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The FXYD proteins are a family of small membrane proteins
that share an invariant four amino acid signature motif F-X-Y-D
and act as tissue-specific regulatory subunits of the Na,K-
ATPase. FXYD5 (also termed dysadherin or RIC) is a struc-
turally and functionally unique member of the FXYD family.
As other FXYD proteins, FXYD5 specifically interacts with
the Na,K-ATPase and alters its kinetics by increasing Vmax.
However, unlike other family members FXYD5 appears to
have additional functions, which cannot be readily explained
by modulation of transport kinetics. Knockdown of FXYD5 in
MDA-MB-231 breast cancer cells largely decreases expres-
sion and secretion of the chemokine CCL2 (MCP-1). A
related effect has also been observed in renal cell carcinoma
cells. The current study aims to further characterize the rela-
tionship between the expression of FXYD5 and CCL2 secretion.
We demonstrate that transfection of M1 epithelial cell line
with FXYD5 largely increases lipopolysaccharide (LPS) stimu-
lated CCL2 mRNA and secretion of the translated protein. We
have completed a detailed analysis of the molecular events
leading to the above response. Our key findings indicate that
FXYD5 generates a late response by increasing the surface
expression of the TNF� receptor, without affecting its total
protein level, or mRNA transcription. LPS administration to
mice demonstrates induced secretion of CCL2 and TNF� in
FXYD5-expressing lung peripheral tissue, which suggests a
possible role for FXYD5 in normal epithelia during inflam-
mation.

FXYD is a family of type I plasma membrane proteins char-
acterized by the extracellular motif Phe-Xxx-Tyr-Asp. All
seven mammalian members of this family specifically interact
with the Na,K-ATPase and they have been described to act as
tissue specific regulators or auxiliary subunits of the Na,K-
ATPase whose role is to adjust the pump’s activity to the cell
environment (1). FXYD5 (also termed dysadherin or RIC) is a
structurally and functionally unique member of the FXYD fam-

ily. As other FXYD proteins, FXYD5 specifically interacts with
the Na,K-ATPase and alters its kinetics by increasing Vmax (2,
3). However, in addition to regulating Na,K-ATPase kinetics,
FXYD5 appears to have other functions. FXYD5 has been iden-
tified as a cancer-associated protein whose expression inhibits
E-cadherin and promotes metastasis (4). Clinical studies have
demonstrated correlations between the abundance of FXYD5
and the progression of malignancies and survival chances of
patients with various human cancers (for review see Ref. 5).
Silencing FXYD5 decreases individual and collective cell motil-
ity, while its overexpression has the opposite effect (6 – 8). In
addition, the expression of FXYD5 has been associated with
changes in cytoskeletal organization, altered cell shape and
impairment of tight and adherence junctions (6 –10). The
above observations are consistent with the fact that the extra-
cellular domain of FXYD5 is much longer than that of other
FXYD proteins and presumably undergoes excessive O-glyco-
sylation (4, 11).

Previously, it was reported that knockdown of FXYD5 in
MDA-MB-231 breast cancer cells largely decreases expression
and secretion of the chemokine CCL2 (12). A related effect has
also been observed in renal cell carcinoma cells (7). CCL2 (also
termed MCP-12 for monocyte chemotactic protein-1) is a small
cytokine belonging to the CC chemokine family. It participates
in monocyte recruitment during infection or under other
inflammatory conditions (13). Since it is known that many
tumors secrete CCL2, which attracts tumor-associated macro-
phages that promote tumor growth, angiogenesis, and metas-
tasis (14 –16), this finding has been connected to the effect of
FXYD5 on tumorgenicity.

FXYD5 is up-regulated in cystic fibrosis, which is character-
ized by an excessive airway inflammatory response (10). It has
been suggested that the increased levels of FXYD5 contributes
to a MCP-1 autoregulatory loop downstream of NF-�B (12).
Moreover, FXYD5 is one of the genes up-regulated in chronic
inflammation and immune system overactivity described in the
aging process of the human brain (17).

In the current study, we show that the presence of FXYD5 in
normal epithelial cells predisposes to a more inflammatory
phenotype. In M1 cells, FXYD5 largely increases the LPS-
induced expression of CCL2 mRNA and secretion of the trans-
lated protein. This effect however requires extracellular stimuli
such as LPS (lipopolysaccharide), and it is mediated by TNF�.
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Experimental Procedures

Expression and Silencing of FXYD5 in Cultured Cells—The
mouse kidney collecting duct cell line M1 (18), was purchased
from ATCC. Cells were cultured in a 1:1 mixture of DMEM and
F12 medium (Biological Industries, Beit Haemek, Israel) sup-
plemented with 5% fetal calf serum, 5 �M dexamethasone, and
antibiotics (penicillin, streptomycin). Transfection of FXYD5
and silencing of FXYD4 were previously described (9). H1299
cells (human non small cell lung carcinoma) were cultured in
RPMI 1640 (Biological Industries, Beit Haemek, Israel) supple-
mented with 10% FCS, 1 mM sodium pyruvate, and antibiotics
(penicillin, streptomycin). Silencing of endogenous FXYD5 in
H1299 cells was previously described (19).

Detection of CCL2 Protein—Cells were grown until confluent
in 12-well plates and allowed to continue proliferation for an
additional 4 days to allow polarization of the epithelial layer.
The medium was replaced by 0.5 ml of full medium � LPS,
TNF�, and other reagents. After an additional 24-h incuba-
tion, medium was removed, and aliquots were assayed for
secreted CCL2 using either mouse or human MCP-1 ELISA
Kit (Thermo Scientific), according to the manufacturer’s
instructions.

Real-time Relative Reverse Transcription PCR—RNA was
isolated from cultured cells using an RNAeasy kit (Qiagen) and
reverse transcribed from the poly(A)� tail using a Super-Script
II Reverse Transcriptase kit (Invitrogen). PCR reactions were
set up using the Power SYBR Green PCR kit (Applied Biosys-
tems) according to the manufacturer’s instructions. Data were
normalized to the abundance of GAPDH mRNA. The genes
indicated below were then amplified using the forward and
reverse primers: CCL2 mouse 5�-cctgtcatgcttctgggcctgc, CCL2
mouse 3�-ggggcgttaactgcatctggctg, CCL2 human 5�-cgctcagc-
cagatgcaatcaatgc, CCL2 human 3�-ctcgcgagcctctgcactgaga,
TNFR1 5�-ccgggagaagagggatagctt, TNFR1 3�-tcggacagtcact-
caccaagt, TNF� mouse 5�-gcctcttctcattcctgcttg, TNF� mouse
3�-ctgatgagagggaggccatt, TLR4 mouse 5�-atggcatggcttacac-
cacc, TLR4 mouse 3�- gaggccaattttgtctccaca.

Reagents and Antibodies—Lipopolysaccharides (LPS) from
Escherichia coli 055:B5 was from Sigma-Aldrich (cat. no.
L6529), FITC-LPS was from Sigma-Aldrich (cat. no. L8666).
Recombinant Mouse TNF� was from PROSPEC (cat. no. cyt-
252). The NF-�B activation inhibitor 6-amino-4-(4-phenoxy-
phenylethylamino) quinazoline (QNZ) was from Calbiochem
(cat. no. 481407). Wortmannin was from Sigma-Aldrich (cat.
no. W1628). Antibodies against FXYD5 and TNFR-1 were pur-
chased from Santa Cruz Biotechnology (cat. no. sc-166782 and
sc-1070), respectively. Anti-TNF� was purchased from Cell
Signaling (cat. no. 3707).

Surface Biotinylation and Western Blotting—Surface biotiny-
lation procedure was done as described in Ref. 19. In brief: con-
fluent monolayers were surface biotinylated by a 10-min incu-
bation at 4 °C with 1.5 mg/ml EZ-Link sulfo-NHS-SS-biotin
(Pierce cat. no. 21331) in PBS without calcium or magnesium.
The unbound biotin was quenched with 100 mM glycine in PBS,
and cells were lysed by rocking for 1 h at 4 °C in RIPA buffer
supplemented with protease inhibitors (20 mM Tris�HCl, pH
7.4, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100, 0.1% SDS, 1

mM PMSF, 20 mg/ml leupeptin, and 20 mg/ml pepstatin A),
unless stated otherwise. Cell debris was removed by centrifuga-
tion at 5,000 � g for 5 min, 2–10% of the volume was taken as
“total protein” sample, and the rest (�700 �l) was incubated
overnight at 4 °C with 100 �l streptavidin agarose resin slurry
(Pierce cat. no. 20353). The agarose beads were then washed,
and streptavidin-bound proteins were eluted by incubation
with SDS sample buffer (cell surface fraction). Total and cell
surface proteins were resolved electrophoretically on 7.5%
acrylamide Tris-glycine gels (Bio Rad cat no. 161-0171) and
blotted onto PVDF membranes (Bio Rad cat. no. 170-4157)

Animals—8 –10-week-old male C57BL/6 mice were pur-
chased from Charles River Laboratories. All experiments were
approved by the Northwestern University Animal Care and Use
Committee.

LPS Administration and Collection of Bronchoalveolar
Lavage Fluid (BAL)—Mice were treated with a single intraperi-
toneal injection of PBS or LPS (6 mg/kg in 50 �l of PBS) as
described (20). Lung proteins were obtained by homogenizing
lung tissue collected from the peripheral 1–2 mm of each lobe
as previously described (21, 22). BAL was performed through a
20-gauge angiocath ligated into the trachea via tracheostomy. 1
ml of PBS was slowly instilled into the lungs and then carefully
aspirated three times (23). BAL was centrifuged for 5 min at
1500 rpm to remove cells and used to determine cytokines.
Mouse CCL2 and TNF� were determined using ELISA kits
from Thermo Scientific and eBiosciences, respectively.

Promoter-reporter Assay—The assay was done by the Dual-
Luciferase Reporter Assay System (Promega). 12-well plates of
parental and M1�FXYD5 cells were transfected with a total
of 1.8 �g/well of nuclear factor �-light-chain-enhancer of
activated B cells (NF-�B)-LUC promoter-reporter plasmid,
together with 360 ng/well of pRL-TK (Renilla) plasmid, using
JetPEI transfection reagent (Polyplus transfection) according to
the manufacturer’s instructions. The plasmids were obtained
from the Forchheimer Plasmid Collection of the Weizmann
Institute. After transfection, cells were incubated for 48 h and
lysed according to the manufacturer’s instructions. Lumines-
cence was measured by a Modulus Microplate Luminometer
(Promega).

The Kinetics of LPS-FITC Binding to M1 Cells—Confluent
M1 WT and M1�FXYD5 cells were pre-incubated for 30 min
at 37 °C with LPS-FITC (1 �g/ml) in growth medium. Pre-in-
cubated cells were washed with PBS, and then 100 nM LPS was
added for another 30 min. The cells were recorded by confocal
microscopy (Olympus) with 5-min intervals. The binding of
LPS-FITC to M1 cells was analyzed by ImageJ.

Statistics—Data are expressed as means � S.E., and signifi-
cance was calculated by one way ANOVA � Dunnetts’s multi-
ple comparisons test using Kaleidagraph version 4.1.

Results

FXYD5 Increases LPS Induced CCL2 Secretion in M1 Cells—
Our laboratory has studied the effects of FXYD5 in the M1
model epithelium (9, 19). M1 cells originate from the FXYD5-
expressing mouse kidney collecting duct, but the isolated cell
line lacks FXYD5. Transfecting them with FXYD5 cDNA
(M1�FXYD5) results in its association with the Na,K-ATPase
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and evokes effects of FXYD5 on cell-cell contact, cytoskeletal
organization, and cell adhesion and polarization (9, 19).

Untreated M1 cells do not secrete a significant amount of
CCL2 irrespective of the expression of FXYD5. Such secretion
could largely be induced by treating cells with 100 ng/ml LPS
for 24 h (Fig. 1A). LPS-induced CCL2 secretion was FXYD5-
dependent, as M1�FXYD5 cells secreted at least 5-fold more
CCL2 than the non-transfected cells. This was also matched by
a higher abundance of CCL2 mRNA (Fig. 1B). Previously we
have demonstrated that M1 cells constitutively express FXYD4,
which is suppressed by the expression of FXYD5 (19). To
exclude the possibility that the above effect is due to FXYD4
down-regulation rather than FXYD5 expression, we have also
measured LPS-induced CCL2 secretion in FXYD4 silenced cells.
Such silencing does not cause up-regulation of any other FXYD
protein (19). As can be seen in Fig. 1A, inhibiting the expression of
FXYD4 in M1 cells does not elevate CCL2 secretion. Fig. 1C sum-
marizes the LPS dose response in M1�FXYD5 cells. Maximal
induction of CCL2 in M1�FXYD5 cells is achieved at 100–300
ng/ml, similar to that previously reported (24).

LPS-induced CCL2 Secretion Is Mediated by NF-�B—LPS
activation and initiation of pro-inflammatory events occur rap-

idly after LPS interacts with the Toll-like receptor 4 (TLR4)
(25). As a first step in understanding the differential CCL2
secretion, we analyzed the surface binding of LPS in M1 WT
versus M1�FXYD5 cells by measuring the kinetics of compet-
itive LPS binding with FITC-LPS conjugate. The curves
observed in Fig. 2A show no variance in FITC-LPS release
between both cells lines. Also, no significant changes were
observed in TLR4 mRNA (Fig. 2B). The fact that FXYD5 has no
effect on LPS-TLR4 interaction suggests that the step affected
by this protein is postreceptor binding.

LPS activates a broad range of signaling pathways including
the NF-�B and MAPK cascades (26), and also the PI3K pathway
(27). To elucidate whether FXYD5 regulates the LPS-induced
CCL2 secretion by modulating any of these pathways, we pre-
incubated M1�FXYD5 cells with QNZ (NF-�B inhibitor), and
with Wortmannin (PI3K inhibitor). The results in Fig. 3A demon-
strate that while Wortmannin had no effect on CCL2 secretion,
QNZ reduces it almost completely, suggesting that CCL2 secre-
tion in M1�FXYD5 is mediated through NF-�B pathway. How-
ever, NF-�B was equally induced in WT M1 and M1�FXYD5 cells
when assessed by an NF-�B dual luciferase reporter assay, shortly
after LPS activation (Fig. 3B). These results suggest that while

FIGURE 1. FXYD5 increases LPS-induced CCL2 secretion in M1 cells. Wild type, M1�FXYD5, and FXYD4 silenced M1 cells were treated with either 100 ng/ml
LPS or diluent. A, medium was removed 24 h later and assayed for CCL2 as described under “Experimental Procedures.” Means � S.E. of at least three
independent experiments are depicted. The asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA; ****, p � 0.0001, ns,
non-significant. B, cells were lysed, total RNA extracted, and assayed for the abundance of CCL2 and GAPDH mRNA by RT-PCR as described under “Experimental
Procedures.” Data are represented by arbitrary units normalized to GAPDH. Means � S.E. of at least three independent experiments are depicted. The asterisk
indicates a significant difference between the two test groups, as analyzed by ANOVA; ***, p � 0.001. C, M1�FXYD5 cells were incubated with LPS with the
indicated concentration for 24 h. CCL2 secretion was quantified as described above. Means � S.E. of at least three independent experiments are depicted. The
asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA; ****, p � 0.0001.
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NF-�B is necessary for the LPS-induced CCL2 secretion, its initial
activation is not dependent on the presence of FXYD5.

FXYD5-dependent CCL2 Secretion Is a Result of Late Gene
Activation—The fact that FXYD5 has no influence on the
main LPS stimulatory steps suggests that its differential reg-

ulation is on downstream mediators. Closer examination of
the kinetics of the LPS-induced increase in CCL2 mRNA
indicates that in non-transfected cells LPS evokes a relatively
fast increase in mRNA, which peaks at 2 h and then decays
back to background level. In M1�FXYD5 cells, on the other

FIGURE 2. LPS-FITC binding to M1 cells. A, M1 WT and M1�FXYD5 cells were incubated for 30 min with FITC-LPS. Non-fluorescent LPS was added and
competitive kinetics were observed by fluorescent signal decay under confocal microscopy (�20 magnification). Representative images of 0 min and 30 min
time points are depicted (left panel). Scale bar, 10 �m. Total fluorescence of each image was calculated and plotted (bottom). Data points are means � S.E. of
4 fields for each cell type. B, M1 WT and M1�FXYD5 cells were lysed, total RNA extracted, and assayed for the abundance of TLR4 mRNA by RT-PCR as described
under “Experimental Procedures.” Data represented by arbitrary units normalized to GAPDH. Means � S.E. of three experiments are depicted.

FIGURE 3. LPS-induced CCL2 secretion is mediated by NF-�B. A, confluent monolayers of M1�FXYD5 cells received either 100 nM of the indicated inhibitor
or diluent. 30-min later the cultures received 100 ng/ml LPS and were incubated for 24 h. CCL2 secretion was analyzed in the culture medium. The asterisk
indicates a significant difference between the two test groups, as analyzed by ANOVA; ****, p � 0.0001. B, M1 and M1�FXYD5 cells were transfected with
NF-�B-LUC and Renilla plasmids. After 24 h the cells were treated with 100 ng/ml LPS for 30 min at 37 °C. Luciferase activity was normalized to Renilla
expression. Means � S.E. of at least three independent experiments are depicted.
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hand, the effect builds up slower, but is more sustained (Fig.
4A). The mRNA data are supported by CCL2 protein secre-
tion, as shown in Fig. 4B. While in M1 WT cells, CCL2 accu-
mulates earlier and remains constant, in M1�FXYD5 cells,
the secretion occurs later, but remains continuous, as shown
by protein accumulation up to 24 h. The above data suggest
an additional, FXYD5-dependent activation phase, only in
M1�FXYD5 cells.

LPS induces a wide range of parallel signaling pathways that
can trigger a potential autocrine stimulatory loop or act as feed-
back inhibitors to control late LPS-responsive genes, and our
data suggest that one of those pathways may be regulated by the
presence of FXYD5. Tumor necrosis factor � (TNF�) is a
potent pro-inflammatory cytokine with important roles in con-
trol of immune and inflammatory responses as well as cell cycle
proliferation and apoptosis (28) whose expression is also

increased by LPS (29). Fig. 5A shows that the levels of TNF�
mRNA are elicited equally by LPS treatment in WT M1 and
M1�FXYD5 cells. The above data are matched by secreted pro-
tein, detected in growth medium (Fig. 5B). M1 WT and
M1�FXYD5 cells were incubated with increasing concentra-
tions of TNF� and analyzed for secreted CCL2. The effect of
TNF� on CCL2 secretion was only observed in M1�FXYD5,
and not in WT M1 cells (Fig. 5C).

We then aimed to identify the FXYD5 differentiated step in
TNF� mediated CCL2 secretion. TNF� exerts its biological
functions via interactions with two distinct receptors, desig-
nated TNFR1 and TNFR2 (30). The TNF� effects on NF-�B
activation occurs predominantly through TNFR1 (31). We
therefore analyzed the expression pattern of TNFR1 in WT M1
versus M1�FXYD5 cells. Fig. 6A shows that TNFR1 is
expressed approximately at the same level in total cell lysates

FIGURE 4. FXYD5-dependent CCL2 secretion is a result of late gene activation. WT M1 and M1�FXYD5 cells received 100 ng/ml LPS for the indicated
periods of time. A, cells were lysed and total RNA was isolated and assayed for the abundance of CCL2 mRNA by RT-PCR. Data are represented by arbitrary units
normalized to GAPDH. B, medium was collected and assayed for CCL2 as described under “Experimental Procedures.” Means � S.E. of three experiments are
depicted.

FIGURE 5. LPS-induced TNF� stimulates CCL2 only in M1�FXYD5 cells. A, WT M1 and M1�FXYD5 cells received 100 ng/ml LPS for the indicated periods of
time. Cells were lysed, and total RNA was isolated and assayed for the abundance of TNF� mRNA by RT-PCR. Data are represented by arbitrary units normalized
to GAPDH. B, following 4 h of LPS stimulation, medium was collected and concentrated. Medium samples from LPS stimulated and non-stimulated cells were
electrophoretically resolved, and TNF� secretion was analyzed with anti TNF� (1:1000) by Western blotting. C, wild type (WT) M1 and M1�FXYD5 cells were
incubated for 24 h with the indicated concentrations of TNF�, and the CCL2 concentration in the medium was determined. Values are means � S.E. of three
independent experiments. The asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA; ***, p � 0.001.
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(lower panel); however it is translocated to the plasma mem-
brane only in the presence of FXYD5 (upper panel). In agree-
ment with the results, the levels of TNFR1 mRNA are compa-
rable in WT M1 and M1�FXYD5 (Fig. 6B).

To further verify that the FXYD5-induced increase in CCL2
secretion is a result of the second phase activation mediated
through TNF� receptor, we blocked the receptor with anti-
TNFR1 antibody (E-20) (32) (Fig. 6C). WT M1 and M1�
FXYD5 cells were pre-incubated either with anti-TNFR1 for 1 h
or with diluent, followed by 8 h LPS treatment. In M1�FXYD5
cells, in the presence of the TNFR1 antibody the production of
CCL2 was decreased by more than 40%, while in M1 WT
cells, in agreement with the absence of the receptor, the
addition of the antibody does not significantly modify the
secretion of CCL2. The above data are matched by inhibition
of CCL2 mRNA, observed 4 h following LPS stimulation (Fig.
6D). The partial reduction of CCL2 secretion could be
explained by incomplete inhibition of TNFR1 receptor by
the antibody, due to experimental limitation. This was sup-
ported by partial activation of the TNFR1 receptor by TNF�
in the presence of the same concentration of anti-TNFR1
(Fig. 6E). Nevertheless, the existence of additional pathways
that stimulate CCL2 secretion in M1�FXYD5 cannot be
completely ruled out.

FXYD5 Effect on CCL2 Secretion Is Not Exclusive to M1
Cells—Next, we tested the generality of the above phenomenon
by measuring CCL2 secretion in the non-small lung carcinoma
H1299 cells, which natively express FXYD5, and in H1299 cells
where FXYD5 was silenced by transfection with a specific
shRNA. H1299 cells were not responsive to external LPS irre-
spective of the FXYD5 expression (data not shown). However
CCL2 secretion was strongly induced by TNF�, and silencing of
FXYD5 almost completely abolished it, as shown by both
decrease in secreted protein and mRNA (Fig. 7, A and B). In
agreement with the results in M1 cells, the absence of FXYD5 in
H1299 significantly reduces TNFR1 expression at the plasma
membrane (Fig. 7C). Furthermore, since H1299 cells natively
express FXYD5, we assessed FXYD5 abundance following
TNF� stimulation. Surface labeling of FXYD5 was a problem
until now, since it could not be biotinylated or stained by anti-
bodies, probably because of post-transcriptional modification
of the extracellular domain, such as glycosylation. To overcome
this difficulty, after biotinylation, we performed protein extrac-
tion, with nonionic detergent (C12E10), which was shown to
preserve protein-protein interactions. The C12E10 buffer (1
mg/ml C12E10, 100 mM RbCl, 1 mM EDTA, 50 mM Tris, pH 7.5)
was previously used by our laboratory for coimmunoprecipita-
tion assays of Na,K-ATPase and FXYD proteins (33). This

FIGURE 6. FXYD5 promotes plasma membrane expression of TNFR1. A, M1 and M1�FXYD5 were surface labeled with biotin, and total and surface-
biotinylated proteins were extracted as described under “Experimental Procedures.” Western blots were analyzed with TNFR1-specific antibody. Tubulin and
�1 subunit of Na,K-ATPase (�1/NaK) are shown as the loading controls for the total and surface expressed proteins, respectively. Two independent protein
preparations from WT and M1�FXYD5 cells are depicted. B, RT-PCR was performed to measure TNFR1 mRNA abundance. Data are represented by arbitrary
units normalized to GAPDH. C, CCL2 secretion following treatment with TNFR1 blocking antibody. Prior to LPS treatment, WT M1 and M1�FXYD5 cells were
incubated for 1 h with 10 �g/ml TNFR1 blocking antibody or diluent. Medium was removed, and 0.5 ml of fresh medium was added � 100 ng/ml LPS and
incubated for 8 h. Medium was removed, and aliquots were analyzed for secreted CCL2. Means � S.E. of three different experiments are depicted. The asterisk
indicates a significant difference between the two test groups, as analyzed by ANOVA, ***, p � 0.001. D, following TNF� stimulation, anti-TNFR1 treated
(TNF��ab) and non-treated (TNF�) cells were lysed, total RNA extracted and assayed for the abundance of CCL2 mRNA by RT-PCR as described under
“Experimental Procedures.” Data represented by arbitrary units normalized to GAPDH. Means � S.E. of three experiments are depicted. The asterisk indicates
a significant difference between the two test groups, as analyzed by ANOVA; ***, p � 0.001. E, CCL2 secretion following treatment with TNFR1-blocking
antibody. Prior to TNF� treatment, M1�FXYD5 cells were incubated for 1 h with 10 �g/ml TNFR1 blocking antibody or diluent. Medium was removed, and 0.5
ml of fresh medium was added �100 ng/ml TNF� and incubated for 8 h. Medium was removed, and aliquots were analyzed for secreted CCL2. Means � S.E. of
three different experiments are depicted. The asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA; ***, p � 0.001.
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maneuver allowed us to isolate FXYD5 from cell surface as a
complex with surface biotinylated pump.

As observed in Fig. 7D, FXYD5 total and surface protein is
significantly up-regulated after 2 h of treatment with TNF�,
and then its level returns back to baseline. FXYD5 mRNA up-
regulation was also noticed Fig. 7E, suggesting alterations at
transcriptional level.

FXYD5 Is Up-regulated in LPS-stimulated Mice Lung
Epithelium—Finally we examined the effects of LPS on the
secretion of CCL2 and TNF� in vivo. In our previous publica-
tion (2), we have shown that FXYD5 can be found in normal
cells and that it is particularly abundant in epithelial cells in
kidney, intestine, and lung. These epithelia are directly exposed
to different levels of bacterial pathogens, present as contami-
nants in food or in airborne particles. As expected, LPS induced
CCL2 and TNF� secretion in mice respiratory system. In Fig. 8,

mice were treated with LPS according to the protocol described
under “Experimental Procedures.” BAL fluid was collected at
the indicated periods of time and tested for the presence of
CCL2 (Fig. 8A) and TNF� (Fig. 8B). In parallel, membranes
from lung tissue were analyzed for the presence of FXYD5 by
Western blotting (Fig. 8C). The results demonstrate secretion
of both CCL2 and TNF� following LPS stimulation, matched by
an increase in FXYD5 protein in the plasma membrane.

Discussion

Systemic inflammation constitutes a major cause of morbid-
ity and mortality as it is involved in a host of different infectious
and noninfectious diseases. In this study, using LPS as stimula-
tor, we described that the presence of FXYD5 in normal epithe-
lial cells increases the production of CCL2, suggesting a more
inflammatory phenotype. Our key finding showed differential

FIGURE 7. FXYD5 effect on TNF� receptor is not exclusive to M1 cells. A, TNF� induced CCL2 secretion in H1299. WT and FXYD5 silenced H1299 cells were
incubated in the presence or absence of 100 ng/ml TNF� for 24 h. Medium was removed, and aliquots were analyzed for secreted CCL2. The asterisk indicates
a significant difference between the two test groups, as analyzed by ANOVA; ****, p � 0.0001. B, time course of TNF�-dependent CCL2 mRNA transcription.
12-well plates of H1299 WT and shFXYD5 cells received 100 ng/ml TNF� for the indicated periods of time. Cells were then lysed, and total RNA was isolated and
assayed for the abundance of CCL2 mRNA by RT-PCR. Data are represented by arbitrary units normalized to GAPDH. Means � S.E. of three experiments are
depicted. C, 10-cm plates of M1 and M1�FXYD5 cells were grown till confluence and surface biotinylated proteins were extracted as described under
“Experimental Procedures.” Samples were resolved by electrophoresis and blotted with antibodies to TNFR1. The �1 subunit of Na,K-ATPase (�1/NaK) is shown
as the loading controls for surface expressed proteins. The figure shows a representative Western blot. D, TNF� induced FXYD5 expression in H1299. 10-cm
plates of H1299 WT and shFXYD5 cells received 100 ng/ml TNF� for the indicated periods of time. For total fraction: cells were lysed in RIPA buffer, for surface
FXYD5: the cells were biotinylated and extracted in C12E10 buffer (1 mg/ml C12E10, 50 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl). The protein extracts were
resolved by Western blotting and assayed for the abundance of FXYD5 with anti FXYD5 (1:100). Specific bands were quantified and normalized to tubulin or
�1/NaK expression. A representative Western blot is shown. E, 12-well plates of H1299 WT and shFXYD5 cells received 100 ng/ml TNF� for the indicated periods
of time. Cells were lysed and total RNA was isolated and assayed for the abundance of FXYD5 mRNA by RT-PCR. Data are represented by arbitrary units
normalized to GAPDH. Data are expressed as means � S.E. The asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA;
*, p � 0.05.
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localization of the TNFR1 receptor in FXYD5-expressing cells,
suggesting that FXYD5 can contribute to the inflammatory
state through TNF� signaling in normal cells. We have also
characterized the above effect in two different cell lines and in
vivo.

The primary model system used in this study was the kidney
collecting duct cell line M1, as FXYD5 is expressed in these
ducts under normal conditions (2). In non-stimulated cells,
CCL2 expression and secretion cannot be detected, either in
cells containing or lacking FXYD5. However, LPS treatment
leads to the production of the cytokine CCL2, which is much
greater in cells expressing FXYD5. The renal epithelial cells are
directly exposed to bacteria and viruses known to induce CCL2,
so the secretion of CCL2 in M1 was expected. However, the
strong dependence of this effect on the expression of FXYD5
may suggest that up-regulating CCL2 secretion in response to
bacterial or viral infection is one of the functions of FXYD5 in
normal tissue. Previously, we have shown that the expression of
FXYD5 in M1 cells impairs tight junctions, as measured by an
increase of the paracellular permeability and redistribution of
tight junction proteins (19). Thus, a simplified explanation to
the LPS-induced FXYD5-dependent CCL2 secretion in M1
cells is that the expression of this protein makes LPS more
accessible to their receptors. However, this is unlikely to be the
case, since the LPS receptor-TLR4 is apical. Furthermore, we
showed a similar labeling of FITC-LPS on both parental and
M1�FXYD5 cells, providing direct evidence that both cell lines
possess LPS binding capability.

Several experiments have been carried out in an attempt to
elucidate the molecular events mediating the above response.
Preliminary experiments using QNZ demonstrated that LPS
induced CCL2 secretion in M1 cells is mediated by NF-�B path-
way. However, promoter-reporter studies showed that despite
the significant difference in amount of secreted CCL2 between
M1 WT and M1�FXYD5 cells, LPS-mediated NF-�B activa-
tion in both is similar.

A detailed kinetic analysis of CCL2 mRNA transcription
showed that CCL2 accumulation in M1�FXYD5 cells is due to
a second phase of gene expression. This result suggests involve-
ment of a secondary regulator that generates additional, more
prolonged, CCL2 mRNA transcription and protein secretion in
FXYD5-expressing cells. In both, M1 WT and M1�FXYD5
cells, LPS exposure increased the expression of TNF�. How-
ever, we found a striking difference in the cellular response to
TNF� between M1 WT and M1�FXYD5 cells. We showed that
TNF� is an early response cytokine induced by LPS in both
parental and M1�FXYD5 cells. Our results establish an auto-
crine loop, in which TNF� promotes the production of CCL2,
only in M1�FXYD5 cells. Our data demonstrate that FXYD5
increases the production of CCL2 by increasing the abundance
of the TNF� receptor in the plasma membrane. This key find-
ing was confirmed first by our results showing that M1 WT cells
are much less responsive to TNF� stimuli than M1�FXYD5
cells in terms of CCL2 secretion. Second, more than 40% of
LPS-induced CCL2 secretion in M1�FXYD5 cells was neutral-
ized by TNFR1 blocking antibody. The partial inhibition of

FIGURE 8. FXYD5 is up-regulated in LPS-stimulated mice. A and B, LPS-stimulated secretion of CCL2 and TNF� in lung BALF. Mice were treated with a single
intraperitoneal injection of 50 �l of PBS or LPS (6 mg/kg) in 50 �l of PBS and BAL was collected at the indicated times as described under “Experimental
Procedures.” The asterisk indicates a significant difference between the two test groups, as analyzed by ANOVA; **, p � 0.01. C, lungs were lysed, and the
presence of FXYD5 was analyzed by Western blotting (upper panel). Densitometry analysis of the bands was performed, and the FXYD5 signal was normalized
to �-actin (lower panel). Data are expressed as means � S.E. n � 3. The asterisk indicates a significant difference between the two test groups, as analyzed by
ANOVA; *, p � 0.05.
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CCL2 secretion by anti-TNFR1 could indicate that additional
factors may be involved in this process. It also may point to the
early translated CCL2, which is mediated exclusively by LPS. In
addition, incomplete abolishment may be explained by experi-
mental limitations, such as incomplete inhibition of the recep-
tor by the antibody.

Finally, the results obtained in M1 cells were validated in
another cellular system. We found that the secretion of CCL2
stimulated by TNF� was completely abolished by FXYD5
silencing, along with down-regulation of surface TNFR1 in
H1299 cells that natively express FXYD5. Furthermore, we
showed up-regulation in FXYD5 total and surface expression
immediately upon TNF� stimulation, which highlights FXYD5
role in TNF�-mediated signaling not only during inflamma-
tion, but under any homeostatic and pathophysiological
conditions.

The presence of FXYD5 did not modify the total protein
levels of TNFR1 or interfere with its transcription suggesting
that FXYD5 may regulate targeting of the TNFR1 to the plasma
membrane. TNFR1, in the absence of stimuli, is predominantly
localized at the Golgi apparatus (34). The FXYD5-dependent
increase in surface receptor, without external stimuli, could
occur due to an interference with the TNFR1 cytoplasmic
domain, which is responsible for its intracellular retention (35).
Alteration of this process by FXYD5 or in any other step of
TNFR1 membrane traffic pathway may have an important
effect on the ability of a cell to respond to TNF�.

The underlying mechanisms mediated by FXYD5, that con-
trol TNFR1 localization and hence, severity of inflammation,
are not defined yet. FXYD5 lacks intrinsic enzymatic activity;
therefore its downstream signaling depends upon sequential
recruitment of cytosolic adaptor proteins or by co-interaction
with additional membrane proteins, as Na,K-ATPase. The
interaction of FXYD5 with Na,K-ATPase has long been estab-
lished (2, 3). It was previously reported that in addition to main-

taining the electrochemical gradient, Na,K-ATPase may
promote intracellular signaling processes that effect cell prolif-
eration and apoptosis (36, 37). It can effect cell-cell contact and
motility (38, 39) and also form a hormone-receptor complex
capable of inducing phosphorylation (40). Thus, FXYD5 may
regulate TNFR1 expression at the plasma membrane via inter-
action with the pump.

To further establish the significance of the FXYD5 role dur-
ing inflammation, we induced infection mimicking conditions
in mice. Intraperitoneal injection of LPS resulted in the appear-
ance of both CCL2 and TNF� in mice BAL fluid. Secretion of
CCL2 and TNF� during infection has long been established
both in vivo and in vitro (41). We now provide the first indica-
tion of a correlation between LSP-mediated CCL2 secretion
and elevation in FXYD5 protein abundance in vivo. The in vivo
kinetics of TNF� and CCL2 secretion correlates with FXYD5
up-regulation in normal lung tissue, which by itself might sug-
gest involvement of FXYD5 in the infection process. The clear-
ance of TNF� and CCL2 from mice lung after 24 h is not in
agreement with the in vitro studies in M1 cells, which display
CCL2 accumulation. This inconsistency might have a simple
explanation. The experimental setting in vivo has a much more
complicated structure and tighter regulation then that ob-
served in culture cells. In addition, FXYD5 high expression in
M1 cells is constitutively induced by stable transfection, as
opposed to native FXYD5, which resides under strict cellular
regulation.

The finding that there is a relation between the expression of
FXYD5 and CCL2 secretion after LPS treatment indicates that
the presence of FXYD5 generates a more pro-inflammatory
phenotype and might play a role in immune processes, which is
a novel concept. Finally, we offer a mechanism that indicates
involvement of the TNF� receptor as a key element mediating
FXYD5-dependent LPS-induced CCL2 secretion (Illustrated
in Fig. 9). LPS binding to TLR4 receptor in M1 WT and

FIGURE 9. Schematic representation of signaling events leading to CCL2 accumulation in FXYD5-expressing cells. 1, LPS binding to TLR4 receptor
triggers NF-�B activation. 2, NF-�B nuclear translocation induces transcription and secretion of CCL2 and TNF�. 3, FXYD5 promotes the expression of the TNFR1
at the plasma membrane. 4, TNF� binds to surface TNFR1 generating an autocrine loop leading to prolonged CCL2 secretion.
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M1�FXYD5 cells immediately activates NF-�B, which gener-
ates gene transcription of CCL2 and TNF�. In turn, secreted
TNF� activates FXYD5 facilitated plasma membrane TNFR1,
and generates additional, more prolonged CCL2 secretion in
M1�FXYD5 cells, possibly through more than one signaling
pathway.

In the current study (Fig. 9) we characterized FXYD5-depen-
dent CCL2 secretion following LPS stimulation; however, the
importance of our results is that any condition, which involves
TNF� secretion, will be affected by FXYD5 expression. More-
over, epithelial tissues with a greater expression of FXYD5 may
be prone to larger inflammatory responses. Further investiga-
tion will undoubtedly reveal insights into the FXYD5 role in
inflammation and may provide additional targets for therapy.
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