intestine, bone marrow,
as well as in fetal liver, brain, and spleen (Bartoloni et al,
2000). In the main gluconeogenetic organs, liver, and kidney, the
relative SLC37A1 transcript levels are rather low with respect
to the SLC37A4 levels, since they represent <2%, whereas
in the intestine and pancreas they constitute 60 and 69%,
respectively, of those observed for SLC37A4 (Pan et al., 2011). In
macrophages, the SLC37A1 transcript level is 43% of that found
for SLC37A4, while in neutrophils, it is markedly (about 280 %)
higher, suggesting that SLC37A1 might have a key role in such
cells (Chou and Mansfield, 2014).

SLC37A2 FAMILY MEMBER

SLC37A2, also knows as SPX2, was firstly identified in a
work, conducted on mice and aimed to detect cAMP inducible
genes playing a role in promoting cholesterol efflux from the
macrophage cell line RAW264 via apoE and apoAl (Takahashi
et al., 2000). Two murine transcripts were identified, originated
by the use of alternative polyadenylation sites. Both transcripts
are highly expressed in bone marrow derived macrophages, and
encode a 510 amino-acid protein with a predicted molecular
weight of 55 kDa (Takahashi et al., 2000).

A further study showed that SLC37A2 is abundantly expressed
in murine macrophages, spleen and thymus, as well as in white
adipose tissue (WAT) of genetically obese mouse models, since
WAT is subject to considerable macrophage infiltrations, and this
promotes obesity-associated chronic inflammation underlying
metabolic syndrome and other comorbidities of obesity (Kim
et al, 2007). The murine SLC37A2 protein undergoes post-
translational modifications by N-linked glycosylation, and it
migrates as a heterogeneous species of 50-75 kDa (Kim et al.,
2007).

The human SLC37A2 protein is encoded by the SLC37A2 gene
(NM_198277), mapped to chromosome 11q24.2 and consisting
of 18 coding exons. Alternative splicing originates four different
transcripts. Only the longest isoform has been characterized
(Pan etal., 2011). The corresponding human SLC37A2 transcript
is expressed in murine liver, kidney, intestine, and pancreas,
however the related expression levels are <4.5% of those found
for SLC37A4 (Pan et al, 2011). Noticeably, the SLC37A2
transcript levels increase 46-fold during differentiation of human
monocytic leukemia cells (THP-1) to macrophages (Kim et al,,
2007).

The human SLC37A2 protein consists of 505 amino acids
and displays 59, 36, and 23% sequence identity with the human
SLC37A1, SLC37A3, and SLC37A4 proteins, respectively (Chou
et al,, 2013). Moreover, it is 90% identical to its mouse homolog
(Bartoloni and Antonarakis, 2004). Like the murine protein, also
the human protein is post-translationally modified by N-linked
glycosylation.

The SLC37A2 protein is able to catalyze both G6P/Pi and
Pi/Pi exchanges (Pan et al,, 2011). Similarly to SLC37A1, the
SLC37A2 transport activity is poorly sensitive to chlorogenic acid
and the protein is not functionally coupled to G6Pases, as well
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as it seems not to be involved in blood glucose homeostasis
(Pan et al.,, 2011). Hence, the functional role of SLC37A2 is
yet to be understood. Recently, SLC37A2 has been found as a
vitamin D target gene (Wilfinger et al., 2014; Saksa et al., 2015).
Vitamin D3 may affect gene regulation via the binding of its
metabolite, 1a,25-dihydroxyvitamin D3 (1,25(0OH),D3), to the
transcription factor vitamin D receptor (VDR). In monocytic
and macrophage-like cells, the human SLC37A2 gene contains a
conserved VDR-binding site allowing such modulation, although
only in monocytic cells SLC37A2 is an early responding target
gene, potentially useful as a biomarker of vitamin D3 status in
the hematopoietic system (Wilfinger et al., 2014). In addition,
in human peripheral blood mononuclear cells, changes in the
expression of the SLC37A2 gene, together with those of other
primary vitamin D target genes, are systematically associated
with the alteration in the circulating form of vitamin Ds.
Remarkably, during vitamin D3 supplementation in pre-diabetic
subjects those features allow a distinction into high and low
responder patients (Saksa et al., 2015).

Remarkably, in dairy cattle a deleterious homozygous
mutation (g.28879810C>T) was detected in an aborted fetus.
This mutation was predicted to introduce a premature stop
codon, strongly impairing protein structure, and it was believed
to be responsible for embryonic lethality (Reinartz and Dist,
2016). The same mutation, leading to embryonic lethal defects
with increased female infertility was also detected in another
study (Fritz et al., 2013).

Considering that the SLC37A2 gene carries a VDR binding
site, and that vitamin D3 may be involved in many biological
pathways, such as calcium and phosphate homeostasis, cell
growth, intracellular metabolism, as well as innate and adaptive
immunity, embryonic death could depend on a deficit in such
processes (Reinartz and Dist, 2016).

Recently, human SLC37A2 has also been proposed as a
phospho-Ser294 progesterone receptor (phospho-Ser294 PR)
target gene (Knutson et al., 2017). PR Ser294 phosphorylation
is a common event in breast cancer progression, and its activity
is significantly associated with invasive lobular carcinoma. The
runt-related transcription factor 2 (RUNX2) is an osteoblast
differentiation transcription factor expressed in developing
breast epithelial cells; it appears to be required in the regulation of
phospho-Ser294 PR target genes. In this regard, human SLC37A2
represents a good candidate as target gene, because it is expressed
in monocytes, as well as in breast and cervical tissues, and it was
found to contain multiple RUNX2 binding motifs immediately
upstream and within the gene; moreover, its expression is proven
to be upregulated by progestin in multiple cell line models
(Knutson et al., 2017).

SLC37A3 FAMILY MEMBER

The human SLC37A3 protein, also knows as SPX3, is the
less characterized SLC37 family member. It is encoded by the
SLC37A3 gene (NM_207113), mapped to chromosome 7q34 and
containing 17 coding exons. Alternative splicing originates three
different transcripts (Bartoloni and Antonarakis, 2004).

One isoform, consisting of 494 amino acids, displays 35, 36,
and 22% sequence identity with the human SLC37A1, SLC37A2,
and SLC37A4 proteins, respectively (Chou et al, 2013), and
it is 90% identical to its mouse and rat homologs (Bartoloni
and Antonarakis, 2004). Even though SLC37A3 is an ER-
associated protein, it fails to show an uptake activity (Pan et al,,
2011), hence its functional properties remain to be clarified.
Remarkably, the SLC37A3 transcript is extremely expressed in
murine neutrophils, pancreas, and, to a lesser extent, in the liver,
kidney, intestine, and macrophages (Pan et al., 2011; Chou et al.,
2013), suggesting a possible functional role in the immune system
and pancreas (Chou and Mansfield, 2014). In this latter regard,
the human SLC37A3 gene could contribute to the pathogenesis
of congenital hyperinsulinism of infancy (CHI). In detail, a
mutation in this gene was found in one patient with CHI in
which the molecular basis of the disease remained unknown,
highligting that it could be responsible for the dysregulation of
insulin secretion (Proverbio et al., 2013), even if the biological
role of SLC37A3 in pancreatic insulin secretion has never been
clarified.

More recently, epigenetic mechanisms were demonstrated to
modify the human SLC37A3 gene, since a robust correlation
between change in fasting glucose and DNA methylation level
within the human SLC37A3 gene was found in subcutaneous
adipose, after gastric bypass followed by a significant weight loss
(Benton et al., 2015). This could suggest a possible involvement
of SLC37A3 in obesity-related metabolic dysfunction.

SLC37A4 FAMILY MEMBER

SLC37A4 is the best functionally characterized SLC37 family
member (Chen et al., 2000, 2002, 2008). The human protein is
encoded by a single copy gene, SLC37A4 (NM_001467, OMIM
602671), mapped to chromosome 11q23 (Annabi et al., 1998),
containing nine coding exons (Marcolongo et al., 1998; Gerin
etal.,, 1999; Hiraiwa et al., 1999), and firstly isolated from a human
bladder tumor cDNA library (Gerin et al., 1997).

This protein displays 20, 25, and 26% sequence identity with
bacterial protein UhpT, GlpT, and UhpC, respectively (Gerin
et al,, 1997). UhpT and GIpT are OPAs (Maloney and Wilson,
1996), while UhpC is a putative G6P receptor controlling UhpT
expression (Island et al., 1992).

SLC37A4 protein is scarcely related to the other SLC37 family
members, as it shares 22% amino acid sequence homology with
both SLC37A1 and SLC37A3, and it is 23% homologous to
SLC37A2 (Chou et al.,, 2013). The human SLC37A4 protein is
highly conserved in other species. Murine and rat homologous
proteins share 98% sequence homology, as well as 95 and 93%
sequence homology to the human protein, respectively (Lin
et al,, 1998). Two human tissue-specific splicing isoforms have
been identified, because alternative splicing of exon 7 leads
to the expression of two transcripts, G6PT and variant G6PT
(vG6PT), differing by the inclusion of a 66-bp exon 7 sequence
in vG6PT, and encoding proteins of 429 and 451 amino acids,
respectively (Gerin et al.,, 1997; Hiraiwa et al., 1999; Lin et al,,
2000). Human vG6PT contains 22 additional amino acids, and
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it is active in microsomal G6P transport; it has been detected
in the brain, heart and skeletal muscle (Lin et al., 2000). G6PT
mRNA is ubiquitously expressed, although at the highest levels
in the liver, kidney, intestine (Lin et al., 1998; Pan et al., 2011),
and in haematopoietic progenitor cells (Ihara et al., 2000).
The physiological implications of those different expression
patterns remain unclear. In this regard, inclusion of exon 7
sequence might increase vG6PT sensitivity for degradation, since
in mouse models the turnover rate of vG6PT seems to be
increased during myogenesis of muscle cells (Shieh et al., 2007).
Both G6PT and vG6PT appear to be similarly active in G6P
transport (Lin et al, 2000), although the majority of studies
used G6PT.

Human G6PT is a hydrophobic protein whose
transmembrane topology has been long debated. Hydropathy
profile analysis predicted either 10 (Hoffman and Stoffel, 1993)
or 12 transmembrane domains (Gerin et al., 1997). Protease
protection and glycosylation scanning assays suggested a 10-
transmembrane domains model, with both N- and C-termini
protruding on the cytoplasmic side of the ER membrane (Pan
et al,, 1999). Conversely, homology modeling proposed a model
containing 12 transmembrane a-helices (Almqvist et al., 2004).
More recently, glycosylation scanning and protease sensitivity
studies have indicated that the 10-domains model is more
probable (Pan et al., 2009).

G6PT biological function is to translocate G6P from the
cytoplasm into the ER lumen, where it is hydrolyzed to glucose
and Pi either by G6Pase-a (Lei et al., 1996; Chou et al., 2010a,b)
or by G6Pase-f (Shieh et al., 2003; Chou et al., 2010a,b).

In the past, only one G6Pase isoform was known, expressed
exclusively in the liver, kidney and intestine (Lin et al., 1998). In
2003, a second isoform, ubiquitously expressed, was discovered
and called G6Pase-p (Shich et al, 2003). Consequently, the
original isoform was renamed G6Pase-a. Both proteins are
transmembrane phosphohydrolases essential for the last step of
gluconeogenesis. They have similar topology (Pan et al., 1998;
Shieh et al., 2003) and mechanism of action as regards G6P
hydrolysis (Ghosh et al., 2002, 2004); their active sites are located
inside the ER lumen, hence both enzymes require to be coupled
with a functional G6PT to hydrolyze intraluminal G6P. On the
other hand, G6Pase activity is required in turn for an efficient
G6P transport (Lei et al., 1996).

Since G6PT is ubiquitous, tissue expression profiles of
G6Pase-a or Gé6Pase-f, and the resulting G6PT/G6Pase
complexes, reflect the different GSD-Ia, -Ib or -Irs phenotypes.

On this basis, when the G6PT/G6Pase-a complex is present
in the main gluconeogenic organs (liver, kidney, and intestine),
G6Pase-a mutations cause a defective glucose production with
impaired blood glucose homeostasis between meals, that is the
first biochemical hallmark of GSD-Ia (Chou et al., 2010a,b).

In neutrophils and macrophages, the G6PT/G6Pase-p
complex preserves energy homeostasis and functionality,
hence G6Pase-p mutations are responsible for GSD-Irs, an
autosomal recessive disorder characterized by neutropenia and
neutrophil dysfunction (Chou et al., 2010a,b), often associated
with congenital cardiac and uro-genital anomalies (Boztug et al.,
2009).

On the other hand, G6PT mutations underlie GSD-Ib, which
implies either impaired metabolism as in GSD-Ia, or neutropenia
and neutrophil dysfunction as in GSD-Irs (Chou et al., 2010a,b),
even if in neutrophils and macrophages G6PT expression levels
are rather low (Chou et al., 2013).

PHYSIOPATHOLOGICAL ROLE OF
SLC37A4

SLC37A4, known as G6PT or SPX4, is able to catalize both
homologous Pi/Pi and heterologous G6P/Pi exchanges between
the ER lumen and the cytoplasm (Chen et al., 2008). Early studies
led on intact liver microsomes showed that the high specificity
of G6PT for G6P is responsible for substrate specificity of the
G6PT/G6Pase-o complex, since G6Pase-a is less specific for G6P
(Arion et al., 1972, 1975).

G6PT transport activity is specifically and strongly inhibited
by chlorogenic acid (Arion et al., 1997, 1998; Hemmerle et al.,
1997; Hiraiwa et al., 1999; Chen et al., 2008), acting as a reversible,
competitive inhibitor. Also some chlorogenic acid derivatives,
S3483 (Arion et al,, 1998; Leuzzi et al., 2003), and S4048 (Herling
etal., 1999), competitively inhibit G6PT, even more potently than
chlorogenic acid. They have been used in studies concerning
metabolic impairment in GSD-1 animal models (Bandsma et al.,
2001; Grefthorst et al., 2010).

Several studies have established that G6P uptake activity
needs not only an active G6PT, but also a functional G6Pase (Lei
et al., 1996; Shieh et al., 2003; Chen et al., 2008; Pan et al., 2011).
In this regard, hepatic microsomes isolated from G6Pase-o-
deficient (GSD-Ia) mice, maintaining a functional G6PT, showed
decreased G6P uptake activity, when compared to wild type
hepatic microsomes (Lei et al., 1996). Accordingly, in a GSD-Ia
mouse model, G6P transport activity could be restored by gene
therapy supporting G6Pase-a function (Zingone et al., 2000).
On this basis, functional coupling between G6PT and G6Pase-o
became evident. A first explanation was suggested considering
that G6PT provided the enzymes substrate by importing
cytoplasmic G6P into the ER lumen. Secondly, the physical
interaction between G6Pase-o and G6PT, probably mediated by
allosteric mechanisms, could support transport activity. This
functional coupling was verified achieving functional cell-based
activity assays for recombinant G6PT proteins, in order to
measure G6P transport activity (Hiraiwa et al., 1999; Chen et al.,
2000, 2002, 2008; Pan et al., 2011). According to these studies,
it was demonstrated that microsomes expressing a functional
G6Pase-a, but lacking an active G6PT (Gé6Pase-a+/+/G6PT
—/-) showed little or no G6P uptake activity. In the same way,
microsomes expressing an active G6PT but having a defective
G6Pase-a (G6Pase-o —/— /G6PT+/+) exhibited poor G6P uptake
rates, and microsomes expressing functional G6Pase-o and G6PT
(G6Pase-a+/+/G6PT+/+) had strikingly increased G6P uptake
rates (Chou and Mansfield, 2014). Furthermore, using a
reconstitution procedure into proteoliposomes (Della Rocca
et al., 2015; Curcio et al., 2016) preloaded with Pi, G6PT was
proven to be an antiporter able to efficiently exchange G6P/Pi,
without needing for a G6Pase-a coexpression (Chen et al,
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2008). Those evidences suggested that G6Pase-a coexpression
might increase intraluminal Pi concentration, in order to create
a driving Pi gradient, useful for supporting G6PT antiporter
activity. Cell-based assays and functional reconstitution
into proteoliposomes were also successfully employed to
characterize 23 SLC37A4 mutations identified in GSD-Ib patients
(Chen et al., 2008).

SLC37A4 AND AUTOPHAGY

Recently, SLC37A4 was identified as a key activator of
autophagy pathway, able to negatively regulate mammalian
target of rapamycin complex 1 (mTORC1) activity (Ahn et al.,
2015). Autophagy is activated under nutrient deficiency to
preserve cell homeostasis, and its deficit is associated with
several human diseases (Jiang and Mizushima, 2014). Amino
acids deprivation induces autophagy by inhibiting mTORCI
(Sancak et al., 2010), conversely, mTORC1 inhibits autophagy
by phosphorylating unc-51 like autophagy activating kinase 1
(ULK1) (Jung et al., 2009) and autophagy/beclin-1 regulator 1,
in order to ubiquitinate ULK1 for degradation (Nazio et al,
2013). Autophagy can also be triggered by ER stresses (Kouroku
et al, 2007) or hypoxia (Bellot et al., 2009). On the other
hand, prolonged ER stress leads to the inhibition of autophagy
flux (Lee H. et al, 2012). Among the several autophagy-
related genes (ATGs), ULK1 plays a key role, since it encodes
a serine/threonine kinase essential for the initiation step of
autophagy, because it forms complexes that are mainly controlled
by mTORC 1 (Ganley et al., 2009) and 5" AMP-activated protein
kinase (AMPK) (Kim et al., 2011).

Among the ATGs encoded proteins, ATG9 is a membrane
polypeptide depending on ULKI activity, that regulates
autophagosomes biogenesis by delivering them membrane
source derived from the trans Golgi network (Young et al., 2006).
SLC37A4 seems to promote the initiation step of autophagy
acting upstream of mTORCI. In detail, SLC37A4 overexpression
increases the interaction between N-terminal Venus-tagged
ULK1 (ULK1-VN) and C-terminal Venus-tagged ATG9 (ATG9-
VC), improving autophagic flux independent of G6PT transport
activity (Ahn et al,, 2015).

Previous studies demonstrated that G6PT-mTORCI1
signaling is essential in promoting autophagy in hepatic
cell lines, in addition, mTORCI failure is often related to
metabolic diseases, including type 2 diabetes and cancer
(Zoncu et al, 2011). In this regard, it was proposed that this
translocase could affect mTORC1 function through calcium
mobilization (Chen et al, 2003). Furthermore, it was also
suggested that G6PT could modulate mTORCI through AMPK,
which in turn is an energy sensor activated in response to
augmented cellular AMP, ADP or calcium levels (Mihaylova
and Shaw, 2011). Since AMPK can regulate autophagy through
either direct ULK1 phosphorylation or mTORC1 inhibition
(Hawley et al, 2005), disruption of calcium mobilization
due to SLC37A4 dysfunction might influence both AMPK
and mTORCI, leading to autophagy inhibition (Ahn et al,
2015).

SLC37A4 DEFECT LEADS TO GSD-Ib

SLC37A4 is the G6PT shared by the G6PT/G6Pase-a or -f
complexes and responsible for GSD-Ib (Chou et al., 2002, 2010b;
Chou and Mansfield, 2014).

Early studies based on the activity of the G6PT/G6Pase-a
complex suggested the existence of five GSD-I subtypes, referred
to as Ia (affecting the G6Pase catalytic subunit), Ib (affecting
G6PT), I1aSP, Ic, and Id, believed to arise from T2, T3, and SP
deficiency, respectively (Lei et al., 1995; Matern et al., 2002).
Furthermore, G6Pase-f deficit was responsible for the onset of
GSD-Irs (Boztug et al., 2009).

In the past, partial kinetic analysis demonstrated a deficit of Pi
export from the microsomal lumen, suggesting the existence of a
third form of GSD-I, called GSD-Ic (OMIM 232240), caused by
the involvement of a third gene postulated in the pathogenesis
of the disease (Nordlie et al.,, 1983). Subsequently, genotyping
studies found out detrimental mutations in the human SLC37A4
gene (Veiga-da-Cunha et al,, 1998; Galli et al.,, 1999; Janecke
et al., 2000), therefore it was confirmed that either GSD-Ib or
-Ic were caused by mutations occurring in the same gene (Veiga-
da-Cunha et al., 1999). Additional defects, reported in patients,
affected either microsomal glucose translocation (Lei et al., 1995),
or SP, a hypothetical 21-kD protein, able to stabilize the G6Pase
catalytic unit in vitro (Burchell et al., 1985). These conditions
were initially classified as GSD-Id and GSD-IaSP (Burchell and
Waddell, 1990), respectively. A patient diagnosed with GSD-IaSP
was found to be homozygous for a G6Pase mutation, so GSD-
IaSP was reclassified as GSD-Ia (Lei et al., 1995). In the same way,
the diagnosis of GSD-Id was withdrawn, because this disorder
was caused by a single mutation found in the human SLC37A4
gene (Veiga-da-Cunha etal., 1999, 2000). As a result, GSD-Ib was
implicated in all the reported cases of non-GSD-Ia (Chou et al.,
2010b).

G6PT deficiency causes GSD-Ib, an autosomal recessively
inherited disease, involving ~20% of all GSD-I patients (Chou
et al.,, 2002, 2010b). This disorder is not limited to any racial
or ethnic group, although the prevalence of some mutations is
higher in whites and Japanese ethnicity (Chou et al., 2010b).

Up to date, 110 separate mutations have been identified in
the SLC37A4 gene of GSD-Ib and non-GSD-Ia studied patients,
including 61 missense/nonsense 1 regulatory and 17 splicing
mutations, 29 small insertion/deletions, and 2 gross deletions
(http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC37A4). They
were distributed throughout the gene. The missense mutation
c.443C>T (A148V) seems to be restricted to Korean population,
since it has not been reported in other ethnic groups (Rihwa
et al.,, 2017). Several residues critical for G6PT function reside
in the consensus sequence shared by the SLC37 family members
(Figure 1), as well as by other OPA family members (Chou and
Mansfield, 2014). In the topological model proposed for G6PT
according to glycosylation scanning and protease sensitivity
studies (Pan et al., 2009), many mutations are located in the
first ER luminal loop (Figure 2). Here, a conserved arginine
(R28), corresponding to R46 in UhpT and essential for activity
(Lloyd and Kadner, 1990), is believed to constitute part of
the substrate binding site and is required for G6P transport
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-MARLPAGIRFIISFSRDQWYRAFIFILTFLLYASFHLSRKPISIVKGELHKYCTAWDEADVRFSSQNRKSGSAAPHQLPDNETDCGWAPFDKNNYQQLLGALDYSFLCA
MRSSLAPGVWFFRAFSRDSWFRGLILLLTFLIYACYHMSRKPISIVKSRLHQNC-————===—~ SEQIKPIN--DTHSLNDT-MWCSWAPFDKDNYKELLGGVDNAFLIA
--MAWPNVFQRGSLLSQFSHHHVVVFLLTFFSYSLLHASRKTFSNVKVSI —————————————— SEQWTPSAFNTSVELPVEIWSSNHLFPSAEKATLFLGTLDTIFLFS

VEEIPLDKDD----LGFITSSQSAA
* ok sk K K . *x

consensus sequence

YAVGMYLSGIIGERLPIRYYLTFGMLASGAFTALFG-LGYFYNIHSFGFYVVTQVINGLVQTTGWPSVVTCLGNWFGKGRRGLIMGVWNSHTSVGNILGSLIAGYWVS-T

YAIGMFISGVFGERLPLRYYLSAGMLLSGLFTSLFG-LGYFWNIHELWYFVVIQVCNGLVQTTGWPSVVTCVGNWFGKGKRGFIMGIWNSHTSVGNILGSLIAGIWVN-G

YAVGLFISGIVGDRLNLRWVLSFGMCSSALVVFVFGALTEWLRFYNKWLYCCLWIVNGLLQSTGWPCVVAVMGNWFGKAGRGVVFGLWSACASVGNILGACLASSVLQ-Y

YAISKFVSGVLS SARELFSSGLLLVGLVNIEFAESSTVP 777777 VFAAL!FLNGLAQGLGWPPCGKVLRKWFEPSQFGTEWAILSTSMNLAGGLGPILATILAQSY
* * *

S5 kokok ok kokok R * = KE K

CWGLSFVVPGAIVAAMGIVCFLFLIEHPNDVRCSSTLVTHSKGYENGTNRLRLOKQILKSEKNKPLDP-EMQCLLLSDGKGSIHPNHVVILPGDGGSGTAAISFTGALKI
QWGLSFIVPGIITAVMGVITFLFLIEHPEDVDCAP-PQHHGEPAEN-——————————————| QDNPEDPGNSPCSIRESG————-. LETVAKCSKGPCEEPARISFFGALRI
GYEYAFLVTASVQFAGGIVIFFGLLVSPEEIGLSGIEAEENFEEDS———————————————— HRPLINGGENEDEYEPN-——————— YSIQDDSSVAQVKAISFYQACCL
SWRSTLALSGALCVVVSFLCLLLIHNEPADVGLRN LDPMPSEGKKGSLKEES TLIELLLS

* *

PGVIEFSLCLLFAKLVSYTFLFWLPLYITNVDHLDAKKAGELSTLFDVGGIFGGILAGVISDRLEKRASTCGLMLLLAAPTLYIFSTVSKMGLEATIAMLLLSG----AL
PGVVEFSLCLLFAKLVSYTFLYWLPLYIANVAHFSAKEAGDLSTLFDVGGIIGGIVAGLVSDYTNGRATTCCVMLILAAPMMFLYNYIGQDGIASSIVMLIICG----GL
PGVIPYSLAYACLKLVNYSFFFWLPFYLSNNFGWKEAEADKLSIWYDVGGI IGGTLQGFISDVLOKRAPVLALSLLLAVGSLIGYSRSPND-KSINALLMTVTG----FF

109
97
94
59

217
205
203
163

326
294
289
223

432
400
394

* * * L*

SLC37RA4 224 PELEVLSTGYLVVFGVKTCCTDWG!FFLIQEKGQSALVGSSYMSALEVGGLVGSIAAGYLSDRAMAKAGLSNYGNPRHGLLLFMMAGMTVSMYLFRVTVTSDSPKLWILV 333
* * * *

K,k K * Kk *

SLC37A1 433 VSGPYTLITTAVSADLGTHKSLKGNAHALSTVTAIIDGTGSVGAARLGPLLAGLLS-PSGWSNVFYM--LMFADACALLFLIRLIHKELS----CPGSATGDQVPFKEQ 533

SLC37A2 401 VNGPYALITTAVSADLGTHKSLKGNAKALSTVTAIIDGTGSIGAALGPLLAGLIS-PTGWNNVFYM--LISADVLACLLLCRLVYKEILAWKVSLSRGSGSSMVLTHQ 505

SLC37A3 395 IGGPSNMISSAISADLGRQELIQRSSEALATVTGIVDGSGSIGAAVGQYLVSLIRDKLGWMWVFYF--FILMTSCTIVFISPLIVREIFS

SLC37A4 334 LGAVFGFSSYGPIALFGVIAN SAPPNLCGTSHAIVGLMANVGGFLAGLPFSTIAKHYSiSTAFWVAEVICAASEAAFFLLRNIRTKMG ——————— RVSKKAE----- 429
* *

FIGURE 1 | Alignment of the amino acid sequences of human SLC37A1, SLC37A2, SLC37A3, and SLC37A4 showing the location of nonsense and missense
mutations identified in GSD-Ib patients. The aligned amino acid sequences are GENBANK accession numbers NP_061837.3 (SLC37A1), NP_938018.1 (SLC37A2),
AAH46567.1 (SLC37A3), and CAG33014.1 (SLC37A4). Sequence conservation is indicated by an asterisk for identical residues, a dot for conserved substitutions,
and a gap for non-conserved residues. The organo-phosphate/Pi antiporter family consensus sequence, ProSite PDOC00726, shared by the SLC37 family members
is indicated by black double lines. Dashed black lines show lacking residues at the N- or C- terminal end in mutants MIV and R415X, respectively. Nonsense and
missense mutations are highlighted in black or gray, respectively. Alignment has been performed by ClustalW.
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(Pan et al., 2009). Furthermore, N-terminal residues and helix
1 play a key role in transport activity, because the N-terminal
mutation called MIV, lacking the N-terminal domain (residues1-
7) and the first part of helix 1 (residues 8-16), abolishes transport
function (Chen et al, 2002), but it does not interfere with
G6PT stability (Chou and Mansfield, 2014). Conversely, the
C-terminal domain deeply affects protein stability, since the
nonsense mutation R415X, eliminating the whole cytoplasmic
tail, causes a more rapid G6PT degradation with respect to the
wild-type (Chen et al,, 2000). Moreover, integrity of helix 10
is structurally important, because nonsense mutations E401X
and T408X reduce G6PT expression and affect its folding
(Chou and Mansfield, 2014).

SLC37A4 DEFECT: BIOCHEMICAL
FEATURES AND CLINICAL PHENOTYPES

GSD-Ib-related symptoms are associated with both defective
metabolic and myeloid phenotypes (Chou et al., 2010a,b). GSD-
Ib metabolic phenotype is shared with GSD-Ia. Interprandial
blood glucose homeostasis is controlled by the liver, the principal
gluconeogenic organ, and to a lesser extent, by the kidney
and intestine. Between meals, G6P produced in these organs
during gluconeogenesis and glycogenolysis is imported into
the ER lumen by G6PT, where it is hydrolyzed by G6Pase-a
to produce glucose, then exported back into the bloodstream
(Figure 3A; Chen, 2001; Chou et al., 2002). Since G6PT, as
well as G6Pase-a, are abundantly expressed in gluconeogenic
organs, when G6PT is defective the G6PT/G6Pase-o complex
activity is defective. As a result of an inadequate glucose

production, patients suffer from fasting hypoglycemia. At the
same time, G6P cytoplasmic elevation leads to an abnormal
storage of glycogen, which causes progressive nephromegaly
and hepatomegaly (favoring a protruding abdomen), along with
hyperlipidaemia, hyperuricemia, and lactic acidemia, besides,
hepatomegaly is worsened by liver fat accumulation (Chen,
2001; Chou et al., 2002; Figure 3B). In GSD-Ib patients, short
stature, xanthomas, and diarrhea have also been reported;
additionally, fasting hypoglycemia may cause seizure. Signs
and symptoms of the disorder generally develop during the
childhood, around the age of 3 or 4 months, when babies start
to sleep through the night, not eating as frequently as newborns.
Affected children have a typical aspect with puffy cheeks and
doll-like facies (Bartram et al., 1981). Untreated GSD-Ib is
childhood lethal (Chou and Mansfield, 2011). Long-term
complications include growth retardation, delayed puberty,
osteoporosis, pancreatitis, gout, pulmonary hypertension,
polycystic ovaries, and increased risk of hepatocellula
adenoma (Chou et al., 2002, 2010b; Rake et al., 2002).

GSD-Ib myeloid phenotype is shared with GSD-Irs. A faulty
G6PT/G6Pase-p complex activity causes neutrophil dysfunction
and congenital neutropenia, therefore either GSD-Ib or GSD-Irs
patients suffered from recurrent infections.

In neutrophils, glucose imported into the cytoplasm via
GLUT1 is metabolized by hexokinase to G6P, which in turn
enters the ER lumen through G6PT, where it can accumulate
until it is hydrolyzed to glucose by G6Pase-p and transported
back into the cytoplasm. Intracytoplasmic G6P/glucose ratio
is affected by several pathways, such as glycolysis, pentose
phosphate pathway, and recycling of G6P/glucose between the
ER lumen and the cytoplasm (Jun et al., 2010; Figure 4A).
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FIGURE 2 | Schematic topological model of human G6PT displaying nonsense and missense mutations identified in GSD-Ib patients. Nonsense and missense
mutations are highlighted in black or gray, respectively. The extension of the consensus sequence is reported in an ellipse. White boxes represent mutations that
eliminate the N- or C- terminal domain.

The G6PT/G6Pase-f complex plays a key role in the third et

al., 1993; Jun et al, 2010). A defective G6PT can

pathway, because glucose recycling decreases cytoplasmic
Gé6P/glucose ratio, so regulating the previously mentioned
cytoplasmic pathways for G6P metabolism. As a consequence,
G6PT impairment arises a lack of glucose recycling that
can cause impaired neutrophil, macrophage, and monocytes
functionality, as well as energy homeostasis, leading to reduced
intracellular levels of G6P, lactate, ATP and NADPH (McCawley

also cause reduced neutrophil respiratory burst, chemotaxis,
calcium mobilization and phagocytic activities (Figure 4B;

Kilpatrick et al, 1990; Chou et al, 2010a; Jun et al,
2014).
Furthermore, in G6PT-deficient neutrophils, reduced

respiratory burst was associated with an impaired activation
of NADPH oxidase, a multicomponent enzyme promoting
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FIGURE 3 | Primary metabolic pathways of G6P in the liver, kidney, and intestine, in normal (A) and defective G6PT (B) cells. Schematic cell harboring an extended
endoplasmic reticulum (ER). G6Pase-a and GBPT are embedded in the ER membrane; the glucose transporter GLUT2 is embedded in the plasma membrane. Black
arrows indicate metabolic changes due to defective SLC37A4. G6P, glucose-6-phosphate; G6Pase-a, glucose-6-phosphatase-a; GBPT, glucose-6-phosphate
translocase; GLUT2, glucose transporter 2; P, phosphate; Pi, inorganic phosphate.

the production of reactive oxygen species (Jun et al, 2014).  hypoxia-inducible transcriptional factor-la (HIF-1a) increase
Neutrophil metabolism is dependent on anaerobic glycolysis  (Bardos and Ashcroft, 2005), and neutrophils display defective
for ATP production. Under hypoxia the protein levels of the  respiratory burst activity (McGovern et al, 2011). HIF-1a is
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FIGURE 4 | Main metabolic pathways of G6P in normal (A) and defective G6PT (B) neutrophils. Schematic cell showing an extended endoplasmic reticulum (ER) and
the three major pathways (glycolysis, pentose phosphate pathway, and ER cycling) in which G6P is involved. G6Pase-f and G6PT are embedded in the ER
membrane; GLUT 1 is embedded in the plasma membrane. Black arrows indicate metabolic changes due to defective SLC37A4.: G6P, glucose-6-phosphate;
G6Pase-B, glucose-6-phosphatase-B; G6PT, glucose-6-phosphate translocase; GLUT 1, glucose transporter 1; P, phosphate; Pi, inorganic phosphate; ATP,
adenosine triphosphate; NADPH, nicotinamide adenine dinucleotide phosphate.

also an upstream activator of peroxisome proliferator-activated  impairing chemotaxis and calcium mobilization activities
receptor-y (PPAR-y) (Krishnan et al., 2009), a nuclear receptor ~ (Jun et al,, 2014).

involved in the regulation of lipid and glucose metabolism, GSD-Ib patients may also experience oral symptoms,
influencing inflammation and many other diseases (Kvandova  consisting of dental caries, periodontal diseases, gingivitis,
et al, 2016). It was observed that in neutrophils PPAR-y is  delayed dental maturation and eruption, oral bleeding diathesis
constitutively expressed, and its activation leads to chemotaxis  and ulcers (Mortellaro et al., 2005). Remarkably, not all GSD-
inhibition (Reddy et al., 2008). On this basis, it was supposed  Ib patients manifest neutropenia or frequent infections (Kure
that the activation of the HIF-1oa/PPAR-y pathway in neutrophils et al., 2000; Melis et al.,, 2005; Angaroni et al., 2006; Martens
of GSD-Ib patients could trigger neutrophil dysfunction, et al, 2006). In this regard, in a multicentre study investigating
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the genotype/phenotype correlation on a cohort of 25 GSD-Ib
patients, no correlation was found between individual mutations
and the presence of neutropenia, bacterial infections or systemic
complications. This evidence might suggest the existence of
unknown factors able to influence immune phenotype, such
as polymorphisms, proteins or genes, capable of modulating
neutrophil differentiation, maturation, and apoptosis (Melis
et al., 2005). Considering that neutrophils of GSD-Ib patients
exhibited enhanced apoptosis, a causal relationship between
apoptosis and neutropenia was hypothesized (Kuijpers et al.,
2003; Jun et al, 2014). This theory was supported by further
studies conducted on animal models, demonstrating that either
neutrophils from G6Pase- ~/~ mice or those from G6PT ~/~
mice exhibited enhanced ER stress and apoptosis (Cheung
et al, 2007; Kim et al,, 2008). So, neutrophil ER stress, higher
oxidative stress and apoptosis might be underlying causes
of neutropenia in GSD-Ib (Jun et al., 2010). In addition,
neutrophil apoptosis in both G6Pase-B ~/~ (Jun et al., 2011)
and G6PT ~/~ (Kim et al., 2008) mice was mediated by the
intrinsic apoptosis pathway. In GSD-Ib, a maturation arrest
seems not to be responsible for neutrophil dysfunction (Jun
et al., 2014). Since neutrophils, as well as macrophages, have
to import glucose from the blood by the glucose transporters
(Pessin and Bell, 1992), these cells critically depend on the
G6PT/G6Pase-B complex activity, especially when the need for
glucose rises (Jun et al., 2014). This might provide a rationale for
neutropenia caused by enhanced neutrophil ER stress, oxidative
stress and apoptosis, when G6PT and/or G6Pase-p are defective
(Kuijpers et al., 2003; Kim et al, 2008; Jun et al, 2010,
2014).

AUTOIMMUNITY RISK OF SLC37A4
DEFECT

A strong association was found between GSD-Ib and
inflammatory bowel disease (IBD), because many GSD-Ib
patients with chronic gastrointestinal inflammation were
diagnosed with IBD, which was clinically indistinguishable
from idiopathic Crohn disease, assuming the involvement of an
impaired mucosal innate immunity in the pathogenesis of IBD
(Dieckgraefe et al., 2002). The association between neutropenia
and IBD was supported by Visser et al., in a retrospective
European study, showing that up to 77% of patients with GSD-Ib
presented also neutropenia, as well as many GSD-Ib patients
suffering from perioral or perianal infections (Visser et al., 2000).

In patients with GSD-Ib an increased risk for Crohn-
like disease was reported (Melis et al., 2003), along with
deficit of hypothalamus-pituitary-thyroid axis,
causing an increased prevalence of thyroid autoimmunity
and hypothyroidism (Melis et al., 2007). In one patient, the
occurrence of myasthenia gravis was also described (Melis et al.,
2008). These observations paved the way to the hypothesis
that GSD-Ib patients, but not those affected by GSD-Ia, were
at increased risk for autoimmune disorders. The different
risk degree between GSD-Ia and GSD-Ib patients might
be related to the presence of neutropenia and neutrophil

a severe

dysfunction only in GSD-Ib (Melis et al., 2007). Some studies
have also suggested an association between lymphopenia
and autoimmunity (Merayo-Chalico et al, 2016). Chronic
lymphopenia might promote autoimmunity inducing the
homeostatic expansion of T cell, which represents a normal
compensatory reaction during lymphopenic conditions
(King et al., 2004).

Recent studies have highlighted the molecular mechanisms
underlying the increased frequency of autoimmunity disorders
shown in GSD-Ib patients (Melis et al., 2017).

Regulatory T cells (Tregs) are a subset of CD44 T cells
involved in maintaining tolerance to self-antigens, and they
play a critical role in human autoimmune diseases, because
their imbalance seems to be responsible for the failure of local
regulatory mechanisms (Dejaco et al., 2006). Those cells mediate
their suppressive function by acting directly on conventional
T cells (Tconvs) and antigen-presenting cells, such as dendritic
cells (Rueda et al., 2016). Tregs express the transcription factor
forkhead box P3 (FOXP3), which is very important for Tregs
development and function, since defects in the FOXP3 gene cause
a human lethal autoimmune disease (Bennett et al., 2001).

Treg responses can be modulated by several metabolic
pathways (Buck et al., 2015), particularly by glycolysis, able
to affect human Treg induction and function (De Rosa et al,
2015). In this regard, a defective engagement of glycolysis upon
suboptimal T cell receptor (TCR) stimulation of conventional T
cells (Tconvs) has been observed in several human autoimmune
diseases, and it has been associated with a decreased suppressive
function of Tregs (De Rosa et al., 2015).

In GSD-Ib, a defective G6PT causes a decreased capacity
to mobilize glucose, leading to diminished glucose utilization.
Consequently, a reduced engagement of glycolysis in T
cells occurs upon suboptimal TCR stimulation; additionally,
qualitative and quantitative alterations of peripheral regulatory T
cells (pTregs) have been observed, along with impaired FOXP3
expression by Tconvs during low TCR activation (Melis et al.,
2017).

THERAPEUTIC APPROACHES FOR
SLC37A4 DEFECT

Clinical therapies consist of dietary treatment, granulocyte
colony-stimulating factor (G-CSF) therapy and transplantations.

Since recurrent hypoglycemia is responsible for lactic
acidosis, hyperuricemia and hypertriglyceridemia, the
primary goal of nutritional therapy is to achieve a stable
normoglycemia. In addition, dietary treatment aims to reduce
metabolic impairment, delaying some of the long-term GSD-
Ib consequences. Unfortunately, elevated triglycerides and
cholesterol blood levels may persist regardless of diet, along
with their consequences (Cappello et al, 2016); moreover,
even if nutritional therapy can improve long-term outcomes
for many patients, several long-term complications remain.
Recommended diet composition is 60-70% calories from
carbohydrates, 10-15% from proteins and the remaining from
fats (Goldberg and Slonim, 1993). Small frequent feedings
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rich in complex carbohydrates (particularly those higher in
fiber) have to be regularly ingested over 24 h to achieve a good
metabolic control (Wolfsdorf and Weinstein, 2003; Kishnani
etal, 2014). GSD-Ib, as well as GSD-Ia patients, can use the same
nutritional therapy to avoid hypoglycemia, especially nighttime
(Chou et al., 2010b).

Cornstarch therapy in GSD-I is used since the early 1980s
(Chen et al., 1984). Raw uncooked cornstarch is a slowly digested
carbohydrate, which allows a slow release of glucose able to
prolong the length of euglycemia between meals (Sidbury et al.,
1986).

Glucose requirement normally decreases with age, so adults
have a longer fasting tolerance with respect to children.
Traditionally, in children older than 3 years, as well as in adults,
normoglycemia during nighttime is maintained by the ingestion
at bedtime of uncooked corn starch (Wolfsdorf and Crigler,
1997; Weinstein and Wolfsdorf, 2002; Shah and O’Dell, 2013)
or of modified forms of corn starch (Bhattacharya et al., 2007;
Correia et al, 2008). In children <3 years continuous tube
feeding is usually needed (Greene et al, 1976), because the
level of pancreatic amylase able to hydrolyze raw starch is low
before 3 years of age (Chou et al., 2010b). A recent controlled
crossover study enrolling adult GSD-Ia and GSD-Ib patients,
highlighted that nighttime glucose control can be achieved also
by the ingestion of a cooked pasta meal at bedtime, allowing
a more palatable alternative to corn starch use (Hochuli et al.,
2015).

G-CSF  administration promotes the production of
granulocytes (Mehta et al, 2015), increasing neutrophile
numbers and reducing the frequency and severity of infections in
GSD-Ib patients, but it can not improve neutrophile dysfunction
(Visser et al., 2002). G-CSF also appears to increase neutrophil
survival (Jun et al., 2011). In this regard, studies led in vivo,
on murine G6Pase-f-deficient models, highlighted that G-CSF
therapy was able to normalize neutrophil energy homeostasis and
to improve functionality, as supported by improved neutrophil
glucose uptake and increased G6P, ATP, and lactate intracellular
concentrations (Jun et al., 2011).

A recent study has evidenced a partial improvement of
neutrophil respiratory burst activity in a GSD-Ib patient by oral
administration of galactose, even though the role of galactose in
sugar metabolism of GSD-Ib neutrophils remains to be clarified
(Letkemann et al., 2017).

Neutropenia associated with IBD can be treated by using a
combination of G-CSF and 5-aminosalicylic acid (Visser et al.,
2002; Koeberl et al., 2009; Chou et al., 2010b; Shah and O’Dell,
2013).

In some GSD-Ib patients, metabolic abnormalities can be
corrected by liver or combined liver/kidney transplantation,
since such operations have improved metabolic control,
restoring normal fasting tolerance (Boers et al., 2014). Patients
with impending renal failure are suggested to consider combined
liver/kidney transplantation (Labrune, 2002). In GSD-Ib
patients, myeloid dysfunctions can be treated by bone marrow
transplantation, which appears to be a promising approach,
even if it requires further validation (Pierre et al, 2008).
According to the guidelines from the European study on

GSD-1, liver transplantation is suggested in GSD-I patients
with unresectable hepatocellular adenomas unresponsive to
nutritional therapy, mainly if adenomas are associated with
serious compression or hemorrhage, or in the case of enhanced
risk of transformation into hepatocellular carcinomas (Rake
et al., 2002). Although liver transplantation improves metabolic
impairment (Reddy et al, 2009), its usefulness on renal
disease and neutropenia or neutrophil dysfunction is yet to be
settled.

GENE THERAPY FOR SLC37A4 DEFECT

Gene therapy represents a promising strategy to correct
metabolic abnormalities in all GSD-I patients (Chou and
Mansfield, 2011), although currently it seems not to compensate
for myeloid and renal dysfunction in GSD-Ib patients (Kwon
etal., 2017).

Several gene transfer vectors, including recombinant adeno-
associated virus (rAAV) vectors, have been developed and tested,
either on GSD-Ia or on GSD-Ib animal models (Chou et al., 2015;
Kwon et al., 2017).

G6PT knockout (G6PT~/~) mice are excellent G6PT-
deficient murine models, since they exhibit all the metabolic and
myeloid dysfunctions typical of human GSD-Ib (Chen et al,
2003). Some studies led on those mice showed that recombinant
adenovirus-mediated G6PT gene transfer was able to deliver the
transgene to the liver and bone marrow, improving metabolic
and myeloid defects; however, this therapy was short-lived, owing
to the fast loss of vector-mediated gene expression (Yiu et al,
2007).

Further studies led on such mice showed that a human G6PT
expressing recombinant AAV serotypes 2/8 vector (rAAVS8)
directed by a hybrid chicken B-actin (CBA) promoter and
a cytomegalovirus (CMV) enhancer, was able to deliver the
transgene primarily to the liver, thus normalizing metabolic
abnormalities. Nevertheless, two of the five treated mice survived
for 51-72 weeks, developed multiple hepatocellular adenomas,
and one experienced cancer transformation (Yiu et al., 2009).
So, this therapeutic approach, while allowing normoglicemia,
could not prevent long term complications of hepatocellular
adenoma.

A further work, on G6Pase-o-deficient murine models
(manifesting all the symptoms of human GSD-Ia), was led in
order to compare two different gene transfer methods. In one
case, murine G6Pase-a gene transfer in vivo was mediated by
recombinant AAV serotypes 2/1 (rAAV1) or rAAV8 vectors,
and expression was directed by hybrid CBA promoter/CMV
enhancer. In the other case, a rAAV8 vector expressing
human G6Pase-a directed by its promoter/enhancer (GPE) was
employed (Yiu et al., 2010).

This work highlighted that the gluconeogenic tissue-
specific human GPE was more effective in directing persistent
in vivo hepatic transgene expression with respect to the CBA
promoter/CMV enhancer, because human GPE utilization
triggered a lesser humoral immune response, allowing
complete normalization of hepatic G6Pase-a deficiency
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(Yiu et al., 2010). In addition, in murine GSD-Ia models,
the use of a G6Pase-a-expressing rAAV vector under the
GPE control was able to correct metabolic defects with
no hepatocellular adenoma development (Lee Y. M. et al,
2012).

On this basis, recently two different liver directed gene therapy
approaches were tested on G6PT~/~ mice, using rAAV-GPE-
G6PT and rAAV-miGT-G6PT, this latter consisted of a human
G6PT expressing rAAV directed by human minimal G6PT
promoter/enhancer (miGT) (Hiraiwa and Chou, 2001; Kwon
etal., 2017).

Both vectors could deliver the hG6PT transgene to the liver,
correcting metabolic anomalies, but rAAV-GPE-G6PT vector
directed by the hG6Pase-a promoter/enhancer had greater
efficacy. A full restoration of normal G6PT activity was not
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Plant-derived bioactive compounds have protective role for plants but may also
modulate several physiological processes of plant consumers. In the last years, a wide
spectrum of phytochemicals have been found to be beneficial to health interacting
with molecular signaling pathways underlying critical functions such as cell growth
and differentiation, apoptosis, autophagy, inflammmation, redox balance, cell volume
regulation, metabolic homeostasis, and energy balance. Hence, a large number of
biologically active phytocompounds of foods have been isolated, characterized, and
eventually modified representing a natural source of novel molecules to prevent, delay
or cure several human diseases. Aquaporins (AQPs), a family of membrane channel
proteins involved in many body functions, are emerging among the targets of bioactive
phytochemicals in imparting their beneficial actions. Here, we provide a comprehensive
review of this fast growing topic focusing especially on what it is known on the modulatory
effects played by several edible plant and herbal compounds on AQPs, both in health
and disease. Phytochemical modulation of AQP expression may provide new medical
treatment options to improve the prognosis of several diseases.

Keywords: aquaporin membrane channels, functional foods, nutraceutics, epigenetics, gut microbiota,
antioxidants, anti-inflammatory, chronic diseases

INTRODUCTION

Growing evidence from epidemiological, in vivo, in vitro, and clinical trial results indicate that
the plant-based food can reduce or prevent the risk of chronic diseases such as cardiovascular
disease, arterial hypertension, diabetes mellitus, and cancer due to presence of biologically active
plant compounds or phytochemicals. Several classes of phytochemicals from edible plants and
herbs exist (Steinmetz and Potter, 1991) and exert beneficial effects in disease prevention and in
reducing the incidence of certain chronic diseases. The mechanisms modulate the cell signaling
pathways underlying inflammation, oxidative stress, metabolic disorder, apoptosis, and so forth
(Maraldi et al., 2014).

This review provides an update on the involvement of Aquaporins (AQPs), a family of
membrane channel proteins with important role in many body functions, in the beneficial effects
imparted by food polyphenols and herbal phytocompounds, both in health and disease.
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AQUAPORINS, A FAMILY OF MEMBRANE
CHANNELS WIDELY DISTRIBUTED IN
HUMAN TISSUES

Aquaporins (AQPs) are channel proteins largely expressed in
living organisms mediating the transport of water and some
anaelectrolytes across biological membranes (Agre, 2004). The
13 AQPs (AQPO0-12) expressed in mammals are summarily
grouped into orthodox aquaporins (AQPO, AQP1, AQP2, AQP4,
AQP5, AQP6, and AQP8) and aquaglyceroporins (AQP3,
AQP7, AQP9, AQP10), depending on their ability to conduct
only water or water and neutral solutes, particularly glycerol,
respectively (Figure 1). AQP11 and AQPI2 are often grouped
as unorthodox aquaporins due to their distinct evolutionary
pathway and transport properties (Ishibashi et al, 2009).
Some AQPs are also able to conduct ammonia (AQP3,
AQP4, AQP6, AQPS, and AQP9) and/or hydrogen peroxide
(AQP1, AQP3, AQP5, AQPS, and AQP9) and, for these
biophysical properties, are also denoted as ammoniaporins (or
aquaammoniaporins) (Jahn et al., 2004) and/or peroxiporins
(Geyer et al.,, 2013; Almasalmeh et al., 2014; Rodrigues et al.,
2016; Watanabe et al., 2016) (Figure 2). Moreover, some AQPs
also allow permeation of gases of physiological importance
such as CO;, NO or O, (Nakhoul et al., 1998; Herrera et al.,
2006; Wang et al, 2007). Expression, transport properties
(Agre, 2004), and pharmacological gating (Soveral and Casini,
2017) of AQPs are object of strong interest and intense
investigation in all body districts and a number of important
roles have been already described, both in health and clinical
disorders.

Glycerol and other small
neutral solutes; Water

Water

Orthodox AQPs

AQPO, AQP1, AQP2, AQP4,
AQP5, AQP6, AQPS

Aquaglyceroporins

| AQP3, AQP7,AGP9, AGP10 |

FIGURE 1 | Mammalian aquaporins are grossly subdivided in orthodox
aquaporins (AQPO, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8) and
aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10) depending on their
ability to conduct only water or glycerol and some other small neutral solutes,
in addition to water, respectively. Two of the 13 AQPs found in mammals,
AQP11 and AQP12, are called unorthodox aquaporins as they show marked
distinctions in terms of evolutionary pathway. Some AQPs also express
conductance to gases of physiological relevance.

DIETARY POLYPHENOLS AND
AQUAPORINS

The class of polyphenols is characterized by the presence
of phenol units in their chemical structure. Polyphenols are
the largest group of phytochemicals, and many of them exist
in edible plants (Maraldi et al, 2014). Foods enriched in
polyphenols were found to exert a wide spectrum of protective
effects (i.e., hypolipidemic, anti-oxidative, anti-proliferative, anti-
apoptotic, and anti-inflammatory) with the benefit of reducing
the prognosis and onset of disease progression (for review see
Upadhyay and Dixit, 2015). So far, more than 8,000 phenolic
structures have been identified in vegetables, fruits, olive oil,
and wine. Due to their diversity and food distribution the
latest classification subdivides polyphenols in phenolic acids,
curcuminoids, flavonoids, chalcones, stilbenes, lignans, and
isoflavonoids (Gonzalez-Castejon and Rodriguez-Casado, 2011;
Upadhyay and Dixit, 2015). Bioactive polyphenols also influence
the expression and biophysical properties of mammalian AQPs
(Zhang et al., 2014; Fiorentini et al., 2015; Cataldo et al., 2017).
The AQPs modulated by polyphenols and related health benefits
are summarized in Table 1.

Curcuminoids

Curcuminoids (or curcumins) are characterized by a
pronounced yellow color composed of linear diarylheptanoids.
They are represented by curcumin and its derivatives
(i.e, demethoxycurcumin and bisdemethoxycurcumin).
Curcuminoids have been tested in particular for their
anti-oxidant activity.

Curcumin is a non-flavonoid polyphenol isolated from spice
turmeric, and known for playing anti-inflammatory, antioxidant,
anti-proliferative, and anti-angiogenic activities (Tsao, 2010). The
beneficial effects of curcumin on human health, however, are

Ammonia Hydrogen peroxide

Ammoniaporins

(Aquaammoniaporins) Peroxiporins

AQP3, AQP4, AQP6, AQP7.
AQP8, AQP9

| AQP1, AQP3, AQP5, AQP8, AQP9

FIGURE 2 | Some AQPs also allow transport of ammonia (AQP3, AQP4,
AQP6, AQP7, AQP8, and AQP9), particularly AQP8, and/or hydrogen peroxide
(AQP1, AQPS3, AQP5, AQP8, and AQP9) and are called ammoniaporins (or

aquaammoniaporins) and peroxiporins, respectively.
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TABLE 1 | Polyphenolic modulation of AQPs and related beneficial effects.

Polyphenol Functional derivative Modulated AQP Beneficial effect References
Curcuminoids Curcumin Choroid plexus AQP1 | Reduction of intracranial pressure in brain injury Nabiuni et al., 2013
(brain lateral ventricle) (rat model)
CaOV3 AQP3 | Inhibition of ovarian cancer cell migration Ji et al., 2008; Terlikowska
(ovarian cancer cell line) (in vitro) etal, 2014
Brain AQP4 and Reduction of brain edema Yu et al., 2012; Zhang
AQP9 | (rodent model) etal.,, 2014; Zu et al.,
2014; Wang et al., 2015
Hela cells AQP (ND) Hydrogen peroxide elimination Pellavio et al., 2017
(in vitro)
Flavonoids Pinocembrin Brain AQP4 |, Reduction of cerebral edema due to ischemia Gao et al., 2010
(rat model)
Chrysin Skin AQP3 1 Protection against UV-induced skin damages Wu et al., 2011
(in vitro)
Quercetin Microglial AQP4 |, Amelioration of diabetic retinal edema Kumar et al., 2014
(rat model)
Salivary gland, lung Amelioration of impaired salivation after Takahashi et al., 2015; Yu
AQP5 4 irradiation and IAV-induced lung injury etal., 2016a
(mouse models)
Hela cells AQP1, Hydrogen peroxide elimination Pellavio et al., 2017
AQP3, AQPS8, AQP11 (in vitro)
Hesperetin Microglial AQP4 |, Amelioration of diabetic retinal edema Kumar et al., 2014
(rat model)
Alpinetin Lung endothelium Amelioration of SAP-induced acute lung injury Liang et al., 2016
AQP1 4 (in vitro)
Naringenin Mucosal epithelial cells Amelioration of intestinal water absorption Yin et al., 2018
of colon AQP3 1
Hela cells AQP(ND) Hydrogen peroxide elimination Pellavio et al., 2017
(in vitro)
Liquiritigenin Kidney AQP4 | Reduction of kidney inflammation
(rat model) Hongyan et al., 2016
Epigallocathechin Gallate Salivary gland AQP5 1 Amelioration of xerostomia in Sjogren Saito et al., 2015
syndrome
(mouse model)
SKOV3 AQP5 | Inhibition of ovarian tumor growth Yan et al., 2012
(cancer cell line) (in vitro)
Spinal cord AQP4 | Reduced edema in acute SCI Ge et al., 2013
(rat model)
Chalcones Phloretin AQP9 (inhibition) Anti-inflammatory and anti-oxidative action Matsushima et al., 2014
(in vitro)
Stilbenes Resveratrol Human keratinocyte Inhibition of keratinocyte proliferation Wu et al., 2014
AQP3 |, (in vitro)
Brain AQP4 | Amelioration of cerebral I/R injury Lietal, 2015
(rat model)
Isoflavonoids Genistein and Daidzein Uterine AQP1 ¢ Uterine responsiveness to estrogens Moller et al., 2010

Puerarin

Brain AQP4 |

(rat model)
Reduction of brain damage and inflammation

Wang et al., 2018

Arrows: 1, upregulation; |, downregulation; SCI, spinal cord injury; ND, specific AQP homolog to be defined.

downplayed by its poor absorption and bioavailability (Anand
etal., 2007). Liposomal curcumin or curcumin nanoparticles have
increased bioavailability, while structural analogs of curcumin
such as EF-24 feature higher stability and faster absorption
(Santiago-Vézquez et al., 2016). EF-24 has been demonstrated

effective against cancer (Yang et al., 2014; Santiago-Vazquez et al.,
2016), Parkinson’s (PD), and Alzheimer’s (AD) diseases (Pal et al.,
2011).

The central nervous system expresses various AQPs (Badaut
et al, 2014) and studies using rodent brain have suggested
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important roles for AQP1, AQP4, and AQP9 in controlling water
transport and volume homeostasis (Badaut et al., 2014). AQP1 is
highly expressed in choroid plexus, a secretory epithelium which
plays a role in cerebrospinal fluid (CSF) formation and secretion
(Nabiuni et al, 2013). After brain injury, mice deficient for
AQP1 displayed a decreased intracranial pressure and improved
survival compared to wild type mice (Oshio et al., 2005). This
strongly suggests that AQP1 downregulation might be protective
against several neurological disorders characterized by increased
intracranial pressure. Notably, curcumin decreases, in a dose-
dependent manner, the AQP1 level in choroidal epithelial cells
isolated from the lateral ventricle of Wistar rats (Nabiuni et al.,
2013). Curcumin could also act inhibiting choroid plexus AQP1
since in a study using Hela cells this phytocompound has been
recently suggested to have a direct gating action on some AQPs
(Pellavio et al., 2017). AQP4, the most characterized brain water
channel, is located mainly on astrocytic endfeets that are in
strict contact with blood vessels (Badaut et al., 2014). Curcumin
counteracts the brain edema and the effect might include the
modulation of the expression of various AQPs, especially AQP4.
Indeed, current medical and surgical therapies available for the
treatment of intracerebral hemorrhage (ICH) do not adequately
control brain edema. Interestingly, curcumin dose-dependently
reduced both the gene expression and protein abundance of
AQP4 and AQP9 but not those of AQP1 in a mouse model of
ICH (Wang et al., 2015). Likely, the protective effects of curcumin
may also involve the downregulation of specific water channels.

In a rat model of hypoxic-ischemic brain injury, curcumin
significantly reduced the brain edema, and the effect was
associated with a relevant morphological amelioration of the
damage at the blood-brain barrier, increase of NOS activity
and AQP4 expression (Yu et al, 2012). Similarly, in a rat
model of hypoxia-hypercapnia, curcumin injection attenuated
brain edema and restored the levels of AQP4 expression (Yu
et al., 2016b). In the mice model of traumatic brain injury,
pre- or post-treatment with curcumin reduced the cerebral
edema, the pericontusional expression of IL-1f, and reversed the
induction of AQP4 (Zhang et al., 2014). The beneficial effect
of curcumin was also observed in an animal model of SCI
(impaired motor function and spinal cord edema); curcumin
counteracted the abnormal activation of JAK/STAT signaling
pathways and reduced the glial fibrillary acidic protein (GFAP)
and AQP4 overexpression (Zu et al., 2014). While most available
data highlight the beneficial effects of curcumin in neurologic
diseases, curcumin could aggravate some CNS manifestations in
experimental lupus erythematous. Indeed, curcumin treatment
was associated with increased cerebral water content and
AQP4 expression in mice with systemic lupus erythematous,
likely depending on worsened cerebral atrophy and astrocytosis
(Foxley et al.,, 2013). All together the above-mentioned results
suggest that AQP4 is the main target through which curcumin
would exert its action on brain edema and SCL

In cultured human ovarian CaOV3 cells, stimulation with
the endothelial growth factor (EGF) promoted AQP3 expression
and CaOV3 cell migration. AQP3 knocking down by siRNA was
associated with significant impairment of CaOV3 cell migration.
Also in this context, curcumin (or a stable analog) proposed

for therapeutic treatment of ovarian cancer (Terlikowska et al.,
2014), downregulated AQP3 and reduced cell migration in
CaOV3, an effect mediated by inhibition of EGFR signaling (Ji
et al., 2008).

As shown for quercetin and naringenin (see below), in
HeLa cells curcumin elicited antioxidant effects by reducing the
hydrogen peroxide cellular content, probably by decreasing its
entry into the cell through AQPs-mediated mechanisms (Pellavio
et al., 2017). Modulation of AQPs by curcumin in cancer cells
resulting in elimination of hydrogen peroxide may not always
result beneficial to health when considering that accumulation of
hydrogen peroxide (among other ROS) is a mechanism by which
a number of conventional anti-cancer treatments govern cancer
cells to death.

Curcumin could also influence various physiological
functions through interactions with different ion channels and
transporters involving several signaling pathways, from the
well-known CFTR to voltage-gated potassium channels, volume-
regulated anion channel (VRAC), Ca?t release-activated Ca?t
channel (CRAC), and glucose transporters (Zhang et al., 2014).
More research is needed in this respect, to better highlight the
role of curcumin as modulator of various channel functions and
pointing to its protective effects in various disease. Moreover, the
use of curcumin could be useful also for research purposes since
it could help the understanding of the interplay between AQPs
system and other membrane transporters (Zhang et al., 2014).

Flavonoids

Flavonoids are the biggest representative subgroup of
polyphenols, with more than 4,000 molecules described
(Harborne and Williams, 2000; Cheynier, 2005).

Pinocembrin is a natural flavonoid compound, which has
been isolated from several plants, such as ginger roots and wild
marjoram, honey, and propolis (Massaro et al., 2014; Lan et al.,
2016). Pinocembrin exerts pleiotropic effects: reduces reactive
oxygen species (ROS) production, apoptosis, and controls
mitochondrial functions (Massaro et al., 2014). In vitro evidence
revealed that pinocembrin can cross the blood-brain-barrier
passively indicating possible therapeutic use in nervous system
diseases (Yang et al., 2012). In an animal model of focal cerebral
ischemia induced by middle cerebral artery occlusion (MCAO),
several inflammatory cytokines, tumor necrosis factor-a (TNF-
a), and interleukin-1p (IL-1B), inducible nitric synthase (iNOS)
and AQP4 were significantly upregulated in the ischemic brain
(Gao et al.,, 2010). Administration of pinocembrin via tail vein
injection ameliorated the neuronal apoptosis and the edema as
well as the typical alterations of endothelial cells and capillaries
characterizing ischemia. Pinocembrin treatment decreased the
production of cytokines and the expression iNOS and AQP4.
These findings suggest that the protective response triggered by
the flavonoid might be due to reduced inflammatory signals and
decreased level of AQP4, which has been associated with edema
subsequent to cerebral ischemia (Gao et al., 2010).

Chrysin is a natural flavonoid occurring in honey and
propolis, various fruits, vegetables and mushrooms (Nabavi
et al,, 2015). Chrysin displays fundamental biological anticancer
actions reducing cell proliferation and promoting apoptosis,
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especially in leukemia cells (Monasterio et al., 2004). In animal
studies, UVB and UVA radiation induced skin dehydration and
this step was associated with decrease of the expression level of
AQP3, one of the main skin AQPs. Other changes included ROS
release and apoptosis (Wu et al., 2011). Topical application of
chrysin improved the UV-induced skin damage, and significantly
increased keratinocyte AQP3, suggesting a chrysin-mediated
protection of the deleterious effects exerted by UVs on human
skin.

Quercetin is one of the most abundant bioflavonoids in
the human diet. It is largely present in different vegetables
including onions and broccoli, fruits such as apples, berry
crops, and grapes. Quercetin is also found in some herbs, tea,
and wine. Similarly to other polyphenols, quercetin displays
pleiotropic properties as antioxidant and anti-inflammatory
compound. Plant extract of quercetin is the principal ingredient
of many potential anti-allergic drugs, supplements, and enriched
products, being highly competent in inhibiting IL-8 action,
suppressing IL-6 and intracellular calcium level increase (Mlcek
et al., 2016). Retinas from streptozotocin-induced diabetic rats
showed a remarkable increase of pro-inflammatory cytokines
such as TNF-o and IL-1p and a considerable augmentation
of AQP4 level, which could mediate the movement of water
underlying the retinal edema (Kumar et al., 2014). Changes were
accompanied with a significant reduction of retinal glutathione
(GSH) and antioxidant enzymes [superoxide dismutase (SOD)
and catalase (CAT)]. Oral administration of quercetin leads to
an important neuroprotective effect which was characterized
by impaired inflammatory cytokines production and release,
restoration of GSH, SOD, and CAT levels and significant
reduction of AQP4 in Miiller cell endfeet and perivascular
space with consequent decrease of the edema affecting the
retina of diabetic rats. The observed amelioration of retinal
edema was suggested as due to quercetin-dependent AQP4
downregulation on Miiller cell endfeet and perivascular space.
Another orthodox AQP water channel, AQP5, was found to
be involved in the beneficial action of quercetin in attenuating
the damaged salivary secretion induced in a murine model
of impaired salivation by radiation exposure (Takahashi et al.,
2015). Quercetin upregulated AQP5 expression and calcium
uptake and suppressed the oxidative stress and inflammatory
responses induced by the radiation exposure. Increased AQP5
levels were also observed in a mouse model of influenza A
virus (IAV)-induced lung injury where AQP5 lung increased
after treatment with flavonoid extracts from the Lamiaceae plant
Mosla scabra (Yu et al., 2016a). The lung AQP5 modulation by
the flavonoid was interpreted as a way to restore the normal
water permeability alleviating the IAV-induced pulmonary
inflammation and apoptosis.

AQP3, 5, 8, and 9 have been reported to facilitate the
transmembrane diffusion of hydrogen peroxide in mammalian
cells (Almasalmeh et al., 2014; Rodrigues et al., 2016; Watanabe
et al., 2016). This is an important aspect since cellular oxidative
stress can interfere with water permeability. In HeLa cells,
the role of AQPs as target of antioxidant compounds acting
on the osmotic water diffusion in the presence of oxidative
stress condition has recently been studied (Pellavio et al,

2017). Quercetin appeared to modulate water transport and
acted as antioxidant by increasing the expression of AQP3
and AQPS8 (together with that of AQP1 and AQP11) at both
mRNA and protein level. Particularly, with quercetin, the water
permeability decrease caused by oxidative stress was prevented
or restored. Furthermore, quercetin significantly reduced the
hydrogen peroxide content to levels even lower than those of
control cells. Thus, regulation of AQPs gating by antioxidant
compounds like quercetin could represent a novel mechanism to
modulate exogenously cell signaling and survival during stress,
acting on key signaling pathways in cancer and degenerative
diseases (see Tamma et al., 2018 for a review).

Hesperetin is a flavanone isolated from several fruits and
highly expressed in the Citrus species. This flavonoid has different
biological properties, including antioxidant, anti-inflammatory,
and anticancer effects (Ahmadi et al., 2015; Bodduluru et al,,
2015). Its beneficial actions have been showed in different organs
including liver, heart, and kidney (Roohbakhsh et al., 2015; Miler
et al., 2016). Neuroprotective effects have also been reported,
in particular in the treatment of diabetic retinopathy where
inflammation, oxidative stress, and neurovascular disorders
are involved. Streptozotocin-induced diabetic rats receiving
hesperetin for 24 weeks showed restoration of retinal levels of
GSH associated to a positive modulation of antioxidant enzyme
activities. An inhibition of caspase-3 activity and expression
of GFAP was also seen along with reduced inflammatory
cytokines (Kumar et al., 2013). Treatment with hesperetin was
accompanied by downregulation of AQP4 at Miiller cell endfeet
and consequent reduction of the edematous state indicating
modulation of AQP-associated water permeability.

Alpinetin is a flavanone isolated from the seed of Alpinia
katsumadai (Zingiberaceae). The compound is widely used
in Korean traditional medicine (Lee et al., 2012). Alpinetin
has been found to control cell signaling pathways at the base
of cell growth, proliferation, and apoptosis (Wang et al,
2013). Alpinetin also causes vasorelaxation (Wang et al., 2001)
and counteracts the hydrogen peroxide-induced vascular
smooth muscle cell proliferation and migration (Li and Du,
2004). In lipopolysaccharide (LPS)-induced lung injury,
alpinetin prevented the LPS-induced TNF-a, IL-6, and IL-
1B release and alleviated the inflammatory associated lung
hystopathological alterations (Hou et al.,, 2009). Considerable
AQP1 downregulation, a condition negatively correlated
with pulmonary edema, has been described in acute lung
injury (ALI) and, associated with severe acute pancreatitis
(SAP). Interestingly, alpinetin has been found to inhibit
TNF-a expression, promote human pulmonary microvascular
endothelial cell proliferation and increase the expression level
of AQP1 thereby improving the SAP-induced ALI symptoms
(Liang et al., 2016). Overall, these findings propose alpinetin as
possible therapeutical tool against lung inflammation diseases.

Naringenin is a natural flavonoid widely found in citrus fruits
and tomatoes, that has been reported to act as anti-inflammatory,
anti-atherogenic, anti-mutagenic, hepatoprotective, and
anticancer agent (Yin et al, 2018). Naringenin relieved the
loperamide-induced constipation by targeting AQP3. It is known
that AQPs are primarily expressed in the mucosal epithelial
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cells in the colon, in which AQP3 plays a central role in water
reabsorption across colonic surface cells. Yin et al. found that
naringenin increased the mRNA and protein expression levels of
AQP3 in the colon, both in apical and lateral mucosal epithelial
cells. Furthermore, a positive correlation was observed between
this increase in the AQP3 level and the increase in fecal water
content (Yin et al, 2018). As also shown for quercetin, the
antioxidant effects elicited by naringenin in HeLa cells have been
recently related to its capacity to facilitate hydrogen peroxide
elimination through AQPs. These observations would strengthen
the role of AQPs as physiologic modulators of hydrogen peroxide
diffusion in mammalian cells (Pellavio et al., 2017).

Liquiritigenin belongs to the chiral flavanone family and is
an important compound extracted from Glycyrrhiza uralensis
and found in a variety of plants, including Glycyrrhiza glabra
(licorice). Liquiritigenin possesses kinds of healthy properties
including antioxidation, anti-inflammation, antidiabetes,
cardioprotection, and neuroprotection (Hosseinzadeh and
Nassiri-Asl, 2015). As regarding the mechanisms, the inhibition
of NF-kB and MAPK signaling pathways would be at basis
of its antioxidant effects. Liquiritigenin has been shown to
exhibit renal protective effects in the animal model of potassium
oxonate-induced hyperuricemia, as well, by targeting the AQPs
(Hongyan et al.,, 2016). AQP4 would play an important role
in inflammatory responses involving the kidney, also by the
regulation of endoplasmic reticulum stress. In the hyperuricemic
rat, liquiritigenin has been able to suppress the activation of
renal AQP4/NF-«kB/IkBa signaling and nod-like receptor protein
3 (NLRP3) inflammasome, resulting in renal inflammation
reduction. These findings would suggest that liquiritigenin could
act as a potential drug for the treatment of hyperuricemia and
renal injury by targeting the AQPs system.

Epigallocatechin gallate (EGCQG) is a flavonol esterified with
gallic acid mainly found in the green tea Camellia sinensis
L. EGCG accounts for more than 50% of total green tea
polyphenols. This phenolic compound and/or its metabolites
exert cardioprotection, neuroprotection, renal protection,
osteoprotection, and anticancer actions. Beneficial effects have
also been shown in diseases with metabolic disorders such as
obesity, metabolic syndrome and type 2 diabetes (Afzal et al.,
2015). At a molecular level, EGCG promotes the expression
and the activity of several anti-oxidant and anti-inflammatory
enzymes. EGCG is also proved to counteract the activation
of Toll-like receptor 4 (TLR4) (Marinovic et al, 2015) and
nuclear factor-kB (NF-«kB) (Albuquerque et al., 2016), pathways
associated with the production of inflammatory cytokines. In
a mouse model of Sjogren syndrome, treatment with EGCG
increased the abundance of AQP5 at the apical plasma membrane
of the acinar cells. AQP5 expression resulted upregulated by
mechanisms leading to protein kinase A (PKA) activation and
NF-kB inhibition (Saito et al., 2015). Conversely, by means
of other pathways, EGCG was found to downregulate the
expression of AQP5 in the ovarian cancer cell line SKOV3.
The lower abundance of AQP5 was suggested to counteract
the tumor growth through NF-kB activation (Yan et al.,, 2012).
Considerable decrease of the spinal cord water content was seen
in a work employing a rat model of acute SCI where EGCG was

administered immediately following the injury (Ge et al., 2013).
The anti-edema action exerted by EGCG was ascribed to the
marked reduction of spinal cord AQP4 induced by the EGCG
administration.

Chalcones

Chalcones are a variety of aromatic ketones, precursors of
flavonoids, and isoflavonoids. They are abundant in edible
plants and their derivatives have been reported to have an
extremely wide variety of biological activities (i.e., anti-bacterial,
anti-fungal, anti-neoplastic, anti-inflammatory, anti-diabetic,
anti-obesity, immunosuppressant actions) depending on the
substitution made on them (Mahapatra et al., 2015).

Phloridzin, one of the most characterized bioactive chalcones,
is also a competitive inhibitor of the isoforms 1 and 2 of the
sodium glucose cotransporter (SGLT1 and SGLT?2, respectively)
as it competes with D-glucose in binding the carrier. This action
leads to a decrease in glucose absorption and reabsorption by the
small intestine and renal proximal tubules, respectively, lowering
the glucose level in the blood. However, phloridzin is not an
effective drug because when orally consumed, it is nearly entirely
converted into phloretin and glucose by hydrolytic enzymes in
the small intestine.

Phloretin, an abundant chalcone in apples, is a protective
agent with anti-oxidative stress and anti-inflammatory actions
(Aliomrani et al., 2016). Phloretin is also known for gating the
aquaglyceroporins by inhibiting the AQP-mediated transport
of glycerol and urea (Tsukaguchi et al., 1999; Calamita et al,
2008, 2012; Rodriguez et al., 2014), a metabolic intermediate
substrate of gluconeogenesis and triacylglycerols (TAG) synthesis
(Calamita et al,, 2012), and a variety of urea transporters
and urea-conducting AQPs such as AQP3, AQP7, and AQP9
(Shayakul et al., 2001; Fenton et al., 2004). AQP9-facilitated urea
extrusion out of liver was evoked to explain the loss of urea
and diuresis that characterizes mice submitted to high protein
diet. This function played by liver AQP9 can be blocked by
phloretin (Jelen et al., 2012). It is tempting to think that the anti-
inflammatory action exerted by phloretin may also involve the
inhibition of AQP9, an AQP that has been suggested to play a
role in inflammation (Matsushima et al., 2014).

Stilbenes

Stilbenes belong to the family of phenylpropanoids and are better
known as stilbenoids, their hydroxylated derivatives. The most
studied stilbenoid is resveratrol, a compound having numerous
health benefits.

Trans-resveratrol is a natural hydroxystilbene found in a
variety of edible plants including grapes, blueberry, raspberry,
and senna leaves. Research on the biological actions of resveratrol
on human health has focused on cancer, neurodegenerative,
and cardiovascular diseases, and metabolic disorders. At
molecular level, resveratrol plays pleiotropic effects including
inhibition of kinases, anti-inflammatory, analgesic and anti-
cancer activities, and detoxification, by inhibiting the aryl
hydrocarbon and dioxin receptor (AhR), (de Medina et al., 2005).
AhR stimulation causes oxidative stress, inflammation, apoptosis
and immunosuppression, and is associated with an increased
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risk of osteoporosis, cancers and metabolic disorders such as
diabetes (Zollner et al., 2010). As a polyphenol, resveratrol can
also act as tyrosine kinases inhibitor and as a modulator of the
mitogen activated protein kinase/extracellular signal-regulated
kinase 1/2 (MEK-ERK1/2), mitogen-activated protein kinases
(MAPK), activator protein 1 (AP-1), and NF-kB pathways in
different tissues (Yu et al., 2001; Gao et al., 2004; Kundu et al.,
2004). Resveratrol has been reported to influence the gene
expression of various AQPs (see Cataldo et al., 2017 for a review).
In human keratinocytes, AQP3 has been found to play a pivotal
role in skin hydration, although overexpression of AQP3 is
also linked with hyperplastic epidermal disorders (Nakahigashi
etal, 2011). In normal human epidermal keratinocytes (NHEKSs),
treatment with resveratrol reduced cell proliferation and the
expression of AQP3, the major skin AQP. Particularly, AQP3
downregulation appeared to be secondary to ERK signaling
inhibition via upregulation of both Sirtuin 1 (SIRT1) and aryl
hydrocarbon receptor AhR (Wu et al, 2014). These novel
findings may be important to drug design and development
against hyperproliferative skin disorders.

Cerebral ischemia-reperfusion (I/R) is associated with a strong
increase of ROS production and brain edema. Resveratrol exerts
a beneficial action by modulating the activity of SOD and
reducing the iNOS and AQP4 expression levels (Li et al., 2015).
More recently, functionalized AQP4 antibody nanoparticles were
synthesized to deliver resveratrol in rat optic nerve transection.
These engineering nanoparticles displayed high efficacy in
reducing oxidative damage and AQP4 immunoreactivity thus
preserving the visual function (Lozic¢ et al., 2016).

Isoflavonoids
The isoflavonoids genistein and daidzein are important
components of Leguminosae. Based on their chemical structure
they function as phytoestrogens displaying anti-tumor features.
These phytocompounds play an important role in modulating
the genes involved in controlling cell-cycle progression.
Genistein and daidzein are considered the “sharp edge of
balance” between cell survival and cell progression because
they control the activation or the inhibition of pivotal signal
molecules such as NF-«kB. Importantly, they also play a role in
reversion of epigenetic events associated with prostate cancer
(Adjakly et al., 2013). The bioavailability of these compounds is
strongly influenced by gut microbiota, antibiotic administration
and individual’s age and health status (Franke et al., 2014). A
work addressing the effects of lifelong dietary isoflavone on
estrogen sensitive tissues was carried out studying the effects of
genistein and daidzein on rat uterus (Moller et al., 2010). The
effect of genistein either alone or in association with daidzein was
compared to that of isoflavone-free diet in rats throughout their
whole lifetime. The dietary isoflavone pre-exposure resulted in a
much stronger uterine weight increase following external ERa-
mediated estrogenic stimuli than that seen in the phytoestrogen—
free group. Gene expression analysis showed that the uterine
levels of AQPI, and, at a lesser extent, those of AQP3, AQP5,
and AQP9, were increased by ovary estrogens. This modulation
was considerably influenced by the isoflavone-containing diets,
likely by an epigenetic mechanism. Lifelong dietary isoflavone

ingestion was suggested to increase the uterine responsiveness to
ERa-mediated estrogenic stimuli in female rats where the water
homeostasis was highly affected whereas the proliferation rate
remained unchanged.

Puerarin is a flavonoid glycoside that is extracted from the
root of the leguminous plants Pueraria lobata and Thomson
Kudzuvine Root. Puerarin displays a series of beneficial activities
on hangover, cardiovascular disease, osteoporosis, neurological
dysfunction (ischemic stroke, cerebrovascular disease) fever,
and liver injury both in clinical treatment and experimental
research (Wang et al., 2018). In addition to inhibit inflammation,
protective effects elicited by puerarin against cerebral damage
would be related to modulation of AQP4 function. Hence,
AQP4, which can be mainly found in the primate and rodent
perivascular astrocyte end feet, would play a role not only
in water movement, but also, as previously reported, in
neuroinflammation and brain edema. AQP4 expression would be
increased by pro-inflammatory factors like TNF-a. Furthermore,
increased phosphorylation of MAPK (p38, ERK1/2, c-Jun N-
terminal kinase 1/2) would participate in AQP4 regulation
in astrocytes exposed to the inflammatory cytokines released
by microglia under the condition of hypoxia, too. Various
interventions have been performed to prevent or to treat
people rapidly ascending to high altitude. Currently, traditional
Chinese medicine has been used to prevent or treat symptoms
although the specific mechanisms are still a matter of debate.
In rats undergone hypobaric hypoxia, puerarin was able to
elicit protective effects against cerebral edema by inhibiting the
increase of AQP4 through inhibition of TNF-a release and
by counteracting the activation of NF-kB and MAPK pathway
(Wang et al., 2018).

CAPSAICINOIDS

Capsaicin is the most representative compound of a group
of phytochemicals called capsaicinoids also including
dihydrocapsaicin, nordihydrocapsaicin, and some other
compounds such capsinoids. In chili peppers, capsaicin, a
phenolic amide, gives the sensation of spiciness by acting
through the transient receptor potential vanilloid-1 (TRPV1).
TRPV1 is a non-selective permeable cation channel expressed in
brain, bladder, kidneys, intestines, keratinocytes of epidermis,
glial cells, liver, and polymorphonuclear granulocytes, mast cells,
and macrophages (Reyes-Escogido Mde et al,, 2011). In tumor
cells, capsaicin inhibits cell growth and promotes apoptosis
by increasing the intracellular calcium concentration and ROS
levels, disrupting mitochondrial membrane transition potential
and activating NF-kf transcription factor (Chapa-Oliver and
Mejia-Teniente, 2016). In addition, capsaicin stimulates the
phosphorylation of p53 at serine-15 and its acetylation through
downregulation of SIRT1. Altogether, these posttranslational
modifications lead to apoptosis (Ito et al., 2004). Similarly to
anti-obesity, anti-diabetic, and anti-inflammatory compounds,
capsaicin plays multiple roles in nociceptive heat sensation.
Capsaicin can activate sympathetic system to induce brown
adipose tissue thermogenesis (Saito, 2015).
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Capsaicin  upregulated TRPV1 and AQP5 in rabbit
salivary glands (Table 2). Specifically, in transplanted rabbit
submandibular gland cells, capsaicin upregulated and
stimulated the translocation of AQP5 from an intracellular
pool to the plasma membrane via TRPV1 signaling and ERK
phosphorylation (Ding et al., 2010; Zhang et al., 2010). This
finding may provide a new therapeutic tool to stimulate
submandibular gland hypofunction.

TERPENES

Terpenes are a large and diverse class of organic compounds
derived biosynthetically from units of isoprene. They are
produced by a variety of plants and even some insects.
Terpenoids are compounds related to terpenes characterized
by an isoprenoid chemical structure as they may include some
oxygen functionality or some rearrangement. Terpenoids are
present in a great variety of fruits, vegetables and medicinal
plants, representing the largest and most diverse class of
chemicals among the myriad of compounds produced by plants.
Terpenoids are used extensively for their aromatic qualities and
play a role in traditional herbal remedies. The terms terpenes
and terpenoids are often used interchangeably. As many other
bioactive phytocompounds, terpenes, and terpenoids have been
reported to influence the expression of AQPs (Table 2).

Monoterpenoids

Carvacrol (or cymophenol) is a monoterpenoid extracted from
many plants of the Lamiaceae family. Carvacrol has been
reported to exert neuroprotective effects in central nervous
system diseases such as AD and cerebral ischemia (Zhong et al.,
2013). Modulation of brain AQP4 was reported in a preclinical
study employing a bacterial collagenase-induced ICH murine
model to address the effect of the monoterpenoid on cerebral
edema after ICH. Administration of carvacrol improved the
neurological deficits following ICH by significantly reducing
cerebral edema and AQP4 in perihematomal area (Zhong et al.,
2013). It was suggested that carvacrol exerts its protective
effect on ICH injury by ameliorating AQP4-mediated cerebral
edema.

Marrubiin (MARR) is a terpenoid abundantly found in many
Lamiaceae species (i.e., Marrubium vulgare, Plomis bracteosa,
Leonotis nepetifolia). MARR is a compound featuring high
stability and limited catabolism, two properties favoring its
bioavailability: MARR is reported to exert cardioprotective,
vasorelaxant, gastroprotective, and antidiabetic effects (Popoola
et al, 2013). Antioxidant action involving AQPs has been
reported in a recent work where pre- or post-treatment of
heat-stressed HeLa cells with MARR prevented or reversed,
respectively, the intracellular H,O, accumulation induced by the
heat (Pellavio et al., 2017).

Triterpenes

Bacopasides are triterpene saponins isolated from the medicinal
plant Bacopa monnieri. Recently, two structurally related
bacopaside compounds, bacopaside I and bacopaside II,
have been shown to block differentially the transport activity

of AQP1, a finding that fitted with predictions made by
in silico molecular modeling (Pei et al, 2016). When
tested in migration assays using HT29 and SW480 cells,
two colon cancer cell lines characterized by high and low
expression levels of AQPI1, respectively, both bacopasides
impaired migration of HT29 cells showing minimal effect on
migration of SW480 cells. Based on these results bacopasides
were suggested as possible novel lead compounds for
pharmaceutical development of selective AQPs blockers in
cancer treatment.

The triterpenoid 188-glycyrrhetinic acid (B-GA) is a natural
compound derived from Glycyrrhiza glabra (licorice) root
shown to exert antiviral, antitumor and immunosuppressive
effects. Studies using rat models of nasal mucosa of allergic
rhinitis (AR) showed that intranasal administration of B-GA
downregulates AQP1 together with that of eotaxin 1 (CCLI11)
and eosinophil (EOS) in nasal mucosa of allergic rhinitis rats
and cast effects on inhibiting the progress of AR (Li et al,
2015).

Glycyrrhizic acid, a triterpenoid also known as glycyrrhizin,
is the main sweet-tasting constituent of licorice root. Based
on its inhibiting effect on liver cell injury glycyrrhizin is
used for the treatment of chronic viral hepatitis and cirrhosis
(van Rossum et al, 1998). Glycyrrhizin is also employed
to prevent disease progression in subjects with acute onset
autoimmune hepatitis (Yasui et al, 2011). Enoxolone, the
aglycone of the glycyrrhizic acid, is used to prevent liver
carcinogenesis in patients with chronic hepatitis C. Glycyrrhizin
was reported to influence the renal functions by modulating
AQP2 and AQP3, two AQPs expressed in the principal
cells of the renal distal tubules and collecting ducts where
they mediate the antidiuretic hormone (ADH)-induced water
reabsorption (Kang et al, 2003). Using a rat model of
gentamicin-induced acute renal failure the protective effects of
glycyrrhizin downregulated AQP2 in the inner and outer renal
medulla, and cortex (Sohn et al., 2003) suggesting that this
triterpenoid involves renal AQPs in its beneficial action on renal
function.

Ginsenoside Rgl (Rgl) is a triterpenoid saponin known as
one of the main compounds harvested from ginseng with
pharmaceutical action and potential neuroprotective properties,
empirically used in traditional Chinese medicine to treat
stroke (Xie et al, 2015). A study using a rat model of
cerebral ischemia/reperfusion showed that the neuroprotective
effect of Rgl against blood-brain-barrier disruption involves
downregulation of brain AQP4 expression (Zhou et al., 2014).

Ginsenoside Rg3 (Rg3), a triterpene saponin, is one of the
bioactive extracts contained in ginseng root. Rg3 has been
shown to have anticancer activity in various cancer models.
Thus, in the highly metastatic prostate cancer cell line PC-
3M, treatment with Rg3 was found to lead to a remarkable
inhibition of cell migration. In particular, exposure of PC-3M
cells to Rg3 suppressed the expression of AQPI, an AQP with
a role in cell migration. The anti-metastatic effect of Rg3 was
found to occur through the p38 MAPK pathway and some
transcription factors acting on the Aqpl gene promoter (Pan
etal., 2012).
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TABLE 2 | Modulation of AQPs by non-polyphenolic phytocompounds and related beneficial effects.

Phytochemical Functional derivative

Modulated AQP

Beneficial effect References

Capsaicinoids Capsaicin Submandibular salivary Amelioration of submandibular salivary gland Ding et al., 2010;
gland AQP5 1 hypofunction Zhang et al., 2010
(rabbit model)
Monoterpenoids Carvacrol Brain AQP4 |, Reduction of ICH-induced brain edema Zhong et al., 2013
(mouse model)
Marrubin Hela cells AQP(ND) Hydrogen peroxide elimination Pellavio et al.,
(in vitro) 2017
Triterpenes Bacopasides | and Il AQP1 (inhibition) Reduction of cancer cell migration Pei et al., 2016
(in vitro)
18B-glycyrrhetinic acid (B-GA) Nasal mucosa AQP1 | Treatment against allergic rhinitis Lietal., 2015
(rat model)
Glycyrrhizic acid Renal AQP2 | Protection against renal failure Sohn et al., 2003
(rat model)
Ginsenoside Rg1 Brain AQP4 | Protection against brain ischemia Zhou et al., 2014
(rat model)
Ginsenodise Rg3 AQP1 | Anti-metastatic effect Pan et al., 2012
(in vitro)
Isothiocyanates Sulphoraphane AQP4 t Reduction of brain edema Zhao et al., 2005
(rat model)
Tetrahydroanthracene (R)-Aloesaponoal Ill 8 methyl ether Hela cells AQP(ND) Hydrogen peroxide elimination Pellavio et al.,
(in vitro) 2017

Arrows: 1, upregulation; |, downregulation; ND, specific AQP homolog to be defined.

SULPHORAPHANE

Sulphoraphane (SUL) is a chemical belonging to isothiocyanates,
a group of organosulfur compounds. SUL was identified in
broccoli sprouts, which, of the cruciferous vegetables have the
highest concentration of this compound (Zhang et al., 1992).
Among the reported beneficial effects sulforaphane appears to
be a promising phytochemical with neuroprotective properties
(Tarozzi et al., 2013).

Using a rodent controlled cortical impact injury model
of traumatic brain edema it was observed that post-injury
administration of SUL counteracted AQP4 loss in the contusion
core and further increased the protein levels of this water channel
in the penumbra region compared with injured animals receiving
vehicle. This increase in AQP4 expression was accompanied by
a significant amelioration of cerebral edema (Zhao et al., 2005).
It was suggested that the reduction of the edema in response to
SUL administration could be ascribed to water clearance through
AQP4 from the injured brain.

TETRAHYDROANTHRACENES

Tetrahydroanthracenes are polycyclic aromatic
phytocompounds  deriving  from the  phytochemical
hydrogenation of anthracene in Liliaceae. This reaction is
influenced by light exposition in roots of Aloe plants and
tetrahydroanthracenes are markers of subterranean anthranoid
metabolism. These molecules are used mainly to treat parasitic

infections with potential anti-oxidant properties because of their
chemical structure.

(R)-Aloesaponol III 8-methyl ether. The (R)-Aloesaponol
III 8-methyl ether (ASME) was extracted for the first time
from Eremurus persicus root but it is contained in other
plants such as Aloe saponaria, Kniphonia foliosa, Eremurus
chinensis, and others. ASME is a tetrahydroanthracene known
for having biological activity against Leishmania infection. Like
the terpenoid MARR, ASME improved the HeLa cells membrane
permeability by restoring the AQP-mediated cellular extrusion of
H,0; contributing to the reduction in oxidative stress (Pellavio
etal., 2017). However, further work is needed to better investigate
this preliminary observation since the specific AQP channel
responsible for the ASME-induced efflux of H,O, out of the cells
is still elusive.

BIOACTIVE EXTRACTS

The beneficial effects of a number of plants are likely due to
their original composition and the synergistic action played by
the different bioactive phytochemicals they contain rather than
to a unique active compound. Here, we review bioactive extracts
from plants whose healthy effects have been reported to involve
modulation of AQPs (Table 3).

Heliotropium indicum is a plant belonging to family of
Boraginaceae used in folk medicine in many countries. In
Ghana, extracts of H. indicum are employed as a remedy
against cataract formation without any scientific evidence. The
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TABLE 3 | Modulation of AQPs by bioactive extracts and related beneficial effects.

Bioactive extract Modulated Beneficial effect References
AQP

Extracts of Eye AQPO 1+  Alleviation of cataract Kyei et al., 2015

Heliotropium (rat model)

indicum

Extracts of aged SPC-A1 cell  Anti-inflammatory Yang et al., 2016

garlic line AQP5 1 properties in COPD

(S-allyimercapto-I-

cysteine)

Extracts of Eye AQP4 Amelioration of Sun et al., 2016

auto-immune disorders
in NMO

Chinese herbs
(Isotetrandrine)

Arrow: 4, upregulation.

extract of this plant contains an original composition showing
numerous bioactive compounds with antibacterial, antitumor,
anti-inflammatory and diuretic activities. In a rat model of
selenite-induced cataract development, the aqueous total extract
of H. indicum significantly alleviated cataract at all dose
levels tested (0.1-3.0 mg/ml) preserving AQPO, an AQP highly
expressed in fiber cells of lenses, and other markers of lens
transparency proteins (Kyei et al., 2015).

Garlic has shown versatile therapeutic action in the
prevention and treatment of pathologies such as chronic
obstructive pulmonary disease (COPD). However, the specific
garlic bioactive component underlying this medicinal activity
remains elusive. Viscous COPD mucus secretions have been
explained also due to a down-regulation to which AQP5, an
AQP water channel highly expressed in lungs, undergoes.
Interestingly, S-allylmercapto-I-cysteine (SAMC), one of the
bioactive phytochemicals found in aged garlic, improved the
LPS-induced mucus secretion of a COPD cell model, the human
airway submucosal gland cell line (SPC-Al), up-regulating
AQP5 and mucin 5AC (MUC5AC) via NF-« B signaling pathway
(Yang et al., 2016).

Isotetrandrine is a biscoclaurine alkaloid, a bioactive
compound isolated from traditional Chinese herbs known
for reducing the astrocyte cytotoxicity in the neurological
autoimmune disorder such as neuromyelitis optica (NMO).
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CONCLUSIONS AND FUTURE
PERSPECTIVES

Foods are enriched with myriads of bioactive phytocompounds,
and research on their effects on human health is a quickly
growing field. The recent recognition that AQPs are among
the targets of food phytochemicals paves the way to potentially
novel therapeutic options dealing with prognosis and cure
of highly prevalent diseases (i.e., metabolic disorders, cancer,
neurological diseases, and inflammatory chronic diseases). While
the molecular mechanisms by which phytocompounds modulate
the expression or gating (i.e., by phloretin, curcumin, and
bacopaside II) of AQPs remains to be fully ascertained, there
are no doubts that the list of functional food ingredients and
herbal phytochemicals influencing AQPs is far from complete.
Studies are also warranted to confirm in humans the results
that have been obtained in vitro or with the use of rodent
models also taking into account the gender dimorphism
that may exist in terms of AQP expression and localization
(Rodriguez et al, 2015). It should also be considered that
bioactive phytocompounds are often not active per se, while
their metabolites are. Thus, new and potentially important
translational acquisitions are anticipated in the near future, in
this exciting field.
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Cancer is a leading cause of death worldwide, and its incidence is rising with numbers
expected to increase 70% in the next two decades. The fact that current mainline
treatments for cancer patients are accompanied by debilitating side effects prompts
a growing demand for new therapies that not only inhibit growth and proliferation
of cancer cells, but also control invasion and metastasis. One class of targets
gaining international attention is the aquaporins, a family of membrane-spanning water
channels with diverse physiological functions and extensive tissue-specific distributions
in humans. Aquaporins—1,—-2,—3,—4,—5,—8, and—9 have been linked to roles in cancer
invasion, and metastasis, but their mechanisms of action remain to be fully defined.
Aquaporins are implicated in the metastatic cascade in processes of angiogenesis,
cellular dissociation, migration, and invasion. Cancer invasion and metastasis are
proposed to be potentiated by aquaporins in boosting tumor angiogenesis, enhancing
cell volume regulation, regulating cell-cell and cell-matrix adhesions, interacting with
actin cytoskeleton, regulating proteases and extracellular-matrix degrading molecules,
contributing to the regulation of epithelial-mesenchymal transitions, and interacting
with signaling pathways enabling motility and invasion. Pharmacological modulators of
aquaporin channels are being identified and tested for therapeutic potential, including
compounds derived from loop diuretics, metal-containing organic compounds, plant
natural products, and other small molecules. Further studies on aquaporin-dependent
functions in cancer metastasis are needed to define the differential contributions of
different classes of aquaporin channels to regulation of fluid balance, cell volume, small
solute transport, signal transduction, their possible relevance as rate limiting steps, and
potential values as therapeutic targets for invasion and metastasis.

Keywords: aquaporin, cell migration, metastasis, cancer, invasion, pharmacology, drug

INTRODUCTION

Aquaporins

Aquaporins (AQPs) are a family of water channels that also include a subset of classes
shown to mediate transport of glycerol, ions, and other molecules (Li and Wang, 2017).
The first aquaporin to be cloned, aquaporin-1 (AQP1), was identified in red blood cells
and renal proximal tubules (Denker et al., 1988; Preston and Agre, 1991). In the Xenopus
laevis expression system, introduced AQP1 channels enabled high osmotic water flux
across the plasma membrane as compared to non-AQP control oocytes (Preston et al,
1992), explaining the mechanism enabling rapid transmembrane passage of water in certain
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types of cells. To date, 15 classes of aquaporin genes have
been identified in mammals (AQP0-AQP14), with AQPs 13
and 14 found in older lineages of mammals (Metatheria and
Prototheria) (Ishibashi et al., 2009; Finn et al., 2014; Finn and
Cerda, 2015). The first 13 aquaporins (AQP0-AQP12) have
been divided into categories based on functional properties
(Li and Wang, 2017). One comprises the classical aquaporins
(AQPO,—1,—2,—4,—5,—6,—8), which were thought initially to
transport only water, though some also transport gases, urea,
hydrogen peroxide, ammonia, and charged particles (Ehring and
Hall, 1988; Preston et al., 1992; Fushimi et al., 1993; Hasegawa
et al,, 1994; Raina et al., 1995; Ma et al., 1996, 1997a; Chandy
et al., 1997; Ishibashi et al., 1997b; Yasui et al., 1999; Anthony
et al., 2000; Nakhoul et al., 2001; Bienert et al., 2007; Herrera
and Garvin, 2011; Almasalmeh et al., 2014; Rodrigues et al.,
2016). A second category consists of the aquaglyceroporins
(AQP3,—7,—9, and—10), which are permeable to water and
glycerol, with some also exhibiting urea, arsenite, and hydrogen
peroxide permeability (Ishibashi et al., 1997a, 1998, 2002; Yang
and Verkman, 1997; Liu et al, 2002; Lee et al., 2006; Rojek
et al,, 2008; Miller et al., 2010; Watanabe et al., 2016). A possible
third category consists of AQP11 and AQP12, distantly related
paralogs with only 20% homology with other mammalian AQPs
(Ishibashi, 2009), which appear to carry both water and glycerol
(Yakata et al., 2011; Bjorkskov et al., 2017). The permeability of
AQP11 to glycerol could be important for its function in human
adipocytes, in which it is natively expressed (Madeira et al.,
2014). Aquaporins assemble as homo-tetramers, with monomers
ranging 26-34 kDa (Verkman and Mitra, 2000). In most AQPs,
each monomer is composed of six transmembrane domains and
intracellular amino and carboxyl termini, with highly conserved
asparagine-proline-alanine (NPA) motifs in cytoplasmic loop B
and in extracellular loop E (Jung et al., 1994). The NPA motifs
in loops B and E contribute to a monomeric pore structure that
mediates selective, bidirectional, single-file transport of water in
the classical aquaporins (Sui et al., 2001), and water and glycerol
in aquaglyceroporins (Jensen et al., 2001).

Intracellular signaling processes regulate AQP channels by
altering functional activity, intracellular localization, and levels
of expression in different cells and tissues. For example, the
peptide hormone vasopressin regulates excretion of water in
the kidney by augmenting water permeability of collecting duct
cells. Vasopressin induces phosphorylation of AQP2 (Hoffert
et al., 2006), stimulating the reversible translocation of AQP2
from intracellular vesicles to the apical plasma membrane
(Nielsen et al., 1995). Guanosine triphosphate (GTP) stimulates
AQP1-induced swelling of secretory vesicles in the exocrine
pancreas (Cho et al, 2002), with functional implications in
pancreatic exocrine secretions. Additionally, AQP1 ion channel
activity is activated by intracellular cGMP (Anthony et al,
2000), and phosphorylation of Y253 in the carboxyl terminal
domain regulates responsiveness of AQP1 ion channels to
c¢GMP (Campbell et al, 2012). Given the diverse array of
functional properties, mechanisms of regulation, and tissue-
specific distributions being discovered for aquaporins, it is
not surprising that different classes of aquaporins (AQP-
1,—2,—3,—4,—5,—8, and—9) have been implicated specifically in

the complex steps associated with cancer invasion and metastasis
(Table 1), suggesting specialized roles for these channels have
been arrogated into the pathological processes.

Cancer Invasion and Metastasis

Cancer is a leading cause of death worldwide, accounting for
8.2 million deaths in 2012 (Ferlay et al., 2015). The incidence
of cancer is rising steadily in an aging population, with
numbers expected to increase 70% in the next two decades
(Ferlay et al., 2015). Current treatments involve chemotherapy,
radiation therapy, and surgery (Miller et al., 2016), associated
with an array of side effects including nausea (Koeller et al.,
2002), impaired fertility and premature menopause (Howard-
Anderson et al., 2012; Wasilewski-Masker et al., 2014), painful
neuropathy (Gamelin et al., 2002; Rivera and Cianfrocca, 2015),
increased risk of cardiovascular disease (Monsuez et al., 2010;
Willemse et al., 2013), and loss of bone density (Gralow et al.,
2013). Inhibiting proliferation remains the primary focus of
cancer treatments, although the predominant cause of death is
cancer metastasis (Yamaguchi et al., 2005; Spano et al., 2012).
Less devastating cancer therapies might be achievable via a
combination of strategies that not only inhibit proliferation,
but also control metastasis of tumor cells from their primary
site to distant organs (Friedl and Wolf, 2003). Cancer cell
migration through the body exploits pathways including blood
stream, lymphatic system, and transcoelomic movement across
body cavities (Wyckoff et al., 2000; Pepper et al,, 2003; Tan
et al., 2006). The hierarchical nature of the metastatic cascade
suggests it should be vulnerable to intervention at multiple levels
including angiogenesis, detachment of cells from the primary
tumor, and infiltration of dissociated tumor cells into and out
of circulatory pathways via intravasation and extravasation,
respectively (Figure 1). AQPs that serve as rate-limiting steps in
the metastatic cascade should have substantial value as prognostic
markers and pharmacological targets for treatments.

ANGIOGENESIS

Both cancer invasion and metastasis are enhanced by
angiogenesis. Angiogenesis, activated in response to inadequate
oxygen perfusion, triggers extracellular matrix breakdown;
endothelial cell proliferation, differentiation, and migration; and
recruitment of periendothelial cells (Clapp and de la Escalera,
2006) which form discontinuous layers around vessels and exert
developmental and homeostatic control (Njauw et al., 2008).
Under physiological conditions, angiogenesis is seen in the
proliferative phase of the menstrual cycle (Demir et al., 2010),
development of fetal and placental vasculature (Demir et al.,
2007), and skeletal muscle following physical activity (Egginton,
2009). In pathological scenarios such as tumorigenesis, tissue
hypoxia stimulates the formation of new vasculature, enabling
tumors to better obtain nutrients, exchange gases, and excrete
waste (Nishida et al., 2006). Folkman et al. (1966) showed
that tumors up to 2mm in diameter could survive via passive
diffusion from surrounding tissue; but angiogenesis was essential
for support of larger tumors.
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TABLE 1 | Key roles of AQPs involved in cancer invasion and metastasis.

AQP Permeable to: Key physiological role(s) Cancer(s) up-regulated Key role(s) in cancer invasion and

metastasis

AQP1 e Water (Preston et al., 1992), e Water reabsorption in proximal Glioma (Saadoun et al., 2002a; El e Upregulated in response to tumor

monovalent cations (Anthony et al., tubule of the kidney for Hindy et al., 2013), mammary tissue hypoxia. Enables recruitment of
2000), CO2 (Nakhoul et al., 1998), concentrating urine (Ma et al., carcinoma (Endo et al., 1999), new tumor vasculature by enhancing

Ho05 (Almasalmeh et al., 2014), NO 1998; Schnermann et al., 1998) lung adenocarcinoma (Hoque endothelial cell migration
(Herrera et al., 2006), and NHz e Secretion of aqueous fluid from et al., 2006), colorectal carcinoma e Polarizes to leading and trailing edge of
(Nakhoul et al., 2001) ciliary epithelium in the eye, and (Moon et al., 2003), migrating cell, and enhances tumor cell
cerebrospinal fluid from the hemangioblastoma (Chen et al., migration and invasion by enabling rapid
choroid plexus (Zhang et al., 2006), and multiple myeloma membrane protrusion formation via cell
2002; Oshio et al., 2005) (microvessels) (Vacca et al., 2001) volume regulation and interaction with

e Perception of thermal cytoskeletal dynamics

inflammatory pain and e Enhances mesenchymal stem cell
cold-induced pain (Zhang and migration via FAK and B-catenin pathways

Verkman, 2010) e Might contribute to EMT
e Possible interaction with ECM-degrading

proteases

AQP2 e Water (Fushimi et al., 1993) * Water reabsorption in collecting Endometrial carcinoma (Zou et al., e Enables “traction” for migrating cell by
duct of the kidney to 2011) contributing to the regulation and recycling
concentrate urine (Rojek et al., of focal adhesion proteins (e.g., integrin)
2006) * Necessary in estradiol-induced invasion

and adhesion of endometrial carcinoma
cells, through reorganization of F-actin

AQP3 e Water (Echevarria et al., 1994), * Water reabsorption in collecting Lung cancer (Liu et al., 2007), e Upregulated by EGF, and contributes to

glycerol, urea (Ishibashi et al., 1994), duct of the kidney to hepatocellular carcinoma (Guo EGF-induced EMT and cancer migration
HoO5 (Miller et al., 2010), arsenite concentrate urine (Ma et al., et al., 20183), gastric cancer (Shen e Contributes to chemokine-dependent
(Lee et al., 2006), and NHz (Holm 2000) et al., 2010), prostate cancer cancer migration via enabling HoO» influx
et al., 2005) e Skin hydration (Ma et al., 2002) (Hwang et al., 2012), oesophageal and its downstream cell signaling
e Skin wound healing and oral squamous cell carcinoma ¢ Interacts with ECM-degrading proteases
(Hara-Chikuma and Verkman, (Kusayama et al., 2011), e Might enhance tumor cell migration and
2008a) colorectal carcinoma (Moon et al., invasion via regulation of cell protrusion
2003), skin squamous cell formation
carcinoma (Hara-Chikuma and
Verkman, 2008b), ovarian cancer
(Ji et al., 2008), pancreatic cancer
(Direito et al., 2017), and breast
cancer (Mobasheri and
Barrett-Jolley, 2014)

AQP4 * Water (Hasegawa et al., 1994) e Water reabsorption in collecting Glioma (Saadoun et al., 2002b) e Co-localizes with ion channels at leading
duct of the kidney to and meningioma (Ng et al., 2009) and trailing edges of migrating cancer cells
concentrate urine (Ma et al., e Enhances tumor cell migration and
1997b) invasion by enabling rapid membrane

* Transport of water into and out protrusion formation via cell volume
of the brain and spinal cord via regulation and interaction with cytoskeletal
blood-brain barrier (Manley dynamics
et al., 2000) e Might interact with ECM-degrading

e Neuroexcitation (Binder et al., proteases
2006)

* Enables astrocyte cell migration
following injury (Saadoun et al.,
2005b)

AQP5 e Water (Raina et al., 1995) and Hz2O» e Secretion of saliva (Ma et al., Prostate cancer (Li et al., 2014), * Promotes EMT

(Rodrigues et al., 2016) 1999) and airway mucus (Song chronic myelogenous leukemia e Co-localizes with ion channels at leading
and Verkman, 2001) (Chae et al., 2008a), colorectal and trailing edges of migrating cancer cells
carcinoma (Wang et al., 2012), e Enhances tumor cell migration and
hepatocellular carcinoma (Guo invasion by enabling rapid membrane
et al., 20183), lung cancer (Chae protrusion formation via cell volume
et al., 2008b), cervical cancer regulation
(Zhang et al., 2012), pancreatic * Might interact with EGFR/ERK1/2
cancer (Direito et al., 2017), and signaling pathway
breast cancer (Jung et al., 2011)
AQP8 e Water, urea (Ma et al., 1997a), HoO2 e Canalicular bile water secretion Cervical cancer (Shi et al., 2012, ¢ Not yet known
(Bienert et al., 2007), and NHz (Holm (Calamita et al., 2005) 2014)
et al., 2005; Saparov et al., 2007) e Colonic water reabsorption
(Yamamoto et al., 2007)
(Continued)
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TABLE 1 | Continued

AQP Permeable to: Key physiological role(s) Cancer(s) up-regulated Key role(s) in cancer invasion and
metastasis
AQP9 e Water, urea (Ishibashi et al., 1998), e Hepatic glycerol uptake and Glioblastoma (Fossdal et al., e Overexpression might correspond with

glycerol (Tsukaguchi et al., 1998),
arsenite (Liu et al., 2002), and HoO2
(Watanabe et al., 2016)

metabolism for glucose
production (Kuriyama et al.,
2002; Rojek et al., 2007;
Maeda et al., 2009)

Route for excretion of arsenic
by the liver (Carbrey et al.,
2009) and modulates arsenic
sensitivity in leukemia
(Bhattacharjee et al., 2004;
Leung et al., 2007)

2012), astrocytoma (Tan et al.,
2008), prostate cancer (Chen
etal., 2016)

reduced EMT and growth in hepatocellular
carcinoma

Might interact with ERK1/2 and MMP9 to
enhance prostate cancer invasion and
migration

Metastatic cells
establish in new
tissue

Angiogenesis

Invasion

FIGURE 1 | Flow diagram summarizing the steps in cancer metastasis. Metastasis involves the migration of cells from the primary tumor to distant organs. Large
tumors with tissue hypoxia rely on angiogenesis for vascular exchange of nutrients and waste. Primary tumor cells undergo phenotypic changes including loss of
cell-cell adhesions which enables cells to dissociate from primary tumor, invade the adjacent extracellular matrix (ECM), and intravasate into the blood or lymph

systems. Circulating tumor cells extravasate to seed secondary sites at which the process can reoccur.

AQP1I, expressed in peripheral vascular endothelial cells, is
involved in tumor angiogenesis (Nielsen et al, 1993; Endo
et al, 1999; Saadoun et al, 2002a; El Hindy et al, 2013;
Verkman et al, 2014). AQP1 knock-down in chick embryo
chorioallantoic membrane resulted in a dramatic inhibition of
angiogenesis (Camerino et al., 2006). Saadoun et al. (2005a)
found AQP1-deficient mice exhibited reduced tumor growth and
angiogenesis as compared to wild type, following subcutaneous
or intracranial B16F10 melanoma cell implantation. Their
work showed AQPI1-null endothelial cells from mouse aorta
had reduced motility as compared to wild-type, suggesting
AQP1 was needed to facilitate cell migration for angiogenesis.
Monzani et al. (2009) confirmed a reduced migration capacity
in human microvascular endothelial cells (HMEC-1) after
AQP1 knockdown by siRNA. AQP1 mRNA and protein
levels are increased in response to tissue hypoxia (Kaneko
et al, 2008; Abreu-Rodriguez et al, 2011). AQP1 facilitates

hypoxia-induced angiogenesis by enhancing endothelial cell
migration.

Angiogenesis is regulated by growth factors such as vascular
endothelial growth factor (VEGF), which stimulates endothelial
cell proliferation and angiogenesis in response to hypoxia (Suzuki
etal., 2006), through processes that could augment AQP1 activity
indirectly. Pan et al. (2008) found a positive correlation between
levels of AQP1 expression, intratumoral microvascular density,
and VEGF in endometrial adenocarcinoma. Similarly, AQP1
gene deletion correlated with reduced VEGF receptor expression
in mouse primary breast tumor cells (Esteva-Font et al., 2014),
and knockdown of AQP1 in human retinal vascular endothelial
cells with concurrent inhibition of VEGF caused an additive
inhibition of hypoxia-induced angiogenesis (Kaneko et al., 2008).
However, application of VEGF-neutralizing antibodies did not
alter AQP1 expression (Kaneko et al., 2008), and levels of VEGF
in primary breast tumors were not different between AQP1-null
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and wild-type mice (Esteva-Font et al., 2014), supporting the idea
that VEGF is regulated independently of AQP1 expression or
activity.

Other angiogenic factors, such as hypoxia-inducible factor
l-alpha (HIF-1a), induce AQP1 expression in low oxygen
conditions (Abreu-Rodriguez et al., 2011). The AQP1 gene
promoter carries a HIF-la binding site which drives AQP1
expression in response to hypoxia in cultured human retinal
vascular endothelial cells (HRVECs) (Tanaka et al, 2011),
and involves phosphorylation of p38 mitogen-activated protein
kinase (MAPK) (Tie et al., 2012). Estrogen signaling also targets
the promoter region of the AQP1 gene to increase transcription,
inducing enhanced tubulogenesis of vascular endothelial cells as
a model for angiogenesis (Zou et al., 2013). In summary, AQP1
is upregulated by angiogenic factors in response to hypoxia,
and necessary for endothelial cell migration and angiogenesis.
Therapies aimed at blocking transcriptional activation of AQP1
could impede cancer angiogenesis, if the treatment could be
spatially limited to the tumor site without impacting normal cell
functions.

CELLULAR DISSOCIATION AND
EPITHELIAL-MESENCHYMAL TRANSITION

Epithelial-mesenchymal transition (EMT) occurs in normal
physiological conditions such as implantation, embryogenesis,
and organ development, as well as pathological processes
such as cancer invasion and metastasis (Vicovac and Aplin,
1996; Thiery, 2002). During EMT, polarized epithelial cells
undergo biochemical changes to adopt a mesenchymal
phenotype, characterized by a loss of cell polarity, reduced
cell-cell adhesiveness, and enhanced invasive capacity (Thiery,
2002, 2003; Cavallaro and Christofori, 2004; Kalluri and
Weinberg, 2009; van Zijl et al, 2011). Epithelial cadherin
(E-cadherin), a transmembrane glycoprotein, enables calcium-
dependent tight adhesions between epithelial cells and links
to cytoskeletal elements (Angst et al., 2001; Alizadeh et al.,
2014). Downregulation of E-cadherin is a hallmark feature
of EMT (Cano et al,, 2000; Chua et al., 2007; Korpal et al.,
2008). EMT in cancer is induced by signals from the tumor-
associated stroma, including epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), hepatocyte-derived
growth factor (HGF), and transforming growth factor beta
(TGF-B) (Miettinen et al., 1994; Pagan et al.,, 1999; Lo et al.,
2007; Kong et al., 2009; Xu et al., 2009). These signals stimulate
transcription factors such as SNAI1 (SNAIL), SNAI2 (SLUG),
zinc finger E-box binding homeobox 1 (ZEB1), Mothers against
decapentaplegic homolog 2 (SMAD-2) and Twist, which are all
E-cadherin transcription repressors (Yang et al., 2004; Medici
et al., 2008).

Classes of aquaporins such as AQP3 have been implicated
in the EMT process. AQP3 up-regulation in response to EGF
in colorectal, gastric, and pancreatic cancers, is associated
with augmented cell migration, invasion, and metastasis
(Huang et al., 2010; Liu et al, 2012; Li et al, 2013). In
gastric cancer, EGF-induced AQP3 upregulation enhances

the mesenchymal transformation (Chen et al, 2014). Chen
et al. (2014) determined that mRNA and protein levels
of vimentin and fibronectin (proteins associated with
mesenchymal phenotype) were significantly increased in
cells with high levels of AQP3 expression but decreased in
AQP3-deficient cells. Conversely, E-cadherin expression was
significantly lower in cells with high AQP3 and increased
in AQP3-knockdown cells. The mechanisms for AQP3-
facilitated pancreatic and colorectal cancer cell migration
have not yet been determined. It will be interesting
to investigate whether AQP3 promotes EMT in these
cancers.

In addition to AQP3, AQPs 1, 4, 5, and 9 also have
been linked to EMT in different types of cancer cells. In
lung adenocarcinoma cells, AQP1 overexpression correlated
with the down-regulation of E-cadherin, and up-regulation of
vimentin (Yun et al., 2016). AQP4 knockdown in human breast
cancer was associated with increased levels of E-cadherin, and
in glioma cells with increased P-catenin (involved in actin
reorganization and cell-cell adhesion) and connexin-43 (a gap
junction protein that contributes to cell-cell signaling and
adhesion) (Ding et al, 2011; Li Y. et al, 2016), suggesting
AQP4 might enhance cell detachment from primary tumors.
However, opposing evidence showed knockdown of AQP4 in
primary human astrocytes correlated with down-regulation of
connexin-43 (Nicchia et al.,, 2005); and transfection of wild
type AQP4 into glioma cell lines caused enhanced adhesion
(McCoy and Sontheimer, 2007). In primary glial cells, AQP4
expression levels had no appreciable effect on cell-cell adhesion
under the conditions tested (Zhang and Verkman, 2008). In
human non-small cell lung cancer cells (NSCLCs), AQP5
increased invasiveness; conversely, expression of AQP5 mutant
channels lacking membrane targeting signals or the S156
phosphorylation site did not augment invasiveness (Chae et al.,
2008b). Overexpression of AQP5 in NSCLCs was associated with
a reduction in epithelial cell markers such as E-cadherin, a-
catenin, and y-catenin, and an increase in mesenchymal cell
markers such as fibronectin and vimentin, concomitant with
a mesenchymal change in morphology. Similarly, AQP3 and
AQP5 overexpression in pancreatic ductal adenocarcinoma is
accompanied by downregulation of E-cadherin and upregulation
of vimentin (Direito et al, 2017). The invasion-promoting
properties of AQP5 expression appear to depend on the c-Src
signaling pathway, a potent trigger of EMT (Guarino et al.,
2007; Chae et al, 2008b). High AQP5 expression correlated
with an increase in phosphorylated SMAD2, promoting EMT
in colorectal cancer, whereas AQP5 silencing was associated
with a down-regulation of phosphorylated SMAD2, and a
repressed EMT response (Chen et al, 2017). AQP9 is
downregulated in hepatocellular carcinoma; overexpression
corresponds to reduced growth and EMT, thus reducing
cancer invasion and metastasis (Li C. F et al, 2016; Zhang
et al, 2016). Evidence suggests that AQPs have different
effects depending on the type of cancer. Moreover, the state
of cancer progression, environmental factors, and the types
of assays used will be complicating factors; nevertheless,
AQPs have clear potential as diagnostic and prognostic
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biomarkers, and as therapeutic targets for modulation of
EMT, cell-cell adhesion, and dissociation phases of cancer
progression.

INVASION AND CELL MIGRATION

Cell migration involves the translocation of individual and
collective groups of cells through fluid or tissues, relevant for
survival in multicellular and single-celled organisms (Klausen
et al., 2003; Friedl et al., 2004). Migration enables physiological
morphogenesis, immunity, and tissue repair (Friedl et al,
2004; Friedl and Weigelin, 2008). In most mammalian cells,
migration is highest during development and morphogenesis
and decreases after terminal differentiation. In pathological
circumstances such as cancer, migration machinery can be
reactivated. AQPs—1,—3,—4, and—5,—8, and—9 are known to
contribute to cancer cell migration and invasion. Translocation
of cancer cells can be initiated by chemokines released from host
tissues, and growth factors such as EGF secreted by stromal cells
(Dittmar et al., 2008; Roussos et al., 2011).

AQP3 has been suggested to increase EGF-induced cancer
growth and migration by mediating H,O, flux (Miller et al.,
2010; Hara-Chikuma et al., 2016). H,O, is known as an
oxidative stressor, but is also a second messenger in cell
proliferation, differentiation and migration (Thannickal and
Fanburg, 2000; Rhee, 2006). AQP3 knockdown in skin and
lung cancer cell lines reduced EGF-induced H,O; influx,
and attenuated EGF signaling cascades (Hara-Chikuma et al,
2016), reducing migration and growth. H,O, also influenced
chemokine-dependent migration of T-cells and breast cancer
cells (Hara-Chikuma et al., 2012; Satooka and Hara-Chikuma,
2016). AQP1,—3,—5,—8, and—9 have all been suggested to
transport HyO, (Bienert et al., 2007; Miller et al, 2010;
Almasalmeh et al., 2014; Rodrigues et al., 2016; Watanabe et al.,
2016). All of these classes also have been linked with cancer cell
migration (Hu and Verkman, 2006; Shi et al., 2013; Li et al., 2014;
Chen et al.,, 2015; Zhang et al., 2016); however, H,O, transport
has thus far been linked only to AQP3 as a control mechanism in
cancer cell migration. Further work might show H,O, transport
in other classes of AQPs regulates cell motility and invasion.

Polarization

Key molecular and cellular events involved in cell migration
can be classified into five inter-dependent stages, which
are polarization, protrusion, cell-matrix adhesion, extracellular
matrix (ECM) degradation and retraction (Figure2). Cell
polarization provides functionally specialized domains in the
membrane and cytoplasm (Drubin and Nelson, 1996), typified
by asymmetric distributions of organelles, signaling mechanisms,
and membrane channels, transporters and receptors (Swaney
et al,, 2010). In movement, changes in cell polarization generate
leading and trailing edges, predominantly regulated by small
GTPases such as CDC42 (Johnson and Pringle, 1990; Allen
et al., 1998), which controls the recruitment of partitioning-
defective (PAR) proteins, atypical protein kinase C (aPKC),
and actin polymerization machinery (Etienne-Manneville and
Hall, 2003; Goldstein and Macara, 2007). AQPs—1,—4,—5,

and—9 have been shown to show polarized localization at
the leading edges of migrating cells. Specific co-distributions
with ion transporters such as the Nat/HT exchanger, the
CI7/HCOj; exchanger, and the Na'/-HCOj; co-transporter,
suggest sophisticated mechanisms for regulation of fluid influx
and efflux (Loitto et al., 2002; Verkman, 2005; Hara-Chikuma and
Verkman, 2006; Papadopoulos et al., 2008; Stroka et al., 2014),
potentially driving membrane protrusions for cell locomotion
(Schwab et al., 2007).

Protrusion

A migrating cell extends its leading edge into the ECM by
assembling a branched network of intracellular actin filaments,
predicted to yield a physical force that dynamically pushes
the membrane out, alternating with relaxation and actin
depolymerization (Wang, 1985; Theriot and Mitchison, 1991;
Pollard and Borisy, 2003). Membrane expansion requires the
vesicle fusion to support the increase in surface area (Bretscher
and Aguado-Velasco, 1998; Pierini et al., 2000; Fletcher and
Rappoport, 2010). Three types of protrusions found in motile
cells are lamellipodia, filopodia, and invadopodia. Lamellipodia
are broad, flat, actin-rich protrusions that extend in the direction
of locomotion and provide a foundation on which the cell
moves forward (Cramer et al, 1997). Filopodia are long,
thin protrusions of the membrane thought to be exploratory,
“sensing” the local environment (Mattila and Lappalainen, 2008).
Lamellipodial and filopodial formations are modulated by small
GTPases in the Rho family, such as Racl and CDC42 (Ridley
etal., 1992; Allen et al., 1997; Hall, 1998; Machesky, 2008), which
stimulate actin polymerization in response to growth factor
(Hall, 1998) and integrin receptor activations (Price et al., 1998).
Interestingly, AQP9-facilitated water flux appears to critical for
filopodial protrusion formation in fibroblasts, via the CDC42
pathway (Loitto et al., 2007). The Arp2/3 (actin-related protein
2/3) complex regulates the formation of new actin filaments in
migrating cancer cells, and is regulated by Scar/WAVE complex
(otherwise known as WANP), which interacts with the small
GTPase Racl for lamellipodial assembly (Ibarra et al.,, 2005).
Invadopodia are actin-rich, matrix-degrading protrusions that
appear when ECM degradation and cell adhesion are needed to
create space for movement, involving proteases such as MMP2,
MMP9, and MT1-MMP and src tyrosine kinase (Weaver, 2006).
Changes in cell volume during protrusion are assumed to require
rapid water flow (Condeelis, 1993), and could occur in part in
response to osmotic gradients governed by ion transport and
actin polymerization state (Diez et al., 2005; Disanza et al., 2005;
Schwab et al., 2007).

AQPs at the leading edges of migrating cells are well
positioned to facilitate cell volume changes and cytoskeletal
modifications during protrusion formation (Monzani et al,
2009; Jiang and Jiang, 2010; Klebe et al., 2015; Wei and Dong,
2015; Pelagalli et al,, 2016). AQP1 overexpression in B16F10
melanoma cells and 4T1 mammary gland tumor cells enhanced
cell migration and lamellipodial width in vitro, and augmented
metastasis in a mouse model (Hu and Verkman, 2006). AQP1
is proposed to enhance lamellipodial formation by increasing
membrane osmotic water permeability (Verkman, 2005; Hu
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FIGURE 2 | Key contributions of aquaporins in cell migration. (A) Forward
movement is preceded by establishing specialized loci within the cell, with
redistribution of aquaporins, ion transporters/exchangers, and actin
polymerization machinery to the leading edge. AQP-1,—4,—5, or—9 can be
found on leading edges of migrating cancer cells. (B) Protrusions of the
membrane might use water influx (down an osmotic gradient established by
ion transporters/exchangers) and actin polymerization beneath the plasma
membrane to dynamically push the membrane forward. AQP-1,—4, and—5
are implicated in water influx for protrusion extension in cancer cells; AQPs-1
and—4 also appear to interact with actin cytoskeleton. (C) Protrusions adhere
to the ECM using integrin to generate “traction” for cellular movement. AQP2
might modulate turnover of integrin at adhesion sites, enabling forward cellular
movement. (D) ECM degradation by enzymes can widen gaps through which
the cell body can penetrate. AQP-1,—3,—4 and—9 are suggested to interact
with ECM-degrading enzymes. (E) The final step is retraction of the cell trailing
edge, thought to use aquaporins for water efflux following by KT export.

and Verkman, 2006; Jiang, 2009), allowing water entry at the
leading edge to impose hydrostatic pressure, drive membrane
extension, and create space for actin polymerization. In addition

to water channel activity, AQP1 is also thought to be an ion
channel, proposed to allow gated conduction of monovalent
cations through the central tetrameric pore (Anthony et al., 2000;
Yu et al,, 2006). The dual water and ion conductance of AQP1
is essential for colon cancer cell migration in vitro (Kourghi
etal,, 2015). Conversely, in clinical cases of cholangiocarcinoma,
high AQP1 expression has been correlated with low metastasis
(Aishima et al., 2007; Sekine et al., 2016), suggesting that AQP1
might play different roles in different types of cancers.

Other classes of AQP water channels are not necessarily
interchangeable with AQP1 in facilitating cell migration (McCoy
and Sontheimer, 2007), suggesting features of AQP1 other than
simple osmotic water permeability are involved. AQP1-enhanced
cell migration might also be due to interactions with cytoskeletal
proteins. For example, Monzani et al. (2009) demonstrated
that AQP1 knockdown dramatically impeded actin cytoskeletal
organization in migrating human melanoma and endothelial cell
lines via interaction with Lin-7/B-catenin. The Lin-7/B-catenin
complex enables asymmetrical organization of filamentous actin
(F-actin). AQP1 might act as a scaffolding protein at the
leading edges. Jiang (2009) found that knocking down AQP1
was associated with re-localization of actin in migrating HT20
colon cancer cells, and a reduction in the activity of actin
regulatory factors RhoA and Rac. A PDZ domain in Lin-7 could
mediate interaction with rhotekin protein, which inhibits Rho
GTPase signaling that is involved in cell migration, invasion, and
cytoskeletal reorganization (Sudo et al., 2006). Rhotekin merits
further evaluation in models of AQP1-dependent cytoskeletal
organization.

A role for AQP4 in glioma cell migration has similarly
been proposed to occur through regulation of cell volume
and cytoskeletal interactions. Protein kinase C (PKC)-mediated
phosphorylation of AQP4 at serine 180 correlated with a
decreased glioma cell invasion (McCoy et al., 2010). AQP4-
facilitated glioma invasion is dependent on co-expression
of chloride channels (CIC2) and the potassium-chloride co-
transporter 1 (KCC1) in invadopodia, which could provide the
ionic driving force for water efflux leading to cell shrinkage
that could augment invasiveness through ECM (Mcferrin and
Sontheimer, 2006; McCoy et al., 2010). AQP4 effects on actin
cytoskeleton suggest a role for a-syntrophin, interacting with the
C-terminal domain of AQP4 at a PDZ-binding site (Neely et al.,
2001). In human glioma and primary astrocytes, reduced AQP4
expression correlated with dramatic morphological elongation,
reduced invasiveness, and impaired F-actin polymerization
(Nicchia et al., 2005; Ding et al., 2011).

AQP5 facilitates protrusion formation, volume regulation,
cell migration, and metastasis. AQP5 expression is correlated
with cell invasiveness and metastasis of human prostate cancer
(Li et al., 2014), lymph node metastasis in patients with colon
cancer (Kang et al, 2015), and metastatic potential of lung
cancer cells (Zhang et al., 2010). Moreover, Jung et al. (2011)
showed that a shRNA-induced reduction in AQP5 expression
in MCF7 breast cancer cells was associated with significantly
reduced cell proliferation and migration. The mechanism of
AQP5-facilitated cancer cell invasion and metastasis might be
due to its direct or indirect interaction with the epidermal growth
factor receptor/extracellular signal-regulated kinase (ERK1/2)
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pathway (Kang et al., 2008; Zhang et al., 2010), known to be
important in cancer metastasis and aggressiveness (Vicent et al.,
2004). Additionally, AQP5 mediates lung cancer cell membrane
osmotic water permeability, and has been suggested to contribute
to cancer cell migration and invasion by enabling rapid cell
volume regulation and subsequent protrusion formation (Chen
et al, 2011). The complementary role of ion transport for
migration in AQP5-expressing cells was supported by Stroka
et al. (2014), who found that cell migration through physically
confined spaces occurred despite block of actin polymerization
and myosin contraction, but relied on co-expression of the
Nat/H™ exchanger with AQP5, supporting AQP5-induced cell
volume regulation and its importance in cell motility.

AQP8 expression influences migration and invasion of
cervical cancer cells, and AQP3 expression enhances pancreatic
and colorectal cancer cell invasion and metastasis (Liu et al.,
2012; Li et al., 2013; Shi et al., 2013). Further work is needed
to investigate whether mechanisms of AQP3- and AQPS-
facilitated cancer cell migration and invasion involve cell volume
regulation, protrusion formation, cytoskeletal interaction, or
other functional properties of the AQP channels that remain to

be defined.

Cell-Matrix Adhesion

Cell-matrix adhesions, first observed in cultured fibroblasts,
connect the extracellular matrix to the actin cytoskeleton
(Curtis, 1964). During migration, contacts with substratum
must form to facilitate extension, and must detach to allow
forward displacement of the cell. Insufficient anchoring causes
protrusions to collapse, leading to a “membrane ruffling”
phenomenon (Vicente-Manzanares and Horwitz, 2011).
Protrusions adhere to ECM via integrin receptors, in turn
linked to intracellular actin filaments (Ridley et al., 2003).
The extracellular binding of integrin receptors to ECM ligands
initiates integrin clustering, and activates protein tyrosine kinases
and small GTPases. The organization of actin cytoskeleton and
cell polarity controls the positions of focal adhesions for cell
locomotion (Geiger et al., 2001; Martin et al., 2002). Cell-matrix
adhesions create the focal points for generation of traction to
pull the cell forward over the substratum.

Classes of aquaporins (AQP1-4) have been shown to interact
with adhesion molecules and to influence adhesive properties
of migrating cells. Increased AQPI in mesenchymal stem cells
enhances migration by a mechanism involving B-catenin and the
focal adhesion kinase (FAK) (Meng et al., 2014), which regulates
integrin signaling at focal adhesion sites (Schaller et al., 1992;
McLean et al., 2005; Zhao and Guan, 2011). Whether AQP1
and FAK also interact in cancer cell migration remains to be
tested. AQP2 appears to promote cell migration by modulating
integrin B1 at focal adhesion sites, by a mechanism thought to
involve an arginine-glycine-aspartate (RGD) motif in the second
extracellular loop of AQP2 (Chen et al., 2012). When AQP2 is
absent, integrin B1 is retained at focal adhesion sites, delaying
recycling of focal adhesions, thus reducing migration rate.
AQP2 also enables estradiol-induced migration and adhesion of
endometrial carcinoma cells by mechanisms involving annexin-2
and reorganization of F-actin (Zou et al.,, 2011). Knockdown of

AQP3 in human esophageal and oral squamous cell carcinoma
with siRNA correlated with reduced phosphorylation of FAK,
impaired cell adhesion and cell death (Kusayama et al., 2011);
these effects would be predicted to impair cancer cell migration.
AQP4 expression has been suggested to enhance cell-matrix
adhesion in cancer cells (McCoy and Sontheimer, 2007).
More research is needed to identify the intracellular signaling
mechanisms and to determine whether other AQP classes alter
cell migration via modulation of cell adhesion.

ECM Degradation

Extracellular matrix degradation widens pathways through
which cells can penetrate tissues, and reduces the distortion of
the rounded cell body needed for physical progress (Brinckerhoft
and Matrisian, 2002; Mott and Werb, 2004). Invadopodia sprout
from leading edge filopodia, extending through tiny channels
in the ECM, and adhere to ECM collagen fibers (Weaver,
2006; Friedl and Wolf, 2009). To accommodate displacement
of the cell body, constraining ECM fibers are cleared by local
proteolysis, using surface proteases such as zinc-dependent
matrix metalloproteinases (MMP) and serine proteases (Nagase
and Woessner, 1999; Netzel-Arnett et al., 2003; Wolf et al.,
2007). AQPs—1,—3,—4, and—9 have been shown to interact with
specific MMPs to facilitate ECM degradation and invasion.

In lung cancer cells, migration was facilitated by AQP1
expression, linked to expression of MMP2 and MMP9 (Wei and
Dong, 2015). In gastric cancer cells (SGC7901), AQP3 levels
were correlated with MMP2, MMP9, and MT1-MMP levels, and
enhanced invasiveness via phosphoinositide 3-kinase signaling
(Xu et al., 2011). Positive correlations between AQP3, MMP2,
and MMP9 and cancer invasiveness also occur in lung cancer
(Xia et al., 2014; Xiong et al., 2017). In prostate cancer, AQP3
expression is correlated with up-regulation of MMP3 via ERK1/2
signaling, with increased cell motility and invasion (Chen et al.,
2015). In glioma, AQP4 levels correlated with migration and
invasiveness in vitro and in vivo through a mechanism involving
MMP2 (Ding et al, 2011). AQP9 upregulation in prostate
cancer could enhance growth, migration, and invasion involving
ERK1/2 signaling; reduced levels of phosphorylated ERK1/2 and
MMP9 were observed in AQP9-deficient cell lines (Chen et al.,
2016). These studies suggest one of the key components of AQP-
mediated facilitation of cancer cell invasion is the regulation of
MMP proteases needed for degradation of ECM.

Retraction

Following integrin-ligand binding, cross-linking proteins such
as myosin II contract the actin filament strands (Vicente-
Manzanares et al., 2009), developing tension against the intact
adhesion points (Chrzanowska-Wodnicka and Burridge, 1996).
The final step in the cycle of cell movement is retraction of the
trailing edge. A working model is that membrane tension opens
stretch-activated Ca?* channels, activating calpain and triggering
disassembly of focal adhesion proteins on the trailing edge, while
concurrent K efflux drives volume loss at the cell rear, resulting
in detachment and net translocation along the substrate. In this
model, the role of AQP channels is to facilitate osmotic water
efflux in response to K* efflux (Huttenlocher et al., 1997; Palecek
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et al., 1998; Schwab et al., 2007) presumably in parallel with
electroneutral efflux of chloride ions.

AQP PHARMACOLOGY AND
THERAPEUTIC IMPLICATIONS IN CANCER
INVASION AND METASTASIS

Aquaporin pharmacological agents have attracted keen interest
for their potential therapeutic uses in diseases involving impaired
fluid homeostasis. Aquaporins in cancer metastasis are new
translational targets for AQP modulators. Known and proposed
inhibitors of AQPs include cysteine-reactive metals such as
mercury (II) chloride (HgCly) (Preston et al, 1993), gold-
based compounds (Martins et al., 2013), carbonic anhydrase
inhibitor acetazolamide (Ma et al., 2004a; Gao et al., 2006), and
small molecule inhibitors such as tetraethylammonium (TEA™T)
(Brooks et al, 2000), although the small molecule blockers
vary in efficacy between preparations. The pharmacological
panel for AQPs has been expanding steadily, with new
compounds being discovered around the world, including for
example the University of Niigata, Japan (Huber et al., 2009),
Radboud University, Netherlands (Detmers et al., 2006), the
Faculty of Pharmacy, University of Lisbon, Portugal (Martins
et al., 2012), the Institute of Food and Agricultural Research
and Technology, Barcelona, Spain (Seeliger et al., 2012), the
University of Adelaide, Australia (Niemietz and Tyerman,
2002; Yool, 2007), the University of Groningen, Netherlands
(Martins et al., 2013), the University of Kiel, Germany (Wu
et al, 2008), and others. This review focuses specifically on
selected AQP pharmacological agents that to date have been
tested in models of cancer cell migration and metastasis
(Table 2).

Acetazolamide and Topiramate

Acetazolamide and topiramate are FDA-approved drugs that
inhibit carbonic anhydrase. Acetazolamide at 100puM was
reported to inhibit water channel activity by 39% for AQP1
expressed in human embryonic kidney (HEK293) cells (Gao
et al, 2006), and by 81% at 10uM in the Xenopus oocyte
expression system (Ma et al., 2004a). AQP4 activity was inhibited
by 47% at 1,250 M in proteoliposomes (Tanimura et al,
2009). However, acetazolamide (at doses up to 10,000 wM)
did not block water flux in erythrocytes with native AQP1
expression, or epithelial cells transfected with AQP1 (Yang
et al., 2006; Segaard and Zeuthen, 2008). Acetazolamide
inhibited angiogenesis in a chick chorioallantoic membrane
assay, and tumor growth and metastasis in mice with Lewis
lung carcinoma (Xiang et al., 2002, 2004), perhaps as a result of
reduced AQP1 expression (Bin and Shi-Peng, 2011). Topiramate
reduces Lewis lung carcinoma growth and metastasis, with
effects similarly attributed to suppression of AQP1 expression
(Ma et al, 2004b). It will be of interest to compare the
effects of acetazolamide and topiramate on angiogenesis,
tumor growth, and metastasis with those of AQP1 channel
inhibitors.

Tetraethylammonium

TEA™ is an inhibitor of voltage-gated potassium channels,
calcium-dependent  potassium  channels, the nicotinic
acetylcholine receptor, and it has also been shown to block
AQP-1,—2, and—4 water permeability in Xenopus laevis oocytes
and kidney derived cell lines (Brooks et al., 2000; Yool et al.,
2002; Detmers et al., 2006). However, inhibition of AQP1 water
permeability by TEA™ is variable, having been confirmed by
some groups (Detmers et al., 2006), and challenged by others
(Sogaard and Zeuthen, 2008). Yang et al. (2006) reported no
block of water flux by TEA™ in erythrocytes with native AQP1, or
in epithelial cells transfected with AQP1, and suggested previous
positive results might have been due to inhibition of K* channels
and altered baseline cell volume; however, the observation
that site-directed mutation of AQPI altered TEA sensitivity
(Brooks et al., 2000) ruled out this alternative explanation. TEA™
block of AQP1 water permeability reduced cell migration and
invasion in in vitro models of osteosarcoma and hepatocellular
carcinoma (Pelagalli et al., 2016), with outcomes interpreted as
consistent with action of TEA" as a possible AQP1 inhibitor.
However, given the variability in efficacy and cross-talk with
other channels, TEAT is not an ideal candidate for clinical
development, although the targets causing the observed block
of cancer cell migration and invasion might merit further
investigation.

Bumetanide Derivatives

Bumetanide is a sulfamoylanthranilic acid derivative used
clinically to increase diuresis by blocking sodium cotransporter
activity at the loop of Henle in the nephron. Molecular derivatives
of bumetanide have been synthesized and found to exhibit
inhibitory effects on classes of AQP channels. For example,
the bumetanide derivative AqB013 blocks osmotic water fluxes
mediated by mammalian AQP1 and AQP4 channels expressed in
Xenopus laevis oocytes (Migliati et al., 2009). The water channel
blocker AqB013 was shown to inhibit endothelial tube formation
and colon cancer cell migration and invasion in vitro (Dorward
etal., 2016). Other bumetanide derivatives, AqB011 and AqB007,
block the AQP1 ion conductance, but not water flux (Kourghi
et al.,, 2015). In AQP1, the central tetrameric pore is thought to
be permeable to monovalent cations, CO,, and NO (Nakhoul
et al., 1998; Herrera et al., 2006; Yu et al., 2006; Musa-Aziz et al.,
2009), although some work questioned AQP1-mediated CO; and
cation transport properties (Yang et al., 2000; Fang et al., 2002;
Tsunoda et al., 2004). An ionic conductance in AQP1-expressing
Xenopus oocytes stimulated with forskolin was first reported in
1996 (Yool et al., 1996); however, the forskolin response proved
to be inconsistent when repeated by other groups (Agre et al,
1997). Further work showed the forskolin effect was indirect; the
direct regulation of the AQP1 cation conductance depended on
c¢GMP binding (Anthony et al.,, 2000). The reason that AQP1
cation channels have low opening probability (Saparov et al,
2001) or are not detectable (Tsunoda et al., 2004) reflects the
availability of AQP1 to be gated by ¢cGMP, which depends
on tyrosine phosphorylation status of the carboxyl terminal
domain, suggesting the AQP1 ion channel function is highly
regulated (Campbell et al., 2012). With the discovery of AQP1
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TABLE 2 | Summary of AQP pharmacology used in cancer invasion and metastasis.

Molecule name Molecular structure

AQP activity

Effect

TEAT ¢ Inhibits AQP1, AQP2, and AQP4 ® Inhibits osteosarcoma
= water flux (Brooks et al., 2000; Yool and hepatocellular
N et al., 2002; Detmers et al., 2006) carcinoma cell migration
el and invasion (in vitro)
(Pelagalli et al., 2016)
Acetazolamide e Inhibits AQP1 and AQP4 water flux e Inhibits angiogenesis and
(Ma et al., 2004a; Tanimura et al., metastasis in Lewis lung
H S \\S; 0 2009) carcinoma (in vivo) (Xiang
W \ W/ \ e Suppresses AQP1 expression et al., 2002, 2004)
N—N NH, (Xiang et al., 2004) * Suppresses tumor growth
o in colon cancer (in vivo)
(Bin and Shi-Peng, 2011)
Topiramate O, ® Suppresses AQP1 expression (Ma e Suppresses Lewis lung
~ (I)I et al., 2004b) carcinoma growth and
Oi.. w metastasis (in vivo) (Ma
o B ﬁ Nk et al., 2004b)
[} o
K
AgB0O07 ¢ Inhibits AQP1 ion flux (Kourghi ¢ Inhibits colon cancer cell
etal., 2015) migration (in vitro)
NN (Kourghi et al., 2015)
NH
(0]
N
//
,/\N /\/ 9
/7" NH,
N 0 o
&
AgBO11 ¢ Inhibits AQP1 ion flux (Kourghi e |nhibits colon cancer cell
etal, 2015) migration (in vitro)
NN Kourghi et al., 2015
NH (Kourg )
(0]
/ |
H 0
N & N S//
/7" “NH,
o) (o]
AgBO13 e Inhibits AQP1 and AQP4 water flux e Inhibits endothelial tube

(6)
H 0
N /,
= s/\
| /7" “NH,
N_ _— 0 o

(Migliati et al., 2009)

formation and colon
cancer cell migration (in
vitro) (Dorward et al.,
2016)

(Continued)
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TABLE 1 | Continued

Molecule name  Molecular structure AQP activity Effect
Bacopaside | * Inhibits AQP1 water flux (Pei et al., * Inhibits colon cancer cell
2016) migration (in vitro) (Pei
et al., 2016)
Q
HO—§—O
O
HO
HO OH
Curcumin ® |nhibits EGF-induced AQP3 e |nhibits ovarian cancer
H.CO OH upregulation (Ji et al., 2008) cell migration (in vitro) (Ji
¢ et al., 2008)
-
HO Y OCH,4
Bacopaside Il o Inhibits AQP1 water flux (Pei et al., e |nhibits colon cancer cell
2016) migration (in vitro) (Pei
et al., 2016)
Ginsenoside Rg3 e Suppresses AQP1 expression (Pan e Inhibits prostate cancer
etal, 2012) cell migration (in vitro)

(Pan et al., 2012)

H
H

HO
(o)

HO
00

0]

HO
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ion blocking agents, AqB0O11 and AqBO007, the physiological
function of the ion channel activity could finally be addressed.
When applied to AQP1-expressing HT29 colon cancer cells, these
inhibitory compounds significantly reduced cancer cell motility
(Kourghi et al., 2015), suggesting a physiological role of AQP1
ion conductance in cell migration. Mutation of the candidate
binding site in the AQP1 intracellular loop D domain removed
sensitivity to AqBO11, showing that the inhibitory mechanism
directly involved the AQP1 channel and could not readily be
attributed to off-target actions on other channels or transporters
(Kourghi et al., 2018). Another bumetanide derivative AqB050
was shown to inhibit mesothelioma cell motility and metastatic
potential in vitro, but not in vivo (Klebe et al., 2015). The
mechanism of action of AqB050 in blocking mesothelioma cell
motility in vitro remains to be determined.

Plant-Based Derivatives

Plant-based derivatives that reduce cancer cell migration and
invasion include agents that have also have been found to
inhibit AQPs. Bacopa monnieri is a perennial herb native to
the wetlands of India that is used in alternative medicinal
therapies. Chemical constituents bacopaside-I and bacopaside-
II, were shown to block AQP1 but not AQP4 water channels
(Pei et al., 2016). Pei and colleagues also found that bacopaside-
I and bacopaside-II attenuated migration of colon cancer cell
lines expressing high levels of AQP1, but had no effect on lines
with low AQPI, suggesting the inhibitory effects were AQP1-
specific. Ginsenoside Rg3 from a traditional Asian medicinal
plant Panax ginseng is an intriguing candidate for possible anti-
metastatic therapies. Ginsenoside Rg3 inhibited prostate cancer
cell migration and was associated with downregulation of AQP1
expression via the p38 MAPK pathway and transcription factors
(Pan et al,, 2012). Effects of Ginsenoside Rg3 directly on water
channel activity, or on expression levels of other aquaporins,
remain unknown. Curcumin is a naturally occurring ingredient
in turmeric, used as therapeutic tool for pathologies including
cancer (Gupta et al,, 2013). Curcumin was found to inhibit
EGF-induced upregulation of AQP3 and migration in human
ovarian cancer cells, via inhibition of AKT/ERK and PI3K
pathways (Ji et al., 2008); however, curcumin affects a number
of biochemical pathways and might not be suited when AQP-
specific modulation is required (Aggarwal et al., 2003). Research
on the effects of curcumin in other cancers such as gastric
cancer, in which EGF-induced AQP3 up-regulation occurs, might
further understanding of the role of AQP3 in cell migration and
invasion (Huang et al., 2010).

Metal-Based Inhibitors

Mercury has classically been used as an AQP1 inhibitor. In the
human AQP1 monomer, the NPA motif in loop E is near cysteine
189, which is the site at which mercury inhibits osmotic water
permeability (Preston et al, 1993). Lack of a cysteine in the
corresponding position is consistent with mercury insensitivity
in mammalian AQP4 (Preston et al., 1993). However, mercury
is not a promising candidate for AQP-specific modulation or

therapeutic application due to its toxicity and non-specific side-
effects. Metal-based inhibitors that have been tested in models
of cancer include AQP3 inhibitors such as NiCl, (Zelenina
et al., 2003) and CuSOy4 (Zelenina et al., 2004), which inhibited
EGF-induced cell migration in human ovarian cancer cells.
Auphen is a gold-based compound which, when administered
at concentrations of 100 wM, blocks AQP3 glycerol transport
by 90%, and water transport by 20% in human red blood cells
(Martins et al., 2012). Auphen also blocks proliferation in various
mammalian cell lines, including human epidermoid carcinoma,
by inhibiting AQP3 glycerol transport (Serna et al., 2014). This
merits more research into the importance of AQP3-facilitated
glycerol transport in cancer invasiveness, and whether gold-based
compounds such as auphen can also be used to suppress cancer
invasion and metastasis.

CONCLUSION

Aquaporin-dependent mechanisms serve as key steps throughout
the process of metastasis, in angiogenesis, cellular dissociation,
cell migration and invasion. AQPs—1,—2,—3,—4,—5,—8, and—9
contribute to one or more processes, generally potentiating
cancer invasion and metastasis by boosting tumor angiogenesis,
enhancing cell volume regulation, regulating cell-cell and cell-
matrix adhesions, interacting with the actin cytoskeleton,
regulating proteases and ECM degrading molecules, contributing
to the regulation of epithelial-mesenchymal transition in cancer
cells, and interacting with specific signaling pathways important
in cancer cell motility and invasions. Pharmacological agents
for aquaporin channels have therapeutic promise for improving
cancer treatment, and include derivatives of bumetanide, organic
metal compounds, plant medicinal agents, and other small
molecule compounds. Although conflicting evidence has been
raised for some compounds, there is nevertheless a compelling
need to continue identifying novel candidates for AQP-specific
modulators relevant not only for the treatment of cancer, but
other pathological conditions. In conclusion, although much
remains to be defined for molecular mechanisms in cancer
invasion and metastasis, the roles of AQP channel function
in cancer progression will inspire new therapeutic targets for
improving treatment of malignant and invasive carcinomas.
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Identification of Loop D Domain
Amino Acids in the Human
Aqguaporin-1 Channel Involved in
Activation of the lonic Conductance
and Inhibition by AgB011

Mohamad Kourghi, Michael L. De leso, Saeed Nourmohammadi, Jinxin V. Pei and
Andrea J. Yool*

Aquaporin Physiology and Drug Discovery Program, Adelaide Medical School, University of Adelaide, Adelaide, SA, Australia

Aquaporins are integral proteins that facilitate the transmembrane transport of water
and small solutes. In addition to enabling water flux, mammalian Aquaporin-1 (AQP1)
channels activated by cyclic GMP can carry non-selective monovalent cation currents,
selectively blocked by arylsulfonamide compounds AgB007 (ICs5g 170 wM) and AgB011
(ICs0 14uM). In silico models suggested that ligand docking might involve the
cytoplasmic loop D (between AQP1 transmembrane domains 4 and 5), but the predicted
site of interaction remained to be tested. Work here shows that mutagenesis of two
conserved arginine residues in loop D slowed the activation of the AQP1 ion conductance
and impaired the sensitivity of the channel to block by AgB011. Substitution of residues
in loop D with proline showed effects on ion conductance amplitude that varied with
position, suggesting that the structural conformation of loop D is important for AQP1
channel gating. Human AQP1 wild type, AQP1 mutant channels with alanines substituted
for two arginines (R159A+R160A), and mutants with proline substituted for single
residues threonine (T157P), aspartate (D158P), arginine (R159F, R160P), or glycine
(G165P) were expressed in Xenopus laevis oocytes. Conductance responses were
analyzed by two-electrode voltage clamp. Optical osmotic swelling assays and confocal
microscopy were used to confirm mutant and wild type AQP1-expressing oocytes were
expressed in the plasma membrane. After application of membrane-permeable cGMP,
R159A+R160A channels had a significantly slower rate of activation as compared with
wild type, consistent with impaired gating. AQP1 R159A+R160A channels showed
no significant block by AgB011 at 50 M, in contrast to the wild type channel which
was blocked effectively. T157P, D158P, and R160P mutations had impaired activation
compared to wild type; R159P showed no significant effect; and G165P appeared to
augment the conductance amplitude. These findings provide evidence for the role of the
loop D as a gating domain for AQP1 ion channels, and identify the likely site of interaction
of AgB011 in the proximal loop D sequence.

Keywords: major intrinsic protein, MIP, AQP1, water channel, non-selective cation channel, cyclic GMP,
arylsulfonamide
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INTRODUCTION

Aquaporins (AQPs) are a diverse family of channels for water and
solutes, classified as major intrinsic proteins (MIPs) (Benga et al.,
1986; Agre et al., 1993; Reizer et al., 1993). In mammals, classes
of AQPs are differentially expressed in endothelial, epithelial and
other cell types, and comprise key components of mechanisms
for fluid homeostasis in single cells, barrier tissues, and organs
(Nielsen et al.,, 1993; Boassa and Yool, 2005; Hachez and
Chaumont, 2010). Some classes of aquaporin channels have been
found shown to transport molecules other than water across the
cell membrane, including glycerol, ammonia, urea, protons, as
well as CO, and O, gases (Madeira et al., 2014; Kitchen et al,,
2015), and ions (Yool, 2007; Yool and Campbell, 2012).

Aquaporin ion channel functions have been described for
multiple members of the MIP family. Recent work has shown
that a plant aquaporin channel (AtPIP2;1) serves as a non-
selective cation channel that is sensitive to Ca*" and pH (Byrt
et al, 2016), addressing a mystery regarding the molecular
basis of a Ca?'-inhibited leak current known to be involved
in environmental stress responses of roots (Demidchik and
Tester, 2002). The insect aquaporin Big Brain (BIB) channel
in Drosophila (Yanochko and Yool, 2002) and mammalian
lens MIP (AQPO0) have been characterized as ion channels
(Zampighi et al., 1985; Ehring et al., 1990); their importance
of these channels is evident from the consequences of genetic
knockouts resulting in impaired nervous system development
(Rao et al.,, 1992) and cataract formation (Berry et al., 2000),
respectively. However the precise roles of their ion channel
activities in cell signaling and development remain to be
determined.

Controversy on the role of AQPI as an ion channel, first
proposed in 1996 (Yool et al., 1996), stemmed from a paradigm
which stated AQP1 was nothing but a water channel (Tsunoda
et al., 2004). An extensive body of work published since has
shown: (i) AQP1 is a dual water and cation channel with a
unitary conductance of 150 pS under physiological conditions,
permeable to Nat, KT, and Cs*, and gated by the binding
of cGMP at the intracellular loop D domain (Anthony et al.,
2000; Yu et al, 2006). (ii) AQP1 carries water through the
individual intra-subunit pores, whereas cations pass through
the central pore of the tetramer (Yu et al, 2006; Campbell
et al., 2012). (iii) Single channel activity of natively expressed
AQP1 is selectively lost after small interfering knockdown of
AQP1 expression (Boassa et al, 2006). (iv) The availability
of AQPI to be activated as an ion channel is regulated by
tyrosine kinase phosphorylation of the carboxyl terminal domain
(Campbell et al., 2012). (v) AQP1 ion channel properties are
altered by site-directed mutagenesis of the central pore domain,
which changes the cationic selectivity of the current, and creates
a gain-of-function blocking site by Hg?" via introduction of
a cysteine residue at the extracellular side (Campbell et al.,
2012). (vi) Mutations of the carboxyl terminal domain of
hAQP1 alter the efficacy of cGMP in activating the ionic
conductance (Boassa and Yool, 2003). (vii) Molecular dynamic
simulations confirmed it was theoretically feasible to move
Na™ ions through the AQP1 central pore and identified the

cytoplasmic loop D domain as involved in gating of the ion
channel; mutation of key loop D residues impaired ion channel
activation without preventing water channel activity (Yu et al,,
2006).

The ability to change specific ion channel properties of
activation, ion selectivity, and block using site-directed mutations
of the AQP1 amino acid sequence have provided convincing
evidence that AQP1 directly mediates the observed ionic current
(Anthony et al., 2000; Boassa and Yool, 2003; Yu et al., 2006;
Campbell et al., 2012). The alternative suggestion that responses
were due to unidentified native ion channels translocated into
the membrane along with AQP1 was ruled out by these studies,
which showed that the altered ion channel functions associated
with mutations of AQP1 did not prevent normal assembly and
plasma membrane expression of AQP1 channels as evidenced by
immunolabeling, western blot, and measures of osmotic water
permeability.

While the ion channel function of AQP1 was confirmed
independently by other groups (Saparov et al., 2001; Zhang
et al., 2007), the physiological relevance of AQPI ion channel
function remained uncertain, given the low proportion of ion
conducting channels observed in reconstituted membrane assays.
Mathematical modeling tested the premise, assuming only a
tiny fraction of AQPI acted as ion channels, and showed the
predicted effects were sufficient for a meaningful impact on
net transport in epithelial cells (Yool and Weinstein, 2002).
Interestingly the relative amplitudes of ion currents and water
fluxes for mammalian AQP6, also thought to be a dual water and
ion channel (Yasui et al., 1999), were similar to those of AQP1,
suggesting AQP6 similarly has a low proportion of functioning
ion channels within the total population. Although high densities
of water channels might be needed to move substantial fluid
volumes, the apparently low ratios for aquaporins reinforce a
basic concept in the ion channel field; relatively few charge-
selective ion channels are needed to alter transmembrane voltage
gradients (Hille, 2001).

With development of the first selective AQP1 ion channel
inhibitor AqB011 (Kourghi et al., 2016), the question of the
physiological function of the AQP1 ion channel could be directly
addressed. Kourghi and colleagues showed AqBO11 selectively
inhibited migration in AQP1-expressing cancer cell lines, but
not in those without AQP1, demonstrating that the AQP1 ion
conductance can serve an essential role in cellular functions such
as migration. Of the pharmacological inhibitors of AQP1 ion
channel identified thus far, AqB011 is the most potent (ICs
14 uM). Osmotic water fluxes in hAQPI-expressing oocytes
were not altered by 200 uM AqBO11, indicating the block is
selective for AQP1 ion channel activity. Molecular docking
models suggested loop D domain as a candidate binding site for
the AqB011 (Kourghi et al., 2016), but the prediction remained
to be tested.

The role of AQP1 loop D residues in ion conductance
activation and in mediating block by AqB011 was tested
here using site-directed mutations of amino acids. Conserved
arginine residues at positions 159 and 160 in human AQP1
were mutated to alanines. As compared with wild type, the
cGMP-mediated activation of the AQP1 ionic conductance
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FIGURE 1 | Human AQP1 ionic conductances activated by cGMP differ in
sensitivity to the inhibitor AgB011 in wild type and R159A+R160A expressing
oocytes. (A) Electrophysiology traces showing currents recorded in control
non-AQP oocytes, and in hAQP1 wild type and R159A+R160A expressing
oocytes. The current traces are shown prior to stimulation (initial), after the first
maximal response to CPT-cGMP (1st cGMP), and after the second maximal
response (2nd cGMP) following a 2 h incubation with 50 wM AgBO011 or vehicle
(DMSO). (B) Trend plots show the ionic conductance amplitudes for individual
oocytes through each series of treatments for AQP1 wild type, mutant, and
non AQP-expressing control oocytes, measured before stimulation (initial),
after the first CPT-cGMP (1st cGMP), after 2-h recovery in cGMP-free saline
containing vehicle or 50 uM AgBO11 (“incubat”), and after the second
CPT-cGMP (2nd cGMP). (C) Compiled box plot data illustrate statistically
significant block of AQP1 wild type but not R1569A+R160 ion conductances
following incubation in 50 uM AgBO11. n values are above the x-axis. Boxes
show 50% of data points; error bars show the full range; horizontal bars show
median values. “***p < 0.0001.

response was significantly slower in R159A+R160A channels,
the maximal amplitude of the activated current in the
mutant construct was reduced as compared to wild type,
and the mutant was insensitive to the inhibitor AqBOII.
Human AQP1 mutant constructs in which proline was
substituted for conserved single residues threonine (T157P),
aspartate (D158P), arginine (R159P, R160P), and glycine
(G165P) showed differential effects on conductance activation
depending on position, which suggested the conformation of
loop D is important for AQP1 jon channel gating. Proline
enables tight bends in peptide structures (Vanhoof et al,
1995). These results support the role of conserved loop
D residues in AQP1 ion channel activation and inhibition
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FIGURE 2 | Rates of activation of ion conductance responses to CPT-cGMP
in oocytes expressing AQP1 wild type or R159A+R160A channels. (A) lon
current responses were monitored after application of CPT-cGMP using
repeated series of brief steps to +40, 0, and —80 mV from a holding potential
of —40mV (10 per minute; 150 ms each). Traces are shown at 4 min intervals
for clarity. Numbers indicate time in minutes post-application of CPT-cGMP.
(B) The plot of steady state current amplitudes at +40 mV as a function of time
after application of CPT-cGMP at time zero illustrates the difference in latency
to activation in representative examples of AQP1 wild type and
R159A+R160A expressing oocytes.
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by AqBO11, and provide further support for the concept
that loop D is a gating domain for the AQP1 central
ion pore.
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FIGURE 3 | Confirmation of expression of AQP1 wild type and AQP1
R159A+R160 mutant channels in cocyte plasma membranes by significantly
increased osmotic water permeabilities as compared to non-AQP1 expressing
controls. (A) Osmotic water permeabilities (mean + SEM) assessed by
quantitative swelling assays for AQP1 wild type (open circles) and AQP1
R159A+R160 mutant (squares) compared with non-AQP1 expressing control
oocytes (filled circles). Relative volumes as a function of time after introduction
into 50% hypotonic saline at time zero were measured from video-imaged
cross-sectional areas. (n = 6 per group). (B) Box plot data showing osmotic
swelling rates were higher in oocytes expressing AQP1 wild type and AQP1
R159A+R160 mutants than non-AQP1 expressing controls (one way ANOVA;
post-hoc Bonferroni tests). *p < 0.05; ***p < 0.0001; n = 6 per group. Boxes
show 50% of data points; error bars show the full range; horizontal bars show
median values.

MATERIALS AND METHODS

Oocyte Preparation and Injection

Unfertilized oocytes were harvested by partial ovariectomy from
anesthetized Xenopus laevis frogs following national guidelines
(Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes), and approved by the University of Adelaide
Animal Ethics Committee (approval # M2013-167). Oocytes
were defolliculated with collagenase (type 1A, 1 mg/ml; Sigma-
Aldrich, St. Louis, MO) in the presence of trypsin inhibitor (0.05
mg/ml; Sigma-Aldrich, St. Louis, MO) for 1 to 1.5h in OR-2
saline (96 mM NaCl, 2mM KCI, 5mM MgCl,, penicillin 100
units/ml, streptomycin 0.1 mg/ml, and 5mM HEPES; pH 7.6).
Oocytes were then washed 4 times with OR-2 saline at ~10 min
intervals, and kept at 16-18°C in isotonic Frog Ringers saline
[96 mM NaCl, 2mM KCI, 5mM MgCl,, 0.6 mM CaCl,, 5 mM
HEPES buffer, horse serum (5%; Sigma-Aldrich, St. Louis, MO),
penicillin 100 units/ml streptomycin 0.1 mg/ml, and tetracycline
0.5 mg/ml, pH 7.6]. Oocytes were injected with 50 nl of water
(control oocytes), or 50 nl of water containing 1 ng of AQP1 wild
type cRNA, or 2 ng of AQP1 mutant cRNAs. Oocytes were then
transferred to sterile dishes containing Frog Ringers saline and
incubated at 16-18°C for 48 h or more to allow time for protein
expression. Isotonic Na™ saline used for electrophysiology and
osmotic swelling assays contained (in mM): NaCl 96 mM, KCl
2mM, MgCl, 5mM, CaCl, 0.6 mM, and HEPES 5mM, pH 7.3,
without antibiotics or serum.

Site Directed Mutagenesis of AQP1

Site-directed mutations were generated in human AQP1
cDNA in the Xenopus expression vector (pxBGev), using the
QuikChange site-directed mutagenesis kit (Agilent Technologies,
Forest Hills, VIC, Australia) with custom-synthesized primers as
described previously (Yu et al., 2006). The correct sequences of
the constructs were confirmed by replicate DNA sequencing of
the full-length cDNA constructs. Wild-type AQP1 and mutant
cDNAs were linearized using BamHI and transcribed with T3
RNA polymerase using the mMessage mMachine kit (Ambion,
Austin, TX).

Osmotic Swelling Assays and Confocal

Microscopy

Swelling assays or confocal microscopy were used to confirm
AQP1 wild type and mutant channels were expressed in
oocyte plasma membranes. Swelling assays were performed
in 50% hypotonic saline (isotonic Na%t saline diluted with
equal volume of water). Prior to swelling assays the control
(non-AQP expressing), AQP1 wild type and AQP1 mutant
expressing oocytes were rinsed in isotonic saline (without
horse serum or antibiotics) for 10 min. Rates of swelling were
imaged using a grayscale camera (Cohu, San Diego, CA)
fixed on a dissecting microscope (Olympus SZ-PT; Olympus,
Macquarie Park, Australia), and images were captured at 0.5 Hz
using Image ] software from National Institutes of Health
(http://rsbweb.nih.gov/ij/). Swelling rates were determined from
slope values of linear regression fits of relative volume as a
function of time using Prism (GraphPad Software Inc., San

Frontiers in Chemistry | www.frontiersin.org

April 2018 | Volume 6 | Article 142


http://rsbweb.nih.gov/ij/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kourghi et al.

Aquaporin lon Channel Gating and Inhibition

Diego, CA). For confocal microscopy, oocytes were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and
incubated with rabbit polyclonal anti-AQP1 antibody (provided
by WD Stamer; Duke University, USA) diluted in buffered
solution with 300 mM NaCl, 30 mM Na citrate, 1% bovine serum
albumin, 0.05% TritonX-100, and 0.02% sodium azide. After
secondary labeling with FITC-conjugated goat anti-rat antibody,
preparations were imaged with a Leica (Nussloch, Germany)
TCS-4D laser scanning confocal microscope.

Electrophysiological Recordings

Two-electrode voltage clamp recordings were performed at room
temperature in standard isotonic Na™ saline using a GeneClamp
amplifier and Clampex 9.0 software (pClamp 9.0 Molecular
Devices, Sunnyvale, CA, USA). Data were filtered at 2kHz and
stored to hard disk for analysis. Capillary glass pipettes (~1 MS2)
were filled with 1M KCL Initial conductance values were
determined from current-voltage relationships measured prior
to cGMP stimulation, by application of the nitric oxide donor
sodium nitroprusside (SNP) at a final concentration of 7.5 mM,
or by application of membrane permeable CPT-cGMP(8-(4-
chlorophenylthio)-guanosine-3',5'-cyclic monophosphate) at a
final concentration of 10 WM, as per published methods (Boassa
and Yool, 2003; Campbell et al., 2012). From a holding potential
of —40, voltage steps from +60 to —110mV were applied to
measure conductance. Repeated steps to +40 mV at 6 s intervals
were used to monitor changes in ion current responses as a
function of time after application of an activator or inhibitor.

For the studies of pharmacological inhibition by AqB011, after
recording the conductance for the first response to CPT-cGMP,
oocytes were transferred into isotonic Na™ saline with either
AqBO011 or vehicle for 2h. Incubation allowed recovery to
initial conductance levels as well as time for AqBO11 to cross
the membrane to reach its intracellular site of action, as
described previously (Kourghi et al, 2016). Recovery from
block was very slow, taking hours after removal of the agent
from the extracellular medium. Oocytes were then re-evaluated
for responsiveness to a second application of CPT-cGMP to
test for inhibition post-incubation without AgBO11 present.
AqBO011 was synthesized by G Flynn (SpaceFill Enterprises
LLC, Bozeman Montana USA) with preparation methods and
chemical structure as previously published (Kourghi et al., 2016).
AqBO11 was prepared as a 1000x stock solution in the vehicle
dimethylsulfoxide (DMSO) and diluted in recording saline to
the final concentration; vehicle control saline was made with the
equivalent amount of DMSO (0.1% V/V). Box plot histograms
show 50% of data (boxes), the full range of data (error bars), and
the median value (horizontal bar).

RESULTS

Reduced Sensitivity to Block by AqB011 in
AQP1 R159A+R160A Channels

Voltage clamp recordings showed that application of
extracellular CPT-cGMP activated ionic conductance responses
in human AQP1 wild type and R159A+RI160A mutant

GenBank ID amino acid sequence Genus; Common name

AAH22486.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Homo;Human

AAH07125.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Mus; Mouse

AAB46624.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Rattus;Rat

XP_014989258.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Macaca; Rhesus macaque

XP_012496173.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Propithecus; Crowned sifaka

XP_012330551.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Aotus; Night monkey

XP_008583141.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Galeopterus; Malayan flying lemur

XP_005319226.1 154 ATTDRRRRDLGGSAPLAIGLSVALGH 180 Ictidomys; Thirteen lined ground squirrel

XP_022439712.1 156 ATTDRRRRDLGGSAPLAIGLSVALGH 182 Delphinapteru; Beluga whale

XP_010969922.1 156 ATTDRRRRDLSGSGPLAIGLSVALGH 182 Camelus; Bactrian camel

XP_005981267.1 156 ATTDRRRRDLGGSGPLAIGFSVALGH 182 Pantholops; Tibetan antelope

NP_777127.1 156 ATTDRRRRDLGGSGPLAIGFSVALGH 182 Bos; Cow

CAD92027.1 148 ATTDKRRRDVTGSAPLAIGLSVALGH 173 Anguilla; European eel

BAC82110.1 148 ATTDKRRRDVTGSAPLAIGLSVALGH 173 Anguilla; Japanese eel

ASW16810.1 144 ATTDKRRRDVAGSAPLAIGLSVALGH 169 Coilia; Grenadier anchovy

AIL02123.1 144 ATTDKRRRDVTGSAPLAIGLSVALGH 169 Alosa; Alewife (herring)

NP_996942.1 145 ATTDKRRRDVSGSAPLAIGLSVCLGH 171 Danio; Zebrafish

XP_020322871.1 147 AVTDKRRRDITGSAPLAIGLSVALGH 172 Oncorhynchus; Coho salmon

XP_013996040.1 147 AVTDKRRRDVTGSAPLAIGLSVALGH 172 Salmo; Atlantic salmon

XP_007242700.2 148 AATDKRRRDVMGSVPLAIGLSVALGH 174 Astyanax; Blind cavefish

XP_016109136.1 146 ATTDKRRRDVTGSAPLAIGLSVCLGH 171 Sinocyclocheilus; Golden line fish

XP_015474877.1 156 ATTDRRRNDVSGSAPLAIGLSVALGH 182 Parus; Great tit

KQK77783.1 156 ATTDRRRNDVSGSAPLAIGLSVALGH 182 Amazona; Blue-fronted parrot

XP_013808479.1 156 ATTDRRRNDVSGSAPLAIGLSVALGH 182 Apteryx; Brown kiwi

XP_009878414.1 156 ATTDRRRNDVSGSAPLAIGLSVALGH 182 Charadrius; Killdeer (plover)
FIGURE 4 | Amino acid sequence alignment for the loop D and flanking domains of AQP1 channels from diverse classes of vertebrates (mammals, fish, and birds).
Amino acid sequences downloaded from the National Center for Biotechnology Information (NCBI) Protein database (www.ncbi.nlm.nih.gov/protein) were aligned
using the NCBI BlastP online application (blast.ncbi.nim.nih.gov) for multiple sequences. Residues in black are identical with the query sequence Homo sapiens
AQP1. Variations in sequence are highlighted in red.
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expressing oocytes (Figure 1A). Initial recordings measured
before the application of CPT-cGMP showed uniformly low
currents, comparable to those of non-AQP control oocytes. The
ionic conductance increased after application of CPT-cGMP
in AQP1 wild type and R159A+RI160A expressing oocytes,
but in not non-AQP control oocytes. After recording the first
response, oocytes were transferred into isotonic Na™ saline
with 50 uM AqBO11 or vehicle. Figure 1B shows trend plots of
the conductance responses of individual oocytes through each
series of treatments. After 2 h incubation, the ionic conductance
responses recovered to initial levels, and a second application
of CPT-cGMP was used to assess the level of reactivation of
current (Figures 1A,B). CPT-cGMP activated currents were not
observed in non-AQP expressing control oocytes. Figure 1C
shows compiled box plot data for the ionic conductance values
for human AQP1 wild type and R159A+R160A mutants. AQP1

wild type currents were strongly blocked after incubation in
AqgBO011 but not after incubation with vehicle. The amplitude
of maximal activation was lower in R159A+R160A mutant-
expressing oocytes than wild type, and the R159A+R160A
conductance was not sensitive to block by AqB011.

The recovery of the AQP1 wild type and mutant currents
to baseline levels during the incubation period demonstrated
that the responses were reversible, thus not due to oocyte
damage or leak. Complete reactivation of wild type ionic
conductance response to the second application of CPT-
cGMP (after incubation in saline with vehicle) demonstrated
that prior activation did not impair responsiveness of the
AQPI-expressing oocytes to subsequent stimulation. AQP1
wild type-expressing oocytes incubated in saline with AqB011
were not re-activated by a second application of CPT-cGMP,
confirming inhibition of the ion current as described previously
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(Kourghi et al,, 2016). In contrast, the AQP1 R159A+R160A
mutant channels showed no change in the second response to
CPT-cGMP after incubation with or without AqBO011, showing
that sensitivity to the inhibitor was eliminated by the altered
loop D sequence. The insensitivity of the R159A+R160A current
furthermore demonstrated that the observed pharmacological
block of wild type current by AqB011 cannot readily be
ascribed to off-target effects on native oocyte channels or
transporters, confirming the specificity of action of the antagonist
compound.

Increased Latency to Activation for AQP1

R159A+R160A Channels

The conductance responses of wild type and R159A+R160A
mutant channels differed in rates of activation after application of
CPT-cGMP. Oocytes expressing AQP1 wild type activated more
rapidly and reached a higher maximal current amplitude that did
those expressing AQP1 R159A+R160A channels (Figure 2A). In
wild type, the maximal response was reached by ~20-30 min
after application of CPT-cGMP, whereas 50-60 min was needed
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AQP1 wt T157P
D159P R159P
R160P G165P
FIGURE 6 | Confocal images of anti-AQP1 immunolabeled oocytes
expressing wild type and proline substituted mutant channels confirmed
protein expression in the oocyte plasma membrane. See Methods for details.

for R159A+R160A expressing oocytes (Figure 2B). The latency
to the onset of activation was considerably slower for the mutant
construct. The long latency for R159A+R160A was consistent
with prior work which reported no appreciable activation of the
R159A+R160A mutant channels when assessed over a short time
frame (within 8 min after application of the nitric oxide donor,
sodium nitroprusside, which was used to stimulate endogenous
oocyte cGMP production, and successfully activated AQP1 wild
type ion currents) (Yu et al., 2006).

Osmotic Water Permeability of AQP1 Wild
Type and R159A+R160A Expressing
Oocytes

Osmotic water permeability data (Figure3A) confirmed
successful expression of wild type and R159A+R160A mutant
AQP1 channels in oocyte plasma membranes. The water channel
activities of AQP1 wild type and R159A+R160A expressing
oocytes were both were significantly greater than those of
non-AQP1 expressing control oocytes (Figure 3B), confirming
that both AQP1 channel types were expressed, assembled,
and trafficked to the plasma membrane of oocytes. Expression
levels for the R159A+R160A mutant channels estimated by
osmotic water permeability were ~10% lower than wild type;
however the mean conductance response in the arginine double
mutant (Figure 1C) was half that of wild type, consistent with
impairment of channel activation.

Effects of Proline Mutagenesis of the Loop

D Amino Acid Sequence

Proline substituted mutant channels showed significant
differences in response amplitudes that correlated with the
degree of conservation of the amino acid residue in the loop
D sequence. Sequence alignments for loop D and flanking
domains illustrate the high level of identity for amino acids
in AQP1 gene coding sequences from a diverse array of
vertebrates, including mammals, fish, and birds (Figure4).
Net conductances, measured from amplitudes of the ionic
conductance response, were calculated as the difference between
the initial level and the final amplitude after SNP-mediated
c¢GMP stimulation (Figure 5). Wild type AQP1 channels showed
activation in response to SNP stimulation (Figure5B) that
was comparable in amplitude to that seen after application of
CPT-cGMP (Figure 1). Control non-AQP-expressing oocytes
showed no appreciable response. However, significantly impaired
responses were seen for oocytes expressing AQP1 T157P, D158P,
and R160P mutant channels (Figure5B). T157, D158, and
R160 residues exhibit complete identity across AQP1 sequences
from diverse animals (Figure5A). In contrast, AQP1 R159P
expressing oocytes showed no significant difference from AQP1
wild type, which could fit with the observation that slightly more
variation in amino acid sequence appears to be tolerated at that
position. Interestingly, a significant difference also was observed
for mutation to proline at the highly conserved G166, but the
result was to promote rather than inhibit the activation of the
conductance response as compared to wild type. The expression
of functional channels in the oocyte membrane was confirmed
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FIGURE 7 | lon conductance responses of oocytes expressing human AQP1 wild type and G166P channels. (A) Currents recorded from wild type (left), G166P
(middle), and non-AQP expressing control oocytes (right) by two-electrode voltage clamp before (initial) and after stimulation of intracellular cyclic GMP by application
of the nitric oxide donor, sodium nitroprusside at a final concentration of 7.5 mM (after SNP). Perfusion of fresh bath saline without SNP (wash) promoted rapid
recovery. (B) Current voltage relationships for the traces shown in (A). (C) Steady state current amplitudes at +40 mV monitored as a function of time after three
sequential applications of SNP (2.5 mM each) at times indicated by arrows, and after perfusion of bath saline without SNP (wash) shown by the horizontal bar, for wild
type (C1), G166P (C2), and control (C3) oocytes. Data are from the same oocytes as shown in (A).
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by the demonstration of high osmotic water permeabilities for
all the proline mutant constructs that were significantly greater
that that of the non-AQP-expressing controls (Figures 5C,D).
Confocal images of oocytes expressing AQP1 wild type and
proline mutant channels confirmed that the constructs were
expressed in the oocyte plasma membrane (Figure 6).

The conductance properties of AQP1 G166P-expressing
oocytes, as compared with wild type and non-AQP control
oocytes, are summarized in Figure7. The ion conductance
responses of AQP1 wild type and G166P-expressing oocytes
showed an increase in amplitude but not in apparent kinetics
(Figure 7A), reversal potential (Figure 7B), latency to activation,
or reversibility of the responses after bath washout with fresh
saline to remove SNP (Figure 7C). Control oocytes showed
negligible responses to SNP (Figures 7A,B).

DISCUSSION

The aim of this study was to evaluate a candidate binding site
for the AQP1 ion channel antagonist AqB011 suggested from
prior in silico modeling, and to test the role of the intracellular
loop D domain in AQPI ion channel activation. Discovery
of pharmacological tools for AQPs has been an area of keen
interest for many years (Huber et al., 2012). As illustrated by the

FIGURE 8 | Schematic diagrams illustrating the separate pathways proposed
to mediate water and ion transport in the AQP1 tetrameric channel, and the
position of the mutations tested in the loop D domain by proline mutagenesis.
(A) AQP1 channels assemble as homomeric tetramers in the membrane
bilayer. Water pores (blue) are located in each subunit; cations are thought to
permeate via the central pore at the four-fold axis of symmetry in the channel
(rose). (B) Loop D is a cytoplasmic loop between the 4 and 5th
transmembrane domains in each subunit; loops D in the tetramer surround the
central pore. (C) Amino acid residues in loop D tested by mutation to proline.
Structural data used to create the diagrams were downloaded from the NCBI
Structure database (www.ncbi.nim.nih.gov/structure/), for PDB ID 1IH5 human
AQP1 (Ren et al., 2001); and PDB 1JN4 bovine AQP1 (Sui et al., 2001).

diagram in Figure 8, AQP1 ion channels are proposed to conduct
solutes and water through pharmacologically distinct pathways
(Saparov et al., 2001; Yool et al.,, 2002), with water transport
mediated through the individual pores of the subunits (Jung et al.,
1994), and ion transport proposed to be mediated by the central
pore of the tetramer following activation by intracellular cGMP
(Anthony et al., 2000; Yool and Weinstein, 2002; Campbell et al.,
2012). The water channel function of hAQPI is modulated by
antagonists such as mercurial compounds (Preston et al., 1993);
gold and silver compounds (Niemietz and Tyerman, 2002); the
arylsulfonamide AqB013 (Migliati et al., 2009); medicinal herb
compounds bacopasides I and II (Pei et al., 2016); aromatic
carboxylic acid blockers referred to as CPD 1, 2, and 3 (Seeliger
et al,, 2013); and by agonist compounds such as AqF026 (Yool
et al., 2013). Other inhibitors include TGN-020 for AQP4
(Igarashi et al., 2011), and gold-bipyridyl compounds for AQP3
(Martins et al., 2013; Graziani et al.,, 2017). The human AQP1
ion channel is pharmacologically distinct from the water pore,
supporting the involvement of a separate pathway for ions
through the central pore of the tetrameter (Figure 8). The AQP1
ion pore is blocked by Cd** (Boassa et al., 2006), other divalent
cations (Kourghi et al., 2017b), and arylsulfonamide compounds
AqB007 and AqB011 (Kourghi et al., 2016).

AgBO11 inhibits the human AQPI ion current but not
the water flux, and slows the migration of AQP1-expressing
human colon cancer cells (Kourghi et al, 2016). Molecular
docking studies suggested that AqB011 might interact with
a conserved arginine residues located on loop D domain of
AQP1, a region that has been suggested to be involved in
gating of the central pore of the AQP1 channel (Yu et al,
2006). The role of the conserved loop D domain was tested
using a mutant construct of the AQPI channel in which the
positively charged arginine residues in positions 159 and 160
of the human AQPI amino acid sequence were replaced with
alanine. The mutation R159A+R160A did not prevent the
channel from being expressed on the membrane of oocytes,
as demonstrated by measured osmotic water permeability. The
hAQPI1 R159A+R160A channel had previously been thought to
be non-functional as an ion channel (Yu et al., 2006). However,
work here showed the R159A+R160A ion conductance was
activated by CPT-cGMP albeit at a significantly slower rate, to
a lower maximal amplitude, and with a longer latency than for
AQP wild type channels, which would have made it difficult to
detect in protocols used previously. Nonetheless the residual ion
channel function in the R159A+R160A mutant was significantly
greater than in non-AQP controls and was sufficient to allow
evaluation of a possible difference in sensitivity to block by
AqBO11.

The ion conductance in wild type AQP1 expressing oocytes
was significantly inhibited by AqB011, confirming prior work
(Kourghi et al., 2016). In contrast, AqBO011 had no effect on the
ion conductance response in RI59A+R160A expressing oocytes.
These results provide evidence that AqB011 is acting directly
on the AQP1 channel, and not indirectly through hypothetical
native oocyte channels or transporters associated with AQP1
proteins. The plant AQP AtPIP2;1 is a dual ion and water channel
which also is insensitive to AqB011 (Kourghi et al., 2017b).
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AtPIP2;1 has many amino acid sequence differences as compared
to AQP1, but these include the absence of the poly-arginine
series in loop D. Together these data suggest that selective
pharmacological targeting of different classes of aquaporin ion
channels will be possible, as structure-activity data for active
agents continues to accrue, and discover of new agents expands
the tools available for evaluating physiological roles of dual water
and ion channels in the MIP family.

Proline scanning mutagenesis was used here to assess the
role of the loop D domain in activation of the AQP1 ion
conductance. Scanning mutagenesis is a method for analyzing
the functional roles of amino acid residues in proteins by
systematic replacement with another amino acid, such as
alanine, cysteine, or proline (Cunningham and Wells, 1989;
Kirz et al, 1995; Patel et al, 2013). Alanine is compact,
lacking a bulky side group, and preserves 3D structure without
influencing electrostatic characteristics (Cunningham and Wells,
1989). Alternatively, conformational structure can be deliberately
altered by substituting residues with proline, which is distinctive
in having the nitrogen atom covalently bound in a 5-membered
ring, which impairs formation of intermolecular hydrogen
bonds (Williams and Deber, 1991), and introduces “kinks” in
secondary structure (Barlow and Thornton, 1988; Woolfson
and Williams, 1990; Sankararamakrishnan and Vishveshwara,
1992). Proline scanning mutagenesis has been used to investigate
gating mechanisms of ion channels such as the inward rectifier
and transient receptor potential (TRP) channels (Sadja et al.,
2001; Jin et al., 2002). Sadja et al. (2001) showed proline
substitution in the second transmembrane domain of G-protein-
coupled inwardly rectifying potassium channels shifted the
channels into an active conformation, suggesting the site for
GPBy mediated gating. Dong et al. (2009) showed proline
substitutions in the fifth transmembrane domain of TRPMLI
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ion channels locked the channels in an active state, which
similarly allowed definition of the site of cation conductance
gating. Proline scanning mutagenesis used here showed that
the AQP1 cation channel is sensitive to mutations capable of
altering the structure of the loop D domain, with both down-
and upregulation of channel activity observed depending on the
location of the mutation in the conserved amino acid sequence
(Figure 8).

In sum, results here support the hypothesis that interaction
of the inhibitor AqBO11 depends on the structure of the loop
D domain of the AQP1 channel, and that this domain is
important for AQP1 ion channel gating. Aquaporin channels
are more than simple pathways for the passive flux of water
and glycerol. As a group they are increasingly being found to
include highly specialized, regulated, multifunctional channels
with diverse roles across the kingdoms of life (Gomes et al., 2009;
Kourghi et al., 2017a). Results here contribute to understanding
the structural basis for gating and pharmacological block of the
human AQP1 ion channel, and add further evidence supporting
the role of the central pore as the pathway for ion flux in human
AQPI1.
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Living matter is defined by metastability, implying a tightly balanced synthesis and
turnover of cellular components. The first step of eukaryotic protein degradation via
the ubiquitin-proteasome system (UPS) leads to peptides, which are subsequently
degraded to single amino acids by an armada of proteases. A small fraction of peptides,
however, escapes further cytosolic destruction and is transported by ATP-binding
cassette (ABC) transporters into the endoplasmic reticulum (ER) and lysosomes. The
ER-resident heterodimeric transporter associated with antigen processing (TAP) is a
crucial component in adaptive immunity for the transport and loading of peptides onto
major histocompatibility complex class | (MHC 1) molecules. Although the function of
the lysosomal resident homodimeric TAPL-like (TAPL) remains, until today, only loosely
defined, an involvement in immune defense is anticipated since it is highly expressed
in dendritic cells and macrophages. Here, we compare the gene organization and the
function of single domains of both peptide transporters. We highlight the structural
organization, the modes of substrate binding and translocation as well as physiological
functions of both organellar transporters.

Keywords: ABC transporter, antigen processing, antigen presentation, membrane proteins, viral immune escape,
lysosome, endoplasmic reticulum

INTRODUCTION

In the life cycle of a cell, the proteome is metastable and dynamically shaped by synthesis, folding,
modification, and degradation. Proteins are degraded when either being damaged, matched for
a demanded life-time, and no longer used, or delivered as defective ribosomal products. The
clearance of these proteins starts in the cytosol with hydrolysis to peptides of three to twenty
residues in length predominately through the ubiquitin-proteasome system (UPS). Malfunction of
this macromolecular degradation machinery is associated with neurodegenerative, autoimmune,
and rheumatoid diseases, viral infections, and cancer (Schmidt and Finley, 2014). Most of the
peptides generated by the UPS are processed within seconds to amino acids via cytosolic oligo- and
aminopeptidases (Reits et al., 2003). Some of these peptides escape degradation to fulfill important
functions (Figure 1). A well-studied example is the mating a-factor functioning as pheromone in
yeast. The precursor of 36 amino acid length encoded by MFAI undergoes six consecutive steps
of post-translational modification, yielding a mature 12-residue long a-factor, which is expelled
to the external medium by the ATP-binding cassette (ABC) transporter Ste6 (Michaelis and
Barrowman, 2012). In Caenorhabditis elegans mitochondrial unfolded stress response is signaled to
the nucleus via peptides. In this process, mitochondrial proteins are degraded by ATP-dependent
degradation machine ClpXP in the matrix and peptides are released to the cytosol most likely
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FIGURE 1 | Physiological role of eukaryotic peptide transporters. Peptide transporters are localized at different cellular membranes. At the plasma membrane of
intestine and kidney cells, the secondary active transporters PepT1 and PepT2 import di- to tetramer peptides along a proton gradient. All peptide transporters
belonging to the ABC superfamily are exporters. The peptide pheromone exporter Ste6 from Saccharomyces cerevisiae shuttles the mating a-factor into the

extracellular space. Proteins in the matrix and inner membrane of mitochondria are degraded by the AAA+ proteases m-AAA and ClpXP and the resulting peptides
are transported by Mdl1 in yeast, HAF-1 in C. elegans, and probably ABCB10 in human into the intermembrane space. Subsequently, the transcription factorZC376.7
(Atfs1) in C. elegans, the homolog of Atf5 in human, is activated and localized in the nucleus, where genes of the mitochondrial unfolded protein response are induced.
Cytosolic proteins are degraded mainly by the proteasome. Peptides that escape further trimming by cytosolic peptidases are translocated by the heterodimeric ABC
transporter associated with the antigen processing TAP into the ER, where these peptides are loaded onto MHC class | molecules to present the antigenic peptides
on the cell surface to cytotoxic T-cells. The peptide transfer, editing, and proofreading is catalyzed by the peptide loading complex (PLC). In addition, cytosolic
peptides are transported by TAPL to lysosomes for further processing by cathepsins.

by the ABC transporter HAF-1. Here, the peptides directly
or indirectly bind to a transcription factor, which induces
the expression of mitochondrial chaperones to cope with
mitochondrial proteostasis (Haynes et al., 2010). The analysis of
the mouse brain peptidome by mass spectrometry demonstrated
that some intracellular peptides are enriched. It was therefore
speculated that peptides can take over regulatory functions
(Fricker, 2010).

The most well-studied and medically important function
of cytosolic protein fragments is their role in building an
adaptive immune response (Figure 1). Proteasomal degradation
products are shuttled by the ABC transporter associated with
antigen processing (TAP1/2, ABCB2/ABCB3) into the lumen
of the endoplasmic reticulum (ER) where these peptides are
loaded onto major histocompatibility complex class I (MHC I)
molecules (Abele and Tampé, 2004; Parcej and Tampé, 2010;
Blum et al., 2013). Peptide-MHC I complexes are subsequently

transported to the cell surface in order to present the bits of
the cellular proteome as metabolic snapshots to cytotoxic CD8*
T-lymphocytes. If the T-cell receptor recognizes antigenic “non-
self” peptides in complex with MHC I as “self” component,
virally or malignantly transformed cells will be destroyed
(Gromme and Neefjes, 2002). Importantly, cytosolic peptides
are also frequently found on MHC II molecules, which is an
essential step in the negative selection during T-cell development
to impede autoimmune response (Crotzer and Blum, 2010).
Different pathways seem to contribute to the delivery of
cytosolic peptides to the lysosomes (Figure 1). Cytosolic proteins
are typically delivered by macro-autophagy or by chaperone-
mediated autophagy to lysosomes, where they are degraded
by cathepsins (Crotzer and Blum, 2008). However, cytosolic
peptides can also be transported directly into lysosomes and
bound to MHC II without further processing. It was speculated
that the transporter associated with antigen processing-like

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2018 | Volume 6 | Article 43


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Abele and Tampé

Organellar Peptide Transporters

(TAPL, ABCB9) is involved in this process (Dani et al,
2004). Here, we summarized some structural and mechanistic
similarities but also a number of remarkable differences of these
TAP-related peptide transporters.

THE DIVERSITY OF ORGANELLAR
PEPTIDE TRANSPORTERS

Different classes of peptide transporters have evolved (Figure 1).
All in common is a high substrate promiscuity. Peptides
containing two to eight residues are transported by members
belonging to the oligopeptide transporter and peptide transporter
family (Gomolplitinant and Saier, 2011; Newstead, 2015). Both
families belong to the Major Facilitator Superfamily of secondary
active transporters, which are proton-dependent transport
systems. Oligopeptide transporters, translocating peptides of
three to eight amino acids in length, are found in bacteria, plants,
and fungi. Di- and tripeptide transporters are also present in
animals. Human PepT1 and PepT?2 are found in the brush border
membrane of the small intestine and at the renal epithelium
in the kidney, respectively. Both transporters absorb or retain
protein fragments in the body. Interestingly, PepT1 is the fast,
low-affinity transporter while PepT2 shows slower transport rates
paired with higher affinity (Brandsch, 2013).

Longer peptides are typically handled by ABC transporters,
the largest family of primary active transporters. In bacteria,
oligopeptides are complexed in the periplasm by a specific
binding protein, which hands over the substrate to an ABC
import system (Doeven et al., 2005). In eukaryotes, only
oligopeptide ABC exporters are described. A vacuolar ATP
dependent transporter was identified in plants, translocating
peptides into the lumen of vacuoles (Ramos et al, 2011).
Furthermore, peptide transporters with different intracellular
localization exist in yeast, nematodes, and vertebrates (Herget
and Tampé, 2007). In yeast, Mdll is located in the inner
mitochondrial membrane and is proposed to transport
degradation products of matrix or inner mitochondrial
membrane proteins into the intermembrane space (Young et al.,
2001).

The TAP family is composed of three half-transporters, TAP1
(ABCB2), TAP2 (ABCB3), and TAPL (ABCB9). Members of
the TAP family are also found in C. elegans and in chordata
but not in insects and crustaceans (Figure 2). TAP1 and TAP2
must pair to constitute a transport-competent complex, whereas
TAPL forms homodimers (Powis et al., 1991; Leveson-Gower
et al., 2004). Interestingly, HAF-4 and HAF-9 of C. elegans are
orthologs of TAPL with a sequence identity of 38%. Both half-
transporters are localized in large granules of intestinal cells.
Loss-of-function mutants of either of these genes result in loss
of these large non-acidic granules, accompanied by decreased
brood size, extended defecation cycle, and slow growth (Kawai
et al., 2009). HAF-4 and HAF-9 appear to form heterodimers
and active heterodimers are essential for granule formation (Tanji
et al., 2013).

In contrast to jawed vertebrates, which express TAP1, TAP2,
and TAPL, only one member belonging to the TAP family

was detected in agnatha (jawless vertebrates) and even in
tunicates (Uinuk-ool et al., 2003; Ren et al., 2015). The half-
transporter from the jawless vertebrate sea lamprey shows a
higher sequence identity to human TAPL (52.4%) than to
TAP1 (38.4%) and TAP2 (40.7%). Therefore, ABCB9 from
agnatha can be regarded as the progenitor of the TAP family.
Interestingly, TAP1 and TAP2 have evolved much faster
than TAPL. Comparing the amino acid sequences from rat
and mouse, the replacement rates in TAP1 and TAP2 are
more than 10 times faster as in TAPL (Kobayashi et al,
2000).

In mammals, TAP and TAPL show a broad tissue distribution.
TAP was found in nearly every nucleated cell. TAPL is
also detected in all tissues examined (Bgee database: Bastian
et al, 2008; The Human Protein Atlas: Uhlén et al., 2015)
with high expression in the central nervous system and
testis (Yamaguchi et al., 1999; Zhang et al., 2000; Mutch
et al., 2004). Interestingly, TAPL is not found in monocytes
but highly expressed in dendritic cells and macrophages
implying a role in the immune response (Demirel et al,
2007).

PHYSIOLOGICAL FUNCTION

Although TAP and TAPL transport a similar range of peptides,
their physiological functions are largely different. In the past, the
paradigm was that MHC I presents peptides from endogenous
antigens while MHC II displays peptides from exogenous
antigens. Through analyzing the peptidome of MHC molecules
it became evident that this sharp border is not correct. A
quantitative amount of MHC II molecules is loaded with
peptides from cytosolic origin (Stern and Santambrogio, 2016).
Moreover, in professional antigen presenting cells a process called
cross-presentation takes place, in which peptides of exogenous
antigens are loaded on MHC I molecules (van Endert, 2016;
Grotzke et al., 2017b). This pathway ensures the induction of
an adaptive immune response to tumor antigens and antigens
derived from pathogens, which does not infect dendritic cells.
TAP is an essential machinery in delivering cytosolic peptides,
mainly produced by the UPS, into the lumen of the ER for
loading onto MHC 1. Importantly, TAP is not only crucial for
the classical MHC I presentation but also actively involved in
the cross-presentation pathway. In the TAP-dependent cross-
presentation, exogenous antigens are taken up by phagocytosis
or receptor-mediated endocytosis. Subsequently, the antigen
is transported from the phagosome or endosome into the
cytosol putatively by Sec61 (Koopmann et al., 2000; Zehner
et al., 2015; Grotzke et al., 2017a). In the cytosol, the antigen
is proteasomally degraded and peptides are transported by
TAP into the ER or phagosome/endosome for loading onto
MHCIL

The importance of TAP in antigen presentation is highlighted
in the Bare Lymphocyte Syndrome type I (BLS-I), a rare disease
caused by TAP deficiency (Zimmer et al.,, 1998). Cells of BLS-
I patients show a strong decreased cell surface expression of
MHC I accompanied by a reduced number of CD8" T-cells.
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FIGURE 2 | Phylogenetic relationship of TAP and TAPL. Multiple sequence alignment of TAPL, TAP1, and TAP2 variants of human (Homo sapiens), chimpanzee (Pan
troglodytes), horse (Equus cabalus), pig (Sus scrofa), dog (Canis lupus), rat (Rattus norvegicus), turkey (Meleagris gallopavo), chicken (Gallus gallus), trout
(Oncorhynchus mykiss), zebrafisch (Danio rerio), western clawed frog (Xenopus tropicalis), sea lamprey (Petromyzon marinus), and roundworm (Caenorhabditis
elegans) were performed with Clustal Omega (Sievers et al., 2011). An unrooted cladogram was drawn by Phylodendron (http://iubio.bio.indiana.edu/treeapp/). The
bar indicates the evolutionary change rate. In the lower vertebrate lamprey and in the nematode C. elegans only homologs of TAPL are found. Longer branches of
mammal and avian homologs reflect the higher evolutionary rate of TAP1 and TAP2 in comparison to TAPL.

BLS-I patients do not suffer from a prevalence of viral infections
but instead show chronic necrotizing lesions in the lung and
skin escorted by recurrent bacterial infections. Moreover, the
key function of TAP is emphasized by the armada of viral
factors inhibiting TAP (Mayerhofer and Tampé, 2015; van de
Weijer et al., 2015). These viral immune evasins all derive from
large DNA viruses belonging to the family of Herpesviridae or
Poxviridae. Each viral factor has its own inhibition mechanism
dealing with peptide binding, ATP binding, conformational
changes, or proteasomal degradation of TAP (Mayerhofer and
Tampé, 2015).

In addition to the effects on the formation of gut granules
in C. elegans, the physiological function of TAPL remains
loosely defined. Since TAPL is found in nearly all tissues, a
housekeeping function can be assumed to protect the cytosol
from accumulation of otherwise harmful peptides. However,
TAPL may have a more specialized function in professional
antigen-presenting cells, in which its expression is strongly
upregulated (Demirel et al., 2007). There are alternative pathways

of endogenous antigens for processing and loading on MHC
II (Veerappan Ganesan and Eisenlohr, 2017). One of these
pathways is proteasome dependent but TAP-independent (Dani
et al., 2004; Miller et al., 2015; Thiele et al., 2015). Furthermore,
the loading of MHC II occurs in the lysosomal compartment
(Dani et al., 2004). Therefore, it can be speculated that TAPL is
the translocation machinery in this process, which is supported
by the interaction of TAPL with MHC II (Demirel et al., 2012).
There are several cross-presentation pathways for presenting
exogenous antigens on MHC 1. The main difference consists
in the subcellular compartment of antigen degradation. In the
vacuolar pathway, the endocytosed or phagocytosed antigen is
transported to the endolysosomal system where the antigen
is digested and loaded onto MHC I molecules. In the
cytosolic pathway, the antigen is translocated to the cytosol
for proteasomal degradation. Subsequently, antigenic peptides
are transported into the ER or into phagosomes for MHC
I loading. Although TAP is the main transport complex in
this pathway, it was recently shown in mouse dendritic cells
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that a TAP-independent but ATP-consuming machinery exists ~ TAP1 and TAP2 variants and the impact on antigen presentation
for peptide loading of phagosomes (Merzougui et al., 2011;  is not studied in detail.

Lawand et al, 2016). Although the phagosomal localization For TAPL, six splice isoforms have been assigned in the
and the peptide specificity of mouse TAPL still has to be  UniProt database. The splice variants 12A, 12B, and 12C differ
evaluated, TAPL could possibly be this uncharacterized peptide  in the 3’-terminal exon (Kobayashi et al., 2003). Isoform 12B and
transporter. 12C are likely inactive in peptide transport since both variants
lack the conserved H-loop being essential for ATP hydrolysis.
Two additional isoforms are probably non-functional as they
lack the coding exon 6 or 7, which comprises transmembrane
helices (TM) 9 and 10, and the sequence connecting the
transmembrane domain (TMD) with the nucleotide-binding
domain (NBD) (Zhang et al., 2000). The sixth isoform of TAPL
is characterized by the absence of almost the entire NBD.
Biochemical and cell biological data are available only for isoform
12A, the longest reported version with 766 aa. The activity and
physiological function of the other TAPL variants is not resolved
and questionable.

GENE ORGANIZATION

The genes coding for human TAP1 and TAP2 are localized in
the MHC II locus of chromosome 6 and their expression is
induced by IFN-y (Deverson et al.,, 1990; Monaco et al., 1990;
Spies et al., 1990; Trowsdale et al., 1990, 1991). In contrast, the
tapl gene is found on chromosome 12, lacking any link to factors
of the adaptive immune system. In addition, tapl expression is
not affected by IFN-y (Kobayashi et al., 2000). All three genes
are composed of 11 coding exons whereas tapl and tap2 possess

an additional 5'-non-coding exon. Besides the flanking coding DOMAIN ORGANIZATION OF
exons, the exon length of all three genes is identical with the TAP-RELATED TRANSPORTERS

exception of coding exon 9 with identical length in tap2 and

tapl but 3 bp elongated in fapl. Strikingly, the length of the  All ABC transporters are modularly organized and consist of
introns is much longer for tapl than for tapI and tap2 (Uinuk-ool ~ two NBDs and two TMDs. These domains are arranged either
etal., 2003). For TAP1 only one splice isoform has been reported.  in the form of four polypeptides, one polypeptide, or as a fusion
However, a short (748 amino acids, aa) and along (808 aa) variant ~ of two domains. In eukaryotes, only full transporters with all
of human TAP1 is found in the database, probably caused by = four domains in one polypeptide chain, or half-transporters
alternative translation start sites. TAP2 has two splice isoforms  composed of one TMD and one NBD, exist (Locher, 2016;
of 653 and 703 aa with different 3’-terminal exons and varying ~ Thomas and Tampé, 2018). TAP1, TAP2, and TAPL are half-
peptide specificity (Yan et al., 1999). In addition to several allelic ~ transporters. TAPL forms a symmetric homodimer whereas TAP
variants with single amino acid substitutions, a short and along  is composed of TAP1 and TAP2 and thus asymmetric (Powis
allelic variant of TAP2 with 686 and 703 aa has been described et al., 1991; Leveson-Gower et al., 2004) (Figure 3). In addition
(Colonna et al., 1992). However, the expression of these different  to their conserved four-domain-architecture, termed coreTAP

A editing module  transport module editing module B

FIGURE 3 | Organization of the peptide transport machineries. (A) Architecture of the peptide loading complex. TAP composed of the half-transporter TAP1 and
TAP2 forms the central translocation unit of the peptide loading complex. Each half-transporter consists of an N-terminal transmembrane domain (TMD) followed by a
cytosolic nucleotide-binding domain (NBD). The core transporter, formed by the core TMDs, composed of 2 x 6 transmembrane helices and two NBDs, is fully active
in peptide transport. The N-terminal TMDOs of TAP1 and TAP2, harboring four transmembrane helices each, interact with the transmembrane helix of tapasin. As
central piece of the editing module, tapasin binds to ERp57, calreticulin and MHC | and destabilizes peptide MHC | interaction that only MHC | molecules loaded with
high affinity peptides can shuttle to the cell surface. Depicted are two fully assembled editing modules, which can be found only transiently in cells. (B) TAPL forms a
homodimeric transporter whereas the core transporter is composed of the 2 x 6 transmembrane helices and two NBDs. The four transmembrane helices comprising
N-terminal TMDO mediates lysosomal targeting as well as the interaction with LAMP1/2B. The stoichiometry between TAPL and LAMP1/2B is not solved.
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and coreTAPL, each transporter subunit carries an extra N-
terminal four-transmembrane helix domain named TMDO. For
both complexes, the TMDO is not required for peptide transport
(Koch et al., 2004; Demirel et al., 2010). However, the TMDOs
mediate the direct interaction with type I membrane proteins in
different cellular compartments.

The TMDOs of TAP1 and TAP2 are essential for the assembly
of the MHC I peptide-loading complex (PLC), composed of
TAP1, TAP2, tapasin, MHC I, calreticulin, and ERp57, and
consequently for efficient loading of MHC I molecules with
antigenic peptides (Hulpke et al., 2012b) (Figure 3A). As
illuminated by the cryo-EM structure of the human PLC, TAP
as transport module is encircled by two editing modules (Blees
et al,, 2017). Tapasin as central factor of the editing module
binds to MHC I, ERp57, and calreticulin, which spans as a clamp
around the editing module and therefore seems to stabilize the
subcomplex. Interestingly, the two editing modules are scaffolded
by two tapasin molecules, which are stacked to each other via salt
bridges. Tapasin comprises the editing function guaranteeing that
only MHC I molecules loaded with stably bound, high-affinity
peptides can leave the ER and are shuttled to the cell surface
(Blees et al., 2017). The TMDOs of TAP1 and TAP2 interact
independently from each other with the transmembrane helix
of the MHC I specific chaperone tapasin (Hulpke et al., 2012a).
For human TAP, the interaction between TAP and tapasin is
mainly mediated by a salt bridge in the hydrophobic core of
the ER membrane between a conserved aspartate in TM1 of
each TAP subunit and a lysine of tapasin (Blees et al., 2015).
Notably, an exchange of the conserved aspartate to lysine in TM1
of TAP1 or TAP2 abolished the PLC assembly, which was rescued
by a double lysine-to-aspartate exchange. For rat TAP, however,
this conserved aspartate in TAP2 can be exchanged to alanine
without an effect on tapasin binding. In this case, leucine-rich
areas in TM1 and TM2 of TAP2 seem to be important for tapasin
binding (Rufer et al, 2015). Interestingly, tapasin interacts
also with core TM9 of unassembled TAP1 which facilitates
transporter stability and heterodimerization (Leonhardt et al.,
2014). Hence tapasin may act as a dummy protein as found
in the pre-B-cell receptor to guarantee correct folding of TAP1
which is a prerequisite for TAP2 assembly (Keusekotten et al.,
2006).

In the case of TAPL, the TMDO interacts with the lysosomal
associated membrane proteins LAMP-1 and LAMP-2B but
not with the splice variant LAMP-2A, which is the receptor
for chaperone-mediated autophagy (Figure 3B). Remarkably,
the interaction with LAMP-1 protects TAPL from lysosomal
degradation and significantly increases its half-life (Demirel et al.,
2012). Furthermore, the TMDO of TAPL is essential and sufficient
for lysosomal targeting of the complex. Solely expressed TMDO is
transported to lysosomes while coreTAPL traffics to the plasma
membrane. Coexpression of both modules leads to their stable
association and lysosomal localization (Demirel et al.,, 2010).
The interaction with LAMP-1/2 has an impact neither on the
lysosomal localization nor on the transport activity of TAPL
(Demirel et al., 2012). Since TMDO does not contain one of
the conventional di-leucine or acidic-based lysosomal targeting
motifs (Bonifacino and Traub, 2003), the targeting mechanism

is currently unknown. In contrast, TAP retention in the ER is
independent of its TMDOs. Unlike TAPL, coreTAP does not
interact with the TMDOs (unpublished results).

CRYO-EM AND X-RAY STRUCTURES OF
TAP-RELATED TRANSPORT SYSTEMS

In recent years, the ABC transporter field has experienced a
revolution after reporting on the first high-resolution cryo-
EM structure of an ABC transporter (Figure 4A) (Kim et al,
2015). The heterodimeric transporter TmrAB from Thermus
thermophilus was selected from a structural genomic screen of
TAP-related transporters. TmrAB was identified as a functional
homolog of human TAP, complementing antigen processing and
presentation in TAP-deficient cells isolated from BLS-I patients
(Noll et al., 2017). Despite the small complex size of 135 kDa
and its pseudo-symmetric organization, cryo-EM revealed new
insights into the asymmetric organization of TAP-related ABC
transporters. Simultaneously, the X-ray structure of TmrAB in
an apo, inward-facing conformation was determined at 2.7 A
resolution, providing atomistic details of peptide translocation
complexes (N6l et al., 2017) (Figure 4C).

The cryo-EM studies on TAP-related translocation complex
TmrAB paved the way for numerous subsequent cryo-EM
studies on ABC transporters, including human TAP (Oldham
et al., 2016a,b), bovine MRP1 (Johnson and Chen, 2017, 2018),
zebrafish and human CFTR (Liu et al., 2017; Zhang et al.,
2017), ABCAL1 (Qian et al., 2017), ABCG2 (Taylor et al., 2017),
and SURI (Li et al., 2017; Martin et al., 2017a,b). To improve
the resolution by cryo-EM, human TAP was arrested in a
single conformation by the viral inhibitor ICP47, which has
previously been shown to bind with high affinity to TAP (Ahn
et al, 1996; Tomazin et al, 1996). By optimizing cryo-EM
imaging and data processing, an average resolution of 4.0 A was
achieved in the core transport complex (Figure 4B), with higher
resolution in TMDs, sufficient for registration of side chains,
but at lower resolution in the NBDs, allowing the assignment
of polypeptide backbone only (Oldham et al., 2016a). Due to
their high flexibility, the TMDOs and the C-terminal part of the
viral inhibitor comprising one-third of the complex could not be
resolved.

The core translocation unit of TAP and also TmrAB resemble
the structure of an inward-facing type I ABC exporter with 12
TMs where TM1-3 and 6 of one subunit and TM4/5 of the
other subunit constitute one wing of the TMDs (Kim et al., 2015;
Oldham et al., 2016a,b; Noll et al., 2017). The NBDs are separated
from each other but connected to the TMDs by cytosolic loops. In
this ICP47-inhibited state, the interaction of the cytosolic loops
is restricted to one NBD (ICL1 intra- and ICL2 intermolecular)
and not both NBDs, as observed by disulfide crosslinking of TAP
in ER membranes, when several conformations can be sampled
(Oancea et al., 2009). The resolution of the NBDs, however,
is not sufficient to allow detailed insights in the asymmetry
of both TAP subunits. The first 55 residues of ICP47 form
an o-helical hairpin structure and contact mainly TMs from
TAP2 with an interface twice the average size of a binding
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cryo-EM (8.2 A)

membrane border is indicated by thick gray lines.

TAP-ICP47
cryo-EM (4.0 A)

FIGURE 4 | Structures of TAP-related peptide transporters. (A) First high-resolution cryo-EM structure of an ABC transporter (Kim et al., 2015). The heterodimer
TmrAB, a functional homolog of the TAP complex, was determined in an apo, inward-facing conformation in complex with a specific antibody fragment (EMD 6085.
(B) Cryo-EM structure of human TAP in complex with ICP47 (EMD 8482; PDB 5U1D) at 4.0 A (Oldham et al., 2016a). The N-terminal TMDO of TAP1 and TAP2 and
the C-terminal part of ICP47 are not visible due to their high flexibility. (C) X-ray structure of TmrAB at 2.7 A resolution (PDB 5MKK) (Noll et al., 2017). TmrAB and
TAP1/2 are illustrated in light and dark magenta. The Fab fragment and ICP47 as fiducial marker or stabilizing factor are colored in yellow or green, respectively. The

X-ray (2.7 A)

interface, explaining the strong interaction and thermostability
of the TAP complex (Herbring et al., 2016). The borders of
the helical elements show a small deviation from the NMR
structure of the active domain of ICP47 (residue 2-34) (Pfinder
et al,, 1999; Aisenbrey et al., 2006). The active domain has the
same affinity as full-length ICP47 to inhibit peptide binding
and transport, although the additional 21 residues resolved in
the cryo-EM structure form close interactions with TM3 and
cytosolic helix 1 of TAP2 (Galocha et al, 1997; Neumann
et al., 1997). Although ICP47 interacts with TAP differently than
antigenic peptides, the binding sites for the competitive inhibitor
ICP47 and the peptides overlap at least partially, derived from
a comparison of the ICP47-bound structure with biochemical
data (Lehnert and Tampé, 2017). Remarkably, the inward-facing
conformation of the ICP47-arrested TAP shows some distortion
in the transmembrane region if compared to the X-ray structure
of the TAP ortholog TmrAB. The lumenal gate is not closed, most
likely induced by ICP47 binding, which leads to a strong bending
of TM4/5 of TAP1 reflecting an altered cross-linking behavior
(Lacaille and Androlewicz, 1998).

PEPTIDE BINDING

As for most ABC transporters, high-resolution structures with
a bound substrate are still missing. Presently, the peptide-
binding site of TAPL is not well-characterized because of the
apparent micromolar peptide affinity (Table 1) (Wolters et al.,
2005; Zhao et al., 2008). For TAP, molecular docking of peptides
to homology models of TAP was performed to elucidate the
peptide-binding site (Corradi et al., 2012; Geng et al., 2015;

Lehnert et al,, 2016). In all three studies, the binding site
is localized in the transmembrane region. Depending on the
template, and therefore on the opening of the TMD used to build
the homology model of TAP, on the procedure to restrain the
conformation of the peptide and on the method to dock the
peptide, the conformation of the bound peptide as well as the
exact localization within the TMD differ greatly. TAP inhibited by
ICP47 is not the appropriate structure for docking experiments,
since it shows obvious deviations in the TMD from other ABC
transporters (see above). The conformation of the peptide has
the strongest impact on the docking. Since, up to now, it has
not been possible to dock a 9-mer peptide to the large cavity of
TAP because of the high degree of freedom, all three studies had
to cope with constraints concerning the peptide conformation.
One study performed replica exchange simulations, in which
the C, of the N-terminal and C-terminal residue of the peptide
were restrained to positively and negatively charged pockets
assigned as binding sites for the N-terminal amino and the C-
terminal carboxy group (Corradi et al., 2012). The peptide adopts
an extended conformation. A second approach restrained the
peptide in a B-hairpin conformation, which allowed docking in
a position matching their crosslinking data (Geng et al., 2015).
Recently, the backbone structure of TAP-bound peptides was
determined by dynamic nuclear polarization enhanced magic
angle spinning solid-state NMR and subsequently used for
molecular docking (Lehnert et al., 2016). This experimentally
determined peptide structure adopts an extended conformation
and perfectly agrees with pulsed EPR data, which showed for
a similar peptide a distance of 2.5nm of both termini (Herget
et al,, 2011). In the models by Corradi et al. and Lehnert et al.
the binding pockets for the N- and C-terminus of the peptide
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TABLE 1 | Characteristics of TAP-related transporters.

TAP1/2 TAPL
Localization ER (phagosomes)* Lysosomes
(endosomes)# (non-acidic granules)
Core transport unit Heterodimer (6 + 6 TMs) Homodimer (6 + 6 TMs)
Interaction module TMDO (4 TMs) TMDO (4 TMs)
Interaction partner TAPBR (tapasin) LAMP-1, LAMP-2B
ATP-binding sites Asymmetric Symmetric
ATPase activity Strictly coupled Uncoupled

Substrate specificity ~ Peptides (8-16 aa) Peptides (6-59 aa) position

position 1-3 and 1and Q
Peptide affinity High-affinity (50 nM) Low-affinity* (10 wM)
Trans-inhibition Yes (16 uM) Yes (1 mM)

Viral inhibitors ICP47, US6, UL49.5,

BNLF2a, CPXV012

“Ant/gen cross-presentation; *derived from Ky,-value.

are separated by 2.5 nm (Herget et al., 2011; Corradi et al., 2012;
Lehnert et al., 2016; Lehnert and Tampé, 2017). The N-terminus
of the peptide binds in both models to the same negatively
charged pocket. However, in the model presented by Corradi
et al. the peptide is aligned parallel to the membrane plane,
whereas in the model of Lehnert et al. the peptide is more
perpendicular to the membrane plane. Therefore, the C-termini
of the extended peptides bind to different positively charged
pockets. In the bent peptide structure modeled by Geng et al.
there are no charged pockets within TAP involved in the binding
of the N- and C-terminal group since they form a salt bridge by
themselves (Geng et al., 2015). While the distance of the charged
binding pockets perfectly fits with the minimal peptide length
recognized by TAP, the binding site in the model of Geng et al.
cannot explain the size restriction.

SPECIFICITY OF PEPTIDE
TRANSPORTERS

TAP and TAPL are polypeptide ABC exporters, which move
peptides out of the cytosol into the ER or into lysosomes,
respectively. TAP prefers 8-16-mer peptides whereas TAPL
displays a broader length window from 6 to 59-mer peptides with
an optimum for 23-mer peptides (van Endert et al., 1994; Uebel
et al., 1997; Wolters et al., 2005). The N-terminal amino group
as well as the C-terminal carboxy group are involved in peptide
binding since modifications of the termini interrupt peptide
binding and transport. In initial experiments, using peptides
composed of D-amino acids, the importance of side chains
for substrate specificity was recognized. With combinatorial
peptide libraries, the sequence specificity of both transporters
was evaluated (Uebel et al., 1997; Zhao et al., 2008). For TAP,
the first three N-terminal and the last C-terminal residues are
relevant for peptide selection, whereas TAPL senses only the
terminal residue on both ends. The selectivity pattern for TAP
and TAPL is related: both favor basic and bulky residues and
disfavor negatively charged side chains at their termini (Uebel
et al., 1997; Zhao et al., 2008). Furthermore, for TAP a proline

at position two and acidic residues at position three strongly
interfere with peptide binding. Since peptides with a proline
are found at position two on the peptide-recipient MHC I
molecule, N-terminal trimming of the translocated peptides by
ER-luminal peptidase ERAP-1 and-2 must occur (for review see
van Endert, 2011). The sequence between both ends can be highly
promiscuous for both transporters, and even large fluorophores
or g-amino linked polylysine chains with a mass equivalent to
the unmodified peptide are tolerated at these positions (Grommé
et al., 1997; Neumann and Tampé, 1999; Gorbulev et al., 2001).
Although the peptide binding site seems to be large and flexible,
TAP binds only one peptide as determined by fluorescence
correlation spectroscopy (Herget et al., 2009). Whether TAPL
as a homodimeric and therefore symmetric transporter binds
more than one peptide is an open issue, however from existing
transport studies any cooperativity in peptide binding can be
excluded (Wolters et al., 2005; Zhao et al., 2008). The epitope
RRYQKSTEL derived from histone 3.3 and fluorescently labeled
derivatives were intensively used to study peptide binding and
transport of TAP and TAPL. Based on its sequence, this peptide
represents a good binder for both transporters. Interestingly,
TAP binds this peptide with a 100-fold higher affinity as TAPL
(Table 1). Peptide binding to TAP is a two-step process with
a fast high-affinity association followed by a slow structural
rearrangement of the transporter. Bound to TAP, the termini of
the peptide feature a distance of 2.5nm as revealed by pulsed
EPR spectroscopy (Herget et al, 2011). This distance limits
the size of the peptide to 8-mer peptides, which bind in an
extended conformation discovered by solid-state NMR (Lehnert
et al., 2016). Since longer peptides are restricted to the same
distance, they have to adopt an extended kinked conformation
in the binding pocket (Herget et al, 2011). Remarkably, the
distance of the termini of MHC I bound peptides fits to that
of TAP. It seems that not only in respect to sequence but
also concerning the N- to C-terminal distance, MHC I and
TAP has co-evolved and therefore TAP functions as a filter for
MHC I. Taken together, TAPL recognizes a broader spectrum
of peptides than TAP in respect to peptide length and sequence
implying a more general function of the lysosomal transporter,
respectively.

PEPTIDE TRANSLOCATION

TAP and TAPL export similar peptides out of the cytosol.
Peptide transport is coupled with ATP hydrolysis since the
non-hydrolysable ATP analog AMPPNP or mutations in the
conserved sequences of the ATP binding site interfere with
peptide translocation (Lapinski et al., 2001; Chen et al., 2004;
Wolters et al., 2005; Perria et al., 2006; Demirel et al., 2007).
Interestingly, mutation of the highly conserved aspartate of the
D-loop of TAP1 to alanine turns TAP into a ligand-gated passive
facilitator (Grossmann et al., 2014). The D-loop is localized in
the interface between both NBDs and seems to be involved
in communication between both ATP-binding sites. The ATP-
binding site I of TAP formed by the Walker A/B motif of
TAPI and the C-loop of TAP2 shows strong deviation from
the consensus sequences. This “degenerate” site has a strongly
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reduced ATP hydrolysis activity compared to the consensus site
and is assumed to have a regulatory function not being directly
involved in the energetics of peptide translocation (Lapinski
et al, 2001; Chen et al, 2003). Interestingly, substituting the
degenerate sequences by the consensus sequences creates a
hyperactive transporter (Chen et al., 2004). TAP notably shows
a direct coupling between peptide transport and ATP hydrolysis
with no significant basal ATPase activity (Gorbulev et al., 2001;
Grossmann et al., 2014). Moreover, there is a quality sensor since
peptides, which bind to TAP but are not transported, do not
stimulate ATPase activity (Gorbulev et al., 2001). Since TAPL
has a high basal ATPase activity, a strong coupling between
peptide binding, transport, and ATP hydrolysis is not expected
(Zollmann et al., 2015).

Both transporters pump peptides against their concentration
gradient as demonstrated by different techniques. Remarkably,
TAPL accumulates peptides to an approximately 50-fold higher
concentration than TAP. Both transporters do not reach
the thermodynamic limit since they are inhibited in trans.
This trans inhibition is comparable with product inhibition
in classical enzyme kinetics. In the trans-inhibited state the
transported peptide forces the transporter in the outward-
facing conformation and therefore inhibits the conformational
change to the inward-facing ground state. Subsequently, peptide
transport and ATP hydrolysis are suppressed (Grossmann et al.,
2014; Zollmann et al.,, 2015). The physiological meaning of this
inhibition is an interesting point of discussion. In lysosomes,
the peptides will be immediately degraded by the lysosomal
proteases while in ER, the peptides will be bound to MHC
class I and therefore removed from the pool of free peptides,
or exported into the cytosol by an unresolved mechanism
(Koopmann et al., 2000). The turnover rates of TAP and TAPL
for peptide transport (kcy) determined in proteoliposomes by
classical ensemble experiments, averaging over all molecules,
indicate a low transport rate with a k¢, of approximately 0.1
peptide/min (Zhao et al., 2008; Scholz et al., 2011; Grossmann
etal., 2014). The amount of functional purified and reconstituted
transporters can vary immensely and cannot be determined
correctly by these ensemble experiments. Therefore, the single-
molecule based method dual color fluorescence burst analysis
was applied on TAPL transport (Zollmann et al, 2015), by
which the accumulation of fluorescently labeled peptides in single
liposomes is monitored in the confocal volume of a microscope.
Thereby, active transporters can be separated from inactive ones.
Remarkably, only approximately 10% of TAPL was active in
transport after reconstitution. To the end, a transport rate of eight
peptides per min was determined, which fits to ATP hydrolysis
kinetics of other well-characterized ABC exporters such as MsbA
and ABCC3 (Zehnpfennig et al.,, 2009; Kawai et al., 2011). It
is worth mentioning that data on solute transport kinetics are
limited since most of the eukaryotic ABC exporters translocate
hydrophobic substances, which are intrinsically problematic to
analyze. Furthermore, TAP as well as TAPL operate strictly
unidirectional and the process is not reversible as for the FoF;
ATP-synthase, which functions as ATP hydrolase or synthase
depending on the proton gradient (Grossmann et al., 2014;
Zollmann et al., 2015).

PURIFICATION AND FUNCTIONAL
RECONSTITUTION

A prerequisite for the detailed analysis of these transporters
is their synthesis, purification, and functional reconstitution
into liposomes. While there is no natural source with high
expression found for TAPL, the B-lymphoma cell line Raji shows
high endogenous expression suitable not only for cell biological
but also for biochemical studies (Uebel et al., 1997; Gorbulev
et al., 2001; Chen et al., 2003). Both transporters are stably
and transiently expressed in mammalian cell lines (Demirel
et al, 2012; Hinz et al., 2014). Moreover, good expression
in Spodoptera frugiperda cells with the baculovirus expression
system and even stably integrated in the genome in Drosophila
melanogaster cells is reported (Meyer et al., 1994; van Endert
et al., 1994; Schoenhals et al., 1999; Wolters et al., 2005). In
baker’s yeast only very small amounts of TAP were produced
(Urlinger et al., 1997), whereas both transporters are expressed
to a decent level in Pichia pastoris, high enough for biochemical
and structural studies (Scholz et al., 2011; Parcej et al.,, 2013;
Zollmann et al., 2015; Oldham et al., 2016a). For TAPL, a single
step purification via His-tag was applied (Zhao et al.,, 2008),
whereas the heterodimeric TAP complex is isolated in a two-
step, orthogonal process using a His-tag and a streptavidin-
binding-peptide tag to capture only heterodimeric complexes
(Parcej et al., 2013). More recently, TAP was isolated by the
viral inhibitor ICP47 ending with a thermostable, inhibited
complex well-suited for single particle cryo-EM analyses of the
native MHC I peptide loading complex (Herbring et al., 2016;
Blees et al., 2017). Functional reconstitution is a prerequisite
for mechanistic studies. A critical step is the detergent used
for solubilization. Interestingly, TAPL is less dependent on the
detergent since digitonin as well as n-dodecyl-B-D-maltoside
(DDM) restores its activity (Zhao et al., 2008), whereas TAP
is only functionally solubilized in digitonin and the steroid
based glycol-diosgenin in the range of 80 different detergents
tested (Herget et al, 2009; Lehnert et al., 2016). Digitonin
solubilized TAP is enriched in phosphatidylethanolamine and
phosphatidylinositol. Remarkably, TAP solubilized in DDM
and therefore inactive could regain its activity if reconstituted
in membranes rich in these phospholipids (Scholz et al,
2011).
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Activation of the epithelial-mesenchymal transition process (EMT) by which alveolar cells
in human lung tissue undergo differentiation giving rise to a mesenchymal phenotype
(fibroblast/miofibroblasts) has been well recognized as a key element in the origin of
idiopathic pulmonary fibrosis (IPF). Here we analyzed expression of AQP1 in lung biopsies
of patients diagnosed with IPF, and compared it to biopsies derived from patients
with diverse lung pneumonies, such as hypersensitivity pneumonitis, sarcoidosis or
normal lungs. Immunostaining for AQP1 showed a clear increment of AQP1 localized
in the alveolar epithelium in biopsies from IPF patients alone. Moreover, to examine the
possible participation of AQP1 in the pathophysiology of IPF, we evaluated its role in the
pro-fibrotic transformation induced by transforming growth factor (TGF-g) in vitro. Human
alveolar epithelial cells (A549), and fibroblasts derived from an IPF patient (LL29), or
fibroblasts from healthy normal lung tissue (MRC-5), were treated with TGF-f, and levels
of expression of AQP1, as well as those of E-cadherin, vimentin, a-SMA and collagen
were analyzed by RT-gPCR, western blot and immunohistochemistry. An increase of
AQP1 mRNA and protein after TGF- treatment (4—72h) was observed either in A549
or IPF fibroblast-LL29 but not in MRC-5 fibroblasts. A gradual reduction of E-cadherin,
and increased expression of vimentin, with no changes in a-SMA levels were observed
in A549. Whereas in LL29 and MRC-5, TGF-B1 elicited a large production of collagen
and a-SMA that was significantly greater in IPF fibroblast-LL29. Changes observed
are consistent with activation of EMT by TGF-8, but whether modifications in AQP1
expression are responsible or independent events occurring at the same time is still
unknown. Our results suggest that AQP1 plays a role in the pro-fibrotic TGF-p action
and contributes to the etiology and pathophysiology of IPF. Understanding AQP1’s role
will help us comprehend the fate of this disease.

Keywords: interstitial lung disease (ILD), fibrosis, sarcoidosis, aquaporins (AQPs), inflamation, type Il
pneumocytes, IPF, AQP1
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is the most widely found
interstitial lung disease. IPF is a progressive disease usually
fatal, characterized by inability of the alveolar epithelium to
repair a lesion. The re-epithelialization fails and transformation
to fibroblast/myofibroblast persist, with increase in extracellular
matrix deposition and alteration of functional lung architecture,
which will finally produce a respiratory failure (Lynch et al., 2006;
Raghu et al., 2011). Clinical IPF is normally associated in surgical
lung biopsy with a histopathological pattern of usual interstitial
pneumonia (UIP). Though the origin of this pathology remains
not fully understood, (Willis and Borok, 2007; Spagnolo et al.,
2015) it is postulated that following alveolar epithelial injury, a
process of repair and scar formation is initiated that implicates
important changes and cell activation. However, in some cases,
an alteration of the healing process occurs and lung fibrosis
develops (Willis et al., 2006). In IPE activated epithelial cells
and recruited inflammatory cells release potent fibrogenic growth
factors and cytokines that favor fibroblasts proliferation and its
transformation to myofibroblasts (Khalil et al., 2005; Takai et al.,
2013). The activation of an epithelial-mesenchymal transition
(EMT) process by which alveolar epithelial cells (AEC) undergo
a transition or trans-differentiation process to mesenchymal like
cells, such as fibroblasts or myofibroblasts, is gaining acceptance
as a key element in the origin of this pathology. Both pathological
alternative pathways do not exclude each other and may likely
coexist in the origin of IPF.

Different fibrogenic growth factors have been clearly
implicated as inducers of lung fibrosis, among them the
transforming growth factor (TGF-B) is perhaps the most relevant
factor associated to lung fibrosis. Furthermore, a crucial role
for TGF-P has been indicated in the induction of EMT in many
physiological scenarios, including for instances in tissue fibrosis
(Chapman, 2011; Tirino et al., 2013). It has been demonstrated
that TGF-p induces in vitro EMT in AEC, and that epithelial and
mesenchymal markers co-localize in hyperplastic alveolar type
IT cells in interstitial pulmonary fibrosis (IPF) tissue, indicating
that AEC could show great plasticity and function as a source for
new fibro- and myofibroblasts cells in lung fibrosis (Chapman,
2011; Tirino et al., 2013).

Several aquaporins (AQP1, AQP3, AQP4, and AQP5) have
been recognized in the respiratory system. Each one presents in
a particular location, probably indicating different physiological
roles in the pulmonary tissue (Guarino et al., 2009; Camelo
et al., 2014). AQP1 is expressed in both membranes, apical and
basolateral, of the microvascular endothelium, besides of being
expressed in the visceral pleura. AQP3 and AQP4 are expressed in
the airway epithelium. AQP5 is expressed in the apical membrane
of type-I pneumocytes, and also in the apical side of acinar cells
in the submucosal glands of nasopharynx and rest of airways.

In previous studies, we demonstrated that Aquaporin-1
(AQP1) up-regulates its expression in the lung of animals
exposed to hypoxia for 24-48 h (Echevarria et al., 2007). We also
demonstrated that the transcription factor inducible by hypoxia
HIF-1a, partially participates in this process along with other
factors in the inflammatory pathway (Abreu-Rodriguez et al.,

2011). We then became interested if the regulation by hypoxia
would occur in patients suffering hypoxemic diseases and
whether the remodeling of AQP1 expression may play a role in
developing pathologies, such as chronic obstructive pulmonary
disease (EPOC) (Calero et al., 2014) and IPF (Gutiérrez et al.,
2013).

A clear association between expression of AQPI and
increment of cell proliferation in different cellular models has
been recently demonstrated (Galan-Cobo et al., 2015, 2016).
Moreover, in a murine model of acute lung injury a relationship
between ANGII and AQP1 expression was indicated (Cao et al.,
2010) and up-regulation of pulmonary AQP1 expression was
observed in mice with pulmonary fibrosis induced by bleomycin
(Gao et al., 2013), leading authors to propose a possible role for
AQP1 in the pathogenesis of lung fibrosis.

Thus, with all these precedents in mind we decided to look
for alternative pathways that may explain connections between
changes in the AQPI expression pattern in lung cellular types
of patients with IPF and the pathophysiology of the disease.
Lung biopsies of patients with different interstitial lung disorders
were analyzed by immunohistochemistry for AQP1 expression
and experiments in cell lines treated with the pro-fibrotic agent
TGF-p1 were performed in vitro. The human alveolar epithelial
cell line A549, and two different cell lines of human fibroblast,
one derived from an IPF patient (LL-29) and the other from
healthy fibroblast (MRCS5), were treated with TGF-B1, and the
correlation between expression of AQP1 and other proteins
were analyzed to determine their role in the induced EMT or
fibroblast-myofibroblast transition process.

MATERIALS AND METHODS

Human Tissue Samples

All paraffin-embedded samples were acquired from the
Department of Pathology, HUVR of Seville, Spain. Originally,
samples were obtained by pulmonary biopsy corresponding
to IPF and other fibrotic and non-fibrotic interstitial lung
diseases (ILD). For the control group we took samples of patients
undergoing surgery for spontaneous pneumothorax otherwise
healthy. The number of groups, as well as the number of samples
included per group in the analysis are indicated in Table 1,
and are as follow: (20) idiopatic pulmonary fibrosis-usual
interstitial pneumonia (IPF-UIP), (2) non-specific interstitial
pneumonia (NSIP), (1) cryptogenic organizing pneumonia
(COP), (5) IPF-not otherwise specified, (6) hypersensitivity
pneumonitis, (4) sarcoidosis and (7) control lungs. Written
informed consent was obtained from all participants. The study
followed the tenets of the WMA Declaration of Helsinki for
research involving human subjects and was approved by the
ethics committee of the University Hospital Virgen del Rocio
(HUVR).

Immunohistochemistry of Biopsies

All samples examined were obtained from formalin-
fixed, paraffin-embedded pieces. Slices of 5um were cut
with a microtome and mounted on microscope slides.
Immunohistochemical samples were obtained from paraffin
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sections that were immersed in xylene and rehydrated through a
series of decreasing dilutions of ethanol. Blocking of endogenous
peroxidase, epitope retrieval and immunostaining procedure
were done as previously reported (Lopez-Campos et al., 2011).
Primary antibody, rabbit polyclonal anti-AQP1, (1:500 dilution,
Abcam, Cambridge, UK) was used overnight, for the developing
of brown precipitates we then used the two steps system EnVision
+ Dual Link System-HRP (DakoCytomation, Dako Denmark).
Qualitative analysis was made by two independent observers. We
assigned zero for no staining on the sample, low positive (<25%
of the sample stained), medium positive (50% of the sample
stained) and high positive (>75% of the sample stained) values
(Tables 1, 2). Immunoreactivity was analyzed in terms of surface
and type of cells showing AQP1 on their surface. Samples were
photographed using an AX70-Olympus microscope equipped
with an Olympus DP10 camera (Denmark).

Cell Culture
A549 cells (Human lung alveolar epithelial) and LL29
(Human idiopathic pulmonary fibrosis) were purchased

TABLE 1 | Summary of interstitial lung diseases (pneumonias) included in the

studly.

N (%)
|diopathic Pulmonary Fibrosis (IPF)/Usual 20 44.4
interstitial pneumonia (IPF-UIP)
Non-specific interstitial pneumonia (NSIP) 2 4.4
Cryptogenic organizing pneumonia (COP) 1 2.2
Idiopathic interstitial pneumonia not 5 111
otherwise specified
Hypersensitivity pneumonia 6 13.3
Sarcoidosis 4 8.9
Controls 7 15.6
Total 45 100

from the American Type Culture Collection (ATCC,
Rockville, USA); MRC-5 (Human lung fibroblast cell
line) cells were obtained from the European Collection
of Cell Culture (ECACC, Salisbury, UK). A549 cells were
cultured as monolayers in DMEM:F12 (F12K Nut Mix)
supplemented with 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin-streptomycin  (Invitrogen, Carlsbad,
CA, USA). MRC-5 cells were cultured as monolayers in
MEM supplemented with 10% heat-inactivated fetal bovine
serum, 100 U/mL penicillin-streptomycin, and 2mM L-
glutamine (Invitrogen, Carlsbad, CA, USA). LL-29 cells
were cultured in Ham’s F12K medium supplemented
with 15% heat-inactive fetal bovine serum, 100 U/mL
penicillin-streptomycin, and 2mM L-glutamine (Invitrogen,
Carlsbad, CA, USA). Cells were cultured at 5% CO, at
37°C.

TGF-p1 Assays

A549 (2.4 x 10°), MRC-5 (3 x 10%), and LL-29 (2.5 x 10°)
cells were plated on 60 mm dishes (Nunc, Roskilde, Denmark),
when the cells reached 80% of confluence we added fresh medium
1% FBS for 24 h and then we added 10 ng/ml of TGF-B1 (R&D
System, Minneapolis, MN, USA) for 4, 16, 24, 48, or 72h. We
used untreated cells as control.

Morphological changes in A549, MRC-5 and LL-29 cells were
examined by inverted fluorescence microscopy (Zeiss Axiovert
25, Carl Zeiss Co. Oberkochen, Germany) and photographed
using a CCD Canon camera.

Indirect Immunocytochemistry Staining of
Cultures Cell

Cells were seeded into 24-well plates at a concentration
of 2 x 10* cells/well. After treatment with 10ng/ml TGF-
Bl for 24h the culture medium was discarded and cells
were washed with Ca™-Mg™ PBS Ix and fixed with 3%
paraformaldehyde for 10 min at room temperature. Cells were

TABLE 2 | Association between AQP1 staining and interstitial pneumonias.

Type Il pneumocytes AQP1 immunoreactivity P-value*

Negative Low positive Medium positive High positive
Usual interstitial 2 (10%) 1(6%) 8 (40%) 9 (45%) 0.001
pneumonia (n = 20)
Non-specific interstitial - - 1 (60%) 1 (60%) 0.087
pneumonia (n = 2)
Cryptogenic organizing - - 1 (100%) - 0.249
pneumonia (n = 1)
|diopathic interstitial 4 (80%) - 1 (20%) - 0.685
pneumonia not otherwise
specified (n = 5)
Hypersensivity 3 (50%) 3 (50%) - - 0.266
pneumonia (n = 6)
Sarcoidosis (n = 4) 4 (100%) - - - 1
Control (n =7) 6 (85.7%) 1(14.3%) - - -

Two independent observers gave negative value for no stain, low positive for <25% of the sample stained, medium positive for 50% of the sample stained and high positive for >75% of
the sample stained. "P-value was calculated by x2 with Monte Carlo method for association between AQP1 staining and interstitial pneumonias comparing each interstitial pneumonia
against the control group and using the Bonferroni correction for multiple comparisons (p < 0.008) only the group of usual interstitial pneumonia resulted different from control (p = 0.001).
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washed and permeabilized/blocked with 0.1% Triton X-100
in 10% Fetal Calf Serum (FCS) solution for 10min at
room temperature and incubated with primary antibodies;
1:200 of E-cadherin (BD Biosciences, San Jose, CA, USA)
and 1:100 of AQP1 (Abcam, Cambridge, UK) overnight at
4°C. After washing with PBS cells were then incubated
with Alexa 488 donkey anti-mouse (Invitrogen, Carlsbad, CA,
USA) 1:200 in blocking solution for AQP1 and E-cadherin
staining for 1h at room temperature. F-actin was labeled with
red-fluorescent Alexa Fluor 594 Phalloidin (Thermo Fisher
Scientific, Waltham, MA, USA) 1:1000 for 10min at room
temperature. Samples were washed with PBS and then mounted
with DAKO (Invitrogen, Carlsbad, CA, USA) and preserved
at 4°C. Immunocytochemestries were photographed using a
fluorescence microscope Olympus BX 71 with a refrigerated
camera DP70.

Western Blotting

Plated cells were washed with cold PBS, collected by scraping
in 1ml of cold PBS and centrifuged at 300g for 5min at
4°C. For whole-cell protein extract, the pellet was lysed in a
variable volume of homogenization buffer containing: 50 mM
Hepes (pH 7.3); 5mM EDTA; 250 mM NaCl; 5mM DTT; 0.2%
(v/v) NP40 (Sigma-Aldrich); and 1% (v/v) Complete Protease
Inhibitors Cocktail (Sigma-Aldrich). The resuspended pellet
was left on ice for 5-15min, vortexed, and then centrifuged
at 16,000g for 15min at 4°C, and proteins contained in
the supernatant were stored. Protein concentration was
analyzed using the Bradford method (BioRad Protein Assay,
BioRad, Berkeley, CA) and kept at —20°C until Western
blot analysis (Galian-Cobo et al., 2016). For all proteins
analyzed, 30 pg of whole-cell extracts were resolved by SDS-
PAGE on 10-12% gels. After electrophoresis, proteins were
transferred onto PVDF membranes (Hybond-P, Amersham
Biosciences, Pittsburgh, PA) using a Novex apparatus (Novel
Experimental Technology, San Diego, CA). Membranes
were probed with 1:700 anti-AQP1 (Abcam, Cambridge,
UK), 1:2500 anti-E-Cadherin (BD Biosciences, San Jose,
CA, USA), 1:1500 anti-Vimentin (Abcam, Cambridge, UK),
1:1000 anti-a-SMA (Abcam, Cambridge, UK) and 1:10000
anti-cyclophilin A (Abcam, Cambridge, UK) antibodies.
Immunoreactive bands were developed with the ECL Prime

system (Amersham Biosciences) and visualized using a digital
imaging system (ImageQuant LAS 4000 Mini, GE Healthcare,
Buckinghamshire, UK).

RNA Isolation and Quantitative PCR

RNA was extracted from cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according with manufacturer protocol.
After mRNA isolation, reverse transcription (RT) was performed
for 5pug of RNA wusing SuperScript II RNase-H reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time
quantitative PCR (qPCR) analysis was carried out in an ABI
Prism 7500 Sequence Detection System using SYBR Green PCR
Master Mix (Applied Biosystems, Warrington, UK) and the
thermocycler conditions recommended by the manufacturer.
The expression of HPRT1 was used to normalize for differences
in amounts of input DNA between samples. Primers were
designed using the Primer Express software (version 2.0,
Applied Biosystems, Warrington, UK) and their sequences
are indicated in Table 3. Melting curve analysis showed a
single sharp peak with the expected melting temperature for all
samples.

Statistical Analysis

Data analysis was performed using SPSS Advanced Statistics
(SPSS Inc., Chicago, Illinois), version 19.0. For the statistical
analysis of data derived from analysis by immunohistochemistry
of patient biopsies, the “p” value for comparative analysis of
association between AQP1 staining and interstitial pneumonias
was calculated by x2 with Monte Carlo method. The Bonferroni
correction was used for multiple comparisons and the Fisher
exact test when comparing each interstitial pneumonia against
the control group. For all experiments performed in cells
in culture the data are expressed as mean =+ standard
error of the mean from at least four different experiments.
The statistical significance for normal distribution data was
estimated using one-way ANOVA followed by Bonferroni’s
post-hoc test to compare more than two groups. Data with
non-normal distribution were analyzed using Mann-Whitney
U or Kruskal-Wallis H-test for two or more than two
groups, respectively. Values of p < 0.05 were considered
significant.

TABLE 3 | Primer sequences used for the amplification of cDNAs by gPCR.

Genes

Forward sequence

Reverse sequence

Aquoporin 1 (AQPT)

GGACACCTCCTGGCTATTGACTAC

GTTGCTGAAGTTGTGTGTGATCAC

E-Cadherin (CDHT) TCGACACCCGATTCAAAGTG GTCCCAGGCGTAGACCAAGA
Vimentin (VIM) TGCCCTTAAAGGAACCAATGAG AGGCGGCCAATAGTGTCTTG
a-SMA (ACTA2) CTGTTCCAGCCATCCTTCAT CCGTGATCTCCTTCTGCATT
Collagen Type | Alpha 1 (COL1A71) TGACCGAGACGTGTGGAAAC CAGATCACGTCATCGCACAAC
Hypoxanthine ACTGAACGTCTTGCTCGAGATG AGCAGGTCAGCAAAGAATTTATAGC

Phosphoribosyltransferase 1 (HPRT1)

Primers were designed using the Primer Express software (Applied-Biosystems). gPCR: quantitative PCR.
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RESULTS

AQP1 Is Specifically Expressed in
Hyperplasic Cuboidal Type Il Pneumocytes
in the Alveolar Epithelium in Patients With
Idiopathic Pulmonary Fibrosis

In the present study we analyzed expression of AQP1 in lung
biopsies of patients diagnosed with IPF, and compare it to
biopsies derived from diverse interstitial lung diseases such as
others pneumonias, hypersensitivity pneumonitis, sarcoidosis,
or normal lungs (Table1). Conditions for AQP1 antibody
immunohistochemistry in human lung biopsies were determined
in a previous study (Lopez-Campos et al., 2011). A summary
of results from the analysis of biopsies is presented in Table 2.
Normal lung tissues is consistent with previous reports (Lopez-
Campos et al, 2011; Calero et al, 2014) in that AQPI1
immunostaining was detected predominantly in endothelial cells
of alveoli capillaries and the rest of blood vessels; faint labeling
was also detected on neumocytes of the alveolar wall (Figure 1).
No labeling was detected in absence of the primary antibody (data
not shown).

Compared to the rest of pathologies analyzed, the
immunohistochemistry assays revealed that only biopsies
from IPF show a clear increment of AQP1 staining that localizes
remarkably over hyperplasic cuboidal type II pneumocytes in the
alveolar epithelium, and to a much lesser grade over few planar,
hyperplasic or metaplasic type I cells (Figure 1). A more detailed

observation over the fibrosis focus of IPF patients, where the
transition from fibroblasts to miofibroblasts occurred, showed
that type I epithelial cells lining the fibrotic focus are totally
deprived of AQP1 expression. In the rest of the samples basal
AQPI expression was limited to erythrocytes and endothelial
cells. Absence of AQP1 labeling was observed over the interstitial
lung or in myoepithelial cells. Changes in the expression pattern
of B-catenin and E-cadherin were also studied but need further
analysis of the immunoassays. In conclusion, the analysis
demonstrates a possible role for AQP1 expression in the reactive
process occurring over fibrotic focus of the alveoli epithelium of
IPF patients.

AQP1 Is Overexpressed Along Epithelial
Mesenchymal Transition (EMT) Induced by
TGF-8

To further investigate the implication of AQP1 in the initiation
and progression of IPF we examined epithelial cells as central to
the pathogenesis of IPF. Experiments performed in the human
lung epithelial cell line A549 has shown that treatment with the
pro-fibrotic agent TGF-B1 (10 ng/ml) produces a time course (24,
48, 72, and 96 h) differentiation of the epithelial cells toward a
fibroblastic-like phenotype, together with an increase of mRNA
levels of the mesenchymal markers vimentin (5-fold) and a-
SMA (2.5-fold). Consequently, a decrease in the levels of the
epithelial marker E-cadherin was found after TGF-f1 treatment.
Interestingly, levels of AQP1-mRNA were also measured and a

Control

bar represents 100 wm in each case. Note the different size of bar in each case.

FIGURE 1 | Immunostaining of AQP1 in lung biopsies of patients. Pulmonary parenchyma of a healthy patient is shown as control. In the pulmonary parenchyma of
patients with usual intersticial pneumonia (IPF) reactive type Il pneumocytes of alveolus showed intense expression of AQP1 (see the arrows in the IPF at larger
magnification). In biopsies of patients with hypersensitivity pneumonia (HP) or sarcoidosis (S), the staining of AQP1 was mainly located in capillaries endothelia. Scale
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FIGURE 2 | Analysis of EMT induction in A549 cell lines. Cells were treated with TGF-1 (10ng/ml) for 4, 16, 24, 48, and 72 hours and the mMRNA levels of AQP1,
E-cadherin, Vimentin and a-SMA where quantified by real time RT-PCR analysis (A) and the protein levels by Western blot (B).

substantial increase of AQP1 expression (5-fold) was observed
in parallel to the changes described before for vimentin and
a-SMA (Figure 2A). Similar results to those described for the
mRNA, were found for the protein levels of E-cadherin, vimentin
and AQP1 (Figure 2B). Immunostaining for AQP1 again showed
higher expression levels of AQP1 in the lung epithelial cells A549
after TGF-B1 treatment (Figure 3), supporting previous data and
indicating a possible role of AQP1 in the EMT process in lung
tissue.

We then repeated similar experiments with TGF-B1 using two
different fibroblast cell lines. A cell line of fibroblasts derived from
patients with IPF (LL29) and a cell line of healthy fibroblasts
(MRC-5). An increment of the capacity for extracellular matrix
production was found in LL29 cells after TGF-f1 treatment
indicated by higher levels of type I collagen (10-fold) and of a-
SMA (5-fold). In parallel a strong and stable induction of AQP1
mRNA and protein levels were observed in this cell line obtained
from an IPF patient (Figure 4) unlike, in the healthy fibroblast
cell line MRC-5. Although similar induction of a-SMA and type
I collagen were found, AQP1 levels remained unchanged after
TGE-B1 treatment (Figure 5).

Altogether, these results support the hypothesis that
increments of AQP1 expression induced by TGF-B1 occur in
the lung tissue of patients with IPF. As a result of rising AQP1
in the alveolar epithelia, the cells undergo EMT or fibroblast-
myofibroblast transition, thereby contributing to formation
of fibroblastic foci and subsequent fibroblast and extracellular
matrix accumulation.

DISCUSSION

Immunohistochemical studies in rats and mice have shown that
AQPI is present in the capillaries and in the sub-epithelial
connective tissue of the animal‘s respiratory tract. Alveolar cells
do not express AQPI1 on its surface and expression of AQP1
is restricted to the capillary endothelium (Nielsen et al., 1997).
At present, the idea remains that AQP1 provides the principal
pathway for osmotic transport of water between airspace and
lung capillary compartments. Nevertheless, neither alveolar fluid
clearance in neonatal and adult lung nor lung fluid accumulation
in experimental models of lung injury have reported being
affected by AQP1 deletion.
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FIGURE 3 | Immunostaining showing AQP1, E-cadherin and F-actin expression in A549 cells without TGF-B1 treatment (Control) and after TGF-p1 (10 ng/m)
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FIGURE 4 | Analysis of fibroblast-myofibroblast transition induction in LL-29
cell line. Cells were treated with TGF-B1 (10 ng/ml) for 4, 16, 24, 48, and

72 hours and the mRNA levels of AQP1, Vimentin, a-SMA and Collagen type |
where quantified by real time RT-PCR analysis (A) and the protein levels of
AQP1, Vimentin and a-SMA were quantified by Western blot (B).

In the present work, we have shown for the first time a large
expression of AQP1 in human lung tissue from IPF patients,
not only in endothelial cells but also in the alveolar epithelial
surface. Alveolar surface is covered by two types of epithelial
cells, alveolar cells called type I (AT I) and type II (AT II), also
called pneumocytes type I and type II. AT I cells represent 90% of
the alveolar border and are responsible for making gas exchange.
AT 1I cells are characterized by synthesizing and secreting
pulmonary surfactant which actives alveolar surface and prevent
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FIGURE 5 | Analysis of fibroblast-myofibroblast transition induction in MRC-5
cell line. Cells were treated with TGF-B1 (10 ng/ml) for 4, 16, 24, 48, and

72 hours and the mRNA levels of AQP1, Vimentin, a-SMA and Collagen type |
where quantified by real time RT-PCR analysis (A) and the protein levels of
AQP1, Vimentin and a-SMA were quantified by Western blot (B).

its collapse among other important functions such as immune
defense (Chroneos et al., 2010). AT II cells are progenitors
of AT T cells and therefore are responsible for repairing the
alveolar epithelium after damage. Under normal conditions, the
alveolar epithelial repair occurs through the proliferation of AT
IT cells and their differentiation into AT I cells. However, IPF
is characterized by the fact that both alveolar type II cells and
the type I undergo apoptosis and are replaced by fibroblasts
(Barbas-Filho et al., 2001) contributing to the disappearance
and transformation of the alveolar epithelium. As previously
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described, ATT cells do not express AQP1 (Nielsen et al., 1997).
Interestingly, our data shows that expression of AQP1 in the
alveolar epithelium was exclusively found in ATII cells.

Analysis performed in different diseases other than IPF show
that AQP1 expression is not uniform. This water channel is
not expressed in normal lung alveolar cells and is expressed
to a much lesser extent in AT II cells from samples obtained
from various interstitial lung diseases other than IPF. Even
in cases of intense inflammatory activity like hypersensitivity
pneumonitis or sarcoidosis, there is not expression of AQP1 in
alveolar epithelial cells. The highest expression of AQP1 in type
II alveolar epithelial cells occurs significantly in IPF samples.
IPF is a progressive disease of unknown etiology (Crystal et al.,
2002) that classically presents a histopathological pattern of UIP.
The primary characteristics are areas of conventional fibrosis
with variable regions of fibroblastic foci, scattered with zones
of normal or almost normal lung. Additionally, IPF is also
typified by ATII cell hyperplasia (Selman and Pardo, 2003).
Although initial studies gave special attention and prevalent
role to inflammation on fibrogenesis, the present hypothesis
proposes a principal role of the epithelium in the pathogenesis
and progression of this disease. Thus, IPF is likely the result of
an initial epithelial injury to which the natural repair process fail
to repair setting an initial focus of cell activation and damage
(Chilosi et al., 2003). Identification of cells in which markers
of epithelial and mesenchymal phenotypes are co-expressed,
seen both in human lung and in cultures in vitro, sustain the
paradigm by which alveolar epithelial cells may serve as a supply
of myofibroblasts in lung fibrosis (Willis et al., 2005). Currently,
activation and apoptosis of epithelial cells is considered one of the
initial events in the development of IPF (Sisson et al., 2010).

In IPE proliferation and migration are two important
events in the alveolar epithelium transformation. Interestingly,
AQP1 has been implicated in cell proliferation and migration
promotion in lung among other proliferative tissue models
(Saadoun et al., 2005; Wei and Dong, 2015; Wu et al., 2015;
Galan-Cobo et al., 2016; Tomita et al., 2017; Wang et al., 2017;
Yun et al.,, 2017). On the other hand, EMT is a key event in
the IPF progression, which promotes accumulation of fibroblasts
and deposition of extracellular matrix in response to epithelial
injury. TGF-B signaling is considered a key activator of EMT
and fibroblast activation in this disease (Chapman, 2011; Tirino
et al,, 2013). Migration is an essential process during EMT, and
although AQP1 has not been directly related with EMT, it is
well know that this protein helps the cell migration process
by facilitating water influx at the tip of the lamellipodium,
resulting in a membrane protusion (Saadoun et al., 2005), and by
interacting with p-catenin (Monzani et al., 2009; Yun et al., 2017).
Other AQPs, such as AQP3 and AQP5, activate this process as
well (Chen et al., 2014, 2017). Therefore, the large increase in
expression of AQP1 we observed on AT II cells in IPF patient
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Nutritional Stress Induced by Amino
Acid Starvation Results in Changes
for Slc38 Transporters in
Immortalized Hypothalamic Neuronal
Cells and Primary Cortex Cells

Sofie V. Hellsten, Rekha Tripathi*, Mikaela M. Ceder and Robert Fredriksson

Molecular Neuropharmacology, Department of Pharmaceutical Biosciences, Uppsala University, Uppsala, Sweden

Amino acid sensing and signaling is vital for cells, and both gene expression and protein
levels of amino acid transporters are regulated in response to amino acid availability.
Here, the aim was to study the regulation of all members of the SLC38 amino acid
transporter family, Slc38a7-71, in mouse brain cells following amino acid starvation. We
reanalyzed microarray data for the immortalized hypothalamic cell line N25/2 subjected
to complete amino acid starvation for 1, 2, 3, 5, or 16h, focusing specifically on the
SLC38 family. All 11 Slc38 genes were expressed in the cell line, and Slc38a7, Slc38a2,
and Slc38a7 were significantly upregulated at 5 h and most strongly at 16 h. Here, protein
level changes were measured for SLC38A7 and the orphan family member SLC38A11
which has not been studied under different amino acid starvation condition at protein
level. At 5h, no significant alteration on protein level for either SLC38A7 or SLC38A11
could be detected. In addition, primary embryonic cortex cells were deprived of nine
amino acids, the most common amino acids transported by the SLC38 family members,
for 3h, 7h or 12h, and the gene expression was measured using qPCR. Sic38a7,
Slc38a2, Slc38a5, Slc38a6, Slc38a9, and Slc38a10 were upregulated, while Slc38a3
and Sic38a7 were downregulated. Slc38a8 was upregulated at 5 h and downregulated
at 12 h. In conclusion, several members from the SLC38 family are regulated depending
on amino acid levels and are likely to be involved in amino acid sensing and signaling in
brain.

Keywords: SLC38 transporters, amino acid starvation, gene expression, protein expression, glutamine
transporters

INTRODUCTION

Amino acid sensing and signaling is important for cells to control metabolism and protein
synthesis, as well as catabolism and autophagy (Hyde et al., 2003; Kilberg et al., 2005). The amino
acid sensing machinery is mainly mediated via the mechanistic target of rapamycin complex 1
(mTORC1) and the amino acid response (AAR) pathway (Gallinetti et al., 2013; Efeyan et al., 2015).
These pathways are activated depending on amino acid availability and when the cells have plenty of
amino acids, the mTORC1 pathway is activated to maintain protein synthesis and cellular growth
(Laplante and Sabatini, 2012). The RAG kinase complex (Rag A/B and Rag C/D) are activated
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and translocate mTORCI1 to the lysosomes where it binds the
Ragulator complex. The pathway is fully activated when the
lysosomal GDP bound protein Rheb becomes GTP bound in
response to growth factors and encounters the mT’'ORC1 complex
(Jewell et al., 2013). Contrary, when the cells have scarce levels of
amino acids the AAR pathway is activated, leading to reduced
protein synthesis (Efeyan et al., 2015). The GCN2 kinases senses
the limitation by binding to uncharged tRNAs (Deval et al., 2009)
and phosphorylates the eukaryotic initiation factor 2a (eiF2a)
which strongly inhibits the cap dependent translation (Harding
etal., 2000; Zhang et al., 2002). The activating transcription factor
4 (ATF4) is upregulated by repressed translation (Averous et al.,
2004) and bind elements termed amino acid response elements
(AARES) or nutrient sensing response elements (NSREs) in other
genes. These elements are short nucleotide sequences and genes
holding these are hence transcriptionally upregulated (Barbosa-
Tessmann et al., 2000; Fafournoux et al.,, 2000; Bruhat et al,
2002).

Amino acids are important regulators of gene expression
(Fafournoux et al., 2000) and numerous amino acid transporters
are transcriptionally regulated in response to amino acid levels.
These transporters are suggested to function as tranceptors,
as they can both function as transporters as well as amino
acid sensors (Hundal and Taylor, 2009). Several amino acid
transporters from the Solute carrier (SLC) superfamily are
transcriptionally altered depending on amino acid levels (Taylor,
2014). The SLCs are the largest group of transporters in human
and comprises over 400 members divided into 65 families
(Hediger et al., 2013)!. The members in each SLC family share
at least 20 % protein sequence identity with another family
member, and therefore also functional characteristics (Hediger
et al, 2004). The SLCs are membrane-bound uniporters,
symporters, or antiporters, with a diverse substrate profile
and transport, among others, amino acids, sugars, fatty acids,
vitamins, hormones, ions, and drugs (Hediger et al, 2013).
One of the amino acid transporter families is the SLC38
family; the sodium coupled neutral amino acid transporter
(SNAT) family, which holds 11 members, encoded by the genes
Slc38al-11 (Sundberg et al., 2008). All members are functionally
characterized (Broer, 2014; Rebsamen et al., 2015; Hellsten et al.,
2017b) except for SLC38A6 and SLC38A11, but SLC38A6 is
histologically characterized in mouse brain (Bagchi et al., 2014).
These transporters translocate small neutral amino acids, mostly
glutamine, alanine, and asparagine (Broer, 2014). Members from
this family are shown to be involved in amino acid sensing
and signaling, and SLC38A2 was upregulated on both gene
and protein levels after amino acid starvation in BeWo cells
(Novak et al., 2006). In the Slc38a2 gene an AARE is identified
in the first intron (Palii et al., 2006). Moreover, SLC38A9 is
located to lysosomes and it is a component of the Ragulator-
Rag complex responsible for amino acid sensing and activation
of the mTORCI1 (Jung et al,, 2015; Rebsamen et al., 2015; Wang
et al.,, 2015). SLC38A1 was recently found to be regulated in
an amino acid responsive way (Broer et al., 2016). In brain,
several of the family members are proposed to participate in the

Uhttp://slc.bioparadigms.org/

glutamate/ GABA-glutamine cycle which occurs between neurons
and astrocytes (Broer, 2014; Scalise et al., 2016).

In this study the aim was to study the transcriptional
regulation of the SLC38 family members in a mouse neuronal
cell-line following amino acid starvation, to identify which
transporters could be involved in amino acid sensing and
signaling in brain. Data from expression microarrays of the
N25/2 cell-line exposed to complete amino acid starvation from a
previous study (Hellsten et al., 2017c)was reanalyzed specifically
for the SLC38 family. We also investigate regulatory changes
at the protein level of SLC38A7 using western blot, since this
member was transcriptionally upregulated in the hypothalamic
cell line and has not previously been studied. In addition, changes
at the protein level were also studied for SLC38A11using western
blot which was chosen because this is the only family member
that is still orphan. In addition, primary embryonic cortex
cells were deprived of nine amino acids, glycine, L-alanine, L-
asparagine, L-glutamine, L-histidine, L-isoleucine, L-leucine, L-
serine, and L-valine, the most common amino acids transported
by the SLC38 members and the gene expression changes were
measured for the entire family using qPCR.

MATERIALS AND METHODS
Heat Map Analysis

Genesis version 1.7.6 was used to generate both heat maps.
The microarray and analysis of data was performed in Hellsten
et al. (2017c) and the array data can be accessed from the
NCBI-GEO database with accession number GSE61402. The
heat map displaying the gene expression changes measured with
microarray for the Slc38 genes in the immortalized hypothalamic
cell line N25/2 was obtained by using the difference in log2 gene
expression scores between the starved and control cells. Slc38al,
Slc38a9, and SIc3810 had two probes each on the DNA chip
and the expression score from both probes were used in the
heat map analysis. The heat map presenting the gene expression
changes measured with qPCR after partial amino acid starvation
in primary cortex cells was generated by using the difference
between the normalized mean values of expression in starved and
control cells.

Culturing and Complete Amino Acid
Starvation of the Immortalized
Hypothalamic Cell Line N25/2

The starvation experiment was performed in Hellsten
et al. (2017c). Briefly, the mouse immortalized embryonic
hypothalamic cell line N25/2, (mHypoE-N25/2, CEDARLANE,
Canada) was cultured in Dulbecco’s modified Eagles medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS),
1% Penicillin-Streptomycin and 1% Fungizone® Antimycotic
at 37°C in 5% CO, 95% air. Cells were grown in Nunclon
surface dishes 150 x 20mm (Thermo Scientific, USA) to
70-90% confluency before starvation experiment. Medium for
the experiment was prepared using Earle’s balanced salt solution
(EBSS) supplemented with 1 mM Sodium Pyruvate 100 mM,
4X MEM Vitamin Solution. The control medium was as well
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supplemented with 0.4 mM glycine, 0.4 mM L-arginine, 0.2 mM
L-cystine, 4.0mM L-glutamine, 0.2mM L-histidine, 0.8 mM
L-isoleucine, 0.8 mM L-leucine, 0.8 mM L-lysine, 0.2mM L-
methionine, 0.4 mM L-phenylalanine, 0.4 mM L-serine, 0.8 mM
L-threonine, 0.08 mM L-tryptophan, 0.4mM L-tyrosine and
0.8 mM L-valine (Sigma-Aldrich, USA). The complete DMEM
medium was replaced with starvation EBSS medium or control
EBSS medium. The cells were incubated in the different media
for 1, 2, 3, 5, or 16h before RNA was extracted using RNeasy
Midi Kit (Qiagen, Germany), following the manufacturers
protocol. The samples from 1, 2, 3, and 16 h were run in singlets
in each treatment group (starved and control), while the samples
from 5h were run in quadruplicates. Protein was extracted
from three replicates in each treatment group from 5h using
the Allprep® DNA/RNA/Protein Mini kit (Qiagen, Germany)
following manufacturers protocol. The protein concentration
was measured using the Protein Quantification kit-Rapid
(Sigma-Aldrich, USA) in FALCON® 96 well Clear Microtest
Plate (Corning, USA) in FLUOstar Omega (BMG LABTECH,
Germany) with the Omega MARS software.

Western Blot Analysis of Protein
Expression in the Hypothalamic Cell Line
N25/2

Ten microliters (~9-11 pg) of protein samples were diluted
in 15 pl of sample buffer [95% 2 x Lammeli’s sample buffer
(Bio-Rad, USA), 5% 2-mercaptoethanol (Sigma-Aldrich, USA)]
was added and the samples were incubated at 95°C for 5 min.
Twenty-five microliters of samples were loaded in wells together
with 15 1 Page ruler™ Prestained Protein ladder, 10-180 kDa
(Thermo Fisher Scientific, USA). Electrophoresis was performed
at 250V for approximately 25 min with gel Mini-protean TGX
Precast Gels 4-15%, 10 well comb, 50 pl/well (Bio-Rad, USA)
with running buffer (0.025 M Trizma base, 0.192 M Glycine, 0.1%
SDS). Proteins were transferred to a 0.2 um PVDF membrane
using the Trans-Blot® Turbo™ Mini PVDF Transfer Packs
(Bio-Rad, USA) in the Trans-Blot® Turbo™ Transfer System
for 7 min (Bio-Rad, USA). The membrane was incubated in
blocking buffer [5% Blotting grade blocker Non-fat dry Milk
(Bio-Rad, USA) in TTBS (0.15M NaCl, 0.01 M Trizma base,
0.05% Tween-20, pH = 8.0)] for 1h, before incubation in the
custom made polyclonal anti-SLC38A7 (produced in rabbit)
(Innovagen, Sweden) (NH,-CVMSKEPDGASGSPW-CONH?2),
which was used in Hégglund et al. (2011) diluted 1:200 or the
custom made polyclonal anti-SLC38A11 (produced in rabbit)
(Innovagen, Sweden) (MSYQQPQLSGPLQRC) diluted 1:100
with B-actin (produced in mouse) (Sigma-Aldrich, USA) diluted
1:1000 in blocking buffer overnight at 4°C. The membrane
was washed 3 x 10min in TTBS before 1h incubation in
goat-anti-rabbit horseradish peroxidase antibody (Invitrogen,
USA) diluted 1:5000 in blocking buffer. The membrane was
washed 4 x 10min in TTBS and the blot was developed
using Clarity Western ECL Substrate and visualized using a
CCD camera (Bio-Rad, USA). For SLC38A7 the membrane
was washed 6 x 10min in TTBS after development and the
membrane was incubated in B-actin diluted 1:1000 in blocking

buffer overnight and the membrane was treated as stated above.
With the exception that the membrane was incubated in goat-
anti-mouse horseradish peroxidase antibody (Invitrogen, USA)
diluted 1:10000 for 1 h. For SLC38A11 the membrane was washed
in TTBS 6 x 10 min after development and incubated in goat-
anti-mouse horseradish peroxidase antibody (Invitrogen, USA)
diluted 1:10000 in blocking buffer followed by development as
stated above.

Calculations of Normalized Protein

Expression

The western blots were quantified using Image] software
and the protein expression was normalized against B-actin.
GraphPad Prism 5 (Graph Pad software, USA) was used to
generate graphs and for statistical calculations. Unpaired t-
test were performed with significance levels (*<0.05, **<0.01,
% <(0.001).

Ethical Statement

Experiments including mice were approved by local ethical
committee in Uppsala (Uppsala Djurférsoksetiska Nimnd,
Uppsala district court) (Permit Number C67/13), following
the guidelines of European Communities Council Directive
(2010/63). C57BI6/] mice (Taconic M&B, Denmark) were used
and the mice had free access to water and standard R3 chow
(Lantménnen, Sweden). The mice were housed in a temperature,
light/dark, and humidity controlled room. Mice were mated in
the animal facility and pregnancies were confirmed by the mucus

plug.

Preparation and Partial Amino Acid
Starvation of Primary Embryonic Cortex
Cells

The preparation and starvation of primary cells were performed
as described in Perland et al. (2017). Briefly, a pregnant female
mouse was euthanized by cervical dislocation at embryonic
day el4.5. Cortices were dissected from the embryos and
placed in ice cold PBS (137.0 mM NaCl, 2.7mM KCl, 8.1 mM
Na,HPOy) supplemented with 10.0 mM glucose (all from Sigma-
Aldrich, USA). The tissues were chemically dissociated using
a DNase/Papain solution prior mechanical dissociation. Single
cells were filtered through a 70 pm nylon cell strainer (BD
Stockholm, Sweden) before plated at a density of 7.5 x 10%-
1.5 x 10° cells per well in PLL coated 6 well plates (Invitrogen,
USA) using plating media. Following cell adhering, the plating
media was replaced with growth media supplemented with
B27 (Gibco®, Life technologies, USA). 75% of the medium
was changed every third day and the cells grew for 10 days
before starvation experiment. The control medium was prepared
using EBSS (Gibco®, Life technologies, USA) supplemented with
2.0mM GlutaMAX™ and the amino acids glycine, L-alanine,
L-arginine, L-asparagine, L-cysteine, L-histidine, L-isoleucine,
L-leucine, L-lysine, L-methionine, L-phenylalanine, L-proline,
L-serine, L-threonine, L-tryptophan, L-tyrosine, and L-valine
(Sigma-Aldrich, USA) was added in the same concentrations
as in the Neurobasal® A medium. The starved medium was
prepared using EBSS supplemented with L-arginine, L-cysteine,
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L-lysine, L-methionine, L-phenylalanine, L-proline, L-threonine,
L-tryptophan, and L-tyrosine (Sigma-Aldrich, USA) in the same
concentrations as in the Neurobasal® A medium. Both the
control and starvation medium was supplemented with 1.0 mM
Sodium-Pyruvate, 1% Penicillin-Streptomycin, 2% B-27® (50X),
4X MEM Vitamin Solution (100X) (Gibco®, Life technologies,
USA) and 10.9 mM HEPES (1 M) buffer solution (Gibco®, Life
technologies, USA). Hence, the starved cells were deprived of
glycine, L-alanine, L-asparagine, L-glutamine, L-histidine, L-
isoleucine, L-leucine, L-serine and L-valine, which are among
the most common amino acids transported by the SLC38 family
and their precursors. The experiment was run in triplicates
in each treatment group (starved vs. control cells) and the
cells were treated in the limited amino acid medium or the
complete amino acid medium for 3, 7, or 12h before RNA was
extracted using RNeasy Midi Kit (Qiagen, Germany), following
the manufacturers protocol. cDNA synthesis was performed
using the High-Capacity RNA-to-cDNA kit (Invitrogen, USA)
according to the manufacturers protocol and the cDNA from
the triplicates in each treatment group were pooled. The cDNA
concentrations were measured using a ND-spectrophotometer
(NanoDrop Technologies, USA).

qPCR Analysis of Gene Expression in

Primary Embryonic Cortex Cells

The cDNA samples were analyzed using qPCR on MyiQ thermal
cycler (Bio-Rad Laboratories, Sweden). Primers were designed
using Beacon Designer v.8 (Premier Biosoft, USA) and the
primers used are listed in Table 1. Housekeeping genes used
for normalization were mouse mf-Actin, mGlycerylaldehyde 3-
phosphate dehydrogenase and mHistone 3a. Sixty nanograms
cDNA per qPCR reaction was combined with 0.05 pl of each
primer (100 pmol/pl), 3.6 pul 10X DreamTaq buffer (Thermo
Fischer Scientific), 0.2 il of 25 mM dNTP mix (Thermo Fischer
Scientific), 1nl DMSO, 0.5 pl SYBR Green (Invitrogen) and
0.08 pl of Dream Taq (5U/pl, Thermo Fisher scientific). The
volume was adjusted to 20 pl with water. The amplification
was performed as follow; initial denaturation, 95.0°C for 30s, 45
cycles of: 95.0°C for 10s, 55.8-60.0°C for 30s and 72.0°C for 30s.
Cycling was followed by melt curve performance for 81 cycles,
starting at 55.0°C, with steps of 0.5°C and 10s intervals. All
qPCRs were run in triplicates and water was used as a negative
control.

Data Analysis and Normalized Expression

Calculations

The MylQ software (Bio-Rad Laboratories, Sweden) was used
to obtain the qPCR cycle threshold (Ct) -values and melt curve
data. The melting curves were compared to the negative control
to verify that only one product was amplified. The triplicates for
the raw Ct-values were compared and excluded if the difference
was greater than 0.5. For Slc38a4 and Slc38all, no Ct outliers
could be removed due to high Ct values (Ct > 35). The efficiency
for each primer pair was determined using LinRegPCR v7.5 and
the average qPCR primer efficiency and standard deviation were
calculated after significant outliers were removed using Grubbs

TABLE 1 | Primers used for gPCR.

Primer Forward/Reverse

Slc38a1 F:tga cga gag tca cgc aga gat g, R:gag cag tat gag
aac aag cga agc

Slc38a2 F:tct act cgc tgg tte tte, R:aat aaa ctt gtc act tee ctt

Slc38a3 F:act ctt gtc tte tte cct cte cte, R:gece tee ctt cte ceca
gcag

Slc38a4 F:tct cac tct aca cca aca cta agg, R:act cta tac tgg
caa ccg tca ttc

Slc38a5 F:tgg agg tgt ctg gtc tct aat aa, R:ggc agt gag gca
act cta agg

Slc38a6 F:gga aga aca cca cag acc aga atc, R:tgc tct ctt
gce tettge tet ¢

Slc38a7 F:att gtt gtt ctc cca tce atc cc, R:act gtg aaa ggc
agc act tgg

Slc38a8 F:cgt ggt gac tcg gga cag, R:ta caa gcc agg gac
act aag g

Slc38a9 F:ttg aaa gcg agg gaa atg atg gtc, R:atg gga atg
agg gtc act gag aag

Slc38a10 F:tgg tga agg ctc cga aga aag g, R:act tgg ctt ggg
tctgaactgg

Slc38a11 F:act ttc aat tcg gaa cct, R:cat cag tgc taa tct tgt g

mp-Actin (mActb) F:cct tct tgg gta tgg aat cct gtg, R:cag cac tgt gtt
ggc atagagg

mGlycerylaldehyde F:gcce tte cgt gtt cct acce, R:gec tge tte ace acc tte
3-phosphate

dehydrogenase (mGAPDH)

mHistone3a (mH3a) F:cct tgt ggg tct gtt tga, R:cag ttg gat gtc ctt ggg

outlier test (GraphPad Software, USA). The delta Ct-method
was used to transform the Ct-values into relative quantities with
standard deviations for each treatment time. Geometric means
of all housekeeping genes were calculated and the normalized
mRNA levels were calculated by dividing the relative Ct-values
of the sample by the geometric mean of the housekeeping
genes relative Ct-values. Unpaired t-tests (*<0.05, **<0.01,
% <0.001) were performed using GraphPad Prism 5 (GraphPad
Software, USA) between the control cells and the starved
cells.

RESULTS

Microarray Analysis of Gene Expression in
the Immortalized Hypothalamic Cell Line
N25/2

The immortalized hypothalamic cell line N25/2 was completely
starved of amino acids and the gene expression was analyzed
using microarray in Hellsten et al. (2017c). All 11 genes encoding
members of the SLC38 family were expressed in the cell line
(expression score > 5.0). Slc38al, Slc38a9, and Slc38a10 had two
probes each on the microarray and the results were comparable
between the probes. The regulation of the Slc38 genes is presented
in the heat map (Figure 1). The red color represents upregulation
and green color represents downregulation of gene expression. In
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FIGURE 1 | Heat map analysis of the gene expression changes for
Slc38a1-11 after complete amino acid starvation performed on the
immortalized hypothalamic cell line N25/2. A heat map of the gene expression
changes measured with microarray between starved cells and controls at 1, 2,
3, 5, or 16 h. The color scale represents the log2 difference between starved
and control cells. Green color represents downregulation and red color
represent upregulation of gene expression. Note that Slc38a7, Slc38a9, and
SIc3810 had two probes each on the gene chip and the expression scores
from both probes are presented in the heat map.

Table 2, all differences in log2 expression scores and the adjusted
P-value at 5h of starvation, and in addition the system, substrates
and location in brain for all family members are presented.
Slc38al, Slc38a2, and Slc38a7 were significantly upregulated at
5h (ie., adj. P-value < 0.01) of amino acid starvation, and
strongly upregulated at 16h of starvation. Slc38a3, Slc38a4,
Sle38a5, Slc38a6, Slc38a8, Slc38a9, Slc38al10, and Slc38all were
not significantly changed at 5h in the array.

Protein Expression of SLC38A7 And
SLC38A11 in the Immortalized

Hypothalamic Cell Line N25/2

We chose to study SLC38A7 and SLC38A11 on protein level.
This, because SLC38A7 was transcriptionally upregulated in the
hypothalamic cell line and this transporter has not previously
been studied on protein level. While the other two SLC38 family
members (Slc38al and Slc38a42) found to be transcriptionally
upregulated in the N25/2 hypothalamic cells have previously
been studied in several studies and therefore we found it
most interesting to investigate the regulation of SLC38A7. In
addition, SLC38A11 is currently the only family member that
has not been either studied histologically or functionally so
therefore we found it interested to study this transporter on
protein level in the hypothalamic cells. The protein expression
of SLC38A7 was analyzed using western blot and a band was
detected with approximate size of 62 kDa in all samples except

first replicate of starved cells (Figure 2A). f-actin was used for
normalization and the blot is displayed in Figure 2B. SLC38A7
was upregulated in the second sample while downregulated in
the third sample of starved cells compared with the controls. In
the first starved sample, SLC38A7 was not detected, however f-
actin was detected. The normalized protein levels for SLC38A7
were calculated in each replicate (1, 2 and 3) in each treatment
group (Figure 2C). The expression of SLC38A7 was combined
in the starved cells and control cells (mean value normalized
protein expression &= SD) and overall the protein expression of
SLC38A7 was not significantly changed (p = 0.6886; Figure 2D).
The protein expression of the orphan family member SLC38A11
was analyzed using western blot and in the blot a band with
approximate size of 46 kDa was detected (Figure 3A). The
predicted size of SLC38A11 in mouse is 49.6 kDA (453 amino
acids, NP_796048) and hence the blot indicates specific binding
of the anti-SLC38A11 antibody. B-actin was used to normalize
the protein expression and was detected in all replicates in each
treatment group (Figure 3B). SLC38A11 was downregulated
after starvation in the first and second sample, while upregulated
in the third sample (Figure 3C). The expression of SLC38A11
was combined in the starved cells and control cells (mean
value normalized protein expression = SD) and these results
indicate that the protein expression of SLC38A11 was unchanged
(p = 0.4108; Figure 3D).

qPCR Analysis of Gene Expression in the
Primary Embryonic Cortex Cells

Primary cortex cells were partly deprived of the most common
amino acids transported by the SLC38 family, as well as their
precursors, for 3, 7, and 12 h. Subsequently, the gene expression
was measured with qPCR for Slc38a1-11 (Figure 4A). All genes
were detected in the primary cells, however Slc38a4 and Slc38a11
had low mRNA expression (i.e., CT>35) and these results should
hence be considered with caution. Slc38al was upregulated at
12h (p = 0.0495). Slc38a2 expression was increased at all three
deprivation timepoints 3h (p = 0.0012), 7h (p = 0.0026), and
12h (p =0.0026). Slc38a3 was downregulated at 12 h (p=0.0158),
Slc38a4 expression was unchanged at all three timepoints and
Slc38a5 expression was increased at 7h (p = 0.0159) and
12h (p = 0.0304). Slc38a6 expression was upregulated at 3h
(p = 0.0079) and 7h (p = 0.0057). Slc38a7 expression was
decreased at 7h (p = 0.0054) andSIc38a8 was upregulated at
3h (p = 0.0059) of deprivation but downregulated at 12h
(p = 0.0323). SIc38a9 was upregulated early at 3h (p = 0.0165)
while Slc38a10 was upregulated late at 12 h (p = 0.0201). Slc38a11
expression was increased at 3h (p = 0.0295) and decreased at 12 h
(p = 0.0455). The heat map (Figure 4B) summarizes the gene
expression changes measured with qPCR for each SIc38 gene.

DISCUSSION

Amino acid sensing and signaling are crucial for cells to control
basic functions and transporters involved in these processes
often act as amino acid sensors (Efeyan et al., 2015). In many
cancer cells, amino acid transporters are upregulated to enable
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FIGURE 2 | Western blot analysis of SLC38A7 protein expression in the immortalized hypothalamic cell line N25/2 after complete starvation at 5 h. (A) The blot
(developed for 18.4 s) displays the protein expression of SLC38A7 in three replicates (1, 2, 3) from each treatment group. The predicted size of the mouse SLC38A7
protein is 49.9 kDA (463 amino acids, NP_766346) and a band with approximately size of 62 kDa was detected. (B) The blot (developed for 3.1 s) displays the protein
expression of B-actin in each sample which was used for normalization of protein expression in each sample. (C) The graph illustrates the normalized protein
expression of SLC38A7 in the starved cells compared with the amino acid treated controls for each replicate. (D) The graph represents the normalized protein
expression of all replicates in each group (mean value of protein expression & SD). An unpaired t-test was performed between the protein expression in starved cells
and controls. No difference (o = 0.6886) was detected on protein level for SLC38A7.

rapid cell growth and are therefore potential drug targets e.g. as
SLC1A5, SLC6A15, SLC7A5, and SLC7A11 (Bhutia et al., 2015).
Here, complete and partial amino acid starvation of cells was
performed to study the regulation of the amino acid transporters
in the SLC38 family in mouse brain cells. The hypothalamic
cell line N25/2 was used to measure changes in expression
levels on gene and protein levels during complete amino acid
starvation, and primary cortex cells, comprising both neurons
and astrocytes, were partly deprived of amino acids to study
gene expression changes. A murine hypothalamic cell line and
primary cells from different brain regions were used in this study
to obtain a more comprehensive understanding of the regulation.
Slc38a2 was upregulated in the hypothalamic cell line and at all
three timepoints in the primary cortex cells. Slc38a2 is known to
be transcriptionally induced by amino acid starvation (Gaccioli
et al.,, 2006) and this gene holds an AARE (Palii et al., 2006).
SLC38A2 follows adaptive regulation in response to amino acid
stress by GCN pathway (Taylor, 2014). Along with this Slc38a9
is also known as an arginine sensor and regulate the mTORCI1
pathway. Moreover, Slc38al was also transcriptionally induced in
both cell types, however only late in the primary cortex cells, and
SLC38A1 expression was recently found to be regulated by amino

acid starvation (Broer et al., 2016). SLC38A1 and SLC38A2 are
mostly expressed on neurons in brain and the main function
of these proteins are suggested to be uptake of glutamine in
GABAergic respectively glutamatergic neurons (Bak et al., 2006).
In cancer cells, SLC38A1 and SLC38A2 are involved in providing
glutamine for glutaminolysis (Broer et al., 2016). Both Slc38al
(Mackenzie et al., 2003) and Slc38a2 (Yao et al., 2000) encode
system A transporters, which system Slc38a48 (Higglund et al.,
2015) also is classified to. SIc38a8 was also initially upregulated in
the primary cortex cells. Among transporters classified to system
N, Sle38a7 (Higglund et al., 2011) showed increased expression
in the hypothalamic cell line while reduced in the cortex cells.
The dissimilarity in regulation pattern could be due to different
starvation times and the fact that the hypothalamic cells are
completely starved while the cortex cells are partly deprived of
amino acids, also the cultures are inherently different, because the
primary cultures are embryonic and mixed cultures of neurons
and glia cells, while the N25/2 cultures are only neurons. The
gene expression of the functionally orphan protein SLC38A6
was upregulated in the primary cortex cells. In a previous
study, this transporter was shown to be expressed specifically on
glutamatergic neurons (Bagchi et al., 2014). Assuming SLC38A6
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FIGURE 3 | Western blot analysis of SLC38A11 protein expression in the immortalized hypothalamic cell line N25/2 after complete starvation at 5 h. (A) The blot
(developed for 2.0's) show the protein expression of SLC38A11 in three replicates (1, 2, 3) in each treatment group. The predicted size of the mouse SLC38A11
protein is 49.6 kDA (453 amino acids, NP_796048) and a band with approximate size of 46 kDA was detected. (B) The blot (developed for 2.0 s) visualizes the protein
expression of B-actin which was used to normalize the protein expression in each sample. (C) The graph displays the normalized protein expression of SLC38A11 in
the starved cells compared with the amino acid treated controls for each sample. (D) The graph represents the normalized protein expression of all replicates in each

difference (p = 0.4108) of protein expression for SLC38A11 was measured.

treatment group (mean value of protein expression + SD). An unpaired t-test was performed between the protein expression in starved cells and controls. No

is a transporter for glutamine as speculated in Bagchi et al. (2014),
its role could be in importing glutamine into the presynapes
of glutamatergic neurons, where it will be used as substrate
for glutamine synthesis. If so, it makes sense that SLC38A6 is
upregulated in response to lack of glutamine in the starved state,
so neurons can maintain glutamine levels in the pre-synapse.
SLC38A7 (Hégglund et al., 2011) and SLC38A8 (Higglund et al.,
2015) are suggested to facilitate uptake of glutamine in neurons
and the expression levels of these transcripts were altered in the
cortex cells. An interesting point of view is that it is possible
that SIc38 genes encodes proteins with similar localization and
function, are regulated differently; as one protein could have
housekeeping functions while the other protein is responding
to stress. For example, SLC38A3 and SLC38A5 have similar
expression and function in brain, and these genes had altered
gene expression in opposite direction. These proteins are also
closely phylogenetically related (Hégglund et al., 2015). This
theory can also be applied to SLC38A7 and SLC38A8 which
also are phylogenetically closely related and co-expressed on
most neurons (Hégglund et al, 2015) and initially regulated
in the opposite direction after partial amino acid starvation,
and in the hypothalamic cell line Slc38a7 was transcriptionally

induced while SIc38a8 was not. In a previous study, SLC38A7
co-localized with lysosomes in HeLa cells and was found to
mediate flux of glutamine and asparagine and hence crucial for
growth of cancer cells (Verdon et al., 2017). SLC38A9 is located
on lysosomes and is a component of the amino acid sensing
Ragulator-Rag complex responsible for activation of mTORC1
(Jung et al, 2015; Rebsamen et al., 2015; Wang et al., 2015)
and in mouse brain SLC38A9 immunostaining is detected in
both GABAergic and glutamatergic neurons (Hellsten et al,
2017a). Expression of Slc38a9 was not altered by complete amino
acid starvation in hypothalamic cells but initially upregulated
in the primary cortex cells. In a previous study where mice
were food deprived for 24h before euthanasia, Slc38a9 was
upregulated in cortex while unaffected in hypothalamus in brain
(Hellsten et al., 2017a). A hallmark of the SLC38 family is
adaptive regulation with modulator of nutrient stress, and these
transporters are translocated within the cell, e.g., to and from
the plasma membrane depending on different stimulus such as
amino acid levels (Broer and Gether, 2012; Broer, 2014). Studying
gene expression levels is a good approach to pinpoint which
genes are responding to alterations in amino acid levels, but
to understand how the regulation of gene expression affects
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FIGURE 4 | Gene expression analysis of Slc38a7-11 in primary cortex cells at 3h, 7h and 12h treatment. (A) Gene expression data from the primary cortex cells using
qPCR for Slc38a1-11. The gene expression levels were normalized against mg-Actin, mGlycerylaldehyde 3-phosphate dehydrogenase, and mHistone 3a and the
normalized expression level + SD (n = 3) is presented for each gene. Dark gray bars represent amino acid starved cells and white bars represent amino acid treated
controls. Unpaired t-tests were used between starved cells and controls (*<0.05, **<0.01) to analyze alteration in gene expression. The x-axis represents time of
treatment in hours and the y-axis represents the normalized mRNA expression levels. (B) Heat map analysis summarizing the gene expression alterations measured
with gPCR for Slc38a7-11. The color scale represents the difference between the mean value of normalized expression in starved and control cells. Green color
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the cellular function, alterations on protein levels are crucial to
study. The system A transporters SLC38A1 (Brder et al., 2016)
and SLC38A2 (Novak et al., 2006) are known to be upregulated
on protein level in response to amino acid starvation. Apart
from SLC38A1 and SLC38A2 the only other transporter that
had significantly changed expression at 5h was Slc38a7. We

investigated if these changes could also be detected on protein
level and found that the protein expression of SLC38A7 was
unchanged at 5h in the hypothalamic cell line. We have however
verified that Slc38a7 was upregulated in the hypothalamic cell
line at 5h at the mRNA level using qPCR in Hellsten et al.
(2017¢).This is likely a result of the fact that changes in protein
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levels occurs later than on mRNA level and has not yet manifested
itself at the timepoint we are measuring changes at the protein
level. We also investigated changes in protein levels of SLC38A11,
the last orphan member of the SLC38 family. The gene expression
of Slc38al1 was measured in a previous study and was overall
low in the rat brain (Sundberg et al., 2008), and both in the
hypothalamic cell line and the cortex cells the mRNA levels were
low. However, SLC38A11 protein levels could easily be detected
in the hypothalamic cell line, but no effect on mRNA and protein
levels were detected.

Neurons have low ability for de-novo synthesis of glutamine
and other amino acids compared to other cells and is therefore
dependent on import of these compounds provided either by
astrocytes or glia cells or from import into the brain via the blood
brain barrier (Bixel et al., 2001; Lieth et al., 2001; Schousboe,
2018). Therefore, plasma membrane expressed transporters
on neuronal cells are crucial for maintaining homeostasis of
amino acids and this transport needs to be tightly controlled.
The main way, as far as currently understood, of regulating
transport mediated by SLCs is for the cells to change number
of transporters by, in the short term, alter surface expression
and over longer timespans regulate number of transporters
at the transcription and protein synthesis levels. Nerve cells
have five or possibly six transporters from the SLC38 family
which could possibly contribute in importing glutamine into
neurons (Schioth et al., 2013; Broer, 2014). The data presented
in this paper shows that in a neuronal cell-line, SLC38A1,
SLC38A2, and SLC38A7 are regulated in response to amino
acid starvation. In the nervous system, SLC38A1 and SLC38A2
are found on certain neuronal populations while SLC38A7,
together with SLC38A8, are ubiquitously expressed on most
neurons (Higglund et al., 2011). This suggests that glutamine
import into neurons by the SLC38 family could be dependent
on SLC38A8, which is ubiquitously expressed on neurons, as
housekeeping transporter and SLC38A7 together with one of
or both SLC38A1 and SLC38A2 for the regulated transport.
Expression of SLC38A6 is not regulated in the N25/2 cells and
this transporter is found only on excitatory neurons (Bagchi
etal,, 2014) suggesting a role specifically for importing glutamine
for the glutamine/glutamate/GABA cycle. However, our data
from primary cultures, which are mixed cultures of different
neuronal subtypes and non-neuronal cells such as astrocytes
and glia cells, which is closer to a true representation of the
in vivo situation, suggests that the situation is much more
complex in vivo because here we show that all SLC38 members
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Cancer treatment with platinum compounds is an important achievement of modern
chemotherapy. However, despite the beneficial effects, the clinical impact of these agents
is hampered by the development of drug resistance as well as dose-limiting side effects.
The efficacy but also side effects of platinum complexes can be mediated by uptake
through plasma membrane transporters. In the kidneys, plasma membrane transporters
are involved in their secretion into the urine. Renal secretion is accomplished by uptake
from the blood into the proximal tubules cells, followed by excretion into the urine.
The uptake process is mediated mainly by organic cation transporters (OCT), which
are expressed in the basolateral domain of the plasma membrane facing the blood.
The excretion of platinum into the urine is mediated by exchange with protons via
multidrug and toxin extrusion proteins (MATE) expressed in the apical domain of plasma
membrane. Recently, the monofunctional, cationic platinum agent phenanthriplatin,
which is able to escape common cellular resistance mechanisms, has been synthesized
and investigated. In the present study, the interaction of phenanthriplatin with transporters
for organic cations has been evaluated. Phenanthriplatin is a high affinity substrate for
OCT2, but has a lower apparent affinity for MATEs. The presence of these transporters
increased cytotoxicity of phenanthriplatin. Therefore, phenanthriplatin may be especially
effective in the treatment of cancers that express OCTs, such as colon cancer cells.
However, the interaction of phenanthriplatin with OCTs suggests that its use as
chemotherapeutic agent may be complicated by OCT-mediated toxicity. Unlike cisplatin,
phenanthriplatin interacts with high specificity with hMATE1 and hMATE2K in addition
to hOCT2. This interaction may facilitate its efflux from the cells and thereby decrease
overall efficacy and/or toxicity.
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INTRODUCTION

Cancer is an important cause of death worldwide (Chakraborty
et al,, 2018). At present, three major therapeutic strategies
to treat cancer are used, namely, surgery, radiotherapy, and
chemotherapy (Chakraborty et al, 2018). One of the great
advances in the treatment of cancer was the introduction of
cisplatin as a chemotherapeutic agent (Rosenberg, 1973). Today,
platinum derivatives form part of the chemotherapy of almost
every second cancer patient (Galanski et al., 2005; Fennell et al.,
2016). The currently approved FDA platinum anticancer agents
cisplatin, oxaliplatin, and carboplatin have proved efficacious
against a wide variety of tumors, with cisplatin treatment
considered to be curative for testicular cancer (Einhorn, 2002;
Chovanec et al., 2016). Despite their beneficial effects, treatment
with these agents is hampered by the development of drug
resistance as well as dose-limiting side effects (Rabik and
Dolan, 2007; Kuok et al., 2017). To overcome these problems,
alternative metal-based anticancer agents are being developed.
Current research efforts focus on a variety of non-classical metal
anticancer drug candidates (G Quiroga, 2011; Romero-Canelon
and Sadler, 2013; Wang and Gao, 2014; Johnstone et al., 2016;
Shahsavani et al, 2016), including non-platinum complexes,
Pt(IV) constructs, multinuclear constructs, and monofunctional
Pt(II) complexes. Monofunctional agents disobey the classical
structure-activity relationships (SARs), which stipulate that
active platinum complexes should have two labile leaving groups
to form bifunctional adducts with DNA targets in the nucleus
(Sherman and Lippard, 1987).

Phenanthriplatin, cis-[Pt(NH3),Cl(phenanthridine)]™, is a
monofunctional anticancer agent having greater efficacy and a
complimentary spectrum of cancer cell activity compared to that
of the clinically approved platinum agents (Park et al., 2012).
These differentiating features suggest the possibility for avoiding
drug resistance and dose limiting toxicities. Phenanthriplatin
forms highly potent monofunctional adducts on DNA (Kellinger
et al., 2013) that are capable of inhibiting both RNA and DNA
polymerases. Previous research indicated that phenanthriplatin
effectively inhibits the v, ¢, and k DNA polymerases, as well as the
Klenow fragment (Gregory et al., 2014). Upregulation of Pol v,
which performs inefficient but high fidelity translesion synthesis
(Gregory et al.,, 2014), has been demonstrated to play a role in the
development of resistance to cisplatin (Hicks et al., 2010). The
observation that phenanthriplatin is toxic to both Pol n* and Pol
n- cells and impervious to other bypass polymerases indicates
that phenanthriplatin may escape common cellular resistance
mechanisms (Gregory et al., 2014).

In recent years, it has become evident that membrane
transporters play an important role not only for resistance to
chemotherapeutics, but also for selective uptake of anticancer
agents into cancerous cells (Ciarimboli, 2011). Some transporters
such as the polyspecific Organic Cation Transporters OCTs
(OCT1-3), the Multidrug and Extrusion proteins MATEs
(MATE1-2K) and the Copper Transporters 1 and 2 (Ctrl-2)
mediate the transport of platinum derivatives through the plasma
membrane (Zhang et al., 2006; Lovejoy et al., 2008). Interestingly,
OCTs and MATEs share many substrates. Therefore, because

of their expression on the basolateral and apical membrane
domain, respectively, of secretory epithelial cells, such as those
of renal proximal tubules, their concerted action (basolateral
uptake by OCTs and apical efflux into the urine by MATEs)
mediates the vectorial transport of substrates, resulting in their
renal urine excretion (Ciarimboli, 2016). Because transport by
MATEs functions as an exchange of substrates with H, the
slightly acidic pH in the tubular fluid stimulates secretion
processes. Indeed, OCTs and MATEs have been implicated in
the development of platinum derivatives side effects such as
cisplatin nephrotoxicity (Harrach and Ciarimboli, 2015). It is not
yet known whether cellular phenanthriplatin uptake is mediated
by membrane transporters. We therefore studied its interaction
with OCTs and with the efflux transporters hMATEs.

MATERIALS AND METHODS
Cell Culture

Experiments were performed with human embryonic kidney
(HEK) 293 cells (CRL-1573; American Type Culture Collection,
Rochville, MD), which stably express mOCT1, mOCT2, mOCT3
(Schlatter et al., 2014), hOCT1, hOCT2, hOCT3, (kind gift of
Prof. H. Koepsell, University Wiirzburg), AMATE1 or hMATE2K
(Schmidt-Lauber et al., 2012). Some experiments were carried
out with mouse embryonic fibroblasts (MEFs) from animals
with genetic deletion of Ctrl (Ctr1~/~) or not (Ctr1™/*) (Nose
et al., 2010), provided by Dr. Yasuhiro Nose, Duke University
Medical Center, Durham, USA. HEK 293 cells were grown
at 37 °C in 50 mL cell culture flasks (Greiner, Frickenhausen,
Germany) in DMEM (Biochrom, Berlin, Germany) containing
3.7 g/L NaHCOs3, 1.0 g/L D-glucose, and 2.0 mM L-glutamine
(Biochrom), and gassed with 8 % CO,. Penicillin (100 U/mL),
100 mg/L streptomycin (Biochrom), 10 % fetal calf serum,
and, only for OCT transfected cells, 0.8 mg/mL geneticin (PAA
Laboratories, Coelbe, Germany) were added to the medium.
MATE transfected cells were selected with 0.4-0.5 mg/mL
hygromycin B (Invitrogen, San Diego, USA). MEFs were cultured
in DMEM supplemented with 20% (v/v) heat-inactivated fetal
calf serum, 1 x MEM non-essential amino acids (Biochrom), 100
U/mL penicillin/streptomycin, and 55 M 2-mercaptoethanol
(Ohrvik et al., 2013). The medulloblastoma cell line DAOY was
obtained from ATCC-LGC (Promochem, Wesel, Germany). The
medulloblastoma cell line UW228 cells was obtained from M.
Frithwald (University Children’s Hospital Miinster, Department
of Pediatric Hematology and Oncology, Miinster, Germany)
with kind permission of J. Silber (Department of Neurological
Surgery, University of Washington, Seattle, WA). These cells
were cultivated in RPMI 1640 medium (Biochrom, Berlin,
Germany) supplemented with 1 mM L-glutamine, 100 U/mL
penicillin G, 100 pg/mL streptomycin, and 10% fetal calf serum
in 25 cm? tissue culture flasks (Greiner Bio One) in a humidified
atmosphere of 8% CO; at 37°C.

Experiments were performed with cells grown to confluence
for 3-8 days from passages 12-80, depending on the cell
type used. Culture and functional analyses of these cells were
approved by the state government Landesumweltamt Nordrhein-
Westfalen, Essen, Germany (no. 521.-M-1.14/00).
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Fluorescence Measurements

The interaction of phenanthriplatin with transporters for organic
cations (OCT1-3, MATEIL, and MATE2K) was investigated
by measuring its effects on the uptake of the fluorescent
organic cation 4-(4-dimethylamino)styryl-N-methylpyridinium
(ASP™). Microfluorometric measurements of ASP™ uptake were
performed with a fluorescence plate reader (Infinity 200, Tecan,
Crailsheim, Germany; excitation at 465 nm, emission at 590 nm)
as described previously for cultured HEK 293 cells (Wilde et al.,
2009). Before measurements, the culture medium in the wells
of the 96 well microtiter plate containing HEK 293 cells was
replaced by a HCO; -free Ringer-like solution containing (in
mM) NaCl 145, K;HPOy 1.6, KH,POy4 0.4, D-glucose 5, MgCl,
1, calcium gluconate 1.3, and pH adjusted to 7.4. Fluorescence
was measured dynamically at 37°C in each well before and
after ASP™ addition to HCOj -free Ringer-like solution, alone
or together with increasing phenanthriplatin concentrations, and
plotted versus time. ASP™ (final concentration 1 or 10 uM for
experiments with OCTs or MATEs, respectively) was added after
the third sampling interval. Emission from the complete area of
the well bottom was analyzed four times and averaged for each
well. The initial linear fluorescence increase, measured by linear
regression within the first 100s after addition of ASP™ alone
or together with phenanthriplatin, represents specific cellular
uptake of ASP™ across plasma membranes and does not reflect
possible toxic effects of phenanthriplatin (Ciarimboli et al., 2005a;
Wilde et al., 2009). Background fluorescence was measured for
each plate in wells with identical solutions containing no cells
and subtracted from each well containing cells. Experiments were
performed with cells from one passage of the same day with
controls and test replicates in the same plate.

Treatment of Cells and Preparation of
Lysates for Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS)

The ICP-MS determinations of cellular platinum content were
performed via external calibration using an ICP-MS instrument
(iCAP Qc, Thermo Fisher Scientific). Briefly, the culture medium
of cells grown to confluence was removed and replaced by
fresh complete cell culture medium containing 10 or 100 pM
phenanthriplatin. In studies with the hOCT2 transporters,
100 wM cimetidine (Cim) was added to the incubation solution
for selected wells. In experiments with hMATE1 and hMATE2K
cells, 1 mM 1-methyl-4-phenylpyridinium (MPP™) was added to
the incubation solution for selected wells as competitor for the
transporter-mediated phenanthriplatin cellular accumulation,
since it has a similar affinity for hMATEI and hMATE2K (4.7
and 3.3 LM, respectively, Astorga et al., 2012). After addition
of the platinum containing solutions, the cells were incubated
for 10 min. Immediately thereafter, the medium was removed
and the cells were washed three times with 2mL of ice
cold phosphate-buffered saline (PBS, Biochrom) to remove all
extracellular phenanthriplatin. After the PBS was removed, the
cells were lysed with 1 mL distilled water. The plates were then
incubated for 7.5 min under a microscope at room temperature
to observe swelling and bursting of the cells. To ensure complete

lysis, this procedure was followed by additional mechanical stress
on the cells for 7.5min on the plate shaker at 400 rpm. The
cell lysates were collected with a cell scraper and transferred to
1.5 mL micro-reaction vessels, which were placed in an ultrasonic
bath in ice water to destroy residual cell structures. After
vortexing and cooled centrifugation (10min, 4°C, 16,000 g),
the supernatant was transferred to polymethylpentene (PMP)
vials for storage at —20°C until platinum and protein analyses
were performed. An external calibration using a platinum ICP
standard (concentration range 10 ng/L to 2 pg/L) was used for
quantification. The acquired platinum concentrations were then
normalized to the respective protein concentrations obtained via
a Bradford assay.

Bradford Assay for Protein Quantitation

In order to relate Pt quantitation to protein concentration,
thereby normalizing for differences in the number of cells, the
amount of protein in each sample was analyzed by using the
Bradford assay (Bradford, 1976), as previously described (Wehe
et al., 2014).

Cytotoxicity Testing

A modified  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay (Mosmann, 1983) was used to
test the chemosensitivity of cells to phenanthriplatin and, in
some experiments, to cisplatin by determining the glycolysis
rate via the reduction of the yellow tetrazolium salt MTT to a
purple formazan dye, as previously described (Wehe et al., 2014).
Briefly, after growing for 24 h in the incubator, cells expressing or
not hOCT2, hMATE1L, hMATE2 or Ctrl were treated for 10 min
with platinum derivatives. Control cells were incubated with
drug-free complete cell culture medium. Afterwards, the medium

TABLE 1 | EC5( (1M) values determined for inhibition of ASP* uptake by human
and murine OCTs in the presence of phenanthriplatin.

Species

OCT subtype Murine Human

IC5¢ (IogEC50 + SEM) in M and number of observations (n)

OCTH1 17 (—4.77 £ 0.22) 19 (—4.72 + 0.21)
n=6-11 n=6-12
OCT2 2 (—5.64 + 0.05) 2% (—5.67 + 0.10)
n=6-12 n=6-12
OCT3 3,146" (—2.50 + 1.07) 21# (—4.67 + 0.07)
n=6-10 n=6-12
MATEA1 1013 (—3.99 + 0.21)
n=6-12
MATE2K 57% (—4.24 +0.07)
n=15-16

The loglCsy values + SEM and the number of observations are also indicated in
parenthesis.

*Statistically significant different from the other paralogs (ANOVA); § Statistically significant
different from the other paralogs except MATE2K (ANOVA). & Statistically significant
different from the other paralogs except OCT1 and MATE1 (ANOVA). The hashtag (*)
indicates a statistically significant difference from the murine ortholog (t-test).
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was carefully removed and replaced by 200 L of fresh complete
cell culture medium. After incubation for another 24 h, 10 wL of
MTT solution containing 5 mg/mL of the dye were added to each
well, and the cells were again incubated for 3h. The medium
was then removed and 100 pL of lysis buffer containing 10%
(w/v) sodium dodecyl sulfate and 40% (v/v) dimethylformamide
was added to each well. The plates were shaken for 10 min to
destroy the cell structure and dissolve the blue formazan dye
(Furchert et al., 2007; Wehe et al., 2014). Finally, the absorbance
was measured at 590nm using an automated microtiter
plate reader (Infinite M200; Tecan, Mannedorf, Switzerland).
The percentage of viable cells in the untreated controls was
compared to that for the various treatments. Experiments
carried out with DAOY and UW228 cells followed a similar
protocol except that these cells were incubated for 24 h with
phenanthriplatin.
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FIGURE 1 | Apparent affinities (ICsq) of (A) hOCT1 (@; n = 6-12), hOCT2 (M,
n =6-12), hOCT3 (‘; n = 6-12), h(MATE2K (O; n = 15-16), and hMATE1 (<>;
n = 7-24) and (B) mOCT1 (<>; n=6-11), mOCT2 (@; n = 6-12), mOCT3 (H;
n = 6-10) for phenanthriplatin. Values are means 4+ SEM expressed as % of
ASPT-uptake in the absence of phenanthriplatin, which was set to 100%
(control). The ICsq values for the inhibition of initial ASPT uptake by
phenanthriplatin were 19, 2, 21, 101, and 57 uM for hOCT1, hOCT2, hOCT3,
hMATE1, and hMATE2K, respectively. Those for mOCT1, mOCT2, and
mOCT3, were 17, 2, and 3,146 wM, respectively.

Western Blotting and SDS-PAGE

For Western blot analysis, DAOY and UW228 cells grown to
confluence were solubilized by incubation with PBS containing
1% (w/v) Triton X-100. After 45min on ice, cell lysates were
centrifuged for 1 min at 2,400 g at 4°C. Following this step, the
supernatant was diluted in SDS buffer (Roti-Load 1, Roth) with
100mM dithiothreitol (DTT) and 8% v/v 3-mercaptoethanol
and incubated for 5min at 95°C. The proteins were then
separated by SDS-PAGE and transferred to a polyvinylidene
fluoride (PVDF) membrane for Western blot analysis. The
membranes were blocked with 3% gelatin from cold-water
fish skin (Sigma, Munich, Germany). After incubation with
the primary antibodies (anti-OCT2 from Alpha Diagnostics,
San Antonio, TX, USA at a 1:1,000 dilution and anti-GAPDH
from Cell Signaling, Danvers, MA, USA at a 1:2,000 dilution),
membranes were incubated with peroxidase-conjugated anti-
mouse (DAKO Deutschland, Hamburg, Germany) at a 1:10,000
dilution. Signals were visualized using a Lumi Light detection
system (Roche, Mannheim, Germany).

Statistical Analyses

Data are presented as mean values & SEM, with (n) referring to
the number of wells. ICsg values defined as the concentration
of platinum agent required to inhibit uptake of ASP* by 50%
and ECs values used to assess cell viability were obtained by
sigmoidal concentration-response curve fitting using GraphPad
Prism, Version 5.3 (GraphPad Software, San Diego, USA).
Unpaired two-sided Student’s t-test was employed to prove
statistical significance of the effects. For multiple comparisons,
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