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Abstract

Tumor necrosis factor alpha (TNFa) is present in cyst fluid and promotes cyst growth in
autosomal dominant polycystic kidney disease (ADPKD). However, the cross-talk between
TNFa and PKD associated signaling pathways remains elusive. In this study, we found that
stimulation of renal epithelial cells with TNFa or RANKL (receptor activator of NF-kB ligand),
a member of the TNFa cytokine family, activated either the PI3K pathway, leading to AKT
and mTOR mediated the increase of 1d2 protein, or MAPK and Cdk2 to induce Id2 nuclear
translocation. The effects of TNFa/RANKL on increasing 1d2 protein and its nuclear translo-
cation caused significantly decreased mRNA and protein levels of the Cdk inhibitor p21,
allowing increased cell proliferation. TNFa levels increase in cystic kidneys in response to
macrophage infiltration and thus might contribute to cyst growth and enlargement during the
progression of disease. As such, this study elucidates a novel mechanism for TNFa signal-
ing in regulating cystic renal epithelial cell proliferation in ADPKD.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in the PKD1
or PKD2 gene [1]. Functional loss of the gene products of PKD1 and PKD2, polycystin 1 and
polycystin 2, leads to abnormalities in a variety of intracellular signaling pathways, which con-
tribute to cyst initiation and expansion [2]. In addition to the well-characterized genetic abnor-
malities, accumulating evidences suggests that inflammation may also play a critical role in
cystogenesis [3-6]. Tumor necrosis factor alpha (TNFa), a primary proinflammatory cytokine,
is considered to be a potential mediator involved in several kidney diseases, such as renal injury
[7] and PKD [3]. The expression of TNFo. mRNA is upregulated in Pkd] mutant renal epithe-
lial cells and kidney tissues from Pkdl knockout mice [4]. TNFo. increases progressively with
age in cystic kidneys of the rodent ARPKD model, cpk mice, and consistently presents in the
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cystic fluid from human ADPKD kidneys [8, 9]. TNFo exerts a prosurvival effect on Pkd1
mutant cystic renal epithelial cells through the activation of NF-«kB [4].

Receptor activator of NF-kB ligand (RANKL), a TNF family member, was first found to be
a key regulator of osteoblast differentiation and/or activation [10, 11]. RANKL and its receptor
RANK have been implicated in the proliferation, survival and differentiation of mammary epi-
thelial cells [12, 13]. RANKL mRNA and protein are detected in the kidney throughout mouse
development [14]. A recent study found that the expression of RANKL and RANK in the kid-
ney is increased upon podocyte injury, which acts as the ligand-receptor complex for the sur-
vival response during podocyte injury [14]. It has been reported that increased RANKL
expression is related to tumor migration and metastasis of renal cell carcinomas [14]. However,
the functional role of RANKL in cystic renal epithelial cells has not been determined.

Inhibitor of DNA binding/differentiation 2 (Id2), a member of helix-loop-helix (HLH) fam-
ily of transcription factors, possesses a HLH motif but lacks the DNA binding domain. Id2
binds to the basic HLH (bHLH) transcription factor to form a heterodimer, which suppresses
the functions of bHLH transcription factor in a dominant negative manner [15]. Notably, 1d2
acts as a negative regulator of cell differentiation and a positive regulator of cell proliferation
mediated by its change in subcellular localization in different cell types. Id2 was seen to be
translocated out of the nucleus into the cytosol, leading to the differentiation of oligodendro-
cytes [16]. However, Id2 was also seen to be translocated into the nucleus, resulting in an
increase in cell growth through p21 and the cyclin-dependent kinase (Cdk) Cdk2 in smooth
muscle cells [17]. Id2 nuclear localization is triggered by RANKL, which controls cell prolifera-
tion of mammary epithelial cells [12].

Increased nuclear localization of Id2 in renal epithelial cells has been reported in kidneys of
PKD1 and PKD2 patients, and in PkdI knockout mice [18], which contributes to abnormal
epithelial cell proliferation and differentiation in cystic kidneys [18]. Our recent study found
that loss of Pkd1 causes upregulation of Id2 in Pkdl mutant mouse embryonic kidney cells,
and that knockout of Id2 rescues the renal cystic phenotype of Pkd1™™"/™! mice [19]. However,
the mechanism for upregulation of Id2 and its nuclear translocation in Pkdl mutant kidneys is
unknown and the connection between TNFa and Id2 in renal epithelial cells has not been
explored.

We hypothesized that TNFo and RANKL regulated the expression and localization of Id2
in renal epithelial cells, leading to renal epithelial cell proliferation. Our objective is to explore
the potential mechanisms involved in regulating this process. In this study, we present that
RANKL induces the transcription of TNFo. by activating canonical NF-«B signaling in renal
epithelial cells. TNFo and RANKL stimulation activates mTOR signaling to increase the
expression of 1d2, and activate the MAPK-Cdk2 pathway to trigger marked nuclear transloca-
tion of Id2, which results in a decrease in p21 expression and an increase in renal epithelial cell
growth.

Materials and Methods
Cell culture and reagents

Pkd1 wild type and Pkd1 null mouse embryonic kidney (MEK) cells, which were generated
from Dr. Jing Zhou’s laboratory at Harvard and were used in our recent publications, were
maintained as previously described [20]. TNFa, RANKL and rapamycin were purchased from
Sigma. Cdk2 inhibitor II, roscovitine, LY294002, SB202190, PD98059, Bay-11-7085, JNK
inhibitor and U-46619 were purchased from Calbiochem.
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Extracts of cytoplasmic and nuclear proteins

Pkd1 wild type MEK cells treated with 20 ng/ml TNFo or 100 ng/ml RANKL for 3 hours were
washed by PBS and harvested. The cytoplasmic and nuclear proteins were extracted by the
cytoplasmic extract buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.3% NP-40
with proteinase inhibitor cocktail) and nuclear extract buffer (20 mM HEPES pH 7.9, 0.4 M
NaCl, 1 mM EDTA, 25% glycerol with proteinase inhibitor cocktail), respectively. The cyto-
plasmic and nuclear proteins were analyzed by western blot.

Western blot

Western blots on whole-cell lysates were performed as previous described [21]. The antibodies
used for western blot analysis included: anti-1d2 (Santa Cruz), anti-IxBo. (Cell Signaling Tech-
nologies) anti-p21 (Santa Cruz), anti-AKT (Cell Signaling Technologies), anti-phospho-Akt
(Cell Signaling Technologies), anti-S6 (Cell Signaling Technologies), anti-phospho-S6 (Cell
Signaling Technologies), anti-mTOR (Cell Signaling Technologies), anti-ERK (Cell Signaling
Technologies), anti-phospho-ERK (Cell Signaling Technologies), anti-Cdk2 (Santa Cruz),
anti-phospho-Cdk2 (Cell Signaling Technologies), anti-Lamin A/C (Cell Signaling Technolo-
gies) and anti-actin (Sigma). Donkey-anti-rabbit IgG-horseradish peroxidase and Donkey-
anti-mouse IgG-horseradish peroxidase (Santa Cruz) were used as secondary antibodies. The
band intensities were analyzed by NIH Image J.

MTT assay

The effects of TNFo and RANKL on cell viability were determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Pkd1 wild type
MEK cells (5 x 104/mL, 200 pL) were cultured in a 96-well plate overnight and stimulated with
TNFo (20 ng/ml) or RANKL (100 ng/ml) for 24 hours, respectively. Twenty microliters MTT
was added to each well, and incubated for 4 hours. After removal of the medium, 150 uL
dimethyl sulfoxide (DMSO) was added to each well and the absorbance at 490 nm was ana-
lyzed. The cell viability of untreated cells was normalized to one.

Quantitative reverse-transcription polymerase chain reaction

Total RNA extracted by the RNeasy plus mini kit (Qiagen) was used to synthesize cDNA as
previous described [22]. RNA expression profiles were analyzed by real-time PCR using iTaq
SYBER Green Supermix (BioRad) in a CFX Connect System. Genes were amplified using the
following primers. TNFa-F: 5’ -CTTCTGTCTACTGAACTTCGGG-3'; TNFo-R, 5'~CAGGCTT
GTCACTCGAATTTTG-3'; 1d2-F: 5-TGAACACGGACATCAGCATC-3'; 1d2-R: 5'~AAGAA
AAAGTCCCCAAATGCC-3'; p21-F: 5~ CAGATCCACAGCGATATCCAG -3'; p21-R: 5'~AGAG
ACAACGGCACACTTTG -3'; Actin-F: 5'~AAGAGCTATGAGCTGCCTGA~-3'; Actin-R: 5'~TAC
GGATGTCAACGTCACAC-3'. The complete reactions were subjected to the following program
of thermal cycling: 40 cycles of 10s at 95°C and 20s at 61°C, a melting curve was run after the
PCR cycles, followed by a cooling step. Each sample was run in triplicate in each experiment.
The expression levels of TNFa, Id2 and p21 were normalized to the expression level of actin.

RNA interference

The RNA oligonucleotides that specifically target mouse Id2 were purchased from Thermo
Dharmacon. The RNA oligonucleotides were transfected with the DharmaFECT siRNA trans-
fection reagent (Dharmacon).
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Immunofluorescence

Pkd1 wild type MEK cells treated with TNFo. and RANKL were grown on glass coverslips,
rinsed with 1x phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde containing
2% sucrose for 10 min, and permeabilized with 1% Triton X-100 in PBS for 5 min. Anti-1d2
(Santa Cruz, 1:100 dilution), was used for cell staining. Fluro 488-conjugated anti-rabbit IgG
antibody (Invitrogen) was used at a dilution of 1:10000. Prolong anti-fade reagent (Invitrogen)
was used with DAPI. Immunofluorescence images were obtained with a NIKON ECLIPSE 80i
Microscope.

Data analysis

All quantifiable data are reported as mean + SEM. Comparisons between two groups were car-
ried out using an unpaired 2-tailed Student’s t test. Differences in the variables between multi-
ple groups were determined by one-way ANOVA post hoc test. The differences between two
groups were statistically significant at P values less than 0.05.

Results
RANKL induces TNFa transcription in renal epithelial cells

Our previous studies showed that TNFo. mRNA was increased in Pkd1 mutant renal epithelial
cells, and that TNFo. mRNA induces its own transcription through activating canonical NF-«xB
signaling [4]. RANKL, a TNFo family molecule, can also activate NF-xB signaling and tran-
scriptionally regulate TNFo in osteoclasts and cancer cells [23, 24]. Therefore, we examined
whether RANKL also regulated TNFo transcription in renal epithelial cells. We found that
TNFo mRNA was increased in response to RANKL stimulation in Pkd! wild type and mutant
mouse embryonic kidney (MEK) cells as analyzed by quantitative reverse transcription PCR
(qRT-PCR) (Fig 1A). RANKL treatment decreased the expression of IkBa in a time-dependent
(Fig 1B) and dose-dependent manner (Fig 1C), suggesting the activation of NF-kB signaling.
We further found that two NF-«B inhibitors, SN50 and Bay-11-7085 [25], blocked the upregu-
lation of TNFo mRNA induced by RANKL (Fig 1A), suggesting that RANKL induced TNFo.
upregulation is mediated by NF-«B signaling.

TNFa and RANKL increased protein expression of 1d2 in renal epithelial
cells

Id2 has been found to be upregulated in Pkd1 mutant renal epithelial cells [19]. To investigate
whether TNFo and RANKL regulate the expression of 1d2 in renal epithelial cells, we treated
Pkd1 wild type and Pkdl mutant MEK cells with TNFo and RANKL, respectively. We found
that TNFo and RANKL treatment increased the expression of Id2 in these cells as analyzed by
western blot (Fig 2A and 2C). However, TNFo. and RANKL treatment did not affect the 1d2
mRNA expression as analyzed by qRT-PCR (Fig 2B and 2D). These results suggest that TNFo.
and RANKL regulate the expression of Id2 at the translational level but not transcriptionally.

TNFa and RANKL regulate the expression of 1d2 through activation of
the Akt/mTOR pathway

TNFo and RANKL have been found to activate PI3K in osteoclasts [26]. Activation of PI3K
allows phosphoinositide-dependent kinase 1 (PDK1) to access and phosphorylate Thr308 in
the activation loop of Akt [27]. The activation of Akt results in the phosphorylation and activa-
tion of mTOR in cancer and PKD [28, 29]. The activated mTOR has been found to regulate
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Fig 1. RANKL stimulation increases the expression of TNFa in renal epithelial cells. (A) The mRNA
levels of TNFa in Pkd1 wild type and Pkd1 null MEK cells treated with RANKL, SN50, RANKL plus SN50,
Bay-11-7085, Bay-11-7085 plus RANKL and vehicle control, respectively, for 6 hours were analyzed by
gRT-PCR. The expression levels of TNFa were normalized to the expression levels of actin. n = 3, ANOVA,
p <0.01. (B and C) Western blot analysis of the expression of |I-kBa from whole cell lysates of Pkd1 wild-type
and Pkd1 null MEK cells treated with RANKL (100 ng/ml) at indicated time point (B) and at indicated
concentration for 45 mins (C). The numbers at the bottom indicate the relative intensities of the bands, which
are normalized to Actin.

doi:10.1371/journal.pone.0131043.g001

Id2 expression in mammary epithelial cells [30]. We found that TNFo and RANKL treatment
induced the phosphorylation of Thr308 of Akt in PkdI wild type and mutant MEK cells

(Fig 3A and 3B). Phosphorylation of Akt activates mTOR, which induces the activation of p70
S6 kinase at and the subsequent phosphorylation of S6 ribosomal protein [31]. We found that
TNFo and RANKL treatment also induced phosphorylation of S6 in PkdI wild type and
mutant MEK cells (Fig 3A and 3B).

Next, we examined the relationship between mTOR activation and Id2 expression upon
TNFo and RANKL treatment in Pkdl wild type and mutant MEK cells. For this purpose, Pkd1
wild type and mutant MEK cells were induced with TNFo or RANKL in the absence and pres-
ence of rapamycin, and Id2 protein levels were analyzed by western blot. We found that rapa-
mycin completely blocked the induction of Id2 protein in these cells upon TNFa and RANKL
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Fig 2. TNFa and RANKL stimulation increase the expression of 1d2 protein in renal epithelial cells. (A and B) the expression levels of 1d2 protein (A)
and mRNA (B) in Pkd1 wild type and Pkd1 null MEK cells treated with TNFa (20 ng/ml) analyzed by western blot and gRT-PCR, respectively. (C and D) the
expression levels of Id2 protein (C) and mRNA (D) in Pkd1 wild type and Pkd1 null MEK cells treated with RANKL (100 ng/ml) analyzed by western blot and
gRT-PCR, respectively. The numbers at the bottom indicate the relative intensities of the bands, which are normalized to actin.

doi:10.1371/journal.pone.0131043.9002

treatment (Fig 4). These results suggested that activation of mTOR contributes to Id2 upregula-
tion induced by TNFa and RANKL in renal epithelial cells.

Last, we found that treatment with TNFo or RANKL in the presence of LY294002, an inhib-
itor of PI3K, decreased the phosphorylation of AKT and S6 but not the levels of AKT and S6 in
Pkd1 wild type MEK cells compared with cells treated with TNFo or RANKL alone (Fig 5A
and 5B). These results suggested that TNFo. and RANKL regulate the expression of Id2 through
PI3K to activate the Akt/mTOR pathway.

TNFa and RANKL induce 1d2 nuclear translocation in renal epithelial
cells

Enhanced Id2 nuclear localization was found in human and mouse cystic kidneys [18]. It has
been reported that RANKL triggers marked nuclear translocation of Id2 in mammary epithelial
cells [12]. However, whether or not TNFa is able to stimulate Id2 nuclear translocation is
unknown. As RANKL belongs to the TNF family and TNFo has been found to exist in cyst
fluid of ADPKD mice and patients [3], we have proposed that TNFo. and RANKL regulate Id2
nuclear translocation in renal epithelial cells. In support of this, we found that TNFo. or
RANKL treatment increased Id2 expression not only in whole cell lysates (Fig 2A and 2C) but
also in both the cytosolic and nuclear fractions in PkdI wild type MEK cells (Fig 6A-6D) as
examined by western blot and immunostaining.

Previous studies reported that cyclin E/Cdk2 phosphorylates serine 5 of Id2 [32] and phos-
phorylation of Id2 is required for its nuclear retention in mammary epithelial cells [13]. We
found that TNFo. or RANKL treatment induced the phosphorylation of Cdk2 (Fig 6E and 6F).

PLOS ONE | DOI:10.1371/journal.pone.0131043 June 25,2015 6/15



el e
@ ' PLOS ‘ ONE TNF Alpha Signaling Regulates the Expression and Translocation of Id2

A WT-MEK Null-MEK
TNFe 0 5 10'° 30" 60' 0 5 10' 30' 60
| S 8 _| | R p-Akt
(Thr308)
|---——+ |--——-| Akt
1 179 146 154 185 1 267 132 185 119

[ = et =] |"""'.‘£?§2?235/236)
|---1 |....-| 6

37 36 461127 264 215196

|—-—-—| |——---| Actin

WT-MEK Null-MEK
RANKL 0° 5 10° 30° 60° 0 5 10° 30° 60'
| “——-—| | —_-"|(pfﬁgoa)
1 475373 55 558 1 175219 329 264
——— ] (S-:r62351236)
|———.—| |——-——| S6

1 114 178 1.49 1.48 1 1.85231 246 261

|—-...1 |-—.| Actin

Fig 3. TNFa and RANKL stimulation activate the Akt and mTOR pathway. Western blot analysis of the
expression of phospho-Akt, Akt, phospho-S6, and S6 from whole cell lysates of Pkd1 wild-type and Pkd7 null
MEK cells treated with TNFa (20 ng/ml) (A) and RANKL (100 ng/ml) (B). The numbers at the bottom indicate
the intensities of p-Akt relative to total Akt and p-Sé6 relative to total S6.

doi:10.1371/journal.pone.0131043.g003

Consistent with the report that phosphorylation Cdk2 is regulated by phosphorylation and
activation of ERK in mammary epithelial cells [12], we found that treatment with TNFo. or
RANKL also induced phosphorylation of ERK in renal epithelial cells (Fig 6E and 6F). We fur-
ther found that treatment with TNFo. or RANKL plus Cdk2 inhibitor IT or roscovitine signifi-
cantly blocked Id2 nuclear translocation in renal epithelial cells (Fig 7A and 7B), suggesting
that Cdk2 is required for the TNFo or RANKL induced nuclear translocation of Id2 in these
cells. It has been reported that PI3K regulates the phosphorylation of Cdk2 [33]. We found
that co-treatment with a PI3K inhibitor (LY294002) plus TNFo or RANKL decreased the phos-
phorylation of Cdk2 in Pkd1 wild type and mutant MEK cells compared to cells treated with
TNFo or RANKL alone (Fig 5A and 5B). MAPK signaling has also been reported to regulate
the activation of Cdk2 [34]. To further investigate the involvement of PI3K, MAPK, and JNK
in TNFo or RANKL induced Id2 nuclear translocation, PkdI wild type MEK cells were treated
with different inhibitors prior to TNFo or RANKL stimulation, including the PI3K inhibitor
1Y294002, p38 inhibitor SB202190, ERK inhibitor PD98059 and JNK inhibitor. We found that
inhibition of PI3K and MAPK, but not inhibition of JNK, abrogated the nuclear translocation
of Id2 induced by TNFo or RANKL stimulation (Fig 7A and 7B). These results suggested that
TNFo or RANKL induced nuclear translocation of Id2 might be through PI3K and MAPK
mediated phosphorylated Cdk2. In addition, we found that treatment with PI3K inhibitor
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Fig 4. Inhibition of mTOR with rapamycin blocks the upregulation of 1d2 induced by TNFa and
RANKL. Pkd1 wild-type and Pkd1 null MEK cells were not treated (C) or treated with TNFa (T) (20 ng/ml) (A),
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doi:10.1371/journal.pone.0131043.g004

LY294002 blocked TNFa induced the upregulation of Id2 in nuclear and cytosol fraction in
both Pkd1 wild type and null MEK cells (Fig 7C).

TNFa and RANKL repress p21 expression mediated by 1d2 in renal
epithelial cells

Our previous studies found that Id2 regulates the cell cycle through downregulation of p21, an
inhibitor of CDK2, in cystic renal epithelial cells [18]. Id2 was upregulated, and p21 was down-
regulated in PkdI null MEK cells compared with Pkd1 wild type MEK cells (Fig 8A). As TNFo.
or RANKL increases the expression and nuclear translocation of Id2, next, we examined the
expression of p21 in Pkd1 wild type MEK cells upon TNFo or RANKL treatment by qRT-PCR
and western blot. We found that treatment with TNFo or RANKL decreased the expression of
p21 mRNA (Fig 8B) and protein levels (Fig 8C) in Pkd1 wild type MEK cells. We further found
that treatment with an activator of p38, U-46619, increased the expression of 1d2 but decreased
the expression of p21 in PkdI wild type MEK cells (Fig 8D).

To further confirm that the downregulation of p21 induced by TNFa or RANKL stimula-
tion is mediated by Id2, PkdI wild type MEK cells were transfected with Id2 siRNA and then
were treated by TNFo or RANKL, respectively. We found that TNFo. or RANKL decreased p21
expression in the control siRNA transfected cells, but not in the Id2 siRNA transfected cells
(Fig 8E). We further found that TNFo or RANKL treatment increased renal epithelial cell
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growth as analyzed by MTT assay (Fig 8F). These results suggested that TNFo. or RANKL can
regulate renal epithelial cell proliferation via Id2-p21 signaling (Fig 8G).

Discussion

TNFo is considered to be a critical effector cytokine in ADPKD, and anti-TNFo. therapy and
targeting TNFo. dependent signaling pathways have emerged in preclinical studies to have high
potential in the treatment of this disease [3, 4]. In this study, we integrate TNFo. signaling with
other PKD associated pathways in regulating cystic renal epithelial cell proliferation. We found
that: 1) TNFa signaling regulates the phosphorylation and activation of mTOR, leading to
upregulation of Id2 in Pkdl wild type and mutant MEK cells; 2) TNFa signaling regulates the
phosphorylation and activation of ERK/MAPK and Cdk2, leading to Id2 nuclear translocation
in Pkd1 wild type renal epithelial cells; 3) TNFa signaling mediates upregulation of Id2 and
increased nuclear import of Id2, p21 inhibition, and increases in renal epithelial cell prolifera-
tion; and 4) RANKL, a TNF family molecule, is able to regulate the transcription of TNFo in
renal epithelial cells via activation of NF-oB. The effects of TNFo. and RANKL mediated
through PI3K, Akt/mTOR, and MAPK/Cdk2 to Id2 translation, Id2 nuclear import, and p21
are summarized in Fig 8G.

In ADPKD kidneys and Pkd1 mutant mouse kidneys, Id2 was found to be upregulated and
in both the cytosol and nucleus instead of in its normal cytoplasmic localization [18]. Id2
nuclear import inhibits p21 and increases proliferation of cystic epithelial cells [18]. Targeting
Id2 with RNAi normalized the cell cycle profile of Pkdl mutant MEK cells [18]. Consistent
with this, Id2-Pkd1 double knockout rescues the renal cystic phenotype [19]. The mechanism
(s) underlying regulation of the elevated Id2 expression and nuclear transport in cystic
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Fig 6. TNFa and RANKL stimulation increases the nuclear translocation of 1d2 in Pkd1 wild type MEK cells. (A-B) Western blot analysis of the
expression of 1d2 from cytoplasmic and nuclear fractions of Pkd1 wild-type MEK cells treated with TNFa (A) and RANKL (B). The numbers at the bottom
indicate the intensities of 1d2 bands relative to actin and Lamin A/C in cytoplasmic fractions and nuclear fractions, respectively. (C-D) Localization of I1d2 in
Pkd1 wild type MEK cells after TNFa (C) and RANKL (D) treatment at the indicated time point. Id2 was detected with an anti-Id2 antibody, followed by Fluro
488 conjugated anti-rabbit IgG antibody (Green). Nuclear DNA was stained with DAPI (Blue). Images represented one of three independent experiments.
Percentage of cells with nuclear (N) and cystoplasmic (C) localization are indicated below the images. (E-F) Western blot analysis of the expression of
phospho-ERK, ERK, phospho-Cdk2 and Cdk2 from whole cell lysates of Pkd1 wild-type MEK cells treated with TNFa (20 ng/ml) (E) and RANKL (100 ng/ml)
(F). The numbers at the bottom indicate the intensities of p-ERK relative to total ERK, and p-Cdk2 relative to total Cdk2.

doi:10.1371/journal.pone.0131043.g006
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Fig 7. Inhibition of Cdk2 blocks nuclear translocation of Id2 induced by TNFa and RANKL. Localization of 1d2 in Pkd7 wild type MEK cells after TNFa
(A) and RANKL (B) treatment in the presence of kinase inhibitors. Pkd7 wild type MEK cells were placed in DMEM F12 containing 1% FBS for 12 hours.
Serum starved cells were treated with DMSO or the indicated kinase inhibitors for 3 hours. Inhibitor pre-treated cells were untreated or stimulated with TNFa
and RANKL for 3 hours. 1d2 was detected with an anti-Id2 antibody, followed by Fluro 488 conjugated anti-rabbit IgG antibody (Green). Nuclear DNA was
stained with DAPI (Blue). One result, representative of three independent experiments, is shown. Percentage of cells with nuclear (N) and cystoplasmic (C)
localization are indicated below the images. (C) Western blot analysis of the expression of Id2 from cytoplasmic and nuclear fractions of Pkd1 wild-type and
null MEK cells treated with TNFa, LY294002 (LY), TNFa plus LY294002, and vehicle control for 3 h. The numbers at the bottom indicate the intensities of I1d2
bands relative to actin and Lamin A/C in cytoplasmic fractions and nuclear fractions, respectively.
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MTT assay. n =4, ANOVA, p <0.01. (G) TNFa and RANKL mediated pathways in renal epithelial cells.

doi:10.1371/journal.pone.0131043.9008

epithelial cells has been discussed [18, 19]. In this study, we present for the first time that
TNFa regulates the expression and nuclear translocation of Id2 in renal epithelial cells, sug-
gesting that cyst fluid TNFo may contribute to the upregulation and increased nuclear 1d2 in
ADPKD kidneys and Pkd1 mutant mouse kidneys.

It has been reported that TNFo signaling through IKK complexes activate NF-«B, leading
to subsequent activation NF-xB-dependent gene transcription [35]. To further investigate
whether the elevated expression of Id2 by TNFa is through the NF-xB-dependent pathway, we
used specific inhibitors of NF-xB, including the NF-«xB nuclear translocation inhibitor SN50
(Calbiochem) [36], and then examined the expression of Id2 in TNFo treated or untreated
PkdI null MEK cells. However, our results suggested that TNFo induced 1d2 upregulation was
not through the activation of NF-kB (data not shown). Other mechanisms are involved in this
process.

It has been found that TNFa can activate the mTOR pathway [37], and that mTOR regu-
lates the functional differentiation of mammary epithelial cells through Id2 [30]. The mTOR
pathway is inappropriately activated in cyst-lining epithelial cells in human ADPKD patients
and mouse models [38]. Inhibition of mTOR with rapamycin has been shown to reverse cysto-
genesis in PKD kidneys [38]. However, whether TNFa signaling is able to activate mTOR and
how the activated mTOR might regulate cystic epithelial cell proliferation and differentiation
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has remained unknown. Based on the fact that mTOR activation is represented by the phos-
phorylation status of S6K1 at T389, a well-known mTOR downstream effector [39], we found
that TNFa treatment was indeed able to induce this phosphorylation in Pkdl wild-type and
null MEK cells (Fig 3). We also found that inhibition of mTOR with rapamycin blocked the
upregulation of Id2 induced by TNFa (Fig 4). We further found that treatment with TNFo and
RANKL activated Akt and mTOR through PI3K (Fig 5). These results suggested that cyst fluid
TNFo might act through PI3K-Akt mediated activation of mTOR to increase the levels of 1d2
to regulate cyst lining epithelial cell proliferation during cyst development, which might be one
of the reasons that rapamycin could inhibit cyst lining epithelial cell proliferation in Pkd1
knockout mouse models [38]. Since rapamycin treatment also induces apoptosis of cystic epi-
thelial cells [38], whether rapamycin-induced apoptosis is through TNFo and TNF receptor 1
mediated pro-survival and pro-death pathways, as suggested in our recent publication [4]
needs to be further investigated.

RANKTL has been found to regulate mammary epithelial cell proliferation via Id2 by trigger-
ing marked nuclear translocation of Id2 [12], implying a highly specific effect of NF-kB signal-
ing on Id2 function. RANKL was unable to induce expression of Id2 mRNA and protein in
mammary epithelial cells, however, RANKL triggered Id2 nuclear transport, which could be
completely abrogated in the presence of the Cdk2 inhibitor, roscovitine [12]. We found that
TNFo and RANKL treatment increased Id2 protein expression and Id2 nuclear localization in
renal epithelial cells (Figs 6 and 7), and roscovitine blocked TNFo. and RANKL-induced Id2
nuclear transportation in renal epithelial cells (Fig 7). Roscovitine was previously shown to
slow down cyst formation and improve renal function [40]. Our results now suggest that the
mechanism by which roscovitine acts may be through Id2 nuclear import to regulate renal epi-
thelial cell proliferation in PKD mouse models.

Acknowledgments

X. Li acknowledges supports from NIH grant R0O1DK084097 and from a KUMC Kidney Insti-
tute internal grant, J.P. Calvet acknowledges support from the PKD Foundation.

Author Contributions

Conceived and designed the experiments: XL JZ. Performed the experiments: JZ. Analyzed the
data: JZ LF XYL. Wrote the paper: XL JC JZ.

References

1. Harris PC, Torres VE. Polycystic kidney disease. Annual review of medicine. 2009; 60:321-37. doi: 10.
1146/annurev.med.60.101707.125712 PMID: 18947299; PubMed Central PMCID: PMC2834200.

2. Igarashi P, Somlo S. Polycystic kidney disease. Journal of the American Society of Nephrology: JASN.
2007; 18(5):1371-3. doi: 10.1681/ASN.2007030299 PMID: 17429047.

3. LiX, MagenheimerBS, Xia S, Johnson T, Wallace DP, Calvet JP, et al. A tumor necrosis factor-alpha-
mediated pathway promoting autosomal dominant polycystic kidney disease. Nature medicine. 2008;
14(8):863-8. doi: 10.1038/nm1783 PMID: 18552856; PubMed Central PMCID: PMC3359869.

4. FanLX, Zhou X, Sweeney WE Jr, Wallace DP, Avner ED, Grantham JJ, et al. Smac-mimetic-induced
epithelial cell death reduces the growth of renal cysts. Journal of the American Society of Nephrology:
JASN. 2013; 24(12):2010-22. doi: 10.1681/ASN.2013020176 PMID: 23990677; PubMed Central
PMCID: PMC3839552.

5. Karihaloo A, Koraishy F, Huen SC, Lee Y, Merrick D, Caplan MJ, et al. Macrophages promote cyst
growth in polycystic kidney disease. Journal of the American Society of Nephrology: JASN. 2011;
22(10):1809-14. doi: 10.1681/ASN.2011010084 PMID: 21921140; PubMed Central PMCID:
PMC3187181.

PLOS ONE | DOI:10.1371/journal.pone.0131043 June 25,2015 13/15


http://dx.doi.org/10.1146/annurev.med.60.101707.125712
http://dx.doi.org/10.1146/annurev.med.60.101707.125712
http://www.ncbi.nlm.nih.gov/pubmed/18947299
http://dx.doi.org/10.1681/ASN.2007030299
http://www.ncbi.nlm.nih.gov/pubmed/17429047
http://dx.doi.org/10.1038/nm1783
http://www.ncbi.nlm.nih.gov/pubmed/18552856
http://dx.doi.org/10.1681/ASN.2013020176
http://www.ncbi.nlm.nih.gov/pubmed/23990677
http://dx.doi.org/10.1681/ASN.2011010084
http://www.ncbi.nlm.nih.gov/pubmed/21921140

@’PLOS ‘ ONE

TNF Alpha Signaling Regulates the Expression and Translocation of 1d2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

ChenL, Zhou X, Fan LX, Yao Y, Swenson-Fields Kl, Gadjeva M, et al. Macrophage migration inhibitory
factor promotes cyst growth in polycystic kidney disease. The Journal of clinical investigation. 2015;
125(6):2399-412. doi: 10.1172/JCI80467 PMID: 25961459.

Vielhauer V, Mayadas TN. Functions of TNF and its receptors in renal disease: distinct roles in inflam-
matory tissue injury and immune regulation. Seminars in nephrology. 2007; 27(3):286—-308. doi: 10.
1016/j.semnephrol.2007.02.004 PMID: 17533007.

Nakamura T, Ebihara |, Fukui M, Osada S, Tomino Y, Masaki T, et al. Increased endothelin and
endothelin receptor mMRNA expression in polycystic kidneys of cpk mice. Journal of the American Soci-
ety of Nephrology: JASN. 1993; 4(4):1064—72. PMID: 7904485.

Gardner KD Jr, Burnside JS, Elzinga LW, Locksley RM. Cytokines in fluids from polycystic kidneys. Kid-
ney international. 1991; 39(4):718-24. PMID: 2051729.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al. Osteoprotegerin ligand is a cyto-
kine that regulates osteoclast differentiation and activation. Cell. 1998; 93(2):165-76. PMID: 9568710.

Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, et al. Osteoclast differentia-
tion factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to
TRANCE/RANKL. Proceedings of the National Academy of Sciences of the United States of America.
1998; 95(7):3597-602. PMID: 95204 11; PubMed Central PMCID: PMC19881.

Kim NS, Kim HJ, Koo BK, Kwon MC, Kim YW, Cho Y, et al. Receptor activator of NF-kappaB ligand reg-
ulates the proliferation of mammary epithelial cells via Id2. Molecular and cellular biology. 2006; 26(3):
1002—13. doi: 10.1128/MCB.26.3.1002-1013.2006 PMID: 16428453; PubMed Central PMCID:
PMC1347028.

Kim NS, Kim HT, Kwon MC, Choi SW, Kim YY, Yoon KJ, et al. Survival and differentiation of mammary
epithelial cells in mammary gland development require nuclear retention of 1d2 due to RANK signaling.
Molecular and cellular biology. 2011; 31(23):4775-88. doi: 10.1128/MCB.05646-11 PMID: 21947283;

PubMed Central PMCID: PMC3232922.

Kartsogiannis V, Zhou H, Horwood NJ, Thomas RJ, Hards DK, Quinn JM, et al. Localization of RANKL
(receptor activator of NF kappa B ligand) mRNA and protein in skeletal and extraskeletal tissues. Bone.
1999; 25(5):525—-34. PMID: 10574572.

Norton JD, Deed RW, Craggs G, Sablitzky F. Id helix-loop-helix proteins in cell growth and differentia-
tion. Trends in cell biology. 1998; 8(2):58—65. PMID: 9695810.

Wang S, Sdrulla A, Johnson JE, Yokota Y, Barres BA. A role for the helix-loop-helix protein Id2 in the
control of oligodendrocyte development. Neuron. 2001; 29(3):603—14. PMID: 11301021.

Matsumura ME, Lobe DR, McNamara CA. Contribution of the helix-loop-helix factor Id2 to regulation of
vascular smooth muscle cell proliferation. The Journal of biological chemistry. 2002; 277(9):7293-7.
doi: 10.1074/jbc.M108986200 PMID: 11706002.

Li X, Luo Y, Starremans PG, McNamara CA, Pei Y, Zhou J. Polycystin-1 and polycystin-2 regulate the
cell cycle through the helix-loop-helix inhibitor Id2. Nature cell biology. 2005; 7(12):1202—12. doi: 10.
1038/nchb1326 PMID: 16311606.

Fan LX, Li X, Magenheimer B, Calvet JP, Li X. Inhibition of histone deacetylases targets the transcription
regulator |d2 to attenuate cystic epithelial cell proliferation. Kidney international. 2012; 81(1):76—85. doi:
10.1038/ki.2011.296 PMID: 21900881; PubMed Central PMCID: PMC3409467.

Nauli SM, Alenghat FJ, Luo Y, Williams E, Vassilev P, Li X, et al. Polycystins 1 and 2 mediate mechano-
sensation in the primary cilium of kidney cells. Nature genetics. 2003; 33(2):129-37. doi: 10.1038/
ng1076 PMID: 12514735.

Zhou X, Fan LX, Sweeney WE Jr., Denu JM, Avner ED, Li X. Sirtuin 1 inhibition delays cyst formation in
autosomal-dominant polycystic kidney disease. The Journal of clinical investigation. 2013; 123(7):
3084-98. doi: 10.1172/JC164401 PMID: 23778143.

Zhou X, Fan LX, Li K, Ramchandran R, Calvet JP, Li X. SIRT2 regulates ciliogenesis and contributes to
abnormal centrosome amplification caused by loss of polycystin-1. Human molecular genetics. 2014;
23(6):1644-55. doi: 10.1093/hmg/ddt556 PMID: 24203696; PubMed Central PMCID: PMC3929098.

Inoue J, Gohda J, Akiyama T, Semba K. NF-kappaB activation in development and progression of can-
cer. Cancer science. 2007; 98(3):268—74. doi: 10.1111/.1349-7006.2007.00389.x PMID: 17270016.

Zou W, Amcheslavsky A, Takeshita S, Drissi H, Bar-Shavit Z. TNF-alpha expression is transcriptionally
regulated by RANK ligand. Journal of cellular physiology. 2005; 202(2):371-8. doi: 10.1002/jcp.20127
PMID: 15389596.

Mabuchi S, Ohmichi M, Nishio Y, Hayasaka T, Kimura A, Ohta T, et al. Inhibition of inhibitor of nuclear

factor-kappaB phosphorylation increases the efficacy of paclitaxel in in vitro and in vivo ovarian cancer
models. Clinical cancer research: an official journal of the American Association for Cancer Research.

2004; 10(22):7645-54. doi: 10.1158/1078-0432.CCR-04-0958 PMID: 15569997.

PLOS ONE | DOI:10.1371/journal.pone.0131043 June 25,2015 14/15


http://dx.doi.org/10.1172/JCI80467
http://www.ncbi.nlm.nih.gov/pubmed/25961459
http://dx.doi.org/10.1016/j.semnephrol.2007.02.004
http://dx.doi.org/10.1016/j.semnephrol.2007.02.004
http://www.ncbi.nlm.nih.gov/pubmed/17533007
http://www.ncbi.nlm.nih.gov/pubmed/7904485
http://www.ncbi.nlm.nih.gov/pubmed/2051729
http://www.ncbi.nlm.nih.gov/pubmed/9568710
http://www.ncbi.nlm.nih.gov/pubmed/9520411
http://dx.doi.org/10.1128/MCB.26.3.1002-1013.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428453
http://dx.doi.org/10.1128/MCB.05646-11
http://www.ncbi.nlm.nih.gov/pubmed/21947283
http://www.ncbi.nlm.nih.gov/pubmed/10574572
http://www.ncbi.nlm.nih.gov/pubmed/9695810
http://www.ncbi.nlm.nih.gov/pubmed/11301021
http://dx.doi.org/10.1074/jbc.M108986200
http://www.ncbi.nlm.nih.gov/pubmed/11706002
http://dx.doi.org/10.1038/ncb1326
http://dx.doi.org/10.1038/ncb1326
http://www.ncbi.nlm.nih.gov/pubmed/16311606
http://dx.doi.org/10.1038/ki.2011.296
http://www.ncbi.nlm.nih.gov/pubmed/21900881
http://dx.doi.org/10.1038/ng1076
http://dx.doi.org/10.1038/ng1076
http://www.ncbi.nlm.nih.gov/pubmed/12514735
http://dx.doi.org/10.1172/JCI64401
http://www.ncbi.nlm.nih.gov/pubmed/23778143
http://dx.doi.org/10.1093/hmg/ddt556
http://www.ncbi.nlm.nih.gov/pubmed/24203696
http://dx.doi.org/10.1111/j.1349-7006.2007.00389.x
http://www.ncbi.nlm.nih.gov/pubmed/17270016
http://dx.doi.org/10.1002/jcp.20127
http://www.ncbi.nlm.nih.gov/pubmed/15389596
http://dx.doi.org/10.1158/1078-0432.CCR-04-0958
http://www.ncbi.nlm.nih.gov/pubmed/15569997

@’PLOS ‘ ONE

TNF Alpha Signaling Regulates the Expression and Translocation of 1d2

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hotokezaka H, Sakai E, Ohara N, Hotokezaka Y, Gonzales C, Matsuo K, et al. Molecular analysis of
RANKL-independent cell fusion of osteoclast-like cells induced by TNF-alpha, lipopolysaccharide, or
peptidoglycan. Journal of cellular biochemistry. 2007; 101(1):122—34. doi: 10.1002/jcb.21167 PMID:
17171644,

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science. 2005; 307(5712):1098-101. doi: 10.1126/science.1106148 PMID:
15718470.

Liu P, Cheng H, Roberts TM, Zhao JJ. Targeting the phosphoinositide 3-kinase pathway in cancer.
Nature reviews Drug discovery. 2009; 8(8):627—44. doi: 10.1038/nrd2926 PMID: 19644473; PubMed
Central PMCID: PMC3142564.

Edelstein CL. Mammalian target of rapamycin and caspase inhibitors in polycystic kidney disease. Clin-
ical journal of the American Society of Nephrology: CJASN. 2008; 3(4):1219-26. doi: 10.2215/CJN.
05611207 PMID: 18587045.

Jankiewicz M, Groner B, Desrivieres S. Mammalian target of rapamycin regulates the growth of mam-
mary epithelial cells through the inhibitor of deoxyribonucleic acid binding Id1 and their functional differ-
entiation through Id2. Molecular endocrinology. 2006; 20(10):2369—-81. doi: 10.1210/me.2006-0071
PMID: 16772532.

Polivka J Jr., Janku F. Molecular targets for cancer therapy in the PISBK/AKT/mTOR pathway. Pharma-
cology & therapeutics. 2014; 142(2):164—75. doi: 10.1016/j.pharmthera.2013.12.004 PMID: 24333502.

Hennighausen L, Robinson GW. Signaling pathways in mammary gland development. Developmental
cell. 2001; 1(4):467-75. PMID: 11703938.

Wierod L, Rosseland CM, Lindeman B, Oksvold MP, Grosvik H, Skarpen E, et al. CDK2 regulation
through PI3K and CDK4 is necessary for cell cycle progression of primary rat hepatocytes. Cell prolifer-
ation. 2007; 40(4):475-87. doi: 10.1111/].1365-2184.2007.00451.x PMID: 17635516.

Zhang W, Liu HT. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell
research. 2002; 12(1):9-18. doi: 10.1038/sj.cr.7290105 PMID: 11942415.

Chen G, Cao P, Goeddel DV. TNF-induced recruitment and activation of the IKK complex require
Cdc37 and Hsp90. Molecular cell. 2002; 9(2):401-10. PMID: 11864612.

LinYZ, Yao SY, Veach RA, Torgerson TR, Hawiger J. Inhibition of nuclear translocation of transcription
factor NF-kappa B by a synthetic peptide containing a cell membrane-permeable motif and nuclear
localization sequence. The Journal of biological chemistry. 1995; 270(24):14255-8. PMID: 7782278.

Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, et al. IKK beta suppression of TSC1 links inflam-
mation and tumor angiogenesis via the mTOR pathway. Cell. 2007; 130(3):440-55. doi: 10.1016/j.cell.
2007.05.058 PMID: 17693255.

Shillingford JM, Murcia NS, Larson CH, Low SH, Hedgepeth R, Brown N, et al. The mTOR pathway is
regulated by polycystin-1, and its inhibition reverses renal cystogenesis in polycystic kidney disease.
Proc Natl Acad Sci U S A. 2006; 103(14):5466—71. Epub 2006/03/29. 0509694103 [pii] doi: 10.1073/
pnas.0509694103 PMID: 16567633.

Distefano G, Boca M, Rowe |, Wodarczyk C, Ma L, Piontek KB, et al. Polycystin-1 regulates extracellu-
lar signal-regulated kinase-dependent phosphorylation of tuberin to control cell size through mTOR and
its downstream effectors S6K and 4EBP1. Molecular and cellular biology. 2009; 29(9):2359-71. doi:
10.1128/MCB.01259-08 PMID: 19255143; PubMed Central PMCID: PMC2668371.

Bukanov NO, Smith LA, Klinger KW, Ledbetter SR, Ibraghimov-Beskrovnaya O. Long-lasting arrest of
murine polycystic kidney disease with CDK inhibitor roscovitine. Nature. 2006; 444(7121):949-52.
Epub 2006/11/24. nature05348 [pii] doi: 10.1038/nature05348 PMID: 17122773.

PLOS ONE | DOI:10.1371/journal.pone.0131043 June 25,2015 15/15


http://dx.doi.org/10.1002/jcb.21167
http://www.ncbi.nlm.nih.gov/pubmed/17171644
http://dx.doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://dx.doi.org/10.1038/nrd2926
http://www.ncbi.nlm.nih.gov/pubmed/19644473
http://dx.doi.org/10.2215/CJN.05611207
http://dx.doi.org/10.2215/CJN.05611207
http://www.ncbi.nlm.nih.gov/pubmed/18587045
http://dx.doi.org/10.1210/me.2006-0071
http://www.ncbi.nlm.nih.gov/pubmed/16772532
http://dx.doi.org/10.1016/j.pharmthera.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24333502
http://www.ncbi.nlm.nih.gov/pubmed/11703938
http://dx.doi.org/10.1111/j.1365-2184.2007.00451.x
http://www.ncbi.nlm.nih.gov/pubmed/17635516
http://dx.doi.org/10.1038/sj.cr.7290105
http://www.ncbi.nlm.nih.gov/pubmed/11942415
http://www.ncbi.nlm.nih.gov/pubmed/11864612
http://www.ncbi.nlm.nih.gov/pubmed/7782278
http://dx.doi.org/10.1016/j.cell.2007.05.058
http://dx.doi.org/10.1016/j.cell.2007.05.058
http://www.ncbi.nlm.nih.gov/pubmed/17693255
http://dx.doi.org/10.1073/pnas.0509694103
http://dx.doi.org/10.1073/pnas.0509694103
http://www.ncbi.nlm.nih.gov/pubmed/16567633
http://dx.doi.org/10.1128/MCB.01259-08
http://www.ncbi.nlm.nih.gov/pubmed/19255143
http://dx.doi.org/10.1038/nature05348
http://www.ncbi.nlm.nih.gov/pubmed/17122773

