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Abstract The Nat-K+t-2Cl1~ cotransporter (NKCC1) is
an essential membrane transporter and has been linked to the
regulation of volume, matrix synthesis and bone growth in
chondrocytes; the sole resident cell type of articular carti-
lage. Despite the integral nature of NKCCl, its regulation is
currently poorly understood, and therefore here we describe
a NKCCI1 knockdown technique that will permit the easier
study of this transporter. Small interfering RNA (siRNA),
designed to knock down NKCC1I, was transfected into the
chondrocyte cell line C-20/A4 and the efficacy determined
at the message, protein and functional levels. NKCCI
expression was analyzed by reverse-transcriptase polymer-
ase chain reaction, where NKCCI expression declined to
25.10 = 1.08% after 12 h of transfection and did not show
any rise in the following 36 h. The efficacy of the designed
siRNA molecules was confirmed by both Western blot and
immunocytochemistry. The effect of the knockdown on
regulatory volume increase (RVI, a novel assay for NKCCl1
function) was investigated by confocal laser scanning
microscopy in response to a 43% hypertonic challenge,
whereby control chondrocytes underwent a decrease in
volume to 67.38 + 1.70%, followed by volume restoration
to 82.17 £2.23 at 20 min (t2 = 22.11 4+ 3.23 min).
Conversely, upon knockdown, chondrocytes exhibited a
slower rate of RVI (2 = 43.26 + 5.64 min), thus sug-
gesting that NKCC1 plays an important and yet partial role
in RVI in C-20/A4 chondrocytes. Together, these data
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provide a robust protocol for the study of NKCC1 in chon-
drocytes and suggest a mechanism for C-20/A4 chondrocyte
RVI.
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Introduction

Chondrocytes are responsible for the synthesis of the extra-
cellular cartilage matrix (ECM) in response to their extra-
cellular environment as well as signals derived through
mechanotransduction (Guilak et al. 1999; Hopewell and
Urban 2003; Yellowley et al. 1997). Cellular homeostasis
and, in particular, cell volume are important regulators of
metabolic function, whereby an increase in extracellular
osmolality and a consequent decrease in cell volume has
been shown to attenuate matrix synthesis (Urban et al. 1993;
van der Windt et al. 2010). Interestingly, changes in chon-
drocyte cell volume beyond the passive properties as a
consequence of the ECM have been reported in both osteo-
arthritic tissue and the growth plate (Bush and Hall 2005;
Bush et al. 2010), yet currently the mechanism is not fully
understood. Indeed, one of the earliest macroscopic changes
associated with osteoarthritis (OA) is an increase in cartilage
hydration (Grushko et al. 1989), and recent in situ confocal
laser scanning microscopy (CLSM) images of chondrocytes
within human OA tissue revealed the existence of a sub-
population of chondrocytes with a volume greater than that
predicted by passive swelling alone (Bush and Hall 2005).
Recently, a model for an increase in chondrocyte cell volume
has been suggested during bone growth, which has been
shown to be dependent upon the Na*—K™—2Cl~ cotrans-
porter (NKCC1) whereby an increase in NKCC1 mRNA was
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reported, as well as inhibition of growth, using bumetanide
(Bush et al. 2010), a sulfamoylbenzoic acid derivative loop
diuretic (Xu et al. 1994), thus suggesting a role for trans-
porter activity in increasing chondrocyte volume despite a
stable extracellular osmolality.

The gene of NKCC1 is encoded on chromosome 5q23.2
and expressed by virtually all cell types (Flatman 2002). The
protein is 1,212 amino acids long and has a total size of
132 kDa consisting of 12 transmembrane domains, five of
which are inhibited by bumetanide. NKCC1 channels per-
form ATP-independent secondary active transport whereby
a sodium ion, a chloride ion, a potassium ion and another
chloride ion are consecutively bound to NKCCI, thus
causing a configurational change. The ions are subsequently
released into the cytoplasm in the same order (Flatman
2002). During regulatory volume increase (RVI), a process
that adjusts the intracellular milieu following a hypertonic
challenge by initiating a net influx of ion and other osmo-
lytes (Trujillo et al. 1999b), this movement of ions results in
the associated movement of water and the concomitant
restoration of volume back toward the “set-point.” A role
for NKCC1 in RVI has been shown in numerous tissues
including avian chondrocytes (Ong et al. 2010), red blood
cells (Kristensen et al. 2008), human glioma cells (Ernest
and Sontheimer 2007), skeletal muscle cells (Zhao et al.
2004), epithelial cells (Bildin et al. 2000; Lionetto et al.
2002) and astrocytes (Jayakumar et al. 2008). NKCC1 is
activated by phosphorylation, which promotes its translo-
cation to the plasma membrane (Gimenez and Forbush
2003), a process occurring in response to cell shrinkage
(Di Ciano-Oliveira et al. 2003) and a rise in intracellular
calcium (Lytle and Forbush 1992). Yet, despite current
activities in cartilage research, the regulation of NKCCl is
poorly understood (Ong et al. 2010).

RNA interference (RNAi) is a novel molecular tech-
nique that is based on a natural antiviral mechanism that
involves interruption of gene expression at the mRNA
translation level (Wang and Metzlaff 2005). Short (~21 nt
long) double stranded (ds) sequences of small interfering
RNA (siRNA), employed in this technique, bind to com-
plementary sequences on the messenger and recruit the
RNA-induced silencing complex (RISC) to degrade the
message (Elbashir et al. 2001). RNAi gained increasing
interest in molecular medicine as a gene therapy technique
for knocking down dominant mutated genes in hereditary
diseases including retinitis pigmentosa (Kiang et al. 2005)
and viral sequences in infections including AIDS (Cullen
2005). In chondrocytes, RNAi has been used to study the
role of various proteins including SOX9 (Wenke et al.
2009) and pl6 (Zhou et al. 2004). RNAi, like similar
techniques of gene therapy, still faces several drawbacks:
(1) designing a suitable vector, which protects siRNA from
the action of nucleases and delivers high concentrations to
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particular tissues; (2) unlike gene knockout, RNAi has a
transient effect, which does not possess the potential to
cure permanent or chronic diseases; and (3) siRNA can
instigate a nonspecific cytokine response (Bridge et al.
2003).

Due to the complexities of working with chondrocytes
in situ, here we have designed and validated a process for
siRNA against NKCC] in the human chondrocytic cell line
C-20/A4 as a first step to further investigate the role of
NKCCI in cartilage biology. As the capacity for chon-
drocyte RVI has previously been reported (Kerrigan et al.
2006), this was used as a novel assay to determine the
success of the knockdown as well as an indirect measure of
both viability and function. Data show that following the
optimization of siRNA transfection, a stable transient
siRNA-mediated knockdown of NKCCI was achieved as
determined at the messenger and functional levels, the
latter determined by inhibition of NKCCI-mediated RVI
following a hypertonic challenge. This method permits the
easy study of NKCCI1 in cartilage biology, which is
essential for understanding the tissue in both healthy and
diseased (OA) states.

Materials and Methods
Biochemicals and Experimental Solutions

Calcein AM was obtained from Cambridge Biosciences
(Cambridge, UK), and stock solutions (1 mM) were pre-
pared in DMSO. Other biochemicals, except where stated
otherwise, were obtained from Sigma-Aldrich (Poole, UK),
and a stock solution was made in the appropriate medium.
For C-20/A4 culture, Dulbecco’s modified Eagle medium
(DMEM,; pH 7.4; 280 mOsm-kg HZO_I, hereafter abbrevi-
ated mOsm, subsequently termed “culture mediim”) was
used with the addition of penicillin (100 units ml™"),
streptomycin (50 mg ml™"), 10% v/v fetal calf serum (FCS;
GIBCO, Paisley, UK) and 2 mM L-glutamine. RVI experi-
ments were performed using a serum-free HEPES-buffered
DMEM, and when a hypertonic challenge was applied,
620 mOsm DMEM (prepared by addition of NaCl, subse-
quently termed “hypertonic medium”) was added at a 1:1
ratio, resulting in an increase in osmolarity to 440 mOsm.
Osmolarity was measured using a Vapro™™-(Wescor,
Stoneham, MA) vapor pressure osmometer with all solu-
tions prepared to =5 mOsm. pH was adjusted using NaOH
to 7.4 + 0.02, and all experiments were performed at 37°C.

Cell Culture and Viability

C-20/A4 can be used as a model when primary or
embryonic cartilage is unavailable for use (Finger et al.
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2004). C-20/A4 chondrocytes were cultured using standard
techniques at a seeding density of 1 x 10* cells/cm” and
subcultured when needed. Briefly, culture media were
removed and chondrocytes incubated in trypsin-EDTA at
37°C, 95:5% air:CO, for 2-5 min. The suspension was
then diluted with DMEM and washed by centrifugation
(8 min, 600xg) and resuspended in fresh DMEM, ali-
quoted onto 35-mm-diameter sterile plastic dishes under
sterile conditions and used as required (usually within
30 min). Cell viability was measured by MTT assay, where
10% v/v 5 mg/ml MTT solution was added to the culture
and chondrocytes were incubated for 3 h at 37°C prior to
the removal of medium containing excess MTT, the dis-
solution of formazan crystals in DMSO and measurement
of absorbance at 570 and 690 nm per the manufacturer’s
protocol.

siRNA Design and Knockdown Protocol

The Ambion siRNA target online tool was utilized to select
anti-NKCC1 sequences with a GC content of a maximum
of 50%, 2 nt UU-3' overhangs and stretches of no more
than four mononucleotide repeats. All potential siRNA
sense sequences were rated according to guidelines estab-
lished by others (Reynolds et al. 2004), and sequences
scoring less than 6 were excluded from further basic local
alignment search (BLAST). Additionally, the chosen cus-
tom-designed siRNA fulfilled most of the guidelines
established by other research (Ui-Tei et al. 2004). Anti-
NKCCI siRNA in annealed form (Table 1), “positive”
(anti-GAPDH siRNA) and “negative” (5'-carboxyfluores-
cein [FAM] labeled “scrambled” siRNA) controls were
purchased from Ambion (Warrington, UK). Chondrocytes
were transfected in suspension using siRNA complexes
prepared with HiPerfect transfection reagent (Qiagen,
Crawley, West Sussex, UK) as described by the manu-
facturer’s protocol. siRNA was dissolved in serum-free
DMEM, mixed with transfection reagent and incubated at
room temperature for 10 min prior to dropwise addition
to culture. To determine the knockdown efficiency of

Table 1 Sequences of PCR primers and siRNA molecules

Target Direction Sequence

PCR primer sequences

NKCC Forward 5-TCGTCTTTCTGGAGTGGAAGA
Reverse 5'-ATTTGGCTTGATCGATGGAC
GAPDH Forward 5'-AGAACGGGAAGCTTGTCATC
Reverse 5-TGAGCTTGACAAAGTGGTCGT
siRNA
NKCC Antisense 5-UAUCUGUUAUUCGCCAUGGUU
Sense 5-CCAUGGCGAAUAACAGAUAUU

HiPerfect in C-20/A4, a range of concentrations (1, 5,
10 nM) of anti-GAPDH-positive control siRNA were
mixed with 18 pl/ml HiPerfect and transfection was per-
formed and assayed by MTT viability assay.

Primer Design, PCR and Gel Densitometry

Primers for this work were designed using the Southwestern
Medical Centre and RCE Region VI Computational Biology
Group online tool according to the default parameters and
subsequently checked for specificity (Table 1). RNA was
isolated using the RNeasy minikit (Qiagen) and reverse-
transcribed using the ImPromll reverse transcription kit
(Promega, Southampton, UK) according to the manufac-
turer’s protocol. PCR experiments were performed using
1 uM of each of the primers in GoTaq (Promega) PCR
master mix. DNA was denatured for 5 min at 95°C and then
subjected to a three-step cycle for 1 min at 95°C (denatur-
ation), 1 min at 58°C (annealing) and 1 min at 72°C, fol-
lowed by a final extension at 72°C for 5 min. PCR products
were visualized on 2% agarose gels stained with ethidium
bromide, and images were acquired for further densitometric
analysis. Scion Image (Scion Corporation, Frederick, MD)
was used to measure the size of DNA bands, intensity of
band emission and background emission of the gel per
the software instructions available on the Web site of the
National Institutes of Health, with modifications. The
methodology was developed by analyzing gels loaded with
known amounts of various DNA lengths (data not shown)
whereby, briefly, the background was subtracted from the
intensity of each band and then multiplied by the size of the
band. All values obtained in experiments were calculated
relative to those corresponding to mock-transfected control
amplicons.

Loading of Fluorescent Dyes and Volume
Measurement

For the measurement of cell volume, chondrocytes were
seeded and incubated with calcein AM (5 uM) for 30 min
prior to CLSM imaging as previously described (Kerrigan
and Hall 2008; Qusous et al. 2006). Briefly, images were
acquired using a Leica (Milton Keynes, UK) SP2 CLSM
whereby calcein was excited using a 488-nm argon laser
and the photometric data collected at a bandpass of
510-535 nm. Data were sampled at 512 x 512 pixels, and
3D z-stacks were acquired using a z-step of 1.0 pm and
reassembled in Imaris 7.0 (Bitplane, Zurich, Switzerland)
using a 60% threshold. Experiments were performed fol-
lowing a 48-h transfection using anti-NKCC1 (knockdown)
or scrambled siRNA (control). Z-stacks were acquired for
baseline and subsequently at 1.5, 3, 5, 10 and 20 min post—
hypertonic challenge; and changes in cell volume are
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expressed as percentage change relative to baseline volume
values.

Immunocytochemistry

The localization of NKCCI1 in control and NKCCI-
knockdown chondrocytes was investigated using anti-
NKCCI T4 ascetic fluid (Flatman 2002). Briefly, chon-
drocytes were fixed in 3% formaldehyde for 30 min at
37°C, and excess formaldehyde was quenched using
50 mM NH,4CI prior to membrane permeabilization in
0.1% Triton X-100 for 5 min. Chondrocytes were washed
in PBS and blocked in 1% goat serum for 1 h at room
temperatures prior to the addition of 20 pl/ml of T4 anti-
bodies (University of lowa, Iowa City, IA) and allowing for
hybridization overnight at 4°C (Lytle et al. 1995; Vardi
et al. 2000). The sample was then rinsed, incubated with
FITC-conjugated goat anti-mouse secondary antibody and
1 pg/ml propidium iodide (PI) for 2 h in the dark (20°C)
and subsequently imaged by CLSM. Images were acquired
by exciting FITC with a 488-nm argon laser, with photo-
metric data collected at a bandpass of 510-535 nm, and PI
was excited using a 488-nm Argon laser with photometric
data collected using a long-pass filter. Data were sampled
at 1,024 x 1,024 pixels using x4 averaging to reduce the
signal-to-noise ratio. 3D z-stacks were acquired at 0.5 pm
to increase the detail of the image. For visualization of the
FAM-labeled siRNA, transfected chondrocytes were fixed
and permeabilized as described and chondrocytes were
counterstained using 1 pM Topro-3 (Invitrogen, Carlsbad,
CA) for 45 min to visualize the nucleus and cell cytoplasm.
Images were acquired by CLSM, whereby FAM-labeled
siRNA molecules were excited with a 488-nm argon
laser, with photometric data collected at a bandpass of
510-535 nm, and Topro-3 was excited with a 633-nm
He—Ne laser, with photometric data collected at a bandpass
of 650-700 nm. Data were sampled at 1,024 x 1,024 pixels
using x4 averaging to reduce the signal-to-noise ratio. 3D
z-stacks were acquired using a z-step of 0.5 pm exported in
TIFF format for subsequent analysis in Imaris 7.0.

SDS-PAGE and Western Blot

The expression of NKCCI protein was investigated by
SDS-PAGE, whereby cell lysis of 3 x 10° chondrocytes
was carried out in 50 pl lysis buffer (20 mM Tris-HCI,
120 mM NaCl, 1% Trition X-100, 10% glycerol, I mM
sodium pyrophosphate, 20 mM sodium fluoride, 1 mM
sodium orthovanadate [pH 7.5] containing protease inhib-
itor) prior to boiling in 50 pl 2x SDS-PAGE sample buffer
at 95°C for 5 min. Protein samples were subsequently
assayed prior to loading at 100 pg/well on 5.7%/12.5%
polyacrylamide gel and blotted using a semidry transfer
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assembly  with Immobilon”-P  transfer membrane
(Millipore, Croxley, Watford, UK) according to the man-
ufacturer’s instructions. Following the transfer, the mem-
brane was washed, blocked and incubated in 10 ml of
Tween Tris-buffered saline (TBS/T) containing 10 pl T4
antibody with gentle agitation overnight at 4°C. The
membrane was subsequently washed and incubated in
10 ml of TBS/T containing 5 pl goat horseradish peroxi-
dase (HRP) anti-mouse IgG at room temperature for 1 h.
Upon hybridization, the membrane was washed and incu-
bated in 10 ml 1:1 luminol:hydrogen peroxide solution
(Millipore) and exposed to X-ray film for 30 s, which was
subsequently developed.

Data Presentation

All data are expressed as mean and standard error of
the mean (SEM), and statistical analyses were performed
using GraphPad (La Jolla, CA) Prism 5.0c. Regression
analyses to calculate the rate of RVI were performed using
Microsoft UK (Reading, UK) Excel, where > 0.90 was
nominated as a significant fit and ¢/2 was defined as half the
time required for chondrocytes to recover 100% of
the volume following hypertonic challenge. The means of
experiments were compared using Student’s unpaired
t-tests, and a significant difference was accepted when
P < 0.05 or P < 0.001, represented in the figures as * or
** respectively. The number of cells (n) per experimental
group is also given when appropriate.

Results and Discussion
Transfection Efficiency

Prior to determining the effects of NKCCI knockdown on
the capacity for RVI and thus confirming a functional
inhibition, it was necessary to establish a suitable trans-
fection protocol by ascertaining the ratio of siRNA con-
centration to HiPerfect transfection reagent required for
optimal transfection. Previously, the HiPerfect transfection
reagent has been used in human carcinoma and leukemia
cell lines (Wang et al. 2010; Ye et al. 2011), as well as
leporine primary corneal stromal cell culture (Zhao et al.
2008) with high transfection efficiency and low toxicity
(Fischer et al. 2010). In order to determine the efficiency of
the transfection, a range of concentrations of transfection
reagent complexed with three different concentrations
of anti-GAPDH siRNA were used and cell death was
determined by MTT assay 12 h posttransfection per the
manufacturer’s protocol (Fig. 1). Upon transfection, there
was a significant increase in cell death (P < 0.001) under
all conditions with 9.68 £+ 0.78%, 21.99 + 0.85% and
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Fig. 1 Transfection optimization using anti-GAPDH siRNA and
HiPerfect transfection reagent. The transfection efficiency of siRNA
complexes prepared with HiPerfect was investigated in C-20/A4
chondrocytes using a range of concentrations of positive control
anti-GAPDH siRNA (1, 5 and 10 nM) per the manufacturer’s
protocol. Successful knockdown resulted in the abolishment of
GAPDH expression and, thus, cell death, as determined by MTT
viability assay. There was a significant reduction in cell viability
in response to transfection, indicating efficient knockdown using
18 pl/ml HiPerfect, optimally observed in conjunction with 1 nM
siRNA molecules

36.77 & 0.94% cell viability in 1-, 5- and 10-nM siRNA
complexes, respectively. The effect of anti-GAPDH siRNA
was deemed maximal at a ratio of 1 nM:18 pl/ml of siRNA
to HiPerfect transfection reagent (Qiagen), resulting in a
transfection efficiency of 90.32 £ 0.78%. This ratio was
subsequently used for all other experiments.

Confocal Image of siRNA-Transfected Chondrocytes

Having determined a suitable transfection protocol, it was
then necessary to ensure that the transfection did not
influence the morphology of the C-20/A4 chondrocytes
used in this study. Previous reports have shown that
chondrocyte morphology is closely linked to cellular
activity (Kerrigan and Hall 2008; Kerrigan et al. 2006) and
that NKCCI inhibition can result in a change in cell
morphology (Chee et al. 2010). Following culture and
passage, chondrocytes were transfected as previously
described using a FAM-labeled control siRNA and
observed by CLSM at 24 and 48 h posttransfection
(Fig. 2). When visualized, FAM-labeled siRNA molecules
(green) were clustered around the nucleus (blue, Topro3)
with little staining toward the cell periphery. There was no
discernable change in chondrocyte morphology, with the

Fig. 2 Confocal image of FAM-labelled siRNA-transfected C-20/A4
chondrocytes. The localisation and uptake of FAM-labelled negative
control siRNA (seen as specks) was investigated in response to
transfection for 24 (a) and 48 hours (b) using CLSM. Chondrocytes
were counterstained with Topro3 to observe perinuclear localisation
of siRNA molecules against counterstained nuclei

cells maintaining their flattened appearance and attachment
to the culture plastic both 24 and 48 h posttransfection.

siRNA Knockdown of NKCC1

As the transfection process did not influence chondrocyte
morphology, and was thus deemed suitable, the next step of
validating the protocol was to determine the efficacy of the
siRNA knockdown of NKCCI. Therefore, chondrocytes
were transfected as previously described, and a time course
for the knockdown of NKCCI was studied by RT-PCR
following siRNA transfection, whereby RNA extraction
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Fig. 3 Effects of custom-designed siRNA on NKCCI1 expression.
Chondrocytes were transfected with optimal concentrations of anti-
NKCCI1 siRNA (1 nM) and 18 pl of HiPerfect transfection reagent
and RNA was extracted after 12, 24 and 48 h posttransfection;
reverse-transcribed; and amplified by PCR. NKCC1 knockdown was
evident after 12 h of transfection and maintained for the remainder of
the experiment (b). PCR gel images were used to quantify NKCC1
expression by densitometry (a). Data are shown as mean = SEM.
**P < 0.001

was performed at 0, 12, 24 and 48 h posttransfection. At
12 h posttransfection, there was a significant reduction
in NKCCI RNA levels as determined by RT-PCR to
25.10 & 6.77% compared to control mock-transfected
chondrocytes (Fig. 3). There was no further change in the
amount of NKCCI message upon further incubation with
levels of 22.82 & 0.01% and 24.25 £ 0.01% at 24 and
48 h posttransfection incubation periods (compared to
control), respectively. Interestingly, it has been previously
reported that NKCCI has a turnover rate of 83/s in endo-
thelial cells (Kuang et al. 2001), yet despite this, these data
demonstrated the efficiency of the custom-designed anti-
NKCCI siRNA molecule, a successful transfection proto-
col and the sustained knockdown of the NKCCI message
between 12 and at least 48 h posttransfection (Fig. 3), as
previously reported in other mammalian cell lines (Elbashir
et al. 2001).

While RT-PCR is a good tool for determining expres-
sion levels, it is conceivable that the NKCC1 knockdown
could influence chondrocyte viability and, thus, not prove a
suitable tool for its study. Therefore, chondrocyte viability
was determined by MTT assay following transfection.
When comparing cell viability upon NKCC1 knockdown
groups and despite a reduction in cell division from a
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Table 2 Summary of RVI properties in C-20/A4 chondrocytes upon
NKCC1 knockdown

Anti-NKCC1-
transfected

Mock-transfected
control

Volume (um?) 1,487.43 £ 324.13  1,604.71 £ 349.69

Maximal recorded 69.32 + 1.80 65.14 £ 2.00
shrinkage (%)

Percentage recovery 84.82 + 2.07 74.54 £ 1.70
at t = 20 (%)

%> (min) 22.11 £3.23 43.26 + 5.64

Viability (%) 90 £ 0.80 89.80 £+ 1.41

Doubling time (days) 5.23 £0.26 13.94 £ 0.70

doubling time of 5.23 + 0.26 days in non-transfected to
13.94 £ 0.70 days in anti-NKCC1 siRNA-transfected
C-20/A4 chondrocytes (Table 2), there was no difference
seen, suggesting that these cells remained suitable for
subsequent studies while being transiently deficient in
NKCCI. Similarly, upon NKCCI1 inhibition using bumet-
anide, an arrest of the cell cycle was previously observed in
airway smooth muscles without inducing cell death
(Iwamoto et al. 2004). It must be noted, however, that
siRNA transfection has been shown to intrinsically affect
cellular growth (Ambion 2006); therefore, the reason for
the inhibition of cell division upon NKCCI knockdown
cannot be concluded.

Having determined that NKCC1 knockdown did not
influence chondrocyte viability whilst significantly reduc-
ing NKCC1 RNA levels, it was then necessary to study the
NKCC protein. Therefore, the localization of the NKCCl1
protein was determined by immunocytochemistry and
CLSM prior to transfection and repeated following siRNA-
mediated knockdown. In control mock-transfected chon-
drocytes, the NKCC1 protein was localized along the
plasma membrane (green) against a PI-counterstained
nucleus (red) as previously reported in bovine corneal
endothelial cells (Kuang et al. 2001); gerbile inner ear dark
cells, strial marginal cells and kidney cells (Crouch et al.
1997); and human tracheobronchial smooth muscle
(Iwamoto et al. 2003). Conversely, following anti-NKCCI
knockdown for 48 h, it was not possible to detect any
NKCCl, thus confirming the effect of mRNA knockdown
on protein levels (Fig. 4a). To further confirm the effect of
knockdown on NKCCI content in total cell protein lysate,
Western blot was performed as previously described. Upon
knockdown there was a distinct reduction of the NKCCl1
protein upon performing SDS-PAGE (Fig. 4b).

Traditionally, NKCCI1 is studied using 86-rubidium
(O’Donnell 1993) and inhibited using bumetanide, which
additionally inhibits other members of the solute carrier
family of membrane transporters, including the monocar-
boxylic acid transporter 7 (Price et al. 1998; Xu et al.
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Fig. 4 The effect of anti-NKCC1 siRNA transfection on the protein
level. Chondrocytes were transfected with anti-NKCC1 siRNA for 48
hours, fixed and visualised using T4 antibodies and secondary Alexa-
488 antibodies (staining the plasma membrane) against background
nuclear staining using propidium idodide. A reduction in the amount of
NKCC1 protein was visible upon knockdown (a) and was further
confirmed by western blot using T4 and HRP-secondary antibodies (b)

1994). Here, we report expression of NKCCI in the
C-20/A4 chondrocytic cell line at both the mRNA and
protein levels by RT-PCR and Western blot, respectively,
and we have devised a molecular method of inhibiting
NKCC1 activity by message knockdown. These data
combined demonstrate the successful knockdown of
NKCCI1 at both the message and protein levels, while not
influencing chondrocyte viability or morphology.

Capacity for RVI in Knockdown Chondrocytes

Having determined a successful protocol for knockdown
of NKCC1, we then wanted to confirm this by using
the capacity for RVI as a novel assay. The response of
C-20/A4 chondrocytes to hypertonicity was investigated
with and without knockdown of NKCCI. Previous reports
have shown that inhibition of NKCCI1 using bumetanide
induced cell shrinkage in lens fiber cells and vascular
smooth muscles (Anfinogenova et al. 2004; Chee et al.

2010), whereas there was no significant difference (P > 0.05)
in the resting cell volume of mock (negative control siRNA)
transfected and anti-NKCCI-transfected chondrocytes
at 280 mOsm (determined at 1,487.43 + 324.13 um3 and
1,604.71 + 349.69 um3, respectively; Table 2). These val-
ues were significantly larger than those observed in freshly
isolated bovine and human articular chondrocytes (Bush and
Hall 2001, 2003) but are not different when compared to other
chondrocytic cell lines including A13/BACii (Qusous et al.
2010).

The role of NKCC1 in C-20/A4 RVI was determined by
studying changes in chondrocyte cell volume in response to
a hypertonic challenge by CLSM in control and anti-NKCC1
siRNA-transfected chondrocytes 48 h posttransfection.
In all experimental conditions there was no significant
difference in cell shrinkage (P > 0.05) (Fig. 5) whereby
chondrocytes decreased in volume to 67.38 &+ 1.66%
and 65.26 = 1.86% in mock and anti-NKCC/-transfected
chondrocytes, respectively, as recorded at 1.5 min post-
challenge. Mock-transfected chondrocytes then exhibited
RVI with a 72 of 22.11 &+ 3.23 min and 82.17 £ 2.23%
volume recovery within the 20-min experimental period.
Conversely, in the presence of anti-NKCC! siRNA chon-
drocytes exhibited attenuated RVI with a reduction in ¢z to
43.26 £ 5.64 min and only 73.78 £ 1.60% volume recov-
ered during the experimental period at 20 min. Together
these data show that siRNA-mediated knockdown of
NKCCI inhibits the capacity for RVI, thus confirming the
reduction in functional protein expression at 24 h post-
transfection. Interestingly, these data were also found to be

—~ 100 =
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E’ =~ NKCC1 (-)
S —e— Control
5 90
(o]
=
o)
O 80+
°
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S 704
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Time Post-hypertonic Challenge (mins)

Fig. 5 Changes in volume in response to hyperosmotic challenge in
control and knockdown chondrocytes. Chondrocytes were loaded
with calcein AM and subjected to a 43% hyperosmotic challenge, and
changes in cell volume were recorded using CLSM. The volume of
the chondrocytes decreased and then sharply increased within 5 min.
Conversely, upon NKCCI1 knockdown, chondrocytes exhibited a
slower rate of volume recovery. Data are shown as mean £ SEM.
Number of cells, n = 86. **P < 0.001
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similar to rates of RVI previously reported in avian chon-
drocytes (Ong et al. 2010) and strongly suggest that the
mechanism for RVI in the chondrocytic cell line C-20/A4 is
mediated, but not exclusively, by NKCC1.

It was previously observed that freshly isolated chon-
drocytes do not have the capacity for robust RVI whereas,
upon 2D culture, RVI is evident and principally mediated
by NKCC1 (Kerrigan et al. 2006). Here, we report that
C-20/A4 chondrocytes have the capacity for NKCCI-
dependent RVI at a slower rate compared to 2D cultured
“responding” chondrocytes. Interestingly, C-20/A4 chon-
drocytes were found to possess a large cell volume
(>600 pmS; Table 2), similar to previous reports in fetal
chondrocytes of the reserve zone (Melrose et al. 2008),
hypertrophic chondrocytes (Bohme et al. 1995; DeLise
et al. 2000) and chondrocytes from degenerate cartilage
(Bush and Hall 2003, 2005). Furthermore, despite upreg-
ulation of NKCCI1 having been previously reported in
hypertrophic tissue (Bush et al. 2010), no change in
NKCCI1 expression was observed upon 2D culture of fetal
human chondrocytes (Stokes et al. 2002) or tissue degener-
ation (Trujillo et al. 1999a). It is thus conceivable that a
change in NKCC activity, possibly regulated by actin orga-
nization (Lionetto et al. 2002; Ong et al. 2010) via a cAMP-
dependent pathway (D’Andrea et al. 1996; Gosmanov and
Thomason 2003) or WNK phosphorylation (Kahle et al.
2010), may account for the RVI or an increased cell volume
in chondrocytes.

Following siRNA knockdown, C-20/A4 chondrocytes
still exhibited the capacity for robust volume regulation,
most likely attributed to the activity of other membrane
transporters including the epithelial sodium channel
(ENaC), previously observed in arthritic chondrocytes
(Trujillo et al. 1999a), or the Na*/H* exchanger (Browning
and Wilkins 2004).

Conclusion

Here, we have demonstrated the effective use of a highly
specific molecular inhibitory tool (RNAI) to target NKCCI
in chondrocytes at the message, protein and functional
levels while not influencing chondrocyte viability or mor-
phology. The use of this technology to functionally inhibit
NKCCI1 has been demonstrated by ablating the capacity for
RVI, thus suggesting that this model is suitable for the
additional study of this transporter. Currently, further work
is still required to better understand the activation of
NKCCI1 in chondrocytes and its potential role in OA, and
siRNA technology offers a suitable tool for this.
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