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The oral-facial-digital type | syndrome (OFDI; MIM 311200) is a rare syndromic form of inherited renal cystic
disease. It is transmitted as an X-linked dominant, male lethal disorder and is caused by mutations in the
OFD1 gene. Previous studies demonstrated that OFDI belongs to the growing number of disorders ascribed
to dysfunction of primary cilia. We generated a conditional inactivation of the mouse Ofd1 gene using the
Ksp-Cre transgenic line, which resulted in a viable model characterized by renal cystic disease and progress-
ive impairment of renal function. The study of this model allowed us to demonstrate that primary cilia initially
form and then disappear after the development of cysts, suggesting that the absence of primary cilia is a con-
sequence rather than the primary cause of renal cystic disease. Inmunofluorescence and western blotting
analysis revealed upregulation of the mTOR pathway in both dilated and non-dilated renal structures.
Treatment with rapamycin, a specific inhibitor of the mTOR pathway, resulted in a significant reduction in
the number and size of renal cysts and a decrease in the cystic index compared with untreated mutant ani-
mals, suggesting that dysregulation of this pathway in our model is mTOR-dependent. The animal model we
have generated could thus represent a valuable tool to understand the molecular link between mTOR and
cyst development, and eventually to the identification of novel drug targets for renal cystic disease.

INTRODUCTION

Oral-facial-digital syndrome type I (OFDI; MIM 311200) is a
rare developmental disorder ascribed to ciliary dysfunction
and inherited as an X-linked dominant condition with lethality
in males. It is characterized by malformations of the face, oral
cavity and digits and renal cystic disease (1), which in many
cases completely dominates the clinical course of the disease
(2,3). Recent data revealed that renal cystic disease is
present in over 63% of adult cases (>18 years), indicating
that cystic kidney disease is more frequent than previously
estimated in this condition (4). Histochemical analysis of

cystic renal tissues from OFDI patients demonstrate a predo-
minantly glomerulocystic kidney disease with a minor popu-
lation of cysts derived from distal tubules (3). As in other
inherited forms of polycystic kidney disease (PKD), cysts in
other organs, such as pancreas, ovary and liver, have also
been reported in OFDI patients (5-7).

The gene responsible for this genetic disorder, named
OFDI, encodes a 1011-amino acid protein localized to the
centrosome (8) and the basal body at the base of primary
cilia in most cells, including fully differentiated renal epi-
thelial cells (9,10). We previously generated Ofd1-knockout
mice (11). Heterozygous females reproduced the main features
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of the human disease and displayed severe craniofacial
abnormalities, limb and skeletal defects and cystic kidneys.
Immunofluorescence and scanning electron microscopy
(SEM) studies demonstrated the absence of cilia on the
luminal surfaces of cells that lined the cysts, thus implicating
ciliogenesis as a mechanism underlying cyst development in
OFDI. SEM studies also demonstrated lack of nodal cilia in
the embryonic node of hemizygous males, leading to laterality
defects. These results definitively placed OFD type I in the
growing number of disorders associated with ciliary dysfunc-
tion and indicate that Ofdl is required for primary cilia for-
mation and left—right axis specification (11).

An increasing amount of data suggest a possible correlation
between the cystic disease and the dysfunction of primary cilia
in renal cells. Cilia dysfunction might lead to a wide spectrum
of syndromic disorders such as Bardet—Biedl syndromes
(BBS), Joubert, Meckel and OFD type I syndromes, which
are all characterized by the presence of cystic kidneys associ-
ated with additional clinical signs (12—14). Interestingly, most
of the protein products encoded by the genes responsible for
inherited forms of PKD, such as autosomal dominant
(ADPKD) and autosomal recessive polycystic kidney diseases
and nephronophthisis (NPHP), are all expressed in primary
cilia, basal bodies or centrosomes, suggesting that ciliary dys-
function might be the unifying pathogenic mechanism under-
lying cystic kidney disease (15—17). However, the underlying
molecular mechanisms remain undetermined, and it is still not
clear whether ciliary dysfunction is the primary event under-
lying renal cysts formation.

Much effort has been directed to find a common pathway that
could explain cystogenesis in the different types of PKD dis-
orders. Several molecular pathways have been involved, but
deregulation of cell growth is an extremely common, if not uni-
versal, feature of this phenomenon (18). Recent data indicate
that the mTOR pathway could play an important role in renal
cysts formation, and it has been shown that an inhibitor of
mTOR, rapamycin, slows disease progression (19-22).

Here, we present a conditional model in which Ofdl was
specifically inactivated in the kidney. We show that cilia are
present in precystic tubules and disappear after the formation
of cysts, suggesting that the absence of cilia is consequent to
the development of cysts. In these animals, we also demon-
strate abnormalities in cell proliferation, upregulation of the
mTOR pathway and a significant reduction in renal cysts
upon administration of rapamycin.

RESULTS

Generation of a conditional model with Ofd1
kidney-specific inactivation

To overcome the problem of embryonic male and perinatal
female lethality observed in Ofdl knockout (Ofd1**~> and
Ofd1**~>"*) mutant animals (11), we generated a mouse line
with kidney-specific inactivation of Ofdl by crossing
females from the OfdI-floxed line (Ofd1 ﬂ) with the Ksp-Cre
transgenic line in which cre recombinase is specifically
expressed in renal tubular epithelial cells and the developing
genitourinary tract under the control of the Ksp-cadherin
(Cdh16) gene promoter (23). The resulting mice, both
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Figure 1. Ofd] inactivation in mutant animals. (A) RT—PCR analysis showed
the presence of the mutant Ofd/ A% allele (369 bp) only in the kidney of
Ofd1™;cre®™? and Ofd1™V*;cre®™? mutant animals. The mutated allele is
absent in the lung of mutants and in the kidney and lung of wt (Ofdl ™)
mice. All samples showed the presence of the wt allele (469 bp). No amplifica-
tion was observed in the negative control. M = marker. (B) Quantitative
RT-PCR with primers that specifically amplified the wt Ofd! allele on
genomic DNA (primers A and A’) and on RNA (primers B and B’). The pos-
ition of the primers is displayed in the upper scheme. The analysis was per-
formed on genomic DNA and RNA from kidneys of conditional mutants
(Ofd1™;cre™ P, Ofd1V*;cre®P) and controls (Ofdl™'™). Significant differ-
ences between mutants and controls (P < 0.05) are indicated (asterisk).
Error bars represent standard error of the mean.

females (Ofd1"*;cre®?) and males (Ofd1™;cre™?), were
viable and indistinguishable from wild-type (wt) animals.
RT—PCR analysis of these genotypes confirmed the kidney-
specific inactivation of Ofdl. This analysis revealed that the
mutated allele is present only in the kidney of mutant
animals, whereas it is absent in other organs, such as the
lung, where only the wt allele could be detected (Fig. 1A).
To determine more accurately the extent of Ofd! inactivation,
we performed quantitative RT—PCR with primers that specifi-
cally amplify the wt Ofd! allele on genomic DNA (primers B
and B’ in Fig. 1B) and on RNA (grimers A and A’ in Fig. 1B)
obtained from kidneys of OfdI™;cre®*-conditional mutants
and controls. Primers A" and B’ do not anneal on the deleted
allele, thus allowing to specifically amplify the wt allele.
Our analysis revealed the presence of 40 and 30% of the
mutated allele on genomic DNA of whole kidneys from
Ofd1™";cre®™? and  Ofd1"";cre™” mutants, respectively,
when compared with controls. Similar results were obtained
by analysis of the RNA (Fig. 1B). The incomplete inactivation
of Ofd1 in the kidneys of OfdI";cre™ " animals was expected
since cre recombinase is not expressed in all renal cells;
however, one cannot exclude an incomplete efficiency of
cre/loxP recombination (23).
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Figure 2. Characterization of Ofd] mutant animals. (A) Gross appearance of kidneys from OfdI™* (left), Ofd1™";cre™? (center) and Ofd1™;cre™? (right)
mice at P70. (B) Hematoxylin/eosin staining of kidneys sections from OfdI™Y;cre®” mutants at different stages. At P7, no cysts are visible. Dilated tubules
appeared at P14 and cysts (black arrows), rapidly increased in size and number. Bar = 500 wm. (C) GFR at different stages showed a reduced renal function
in the kidney from mutant males (Ofd1 Y. cre®P) and females (ofdl1 Vb opekor) compared with control littermates (Ofd! +/*). Bars = standard error of the mean.

Data were analyzed by Student’s #-test. *P < 0.05.

Cysts progression, abnormal renal function and origin
of cysts in Ofdl mutants

We have previously shown that kidneys of Ofd1%*>" female
mutants, in which the Ofd! transcript is inactivated at the four-
cell stage, display renal cysts at PO (11). A more detailed study
of these animals revealed the presence of glomerular cysts
starting from E14.5 (data not shown). Interestingly, we
never observed cysts of tubular origin in these animals.
Ofd1%cre®™P mice were born at the expected Mendelian
ratio and did not show gross abnormalities. By P70, the
animals were characterized by an enlargement of the
abdomen, which was more evident in male mutants, and
lethargy. At this stage, the parenchyma of mutant kidneys
was considerably enlarged (Fig. 2A). In Ofd1"Y;creks
males, renal cysts were not observed at P7, whereas dilated
tubules were visible starting from P14, after which cysts
became larger and more numerous (Fig. 2B). By P35, we
observed a massive replacement of the renal parenchyma by
cysts (data not shown). Histological examination revealed
that cysts progression in Ofdl"¥;cre®™? female mutants was
similar, although the number of cysts observed was reduced,
probably owing to the X- inactivation phenomenon. Cysts
were confined to the medullary portion of the kidney up to
P28. Starting from P35, cysts appear in the kidney cortex
(data not shown), where expression of Ksp-cadherin has
been detected at adult stages (23). At P70, glomerular cysts
were also observed (data not shown), as reported in other con-
ditional models obtained using the Ksp-Cre line (24,25). The
renal function of Ofd1";cre®™” mutants was assessed by analy-
sis of the glomerular filtration rate (GFR) starting from P28.
At this stage, a marked reduction of the GFR was observed
in both male and female mutants, indicating a severe impair-
ment of the renal function. GFR analysis at later stages

indicated a progressive deterioration of the renal function
(Fig. 2C). We observed mutants up to P90. After this stage,
mutant animals were sacrificed.

To establish the cellular origin of cysts, we performed stain-
ing with antibodies or lectins that specifically label different
segments of the nephron, and the results of this study are
shown in Figure 3. The cysts were preferentially labeled
with the antibody against the Tamm—Horsfall protein (THP),
which labels the thick ascending limb of Henle’s loop, although
some cysts were positive for Arachis hypogaea lectin, which
labels distal tubules and collecting ducts. Staining with an
antibody to the Na-Pill (NaPill) transporter, which marks the
proximal tubules, did not label any cysts until P28. Taken
together, these results indicated a primarily distal tubular
origin of the cysts. Staining with Na-Pill confirmed the pres-
ence of proximal cysts at P35 (data not shown). Staining with
periodic acid-Schiff (PAS) allowed us to exclude the presence
of fibrosis in mutant kidneys.

Primary cilia are present on renal epithelial cells
in a precystic stage

To evaluate the effect of Ofd! inactivation on cilia formation
in renal cells, we performed staining with an anti-acetylated
tubulin antibody that labels the axoneme of primary cilia. At
PO (data not shown) and P7, immunofluorescence analysis
showed that cilia were present in all tubules of mutant
kidneys, indicating that cilia form at precystic stages (arrow-
heads in Fig. 4B and C). At P14, when cysts can be detected,
no cilia protruding from cells lining the renal cysts were
detected in both female and male mutants (Cy in Fig. 4H
and I), whereas cilia were present in non-cystic distal
tubules from the same animals (arrowheads in Fig. 4H and I).
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Figure 3. Cysts origin in Ofd1™Y;cre®? mutant animals. Kidneys from Ofd1™;cre®” mutants at P21 were stained for Tamm—Horsfall protein (THP), Arachis
hypogaea lectin (LAH) and Na-Pill co-transporter (green, NaPill). The cysts were positive for THP and LAH, thus indicating a distal tubular origin of cysts.
Na-Pill transporter, a marker of proximal tubules, did not label any cysts (Cy) at this stage. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI, blue). PAS staining on kidneys from OfdI%¥;cre®™? excluded the presence of fibrosis. Bar = 50 wm for THP, LAH and Napill panels. Bar =

500 pm for PAS staining.

To confirm this observation, we performed SEM analysis on
wt and mutant animals (one female and two male mutants).
Five different slices were analyzed for each animal for a
total of approximately 100 cells observed for wt and female
mutant and >200 for the male mutants. This study revealed
that at PO (data not shown) and P7, the majority of the cells
examined in all animals (>95%), regardless of the genotype,
showed the presence of cilia (arrows in Fig. 4D—F). Conver-
sely, at P14, cilia were absent from the dilated tubules of
mutant kidneys (Fig. 4M and N), whereas ciliated structures
could be detected in wt kidney (arrow in Fig. 4L).

To verify whether ciliated cells expressed the Cre recombi-
nase at precystic stages, we performed immunofluorescence
analysis with an anti-acetylated tubulin antibody and an anti-
body recognizing the Cre protein. Our results indicate that at
precystic stages, cells expressing the Cre recombinase displayed
primary cilia (arrows in Supplementary Material, Fig. S1).

Taken together, these data indicate that cilia initially formed
in the absence of Ofdl and were then subsequently lost after
cyst formation.

Upregulation of mTOR pathway in Ofd1";cre*?
mutant kidneys

Several lines of evidence link the mTOR pathway to cell pro-
liferation and cystic kidney disease (19,26). To test a possible
alteration of this pathway in Ofd1";cre™” mutants, we initially

performed immunofluorescence experiments using an anti-
body against the phospho-S6 ribosomal protein (P-S6),
which is considered a read-out of the mTOR pathway. This
study revealed a diffuse activation of S6 in mutant kidneys,
which was more evident in the cells surrounding the cysts,
thus suggesting an abnormal activation of the mTOR
pathway (Fig. 5A—G). Interestingly, dysregulation of the
mTOR pathway was also observed in non-dilated tubules,
suggesting that the upregulation of this pathway precedes
cyst formation (arrowheads in Fig. 5D and G). Moreover, it
should also be noted that not all cysts display upregulation
of the mTOR pathway (asterisks in Fig. 5D and F). As a
control, we performed immunofluorescence analysis using
both an antibody recognizing the Cre protein and the antibody
against P-S6. Our study demonstrated that the majority of the
cells positive for P-S6 (green) also express the Cre recombi-
nase (red) in mutant animals as shown in Supplementary
Material, Figure S2 (merge in B and C). This result further
strengthens the link between the upregulation of the mTOR
pathway and the absence of Ofdl. We then looked at both
the phosphorylation state and the expression levels of S6 by
western blotting analysis. This stud%/ revealed an increase in
the amount of P-S6 in OfdI";cre®™” mutant kidneys from
both male and female mutant animals (Fig. 5H, top panel),
whereas no changes in the total amount of S6 protein were
detected (Fig. 5H, bottom panel). This result further supports
an increased activation of the mTOR pathway in animals
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Figure 4. Analysis of primary cilia in renal tubules of Ofd1";cre®” mutant animals. Immunostaining with anti-acetylated tubulin (red) and SEM analysis
revealed the presence of cilia in Ofdl™;cre™” and control littermates (Ofdl ™' *) at P7 in the kidney distal tubules [arrowheads in (A—C), arrows in (D—F)].
Immunostaining with anti-acetylated tubulin (red) showed the absence of cilia in the cells lining the cysts (Cy) and the presence of cilia in non-dilated
tubules (arrowheads) from OfdI™*;cre®” (H) and Ofd1™;cre™? (I) mutants at P14. Cilia are normally seen in OfdI*'* control animals (G). SEM analysis
confirm the absence of cilia from cells lining cystic dilations in both OfdI¥*;cre™P (M) and Ofd1"¥;cre®™P (N) mutants at P14, whereas cilia are present in
control littermates at the same stage (arrows in L). Bars = 10 um (A—C, G-1I); 5 pm (D—F, L—N). Tubules are outlined with dotted lines.

carrying inactivation of the OfdlI transcript. Western blotting  of other proteins involved in the AKT/mTOR pathway (Sup-
analysis with antibodies recognizing other key molecules plementary Material, Fig. S3).

(AKT, mTOR, P70S6K) did not detect any changes for what Since mTOR is involved in cell proliferation, we performed
concerns the state of phosphorylation and the total amounts staining with an anti-PCNA antibody in wt and mutant kidneys
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Figure 5. Upregulation of the mTOR pathway in Ofd1%;cre®?
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mutant animals at P21. Immunostaining and western blot analysis with anti-phospho S6 (P-S6).

The immunofluorescence revealed an higher level of P-S6 (green) on kidney sections from Ofd1™"";cre™? (C and D) and Ofd1™Y;cre™? (E—G) mutant animals
when compared with Ofd! '+ controls (A and B). In (B), (D) and (F), nuclei were counterstained with DAPI (blue). Fews cysts do not display staining with anti
P-S6 (asterisks in D and F). Upregulation of P-S6 (arrowheads) is observed also in non-dilated tubules in both Ofdl"*;cre®? (D) and Ofd1™Y;cre™ P (magni-
fication in G) mutant animals. Bars (A—G) = 50 wm. (H) Western blot analysis of total S6 (lower panel) and P-S6 (upper panel) on total protein extracts of
kidneys from Ofd1™'+, Ofd1™"*;cre™? and Ofd1™;cre®? animals confirmed the upregulation of the mTOR pathway.

at P14. We observed a marked increase in proliferating cells in
mutant kidneys compared with wt (Supplementary Material,
Fig. S4). The same result was observed at later stages (P21 and
P28, data not shown). Staining with the anti-cleaved Caspase-3
antibody also revealed a moderate increase in apoptotic cells in
the epithelial layer lining the cysts (data not shown).

In addition, to further address the nature of the upregulation
of this pathway, we transfected Madin—Darby canine kidney
cells (MDCK) with siRNAs against the canine OFDI and
measured P-S6 levels. Interestingly, the phosphorylated form
of the S6 protein was increased in OFDI siRNA-treated
MDCK cells 48 h after transfection (Supplementary Material,
Fig. S5A), when the OF DI transcript levels decrease by 60%
(Supplementary Material, Fig. S5B), whereas no changes were
observed in scrambled siRNA-treated cells. These results
suggest that the upregulation of mTOR is not a secondary
event and is directly linked to the OFD1 inactivation.

Inhibition of mTOR pathway reduces cystogenesis
in Ofd1";cre®?

To further evaluate the role of Ofdl in mTOR signaling,
mutant  Ofd1";cre®™” mice and control littermates were
treated with rapamycin, a specific inhibitor of the mTOR
pathway (27), starting at P14, when the renal cysts appear in
our conditional knockout model. After 10 days of treatment,
animals were sacrificed at P24 and analyzed. Histological
analysis of rapamycin-treated mutant mice showed a clear
reduction in the number and size of cysts compared with
non-treated mutant animals (Fig. 6A and B). Hematoxylin—
eosin analysis revealed a normal structure of kidneys in
control mice treated with rapamycin (Fig. 6C). We also calcu-
lated the cystic index and showed that it is significantly
reduced in rapamycin-treated mutant mice, confirming that
the rapamycin treatment does indeed slow cysts progression
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Figure 6. Rapamycin treatment significantly improves the renal cystic phenotype observed in Ofdl™Y;cre®” animals (B) when compared with mutant
animals treated with vehicle alone (A). Bottom panels in (A) and (B) represent higher magnification of the boxed images. In (C), kidneys from wt littermates
treated with rapamycin or vehicle alone are shown as a control. (D) Cystic indices were calculated based on representative renal sections from non-treated and
treated Ofd! VY. cre®P mice (n =3 kidneys). Bars in (A), (B) and (C) = 1.2 mm. Data were analyzed by Student’s #-test. ***P < 0.005.

(Fig. 6D). Taken together, these results suggest that cystogen-
esis in our mouse model is mTOR-dependent.

DISCUSSION
A new model for inherited PKD

We demonstrated that Ofd1** >* heterozygous females
develop glomerular cysts as early as E14.5. In this study, we
show that kidney-specific inactivation of Ofdl leads to
viable mice that develop cysts of tubular origin starting from

P14. The Ksp-Cre line used in this study is expressed starting
from E15.5 in the kidney specifically and its expression is pre-
dominantly in the medullary portion of the kidney. Accord-
ingly, the conditional model we generated displays cysts
originating from distal segments of the nephron. These
results allow us to draw two conclusions: (i) the Ofd! tran-
script is important from the early stages of renal development
and (ii) Ofdl inactivation can lead to cystic dilation of both
tubular and glomerular structures. To date, we never observed
cysts of tubular origin in Ofd] A4=5 mutant females. OFDI
patients display a prevalence of glomerulocystic kidney



disease with a minor population of cysts from distal tubules
(3). It is conceivable that glomeruli are more sensitive to
Ofd1 deficiency, leading to the early appearance of glomerular
cysts in Ofd1** > females and to the predominance of cysts of
glomerular origin in OFDI patients. Unfortunately, owing to
the perinatal female lethality, we cannot analyze Ofdl~*">
females at more advanced stages to verify whether tubular
cysts will develop at later stages in this model. Taken together,
our data suggest that Ofd/ is important in all segments of the
nephron and the availability of both murine models will be
critical to evaluate the role of Ofdl in the formation of cysts
in the different structures.

Interestingly, in the Ofd1™;cre®” mutants, we also observed
at later stages glomerular cysts, and it is well established that
the Ksp transcript is not expressed in glomerular structures
(23). The same observation has been reported for the
Ksp-Cre;Hnfl "/ mutants (25), whereas no glomerular
cysts were observed in the Pkd "'~ :Ksp-Cre animals (28).
These results suggest that the glomerular cysts in these
models may be the product of secondary cystogenetic events
which appear to take place only when specific transcripts are
inactivated.

Different animal models for PKD have been generated,
although with great variability in the stage and site of occur-
rence of renal cysts. These differences are partly due to the
use of different cre lines, different genetic backgrounds of
the murine models and to the specific role, site and timing
of expression of the genes to be inactivated. However,
recent data identify a crucial 2-day interval (from P12 to
P14) in renal maturation (29). As a consequence, inducible
inactivation of Pkdl in the mouse at different time points
resulted in a very different disease progression (29,30). On
the basis of these observations, we cannot exclude a specific
role of the Ofdl transcript in renal development around
P13-P14, when we observe the first dilatation of tubules in
the Ofd1™;cre®™” model.

Primary cilia disappear after cyst formation in Ofd1
conditional mutants

The list of ciliary proteins involved in PKD continues to grow,
as well as the number of animal models in which the presence
of renal cysts is associated to cilia dysfunction (15,31).
Despite this observation, it should be noted that there are a
few reports of animal models in which inactivation of ciliary
proteins results in cystic kidneys in which primary cilia
remain present, although no data are available on the function-
ality of these cilia (32,33). Therefore, although the connection
between primary cilium and renal cystic disease is evident,
there is no clear demonstration of a direct, causal relationship
between ciliary dysfunction and cyst formation. It is important
to keep in mind that most cystoproteins are not exclusively
localized to the cilia. For example, polycystin-1, nephrocystin
and inversin, which are the proteins encoded by the genes
responsible for ADPKD, NPHP1 and NPHP2, respectively,
have also been detected in other cellular structures (18,34—
36) and are involved in cell—cell and cell—matrix interactions.
We recently reported that OFD1 is not exclusively localized to
the centrosome and basal body, but is present also in the
nucleus (10). Impairment of the function of OFDI in either
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of these subcellular compartments could independently result
in altered tubular morphology leading to renal cysts formation.
One challenge that remains to be addressed is to separate the
cilia-specific function and properties of the various proteins
from other functions/roles that they might have in the cell.
The studies of the different murine models carrying inacti-
vation of the Ift88 protein (also known as Tg737 or polaris)
are particularly informative in this regard. Ift88 is a ciliary
protein that is crucial for intraflagellar transport and cilium
assembly (37,38). Mice lacking Ift88 die at mid-gestation,
display absence of nodal cilia and exhibit neural tube and
situs inversus (39). Mice homozygous for a hypomorphic
allele named orpk survive to birth and have cystic kidney
disease associated with the presence of stunted and malformed
cilia (40,41). Unexpectedly, transgenic overexpression of Ift88
in a null TgN737 background results in mice with normal
nodal function and renal cystic disease with cilia of normal
length and morphology, thus indicating a partial rescue of
the functions associated with cilia (42,43). Altogether, these
results suggest that, in these models, ciliary dysfunction does
not fully explain renal cystogenesis.

In addition, it is also known that non-ciliary proteins give
rise to renal cystic disease when mutated. In particular Bicau-
dal C is a conserved RNA-binding protein that is mutated in
two murine models for renal cystic disease, the jepk and bpk
models (44). However, recent findings link the activity of
this RNA-binding protein with the orientation of cilia via
Wnt signaling (45). Another example is the FLCN protein,
also known as folliculin. Mutations in the BHD/FLCN gene
cause the Birt—Hogg—Dube syndrome characterized by renal
cystic disease and increased risk for renal neoplasia. The
gene product localizes to the cytoplasm and the nucleus and
seems to be involved in the regulation of the mTOR
pathway (46—48).

We have now demonstrated that, in renal epithelial cells
devoid of Ofd1, primary cilia are present prior to the formation
of renal cysts and then are subsequently lost. Interestingly, the
same observation was reported for a conditional mouse model
with a Kif34 kidney-specific inactivation (49). To date, we do
not know whether these cilia function normally and further
experiments are needed to address this question. Our data
confirm the association between primary cilia and renal
cystic disease, and we propose that in our model the develop-
ment of renal cysts might not be a direct consequence of the
loss of cilia. Unfortunately, no data are available concerning
the presence of cilia in precystic stages in other models for
PKD, and it is difficult to assess whether this hypothesis can
be generally applied or is specific to the renal cystic disease
resulting from Ofd! inactivation.

Upregulation of the mTOR pathway in Ofd1";cre™?
mutants

We demonstrated an upregulation of the phospho-S6 molecule
in both dilated and non-dilated tubules in the kidneys of
Ofd1";cre®™” mutants. A possible role of mTOR in renal
cystic disease is supported by recent reports indicating that
rapamycin, an inhibitor of mTOR, slows down cyst pro-
gression in different animal models, suggesting that the
mTOR pathway is a converging point in the cystogenesis



2800 Human Molecular Genetics, 2010, Vol. 19, No. 14

(19-22). However, it is still not clear if the activation of the
mTOR pathway is the cause of cyst development. Different
studies, including our report, have shown that not all renal
cysts, in ADPKD patients as well as in mouse mutants,
show upregulation of the mTOR pathway, suggesting that
this pathway could be involved in cyst expansion rather than
cyst formation (26).

The mTOR pathway has also been implicated in tuberous
sclerosis (TSC), a tumor suppressor gene syndrome associated
with renal cystic disease. The proteins encoded by the 7SCI
and 7SC2 genes, hamartin and tuberin, respectively, physically
interact with each other inhibiting the mTOR pathway (50—
52). Recent findings obtained in a murine model, generated
by conditional deletion of the Tsc/ gene in a subset of renal
tubular cells, indicate that the loss of Tsc/ causes renal
cystic disease by activation of the mTOR pathway (53). In
addition, it was recently demonstrated that knockdown of
one of the 7SCI zebrafish homologs leads to renal cystic
disease with upregulation of the mTOR pathway in the cells
that line renal cysts, and to the presence of longer cilia in
the otic vesicle and pronephric ducts from morphants (54).
Moreover, mouse embryonic fibroblasts from Tsc/ '~ and
Tsc2~'~ mutants show an increased number of cilia, which
is not rescued by treatment with rapamycin, suggesting that
the enhanced cilia formation is mTOR-independent (55).
These data underline the link between the mTOR pathway,
cilia and renal cysts, even if they do not clarify the role of
cilia in the mTOR-dependent mechanisms leading to cyst
pathogenesis. In our model, we show, for the first time, that
the upregulation of the mTOR pathway is evident also in non-
dilated tubules where cilia appear to be present. In addition, as
discussed above, there is accumulating evidence that ciliary
proteins have other functions in the cells and that renal cysts
can also be linked to non-ciliary proteins. These observations
suggest that the activation of mTOR can occur before cyst
development and that this event could determine tubules
dilation. The persistent activation of the pathway in a
portion of the cysts might contribute to the increase in the
size of the cysts (26).

The mTOR pathway has essential roles in protein trans-
lation, cell growth and proliferation, and is upregulated in
several types of tumors. It represents a potentially interesting
therapeutic target and different clinical trials are ongoing to
evaluate the therapeutic effect of inhibitors of this pathway
in renal cystic disease (56). Most of the studies so far reported
have been performed in animal models for ADPKD. It will be
interesting to test and confirm new therapeutic frontiers in
other disease models. To this regard, the animal model we
generated could represent a valuable tool to shed light on
the molecular link between mTOR and cysts development
and eventually to the identification of novel drug targets for
renal cystic disease.

MATERIALS AND METHODS
Generation of OfdI";cre™” mice and PCR genotyping

Ofd1™™" females (11) were crossed with cre®? male mice
containing 1.3 kb of the Ksp-cadherin promoter linked to
the coding region of cre recombinase (23). Animals were

genotyped for the presence of the floxed allele using the
primers cre3 and cre4 to detect the cre gene as described by
Ferrante et al. (11). All animal experimentation was performed
under regulation of the Internal Ethical Committee and author-
ized by the Italian Ministry of Health.

RT-PCR and real-time PCR

Effective production of a deleted allele in the kidney was con-
firmed by RT—PCR (One-step system, Invitrogen) on kidney
RNA or lung RNA, from wt and conditional mutants at P21,
extracted with Trizol (Invitrogen), using primers Fsulmcx
and To-14020 (11). Quantification of OfdI inactivation was
assessed by real-time PCR on cDNA (SuperScript First-
Strand, Invitrogen) synthesized from RNA from the kidney
of P21 conditional mutants and controls. Primers used to
amplify specifically the Ofd1 wt allele were A (TGGCAGAC
CACTTACAAAGATG), A'(AGACTGGATGAGGGGTTAA
TC), B (CATTCCTGTTAGTATTTGGAGG) and B’ (GTGTT
AGGAGGGTATGAACATG). A set of primers, GapdhF (7CT
TCTGGGTGGCAGTGAT) and GapdhR (TGCACCACCAAC
TGCTTAGC), that amplify the Gapdh gene were used as
internal reference.

GFR assay

GFR measurements were performed on adult mice at P28, P35
and P45. A thiobutabarbital sodium (Inactin, Sigma-Aldrich)
intraperitoneal injection (120 mg/kg body weight) was given
as anesthetic. The animals were surgically prepared as
follows: after tracheotomy, the left carotid artery and left
jugular vein were cannulated with polyethylene tubing. The
arterial catheter was then connected to a pressure transducer
to monitor blood pressure and to take blood samples, while
the venous catheter was connected to a syringe pump for
saline infusion. After replacing surgical fluid loss with isotonic
saline, the mice were given a priming dose of 10 wCi of
[methoxy-3H] inulin, followed by a maintenance infusion in
isotonic saline containing 10 wCi/h at a rate of 0.4 ml/h. The
bladder was cannulated with a PE 50 tube for urine collection.
After a 60 min balance period, 30 min urine samples were col-
lected. Blood samples were taken after each clearance period.
A total of four urine and blood collections were made. GFR
was calculated by standard methods.

SEM analysis

For SEM analysis, kidneys from P7 and P14 animals were
fixed in Karnovsky fixative, postfixed with 1% osmium tetrox-
ide in 0.1 M cacodylate buffer for 1 h at 4°C. Kidneys were
sliced with a razor blade, dehydrated, dried with critical point-
drying apparatus and mounted on aluminum stubs coated with
palladium—gold using a cold sputter-coater. Analysis was per-
formed with a Philips XL-20 microscope.

Histological and immunofluorescence assays

Isolated kidneys were fixed in 4% paraformaldehyde in PBS
buffer at 4°C overnight. Hematoxylin—eosin stainings were
performed on OCT (Kaltek) sections. For immunofluorescence



experiments, the OCT sections were incubated for 30 min with
0.1% BSA, 10% goat serum in TBS before incubation with the
primary antibody at 4°C overnight. Sections were then washed
with TBS and incubated with secondary Abs goat anti-mouse
IgG conjugated to Cy3 and anti-rabbit IgG conjugated to
FITC (Jackson ImmunoResearch). Stained sections were
mounted with Vectashield (Vector Laboratories). The
primary antibodies used were: anti-acetylated tubulin antibody
(cat. no. T6793, Sigma-Aldrich), anti-NaPill co-transporter
(57), anti-PCNA (cat. no. sc-56, Santa Cruz Biotechnology),
anti-Cleaved Caspase-3 (cat. no. 9661, Cell Signaling Tech-
nology, USA), anti-phosphoS6 (Ser235/236) (cat. no. 2211,
Cell Signaling Technology, USA) and anti-Cre (cat. no.
PBR-106C, Covance).

Staining for collecting ducts and distal tubules was
performed with lectin from Arachis hypogaea (cat. no.
L7759, Sigma-Aldrich) and with anti-Tamm-—Horsfall
glycoprotein (cat. no. CR2027SP, Europa Bioproducts) for
detection of the thick ascending limb of Henle, according
to manufacturer’s instructions. PAS staining (cat. no. 395,
Sigma-Aldrich) was performed on kidneys from OfdI™;cre®"
mice at stage P23.

Microscopy was performed with a Zeiss Axioplan 2 micro-
scope and a Leica TCS SP2 AOBS confocal microscope with a
63 x Neofluor Pan-Apo 1.3 nm oil objective.

Immunoblot analysis

Western blot studies were performed in duplicate and at least
two different animals were analyzed for each group. Kidneys
were isolated and homogenized in RIPA buffer with protease
and phosphatase inhibitor cocktails 1 and 2 (P2850 and
P5726, Sigma-Aldrich). Western blot analysis on total proteins
extracts was performed with antibodies for AKT (cat. no. 9272),
phospho-AKT (Ser473) (cat. no. 9271), phospho-mTOR
(Ser2448) (cat. no. 2971), phospho-P70S6K (Thr421/Ser424)
(cat. no. 9204), S6 (cat. no. 2317) and phospho-S6 (cat. no.
2211) from Cell Signaling Technology (USA), mTOR (cat.
no. KAP-ST220) and P70S6K (cat. no. KAP-CC035) from
Stressgene Biotechnologies (CA, USA). Polyvinylidene difluor-
ide membranes were used for Immunoblot (Millipore, USA) and
ECL western blotting reagent (Amersham, UK) or Femto
(Pierce, USA) for detection.

RNAIi in MDCK cells

We designed two different pairs of DNA oligonucleotides
(si254 and si1257) containing siRNA-expressing sequence tar-
geting two regions of the canine OFD1 mRNA (XM_537958)
using the software available at www.qiagen.com/GeneGlobe.
We then cloned the annealed oligos into the expression
vector pSuper (oligoengine). The cells were transfected with
the Amaxa Nucleofactor system according to manufacturer’s
instructions (Cell Line Nucleofector®Kit L). RNA sequences
were GATCCCCGTGGTTTGGCCAAAGAAAATTCAAGAGAT
TTTCTTTGGCCAAACCAC and GATCCCCGGCCCAGATAC
GTGATTATTTCAAGAGAATAATCACGTATCTGGGCC  for
si254 and sil257, respectively. The sequence for the
scrambled oligo is GATCCCCACTACCGTTGTTATAGGTGT
TCAAGAGACACCTATAACAACGGTGTTTTTT.
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Rapamycin mice treatment and cystic index calculations

To evaluate the response to rapamycin treatment, mice
received daily intraperitoneal injections of 2.5 mg/kg rapamy-
cin dissolved in vehicle (10% DMSO, 10% ethanol and 80%
saline) or vehicle alone. Rapamycin was administered starting
at postnatal day 14 for a period of 10 days. For these exper-
iments, three sets of animals (mutants and controls) from
three different littermates were analyzed.

Representative images of hematoxylin—eosin-stained
kidneys were acquired. A grid was placed over the images,
and the cystic index was calculated as the percentage of grid
intersection points that bisected cystic or non-cystic areas, as
described previously (19).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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