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Background: Fibroblast-like synoviocytes participate in the pathogenesis of rheumatoid arthritis.
Results: KCa1.1 is the major potassium channel on fibroblast-like synoviocytes from patients with rheumatoid arthritis, and
blocking KCa1.1 channels perturbs the function of these cells.
Conclusion:KCa1.1 channels play important regulatory roles in the function of fibroblast-like synoviocytes from patients with
rheumatoid arthritis.
Significance: KCa1.1 channel are potential new therapeutic targets for rheumatoid arthritis.

Fibroblast-like synoviocytes (FLS) play important roles in the
pathogenesis of rheumatoid arthritis (RA). Potassium channels
have regulatory roles inmany cell functions.We have identified
the calcium- and voltage-gated KCa1.1 channel (BK, Maxi-K,
Slo1, KCNMA1) as the major potassium channel expressed at
the plasma membrane of FLS isolated from patients with RA
(RA-FLS). We further show that blocking this channel perturbs
the calcium homeostasis of the cells and inhibits the prolifera-
tion, production of VEGF, IL-8, and pro-MMP-2, andmigration
and invasion of RA-FLS. Our findings indicate a regulatory role
ofKCa1.1 channels inRA-FLS function and suggest this channel
as a potential target for the treatment of RA.

Rheumatoid arthritis (RA)3 is a chronic inflammatory dis-
ease that preferentially affects diarthrodial joints and com-
monly leads to progressive cartilage and bone destruction. The
etiology of RA remains incompletely understood, but basic
mechanisms of disease include the activation of endothelial and
synovial cells and the recruitment and activation of inflamma-

tory cells into the synovial tissue. The inflammatory and hyper-
plastic synovial tissue (pannus) invades and destroys the adjoin-
ing cartilage and bone (1, 2).
Fibroblast-like synoviocytes (FLS) are prominent in the RA

pannus (3–6). FLS isolated from patients with RA (RA-FLS)
induce the accumulation and survival of inflammatory cells in
the joint by producing cytokines, chemokines, and lipid
mediators of inflammation and by directly interacting with
macrophages and T and B lymphocytes. RA-FLS also pro-
duce a wide range of growth factors (such as VEGF and IL-8)
that cause angiogenesis in the synovium, another hallmark of
RA. In addition, RA-FLS produce matrix metalloproteinases
(MMPs) that degrade collagen and are highly invasive and
capable of spreading RA from affected to healthy joints (3, 7,
8). The in vitro invasive properties of FLS correlate with
radiographic and histological damage in RA and its rodent
models (9, 10). In addition, erosive damage to bone and car-
tilage correlates with disease severity and increased risk for
disability, deformities, and reduced life expectancy (6). Fur-
thermore, RA-FLS maintain their activated phenotype and
the ability to destroy cartilage even in the presence of
reduced inflammation (11). Therefore, understanding the
regulation of the activated, invasive, and destructive behav-
ior of RA-FLS has the potential to identify new targets for
treatments aimed at reducing pannus formation, immune
infiltrates, and angiogenesis, and protecting bone and carti-
lage from erosive damage, and therefore presents multiple
potential benefits in the treatment of RA.
Potassium channels are the largest andmost diverse group of

ion channels, represented by 78 genes found in the human
genome (12). Functional channels are formed by tetramers of �
subunits that can be associated to regulatory� subunits to form
an even higher diversity of functional channels. These channels
have a restricted tissue distribution and can be modulated by
selective channel blockers and openers, making them attractive
therapeutic targets.
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Here, we have identified KCa1.1 channels (BK, Maxi-K,
Slo-1, and KCNMA1) as being responsible for the majority of
K� current at the plasma membrane of RA-FLS. We demon-
strate that blocking KCa1.1 channels perturbs calcium homeo-
stasis and inhibits the proliferation, invasion, and production of
VEGF, IL-8, and pro-MMP-2 by RA-FLS. Our findings suggest
that KCa1.1 channels play a major role in the pathogenic func-
tions of RA-FLS. These channels therefore represent potential
targets for the treatment of RA.

EXPERIMENTAL PROCEDURES

Cells—RA-FLS from 12 patients with RA (supplemental
Table S1), defined according to the criteria of the American
College of Rheumatology (13, 14), were purchased from Aster-
and (Detroit, MI) or collected as described (15, 16) after
approval from the appropriate Institutional ReviewBoards. FLS
were cultured in DMEM (Invitrogen) supplemented with 10
IU/ml penicillin, 0.1�g/ml streptomycin, 2mg/ml L-glutamine,
and 10% FBS and were used between passages 3 and 8 for all
experiments. HEK 293 cells were purchased from the ATCC
(Manassas, VA). HEK 293 cells stably transfected with the
KCa1.1 channel � subunit were a gift from Dr. Heike Wulff
(University of California, Davis) and were cultured in DMEM
medium�10% FBS�0.5 mg/ml G418 (EMD Chemicals,
Gibbstown, NJ).
RT-PCR—Total RNA, isolated using TRIzol (Invitrogen),

was reverse transcribed with Superscript II reverse transcrip-
tase and random hexamer primers (Invitrogen). The resulting
cDNAwas used as a template for PCR with the following prim-
ers: for the KCa1.1 channel � subunit, 5�-ACAACATCTC-
CCCCAACC-3� (forward) and 5�-TCATCACCTTCTTTC-
CAATTC-3� (reverse), which yield a 310-bp product; for
GAPDH, 5�-CGATGCTGGGCGTGAGTAC-3� (forward) and
5�-CGTTCAGCTCAGGGATGACC-3� (reverse), which yield
a 412-bp product. PCR conditions were 35 cycles of denatur-
ation at 95 °C for 30 s, annealing at 56 °C for 45 s, and extension
at 72 °C for 60 s in a Mastercycler Pro (Eppendorf, Westbury,
NY). PCR products were diluted in 6� EZ-VisionTM DNA dye
loading buffer, separated by electrophoresis on 1% agarose gel,
and visualized under UV light.
Western Blotting—Cells were lysed in a buffer containing 50

mM Tris (pH 7.4), 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfo-
nyl fluoride, and protease inhibitors (1 tablet/10 ml; Roche
Applied Science). Protein levels weremeasured using the Brad-
ford protein assay. Equal amounts of proteins (25 �g) were
loaded and separated by SDS-PAGEand transferred onto nitro-
cellulose membranes (Bio-Rad). Blots were probed using
mouse monoclonal antibodies specific for the human KCa1.1
channel � subunit (1:1000 dilution, Antibodies, Inc., University
of California, Davis/National Institutes of Health NeuroMab
facility), followed by secondary antibodies conjugated to HRP
(1:2000 dilution, Antibodies, Inc.). Visualization was per-
formed with an enhanced chemiluminescence system
(PerkinElmer Life Sciences).
Immunocytochemistry—RA-FLS and HEK 293 cells (wild-

type or stably transfected with the KCa1.1 � subunit) were
grown overnight on glass coverslips. Cells were stained with

wheat germ agglutinin conjugated to Alexa Fluor 555 (5 �g/ml,
Invitrogen) at 37 °C for 20 min. They were washed and fixed in
freshly prepared ice-cold PBS�3% formaldehyde�0.1% Triton
X-100. After washes and blocking in milk-TBS-T (4% nonfat
milk powder in 10 mM Tris, pH 8.0/0.15 M NaCl�0.1% Triton
X-100) with gentle rocking at room temperature for 45 min,
cells were incubated with the primary anti-KCa1.1 � subunit
antibody diluted to 10�g/ml in blotto-TBS-T overnight at 4 °C.
The secondary antibody (goat anti-mouse IgG conjugated to
Alexa Fluor 488, 1:1000 dilution in blotto-TBS-T, Invitrogen)
was incubated for 1 h in the dark, followed by washes. DAPI (1
�g/ml, Invitrogen) was applied for 5 min following the second
wash. Stainingwas detectedwith aZeiss LSM510 inverted laser
scanning microscope (Carl Zeiss, Thornwood, NJ) with a 40�
oil Fluor objective.
Electrophysiology—Cells were plated on glass coverslips and

allowed to adhere. Total potassium currents were recorded
using the patch clamp technique in the excised inside-out or
whole-cell configurations. The internal solution contained 140
mM K�, 20 mM HEPES, and 10 mM Cl�. In addition, the “0
Ca2�” solution contained 5 mM EGTA, whereas the “5.5 �M

Ca2�” solution contained 5 mM HEDTA and free [Ca2�], mea-
sured with a Ca2� electrode (Orion Research, Inc.), was
adjusted to 5.5�MwithCaCl2. The [Cl�] was adjusted to 10mM

with HCl. The external solution contained 140 mM K�, 20 mM

HEPES, 2 mM Mg2�, 10 mM Cl�. The pH of all solutions was
adjusted to 7.2 with methanesulfonic acid. Experiments were
performed at room temperature (20�22 °C). Addition of pax-
illine (Tocris, Ellisville, MI) and washes were performed either
with a rapid perfusion system (Warner Instruments SF-77B) or
by exchanging the bath completely with at least 10 volumes of
solution.
Calcium Imaging—Cells were loaded with membrane per-

meable Fura-2 acetomethyl ester (Molecular Probes, Eugene,
OR) following manufacturer’s instructions. Fluorescence was
excited with monochromatic light (bandwidth of 8–15 nm and
a homogeneity of better than 10%) of appropriate wavelengths
using a rapidly tunable (�1.5 ms wavelength change) galvano-
metric scanner-mounted grating, (Polychrome IV; TILL Pho-
tonics, Gräfelfing, Germany), with a 150Watt Xenon short arc
lamp as a light source. Fluorescence detection was done using a
12-bit CCD camera (ORCA-R2, Hamamatsu Photonics K.K.,
Japan) mounted on an Axioscope 2FS equipped with a 20�
water immersion lens (Achroplan 20� 0.50 numerical aper-
ture, Carl Zeiss AG., Oberkochen, Germany), a 400DCLP
dichroic mirror (Chroma Technology, Brattleboro, VT), and
D510/40m emmiter filter (Chroma Technology, Brattleboro,
VT). During application of paxilline or tetraethylammonium
(TEA, Sigma), pairs of fluorescence images (full frame of
1344 � 1024 pixels with a 2 � 2 binning) were acquired at
50–100 ms integration time at the excitation maximum of the
Ca2�-free form of Fura-2 (380 nm, F1) and isoasbestic point
(360 nm, F2) with 40-ms intervals and the succession rate of
once every 2 s. Camera triggering, synchronized control of the
monochromator, and acquisition of optical data were per-
formed via ITC-18 (HEKA Instruments, Inc., Baltimore, MD)
and PCIe-6259 (National Instruments, Austin, TX) interfaces
using a 2.8-GHz MacPro computer (Apple Computer, Cuper-
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tino, CA) running a custom-built software. Ratios were calcu-
lated from background subtracted fluorescence intensities in
the regions of interest placed over the individual cells. Tyrode
solution, continuously bubbled with 95–5% O2-CO2, was per-
fused through the recording chamber at the rate of 2 ml/min.
Cell Proliferation Assays—Proliferation assays were per-

formed as described (17–23). Briefly, RA-FLS (104/well) were
cultured in 96-well plates and pre-incubated with paxilline or
TEA for 30min before addition of LPS, poly(I�C), or PGN. Cells
were further incubated for 72 h at 37 °C and 1�Ci/well [3H]thy-
midine was added during the last 16–18 h. DNAwas harvested
on glass fiber filters using a cell harvester (Inotech Biosystems
International, Rockville, MD). The amount of incorporated
[3H]thymidine was determined using an LS6500 � scintillation
counter (Beckman Coulter, Brea, CA).
Cytotoxicity Assays—RA-FLS were plated in six-well plates

(5 � 104 cells/well) and allowed to adhere. Varying amounts of
staurosporine (Sigma) or paxilline were added, and the cells
were incubated at 37 °C for 48 h. Cells were washed with PBS
wash (PBS�1% BSA�1% sodium azide) and labeled with 20
�g/ml 7-aminoactinomycin D (Sigma) for 20 min at 4 °C. Cells
were then washed in PBS wash�20 �g/ml actinomycin D
(Sigma) and resuspended in PBS wash�1% formaldehyde�20
�g/ml actinomycin D for analysis of 7-aminoactinomycin D
fluorescence intensity by flow cytometry on a FACS Canto II
(BD Biosciences). Data were acquired with FACSDiva (BD Bio-
sciences) and analyzed with FlowJo (Treestar, Ashland, OR)
software.
Preparation of RA-FLS Culture Supernatants—RA-FLS cells,

cultured in 24-well plates (5 � 104 cells/300 �l/well), were pre-
incubated for 45 min in the presence or absence of K� channel
blockers before addition of LPS, poly(I�C), or PGN (Sigma).
Supernatantswere collected 24 h later and immediately assayed
or stored frozen at �80 °C.
ELISAs—Concentrations of VEGF, IL-8, and IL-6 were

determined in RA-FLS culture supernatants by ELISA (R&D
Systems; Minneapolis, MN) following the manufacturer’s
instructions.
Zymography—We used gelatin zymography (Invitrogen) to

measure production of pro-MMP-2 in serum-free RA-FLS cul-
ture supernatants, as described (24). Recombinant human
MMP-2 (R&D Systems) was used as a positive control.
Wound Healing Assays—RA-FLS were plated in 12-well

plates and cultured until confluent. A P200 tip was drawn
across each well. Free cells where removed with phosphate-
buffered saline and medium with or without 20 �M paxilline
was added. Cells were photographed immediately after scratch-
ing and 18 h later, using a 4� objective on an Olympus IX71
inverted microscope and a Q-color 5 digital camera. The num-
ber of migrating cells was determined.
Invasion Assays—In vitro invasion of FLS was assayed in a

trans-well system using collagen-rich Matrigel-coated inserts,
as described (9, 16, 25, 26). Briefly, 70–80% confluent cells were
harvested by trypsin-EDTA digestion. 2 � 104 cells were resus-
pended in 500�l of serum-freemedium and plated in the upper
compartment of the Matrigel-coated inserts (BD Biosciences).
Paxilline, TEA, or vehicle was added to the upper chamber. The
lower compartment was filled with complete media and the

plates were incubated at 37 °C for 24 h. The upper surface of the
insert was then wiped with cotton swabs to remove non-invad-
ing cells and the Matrigel layer. The opposite side of the insert
was stainedwithCrystal Violet (Sigma), and the total number of
cells that invaded through Matrigel was counted at a 100�
magnification.
Statistical Analysis—We used one-way or two-way analysis

of variance to calculate statistical significance of all of our
results (GraphPad Prism Software, San Diego, CA). p values
�0.05 were considered significant.

RESULTS

RA-FLS Express Functional KCa1.1 Channels at Their
Plasma Membrane—We extracted total RNAs from five FLS
generated from five different patients with RA. RT-PCR
showed the expression of the KCa1.1 channel � subunit mRNA
in all samples (Fig. 1A). The primers used were designed to
amplify a conserved region. HEK 293 cells do not express
KCa1.1 channels and were used as negative controls or were
stably transfected with the KCa1.1 � subunit to use as positive
controls. Western blot analysis of total protein contents
showed that the � subunit of KCa1.1 channels is present in
RA-FLS (Fig. 1B). Confocal microscopy revealed that the
KCa1.1 � subunit was present both in the nucleus and at the
plasma membrane of RA-FLS (Fig. 1C).
We next used electrophysiology to determine whether the

KCa1.1 � subunit expressed at the plasma membrane of RA-
FLS forms functional channels. Large outward currents were
recorded from RA-FLS in response to voltage pulses in the
absence of internalCa2�using thewhole-cell patch clamp tech-
nique (Fig. 2A). The rapid activation kinetics, lack of inactiva-
tion, and little current observed below �100 mV are all consis-
tent with the behavior of KCa1.1 channels in 0 Ca2� (27). To
further characterize the channel, currents were recorded from
excised patches (Fig. 2, B–D). In all patches tested, unitary cur-
rents were observed (Fig. 2, B and D) with a large conductance
of 271 � 4 pS (n � 3, 5.5 �M Ca2�) in symmetrical 140 mM K�,
consistent with KCa1.1 channels (28). The open probability

FIGURE 1. RA-FLS express the KCa1.1 channel � subunit. A, representative
RT-PCR on RNA extracted from HEK 293 cells stably transfected with the
KCa1.1 channel � subunit, non-transfected HEK 293 cells, and RA-FLS. B, rep-
resentative Western blot against the KCa1.1 � subunit on total protein
extracts from HEK 293 cells stably transfected with KCa1.1 channels, non-
transfected HEK 293 cells, and RA-FLS. C, immunocytochemistry staining of
RA-FLS for confocal microscopy. Left, wheat germ agglutinin (WGA) with
membrane staining. Middle left: anti-KCa1.1 � subunit antibody. Middle right,
DAPI showing nuclear staining. Right, merged images.
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(Po) of these channels was both voltage- and calcium-depen-
dent, a hallmark of KCa1.1 channels, with a half-activation volt-
age (V0.5) of 220� 1.1mV in 0 Ca2� and 44� 0.4mV in 5.5 �M

Ca2� (Fig. 2C), both values within the range reported for
KCa1.1 channels, with and without � subunits (28, 29). In addi-
tion, single channel currents were reversibly blocked by appli-
cation of the KCa1.1 channel blocker paxilline to the intracel-
lular side of themembrane (Fig. 2D). Taken together, the results
clearly demonstrate the presence of functional KCa1.1 chan-
nels at the plasma membrane of RA-FLS.
To determine whether KCa1.1 is the major functional potas-

sium channel expressed at the plasma membrane of RA-FLS,
we examined the effect of extracellular paxilline on the whole-
cell K� current. Paxilline inhibited RA-FLS potassium currents
with an IC50 of 36 � 6 nM and KCa1.1 currents in stably trans-
fected HEK 293 cells with an IC50 of 15 � 2 nM (Fig. 2E). The
similar IC50 and 	80% reduction in current by paxilline con-
firm that KCa1.1 is responsible for the majority of the K� cur-
rent in RA-FLS and is therefore themajor functional potassium
channel expressed at the plasma membrane of these cells.
Finally, we patch clamped RA-FLS in the whole-cell config-

uration after each passage in vitro and determined that their
maintenance in culture for at least up to eight passages does not
affect their functional KCa1.1 channel density (Fig. 2F).
Blocking KCa1.1 Channels Perturbs Calcium Homeostasis of

RA-FLS—Paxilline induced an influx of calcium inRA-FLS (Fig.
3A). This influxwas dependent on the dose of paxilline perfused
onto the cells, with an EC50 
 56.12 � 0.02 nM (Fig. 3B). Paxil-
line did not induce calcium influx through release of the inter-
nal stores of calcium as perfusion of 200 nM paxilline in the

absence of free extracellular calcium did not induce any
increase in intracellular free calcium levels (Fig. 3C). The effect
of paxilline on calcium homeostasis in the RA-FLS was due to
block of KCa1.1 channels and not cross-reaction with other
signaling molecules as TEA, another blocker of these channels,
also induced calcium influx in RA-FLS (Fig. 3D).
KCa1.1 Channel Blockers Inhibit Proliferation of RA-FLS in

Dose-dependent Manner without Inducing Cell Death—Paxil-
line and TEA inhibited the proliferation of RA-FLS in a dose-
dependent manner with IC50 values of 
 5 �M and 100 mM,
respectively (Fig. 4, A and B). RA-FLS express Toll-like recep-
tors (TLRs), making them susceptible to activation by TLR
ligands, such as PGN, poly(I�C), and LPS. Addition of the TLR
ligands did not affect the proliferative response of RA-FLS and
did not significantly alter their sensitivity to KCa1.1 channel
block as the IC50 for paxilline remained in the 5–10 �M range
(Fig. 4A).
To determine whether the observed effects of paxilline on

RA-FLS proliferation were due to toxicity, we incubated RA-
FLS for 48 h with varying amounts of paxilline or of the broad-
spectrum kinase inhibitor staurosporine, used as a positive
control for toxicity (30). As expected, a staurosporine concen-
tration of 30 nM induced �20% cell death, and a concentration
of 300 nM induced �80% cell death (Fig. 4C). In contrast, pax-
illine at concentrations up to 40 �M induced �10% cell death
(Fig. 4C), showing that paxilline is not toxic to RA-FLS.
Paxilline Inhibits Production of VEGF and IL-8, but Not of

IL-6, by RA-FLS—RA-FLS produced 248 � 27 pg/ml VEGF at
baseline. Cell stimulation with LPS or poly(I�C) moderately
increased this production to 359 � 66 pg/ml and 334 � 55

FIGURE 2. RA-FLS express functional KCa1.1 channels at their plasma membrane. A, family of currents elicited from a whole cell with 0 Ca2� internal
solution by pulses from 50 to 200 mV in 10-mV increments. B, single channel currents recorded at different voltages from an inside-out patch in 5.5 �M Ca2� and
filtered at 5 kHz. Dotted lines indicate closed channels. C, normalized open probability (Po) versus voltage relations determined by measuring the normalized Po
in multichannel patches (n � 5 at each [Ca2�]) and normalizing to Po(max) measured in single patches at 0 Ca2� (E) and 5.5 �M Ca2� (●). The curves were fit with
Boltzmann functions. D, currents from RA-FLS before (control), during, and after (wash-off) treatment with 2 nM paxilline in the bath solution of an inside-out
patch. E, dose-dependent inhibition by paxilline of whole-cell RA-FLS current (closed squares) or KCa1.1 currents stably expressed in HEK 293 cells (open squares)
(n � 4 – 6 cells from three different donors). F, mean RA-FLS current density determined from cell capacitance and peak whole-cell current at �150 mV in 0 Ca2�

and plotted for each in vitro passage. 30 –50 cells from three different donors (●, �, Œ) analyzed at each time point.
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pg/ml, respectively, and PGN did not affect VEGF production
(Fig. 5A). Paxilline significantly inhibited production of VEGF
by RA-FLS at baseline and following TLR ligand stimulation.
RA-FLS did not produce detectable amounts of IL-8 at base-

line but LPS, poly(I�C), and PGN induced IL-8 production of
2500 � 300 pg/ml, 4500 � 500 pg/ml, and 771 � 87 pg/ml,
respectively (Fig. 5B). Paxilline significantly inhibited this pro-
duction of IL-8 by inducing a 31% reduction in levels induced by
LPS (p � 0.001), a 46% reduction in poly(I�C)-inducible levels
(p � 0.001), and a 94% reduction in production stimulated by
PGN (p � 0.01).

RA-FLS produced 240 � 38 pg/ml IL-6 at baseline and their
stimulation with the TLR ligands LPS, poly(I�C), and PGN
increased this IL-6 production to 2800 � 200 pg/ml (p � 0.01),
2600 � 30 pg/ml (p � 0.01), and 678 � 237 pg/ml (p � 0.05),
respectively (Fig. 5C). In contrast to our findings with VEGF
and IL-8, blocking their KCa1.1 channels did not significantly
affect production of IL-6 by RA-FLS.
KCa1.1 Channel Blockade Reduces Production of Pro-

MMP-2 by RA-FLS—Supernatants from RA-FLS cultures pro-
duced detectable amounts of pro-MMP-2 in the absence of any
stimulation. LPS and PGN induced a mild but significant
increase in pro-MMP-2 levels (12 and 10% above baseline,
respectively; p � 0.05), whereas poly(I�C) induced a 48% (p �
0.05) increase (Fig. 6A). Paxilline (20 �M) significantly reduced
levels of pro-MMP-2 produced by RA-FLS, regardless of the
stimulus. This inhibitory effect of paxillinewas dose-dependent
with an IC50 
 12 �M (Fig. 6B). TEA had similar dose-depen-
dent activity on the production of pro-MMP-2 with an IC50 

80mM (Fig. 6C). In contrast, blockers of all other subsets of KCa
channels (apamin (100 nM) and TRAM-34 (1�M) (31, 32)) or of

Kv channels (ShK-186 (100 nM),margatoxin (100 nM), BDS-1 (1
�M)) did not affect pro-MMP-2 production by RA-FLS at con-
centrations known to block 	90% of target channels (Fig. 6D).
Because zymography is an activity-based assay, we tested

whether paxilline directly affects MMP-2 enzymatic activity by
adding paxilline to culture supernatants 30min before gel load-
ing. Paxilline had no effect on the ability of MMP-2 to digest
gelatin (Fig. 6E), confirming the effects of paxilline shown in
Fig. 6, A and B, are due to reduction of pro-MMP-2 release by
the RA-FLS.
Blocking KCa1.1 Channels Inhibits Migratory and Invasive

Activity of RA-FLS in Dose-dependent Manner—We used a
wound-healing assay to determine the role of KCa1.1 channels
on the two-dimensionalmigration of RA-FLS (Fig. 7A). After an
18-h culture, paxilline (20 �M) inhibited the migration of RA-
FLS by 66 � 8%; p � 0.001 (Fig. 7A).

To examine the role of KCa1.1 channels in the invasive
behavior of RA-FLS, we determined the effect of paxilline (20
�M) and TEA (50 mM) on FLS invasion through Matrigel. Both
blockers inhibited RA-FLS invasiveness by 71 � 6%; p � 0.001
(paxilline) and 53 � 5%; p � 0.05 (TEA) (Fig. 7B).

DISCUSSION

RA is a chronic inflammatory disease of the joints with
unclear etiology (1, 2). FLS play important roles in RA patho-
genesis by secreting proinflammatory cytokines, chemokines,
proteolytic enzymes, and growth factors that attract and acti-
vate immune cells, induce angiogenesis, and mediate joint
destruction (3–5). Here, we identified KCa1.1 channels as the
major functional potassium-conducting channels at the plasma
membrane of RA-FLS and demonstrated that blockade of these

FIGURE 3. KCa1.1 channel blockade perturbs Ca2� homeostasis in RA-FLS. A, paxilline (200 nM) induces a 360/380 nm ratio increases by 0.19 � 0.05. Each
trace represents a single cell. B, paxilline induces a dose-dependent increase in free intracellular Ca2� levels with an EC50 
 56.12 � 0.02 nM. The curve was fit
with a Michaelis-Menten function. C, in the absence of extracellular Ca2�, paxilline (200 nM) does not affect the intracellular concentration of free Ca2�. Each
trace represents a single cell. D, TEA (5 mM) induces a 360/380 nm ratio increases by 0.12 � 0.02. Each trace represents a single cell.
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channels perturbs calciumhomeostasis in these cells and inhib-
its the proliferation, invasiveness, migration, and production of
IL-8, VEGF, and pro-MMP-2 by RA-FLS without inducing tox-
icity or affecting their IL-6 production.
To our knowledge, this is the first study describing the

expression of KCa1.1 channels by RA-FLS. The majority of
mammalian cells express potassium channels at their plasma
membrane (12). In electrically non-excitable cells, these chan-
nels play a major regulatory role in cell signaling and function
bymaintaining the restingmembrane potential of cells, making
them attractive targets for therapy (33–36). KCa1.1 channels
are the only members of the KCa1 potassium channel family
and they are expressed widely by various tissues, raising the
possibility of increased risk of side effects from blocking them
(28). However, mice lacking the gene for the KCa1.1 channel �

subunit display only moderate ataxia and urinary incontinence
(37) and studies in sheep treated with KCa1.1 channel blockers
showed that the reversible tremors and locomotor incoordina-
tion are due to effects on the central nervous system (38). The
generation of new blockers unable the cross the blood-brain
barrier and therefore likely to have fewer side effects is war-
ranted for in vivo studies.
In addition, the KCa1.1 channel � subunit can be associated

with different regulatory � subunits with restricted tissue dis-
tribution and both� and� subunits of KCa1.1 channels contain
multiple splicing sites, dramatically increasing the diversity of
channel variants (29, 39). Such diversity increases the attrac-
tiveness of these channels as potential therapeutic targets.
A study conducted in cultured rabbit synoviocytes lead to the

identification of Kv1 channels at the plasmamembrane of these
cells (40). However, we show here that blockers of Kv channels

FIGURE 4. Paxilline inhibits the proliferation of RA-FLS without inducing
toxicity. A, dose-dependent inhibition of RA-FLS proliferation by paxilline.
Cells were left unstimulated (white) or were stimulated with 20 ng/ml LPS
(light gray), 20 �g/ml poly(I�C) (dark gray), or 1 �g/ml PGN (black) for 72 h. Data
are from five independent experiments with cells from five different donors.
B, dose-dependent inhibition of RA-FLS proliferation by TEA. Data are from
four independent experiments with cells from four different donors. C, dose-
dependent toxicity of staurosporine (gray) and paxilline (black) over a 48-h
incubation with RA-FLS. Data are from four independent experiments with
cells from four different donors. **, p � 0.01; ***, p � 0.001.

FIGURE 5. Blocking KCa1.1 channels inhibits the production of VEGF and
IL-8, but not of IL-6, by RA-FLS. RA-FLS were left unstimulated (control) or
were stimulated with 20 ng/ml LPS, 20 �g/ml poly(I�C), or 1 �g/ml PGN for
24 h in the absence or presence of 20 �M paxilline. Production of VEGF (A), IL-8
(B), and of IL-6 (C) were measured in culture supernatants by ELISA (R&D
Systems). Data are from three independent experiments with cells from three
different donors. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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(ShK-186, margatoxin, BDS-1) and of other subsets of KCa
channels (apamin, TRAM-34) had no effect on the production
of pro-MMP-2 by RA-FLS. These observations suggest that
these additional channels, if expressed by human FLS, play only
a minor role in regulating the function of RA-FLS in which
KCa1.1 channels play a role.
Paxilline inhibited the production of IL-8 and of VEGF by

RA-FLS but had no effect on the production of IL-6 induced by
TLR ligands and was not toxic. These data suggest that the
effects of paxilline observed on RA-FLS function are not due to
toxicity at the concentrations used. These results also demon-
strate the existence of distinct signaling pathways leading to the
production of IL-6 and IL-8, the former being independent of
KCa1.1 channel function and the latter being dependent on
channel function. Further studies into the pathways affected by
KCa1.1 channel block are warranted in RA-FLS.
The reduction of IL-8, VEGF, and pro-MMP-2 levels was not

explained by a reduced proliferative rate of RA-FLS in the pres-
ence of paxilline because cell numbers in each well (with and
without paxilline) remained similar during the stimulation
period. In addition, if a reduced proliferative rate was the expla-
nation for reduced secretion of IL-8, VEGF, and pro-MMP-2,

then the secretion of IL-6 would likely be reduced in a similar
manner, which was not the case.
Paxilline concentrations of 36 and 54 nM are sufficient to

block 50% of the potassium current of RA-FLS and a to induce
a 50% increase of calcium influx. However, concentrations in
the low �M are necessary to inhibit key proinflammatory and
invasive properties of RA-FLS. A similar difference is observed
for TEA when comparing its effects on calcium influx and on
functional assays. Such a difference in blocker efficacy inwhole-
cell patch clamp and functional assays was also observed with
other potassium channel blockers in other cells types. For
example, in T lymphocytes the Kv1.3 channel blocker ShK and
its analogs block the channel with an IC50 in the low pM range,
but nM concentrations are necessary to inhibit cell function
(20–23, 41, 42). At least three factors may influence this differ-
ence in required concentrations. First, a block of 	90% of the
channels may be required to alter cell function, requiringmuch
higher concentrations of blockers to observe an effect on cell
function. Second, the tissue culturemediumused for functional
assays ismore complex than thewell defined salt solutions used
for patch clamp or calcium imaging, and blockers may bind to
medium components (such as proteins), reducing the concen-

FIGURE 6. Paxilline and TEA inhibit the production of pro-MMP-2 by RA-FLS. A, paxilline (20 �M; black bars) inhibits pro-MMP-2 production by RA-FLS (white
bars) either left untreated (control) or activated by 20 ng/ml LPS, 20 �g/ml poly(I�C), or 1 �g/ml PGN for 24 h. Production of pro-MMP-2 in culture supernatants
was measured by zymography on gelatin gels (bottom) and normalized to the production by untreated RA-FLS (top). B, paxilline inhibits pro-MMP-2 production
by RA-FLS activated with 20 ng/ml LPS in a dose-dependent manner. C, TEA inhibits the spontaneous production of pro-MMP-2 by RA-FLS in a dose-dependent
manner. D, blockers of Kv (ShK-186, margatoxin (MgTX), BDS-1) and other KCa (apamin, TRAM-34) channels do not affect pro-MMP-2 production by RA-FLS.
E, paxilline does not directly affect the protease activity of pro-MMP-2 when added to culture supernatants 30 min before gelatin zymography gel loading. Data
shown in this figure are representative from four to six independent experiments with cells from four to five different donors. *, p � 0.05; ***, p � 0.001. rMMP,
recombinant MMP.

KCa1.1 Channels in RA-FLS

4020 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 6 • FEBRUARY 3, 2012



tration of the free and active form of the blocker available for
channel block. Third, the patch clamp data are a direct readout
of the effect of the blockers on the channel but during func-
tional assays,multiple pathways could be activated and contrib-
ute to the final readout.
RA-FLS have an often called “transformed” phenotype, rem-

iniscent of that observed in cancer cells. They become highly
invasive and produce proinflammatory and angiogenic factors
and proteases (6). All these properties facilitate formation of a
pannus, joint damage, and disease spread from affected to
healthy joints. FLS in vitro invasive properties correlate with
radiographic andhistological damage inRAand in rodentmod-
els of RA, respectively (9, 10). FLS invasion involves MMP-2
and, like invasion, MMP-2 levels also correlate with radio-
graphic damage in RA (9, 43). Additionally, the FLS-mediated
disease spreading likely requires cell invasion andMMPactivity
to access the intravascular space. Therefore, targeting these
FLS phenotypes via KCa1.1 channel blockade has the potential
to prevent or reduce disease spreading, disease severity, and
cartilage and bone damage.
We show that targeting the KCa1.1 channels expressed by

RA-FLS inhibits cell proliferation and the production of at least

some of the factors involved in RA pathogenesis. Our results
suggest that blockers selective for KCa1.1 channels represent
new tools for the treatment of RA. The inhibitory effects of
blocking KCa1.1 channels on the production of pro-MMP-2
and on the invasiveness of RA-FLS are especially notable
because expression levels of MMP-2 and invasiveness of RA-
FLS correlate with each other and with radiographic damage in
RA, which, in turn correlate with disease severity and increased
risk for disability, deformities, and reduced life expectancy (9,
10, 43). Affecting both these features of RA-FLS would poten-
tially have tremendous benefits for patients with RA. Further
studies into the effects of such blockers in animal models of RA
are now necessary to establish their in vivo usefulness.
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