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Abstract
Autosomal dominant polycystic kidney disease (ADPKD) is caused by heterozygous mutations in
either PKD1 or PKD2, genes that encode polycystin (PC) -1 and -2, respectively 1. We show here
that tumor necrosis factor-alpha (TNF-α), an inflammatory cytokine present in human ADPKD
cystic fluid, disrupts the localization of PC2 to the plasma membrane and primary cilia through a
scaffold protein, FIP2, which is induced by TNF-α. Treatment of mouse embryonic kidney organ
cultures with TNF-α resulted in formation of cysts, and this effect was exacerbated in the Pkd2+/−

kidneys. TNF-α also stimulated cyst formation in vivo in Pkd2+/− mice. In contrast, treatment of
Pkd2+/− mice with the TNF-α inhibitor, etanercept, prevented cyst formation. These data reveal a
pathway connecting TNF-α signaling, polycystins and cystogenesis, the activation of which may
reduce functional PC2 below a critical threshold, precipitating the ADPKD cellular phenotype.

It was proposed that cystogenesis in ADPKD results from the clonal expansion of tubule
epithelial cells acquiring “second hit” mutations inactivating the functional copy of the PKD
gene 2. However, in mice with a hypomorphic Pkd1 allele, reduction in Pkd1 expression was
sufficient to initiate cystogenesis 3. The high frequency at which cysts develop in human
ADPKD suggests that non-genetic factors may contribute to cyst formation 4. One of the
possible physiological factors is the pro-inflammatory cytokine, TNF-α 5. TNF-α mRNA
and protein are markedly increased after hypertensive stress 6 and renal injury 7, conditions
that are associated with ADPKD 4. Urinary tract infections are also frequent complications
in ADPKD 8. TNF-α was found to increase progressively with age in cystic kidneys of cpk
mice 9 and was also present in human ADPKD cyst fluids 10.

To investigate the connection between TNF-α and ADPKD, we have focused on FIP2 11, a
TNF-α-induced protein previously found in a 2-hybrid screen as a potential binding partner
with PC2 12. Immunoblot analysis confirmed that TNF-α elevated the expression of FIP2,
but not PC2, by 3–4 fold (Fig. 1a), and PC2 and FIP2 co-immunoprecipitated from inner
medullary collecting duct (IMCD) cell lysates when antibody against either protein was used
(Fig. 1b).
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Since FIP2 is involved in vesicular trafficking 13,14, we tested the possibility that TNF-α
could affect the normal localization of PC2, a calcium channel 1, through induction of FIP2.
Immunofluorescence staining using an antibody to PC2 (96525 15) revealed that while
endogenous PC2 localized to the plasma membrane and in >95% of the primary cilia
observed (Fig. 1c,e and Supplemental movie 1 online) in untreated IMCD cells, cells treated
with TNF-α showed a striking loss of PC2 staining from these locations (100% observed).
Instead, PC2 was enriched within perinuclear regions (Fig. 1d,f and Supplemental movie 2
online) overlapping partially with a Golgi marker (Supplemental Fig. 1a online). This effect
of TNF-α was further confirmed using antibody YCC2 16 (Supplemental Fig. 1b,c online),
though this antibody only recognized PC2 on the cilia but not other membrane structures 17.
The loss of membrane localization of PC2 was not due to cell death, as the TNF-α-treated
cells showed normal morphology and were negative for TUNEL staining (Supplemental Fig.
2 online). To test if the effect of TNF-α on PC2 localization was FIP2-dependent, siRNA
was used to knock down FIP2 expression (Supplemental Fig. 3a,b online) and was found to
restore normal PC2 localization in TNF-α treated cells (Fig. 1g,h, and Supplemental Fig.
3c,d online).

PC2 functions in a complex with PC1 18,19, and as such immunoprecipitation assays were
performed to test the effect of TNF-α on PC1-PC2 complex formation. TNF-α treatment
disrupted the PC1- PC2 interaction, even though the expression levels of PC1 and PC2
remained the same as in untreated cells (Supplemental Fig. 4a,b online). Ciliary localization
of PC1, however, was not affected in TNF-α-treated IMCD cells (Supplemental Fig. 4c–f
online).

The above cellular data raised the possibility that TNF-α could promote cyst formation by
disrupting the normal localization and a key interaction of PC2. To test this hypothesis we
modified a mouse embryonic kidney organ culture assay 20 by using E15.5 kidneys and a
low concentration of cAMP, such that there was no cyst formation (0/32 kidneys observed)
in the absence of TNF-α (see Methods). Treatment for five days with TNF-α resulted in
numerous cyst-like structures in wild-type embryonic kidneys (Fig. 2a; 20/20 cultured
kidneys treated with 6.25–12.5 ng/ml TNF-α). Significantly, in Pkd2+/− embryonic kidneys
cyst formation occurred at TNF-α concentration as low as 1.5 ng/ml. (Fig. 2b). The cysts
that formed in TNF-α-treated kidneys were positive for DBA, a collecting duct marker, or
LTA, a proximal tubule marker (Supplemental Fig. 5 online), suggesting that the TNF-α-
induced cysts originated from these nephron segments.

Immunoblot analysis confirmed that TNF-α increased the expression of FIP2 by 4–5 fold in
wild-type embryonic kidneys (Fig. 2c). Interestingly, FIP2 levels in non-treated Pkd2+/−

kidneys were markedly higher (>2 fold) than in wild-type kidneys, suggesting that PC2
negatively affects the expression level of FIP2. FIP2 level in Pkd2+/− kidneys was further
stimulated 2–3 fold by TNF-α treatment (Fig. 2c). Moreover, a similar pattern of expression
for TNF-α receptor, TNFR-I, was also detected across the kidney samples examined (Fig.
2c), suggesting that exposure to TNF-α or Pkd2 heterozygosity could render the kidney
more sensitive to TNF-α through an increase in TNFR-I level. TNF-α converting enzyme
(TACE), while undetectable in wild-type kidneys, was clearly observed in Pkd2+/−

embryonic kidneys and its level was further elevated ~3 fold after TNF-α treatment (Fig.
2c).

The effective concentrations of TNF-α for cyst induction observed with kidney organ
cultures were in the ng/ml range, much higher than the previously reported concentration of
TNF-α in human cyst fluids (in the range of 10–73 pg/ml) 10. To investigate this
discrepancy, we quantified the concentration of TNF-α in human ADPKD cyst fluids
collected from 10 ADPKD kidneys on ice and immediately frozen in liquid nitrogen. Our
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results demonstrate a significant accumulation of TNF-α with concentrations in ng/ml range
in small cysts (Fig. 2d), and an inverse relationship between cyst volume and TNF-α
concentration. However, the total amount of TNF-α was higher in larger cysts (Fig. 2e),
indicating that TNF-α accumulated as cysts grew. The highest level of TNF-α (3.8 ng/ml)
was observed in the most freshly collected cyst fluid that had not been frozen (Fig. 2d). The
difference between our measurements and those described previously may be due to
differences in the size of the cysts or the method in fluid collection/storage. Interestingly,
TACE was also found in cyst fluids at a concentration of 9.0 ± 0.9 ng/ml (n=15), in contrast
to being undetectable in normal human urine samples. Soluble TNFR-I and II were also
present in cyst fluids at 2.2 ± 0.3 ng/ml and 2.1 ± 0.4 ng/ml (n=15), respectively, which
were slightly elevated compared to normal urine (~1.5 ng/ml). Previous work showed that
this moderate level of soluble TNFRs augmented rather than inhibited TNF-α activity
through a stabilization/buffering effect 21,22. The presence of TACE and soluble TNFRs in
ADPKD cyst fluids could both contribute to the accumulation of TNF-α, which may be
directly produced by renal cells 7. Immune cells, which infiltrate the kidney in response to
renal lesions and infections, are another possible source for TNF-α 7.

To test further if the level of FIP2 was elevated in human cystic kidneys, the amount of FIP2
protein was compared between primary cultures of normal human kidney cells (NHK) and
ADPKD human cyst lining cells (PKD). As shown in Fig. 2f, the level of FIP2 in the PKD
cells was ~2 fold higher compared to that in NHK cells, similar to the observed FIP2 level
difference between Pkd2+/− and Pkd2+/+ mouse embryonic kidneys (Fig. 2c). The levels of
TNFR-I also exhibited an increase (~4 fold) in cyst lining cells over NHK cells.

To test the effect of TNF-α on cyst formation in vivo, 4 week old Pkd2+/− mice received
intra-peritoneal injections of TNF-α (0.5 μg per gram mouse body weight, 1 injection/wk, 4
weeks). No cysts were observed in the control group (n=10), by contrast 4 of the 10 TNF-α-
treated mice developed unilateral cysts (Table 1). This experiment was also repeated using
8.5 week old mice (0.5 μg per gram mouse body weight, 1 injection/wk, 10 weeks). While
the control group developed cysts at the expected frequency (21.3%) 23, 42.8% (6 out of 14
mice) of the experimental group developed cysts (Table 1), including two mice that
developed multiple bi-lateral small cysts (Supplemental Fig. 6 online). This result shows
that TNF-α stimulates cyst development in Pkd2+/− mice.

To test if inhibition of TNF-α could alleviate cyst formation, 8.5-week old Pkd2+/− mice
were treated with etanercept, a TNF-α inhibitor (subcutaneously administered at 125 μg/
mouse/week). Etanercept is a Food and Drug Administration-approved drug that neutralizes
circulating TNF-α with well-characterized pharmacodynamics 24. After 10 weeks of
treatment, the control group developed cysts at the expected frequency, but none of
etanercept-treated mice developed kidney cysts (n=50) (Fig. 3a,b). Fisher’s exact test
yielded a p-value of 0.0005, indicating that neutralization of TNF-α significantly prevented
cyst formation in Pkd2+/− mice.

Taken together, these findings suggest that TNF-α is a potent factor that promotes renal cyst
development, especially in the ADPKD genetic background, and are consistent with the
previous finding that a TACE inhibitor reduced cyst formation in the bpk mouse model of
autosomal recessive PKD 25. The functional network that connects TNF-α, polycystin and
cyst development contains three double-negative feedback loops (Fig. 3c), which are
important motifs in biological networks that could generate bi-stable responses to small,
transient signals 26. We hypothesize that this network structure could contribute significantly
to the transition from normal tubule development to cystic disease onset in response to
perturbation of PC2 by TNF-α in the ADPKD heterozygous genetic background. A recent
study found that TNF-α can also activate mTOR pathway through IKKβ 27, and inhibition
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of mTOR has been shown to revert cystogenesis in PKD kidneys 28. Thus, the effect of
etanercept observed in this work may not be limited to the mechanism suggested in this
study. Moreover, such mechanisms do not argue against key contributions from genetic
changes, such as loss of heterozygosity 2. Nonetheless, unraveling non-genetic factors that
contribute to the onset of cystogenesis may be a useful approach toward therapeutic
intervention of ADPKD.

Methods
Cell culture

IMCD (ATCC catalog no. CRL-2123) cells were cultured in Dulbecco’s modified Eagle’s
medium/F12 medium supplemented with 10% (v/v) fetal bovine serum (Invitrogen). For
TNF-α treatment experiments, it was important that cells were cultured for 7–9 days at 37
°C to allow sufficient time for cilia growth before addition of TNF-α. The concentration of
TNF-α (Genzyme Diagnostic, Cambridge, MA) was 200 ng/ml for all cell culture
experiments. For the FIP2 knock-down experiment, cells were cultured for 7 days prior to
siRNA transfection. After 48 hours, cells were either harvested for Western blot analysis or
treated with TNF-α for 16 hours, followed by fixation for immunostaining.

Embryonic kidney organ culture
Embryonic kidneys were dissected in PBS (with calcium and magnesium) plus penicillin-
streptomycin-glutamine (GIBCO, Grand Island, NY) from embryos of C57BL/6 Pkd2+/−

mice or their wild type counterparts at E15.5. The dissected kidneys were cultured at 37°C
in DMEM/F12 containing 2 mM L-glutamine, 10 mM Hepes, 5 μg/ml insulin, 5μg/ml
transferrin, 2.8 mM selenium, 25 ng/ml prostaglandin E1, 32 pg/ml T3 and 250 U/ml
penicillin-streptomycin. The kidneys were cultured with or without TNF-α (Genzyme
Diagnostic, Cambridge, MA) at different concentrations for 48 hours and then 50 μM 8-
Bromo-cyclic AMP (Sigma, St. Louis, MO) was added for 5 days. The cultured kidneys
were then fixed with 4% paraformaldehyde (PFA) in PBS for 6 hours, washed with PBS
twice for 5 minutes each and transferred to 70% EtOH for short-term storage at room
temperature or for more extended storage at 4°C. The fixed kidney samples were
subsequently processed for Hematoxylin and Eosin staining following common histology
protocol.

TUNEL assay
Cells treated with or without TNF-α were fixed with 4% PFA. TUNEL assay was performed
using a fluorescent apoptosis-detection system (R&D systems, Minneapolis, MN). Fixed
cells treated with TACS-nuclease were used as the positive control.

Immunoprecipitation and Western blot analysis
Immunoprecipitation and Western blotting were performed on whole-cell lysates as
previously described 29. The antibodies used for Western blotting included rabbit polyclonal
anti-FIP2 11, rabbit anti-PC2 polyclonal antibody 96525 15, rabbit anti-PC1 polyclonal
antibody 96521 15, rabbit anti-TNFR-I polyclonal antibody, and rabbit anti-TACE
polyclonal antibody (NeoMarkers, Fremont, CA). Secondary antibodies used include: goat-
anti-rabbit IgG-fluorescein isothiocyanate (FITC Molecular Probes, Eugene, OR), goat-anti-
mouse IgG–Texas Red, (1:500 dilution; Molecular Probes). For western blotting, goat-anti-
rabbit Ig-horseradish peroxidase (HRP or goat-anti-mouse IgG–HRP, 1:10,000 dilution;
Amersham Pharmacia Biotech) were used as secondary antibodies.
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RNAi to inhibite FIP2 expression
The oligo sequences used for FIP2 RNAi (Dharmacon, Chicago, IL) were listed below. #05
Sense sequence: 5′-GCUAUGAAAGGGCGAUUUGUU; #05 Antisense sequence: 5′-
PCAAAUCGCCCUUUCAUAGCUU. #6 Sense sequence: 5′-
UGAGCUGCCUGACUGAGAAUU; #6 Antisense sequence: 5′-
PUUCUCAGUCAGGCAGCUCAUU. #07 Sense sequence: 5′-
GAAAUGCAGUGCCGACACGUU; #07 Antisense sequence: 5′-
PCGUGUCGGCACUGCAUUUCUU. #08 Sense sequence: 5′-
CCAUGAAGCUAAAUAAUCAUU; #08 Antisense sequence: 5′-
PUGAUUAUUUAGCUUCAUGGUU. Both sense and anti-sense oligos were used to form
short RNA duplexes. The transfection was performed using the DharmaFECT siRNA
transfection reagent (Dharmacon, Chicago, IL).

Immunofluorescence microscopy
Immunofluorescence was carried out as previously described 29. Primary antibodies were
used at the following dilutions: FIP2 (1:100), PC1 (1:500), PC2 (1:500), and flag (1:500).
Secondary antibodies used included goat-anti-rabbit IgG-fluorescein isothiocyanate
(Molecular Probes, Eugene, OR) and goat-anti-mouse IgG-Texas Red (1:500 dilution;
Molecular Probes). Images were captured on an inverted microscope (Axiovert 200M, Carl
Zeiss, inc.) equipped with a spinning disc confocal head (Yogogawa), Argon-Krypton laser
system (Prairie Technologies, Inc.), and ORCA-ER CCD camera (Hamamatsu). Images
were acquired using the Metamorph software (Molecular Devices) and 3D image
reconstruction was performed using the Volocity (Improvision, Inc.) software.

Collection of human ADPKD cyst fluids
Cyst fluids were collected from 10 ADPKD kidneys (9 end stage and 1 early stage removed
due to severe pain) by aspiration with a syringe and a needle. The kidneys were maintained
at 4 °C throughout the cyst fluid collection. The collected cyst fluids were cleared by
centrifugation and then snap-frozen in liquid nitrogen and stored at −80 °C until analyzed.
Cysts were described as small, medium, and large based on the cyst fluid volumes at 1–2.5
ml, 2.5–20 ml, and >20 ml, respectively.

ELISA
The concentrations and total amounts of TNF-α in individual cyst fluids were measured
using the DuoSet ELISA Development kit for human TNF-α/TNFSF1A (R&D Systems,
Minneapolis, MN). The concentrations of TACE and soluble TNFRs in ADPKD cyst fluids
and normal human urine samples were measured by using the DuoSet ELISA Development
kits for human TACE/ADAM17 (R&D Systems, Minneapolis, MN), for human sTNF-RI/
TNFRSF1A (R&D Systems, Minneapolis, MN) and for human sTNF RII/TNFRSF1B
(R&D Systems, Minneapolis, MN), respectively, and following the manufacturer’s
instructions.

TNF-α and etanercept treatments of mice
Pkd2 mutant mice (Pkd2-183) were kindly provided by Stephan Somlo (Yale University).
For TNF-α(Genzyme Diagnostic, Cambridge, MA) treatments, mice were intraperitoneally
injected weekly, from week 4 (day 28) to week 8.5 (day 60), or from week 8.5 (day 60) to
week 18.5 (day 130), with 0.5 μg of TNF-α per gram mouse body weight per week or
phosphate buffered saline (PBS). For TNF-α inhibitor etanercept (EMGEN, Thousand Oaks,
CA) treatment experiments, mice were intraperitoneally injected weekly, from week 8.5
(day 60) to week 18.5 (day 130), with 125 μg of etanercept per mouse per week or
phosphate buffered saline (PBS).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effects of TNF-α on FIP2 and PC2 in IMCD cells. a, Western blot analysis shows increased
FIP2 protein levels but not PC2 protein levels upon TNF-α stimulation for 4 hr or 16 hr. b,
Co-immunoprecipitation of endogenous FIP2 and PC2 with anti-PC2 or FIP2 antibody.
TNF-α induction for 4 hr or 16 hr resulted in increased amounts of FIP2 pulled down with
PC2, and PC2 pulled down with FIP2. IgG: control antibody. c and d, Double
immunofluorescence staining of endogenous PC2 (green) and acetylated tubulin (tub, red)
before (c) or after (d) treatment with TNF-α for 16 hr, observed with confocal microscopy.
Scale bars, 10 μm. e and f, enlarged cilia images in the boxed regions in c and d,
respectively. g and h, Transfection of siRNA#05 against FIP2 prevented TNF-α-induced
mislocalization of PC2 in IMCD cells.
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Figure 2.
TNF-α triggers cyst formation in cultured embryonic kidneys and is present in human
ADPKD cyst fluid. a, Treatment of wild-type cultured kidneys from E15.5 embryos with
various concentrations of TNF-α for 5 days triggered cyst formation. Each vertical pair
represents left and right kidneys from the same embryo. Scale bars, 500 μm. b, Treatment
with different concentrations of TNF-α for 5 days triggered cyst formation in Pkd2+/−

cultured kidneys from E15.5 embryos. Scale bars, 500 μm. c, Immunoblot analysis of FIP2,
TNFR-I and TACE protein levels in wild-type and Pkd2+/− embryonic kidneys with or
without TNF-α (6.25 ng/ml) stimulation for 5 days. The band intensity of FIP2 (top) and
TNFR (bottom) are shown as histograms. d, e, Quantification of TNF-α levels in ADPKD
human cysts by ELISA. The data represent 20 cysts from 10 ADPKD patients. The
horizontal axis indicates cyst volumes; the vertical axis indicates TNF-α concentration (d);
and the total TNF-α amount in each cyst (e). f, Immunoblot analysis of FIP2 and TNFR-I
protein levels, comparing cultured normal human kidney (NHK) cells and ADPKD cyst
lining (PKD). The band intensity of FIP2 (left) and TNFR (right) are shown as histograms.
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Figure 3.
TNF-α inhibitor, etanercept, prevents cyst formation in Pkd2+/− mice. a, Kidney histology
sections from Pkd2+/− mice injected intraperitoneally, from week 8.5 to week 18.5, with
etanercept at 125 μg/mouse/week (right column) or phosphate buffered saline (PBS)
(middle and right columns). For control examples (-etanercept), the panel to the right of
each kidney section displays an enlarged image of a cyst in that section. Scale bars, 4 mm. b,
Quantitative result of etanercept treatment experiments. The number above each bar
indicates the number of mice represented by the bar. p=0.0005 (Fisher’s exact test). c. A
functional network connecting TNF-α signaling, polycystin complex and cystogenesis.
Three double-negative feedback loops can be observed: between PC2 function and the
physiological response that leads to TNF-α production; between PC2 level and FIP2
expression; between PC2 and TNFR expression. +: positive effect; −: negative effect. In red:
genetic and non-genetic factors that could influence the pathway leading to cystogenesis.
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