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SiglR (Sigma-1lreceptor) is a 25-kDa protein structurally
unrelated to other mammalian proteins. SiglR is present in
brain, liver, and heart and is overexpressed in cancer cells. Stud-
ies using exogenous sigma ligands have shown that SiglR inter-
acts with a variety of ion channels, but its intrinsic function and
mechanism of action remain unclear. The human ether-a-gogo
related gene (KERG) encodes a cardiac channel that is also
abnormally expressed in many primary human cancers, poten-
tiating tumor progression through the modulation of extracel-
lular matrix adhesive interactions. We show herein that sigma
ligands inhibit hERG current density and cell adhesion to
fibronectin in K562 myeloid leukemia cells. Heterologous
expression in Xenopus oocytes demonstrates that SiglR poten-
tiates hERG current by stimulating channel subunit biosynthe-
sis. Silencing SiglR in leukemic K562 cells depresses hERG cur-
rent density and cell adhesion to fibronectin by reducing hERG
membrane expression. In K562 cells, SigIR silencing does not
modify hERG mRNA contents but reduces hERG mature form
densities. In HEK cells expressing hERG and SiglR, both pro-
teins co-immunoprecipitate, demonstrating a physical associa-
tion. Finally, SiglR expression enhances both channel protein
maturation and stability. Altogether, these results demonstrate
for the first time that SiglR controls ion channel expression
through the regulation of subunit trafficking activity.

SiglR (Sigma-1receptor) is a 25-kDa protein anchored to ER,
mitochondria, nucleus, and plasma membranes (1-3). The
structure is unrelated to other mammalian proteins (4) and
presents two putative transmembrane segments (5). SiglRs are
discretely distributed in the brain and peripheral tissues such as
liver, kidney, heart, ovaries, and testis (2). Interestingly, SiglRs
are overexpressed in numerous cancer cell types and interact
with cell cycle and apoptosis pathways (6—8). The protein
binds a large panel of exogenous compounds such as antipsy-
chotics, opioids, and psychostimulants (2). It also interacts with
endogenous steroids (9) and endogenous hallucinogenic
tryptamines (10). However, in the absence of any characterized
high affinity endogenous ligand, the classification of this pro-
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tein as a classical receptor remains controversial. SiglRs partic-
ipate in nociception, cardiac activity, memory, drug addiction,
apoptosis, cell cycle, and immune response, but the primary
molecular mechanism governed by Sig1Rs remains elusive (2).
A recent breakthrough was introduced by Hayashi and Su (11),
demonstrating that SiglRs physically associate with the chap-
erone Bip at the mitochondria-associated ER* membrane
where they regulate calcium fluxes through inositol 1,4,5-
triphosphate receptors. The emerging concept of the SiglR as
an interorganelle signaling modulator, activated either by
ligands or cell stress, was then proposed (1). On the other hand,
exogenous sigma ligands inhibit ion channels from different
molecular families including voltage-dependent K* channels
(Kv), voltage-dependent Ca*>* channels, voltage-dependent
Na™ channels, volume-regulated chloride channels, NMDA, or
acid-sensing ion channels (1, 5, 7, 10, 12-15). Thus, SiglRs
could exert its physiological role through the regulation of ion
channels. Nevertheless, the constitutive activity of SiglRs on
ion channels remains to be thoroughly addressed.

The involvement of abnormally expressed channels in the
multiple facets of cancer development has been recently dem-
onstrated (16, 17). We showed in this context that SiglRs mod-
ulate cell apoptosis resistance and cell cycle through the regu-
lation of Kv1.3 and volume-regulated Cl~ channels in lung
cancer and leukemia cells (7, 8). #ERG encodes a voltage-de-
pendent K™ channel that regulates cardiac repolarization (18,
19). In a series of recent studies, the team of Arcangeli (20, 21)
has proposed hERG as a biological marker of leukemia and
several solid tumors. hERG forms membrane multi-protein sig-
naling complexes with ECM receptors (integrins) and growth
factor receptors (VEGF) to control adhesion, migration, differ-
entiation, invasive process, and chemotherapy resistance of
cancer cells. We investigate in the present study the putative
links between hERG and SiglR in a chronic myeloid cell line
(K562), HEK 293 cells, and Xenopus oocytes. Using both elec-
trophysiological and biochemical approaches, we demonstrate
that the expression of SiglR increases hERG current density
through a regulation of channel subunit maturation and
stability.

“The abbreviations used are: ER, endoplasmic reticulum; Kv, voltage-depen-
dent K™ channels; FN, fibronectin; ECM, extracellular matrix; MOPS, 4-mor-
pholinopropanesulfonic acid; Sig1R, Sigma1 receptor; hERG, human Ether-
a-gogo-related gene.
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MATERIALS AND METHODS

The K562 cell line was obtained from Dr. S. Brown (Cam-
bridge, UK) and cultured in RPMI 1640 medium supplemented
with 5% FBS, 1 mm sodium pyruvate, 2 mm L-glutamine, 50
units/ml penicillin, and 50 pug/ml streptomycin. HEK 293 cells
were cultured in DMEM supplemented with 10% FBS, 1 mm
sodium pyruvate, 2 mm L-glutamine, 50 units/ml penicillin, and
50 ug/ml streptomycin.

Chemicals and Reagents—Unless otherwise stated, all cell
culture media, supplements, and antibiotics were purchased
from Invitrogen. All other chemicals are from Sigma. Igmesine
is a kind gift of Dr. F. Roman (Pfizer, Fresnes, France).

Animals—Female Xenopus laevis were anesthetized in 0.2%
MS222 (tricaine methanesulfonate), according to the proce-
dure recommended by our ethics committee. The surgery con-
sisted in the removal of roughly five ovarian lobes containing
oocytes. Following the surgery, the animals were kept in cold
tap water to recover from anesthesia, monitored for 3 h, and
finally replaced in their aquarium.

Preparation of cRNA— cRNAs were prepared from hERG1
¢DNA (kind gift of Dr. G. Robertson, Wisconsin University) or
SigIR cDNA, using a T7 or SP6 transcription kit (Ambion,
Huntingdon, UK). cRNA concentration and integrity were esti-
mated from a formamide/formaldehyde agarose gel in MOPS
buffer.

Patch Clamp Experiments—K562 cells were prepared as
described previously (7). The external solution was 45 mm KCl,
90 mMm NaCl, 2 mm MgCl,, 1 mm CaCl,, and 10 mm Hepes (pH
adjusted to 7.4 with HCI, 285 mosm/liter). Soft glass patch elec-
trodes (Brand, Wertheim, Germany) were made on a horizontal
pipette puller (P-97; Sutter Instrument Co., Novato, CA) to
achieve a final resistance ranging from 3 to 5 M{). The internal
solution was 130 mMm potassium aspartate, 2 mm MgCl,, 1 mm
CaCl,, 10 mm EGTA, 10 mm Hepes, 2 mm ATP, and 100 um
GTP (pH adjusted to 7.2 with KOH, 290 mosm/liter). Electrical
signals were amplified with an Axopatch 200B amplifier
(Molecular Device, Foster City, CA) and acquired with a
DIGIDATA 1440 interface and pCLAMP 10.2 software (Axon
Instruments). K* currents were recorded at a 10-kHz sampling
frequency and filtered at 2 kHz. Sigma ligands were added to
external solutions that were administered in the vicinity of the
cell under study through the use of a gravity-feed system (rate,
2 ml/min).

Double Electrode Voltage Clamp Experiments—Xenopus
oocytes were maintained in modified Barth’s saline medium
adjusted to [K™] = 90 mM (substituted for Na™ to magnify K™
driving force at —120 mV) for activation and in normal modi-
fied Barth’s saline medium ([K*] = 1 mm) for inactivation
experiments. In the latter case, a three-pulse protocol was used:
after a 1-s depolarizing step to 40 mV to fully activate hERG,
10-ms conditioning prepulses from 40 to —140 mV were
applied, before repolarizing to +50 mV, where tail current val-
ues were recorded.

Adhesion Experiments—Fibronectin (FN) (Roche Applied
Science) diluted to 40 ug/ml was coated overnight at room
temperature onto a Nunc MaxiSorp flat-bottomed Immuno-
plate (Thermo Fisher, Langenselbold, Germany). The surface
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was then blocked with 40 mg/ml BSA for 1 h at room temper-
ature. The plate was washed once with RPMI (without FBS).
K562 cells were harvested and resuspended at 10° cells/ml in
RPMI (without FBS). They were incubated for 1 h in the pres-
ence or absence of 10 um E-4031 (a potent HERG channel
blocker, Enzo Life Sciences, Lausen, Switzerland) or 10 um
igmesine. 10° cells were then plated in each well, and the plate
was incubated for 2 h at 37 °C, 5% CO,. Medium and unbound
cells were removed by three PBS™ washes. 0.2% (w/v) crystal
violet, 20% (v/v) methanol solution was added and incubated
for 20 min. The plate was washed thrice by immersion in water
and dried before the addition of lysis buffer (75 mm NaCl, 25
mM Tris, pH 7.4, 10% SDS). Lysis was conducted under inter-
mittent agitation for 20 min before reading absorbance at 540
nm on an iEMS plate reader (Labsystems, Helsinki, Finland).

Western Blot Experiments—Qocytes were homogenized in
20 pl/oocyte of 250 mm sucrose, 20 mMm Tris-HCI, pH 7.4, con-
taining 0.5 mMm Pefabloc® (Roche Applied Science) and kept on
ice at all times. The homogenate was prepared as described
previously (22). The proteins were blotted onto PVDF (Milli-
pore, Molsheim, France) membranes, using a Biometra semi-
dry transfer system (Whatman, Géttingen, Germany). hERG
was detected in the samples using a 1:2500 dilution of a poly-
clonal anti-hERG1(CT) pan antibody (Alexis, San Diego, CA)
and a peroxidase coupled-anti-rabbit IgG secondary antibody
(1:80000 dilution). Sigl R was detected using a 1:1000 dilution of
a polyclonal Sigma receptor antibody from Santa Cruz Biotech-
nology (Heidelberg, Germany) and anti-goat IgG secondary
antibody (1:40000). Both signals were visualized using ECL rea-
gent (Pierce) on a Fusion FX-7 image acquisition system (Vilber
Lourmat, Torcy, France). For K562 cells, total membrane pro-
teins were isolated as follows: the cells were briefly washed with
cold PBS, and then cell lysis was done in TE buffer (10 mm Tris,
1 mM EDTA, pH 7.4) containing 0.5 mM Pefabloc for 15 min on
ice. The homogenate was centrifuged successively at 350 X g,
1,400 X g, and 3,000 X g for 10 min at 4 °C, and the pellet was
discarded after each centrifugation. The final supernatant was
ultracentrifuged at 255,000 X g for 2 h at 4 °C. The protein
pellet was solubilized in a suitable volume of lysis buffer, and the
proteins were assayed as previously mentioned. SiglR was
detected as described above. For control of loading, we used
either anti-actin (1:2000), anti-a-tubulin (1:50,000), or anti-cal-
nexin (1/1000) antibodies (Sigma). Densitometric analysis of
the data were performed with Image ] analysis software
(National Institutes of Health), and the results were corrected
for protein loading by normalization for a-tubulin, actin, or
calnexin expression.

ShRNA Transduction—Lentiviral particles were obtained
from Sigma (MISSION® shRNA lentiviral transduction par-
ticles). On day 1, K562 cells were plated in a 6-well plate at a
density of 20,000 cells/well in complete medium. On day 2,
medium was removed, and cells were incubated in complete
medium containing 8 ug/ml of hexadimethrin bromide
(Aldrich) and transduced at a multiplicity of infection of
5. Clones SHCO002V (nontarget shRNA) and SHVRC-
TRCNO0000061011 (shSiglR targeted) were used for trans-
duction. On day 3, a new transduction round was applied. On
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day 6, puromycin (0.5 mg/ml) was added in fresh medium to
start selection of transduced cells.

Co-immunoprecipitation—On day 1, cell culture dishes were
placed on ice and washed three times with ice-cold PBS™ (PBS
with 0.5 mm Ca®™). Then ice-cold lysis buffer (150 mm NaCl, 0.5
mM EDTA, 50 mm Tris-HCl, pH 8.00, 1% dodecyl-B-p-malto-
side) was added (1 ml for two 100-mm dishes). For experiments
using SiglR ligand, the cells were incubated for 30 min with
10-5 M igmesine prior to lysis. The cells were scraped off, and
tubes were placed for 2 h on a low speed rotator at 4 °C. In the
meantime, anti-mouse IgG (whole molecule)-agarose beads
were incubated in PBS (2% BSA). Then cell lysate was cleared by
10 min of centrifugation at 13,000 rpm. Supernatant was placed
in a fresh tube kept on ice, and total protein concentration was
determined. 6 mg were used for each sample and incubated in 2
ml (final volume) of 150 mm NaCl, 0.5 mm EDTA, 50 mm Tris-
HCI, pH 8.00, and 0.5% dodecyl-B-p-maltoside. Anti-Myc tag
IgG (1/500) (Euromedex, France) was added to the suspension
and incubated at 4 °C for 1 h on the low speed rotator. 20 ul of
saturated beads were then added to each 2-ml sample and agi-
tated by rotation at 4 °C overnight. Next day, the tubes were
centrifuged, and the supernatants were removed. The beads
were washed in PBS with 0.5% DMM for 5 min and then washed
four times for 5 min in PBS with 0.1% DMM. Finally, the beads
were resuspended in 20 ul of 2X loading buffer. The samples
were heated at 95 °C for 3 min and were run on a 7-12% SDS-
PAGE. hERG was probed with 1:2500 dilution of a polyclonal
anti-hERG1(CT) pan antibody as described above. SiglR was
probed with 1:1000 dilution of a rabbit anti-SiglR polyclonal
antibody (Santa Cruz, Heidelberg, Germany) and detected with
an anti-rabbit IgG-peroxidase (1:80000 dilution). The signal
was visualized as described above.

Flow Cytometry—K562 cells were incubated for 20 min at
4.°C in a solution of PBS, 3% FBS, 2 mm EDTA containing an
rabbit antibody directed against an external loop of hERG (Alo-
mone Labs, Jerusalem, Israel). After washing in PBS, 3% FBS, 2
mM EDTA, the cells were stained for 20 min at 4 °C with Alexa-
Fluor 488 conjugated anti-rabbit IgG (Santa Cruz Biotechnol-
ogies). The cells were analyzed with a FASCalibur flow cytom-
eter and Cell Quest pro software (Becton Dickinson, Bedford,
MA). The use of an appropriate isotypic control allowed elim-
inating nonspecific signal in the population.

hERG-transduced HEK 293—The coding sequence of 1IERG 1
was subcloned into the mammalian expression vector pPRIhygro
to generate pPRIhygro-ZERGI. pPRIhygro is derived from
pPRIpu (23), where puromycin resistance gene was exchanged
for hygromycin resistance gene (sequences of pPRIpu and
pPRIhygro are available on request). Highly pure recombinant
plasmids were obtained by anion exchange chromatography
(NucleobondAx, Macherey-Nagel, Daren, Germany) and were
used to stably transduce HEK 293 cells. For transduction
experiments, HEK293 cells were seeded at 30 —40% density
in 100-mm dishes in DMEM supplemented with 10% FCS.
To generate retroviruses, 293T cells were transfected the
following day with 10 ug of an empty pPRIhygro plasmid or
the pPRIhygro-#ERGI construct and with 5 ug of pCMV-
VSVG and 5 ug of pPCMV-gag-pol plasmids using the classic
calcium phosphate transfection technique. 6 h after trans-
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fection, the cells were washed, and fresh medium was added.
Replication-defective retroviruses were recovered in the cul-
ture medium between 24 and 72 h post-transfection. These
retroviral supernatants were filtered through sterile
0.45-um filters and then added directly to HEK 293 cells in
the presence of 4 ug/ml hexadimethrin bromide to enhance
retroviral transduction efficiency. On day 6, hygromycin
(100 ng/ml) was added in fresh medium to start selection of
transduced cells. Western analyses were performed to check
correct expression of hRERGI.

HERG/cmycSigIR-transfected HEK 293—Similarly, cmyc-
SigIR ¢cDNA (c-Myc tag added in phase at the N-terminal
part of the protein) (7) was subcloned in pPRIPu vector. 10
g of pPRIPu-cmyc-Sigl R cDNA was transfected in HEK sta-
bly expressing hERG1 using the classic calcium phosphate
transfection technique. As control, a cmyc-eGFP c¢cDNA
sequence was subcloned in pPRIPu vector and transfected in
the same way (all of the cDNA sequences are available on
request). Obtention of stable HEK cells expressing hERG/
cmycSiglR and hERG/cmyc-eGFP was achieved by puromy-
cin selection.

Real Time PCR—Measurements were performed with a
Light Cycler 1.5 (Roche Applied Science) using SYBR green I
dye detection according to the manufacturer’s recommenda-
tions. cDNA, synthesized from 4 ug of total RNA using random
primers and Superscript III (Invitrogen), was added to a reac-
tion mixture (Faststart DNA SYBR green I; Roche Applied Sci-
ence) with appropriate primers at 0.5 um each. The relative
mRNA abundance was calculated using a standard curve
method. Expression levels were normalized to the levels of the
constitutively expressed 36B4 ribosomal protein mRNA. Oligo-
nucleotides used for PCR were: hERGIup, 5'-TGA-
GGGCATTAGCTGGTCTAACT-3"; hERG1dw, 5'-GCA-
GTAAATAGCAGAAAAGTCCTTGA-3'; h36B4up, 5'-
AATCCCTGACGCACCGCCGTGATG-3'; and h36B4dw,
5-TGGGTTGTTTTCCAGGTGCCCTCG-3'.

Pulse-Chase Experiments—To analyze hERG maturation,
HEK293 cells expressing GFP or sigmalR and hERG grown
in 6-cm diameter dishes were incubated for 1 h in methio-
nine/cysteine-free DMEM, then incubated for 10 min in the
presence of 100 uCi [>**SImethionine (PerkinElmer Life Sci-
ences, Waltham, MA), and chased for increasing amounts of
time (up to 3 h) in the presence of DMEM containing 10%
FBS as described previously (24). The cells were lysed in
radioimmune precipitation assay buffer containing protease
inhibitors and the resulting protein G-Sepharose clarified
lysate immunoprecipitated with anti-hERG antibodies (Enzo
Life Sciences, mAb A12) for 3 h on ice. Protein G-Sepharose
beads were then added for 45 min. After five washes, immu-
noprecipitated material was resolved by SDS-PAGE. Immu-
noprecipitated hRERG was then visualized by fluorography on
x-ray films. To monitor hERG stability, a similar experimen-
tal approach was undertaken except that the pulse with
[**S]methionine was for 1 h, and the chase lasted up to 8 h.
Biological replicates were performed in duplicate, and tech-
nical replicates were in triplicate. Quantitation was per-
formed by scanning densitometry.
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FIGURE 1. Characterization of hERG currents in K562 cells. A, superimposed tail currents recorded at —120 mV following a 2-s prepulse at +40 mV (Epp) to
fully activate hERG channels, in the absence (control) or the presence of E4031 (1 um). B, detail of the tail currents presented in A. C, families of tail currents
recorded following prepulses from —70 to 40 mV in the absence (control) or the presence of E-4031 (1 um). The bottom current traces represent the graphic
subtraction. D, corresponding I/V plots. Tail current amplitudes are plotted against prepulse potential (Epp). Ctrl, control.

RESULTS

Sigma Ligands Inhibit hERG Current and Adhesion to EN in
K562 Cells—Patch clamp experiments were performed in the
whole cell variant of the whole cell technique. In high extracel-
lular K* concentration, fast repolarizations at —120 mV fol-
lowing a 2-s prepulse at 40 mV gave rise to rapidly inactivating
inward tail currents, fully abrogated by perfusion of the specific
hERG inhibitor E-4031 (1 um) (25) (Fig. 1, A and B). Amplitude
of tail currents was dependent on prepulse amplitude, and
graphical subtraction revealed that E-4031 inhibited a voltage-
dependent conductance with an activation threshold of
approximately —20 mV (Fig. 1, C and D). Altogether these data
confirmed the presence of functional hERG channels in our
K562 cell line (26). To verify a potential interaction between the
SiglR and hERG, we studied the effects of sigma-1 selective
ligands, i.e. igmesine and (+)pentazocine (4, 7, 14, 27) on tail
currents. Extracellular applications of igmesine or (+)pentazo-
cinereversibly depressed the tail currents recorded at —120 mV
and following an activating prepulse at 40 mV. The current was
reduced by 40.85 * 2.83% (n = 10) and 21.19 * 1.77% (n = 3)
for igmesine and (+)pentazocine, respectively (10 um each).
The maximal inhibition occurred within 3 min following the
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onset of drug applications (Fig. 2A4). The effect of igmesine (10
uM) was next studied on hERG I/V plots recorded from —70 to
40 mV. Igmesine (10 um) produced a dramatic reduction of the
maximal current amplitude for potentials ranging from —10 to
40 mV (Fig. 2, Band C), suggesting that the drug mainly affected
current density. Fitting steady-state activation plots using a
Boltzmann function revealed a nonsignificant 4-mV leftward
shift in voltage dependence (—0.47 = 0.89 mV (n = 14) and
—4.4 * 176 mV (n = 10)) in the absence or presence of
igmesine, respectively, NS, Mann-Whitney). Igmesine
changed neither the fast nor the slow deactivating compo-
nents of hERG tail current recorded at —120 mV (Fig. 2D).
Taken together, these results suggest that SiglR is function-
ally linked to hERG channels. We then explored the role of
this link on the integrin-dependent cell adhesion to ECM in
vitro. K562 cells express a single subtype of FN-selective
integrin, i.e. the a;3; (28). Both E-4031 and igmesine inhib-
ited specific FN-dependent cell adhesion (Fig. 2E). Interest-
ingly, the effects of igmesine on FN adhesion were not addi-
tive with those produced by E-4031 (Fig. 2E), strongly
suggesting that SiglRs modulate, at least in part, FN adhe-
sion through the control of hERG.
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FIGURE 2. Sigma ligands depress hERG current and cell adhesion to FN in K562 cells. A, time course of hERG current recorded at —120 mV after a 40-mV
prepulse in a K562 cell. Igmesine (IGM, left panel, 10 uwm) was applied to the external side of the cells during the lap of time represented by the black bar.
B, families of hERG currents recorded at —120 mV following prepulses from —70 to 40 mV in a single cell in the absence (upper panel, control) or the presence
ofigmesine (10 um, lower panel, IGM). C, corresponding I/V plots. Tail current amplitudes are represented as a function of prepulse potential (Epp) and fitted with
aBoltzmann function. D, histogram showing slow and fast deactivating constants at — 120 mV in the absence (control) or the presence of igmesine (IGM, 10 um).
Deactivation was fitted with a double-exponential function. The inset shows representative superimposed tail currents recorded before and during igmesine
(Igm) application. The values are the means = S.E. NS, not significant (Student’s t test). £, histogram representing the percentage of K562 cells adhering to FN,
in control conditions (100%), in the presence of E-4031 (10 um), E4031 + igmesine (10 um each), or igmesine alone (10 um). The values are the means = S.E. of
six to nine independent experiments. NS, not significant (Student’s t test). Ctrl, control.

SiglR Expression Potentiates hERG Current Density in Xeno-
pus Oocytes—To address the function of SiglR on hERG in the
absence of any exogenous ligand, we next studied the effects of
SiglR expression on hERG currents expressed in Xenopus
oocytes. Injection of ZERG cRNA gave rise to voltage-depen-
dent tail currents that were absent in water-injected oocytes
(Fig. 34, left and middle panels). Co-injection of SigIR cRNA
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with #ERG cRNA resulted in a 5-fold increase in current ampli-
tude (Fig. 3, A and B). SiglR expression did not significantly
affect voltage-dependent activation (Fig. 3C and Table 1) or
inactivation parameters (Fig. 3D and Table 1), indicating that
SiglRs mainly modulate hERG current density. To further
explore this hypothesis, Western blot analysis from control and
injected oocytes were performed using the same cRNA concen-
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FIGURE 3. Sig1R expression stimulates hERG currents in Xenopus oocytes. A, families of tail currents recorded in noninjected (N/), hERG cRNA-injected
(hERG; 25 pg/oocyte), and hERG + Sig1R cRNA-injected (hERG + Sig1R; 25 pg and 5 ng/oocyte, respectively) oocytes (representative experiment). The voltage
protocol is given in the description of Fig. 1C. B, relative current amplitudes at —120 mV in noninjected, hERG cRNA-injected, and hERG + Sig1R cRNA-injected
oocytes (arbitrary units, 1 corresponding to the mean current recorded in hERG cRNA injected oocytes). The values are the means =+ S.E. of six independent
experiments. C, voltage-dependent activation curves in hERG cRNA-injected (black squares) and hERG + Sig1R-cRNA-injected oocytes (black circles). The plots
were fitted with a Boltzmann function. The values are the means =+ S.E. of six independent experiments. D, voltage-dependent inactivation curves in hERG
cRNA-injected (black squares) and hERG + Sig1R cRNA-injected oocytes (black circles). For the detailed voltage protocols, see “Materials and Methods.” The
values are the means = S.E. of n = 8 independent experiments. E, upper panel, Western blots probed with a hERG antibody in noninjected (NI), hERG
cRNA-injected (hERG; 25 pg/oocyte), and hERG + Sig1R cRNA-injected (hERG + Sig1R; 25 pg and 5 ng/oocyte, respectively) oocytes. Lower panel, Western blot
of the same experiment using an identical concentration for hERG and Sig1R cRNA (15 ng/oocyte). Each Western blot is representative of three independent
experiments.

-140

TABLE 1
hERG voltage-dependent activation and inactivation parameters in Xenopus oocytes in the absence or presence of Sig1R
Steady-state activation and inactivation were fitted with the Clampfit software using the following Boltzmann function: G/G,,, = 1/(1 + e((Vi, — V)/k)). NS, not significant.

max

Activation Inactivation
Vi, Slope (k) Vi, Slope (k)
hERG (1 = 6) —28.7 £ 0.3 mV 10.2 £ 2.7 —67.8 9.1 mV —222*0.1
hERG + SiglR (n = 8) —26.8 £ 1.0 mV 9.2 = 0.44 —64.7 = 6.6 mV —17.9 £ 0.8
Mann-Whitney NS NS NS NS

tration as those used for voltage-clamp experiments shown in
Fig. 3A. hERG cRNA injection gave rise to a merely detectable
protein expression (Fig. 3E). By contrast, when #ZERG and SigIR
cRNAs were co-injected, both mature (155 kDa) and immature
(135 kDa) hERG glycoforms were clearly resolved (Fig. 3E)
(Ficker et al., 2003), correlating the current densities detected
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in the same conditions (Fig. 34). The same potentiating effect
was observed when ZERG and SigIR cRNA were injected at the
same concentrations (Fig. 3E, lower panel).

SigIR Silencing Modulates hERG Expression and Cell Adhe-
sion to FN in K562 Cells—We further explored the function of
SiglR in K562 cells using a shRNA silencing strategy. K562 cells
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FIGURE 4. Sig1R silencing does not alter hERG transcription in K562 cells.
A, Western blots probed with an anti-Sig1R or actin antibodies in shRD and
shSig1R cells. B, hERG mRNA quantitative expression in shRD and shSig1R
K562 cells. hERG mRNA levels were normalized to 36B4 ribosomal protein
mRNA. NS, not significant (Student's t test).

were transduced with lentivirus containing either a random
shRNA or a SigiR-directed shRNA, yielding two cell popula-
tions named, respectively, shRD and shSiglR. Western blot
experiments revealed a dramatic decrease in SiglR expression
in the shSig1R cell line (Fig. 44). Quantitative PCR experiments
revealed that SiglR repression had no effect on ZERG mRNA
contents (Fig. 4B), ruling out any regulation of ZERG transcrip-
tion by SiglR expression. Patch clamp experiments showed
that the mean tail current amplitude recorded in shSiglR cells
was clearly reduced when compared with shRD cells (Fig. 5A4).
At +40mV, current density was 29.5 * 1.7 pA/pF in shRD cells
(n = 40) and 18.1 * 1.4 pA/pF in shSiglR cells (n = 45, p <
0.0001, Mann-Whitney). Interestingly, SiglR extinction nei-
ther significantly shifted voltage dependence activation (Fig. 5B
and Table 2), nor modified deactivation kinetic time constants
(Fig. 5C). The resting potential was not modified by SiglR
silencing (—24.5 + 3.1 mV (n = 13) and —25.5 = 3.8 mV (n =
12) for shRD and shSiglR K562, respectively, NS, Mann-Whit-
ney), suggesting that hERG does not participate to the resting
potential through a tonic window K* current.

We then explored the plasma membrane expression of the
channel by performing extracellular labeling of hERG in non-
permeabilized K562 cells. Flow cytometry analysis demon-
strated that hERG membrane expression was significantly
reduced in Sig1R-silenced cells (35.5 = 0.1%; Fig. 5D), demon-
strating that SiglR regulates hERG current density through the
number of ion channel at the plasma membrane. As expected,
the decrease of hERG current density and membrane expres-
sion was accompanied by an inhibition of K562 cell adhesion
to FN in shSiglR compared with the shRD population
(~40%; Fig. 5E).
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At the protein level, Western blots using a pan-hERG anti-
body revealed that K562 cells express two different isoforms of
hERG, i.e. hERG1a, corresponding to the full-length protein,
and a N-terminal-truncated splicing variant hRERG1b (29 -31).
We mainly detected the mature hERGla isoform, a 155-kDa
band representing the fully glycosylated form (mature hERG
1a), whereas the 135-kDa core-glycosylated immature form of
hERG1a was seldom detected (Fig. 6A, left panel). By contrast,
the hERG1b spliced isoform constantly appeared as two dis-
tinct bands, the 95-kDa fully glycosylated mature and the
80-kDa core-glycosylated immature forms (Fig. 6A, left panel).
Both hERG mature glycoforms are known to represent the frac-
tion of core-glycosylated channel subunit that has exited the ER
to further process through the Golgi and reach the plasma
membrane (32, 33). SiglR silencing strikingly altered the hERG
expression pattern. We observed in shSiglR cells a significant
decrease in both hERG1a and 1b mature forms. In the same
time, SigR silencing induced a dramatic increase in the hRERG1b
immature form (Figs. 64, left panel, and 7B). Further analysis
indicated that SiglR silencing significantly reduced the appar-
ent hERG1b maturation, which was quantified as the ratio
hERG1ID,,,,....,nERG1D,,,., (33) (Fig. 6C), without significantly
modifying the total amount of hERG (Fig. 6D).

The apparent effect of SiglR on channel maturation was fur-
ther explored in HEK cells transduced with either ZERG + cmy-
c¢GFP (control experiments) or ZERG + cmycSigIR. In a first
set of experiments, we successfully co-immunoprecipitated
cmycSiglR with hERG, demonstrating a molecular interaction
between the two proteins. Interestingly, SiglR was associated
with both mature and immature forms (Fig. 7A). We next stud-
ied hERG time course maturation processing by performing
pulse-chase experiments. This revealed that maturation of
hERG was increased in SiglR-overexpressing cells (Fig. 7B).
Quantitation revealed that newly synthesized immature hERG
disappeared faster in SiglR cells than in control cells (Fig. 7C),
thus correlating with the appearance of the mature forms (Fig.
7D). We then analyzed the stability of the mature hERG in both
SiglR expressing and control cells. This revealed that mature
hERG, most likely localized at the plasma membrane, was more
stable in SiglR expressing cells than in control cells (Fig. 7E).
This apparent stabilization therefore correlated with enhanced
biogenesis and current density potentiation in K562 and Xeno-
pus oocytes.

Finally, we addressed the question of the mechanism
involved in the sigma ligand-induced inhibition of hERG cur-
rent. Igmesine (30 min of incubation, 10 um) significantly
reduced hERG current density in shRD K562 cells but produced
no effects in shSiglR cells (Fig. 84), demonstrating a specific
effect through SiglR. However, the same igmesine incubation
protocol did not inhibit hERG membrane expression measured
by flow cytometry in K562 (Fig. 8B), suggesting that the current
inhibition produced by sigma ligands is not the result of an
altered membrane channel stability. Using HEK 293 cells stably
expressing both hERG and SiglR, co-IP experiments revealed
that igmesine incubation did not reduce the association
between hERG and SiglR (Fig. 8C).
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FIGURE 5. Sig1R silencing reduces hERG current density in K562 cells. A, families of hERG currents recorded in response to the voltage protocol described
in the description of Fig. 1C. These representative traces were obtained from shRD K562 (K562 shRD, upper panel) and shSig1R K562 cells (K562 shSig1R, lower
panel). B, mean activation plots obtained from shRD K562 (black squares) and shSig1R K562 cells (black circles). The plots were fitted using a Boltzmann function.
C, deactivation rate constant of hERG current at —120 mV in shRD K562 (white bars) and shSig1R K562 cells (black bars). Deactivation was fitted with a
double-exponential function. The values are the means = S.E., Student's t test. D, left panel, surface expression of hERG by flow cytometry in shRD and shSig1R
K562 cells (representative experiment). Right panel, corresponding histogram. *, p < 0.02, Mann-Whitney. E, FN adhesion in shRD (white bar) and shSig1R (black
bar) K562 cells. The values are the means = S.E. of 12 independent experiments. ***, p < 0,001 (Student’s t test). In a single experiment, each value is the mean
of three distinct wells.

FN adhesion (arbitrary units)

DISCUSSION Cl™ channels (7, 8). In the present study, we have explored the
The function of SigIR is poorly understood, and its main ~Putative link between hERG and SiglRs. hERG is a K™ channel
endogenous ligand remains unknown. However, the acute involved in cardiac repolarization that is also abnormally
effects of sigma ligands on K*, Ca®>", Na*, and Cl~ currents expressed in several cancer cells including leukemia. Physically
suggest a functional link between SiglRs and ion channels from ~ associated with integrins and VEGF receptors, hERG enhances
different molecular families, a hypothesis supported by several —tumor cell progression through the regulation of cell/ECM
studies showing that Sig1Rs physically bind ion channel sub- interaction (20, 21).
units (1, 5, 34, 35). We have previously demonstrated that sigma Although the ability of sigma ligands to inhibit ion currents is
ligands block leukemia and lung cancer cell cycle in the G,  well known, the primary activity of SiglRs at the level of ion
phase through the inhibition of Kv1.3 and volume-regulated channels is not understood. To address this question, we per-
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TABLE 2
hERG kinetic properties in shRD and shSig1R K562 cells

Steady-state activation was fitted with the Clampfit software using the following Boltzmann function: G/G,,
+ C, + A,e Y1, + C,. NS, not significant.

t/T

slow

the following double-exponential function: f{£) = A,e~

Sig1Rs Stimulate hERG Post-translational Expression

=1/(1 + e((Vy, — V)/k)). Deactivation kinetics were fitted with

Vl/2

Slope (k) Deactivation

shRD K562 —0.5*1.9mV (n = 15)

shSiglR K562 —2.1*16mV (n = 10)

9.7 £0.7 (n = 15) Tagow = 94.1 = 175 ms (n = 6)
Trse = 17.8 2 7.0 ms (n = 6)
Tgow = 103.0 = 29.1 ms (n = 7)
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FIGURE 6.Sig1R silencing alters hERG protein expression in K562 and cells. A, Western blots (WB) probed with the anti-pan hERG or anti-tubulin antibodies,
performed in shRD and shSig1R K562 cells. B, histogram of the densitometric analysis of mature and immature hERG isoforms in shRD (white bars) and shSig1R
K562 cells (black bars). The values correspond to the densitometric ratio hERG/tubulin. G, trafficking efficiency of hRERG1b in shRD and shSig1R (black bar) in K562
cells. Trafficking efficiency is calculated as the densitometric ratio (mature)/(mature + immature). D, histogram showing the total amount of hERG1b in shRD

and SigT1R K562 cells. *, p < 0,05 (Mann-Whitney). NS, not significant.

formed heterologous co-expression of hERG and SiglRs in
Xenopus oocytes and observed that SiglRs strongly increased
current density without altering voltage-dependent activation
and inactivation parameters. Accordingly, silencing SiglRs in
K562 cells resulted in a reduction in current density, whereas
other parameters (i.e. open probability and deactivation rate)
remained unchanged. Hence, these results demonstrate for the
first time that SiglR expression stimulates ion currents. Our
results, however, contrast with a previous report showing that
SiglR accelerated the inactivation rate of Kvl.4 in Xenopus
oocyte (5), indicating that interacting modalities may depend
on the channel type.

hERG current is mainly regulated by modifications of volt-
age-dependent and kinetic parameters but also results from the
biogenesis/degradation ratio of subunits forming functional
membrane channels (32, 36). We show herein that SiglR
expression enhanced hERG protein level in Xenopus oocytes,
suggesting that SiglR stimulates the current density by increas-

AUGUST 12,2011 +VOLUME 286+-NUMBER 32

ing the number of channels at the plasma membrane. This
hypothesis was confirmed by the silencing of SiglRs in K562,
inducing a decrease in hERG membrane labeling measured by
flow cytometry. Accordingly, the level of the mature isoforms of
hERG, i.e. hERGl1a (full-length isoform) and hRERG1b (N-termi-
nally truncated isoform), which co-assemble in heterotetram-
ers to form functional channels (33), was reduced in shK562
cells. Interestingly, SiglR silencing did not alter ZERG mRNA
production in K562 cells, but SiglR co-immunoprecipitated
with hERG in HEK cells transduced with both proteins. In a
whole, these data reveal that SiglRs control the post-trans-
lational biogenesis of hRERG. Our attention turned therefore
on the mechanism involved in the SiglR-induced current
potentiation. The analysis of hERG expression patterns in
K562 cells silenced for SiglR revealed a reduced maturation
of both hERG1a and hERG1b isoforms, very similar to the
profile described in hERG-expressing CHO cells and treated
with Hsp90 inhibitors (32). This analogy suggests that
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FIGURE 7. Sig1Rs enhance hERG subunit maturation and stability in HEK cells through a direct interaction. A, immunoprecipitation (/P) of HEK 293 cell
lysate proteins with an anti-c-Myc antibody performed in cells transduced with hERG + cmyc-GFP as control (HEK + hERG) or hERG + cmycSig1R (hERG +
cmycSig1R) and probed with anti-hERG (upper panel) or anti-Sig1R (lower panel) antibodies. B, 10-min [>**SImethionine pulse followed by up to 3-h chase
experiments to analyze hERG maturation in the same cells as in A. Radiolabeled hERG was immunoprecipitated and visualized by fluorography following
separation by SDS-PAGE. C, quantitation of immature hERG disappearance based on the experiments presented in B. The disappearance rate was determined
between 60 and 180 min of chase. Quantitation was performed on nine experimental points obtained in two independent experiments and represented as the
means * S.E. D, quantitation of mature hERG appearance based on the experiments presented in B. Quantitation was performed on nine experimental points
obtained in two independent experiments and represented as the means = S.D. E, 1-h [**SImethionine pulse followed by up to 8-h chase experiments to
analyze hERG stability. Radiolabeled hERG was immunoprecipitated and visualized by fluorography following separation by SDS-PAGE. F, quantitation was
performed on nine experimental points obtained in two independent experiments and represented as the means = S.E. based on the experiments presented
inE.

SiglRs potentiate ER/Golgi translocation of channel sub- the group of proteins controlling hERG trafficking such as
units, leading to an increase in the number of functional Hsp/c70, Hsp90, or the KCNE1 K* channel B8 subunit (32,
channels at the plasma membrane. The function of SiglR in  37). Consistent with a function in hERG folding and/or mat-
hERG maturation is consistent with its association with the uration, in NG108-15 cells, SiglRs are associated at the
ER-resident 135-kDa channel immature form and was fur- mitochondria-associated ER membrane to the ER chaperone
ther confirmed by pulse-chase experiments in HEK cells BiP, belonging to the Hsp70 family (11).

showing that SiglR expression accelerated hERG rate of Furthermore, we found that SiglR also associates with the
maturation. SiglR can then be proposed as a candidate for 155-kDa mature form and potentiates its stability. Because the
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shRD and shSig1R K562 cells. *, p < 0.002, Mann-Whitney. B, left panel, effect
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significant, Mann-Whitney. C, effect of HEK 293 cell incubation with igmesine
(IGM, 10 M, 30 min) on Sig1R-hERG association. Immunoprecipitation (/P)
with an anti-c-Myc antibody of HEK 293 cell lysate proteins. Western blots
(WB) were probed with anti-hERG (upper panel) or anti-Sig1R (lower panel)
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tive of three independent experiments. Ctrl, control.

mature form represents the membrane functional channel (38),
it can be proposed that Sig1R stimulates hERG current density
by synergetically promoting hERG maturation and lowering
channel membrane recycling.

Acute application of sigma ligands induced a reversible inhi-
bition of hERG. The overall effect observed corresponds to a
reduction in current density, as shown by the inhibition elicited
by igmesine in conditions where the tail current represents the
maximal activation state (P, = 1) and inactivation is fully
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removed. This observation is consistent with previous reports
showing that sigma ligands mainly inhibit current density asso-
ciated with Kv1.3, voltage-dependent Na™ channels, volume-
regulated Cl™ channels, or acid-sensing ion channels (7, 8, 10,
12, 14, 15). It was thereby tempting to postulate that sigma
ligands inhibit hERG currents by disrupting SiglR from hERG
subunits, leading to a decrease in the number of hERG surface
expression. However, although igmesine decreased current
density in K562 cells in a SiglR-dependent manner, the ligand
failed to significantly reduce hERG membrane labeling using
the same sigma ligand incubation protocol. Moreover, the
direct association between the two proteins expressed in HEK
cells was not reduced by igmesine, as shown by co-immunopre-
cipitation experiments. It can then be concluded that sigma
ligands do not inhibit hERG current by disrupting the Sig1R-
channel complex and further plasma membrane expression.
Sigma ligands are known to provoke a rapid redistribution of
sigma receptors localization (39 —41). Interestingly, cell treat-
ment with the Sig1R agonist SKF 10,047 provoked the exclusion
of Sigl Rs and associated proteins from lipid rafts, likely through
a competition with cholesterol at SiglR sterol-binding sites
(42). Sigma ligands may thus induce the redistribution of the
SiglR-hERG complex within the plasma membrane leading to
alteration in channel function without modifying plasma mem-
brane expression (43).

Although the exact mechanism by which sigma ligands reg-
ulate hERG current will require further investigation, to our
knowledge our data unravel the first mechanical and physiolog-
ical link between SiglR and ion channel function. The role of
SiglR on channel maturation and trafficking leads to reconsid-
eration of the intrinsic function of sigma receptors in brain or
heart but also in cancer. In many tumors, abnormally expressed
hERG subunits associate with B, integrin and VEGF receptors
to form channel signaling macrocomplexes involved in cell pro-
liferation, invasiveness, and chemotherapy resistance (20, 29,
44). Understanding the regulation of hERG in cancer cells thus
represents a question of paramount importance. In the human
leukemic preosteoclastic cell line FLG 29.3, cell binding to FN
transiently hyperpolarized membrane potential through hERG
activation to potentiate integrin signaling machinery (45, 46).
These results indicate that hERG activation is a necessary sig-
naling step in the adhesion process. We show herein that the
reduction of hERG current density by either SiglR silencing or
sigma ligands was accompanied by a reduction of the specific
K562-cell EN adhesion. Moreover, igmesine and E-4031 pro-
duced no additive effects, demonstrating that Sigl Rs modulate
cell/ECM interaction through the regulation of hRERG channels.
In K562 cells expressing both av33 or the native 581, depo-
larization has been shown to enhance FN adhesion (47). Thus, it
could be argued that hERG inhibition by either sigma ligands or
SiglR silencing would depolarize cells, potentiating FN adhe-
sion. Nevertheless, E-4031 (47) and SiglR silencing (our study)
did not modify K562 resting potential, indicating that hRERG
inhibition cannot lead to FN adhesion through depolariza-
tion. It can then be proposed that Sig1R inhibition (by either
gene silencing or pharmacological inhibition by ligands) or
E-4031 leads to a reduced hERG participation to the B1-in-
tegrin signaling complex during the FN adhesion process
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(45). Interestingly, it has been demonstrated that members
of the ether-a-gogo channel family could potentiate cancer
cell invasiveness in a K* flux-independent manner, suggest-
ing a mechanism independent of the regulation of mem-
brane resting potential (48).

Altogether, our results unravel the regulating function of
SiglRs on hERG expression. SiglR may thus be considered as
a new pharmacological target to reduce the activity mem-
brane signaling channel macrocomplexes involved in cancer
progression.
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