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SUMMARY

Recently, we showed that synthetic anion transporters DSC4P-1 and SA-3 had activity related to
cancer cell death. They were found to increase intracellular chloride and sodium ion
concentrations. They were also found to induce apoptosis (DSC4P-1) and both induce apoptosis
and inhibit autophagy (SA-3). However, determinants underlying these phenomenological findings
were not elucidated. The absence of mechanistic understanding has limited the development of
yet-improved systems. Here, we show that three synthetic anion transporters, DSC4P-1, SA-3, and
8FCA4P, induce osmotic stress in cells by increasing intracellular ion concentrations. This triggers
the generation of reactive oxygen species via a sequential process and promotes caspase-
dependent apoptosis. In addition, two of the transporters, SA-3 and 8FC4P, induce autophagy by
increasing the cytosolic calcium ion concentration promoted by osmotic stress. However, they
eventually inhibit the autophagy process as a result of their ability to disrupt lysosome function
through a transporter-mediated decrease in a lysosomal chloride ion concentration and an increase
in the lysosomal pH.
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Park et al. show that three synthetic ion transporters, SA-3, 8FC4P, and DSC4P-1, promote
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apoptosis by increasing intracellular sodium and chloride concentrations in cells and consequently

inducing osmotic stress. In addition, two of the transporters, SA-3 and 8FC4P, induce autophagy
by increasing the cytosolic calcium ion concentration promoted by osmatic stress. However, they
eventually inhibit the autophagy process because of their ability to disrupt lysosome function

through a transporter-mediated decrease in lysosomal chloride ion concentration and an increase in

the lysosomal pH.

INTRODUCTION

Autophagy is a self-degradative process that is associated with the maintenance of cellular
homeostasis and cell survival under conditions of nutrient deficiency.! During the autophagy

process, cytoplasmic constituents are sequestered by phagophores, which are further

expanded to form autophagosomes. Subsequently, the autophagosomes fuse with lysosomes
to generate autolysosomes. Cytoplasmic constituents inside autolysosomes are degraded by
lysosomal enzymes for their recycling.2:3 Multiple previous studies have shown that the

level of autophagy in cancer cells is typically higher than that in normal cells.* As a
consequence, agents with autophagy-disrupting activity have potential for the use of

anticancer drugs.> Also, of prime importance in the context of anticancer drug development
is apoptosis or programed cell death. This is a physiological process that removes damaged

or unwanted cells so as to maintain tissue homeostasis.® Tumor cells are resistant to

apoptotic cell death via multiple anti-apoptotic processes,” and thus many attempts have
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been made to develop potent apoptosis inducers that can be used as anticancer agents.® One
promising approach involves perturbing cellular ion concentrations.

Under normal physiological conditions, cellular ion concentrations are tightly regulated by
the action of a variety of ion transporters and channels.® However, perturbations in the
intracellular concentrations of ions, such as chloride, 1011 calcium,12 and potassium ions,!3
are closely correlated with the onset of apoptosis.}4 Because cancer cells have evolved
mechanisms to resist engagement of apoptotic cell death,” channel blockers'® and
ionophores!®.17 (which induce apoptosis by disturbing the ion homeostasis of cells) have
been developed as potential anticancer agents.” In particular, small-molecule-based synthetic
ion carriers or transporters that have the ability to perturb intracellular ion concentrations
have attracted attention because of their potential as therapeutic agents.18-20

To date, several transporter systems capable of promoting apoptosis have been reported. For
example, the naturally occurring tripyrrolic system prodigiosin and its analogs have been
suggested to induce cancer cell death by changing intracellular pH gradients through HCI
transport.21:22 |n 2014, we showed that the diamide-strapped calix[4]pyrrole-1 (DSCP4-1)
(Figure 1) promoted an influx of CI~ and Na* into cells and consequently enhanced cell
death via caspase-dependent apoptosis.23 More recently, we reported that squaramide-3
(SA-3) (Figure 1) enhanced apoptosis by increasing intracellular ion concentrations and
blocked autophagy by increasing the lysosomal pH and disrupting lysosome function.24
However, the specific chemical and biochemical determinants of how these and other
transporters might affect apoptosis and autophagy remain largely unknown. Acquiring such
mechanistic insights is deemed critical if yet-improved transporters are to be designed.

We have now elucidated mechanisms of synthetic ion transporters (DSC4P-1, SA-3, 8FC4P,
and C4P) (Figure 1) and wish to report how specifically they influence apoptosis and
autophagy. As detailed below, we have found that three transporters, DSC4P-1, SA-3, and
8FC4P, increase intracellular CI~ and Na* concentrations, an event that induces osmotic
stress in the cells. This osmotic stress leads to production of reactive oxygen species (ROS)
through sequential processes and induces caspase-dependent apoptosis. However, C4P,
which lacks ion-transport activity in cells, does not affect apoptosis. Two of the transporters
with apoptosis-inducing activity, namely SA-3 and 8FC4P, induce autophagy early on by
increasing the cytosolic calcium ion concentration promoted by osmotic stress. However,
they eventually suppress the autophagy process by disrupting lysosome function through a
decrease in the lysosomal CI~ concentration and an increase in the lysosomal pH. As a
consequence, DSC4P-1 promotes cancer cell death by inducing apoptosis, while SA-3 and
8FC4P enhance cancer cell death by inducing apoptosis as well as suppressing autophagy.
The control system C4P, which lacks ion-transport activity in cells, neither affects apoptosis
nor influences autophagy. To our knowledge, this is the first mechanistic study of how
synthetic ion transporters influence apoptosis and autophagy.
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RESULTS AND DISCUSSION

Transmembrane lon-Transport Activities in Liposomes

The ion-transport ability of four compounds (DSC4P-1, SA-3, 8FC4P, and C4P) was
initially assessed by several 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine (POPC)
liposome membrane-based assays. Previously, we demonstrated that 8FC4P can function as
a chloride anion transporter by using a chloride-nitrate exchange assay.2® In the current
study, we employed a number of recently developed assays?® to provide further insights into
the anion-transport mechanisms of 8FC4P, as well as DSC4P-1, SA-3, and C4P. To
understand the mechanism of H* or the equivalent OH™ transport by the synthetic
transporters, we used an assay based on measuring the intravesicular pH with the fluorescent
indicator 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) in conjunction with the potassium
gluconate (K-Gluc) assay (Figure 1B) to monitor so-called electrogenic H*/OH™ transport.
An electrogenic process will result in a net flow of charge across a membrane, in this case
either H* efflux or OH™ influx. Here, the assumption is that gluconate is not transported
because of its high hydrophilicity and bulkiness and that an added K* ionophore,
valinomycin, provides a counterion pathway for electrogenic K* transport. Results from the
K-Gluc assay were compared with data from another complementary HPTS assay (/-
methyl-D-glucamine chloride [NMDG-CI] assay) (Figure 1B) devised to test for H*/CI~
symport or CI7/OH™ antiport; these are electroneutral processes with no charge buildup
across the membrane. Dose-dependent experiments and Hill analyses were performed to
quantify ion-transport activity (detailed in the Supplemental Information). As shown in
Figure 1C, both DSC4P-1 and SA-3 proved active in the two assays. On the basis of these
assays, SA-3 was found to be a better transporter than DSC4P-1. 8FC4P was more active in
both assays. Whereas DSC4P-1 and SA-3 proved slightly better at H* or OH™ flux than H
*/CI~ co-transport, 8FC4P was found to be more effective at H*/CI~ co-transport than H* or
OH~ flux. C4P, the parent macrocycle, from which 8FC4P is formally derived, has been
reported to be a membrane transport agent for cesium chloride as an ion pair;2” however, it
displayed no transport activity even at 100 mol % concentration in all cases. Thus, C4P was
considered to be a good control system for the biological studies detailed below.

We also quantified the CI~ > H*/OH™ selectivity of these transporters by using a modified
NMDG-CI assay. This assay involves the use of the proton channel gramicidin D (GraD) and
vesicles treated with bovine serum albumin (BSA, 1 mol % with respect to lipid) to remove
free-fatty-acid impurities from the vesicle membranes (Figure 1B).27 The results (Figure 1C;
Table 1) revealed that 8FC4P had the highest selectivity (Sgsasg = 25) for CI~ > H* in BSA-
treated vesicles. However, selectivity (Sg ~ 1) was completely lost in the untreated vesicles,
indicating significant H* flux in the presence of free fatty acid, as was also shown in the K-
Gluc assay. Only DSC4P-1 displayed a moderate selectivity for chloride in both the
untreated and BSA-treated experiments.

We next sought to confirm the mechanism of transport of DSC4P-1. We did this by using
cationophore coupling assays to determine whether the receptor-mediated ion transport
occurs in an electrogenic or electroneutral fashion or in a nonspecific manner. lonophore-
induced CI~ efflux was measured by an ion-selective electrode (ISE) from KCl-loaded
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vesicles suspended in an inert external potassium gluconate solution, coupling with either
valinomycin (an electrogenic K* transporter) or monensin (an electroneutral M*/H*
transporter). On this basis, and as shown in Figure 1C, DSC4P-1 appeared to be more
effective (by a factor of ~9; see Table 1) at mediating electrogenic CI~ transport than
electroneutral H*/CI~ co-transport (or OH™/CI~ exchange).2® In contrast, SA-3 coupled
much better to monensin than to valinomycin, supporting the notion that SA-3 acts as an
electroneutral cotransporter rather than a chloride uniporter. 8FC4P coupled to both
valinomycin and monensin, leading to the conclusion that 8FC4P is a nonspecific
anionophore that can function as both a chloride uniporter and an HCI cotransporter. Taken
in concert, these model studies thus serve to underscore that DSC4P-1, SA-3, and 8FC4P all
function as ionophores but with distinctively different mechanisms. Our preceding
findings2324 lead us to postulate that all these chloride transporters (DSC4P-1, SA-3, and
8FCA4P) can increase cytosolic chloride concentration and thus are likely to induce apoptosis.
In contrast, only the electroneutral HCI cotransporters (SA-3 and 8FC4P) can decrease
lysosomal H* and CI~ concentration, leading us to suggest that they may act to disrupt
autophagy. As described below, detailed cell biological studies were thus undertaken to
confirm or refute the validity of these hypotheses.

Cellular lon-Transport Activities of Synthetic Transporters

We then examined the cellular ion-transport activities of DSC4P-1, SA-3, 8FC4P, and C4P
by determining the changes in concentration of several ions inside cells after treatment with
each substance. Cancer cells (HeLa, human cervical cancer cells; A549, human lung
adenocarcinoma epithelial cells), along with normal cells (FRT, Fischer rat thyroid epithelial
cells), were individually incubated with DSC4P-1, SA-3, 8FC4P, and C4P and then treated
with the chloride-ion-sensitive probe MQAE (N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide).2? Intracellular chloride ion concentrations were determined
with Stern-Volmer plots for quenching of MQAE by CI~ (Figure S25A).2° The results
revealed that the transporter 8FC4P promoted an increase in chloride ion concentrations in
normal and cancer cells (Figures 2A and S25B). Similar effects were seen in cells treated
with DSC4P-1 and SA-3.23:24 Specifically, treatment of cells with 20 pM SA-3 or 20 uM
8FCA4P led to an increase in the intracellular chloride ion concentration from ca. 20 to 35-45
mM. DSC4P-1 displayed less effective chloride transport activity than SA-3 and 8FC4P
because treatment with 20 UM DSC4P-1 caused an increase in the intracellular chloride ion
concentration to ca. 30 mM. In contrast, the control system, C4P, did not induce a significant
change in the intracellular chloride ion concentration.

Under physiological conditions, receptor-mediated into-cell chloride anion transport was
expected to be correlated with cation uptake. Cell studies were thus carried out with the
sodium fluorescent probe SBFI-AM (sodium-binding benzofuran isophthalate
acetoxymethy!l ester). It was found that 8FC4P and SA-3 increased the sodium ion
concentration in normal and cancer cells with similar efficacy and that both were more
efficient than DSC4P-1 (Figures 2B and S25C).23:24 As expected, C4P produced no change
in the intracellular sodium ion concentration. To test whether sodium ions enter cells directly
as a result of the transport by 8FC4P, SA-3, and DSC4P-1 or via cellular sodium channels,
we examined the effect of a sodium channel blocker amiloride on the sodium influx elicited
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by synthetic transporters. The results revealed that the chloride- and sodium-ion-transport
activities of DSC4P-1, SA-3, and 8FC4P were substantially reduced in the presence of the
sodium-channel blocker amiloride (Figures 2A, 2B, and S25).23 Thus, it is likely that they
act mainly as chloride anion transporters and that the sodium counterions enter cells
concomitant with the chloride anions through cellular sodium channels. However, the
intracellular potassium ion concentrations measured by a potassium-specific fluorescent
probe, PBFI-AM (potassium-binding benzofuran isophthalate acetoxymethyl ester), were
found to be unchanged after incubation of normal and cancer cells with DSC4P-1, SA-3,
8FC4P, and C4P (Figure S26).

DSC4P-1, SA-3, and 8FCA4P did not affect the level of the calcium ion concentration in
normal cells, as measured by the calcium fluorescent probe Fluo-4 NM (Figure S27A).23.24
However, they were found to increase the calcium ion concentrations in cancer cells (Figures
S27B and S27C). When the cancer cells were co-treated with each of the three synthetic
transporters and 2-aminoethoxydiphenyl borate (2-APB), an inhibitor of an inositol 1,4,5-
trisphosphate receptor (IP3R), which is an intracellular Ca*-release channel located on the
endoplasmic reticulum (ER),30 the calcium ion concentrations were not increased (Figures
S27B and S27C). On this basis, we conclude that the increase in calcium ions in the cancer
cells seen in the presence of the synthetic transporters does not originate from the
extracellular media but is the result of the release of calcium ions from the ER through IP3R,
as detailed further below. Importantly, DSC4P-1, SA-3, and 8FC4P function as chloride
anion transporters, an effect that is correlated with channel-mediated sodium cation co-
transport but not with the delivery of either extracellular potassium or calcium ions into the
cytosol.

Synthetic lon Transporters Induce Apoptosis in Cancer Cells

We previously showed that synthetic transporters DSC4P-1 and SA-3 promoted cancer cell
death by increasing intracellular ion concentrations.23:24 To allow for valid comparisons, we
examined the effects of 8FC4P and C4P on cell viability by incubating several cancer cell
lines (HeLa cells, A549 cells, PLC/PRF/5 [Alexander hepatoma] cells, HepG2 [human
hepatoblastoma carcinoma] cells, Capan-1 [human pancreatic adenocarcinoma] cells, and
HCT116 [human colorectal carcinoma] cells) with each substance. On the basis of the
results of an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay,
8FC4P was found to induce cancer cell death effectively with half maximum inhibitory
concentration (1Csg) values similar to that of SA-3 (i.e., 3-5 uM) (Figure S28D). Both of
these transporters proved more active than DSC4P-1 (ICgq values of 10-15 uM) (Figure
S28D), a compound with moderate ion-transport activity (vide supra). The control system
C4P, which proved ineffective as an ion transporter both in cells and in the model transport
studies, displayed little cytotoxicity. The findings provide support for the suggestion that, at
least for the present series of compounds, there is a strong correlation between the ability to
act as an ion transporter and to promote cancer cell death.

To test further whether the observed synthetic transporter-induced cell death was caused by
an increase in the intracellular concentrations of chloride and sodium ions, we determined
the effect of extracellular CI~ and Na* on transporter-induced cytotoxicity. HeLa and A549
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cells were individually incubated with DSC4P-1, SA-3, 8FC4P, and C4P in buffers
containing both chloride and sodium ions (HEPES-buffered solutions) or in analogous
buffers depleted in either chloride anion (CI™-free solutions) or sodium cations (Na*-free
solutions).2* MTT assays revealed that the cell-death activities of DSC4P-1, SA-3, and
8FCA4P were greatly attenuated in both CI~-free and Na*-free solutions (Figures 2C and
S29). The cells were also incubated with synthetic transporters in the presence of various
non-toxic concentrations of amiloride. A decrease in cell-death activity was observed in cells
treated with DSC4P-1, SA-3, or 8FC4P in conjunction with amiloride (Figure S30). Taken
together, the findings lead us to conclude that the cell death promoted by DSC4P-1, SA-3,
and 8FCA4P results from an increase in intracellular chloride and sodium ion concentrations
and that suppression of sodium ion co-transport reduces activity.

Previously, we demonstrated that DSC4P-1 and SA-3 induce apoptotic cancer cell death.
23,24 Thus, the ability of 8FC4P to induce apoptosis was examined. HeL a cells were
incubated with 8FC4P, along with DSC4P-1, SA-3, and C4P, and then treated with a mixture
of fluorescein-annexin V and propidium iodide (PI). Flow-cytometry analyses revealed that
cells treated with 8FC4P displayed positive annexin V binding and PI uptake, phenomena
that were also seen in cells treated with DSC4P-1 and SA-3 but not for the cells treated with
C4P (Figure 2D). Analysis of the cell size by flow cytometry revealed that cells treated with
8FC4P, DSC4P-1, or SA-3 were characterized by a considerable degree of cell shrinkage;
however, this was not the case for cells incubated with C4P (Figure S31A).

The loss of mitochondrial membrane potential, a hallmark of apoptosis, was examined with
a membrane potential-sensitive probe, JC-1.31 Flow-cytometry analysis revealed a
considerable decrease in the red fluorescence in the case of cells treated with 8FC4P,
DSC4P-1, or SA-3 (Figure 2D).32 No such decrease was seen for cells treated with C4P.
Moreover, an increase in DNA fragmentation was observed in cells treated with 8FC4P,
DSC4P-1, or SA-3 (Figure S31B). Collectively, the findings provide support for the
suggestion that cells treated with the synthetic transporters 8FC4P, DSC4P-1, and SA-3
undergo apoptosis but that those treated with C4P do not.

Synthetic Transporters Induce Osmotic Stress in Cells

Next, we sought to elucidate the cellular mechanisms by determining how the synthetic
transporters 8FC4P, DSC4P-1, and SA-3 promote apoptosis. On the basis of the above
findings, namely that these substances increase intracellular ion concentrations, we assumed
that their mode of action might involve osmotic stress-induced apoptotic cell death.33:34 It is
known that a sudden alteration in the solute concentration around cells induces osmotic
stress and, within a few minutes, causes a change in the cell volume that can persist up to
2.5-3 h.3%:36 Under conditions of high extracellular solute concentrations (hyperosmotic
conditions), water molecules exit from cells, leading to a decrease in the cell volume (cell
shrinkage). However, at low external solute concentrations (hyposmotic conditions), water
molecules flow into cells, leading to an increase in the cell volume (cell swelling). Osmotic
stresses that induce a change in cell size eventually promote apoptotic cell death.34

To test the ability of the present series of synthetic transporters to induce osmotic stress, we
individually incubated HelLa cells with DSC4P-1, SA-3, 8FC4P, and C4P (as a control),
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along with a known osmotic stress inducer, sucrose.3” The cell size was then measured over
a 1.5 h period by confocal microscopy. As shown in Figure 3A and Videos S1, S2, S3, S4,
S5, and S6, the cell size increased after short-term incubation with DSC4P-1, SA-3, or
8FC4P before recovering back to the original size within 1 h. These changes were also seen
in cells treated with sucrose. However, cells treated with C4P, as well as untreated cells, did
not display any change in cell size. The cell-size changes induced by the present series of
synthetic transporters were found to be correlated with cellular ion-transport activity.
Specifically, SA-3 and 8FC4P with good cellular ion-transport activity induced greater
changes in the cell size than DSC4P-1, a system with moderate cellular ion-transport
activity. The overall pattern of cell-size changes promoted by DSC4P-1, SA-3, and 8FC4P is
typical of those for cells undergoing hyposmotic stress.3°

To determine the effect of chloride ions on the observed cell size changes, we also measured
the cell size after treatment of cells with DSC4P-1, SA-3, and 8FC4P in CI™-free HEPES
buffer. The size of cells treated with DSC4P-1, SA-3, or 8FC4P in Cl™-free HEPES buffer
was unchanged (Figure 3B; Videos S7, S8, S9, S10, S11, and S12). These findings are
consistent with the suggestion that transporter-induced ion influx into cells triggers osmotic
stress.

Multiple previous studies have shown that induction of osmotic stress in cells leads to
activation of p38 (see Figure 6A).38:39 This typically occurs within a short time window and
is ascribed to the stress-induced activation of the guanine nucleotide exchange factor, Brx,
followed by the formation of its osmosensing complex with the c-Jun NH,-terminal kinase
interacting protein 4 (JIP4).4041 Thus, increased levels of phosphorylated p38 are taken as
an indication of osmotic stress induction.#2 On this basis, we tested whether the synthetic
transporters of this study had the ability to activate p38. The results of western blot analyses
using a phospho-p38 antibody revealed that treatment of DSC4P-1, SA-3, and 8FC4P, as
well as sucrose, led to an increase in the levels of phosphorylated p38 after a 10-20 min
incubation period (Figure 3C). As expected, C4P had no effect on p38 activation.
Collectively, the findings provide support for the hypothesis that because DSC4P-1, SA-3,
and 8FCA4P act to increase the intracellular ion concentrations rapidly (Figure S32), they
induce (hypo)osmotic stress.

Osmotic Stress Induced by Synthetic Transporters Promotes Apoptosis

Next, we investigated how the osmotic stress induced by DSC4P-1, SA-3, and 8FC4P
promotes apoptosis. It is known that when cells are under osmotic stress, Rho-type small G
(Rho) proteins are stimulated, presumably through Brx activation (see Figure 6).41 This
occurs in addition to p38 activation. The stimulation of Rho proteins in turn activates
phospholipase C (PLC), which is responsible for cleavage of phosphatidylinositol 4,5-
bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-bisphosphate (1P3).43-45
We thus examined whether DSC4P-1, SA-3, and 8FC4P would induce activation of PLC by
measuring the PLC activity with a commercial PLC activity assay kit. The results revealed
that the PLC activity in cells treated with DSC4P-1, SA-3, or 8FC4P was increased in a
concentration-dependent manner; however, little increase was detected in the case of cells
treated with C4P (Figure 4A). Moreover, in the presence of either rhosin (an inhibitor of Rho

Chem. Author manuscript; available in PMC 2021 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 9

proteins)#® or D609 (a PLC inhibitor),4” the PLC activity in the cells treated with DSC4P-1,
SA-3, or 8FC4P was reduced to the basal level (Figure 4A). These findings are taken as
further evidence that the osmotic stress in cells treated with the synthetic ion transporters of
this study leads to an enhancement in PLC activation through stimulation of Rho proteins.

DAG, produced by activated PLC, is known to stimulate protein kinase C (PKC) and
generate phosphorylated PKC through direct binding of DAG to PKC.48-50 Therefore, we
sought to determine whether treatment of cells with DSC4P-1, SA-3, and 8FC4P would lead
to activation of PKC. The results of western blot analyses revealed that DSC4P-1, SA-3, and
8FC4P significantly increased the level of phospho-PKC, whereas C4P did not (Figure 4B).
In contrast, when cells were co-treated with each synthetic transporter and a PLC inhibitor
(D609), the level of phospho-PKC was greatly reduced (Figure 4B). These findings are
consistent with the notion that DSC4P-1, SA-3, and 8FC4P serve to activate PKC by
stimulating PLC.

Multiple previous studies have shown that activated PKC stimulates NADPH oxidase
(NOX).51:52 NOX is responsible for the generation of ROS, which are known to induce
apoptotic cell death.> Therefore, we examined the ability of the synthetic ion transporters
DSC4P-1, SA-3, and 8FCA4P to generate NOX-mediated ROS. Cell studies using the ROS
fluorescent probe PF124 revealed that the levels of ROS in cells treated with DSC4P-1,
SA-3, or 8FC4P gradually increased in a time-dependent manner (Figure 4C). In contrast,
C4P did not affect the level of ROS in cells. ROS production was almost completely
abrogated in cells treated with DSC4P-1, SA-3, or 8FC4P in the presence of each inhibitor
of Rho proteins (rhosin), PLC (D609, U73122),33 PKC (rottlerin, UCN-01),3455 and NOX
(diphenyleneiodonium (DPI), apocynin),?6-7 all of which are inhibitors with no effects on
ROS generation, cytochrome c release from mitochondria into the cytosol, caspase
activation, or cell viability (Figures 4C and S33). These findings are taken as a clear
indication that ROS are generated upon treatment with the synthetic ion transporters of this
study and that this occurs via the sequential activation of Rho proteins PLC, PKC, and NOX.
This cascade is initially triggered by ion-transport-induced osmotic stress.

Because NOX-mediated ROS generation leads to induction of apoptosis,>? we examined
whether DSC4P-1, SA-3, and 8FC4P change the levels of proapoptotic (tBid and Bim) and
antiapoptotic (Bcl-2 and Bcl-xL) proteins. The results of western blot analysis of cells
treated with DSC4P-1, SA-3, or 8FC4P in the presence of cell-permeable pan-caspase
inhibitor (Z-VAD-FMK)24 showed that whereas the levels of antiapoptotic proteins were
reduced in treated cells, the levels of proapoptotic proteins were increased (Figure 5A).58-61
However, C4P did not alter the levels of proapoptotic and antiapoptotic proteins in cells. On
the basis of these findings, we further examined whether DSC4P-1, SA-3, and 8FC4P
activate Bax by determining the induction of mitochondrial outer membrane
permeabilization (MOMP). Immunocytochemistry analysis with a Bax (active monomer)
antibody revealed that cells treated with DSC4P-1, SA-3, or 8FC4P, but not with C4P,
displayed an increased level of active Bax, which co-localized with MitoTracker red (Figure
5B). However, this phenomenon was not observed in cells co-treated with SA-3 and DPI,
leading us to conclude that MOMP was induced by ROS generated by NOX (Figure 5B).
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When MOMP is induced in cells, cytochrome c is released from the mitochondria into the
cytosol, where it interacts with Apaf-1 and activates caspase-9, which in turn activates
caspase-3, thereby inducing apoptosis via caspase activation.62:63 The results of western
blotting revealed that cytochrome c is released from mitochondria into the cytosol and that
generation of cleaved caspase-3 takes place after incubation with DSC4P-1, SA-3, or 8FC4P,
but not with C4P (Figure 5C). Additional experiments aimed at evaluating the cleavage of
the cellular caspase substrate poly(ADP-ribose) polymerase (PARP) revealed that the
cleaved product of PARP was generated in cells treated with DSC4P-1, SA-3, or 8FC4P. On
the other hand, co-treatment of each transporter with each inhibitor of Rho proteins (rhosin),
PLC (U73122), PKC (UCN-01), and NOX (DPI, apocynin) led to a remarkable decrease in
cytochrome c release as well as the levels of cleaved caspase-3 and PARP (Figures 5C and
S34B). The finding provides further support for the suggestion that the cytochrome c release
and procaspase-3 cleavage mediated by DSC4P-1, SA-3, and 8FC4P result from osmotic
stress and subsequently generated ROS.

To determine whether the synthetic transporters of the present study induce caspase
activation, we determined the caspase activities of lysates of cells treated with DSC4P-1,
SA-3, and 8FC4P, as well as C4P, by using a colorimetric peptide substrate for caspases, Ac-
DEVD-pNA (p-nitroaniline [pNA]). The results revealed that the caspase activity in cells
treated with DSC4P-1, SA-3, or 8FC4P was increased (Figure 5D). This increase was
blocked when Ac-DEVD-CHO, a known inhibitor of caspases, was added to the lysates of
cells treated with DSC4P-1, SA-3, or 8FC4P. In addition, almost no caspase activity was
detected when each inhibitor of Rho proteins (rhosin), PLC (U73122), PKC (UCN-01), and
NOX (DPI, apocynin) was co-treated with DSC4P-1, SA-3, or 8FC4P (Figures 5D and
S34C).

Taken together, the findings provide evidence in support of the conclusion that the present
synthetic transporters induce osmotic stress in cells by increasing intracellular ion
concentrations. This then leads to the generation of ROS via the sequential activation of Rho
proteins, PLC, PKC, and NOX, which then promotes caspase-dependent apoptosis (Figures
6A and 6B).

Synthetic Transporters SA-3 and 8FC4P Inhibit the Autophagy Process by Disrupting
Lysosome Function

As a complement to our study of apoptosis, we investigated the effects of synthetic
transporters on autophagy. As described above, the osmotic stress induced by the present
synthetic transporters was found to stimulate PLC, an enzyme that cleaves PIP2 into DAG
and IP3. Previous studies have led to an appreciation that the IP3 produced by PLC serves to
activate IP3R, which is an intracellular Ca2*-release channel of the ER (Figure 6C).64:65
When IP3R is activated by IP3, Ca?* ions are released from the ER into the cytosol. The
increased cytosolic Ca2* concentration stimulates the AMP-activated protein kinase
(AMPK).%6 These events also activate beclin-1, which plays a central role in autophagy by
enhancing the formation of phagophores.57:68 We thus tested whether the synthetic
transporters of the present study would affect the cytosolic Ca2* concentration and whether
they would induce activation of AMPK and beclin-1.
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HeLa cells were individually incubated with DSC4P-1, SA-3, 8FC4P, and C4P in the
absence and presence of inhibitors of PLC (D609, U73122) and IP3R (2-APB). The
cytosolic CaZ* ion levels were then measured with the probe Fluo-4 NW. Activation of
AMPK and beclin-1 was determined via western blot analysis using antibodies against
phosphorylated AMPK and beclin-1, respectively. It was found that 8FC4P and SA-3
significantly increased the cytosolic Ca2* concentrations, whereas DSC4P-1 only increased
the Ca2* levels slightly and C4P engendered almost no change in the concentrations (Figure
7A). Treatment of 8FC4P and SA-3 was found to increase the levels of phosphorylated
AMPK and beclin-1, whereas DSC4P-1 and C4P did not (Figure 7B). When inhibitors of
PLC and IP3R were used in conjunction with DSC4P-1, SA-3, or 8FC4P, the cytosolic CaZ*
concentrations in the treated cells were decreased to almost basal levels (Figure 7A). The
levels of phosphorylated AMPK and beclin-1 were likewise greatly reduced when 2-APB,
D609, or U73122 was co-treated with SA-3 and 8FC4P (Figures 7B and S35). It is worth
mentioning that PLC inhibitors (D609 and U73122) themselves do not affect autophagy
(Figure S36). The findings are taken as evidence that both SA-3 and 8FC4P increase the
cytosolic Ca2* concentration by releasing Ca2* ions from the ER into the cytosol through
IP3R, thus stimulating AMPK and beclin-1. However, the less effective transporter
DSC4P-1 does not activate AMPK and beclin-1 appreciably. This finding is in line with the
fact that DSC4P-1 produces only a slight increase in the cytosolic Ca2* concentration. It
should be emphasized that the Ca2* ion increase seen in the cytosol of cancer cells in the
presence of SA-3 and 8FC4P originates from the ER and not from the extracellular media.

In addition to a role that cytosolic Ca2* ions play in the induction of autophagy, these ions
are also known to be associated with caspase-dependent apoptosis.®® To test whether the
cytosolic Ca2* ion concentration increased upon treatment with the present synthetic
transporters affects apoptosis, we treated cancer cells with each of the synthetic transporters
in the absence and presence of the IP3R inhibitor 2-APB. Caspase activity was then
measured with Ac-DEVD-pNA. It was found that the caspase activity of cells treated with
DSC4P-1, SA-3, or 8FC4P was almost unchanged in the presence of 2-APB (Figure 5D).
Collectively, these findings lead us to suggest that 8FC4P and SA-3 promote autophagy by
activating AMPK and beclin-1 without inducing Ca2*-mediated apoptosis and that DSC4P-1
does not enhance Ca2*-mediated autophagy (Figure 6C). Slight increases in cytosolic Ca2*
ions are known to induce autophagy, whereas an overload in Ca?* promotes apoptosis.’?71
We thus consider it likely that the cytosolic Ca?* concentration increase induced by 8FC4P
and SA-3 is sufficient to induce autophagy but not apoptosis.

Our previous study showed that SA-3 disrupted lysosome function by increasing the
lysosomal pH, consequently inhibiting the autophagy process.24 Since most lysosomal
enzymes are stable and active in the acidic pH range (pH % 5),72 the increase in the
lysosomal pH induced by SA-3 was expected to lead to disruptions in lysosome function.’3
On the other hand, if lysosomal functions essential for the autophagy process are disrupted,
autophagy should be inhibited; this should be true even under conditions that might
otherwise induce autophagy (e.g., conditions that enhance the phagophore formation).
Accordingly, we examined whether the present synthetic transporters would affect lysosome
function by initially measuring the lysosomal pH. Toward this end, cells were incubated with
DSC4P-1, SA-3, 8FCA4P, or C4P and then treated with acridine orange, a stain routinely used
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to detect acidic vesicles, including lysosomes.” The results of cell image analysis revealed
that 8FC4P increased the lysosomal pH as effectively as SA-3, as judged from the observed
decrease in the red fluorescence arising from acridine orange (Figures 7C and S37). In
marked contrast, the extent of red fluorescence remained unchanged in cells treated with
DSC4P-1 and C4P.

Multiple previous studies have shown that the lysosomal pH is correlated with the lysosomal
CI~ concentration regulated by the lysosomal chloride transport protein CIC-7.72:75

Higher lysosomal pH values are correlated with relatively low lysosomal CI~ concentrations.
Since the lysosomal chloride concentration is higher (~ 80 mM) than the cytosolic chloride
concentration (5-40 mM),’6 a lysosomal membrane-permeable synthetic chloride ion
transporter can potentially disrupt the autophagy process by promoting the transfer of CI~
and therefore H* out of the lysosome. To determine whether treatment with the present
synthetic ion transporters leads to decreases in the lysosomal CI~ concentration, we
incubated cells with each transporter and then treated them with a lysosomal chloride-ion-
selective fluorescent probe, MQAE-MP (Figure 7D).”7 On the basis of the extent of
fluorescence quenching of MQAE-MP, incubation with 8FC4P and SA-3 serves to decrease
the lysosomal CI™ concentrations (Figures 7D and S38). In contrast, DSC4P-1 had almost no
effect on the lysosomal CI™ levels.

Transporters 8FC4P and SA-3 were both found to promote chloride-anion-mediated H* co-
transport (or OH™-for-CI~ exchange) in the model membrane studies and to induce an
increase in the lysosomal pH in cells (vide supra). It was thus considered likely that these
two transporters could affect lysosomal enzyme activities that are optimal in the acidic pH
range (pH % 5). To test this possibility, we determined the effect of the present synthetic ion
transporters on the activity of the lysosomal enzymes cathepsins B and L by using cell-
permeable cathepsin B and L probes, MR-(RR), and MR-(FR),, respectively.24 Treatment of
cells with 8FC4P and SA-3 led to a noticeable decrease in the activity levels of cathepsins B
and L, as judged from the diminished red fluorescence derived from MR-(RR), and MR-
(FR), (Figure 7E). However, DSC4P and C4P showed no effect on the activity of either
cathepsin B or L. Taken together, these findings support the contention that 8FC4P and
SA-3, but not DSC4P and C4P, disrupt lysosomal function by decreasing the lysosomal CI~
anion concentrations.

Because lysosome function is critical for the autophagy process, transporters with an ability
to disrupt lysosome function should block the autophagy process. To test this proposal, we
studied the fluorescence intensity of a tandem mRFP-EGFP-LC3 fusion protein (mRFP,
monomeric red fluorescence protein; EGFP, enhanced green fluorescence protein). It is
known that both RFP and GFP fluorescence signals are observed in autophagosomes, but
only RFP signals are detected in acidic autolysosomes.’® Cells stably expressing the mRFP-
EGFP-LC3 fusion protein were incubated with DSC4P-1, SA-3, 8FC4P, or C4P, along with
bafilomycin Al (BfA1) and torin-1 as controls for autophagy inhibition and induction,
respectively.24 Confocal fluorescence microscopy image analysis of cells treated with
8FC4P revealed a conspicuous increase in yellow vesicles, reflecting a merger of the GFP
and RFP fluorescence emission (Figures 8A and S39). This phenomenon was also observed
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in SA-3- or BfAl-treated cells. In contrast, cells treated with torin-1 exhibited
predominantly red fluorescent vesicles, reflecting its ability to induce autophagy. Finally,
cells treated with DSC4P-1 and C4P displayed fluorescence patterns similar to those of
untreated cells (Figures 8A and S39), a finding we take as indicating that they do not affect
autophagy.

The LC3-11 and p62 levels were also analyzed. Typically, increased levels of LC3-11 and
decreased levels of p62 are observed during autophagy induction.? In contrast, increased
levels of both LC3-11 and p62 are considered indicative of disruptions in autophagic flux.
Analysis of LC3-1l and p62 levels in cells treated separately with DSC4P-1, SA-3, 8FC4P,
and C4P revealed that both SA-3 and 8FC4P acted to increase the levels of both LC3-11 and
p62 (Figure 8B). This was also true for cells treated with BfA1. In contrast, the LC3-11 and
p62 levels in cells treated with DSC4P-1 and C4P were similar to those in untreated cells
(Figure 8B). As expected, cells treated with torin-1 were characterized by an increase in the
LC3-11 level and a decrease in the p62 level. Collectively, these findings are interpreted in
terms of 8FC4P and SA-3 acting as autophagy inhibitors, but not DSC4P-1 or C4P.

As discussed above, both SA-3 and 8FC4P activate AMPK and beclin-1 by increasing the
cytosolic CaZ* concentration, thereby inducing the autophagy process. We also found that
these two transporters eventually inhibit autophagy by disrupting lysosome function. On this
basis, we surmised that if the autophagy induction promoted by SA-3 and 8FC4P is blocked
by an IP3R inhibitor, then both the number and size of puncta of autophagosomes and/or
nonfunctional autolysosomes in cells should be decreased in relation to those in cells treated
with the synthetic transporters alone. To test this postulate, we individually treated cells
stably expressing mRFP-EGFP-LC3 with SA-3 and 8FC4P in the absence and presence of
2-APB, an IP3R inhibitor that reduces the cytosolic Ca2* concentration and thus suppresses
activation of AMPK and beclin-1. As expected, cells treated with SA-3 or 8FC4P alone
exhibited both larger-sized and a greater number of puncta than those co-treated with 2-APB
and each transporter (Figure 8C). Also, larger puncta and a greater number of puncta were
observed in cells co-treated with torin-1 as an autophagy inducer and BfA1l as a lysosome
function disruptor than in cells treated with BfA1 alone (Figure S40).7° These combined
findings provide support for the notion that SA-3 and 8FC4P induce autophagy by
increasing the cytosolic Ca2* concentration and that they eventually inhibit the autophagy
process because they disrupt lysosome function. Particularly noteworthy is the distinct
correlation between the effects on autophagy and the model membrane studies. Specifically,
the electroneutral HCI cotransporters (8FC4P and SA-3) were found to regulate lysosomal
functions, whereas the electrogenic chloride transporter (DSC4P-1) was found to have little
discernible effect.

Conclusions

To date, considerable effort has been devoted to developing artificial ion transporters that
have anticancer activity.23:24.80-83 However, most of this effort has been empirical in nature.
Understanding the cellular mechanisms underlying cancer cell death induced by artificial
transporters could allow for further, more rational designs of active transporters. In the
present study, we analyzed in detail three synthetic ion transporters, namely DSC4P-1,
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SA-3, and 8FCA4P. These systems, but not the control C4P, increase intracellular CI~ and Na*
concentrations. This leads to (hypo)osmotic stress in cells and the production of ROS via
sequential processes, which in turn induce caspase-dependent apoptosis. C4P does not affect
apoptosis. A particularly noteworthy finding to emerge from the present study is that two of
the synthetic ion transporters, SA-3 and 8FC4P, increase cytosolic calcium ion
concentrations and activate AMPK and beclin-1, which are critical for autophagy induction.
However, SA-3 and 8FC4P also disrupt lysosome functions essential for the autophagy
process by decreasing the lysosomal CI~ concentrations and increasing the lysosomal pH. As
a consequence, SA-384 and 8FC4P eventually block the autophagy process. Taken together,
these results underscore subtle differences in what on the surface may appear to be
ostensibly similar transport function and effects. In particular, DSC4P-1 promotes cancer
cell death by inducing apoptosis, whereas 8FC4P and SA-3 enhance cancer cell death by
inducing apoptosis and suppressing autophagy. To our knowledge, this is the first
mechanistic study of how synthetic ion transporters affect apoptosis and autophagy. It thus
sets the stage for further advances in the design of potential ion-transport-based drug leads.
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HIGHLIGHTS
The transport and biological properties of a series of anionophores were studied
Synthetic ion transporters induce osmotic stress in cells
SA-3 and 8FC4P promote cell death by inducing apoptosis and inhibiting autophagy
DSC4P-1 enhances cell death by inducing apoptosis without affecting autophagy
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The Bigger Picture

New approaches to treating cancer remain at the forefront of necessity in spite of
considerable clinical progress. Among the attractive strategies currently being explored at
the early stages of drug discovery is the use of ion transporters that can disrupt the
normal ion balance across cell membranes. Recently, a number of synthetic ion
transporters have been described. Several with so-called drug-like properties have been
shown to enhance chloride fluxes and to induce apoptosis, a process also known as
programed cell death. Select agents also show promise for inhibiting autophagy, a key
cellular degradation process that is critical to maintaining a healthy cellular environment.
Understanding how synthetic ion transporters affect these two cellular processes may
prove critical to elucidating their mode of action. The present study thus serves to
highlight the potential of ion transporters as possible drug leads and underscore the
complexities associated with their mode of action.
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Figure 1. Transmembrane lon Transport in Liposomes
(A) Chemical structures of the synthetic ion transporters used in this study.

(B) Liposome-based assays used in this study; they were monitored by HPTS-fluorescence
or chloride-ISE measurements.

(C) Bar charts summarizing transmembrane ion-transport results, expressed as the reciprocal
of EC50 values for the K-Gluc and NMDG-CI assays (standard errors from Hill analysis)
and initial rate for the KCI efflux assay (mean = SD; n =2 or 3).
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Figure 2. Synthetic lon Transporters Increase Intracellular Chloride and Sodium lon
Concentrations and Induce Apoptosis
(A) HelLa cells, treated for 2 h with various concentrations of the indicated compounds in the

absence (gray bars) and presence (black bars) of 1 mM amiloride, were incubated with 5
mM MQAE for 0.5 h. Intracellular chloride ion concentrations were determined by Stern-
Volmer plots shown in Figure S25A (mean + SD; n = 3).

(B) HelLa cells, treated with 10 uM SBFI-AM for 2 h, were incubated with various
concentrations of the indicated agents for 2 h in the absence (gray bars) and presence (black
bars) of 1 mM amiloride. SBFI-AM fluorescence was measured for determining changes in
the intracellular sodium ion concentrations (mean + SD; n = 3).

(C) HeLa cells were incubated for 18 h with various concentrations of the indicated agents
in HEPES-buffered solutions or CI™- or Na*-free solutions. Cell death was measured by an
MTT assay (mean + SD; n = 3).
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(D) Top: flow cytometry of HeLa cells treated with 40 uM DSC4P-1, 10 uM SA-3, 10 uM
8FC4P, or 40 uM C4P for 24 h and stained with a mixture of fluorescein-annexin V and PI.
Untreated cells are shown as a negative control. Bottom: flow cytometry of HeL a cells
treated with 10 pM 8FC4P, 20 uM C4P, 10 puM SA-3, and 40 uM DSC4P-1 for 24 h and
stained with JC-1. The results are shown as dot plots of red fluorescence (FL2, JC-1
aggregate) versus green fluorescence (FL1, JC-1 monomer).
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Figure 3. Synthetic Transporters Induce Osmotic Stress in Cells
(A and B) HelLa cells were treated with 40 uM DSC4P-1, 20 uM SA-3, 20 uM 8FC4P, 40

UM C4P, or 100 mM sucrose in cell-culture media (A) and with 40 uM DSC4P-1, 20 uM
SA-3, or 20 uM 8FC4P in HEPES-buffered solutions or CI™-free solutions (B) overa 1.5 h
period. Cell size was analyzed with ImageJ software. Experiments were repeated three times
and gave similar results.

(C) HeLa cells were treated with 40 uM DSC4P-1, 20 UM SA-3, 20 uM 8FC4P, 40 uM C4P,
or 100 mM sucrose for the indicated times. Immunoblotting was conducted with the
phospho-p38 antibody. B-Actin was used as a loading control.
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Figure 4. Osmotic Stress Induced by Synthetic Transporters Promotes ROS Generation
(A) HeLa cells were treated with the indicated concentrations of 8FC4P, SA-3, DSC4P-1,

and C4P for 3 h in the absence and presence of either 10 uM rhosin or 10 uM D609. Cell
lysates were used to detect PLC activity using a PLC activity assay kit (mean £ SD; n = 3).
(B) HelLa cells, treated with 10 pM 8FC4P, 10 umM SA-3, 40 uM DSC4P-1, or 40 uM C4P
in the absence and presence of 10 pM D609 for 6 h, were subjected to western blotting using
the phospho-PKC antibody.
(C) HelLa cells were incubated for 8 h with 20 uM DSC4P-1, 10 uM SA-3, 10 uM 8FCA4P, or
20 uM CA4P in the absence and presence of each of the indicated inhibitors (10 pM DPI, 10
UM D605, 10 puM rottlerin, and 10 uM rhosin). Treated cells were incubated with 10 uM PF1
for 1 h. The fluorescence intensity of PF1 was measured with a microplate reader (mean +
SD; n=3).
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5. Osmotic Stress Induced by Synthetic Transporters Promotes Caspase Activation

(A) HeLa cells, treated with 40 uM DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, and 40 uM C4P
in the absence and presence of 20 uM Z-VAD-FMK for 8 h, were subjected to western
blotting with the corresponding antibodies.

(B) HelLa cells, treated with 40 uM DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, and 40 uM C4P,
or 10 uM SA-3 + 10 uM DPI for 12 h, were incubated with MitoTracker red and then
immunostained with active Bax antibody (green). DAPI was used to stain the nuclei (scale
bar, 10 um).

(C) HeLa cells, treated with 10 pM 8FC4P, 10 pM SA-3, 40 uM DSC4P-1, or 40 uM C4P in
the absence and presence of either 10 uM DPI or 10 uM rhosin for 18 h, were subjected to
western blotting with the corresponding antibodies.

(D) HelLa cells were treated for 18 hr with 40 uM DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, or
40 pM C4P. The caspase activities of the cell lysates were determined with 200 pM Ac-
DEVD-pNA in theabsence and presence of 20 uM Ac-DEVD-CHO (mean £ SD; n = 3). In
addition, HelLa cells were treated for 18 h with 40 uM DSC4P-1, 10 uM SA-3, 10 uM
8FC4P, or 40 uM C4P in the presence of each inhibitor (10 pM rhosin, 10 uM DPI, and 10
UM 2-APB). The caspase activities of the cell lysates were determined with 200 uM Ac-
DEVD-pNA.
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Figure 6. Proposed Mechanism of Action Leading to Apoptosis Induction and Autophagy
Disruption for the Synthetic lon Transporters in This Study

(A) Synthetic transporters DSC4P-1, SA-3, and 8FC4P increase intracellular CI~ and Na*
concentrations, an event that induces osmotic stress in cells. The induced osmotic stress
leads to p38 activation presumably through sequential stimulation of Brx and JIP4.

(B) Rho proteins activated by transporter-induced osmotic stress stimulate PLC, which
catalyzes cleavage of PIP2 into DAG and IP3. The DAG produced in this way activates
PKC, which in turn stimulates NOX to generate ROS. This induces MOMP, thus promoting
caspase-dependent apoptosis.

(C) 1P3 generated by PLC, which is activated by osmotic stress induced by SA-3 and 8FCA4P,
leads to an increase in the cytosolic calcium ion concentration through activation of IP3R.
This stimulates AMPK and beclin-1 and induces autophagy. However, SA-3 and 8FC4P also
disrupt lysosome function by decreasing the lysosomal CI~ concentrations and increasing the
lysosomal pH. As a consequence, these transporters eventually block the autophagy process.
However, the cytosolic calcium ions increased by action of 1P3 do not affect apoptosis.
Substances in the box are inhibitors of indicated proteins.
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Figure 7. Synthetic lon Transporters Disrupt Lysosome Function
(A) Hela cells, treated with 10 uM Fluo-4 NW for 1 h, were incubated with 20 uM

DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, or 20 uM C4P in the absence and presence of 10 uM
2-APB, 10 uM D609, or 5 uM U73122 for 6 h. Fluo-4 fluorescence was measured with a
microplate reader (mean + SD; n = 3).

(B) Hela cells, treated with 20 pM DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, or 20 uM C4P in
the absence and presence of either 10 uM 2-APB or 10 pM D609 for 8 h, were subjected to
immunoblotting with the corresponding antibodies.

(C) HeLa cells, treated with 20 uM DSC4P-1, 10 UM SA-3 10 uM 8FC4P, or 20 uM C4P for
4 h, were incubated with 100 nM acridine orange for 30 min. Cell images were obtained by
confocal microscopy (scale bar, 10 um) (see Figure S33 for more cell images).

(D) HelLa cells, treated with the indicated concentrations of 8FC4P, SA-3, DSC4P-1, and
C4P for 4 h, were incubated with 5 mM MQAE-MP for 30 min. Cell images were obtained
by confocal microscopy (scale bar, 10 um) (see Figure S34 for more cell images). Left
graph: HeLa cells were incubated with 8FC4P, SA-3, DSC4P-1, and C4P for 4 h and then
treated with 5 mM MQAE-MP for 30 min. The graph shows the fluorescence intensity of
MQAE-MP in cells, as analyzed by ZEN 2011 software (mean + SD; n = 3). Right graph:
HeLa cells were treated with 10 uM SA-3 or 10 uM 8FC4P over a 4 h period. Every hour,
the treated cells were incubated with 5 mM MQAE-MP. The graph shows the fluorescence
intensity of MQAE-MP in cells, which was analyzed by ZEN 2011 software (mean = SD; n
=3).

(E) HelLa cells were incubated for 8 h with 20 uM DSC4P-1, 10 pM SA-3, 10 uM 8FC4P, or
20 UM C4P and then treated with MR-(RR)2 or MR-(FR)2 for 4 h. Cell images were
obtained by confocal fluorescence microscopy (scale bar, 10 um).
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Figure 8. Synthetic lon Transporters Disrupt Autophagy
(A) HeLa cells stably expressing mRFP-EGFP-LC3 fusion protein were treated with 20 uM

DSC4P-1, 10 uM SA-3, 10 uM 8FC4P, or 20 uM C4P for 12 h. Cell images were obtained
by confocal microscopy (scale bar, 10 um) (see Figure S35 for more cell images).

(B) HeLa cells, treated with the indicated concentrations of 8FC4P, C4P, DSC4P-1, or SA-3
for 12 h, were subjected to immunoblotting with LC3 and p62 antibodies.

(C) HeLa cells were treated with 10 uM SA-3 or 10 uM 8FCA4P in the absence and presence
of 10 uM 2-APB for 12 h, and the resulting cell images were obtained by confocal
microscopy (scale bar, 10 um).
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Table 1.

Summary of Transmembrane Transport Results of Transporters Used in This Study
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Compound  K-Gluc NMDG-CI Assay Selectivity na
Assay k (mM S™)
Without With GraD  BSA S b s ¢ WithVin With
GraD Treated G BSA/G Mon
ECs (mOl ECso (mOI ECso (mOl ECs (mol
%) %) %) %)
DSC4P-1 2.76 3.52 0.812 4.42 43 54 2.83 0.328
SA-3 8.67E-3 0.024 0.056 0.067 043 12 131 3.07
8FC4P 2.03E-3¢ 5.04E-4 7.58E-4 0.019 0.66 25 1.24 0.856
cap >100 >100 >100” >100 - - 0.042 0.143

Electrogenic
Factord

8.6
0.43
15

0.29

Hill analysis was performed to obtain the effective concentration to achieve 50% flux (EC5() at 200 s for the K-Gluc and NMDG-CI assays for

each carrier, shown as carrier/lipid molar percentages. The initial rate for KCI efflux assay was derived by nonlinear curve-fitting analysis with the
single exponential function. See the Supplemental Information for details of the Hill analysis and initial rate determinations. VIn, valinomycin;

Mon, monensin.

aAII initial rate () values of [CI™] efflux were obtained with 1 mol % loading (ionophore/lipid molar percentage) of compound.

bSG = EC50(without GraD)/EC50(with GraD); selectivity factor of CI~ > HY in untreated vesicles (i.e., in the presence of free fatty acid).

DSBSA/G = EC50(BSA treated)/EC50(with GraD); selectivity factor of CI™ > H* in BSA-treated free-fatty-acid-removed vesicles.

dEIectrogenic factor = K(with VIn)/A(with Mon)-
eUsing the corrected ECg( value.

f, .. .
Negligible transport at 100 mol % concentration.
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