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Inactivation of Max-interacting Protein 1 Induces Renal Cilia
Disassembly through Reduction in Levels of Intraflagellar
Transport 20 in Polycystic Kidney”
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Background: Renal cilia defects such as cilia disassembly cause polycystic kidney disease.

Results: Decrease of Mxil induces renal cilia disassembly via reduction in levels of Ift20 and activates p-ERK.

Conclusion: Inactivation of Mxil induces polycystic kidney through renal cilia disassembly.

Significance: This cilia disassembly mechanism induced by Mxil inactivation in polycystic kidney is expected to be new model

for renal cystogenesis.

Cilia in ciliated cells consist of protruding structures that
sense mechanical and chemical signals from the extracellular
environment. Cilia are assembled with variety molecules via a
process known as intraflagellar transport (IFT). What controls
the length of cilia in ciliated cells is critical to understand ciliary
disease such as autosomal dominant polycystic kidney disease,
which involves abnormally short cilia. But this control mecha-
nism is not well understood. Previously, multiple tubular cysts
have been observed in the kidneys of max-interacting protein 1
(Mxil)-deficient mice aged 6 months or more. Here, we clarified
the relationship between Mxil inactivation and cilia disassem-
bly. Cilia phenotypes were observed in kidneys of Mxil-defi-
cient mice using scanning electron microscopy to elucidate the
effect of Mxil on renal cilia phenotype, and cilia disassembly
was observed in Mxil-deficient kidney. In addition, genes
related to cilia were validated in vitro and in vivo using quanti-
tative PCR, and Ift20 was selected as a candidate gene in this
study. The length of cilium decreased, and p-ERK level induced
by a cilia defect increased in kidneys of MxiI-deficient mice.
Ciliogenesis of Mxil-deficient mouse embryonic fibroblasts
(MEFs) decreased, and this abnormality was restored by Mxil
transfection in Mxi1-deficient MEFs. We confirmed that cilio-
genesis and Ift20 expression were regulated by Mxil in vitro.
We also determined that Mxil regulates Ift20 promoter activ-
ity via Ets-1 binding to the Ift20 promoter. These results indi-
cate that inactivating Mxil induces ciliary defects in polycys-
tic kidney.
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Most eukaryotic cells contain organelles known as cilia,
which are antenna-like projections extending from the cell
body. Nonmotile, primary cilia may be sensory cellular organ-
elles that coordinate cellular signaling pathway including cell
division and differentiation (1). A single primary cilium ema-
nates from the basal body in kidney cells and exhibitsa 9 + 0
(nine sets of microtubule doublets and no singlet microtubule
in the center) axoneme microtubule structure (2). The process
of intraflagellar transport (IFT)* is responsible for building and
maintaining the structure and function of primary cilia (3).
Central to the functional basis of IFT is its ability to traffic
various ciliary protein cargo (4). IFT particles are divided into
two groups termed complex A and B. Components of IFT com-
plex A function are related to retrograde IFT (Ift144/140/139/
122), whereas components of IFT complex B function are
related to anterograde IFT (Ift172/88/81/80/74/57/52/46/27/
20) (5).

Recent research has demonstrated that cilia play a crucial
role regulating vertebrate developmental pathways and tissue
homeostasis, and defects in genes involved in primary cilia
assembly or function are associated with diseases such as poly-
cystic kidney disease (PKD) (6 —10). Autosomal dominant PKD
(ADPKD), which is one of the most common human mono-
genic diseases, is a life-threatening genetic disease in which
epithelial-lined cysts develop extensively in the kidneys result-
ing in renal failure (11-15). PKD is related to abnormal prolif-
eration of renal epithelial cells with ciliary defects. In addition,
ADPKD is one of a number of human genetic diseases that are
rooted in defects in cilia formation, maintenance, or function
(16-18).

Max-interacting protein 1 (Mxil), which is an antagonist of
the c-Myc oncogene, is a transcription factor related to cellular

“The abbreviations used are: IFT, intraflagellar transport; ADPKD, autosomal
dominant PKD; Ets-1, E26 avian leukemia oncogene 1; MEF, mouse embry-
onic fibroblast; mIMCD-3, mouse inner medullary collecting duct; Mxi1,
max-interacting protein 1; PKD, polycystic kidney disease.
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growth and differentiation (19-21). The Mad2 protein
encoded by the Mxil gene is a basic helix-loop-helix leucine
zipper (22). Deletion or rearrangement of the Mxil gene causes
several types of cancer in humans including prostate tumors,
renal cell carcinoma, and endometrial cancers (22, 23). Mice
lacking Mxil exhibit progressive, multisystem abnormalities
including polycystic kidney (24). Previously, we reported mul-
tiple cysts in the kidneys of Mxil-deficient mouse aged 6
months and older (25). Also, the common characteristics of
polycystic kidney such as inflammation, fibrosis, and increase
of renal cell proliferation were observed in MxiI-deficient kid-
ney (22, 26). Based on these previous studies, Mwxil-deficient
mice are a suitable model to study PKD.

Here, we show that inactivating Mxil affects ciliogenesis in
vivo and in vitro by down-regulating Ift20. Additionally, the
p-ERK level was increased in cilia-defective models by the inac-
tivation of Mxil. To investigate the relationship between Mxil
and Ift20, various transcription factors binding to the If¢20 pro-
moter region were screened using the TRANSFAC database.
The results confirmed that Ets-1 acts as a mediator involved
in the relationship between Mxil and Ift20. These results sug-
gest that inactivation of Mxil induces renal cilia disassembly
through Ift20 reduction in polycystic kidneys.

EXPERIMENTAL PROCEDURES

Sample Preparation—Renal tissue was isolated from
9-month-old Mxil-deficient mice and age-matched control
mice. For histological analysis, tissues were fixed in freshly pre-
pared 4% paraformaldehyde in PBS, dehydrated in graded eth-
anol, cleared in xylene, and embedded in paraffin. Kidney tis-
sues were taken from sacrificed mice and immediately stored in
2.5% glutaraldehyde for scanning electron microscopy.

Cell Culture—Wild-type and Mxil-deficient mouse embry-
onic fibroblasts (MEFs) were isolated from E13.5 mouse
embryos. Briefly, embryos were mechanically fragmented and
then incubated with trypsin (0.25% in PBS, pH 7.5) at 37 °C for
15-20 min with a magnetic stirrer. After 10 min of centrifuga-
tion at 1800 rpm, the pellets were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) without fetal bovine serum
(FBS) and centrifuged for 10 min at 1800 rpm. After three
washes, the cell suspension was distributed in a culture dish
containing complete DMEM with 10% FBS. Inner medullary
collecting duct (mIMCD-3) cells were cultured in DMEM and
Ham’s F12 medium supplemented with 10% FBS. Cells were
grown at 37 °C in a humidified atmosphere containing 5% CO.,,.
To induce ciliogenesis, mIMCD-3 cells were maintained at
confluence for 5 days (27). MEFs were maintained at serum
starvation for 48 h to induce ciliogenesis (28).

Mxi-1 and Ets-1 Expression Vector—The Mxil expression
vector, pPCMYV Tag2B (Stratagene), was constructed by cloning
Mxil cDNA isolated from mIMCD-3 cells. Mxil coding se-
quence constructs were made by PCR amplification with the
following primers: upstream, 5-GATCGGATCC (BamHI)
ATGCCGAGCCCCCGG-3' and downstream, 5'-TCGACTC-
GAG (Xhol) CTAGGACGCGAAGGAGG-3'. The Ets-1 ex-
pression vector, also pCMV Tag2B, was constructed by cloning
Ets-1 c¢cDNA isolated from mIMCD-3 cells. Ets-1 coding
sequence constructs were made by PCR amplification with the
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following primers: upstream, 5'-ATTTGCGGCCGC (Notl)
ATGAAGGCGGCCGTCGAT-3’ and downstream, 5'-CGCG-
GATCCCTA (BamHI) GTCAGCATCCGGCTTTACAT-3".

Transient Transfection and siRNA Treatment—Transient
transfection of Mxil and Ets-1 was performed with following
materials. Cells were subcultured 1 day before and transfected
using FuGENE 6 Transfection Reagent (Roche Applied Sci-
ence). Cells were transfected with Mxil and Ets-1 small
interfering RNA (siRNA; Santa Cruz Biotechnology) using
Lipofectamine RNAi MAX (Invitrogen), according to the
manufacturer’s protocol.

Immunofluorescence Microscopy—Cells for immunofluores-
cence microscopy were grown on acid-washed glass coverslips.
The cells were fixed for 10 min in 4% paraformaldehyde in PBS.
Five- to 10-um-thick paraffin sections were used for immuno-
fluorescence microscopy and incubated with primary antibod-
ies overnight at 4 °C. The primary antibodies used included
acetylated anti-tubulin (Sigma-Aldrich). The cells were then
washed three times and incubated with a 1:1000 dilution of
FITC-conjugated anti-mouse IgG (Vector Laboratories) sec-
ondary antibody for 1 h at room temperature. The cells were
then mounted with Vectashield (Vector Laboratories) and visu-
alized by fluorescence microscopy. Counterstaining was car-
ried out with DAPL

Reporter Constructs and Luciferase Assay—Mouse genomic
DNA was isolated from wild-type mouse embryos using BD
Vacutainers. The 5'-flanking region of the mouse Ift20 gene
was amplified by PCR using specific primers. The synthetic
linkers and restriction sites for Xhol (CCGCTCGAG) and
HindIIIl (GGGAAGCTT) are indicated in uppercase. The prim-
ers used were: 0.5 kb forward, 5'-CCGCTCGAGCACCCCTC-
CTCTTCTGAAAAACT-3" and 1.0 kb forward, 5'-CCGCTC-
GAGAGAAACCCAAGTGACTAGGCTTG-3'; the reverse
primer for all constructs except for 0.5kb-1.0kb, 5'-GGGAAG-
CTTAGCACCAGCATCCGCCCACCCTGCGG-3" and the
reverse primer for 0.5kb-1.0kb, 5'-GGGAAGCTTTGGCGGG-
AGAGCAGCCTACACT-3'. A series of 5'-deletion constructs
were cloned into the pGL3-basic vector (Promega). For site-
directed mutagenesis, the pGL3-basic/0.5-kb cloned vector
was used as a template with the QuikChange® Site-Directed
Mutagenesis Kit (Stratagene). The mutated region was the
same as the Ets-1 mutant probe used in the shift assay. Lucifer-
ase plasmids and a pSV-B-galactosidase control vector were
cotransfected into mIMCD-3 cells, Mxil transiently overex-
pressed, and Ets-1 transiently overexpressed mIMCD-3 cells
with the FUGENE 6 Transfection Reagent. After 2 days, the cells
were washed with PBS and harvested in 500 ul of 1X Passive
Lysis Buffer (Promega). Supernatants were mixed with lucifer-
ase reagent (Promega), and luciferase activity was measured
using a luminometer (Aureon Biosystems) as described in the
manufacturer’s protocol.

Quantitative PCR—Total RNA was extracted using a Nucle-
ospin® Kit (Macherey-Nagel) according to the manufacturer’s
instructions, and cDNA was synthesized using Moloney
murine leukemia virus reverse transcriptase (Promega) accord-
ing to the manufacturer’s instructions. qPCR was conducted
using the qPCR SYBR Green kit (Qiagen). Primer sequences for
qPCR are presented in Table 1.

JOURNAL OF BIOLOGICAL CHEMISTRY 6489



Mxi1 Regulates Ciliogenesis via Ift20

TABLE 1

Primer sequences
Primer (qPCR)”* 5 —3'
B-Actin (F) GACGATGCTCCCCGGGCTGTATTC
B-Actin (R) TCTCTTGCTCTGGGCCTCGTCACC
Mxil (F) CGGATTCAGAGCGAGAGGAGATT
Mxil (R) AGGCTGCTGTGGTCGTCAAGGTC
1ft20 (F) GGATGCTGGTGCTTCTGGACTC
Ift20 (R) GCTCTGCGGCCCTGACGACTGT
1ft88 (F) TGGTCAGCCCGCTCCTCCTC
1£t88 (R) ACCCGTGTCATTCTCCAACTCCTC
Kif3« (F) CCAGCCTCGCCCCCAAACC
Kif3a (R) CCGGCACCTAACCACCACCTTC

“F, forward; R, reverse.

Western Blotting—Proteins were separated on polyacryl-
amide gels and transferred to PVDF membranes (Amersham
Biosciences). The primary antibodies used were anti-cytoskel-
etal actin (Bethyl Laboratories), anti-ERK, anti-p-ERK (Cell
Signaling Technology), Mxil (Santa Cruz Biotechnology),
Ets-1 (Novus), and Ift20 (Abcam). Blots were incubated with
primary antibodies overnight at 4 °C. Blots were incubated
with horseradish peroxidase-conjugated secondary antibody
(Upstate Biotechnology, 1:5000) for 1 h at room temperature.
Immunoreactive complexes were visualized using ECL
reagents (Amersham Biosciences).

Supershift Assay and Isolation of Nuclear Extracts—Nuclear
extracts of mIMCD-3 cells were prepared using a Nuclear
Extraction Kit (Affymetrix) according to the manufacturer’s
protocol. The sequences of oligonucleotides used in the
supershift assay were: Ets-1 wild-type probe, 5'-TCCTTC-
TACTTCCGGGTTCGG-3" and Ets-1 mutant probe, 5'-
TCCTTCTACAAAAGGGTTCGG-3'. Probes were labeled
with [y-**P]ATP using T4 polynucleotide kinase (Takara),
followed by purification on a Sephadex G-50 column (Roche
Applied Science). Nuclear extracts were preincubated with
unlabeled probe (competitor) for 90 min at room temperature
for the competitive binding assay. Nuclear extracts were prein-
cubated with antibodies against Ets-1 and IgG for 90 min at
room temperature for the supershift assay. All antibodies for
the supershift assay were purchased from Santa Cruz Biotech-
nology. Samples were loaded on polyacrylamide gel in 0.5X
TBE buffer for 3 h at 180 V. The dried gels were exposed to film
and detected with a FLA7000 (Fuji film).

Statistical Analysis—Data were described as mean *= S.D.
and analyzed by a paired ¢ test. The paired ¢ test was performed
by InStat software (GraphPad). For analysis, p value < 0.05 was
considered statistically significant.

RESULTS

Influence of Mxil Inactivation on Cilia Assembly—To con-
firm the effect of MxiI deletion on cilia assembly, we evaluated
the length of the primary cilia in kidneys of MxiI-deficient and
wild-type mice by scanning electron microscopy (Fig. 14). Cilia
formation was normal in wild-type kidneys (Fig. 14, a-c),
whereas cells with defective and truncated cilia were observed
in Mxil-deficient mice (Fig. 14, d—f). A comparison of the
length of the cilium in MxiI-deficient kidneys with that of the
wild-type kidney (n = 20, 3.284 * 0.697 um) revealed that cilia
in the Mxil-deficient kidney (n = 15, 1.84 = 0.663 wm) were
much shorter than those in the wild-type (Fig. 1B). Next, we
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investigated the phenotype of cilia in cyst-lining cells of the
Mxil-deficient kidney compared with that in the wild-type (Fig.
1C). Results from immunofluorescence using an antibody
against acetylated a-tubulin, known as a primary cilia-specific
marker, showed that cilia still formed in the cyst-lining cells
(Fig. 1C, b and ¢), but their phenotype was abnormal compared
with that in wild-type kidney (Fig. 1C, a). Cilia formed in wild-
type kidney were normally protruded to lumen and maintained
normal cilia length. However, cilia formed in Mxil-deficient
kidney did not have extended form to lumen with short length.
In addition, the B-Raf/MEK/ERK pathway was confirmed in
kidney of Mxil-deficient mice. Because decrease of intracellu-
lar calcium level in polycystic kidney with cilia defects induce
cAMP level that results in activation of B-Raf/MEK/ERK path-
way (29). The p-B-Raf, p-MEK, and p-ERK level increased in the
cilia-defective kidney induced by Mxil inactivation compared
with that in controls (Fig. 1D). These results show that inacti-
vation of Mxil induces truncated cilia and activation of B-Raf/
MEK/ERK pathway in the kidney.

Influence of Mxil Inactivation on Ciliogenesis in MEFs—We
imaged ciliated cells in MxiI*/* and Mxil '~ MEFs to confirm
whether ciliogenesis was affected by the Mxi1 gene in MEFs. In
normal cells, the proper ciliogenesis occurred in one cell, so one
cilium is localized to one cell. Consistent with this, many
Mxil™*'" MEFs have cilia in each cell (Fig. 24). However, cili-
ated cells of Mxil '~ MEFs was reduced compared with
Mxil*'" MEFs (Fig. 2A). These results suggest that ciliogenesis
was inhibited in Mxil '~ MEFs compared with those in
Mxil™'* MEFs. Quantification of ciliogenesis was indicated in
Fig. 2B. The percentage of ciliated cells decreased in Mxil '~
MEFs (n = 11, 30.151 * 16.674%) compared with those in
Muxil*'" MEFs (n = 11, 71.969 = 20.84%). Additionally, the
p-ERK level increased in Mxil '~ MEFs compared with that in
Mxil*'" MEFs (Fig. 2C). These results indicated that Mxil
regulates ciliogenesis and the p-ERK level in MEFs.

Validation of Gene Expression Related to Ciliogenesis in
Mxil-deficient Kidneys and MEFs—To identify the expression
pattern of the IFT family involved in ciliogenesis, we evaluated
the expression of Ift20, Ift88, and Kif3« in Mxil-deficient kid-
neys using qPCR (Fig. 3A4). Ift20 (0.521 = 0.394), Ift88 (0.771 +
0.212), and Kif3a (0.633 = 0.159) were down-regulated in
Mxil-deficient mice with polycystic kidneys. We also con-
firmed expression of these genes in MEFs (Fig. 3B). Ift20
(0.428 = 0.125), Ift88 (0.658 = 0.337), and Kif3c (0.684 * 0.078)
were down-regulated in Mxil-deficient MEFs compared with
thatin controls. Among these genes, Ift20 expression decreased
significantly in the Mxil-deficient kidney and MEFs, so Ift20
was selected for our subsequent experiments.

Influence of Mxil Transient Overexpression on Ift20 Expres-
sion and Ciliogenesis in Mxil '~ MEFs—To confirm that Mxi1
regulates Ift20 expression, we compared [ft20 expression in
Mxil transiently overexpressed Mxil '~ MEFs and Mxil '~
MEFs (Fig. 4A). When Mxil was transfected into Mxil '~
MEFs, Mxil (48.721 £ 11.301) and [ft20 (1.867 * 0.056) mRNA
levels were increased compared with that in Mxil '~ MEFs.
These results indicate that Mxil is a positive regulator of Ift20.
When Mxil was transfected into Mxil '~ MEFs, ciliated cells
of Mxil '~ MEFs were increased as indicated by arrows com-
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FIGURE 1. Identification of primary cilium in kidney of MxiT1-deficient mice. A, representative photographs of scanning electron micrographs of kidneys
from wild-type (a-c), aged 9 months, and Mxi7-deficient kidney (d-f) as age-matched controls. B, comparison of the length of cilium in Mxi7-deficient kidney
with wild-type kidney. The length of cilium was quantified by measuring from ciliary tip to basal body (basal body is bottom and protruding region of cilia)
using the scale bar indicated in the figure. The graph shows mean = S.D. (error bars) of three independent experiments. The one-tailed p value is <0.0001,
considered extremely significant (***). C, representative photographs of anti-acetylated a-tubulin-stained Mxi7-deficient kidney (b and c¢) and wild-type kidney
(a) (anti-acetylated a-tubulin staining (green), DAPI staining (blue), Cy, cyst. Original magnification, X3000. Scale bars, 10 um. D, Western blot of proteins related

to B-Raf/MEK/ERK pathway in Mxi1-deficient kidney and wild-type. B-Actin was used as a loading control.
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FIGURE 2. Effect of Mxi1 on ciliogenesis and p-ERK level in MEFs. A, representative photographs of anti-acetylated a-tubulin-stained Mxi1 ™", Mxi1 =/~
MEFs. White arrow indicates cilia stained with anti-acetylated a-tubulin. Anti-acetylated a-tubulin staining is shown in green, DAPI staining is blue. Original
magnification, X400. Scale bar, 20 um. B, quantification of ciliated cells in Mxi1 /", Mxi1~/~ MEFs. To measure ciliated cells, a ratio of the number of cilia to the
number of nuclei was calculated and multiplied by 100. The graph shows mean = S.D. (error bars) of three independent experiments. The one-tailed p value is <

0.001, considered extremely significant (**). C, Western blot of p-ERK and total ERK in Mxi7*/* and Mxi1~/~ MEFs. B-Actin was used as a loading control.

pared with Mxil1 '~ MEFs, suggesting that MxiI transfection
increased ciliogenesis of Mxil '~ MEFs (Fig. 4B). Quantifica-
tion of ciliated cells in Mxil ~'~ (n = 20, 31.909 * 6.421%) and
Mxil transiently overexpressed Mxil~’~ MEFs (n = 13,
54.047 * 11.16%) is described in Fig. 4C. Additionally, p-ERK
level was measured in Mxil*’" MEFs, Mxil '~ MEFs, and
Mxil transiently overexpressed Mxil '~ MEFs (Fig. 4D).
When Mxil was transfected into Mxil~’~ MEFs, p-ERK level
was decreased compared with Mxil '~ MEFs and similar to
that in Mxil */* MEFs. These results indicated that MxiI over-
expression can rescue Mxil '~ MEFs from the ciliary-defec-
tive phenotype, such as abnormal ciliogenesis and the p-ERK
level.

MARCH 1, 2013+ VOLUME 288+NUMBER 9

Mxil Regulates Ift20 Expression and Its Promoter Activity in
mIMCD-3 Cells—Next, we used mIMCD-3 cells to identify the
effect of Mxil on cilia assembly in renal epithelial cells. We
verified the expression of Mxil and Ift20 in mIMCD-3 cells,
Mxil transiently overexpressed mIMCD-3 cells, and Mxil
siRNA-treated mIMCD-3 cells. Mxil mRNA expression was
up-regulated in Mxil transiently overexpressed mIMCD-3
cells (12.397 * 2.923) and down-regulated in Mxil siRNA-
treated mIMCD-3 cells (0.381 * 0.046) compared with each
control. Ift20 mRNA expression was increased in Mxil tran-
siently overexpressed mIMCD-3 cells (1.532 = 0.236) and
decreased in Mxil siRNA-treated mIMCD-3 cells (0.670 *=
0.170) compared with each control (Fig. 54). Consistent with
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verification of Ift20, Ift88, and Kif3a mRNA expression in Mxi1-deficient mice. The

graphs show mean = S.D. (error bars) of three independent experiments. *, p < 0.05; **, p < 0.01. B, verification of /ft20, Ift88, and Kif3a mRNA expression in
Mpxi1-deficient MEFs. The graphs show mean = S.D. of three independent experiments. *, p < 0.05; ***, p < 0.005.
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FIGURE 4. Transient overexpression of MxiT has an effect on ciliary phenotype of Mxi1~/~ MEFs. A, verification of Mxi7 and /ft20 mRNA expression in
Mxi1~/~ and Mxi1 transiently overexpressed Mxi1~/~ MEFs. The graphs show mean * S.D. (error bars) in triplicate. B, representative photographs of anti-
acetylated a-tubulin-stained Mxi7~/~ and MxiT transiently overexpressed Mxi1~’~ MEFs. White arrows indicates cilia stained with anti-acetylated a-tubulin.
Original magpnification, X400. Scale bars, 20 um. C, quantification of ciliated cells in Mxi7~/~ and Mxi1 transiently overexpressed Mxi1~/~ MEFs. To measure

ciliated cells, the ratio of the number of cilia to the number of nuclei was calcul

ated and multiplied by 100. The graph shows mean =+ S.D. of three independent

experiments. The one-tailed p value is 0.007, considered significant (**). D, Western blot of p-ERK and total ERK in Mxi1*/*, Mxi1~/~, and Mxi1 transiently

overexpressed Mxi1~/~ MEFs. B-Actin was used as a loading control.

this, Ift20 protein level was regulated by Mxil protein level (Fig.
5B). Therefore, we found that Ift20 expression was regulated by
Mxil expression. Next, we confirmed whether Mxil regulates
Ift20 promoter activity because Mxil is a basic helix-loop-helix
leucine zipper transcription factor. We performed a transient
transfection assay, in which luciferase reporter constructs
driven by various lengths of the Ift20 5'-flanking region (—0.5
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kb, —1.0 kb, —1.5 kb, and —2.0 kb) in mIMCD-3 cells and MxiI
transiently overexpressed mIMCD-3 cells (data not shown).
Promoter activity of the —0.5-kb construct increased in Mxil
transiently overexpressed mIMCD-3 cells (6.563 * 1.198) com-
pared with mIMCD-3 cells (2.935 * 0.553). Promoter activity
of the —1.0-kb construct increased in Mxi1 transiently overex-
pressed mIMCD-3 cells (5.0223 = 1.026) compared with
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transiently overexpressed mIMCD-3 cells, and Mxi1 siRNA-treated mIMCD-3 cells. The graphs show mean = S.D. (error bars) in triplicate. B, Western blot of Ift20
and Mxi1 level in MxiT siRNA-treated mIMCD-3 cells and MxiT transiently overexpressed mIMCD-3 cells compared with that in their respective controls. B-Actin
was used as a loading control. C, deletion constructs of the /ft20 5'-flanking region and luciferase activity in mIMCD-3 and MxiT transiently overexpressed
mIMCD-3 cells. The representative graph shows mean = S.D. of three independent assays. ***, p < 0.005. The right part of the luciferase assay shows MxiT mRNA
expression in Mxil transiently overexpressed mIMCD-3 cells compared with that in control used in this luciferase assay. The graph shows mean = S.D. in

triplicate.

mIMCD-3 cells (1.7823 = 0.303). Promoter activity of the
—1.5-kb construct increased in Mxi! transiently overexpressed
mIMCD-3 cells (3.041 = 0.475) compared with mIMCD-3 cells
(0.902 £ 0.103). Promoter activity of the —2.0-kb construct
increased in Mxil transiently overexpressed mIMCD-3 cells
(2.933 = 0.664) than mIMCD-3 cells (0.903 £ 0.276). This
luciferase assay shows that promoter activities with the —0.5
kb, —1.0 kb, —1.5 kb, and —2.0 kb were increased in Mxil
transiently overexpressed mIMCD-3 cells compared with
mIMCD-3 cells. Interestingly, the shortest fragment of —0.5 kb
displayed the highest luciferase activity among various frag-
ments, which suggested the presence of positive regulatory ele-
ments in the —0.5-kb region of the Ift20 promoter. From these
reasons, —0.5-kb fragment of Ift20 promoter was selected for
our subsequent experiments. Mxil mRNA level of mIMCD-3
cells used in this promoter activity measurement was described
in the right part of Fig. 5C as a qPCR graph. To confirm whether
the —0.5-kb region was critical for [ft20 promoter regulation
related to Mxil, we designed the +1 to —0.5-kb deleted lucif-
erase reporter (0.5kb-1.0kb) construct and checked activity
with —0.5 kb and —1.0 kb (Fig. 5C). As a result, [ft20 promoter
activity of the 0.5-kb construct increased in Mxil transiently
overexpressed mIMCD-3 cells (36.747 = 2.681) compared with
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mIMCD-3 (25.773 * 3.39). Promoter activity of the 1.0-kb con-
struct increased in Mxil transiently overexpressed mIMCD-3
cells (23.131 * 1.94) compared with mIMCD-3 cells (17.583 =
2.772). However, Ift20 promoter activity in each cell line using
0.5kb-1.0kb was significantly low. These results indicated that
Mxil may play a positive regulator in the transcriptional regu-
lation of the —0.5-kb region of Ift20 promoter.

Ciliogenesis Is Regulated by Mxil in mIMCD-3 Cells—We
imaged ciliated cells in mIMCD-3 and Mxil siRNA-treated
mIMCD-3 to confirm whether Ift20 regulated by Mxil has an
effect on mIMCD-3 ciliogenesis. mIMCD-3 cells treated with
control siRNA have many ciliated cells, as indicated by arrows
in Fig. 6A. However, knockdown of MxiI using siRNA reduced
the number of ciliated cells (Fig. 6A). Quantification of ciliated
cells in Mxil siRNA-treated mIMCD-3 (n 12, 15.050 =
13.799%) and control siRNA-treated mIMCD-3 cells (n = 12,
39.026 = 4.541%) is depicted in Fig. 6B. In addition, the p-ERK
level increased in Mxil siRNA-treated mIMCD-3 compared
with that in controls (Fig. 6C). These results show that ciliogen-
esis defects affected by inactivating Mxil induce p-ERK in
mIMCD-3 cells.

Mxil Regulates the Ift20 Promoter via Ets-1—Given the pre-
vious demonstration that Mxil regulates Ift20 promoter activ-
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as the loading control.

ity, we tested whether Mxil had a direct or indirect effect on
Ift20 promoter regulation. To identify the transcription factors
that bind to the [ft20 promoter, we screened the consensus
binding site for known transcription factors using the TRANS-
FAC database within the +1 to —0.5-kb region. Transcription
factors with high scores were selected and described in Fig. 7A.
No consensus binding site for Mxil was found in the ft20 pro-
moter region (—0.5 kb), prompting our prediction that Mxil
does not directly bind but affects Ift20 promoter activity indi-
rectly. We performed an electrophoretic mobility shift assay
(EMSA) of the consensus binding sites obtained from the
TRANSFAC database (data not shown) to identify candidate
proteins because we expected that Mxil affects [ft20 promoter
activity through a candidate protein that binds to the If20 pro-
moter. Among various transcription factors, Ets-1 was selected
as a candidate for binding to the Ift20 promoter, —135 to —138.
A strong shifted band (DNA-protein complex) was detected in
the wild-type probe (lane 3) containing the Ets-1 binding site
(Fig. 7B). In addition, the density of this complex decreased
dramatically following incubation with the mutant probe (lane
4) containing the Ets-1 binding site mutant sequence. A super-
shift assay was carried out using the Ets-1 antibody to confirm
whether this DNA-protein complex contained the Ets-1 pro-
tein (Fig. 7B). The DNA-protein complex band was diminished
(lane 6) compared with that in IgG-incubated samples used as a
negative control (lane 5). Next, we checked Ift20 promoter
activity in Ets-1 transiently overexpressed mIMCD-3 cells to
identify whether Ets-1 had an effect on Ift20 promoter regula-
tion. Ets-1 expression level of mIMCD-3 used in this promoter
activity measurement is described in the right part of the lucif-
erase assay graph in Fig. 7C. Luciferase activity increased in
Ets-1 transiently overexpressed mIMCD-3 cells (4.995 = 1.017)
compared with that in controls (2.9 = 0.205) (Fig. 7C), and this
increased activity decreased in mutant luciferase constructs
(2.644 *= 0.919) containing the mutant Ets-1 binding site
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sequence despite Ets-1 overexpression (Fig. 7C). Consistent
with this promoter regulation, the Ift20 protein level decreased
in Ets-1 siRNA-treated mIMCD-3 cells (Fig. 7D) compared
with that in controls. These results show that Ets-1 binds to
—135 to —138 of the Ift20 promoter and regulates Ift20 expres-
sion and promoter activity in mIMCD-3 cells.

From these results, we predicted that the indirect regulatory
mechanism of [ft20 promoter involved in Mxil occurred
through Ets-1, so we identified the relationship between Mxil
and Ets-1. No studies have been conducted on this relationship,
so we tested whether Mxil could be an upstream regulator of
Ets-1. The Ets-1 level increased in Mxil transiently overex-
pressed mIMCD-3 cells compared with that in controls (Fig.
7E), but the Mxil level did not change in Ets-1 transiently over-
expressed mIMCD-3 and Ets-1 siRNA-treated mIMCD-3 cells
compared with that in each controls (Fig. 7F), suggesting that
Mxil acted as an upstream regulator of Ets-1. The collective
results support the suggestion that Mxil regulates [ft20 pro-
moter activity via Ets-1, which binds to the Ift20 promoter at
—135to —138.

DISCUSSION

In this study, we have shown that the nonciliary protein Mxil
is a regulator of primary cilia assembly. Many studies have been
conducted about the regulatory mechanism between ciliary
proteins and primary cilia (2, 30-33), but these studies did not
discuss the relationship between nonciliary proteins and pri-
mary cilia. From this aspect, our study is significant because it
provides new evidence for the function of a nonciliary protein.
Mxil-deficient mice have been considered a PKD animal
model, but no sufficient disease-inducing mechanisms have
been identified. We identify the mechanism in this study.

Defects in renal primary cilia induce polycystic kidneys via
abnormal cell proliferation, and aberrant ciliary gene expres-
sion has been observed in cystic kidneys. In addition, proteins
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FIGURE 7. Ets-1 is a mediator of the regulatory mechanism between Mxi1 and Ift20. A, screening of known transcription factors that bind to the /ft20
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mutant sequence for the Ets-1 binding site in mIMCD-3 and Ets-1 transiently overexpressed mIMCD-3. The representative graph shows mean =+ S.D. (error bars)
of three independent assays. ***, p < 0.005. The right part of the luciferase assay graph indicates Ets-1 mRNA expression in mock (0.5-kb wt), Ets-1 transiently
overexpressed (TF) 0.5-kb wt, and Ets-1 transiently overexpressed (TF) 0.5-kb mt transfected mIMCD-3 cells used in this luciferase assay. The graph shows
mean = S.D. in triplicate. D, Western blot of Ets-1 and Ift20 protein levels in mIMCD-3 and Ets-1 siRNA-treated mIMCD-3 cells. B-Actin was used as a loading
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protein levels in mIMCD-3 cells, Ets-1 transiently overexpressed mIMCD-3 cells, and Ets-1 siRNA-treated mIMCD-3 cells.

encoded by Pkd1 and Pkd2 are main targets of polycystic kidney
(34), and these proteins localize to renal cilia to regulate intra-
cellular signaling pathways. Many proteins whose functions are
disrupted in cystic kidney disease have been localized to the
cilium (5), so cilia and ciliary proteins are considered key com-
ponents of polycystic kidney. The first discoveries of the rela-
tionship between primary cilia and polycystic kidney were dem-
onstrated in Oak Ridge Polycystic Kidney (Orpk) mice, which is
mutated in the Tg737 gene and is a known ortholog of Chlamy-
domonas Ift88 (33). Indeed, malformation of primary cilia and
abnormalities are observed in Orpk mice. Based on these find-
ings, renal cystic phenotypes are observed in various ciliary
gene-targeted mice, so these mice are considered as PKD
model. In previous work from our laboratory, we found that
inactivating Mwxil leads to the formation of numerous renal
cysts (25). Additionally, inflammation and abnormal cell prolif-
eration accompanied by renal cysts are observed in the Mxil-
deficient kidney (22, 26).

Here, we explain the relationship between Mxi! inactivation
and cilia disassembly in MxiI-deficient mice, which occurs in
renal cysts, because the relevance between cilia defects and
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ADPKD was recently reported. We observed ciliary defects in
Mxil-deficient kidneys and MEFs, so we assumed that Mxil
had an effect on renal cilia formation. Furthermore, Ift20, a
complex B subunit, was the focus of this study to identify the
relationship between the cilia defect and Mxil inactivation,
because Ift20 expression is reduced in Mxi1-deficient mice and
MEFs. Ift20 is required for embryonic viability, and [ft20 dele-
tion in kidney collecting ducts leads to cystic kidney disease
(31). Based on this reference, we expected that abnormal Ift20
expression would play a critical role in renal cyst formation
through ciliary defects. Various promoter experiments were
performed to demonstrate the mechanism related to Mxil and
Ift20 regulation, and we found that Ets-1, which binds to the
Ift20 promoter, is a mediator of this mechanism.

Ets-1 is a member of the Ets family of transcription factors
and regulates various cellular signaling pathways related to pro-
liferation, differentiation, and apoptosis (35). Few studies have
been conducted about the relationship between Ets-1 and poly-
cystic kidney or renal cilia, but it has been reported that Ets
factors regulate the PkdI gene promoter (35) localized in renal
cilia. We provide the new possibility that Ets-1 is a regulator of
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FIGURE 8. Proposed model illustrating links between inactivation of Mxi1
and renal cyst formation induced by cilia disassembly. Inactivation of
Mxi1 decreases the level of Ets-1, which binds to the /ft20 promoter. Down-
regulation of Ets-1 reduces Ift20 expression and induces cilia disassembly in
renal epithelial cells. This abnormal cilia phenotype increases the p-ERK level
and causes renal cyst formation.

the Ift20 promoter in this study. From these findings, we expect
that Ets-1 is related to polycystic kidney, but further studies are
needed.

The collective data support a new model of renal cilia forma-
tion regulated by Mxil (Fig. 8). Our study is meaningful in
revealing a new mechanism from three aspects. First, the renal
cilia abnormality is caused by inactivation of the Mxil. Second,
Ets-1 acts as an Ift20 regulator and is associated with polycystic
kidney. Third, Mxil is an upstream regulator of Ets-1. There-
fore, we suggest that Mxil regulates Ift20 expression via Ets-1,
which binds to the Ift20 promoter and has an effect on renal
ciliogenesis.
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