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Autosomal dominant polycystic kidney disease (ADPKD) is a common genetic disease characterized by
bilateral renal cyst formation. Both hyperproliferation and hypertrophy have been previously observed in
ADPKD kidneys. Polycystin-1 (PC-1), a large orphan receptor encoded by the PKD1 gene and mutated in 85%
of all cases, is able to inhibit proliferation and apoptosis. Here we show that overexpression of PC-1 in renal
epithelial cells inhibits cell growth (size) in a cell cycle-independent manner due to the downregulation of
mTOR, S6K1, and 4EBP1. Upregulation of the same pathway leads to increased cell size, as found in mouse
embryonic fibroblasts derived from Pkd1�/� mice. We show that PC-1 controls the mTOR pathway in a
Tsc2-dependent manner, by inhibiting the extracellular signal-regulated kinase (ERK)-mediated phosphory-
lation of tuberin in Ser664. We provide a detailed molecular mechanism by which PC-1 can inhibit the mTOR
pathway and regulate cell size.

Autosomal dominant polycystic kidney disease (ADPKD) is
one of the most common genetic diseases, affecting about 1 in
1,000 individuals (38). The disease can be caused by mutations
in either PKD1, accounting for 85% of cases, or PKD2, ac-
counting for the remaining 15% of cases. Mutations in these
two genes give rise to the same undistinguishable phenotype
characterized by bilateral renal cyst formation. The disease is,
however, systemic, with several other organs affected. In par-
ticular, 10% and 80% of patients develop cysts in the pancreas
and liver, respectively (38).

The functions of the two proteins generated by the PKD1
(polycystin-1 [PC-1]) and PKD2 (PC-2) genes are slowly being
unraveled. The first is a large plasma membrane, non-tyrosine
kinase receptor whose ligand remains elusive. It is believed to
play a role in cell-cell/matrix interactions, where the long ex-
tracellular domain can homodimerize (15) and could thus
serve as a ligand. PC-1 might also be functioning as a mech-
anosensor on the primary cilium or at cell-cell junctions (6).
PC-1 interacts through an intracellular coil-coiled domain with
PC-2, a nonselective cation channel with a preference for cal-
cium, and regulates its channel activity (6, 13, 28). The PC-1/
PC-2 complex can regulate a number of different biological
processes including cell proliferation, apoptosis, cell migration,
and tubulogenesis (2–5, 22). Here we investigated the role of
PC-1 in controlling cell growth (size) in addition to prolifera-
tion.

Cell growth is the process regulating an increase in cell mass
in response to a number of extracellular signals, including

nutrient availability and growth factors, and it is distinct from
cell proliferation, though the two are interconnected (8). The
precise mechanism allowing cells to reach and maintain their
final size is not completely understood, but one important
pathway regulating this process is the mTOR (mammalian
target of rapamycin) cascade (27, 31, 40). mTOR is a serine/
threonine kinase involved in regulating cell cycle progression,
translational control, ribosomal biogenesis, and cellular energy
responses (37). Its capability to regulate cell size in mammals
has been attributed mainly to its capability to regulate two
downstream effectors: S6K (p70S6K), a Ser/Thr kinase initially
identified as the kinase responsible for phosphorylating the
ribosomal subunit protein S6, and 4EBP1 (eukaryotic initiation
factor 4E-binding protein 1), which represses translation by
associating with eIF4E (9). Activation of the mTOR pathway
results in increased phosphorylation of S6K and 4EBP1, and
the cooperation between these two pathways results in in-
creased cell size due to enhanced translation and increased
proliferation (9, 31).

The details of how mTOR can be activated are still un-
known, but it has been demonstrated to require Rheb, a small
GTPase of the Ras superfamily. When Rheb is in its active
state (GTP bound), it is able to induce mTOR kinase activity
(40). The guanine nucleotide exchange factor-inducing Rheb
active state might have been recently identified (14), while the
GTPase-activating protein responsible for inducing its inactive
state has been identified as the TSC2 gene product, tuberin
(36). TSC2 is one of the two genes mutated in tuberous scle-
rosis, a genetic disease characterized by seizures, hamartomas
in several organs, and renal cystic disease. The second gene
mutated in tuberous sclerosis, TSC1, encodes hamartin, an
important cofactor of tuberin. The fine regulation of the tu-
berin/hamartin complex has recently been the matter of in-
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tense studies in mammalian cells, and several mechanisms of
regulation have been described, highlighting the complexity of
this regulation. Tuberin can be phosphorylated at at least nine
distinct phospho-sites (1). Several kinases have been reported
to phosphorylate and regulate tuberin, including Akt (7, 25),
p90RSK (30), the extracellular signal-regulated kinases
(ERKs) (24), and AMPK (17).

Three recent reports have shown that the mTOR pathway is
upregulated in several mouse models of polycystic kidney dis-
ease in which rapamycin is able to inhibit cyst expansion (33,
35, 39). Furthermore, Shillingford et al. have reported that a
short portion of the C-tail of PC-1 interacts with Tsc2 (33).
Although the role of this interaction in regulating downstream
pathways was not investigated, it was hypothesized that some-
how PC-1 might be able to inhibit the mTOR pathway through
this interaction.

Here we show that PC-1 regulates the mTOR pathway and,
subsequently, cell growth (size), in addition to regulating pro-
liferation. Furthermore, we show that PC-1 is able to control
the ERK-dependent phosphorylation of tuberin, resulting in
the downregulation of mTOR and its downstream targets
p70S6K and 4EBP1. Surprisingly, even if PC-1 induces Akt
activation, this alone is unable to achieve activation of the
Tsc2/mTOR pathway.

Our data provide molecular insight into how PC-1 regulates
the mTOR pathway, which is potentially relevant for both
understanding ADPKD pathogenesis and designing therapeu-
tic approaches.

MATERIALS AND METHODS

Antibodies, reagents, and inhibitors. Anti-P-Ser473-Akt, anti-P-Thr389-p70S6K,
anti-P-Ser235/236-S6Rp, anti-P-Thr1472-tuberin, anti-P-Ser939-tuberin, anti-P-
MEK, anti-P-ERK, anti-P-p90RSK, anti-S6Rp, anti-Akt, anti-Tsc2, and anti-
ERK antibodies were from Cell Signaling Technologies. Antituberin (C-20,
sc-893), anti-p70S6K (C-18, sc-230), and anti-PC-1 (C-20, sc-10372, lot no.
K2800) were from Santa Cruz. The high-affinity antihemagglutinin (anti-HA)
antibody was from Roche (catalog no. 1867423).

U0126 and rapamycin (Cell Signaling Technologies) were employed at final
concentrations of 30 �M and 25 nM, respectively.

Western blot analysis. For Western blot analysis, the cells were lysed (lysis
buffer: 250 mM sucrose, 20 mM imidazole, 1 mM EDTA, pH 7.4, and 0.5%
Triton X-100, supplemented with protease inhibitor cocktail [Amersham] and
phosphatase inhibitors [1 mM final concentration of glycerophosphate, sodium
orthovanadate and sodium fluoride]). Total lysates were quantified, and
Laemmli buffer was added to reach a 1� final concentration. Proteins were
resolved in a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and
transferred onto polyvinylidene difluoride membranes. Next, 5% milk in Tris-
buffered saline–Tween 20 was used for blocking and for secondary antibody
incubations, while 2% bovine serum albumin in TBS-T was used for incubations
with primary antibodies. Horseradish peroxidase-conjugated secondary antibod-
ies (from Roche) were visualized using an ECL system (Amersham), and they
were mixed with a Super-Femto ECL system from Pierce when necessary. Quan-
tification of the Western blots was performed using the program ImageQuant.

FACS analysis of cell size, cell cycle, and phosphorylation of ERKs and S6Rp.
Cells were trypsinized and centrifuged for 5 min at 1,200 rpm, and then the
pellets were resuspended in 1 ml of phosphate-buffered saline (PBS). Fluores-
cence-activated cell sorter (FACS) analysis (FACScan; Becton Dickinson) was
performed, and the mean forward scatter height (FSC-H) was determined. For
cell cycle analysis, cells were washed once with PBS, trypsinized, and centrifuged
for 5 min at 1,200 rpm. Pellets were resuspended in 1 ml of buffer solution (1.10
g/liter glucose, 8.00 g/liter NaCl, 0.40 g/liter KCl, 0.20 g/liter Na2HPO4, 0.15
g/liter KH2PO4, and 0.20 g/liter EDTA) and fixed by adding 3 ml of 100%
ethanol (75% final concentration). Immediately before analysis, cells were cen-
trifuged at 1,500 rpm for 5 min, washed once with PBS, and incubated at room
temperature for 1 h in 500 �l of a staining solution (25 �g/ml of propidium iodide
[PI], 1 mg/ml of RNase A, 40 �l of Nonidet [1%], and 0.1% sodium citrate). Cell

cycle histograms were generated after analysis of the PI-stained cells with a
Becton Dickinson FACScan. For each sample, at least 1 � 104 events were
recorded. Single cells were gated away from clumped cells using an FL2 width
versus FL2 area dot plot. To quantitatively measure the percentage of cells in the
various phases of the cell cycle, the “marker tool” of the CellQuest Pro or FlowJo
software was used to gate the G0/G1-, S-, and G2/M-phase peaks. The mean
FSC-H was determined on the G0/G1, S, and G2/M gated cells identified by PI
fluorescence.

For the analysis of phospho-ERK and phospho-S6Rp, cells were fixed in PBS
with 2% formaldehyde for 10 min at 37°C, washed twice in PBS, permeabilized
in 1 ml ice-cold PBS with 90% methanol, and washed twice and stained with
1:100 pERK or pS6Rp (Cell Signaling Technology) antibody in a PBS and 4%
fetal calf serum (FCS) solution for 15 min at room temperature. Cells were
washed twice in PBS with 4% FCS, resuspended in 100 �l of PBS with 4% FCS, and
incubated with 1 �l of Alexa Fluor 488 secondary antibody (catalog no. A21441;
Molecular Probes, Invitrogen). For DNA labeling, the cells were stained with 100 �l
of PBS with 10 �g/ml DAPI (4�,6�-diamidino-2-phenylindole, sc-3598; Santa Cruz).
Cell cycle histograms were generated after analysis of the DAPI-stained cells with a
Becton Dickinson FACS CANTO instrument. For each sample, at least 1 � 104

single cells were gated away from the clumped cells using a Pacific Blue width versus
Pacific Blue area dot plot. The mean FSC-H was determined on the G0/G1, S, and
G2/M gated cells identified by Pacific Blue fluorescence.

Transient transfections and sorting. MDCK stably expressing clones were
transiently transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s directions, using 3 to 12 �g total DNA, depending on the exper-
iment. All the transfections were performed using a construct expressing green
fluorescent protein (pEGFP-N1; Clontech) as a marker for cell sorting in com-
bination with either wild-type p70S6K (wt-p70S6K), constitutively active MEK
(CA-MEK), or eIF4E constructs. The following day, cells were analyzed with a
FACS Vantage DIVA sorter (Becton Dickinson). GFP-positive cells were sorted
and replated in 60-mm dishes. After 36 h, half were analyzed by Western blotting
and the second half were reanalyzed by FACS to determine the cell cycle and cell
size as described above. The cells used for the Western blot analysis were
harvested after an overnight starvation period. Each experiment was performed
a minimum of three times.

For targeted silencing, SiGENOME ON-TARGETplus SMARTpool directed
against murine eIF4E (catalog no. L-040708-00-0010), murine p70S6K (L-
040893-00-0010), murine ERK1 or -2 (L-040613-00-0010, L-040126-00-001), and
a control non-targeting murine pool (D-001810-10-0020) were purchased from
DHARMACON Inc. and transiently transfected into cells using Lipofectamine
for 48 h, following the manufacturer’s instructions.

Generation of a conditional mouse line (Pkd1flox/flox) and isolation of mouse
embryonic fibroblasts (MEFs). The full description of the Pkd1flox mice will be
provided elsewhere (C. Wodarczyk and A. Boletta, unpublished data). In brief,
a targeting vector carrying the genomic region between Pkd1 exon 39 and Tsc2
exon 30 was generated. LoxP sites were inserted into intron 43 and into the 3�
untranslated region of the Pkd1 gene. The neomycin cassette for selection of
embryonic stem clones, flanked by Frt sites, was inserted into the Pkd1/Tsc2
63-bp inter-region. Correctly targeted embryonic stem cells were identified by
PCR/Southern blotting and subsequently injected into blastocysts to generate
chimeric animals and finally Pkd1flox/� mice. The Neo cassette was removed by
crossing the mice with a Flp-expressing line. The resulting heterozygous
Pkd1flox/� mice were intercrossed to generate Pkd1flox/flox mouse lines. Inactiva-
tion using a ubiquitous Cre recombinase resulted in embryonic lethality and a
phenotype very similar to that of null mice.

Primary MEF cells were isolated from either E11.5 C57BL/6 Pkd1flox/flox or
Pkd1�/� embryos (in which exons 2 to 3 of murine Pkd1 were replaced with the
lacZ gene cloned in frame to the 5� end of exon 2 of Pkd1 [2]) from two litters
of heterozygous crosses. Whole embryos (excluding the heads) were mechani-
cally dissociated, washed, trypsinized for 15 min, and cultured in six-well tissue
culture plates. Cells were maintained in Dulbecco’s minimal essential medium
containing 10% fetal bovine serum. Genotyping was carried out by PCR on the
heads of the embryos. Five sets of MEFs were isolated: the no. 11 and 14 MEFs
(from Pkd1�/� and Pkd1�/� mice) were used for analysis both as primary
cultures (data not shown) and as immortalized MEFs. Two additional sets (no.
16 and 19 and no. 35 and 38 from Pkd1�/� and Pkd1�/�) were only employed as
primary cultures. Two sets (Flox1 and Flox2) were isolated from Pkd1flox/flox mice
and immortalized. Primary MEFs were used up to passage 8. MEFs were spon-
taneously immortalized following the NIH 3T3 method, by continuous passaging
at a 1:3 dilution three times a week.

For conditional inactivation of the Pkd1flox/flox lines, cells were incubated in
the presence of a recombinant TATCre protein, allowing for the efficient inac-
tivation of the gene in the absence of any integration within the genome, which
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could potentially cause clonality effects (as previously described in reference 19).
For genotyping the Pkd1flox/flox MEFs before and after excision with the Cre, the
following primers were used: the forward primer Tag5 (CAC AAT GGA CCT
CCT TCC TC), which binds in Pkd1 exon 46, and the reverse primer Tag3 (TCT
GAG AGG CCA GTG TGA AG), which targets the 3� untranslated region of
Pkd1. A third forward primer, 43MR (TGC TGC TGT TTG CCC TAT AC),
binds in Pkd1 exon 43 and was included in the PCR. Before excision, only the
Tag5 and Tag3 primers would amplify a signal because the 43MR and Tag3
primers were too distant. After excision, this second set of primers became active
and amplified a larger band.

Cell size, cell cycle, and Western blot analyses were carried out on primary,
immortalized, and conditionally inactivated MEFs and generated similar results.

Statistical analysis. Statistical analysis was performed by applying either a
Student’s t test (Fig. 1D, 1E, 2D, 3E, 4C, 4D, 5C bottom, and 7D) or one-way
analysis of variance (ANOVA) (Fig. 1C, 3A, 3D, 4A, 4B, 5C top, 6C, 7B, 7C, 8A,
and 8C). Multiple comparisons were carried out using Fisher’s PLSD parame-
ters. The different P values obtained are indicated in the legends of the figures.

RESULTS

PC-1 regulates cell size in a cell cycle-independent manner.
We have previously described a set of MDCK cells overex-
pressing full-length human PC-1 (Fig. 1A, top panel) (5).

FIG. 1. PC-1 overexpression induces reduced cell growth and size in MDCK cells. (A) (Top) Two MDCK Zeo controls (F6 and F2) and
three independently derived MDCK PKD1 Zeo cell lines (G7/36 [36], C8/68 [68], and G3) were subject to Western blot analysis using an
anti-PC-1 antibody. (Middle) Confluent monolayers of control MDCK Zeo (F6) and MDCK PKD1 Zeo cells (C8/68) were stained with an
anti-E-cadherin antibody (green). The microphotographs were taken at equal magnifications (�40). (Bottom) The total content in �g of
protein per �g of DNA was determined in three independently derived MDCK PKD1 Zeo cells (C8/68 [68], G7/36 [36], and G3) and three
control cell lines (MDCKtTA [M], F6, and F2). (B) The same cell lines as in panel A were trypsinized and analyzed using a flow cytometer
(FACS). Each spot represents a single cell, and the FSC-H values on the x axis represent the size measurements of the cells. SSC-H, side
scattered light height (C) The same cell lines as in panel A were analyzed as in panel B and plotted on a single plot for comparison (red
lines, MDCK PKD1 Zeo; blue lines, controls). (Bottom left) Histogram representation of the average FSC values of the six clones shown
in the top plot, repeated in triplicate. Statistical analysis was performed by applying ANOVA (*, P � 0.0001). (Bottom right) Histogram
representation of cell size after treatment with PDGF. (D) (Left) Western blot analysis of total lysates of MDCK cells transiently transfected
with GFP alone (Ctrl) or in combination with a HA-PKD1 construct reveals the presence of both the full-length protein (arrow) and the
C-terminal fragment (CTF) cleaved form (arrowhead). (Right) Quantification of the cell size (FSC-H) of transiently transfected MDCK cells
was performed as described for panel B. Statistical analysis was performed by applying the Student’s t test (*, P � 0.05). (E) The identical
experiment as in panel D was repeated on NIH 3T3 cells. Statistical analysis was performed by applying the Student’s t test (*, P � 0.05).
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While culturing these cell lines, we noticed that three indepen-
dently derived MDCK PKD1 Zeo clones (C8/68) appeared
smaller than their counterpart MDCK Zeo controls (F6) (Fig.
1A, middle panel). In addition, their protein content per DNA
content was significantly reduced (Fig. 1A, bottom graph).

To quantify and further validate this observation, we ana-
lyzed MDCK Zeo controls and MDCK PKD1 Zeo cells by
testing their forward laser light scatter (FSC-H) using a flow
cytometer. As shown in Fig. 1B, MDCK PKD1 Zeo (C8/68 and
G7/36) cells are smaller (FSC on the x axis) than the controls
(F6 and F2). Comparing the sizes of three control cell lines
(MDCKtTA, F6, and F2) and three independently derived
MDCK PKD1 Zeo clones (C8/68, G7/36, and G3) revealed
that the latter are considerably smaller (Fig. 1C, red lines
versus blue lines), with the mean FSC values for PC-1-overex-
pressing cells (C8/68, 287 � 1; G7/36, 286 � 6; G3, 289 � 9)
being significantly lower than those of the controls (MD-

CKtTA, 411 � 11; F6, 455 � 1; F2, 457 � 6 [P � 0.0001]) (Fig.
1C, bottom). To formally exclude the possibility of clonal ef-
fects, we transiently transfected PC-1 into MDCK and NIH
3T3 cells and found that, in both cell types, the overexpression
of PC-1 leads to a statistically significant reduction in cell size
(Fig. 1D and E). We therefore conclude that PC-1 reduces the
sizes of cells both in renal epithelial cells (MDCK) and in
fibroblasts (NIH 3T3).

PC-1 regulation of cell size is not secondary to cell cycle
regulation. It is widely reported that cells dividing symmetri-
cally increase in size during the progression of the cell cycle
from the G0/G1 to the S and G2/M phases (8, 9). Since we and
other groups have previously reported that PC-1 induces cell
cycle arrest in the G0/G1 phase of the cell cycle (2, 5, 22), we
wondered if the reduced average size of cells expressing PKD1
simply reflected a higher proportion of cells in G0/G1 (Fig.
2A). As shown in Fig. 2, PC-1-overexpressing cells (red lines)

FIG. 2. PC-1 regulation of cell size is cell cycle independent. (A) Cells were plated at 50% confluence and serum starved. After 24 h, they were
fixed and stained using PI to determine their DNA content (on the x axis is fluorescence intensity). Cell size profiles were analyzed in each of the
three phases of the cell cycle. The tables below the graphs show the percentages of cells in the G0/G1, S, and G2/M phases of the cell cycle and
their mean FSC-H values, reflecting cell size (right column). (B) Single-plot representation of the distribution of sizes of cells in each of the three
phases of the cell cycle. The difference in the FSC values was maintained in each phase, with much lower values in MDCK PKD1 Zeo clones (C8/68,
G7/36, and G3) than in the negative controls (MDCKtTA, F6, and F2). (C) Histogram representation of the distribution of cell size in each phase
of the cell cycle shows an increase in cell size. (D) Pkd1�/� (no. 11 and 16) and Pkd1�/� (no. 14 and 19) cells were treated as described for panel
A, and cell size profiles were analyzed in the G0/G1 phase of the cell cycle. (Right) MDCK cells were treated overnight with vehicle only (left bar)
or with 15 �M of actinomycin D (right bar; ActD). Upon treatment, cells are arrested in the G0/G1 phase of the cell cycle. Quantification of the
cell size for cells in G0/G1 revealed no differences in size between untreated cells and those treated with actinomycin D. Statistical analysis was
performed by applying the Student’s t test. n.s., not statistically significant.
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are smaller than the controls (blue lines) in each of the three
phases analyzed (G0/G1, S, and G2/M; Fig. 1A and B), al-
though their size increases during cell cycle progression at a
slightly higher rate than the controls (Fig. 2A, bottom tables,
and C). Finally, we artificially arrested MDCK cells in G0/G1

using actinomycin D (Fig. 2D), and we compared the sizes of
the cells in G0/G1 before and after inducing cell cycle arrest.
We found that the arrest of cells in G0/G1 is not sufficient per
se to induce a reduction in cell size (Fig. 2D, right panel).
These data demonstrate that PC-1 controls both cell prolifer-
ation and cell growth in MDCK cells and that the latter is not
merely a result of the former.

Cell cycle-independent increase in cell size in Pkd1�/�

MEFs. We next searched for a cell system in which we could
test if the absence of PC-1 would result in an opposite effect,
i.e., increased cell size. We thus isolated MEFs from wt mice
and tested if the Pkd1 gene is expressed. Reverse transcriptase
(RT)-PCR analysis revealed that MEFs isolated at embryonic
day 11.5 (E11.5), as well as at different embryonic days, do
express the Pkd1 gene (Fig. 3A; also data not shown). We
therefore isolated MEFs from E11.5 Pkd1�/� and Pkd1�/�

littermates (see Materials and Methods) (2). The morphology
of the MEF cell lines visualized by light microscopy seemed to
suggest an enlarged phenotype of the Pkd1�/� cells compared

FIG. 3. Cell cycle-independent increase in cell size in Pkd1�/� MEFs. (A) (Top left) RT-PCR performed on RNA isolated from wt MEFs
isolated at day E11.5. Total RNA incubated in the presence (RT�) or absence (RT�) of retrotranscriptase and subjected to PCR analysis revealed
that the Pkd1 gene is expressed in these cells. (Bottom left) PCR analysis of the MEFs derived from a conditional mouse model (Pkd1flox/flox)
treated in the presence (Cre�) or absence (Cre�) of a Cre recombinase (see Materials and Methods) shows that the last two exons have been
successfully excised (ko) at a high rate. (Right) Statistical analysis of the differences in cell sizes between Pkd1�/� and Pkd1�/� MEFs either
isolated as primary culture (no. 35 and 38) or immortalized (no. 11 and 14), as well as two independently derived MEFs generated from a
conditional mouse model (Pkd1flox/flox) and treated in the presence (Cre�) or absence (Cre�) of Cre recombinase, revealed that, independently
of the method employed, the absence of the Pkd1 gene always results in cells significantly larger than their counterpart controls. Statistical analysis
was performed by applying ANOVA (**, P � 0.005; ***, P � 0.0001). The minor differences in size observed among the different Pkd1�/� MEFs
were not statistically significant. (B) Cells were plated at 50% confluence and serum starved, and after 24 h, they were fixed and stained using PI
as described for Fig. 2. Top graphs show the analysis of the cell cycle, revealing that Pkd1�/� has a higher proportion of cells in the G2/M phase
of the cell cycle than do Pkd1�/� MEFs. The tables below the graphs show the percentages of cells in G0/G1, S, and G2/M phases of the cell cycle
and their mean FSC-H values (sizes, right column). The cell size profiles analyzed in each phase of the cell cycle revealed that the Pkd1�/� cells
are larger in size, independent of their cell cycle state. (C) Single plot representation of the distribution of cell sizes of the Pkd1�/� (no. 11, light
lines) and Pkd1�/� (no. 14, dark lines) MEFs in each phase of the cell cycle, as analyzed in panel B. (D) Pkd1�/� MEFs are larger in size,
independent of the cell cycle phase in which they are analyzed. Statistical analysis was performed by applying ANOVA (*, P � 0.05; ***, P �
0.0001). (E) Transient transfection of full-length PC-1 into Pkd1�/� MEFs (top Western blot) leads to a reduction in the distribution of cell size
(middle plot) that is statistically significant (bottom histograms). Statistical analysis was performed by applying the Student’s t test (*, P � 0.01).
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to the size of the wt cells (data not shown). In Fig. 3A, we show
a quantification using FACS analysis. Two independently de-
rived Pkd1�/� MEFs (no. 14 and 38) showed a significant
increase in their overall cell size compared to that of control wt
MEFs (no. 11 and 35). This was independent of whether the
MEFs were primary cultures (no. 35 and 38; also data not shown)
or immortalized cell lines (no. 11 and 14). Since the differences
observed in these cell lines might be attributed to a clone-to-clone
variation effect, to exclude this possibility we isolated MEFs from
a mouse model carrying Floxable alleles of the Pkd1 gene
(Wodarczyk and Boletta, unpublished) (also see Materials and
Methods). Two independent MEF lines (Pkd1flox/flox) were
isolated and immortalized (Flox1 and Flox2). To achieve inac-
tivation of the Pkd1 alleles without introducing clonal effects
due to genomic integration of the Cre gene, we used a cell-
permeable TATCre fusion protein capable of efficiently induc-
ing the recombination of loxP sites and that is subsequently

degraded by the cells (19) (also see Materials and Methods).
Treatment with the Cre recombinase resulted in a minimum of
70 to 80% inactivation of the Pkd1 allele, as assessed by PCR
analysis of the genomic DNA (Fig. 3A, bottom left). Quanti-
fication of the cell size showed a statistically significant differ-
ence between the sizes of MEFs before and after inactivation
of the Pkd1 gene (Fig. 3A, bottom left). These data demon-
strate that the absence of the Pkd1 gene results in increased
cell size independently of the MEF line isolated.

Next, we analyzed the cell cycle profile of the knockout cell
lines and found that the Pkd1�/� MEFs have an altered cell
cycle profile compared to that of the wt Pkd1�/� cells (Fig. 3B,
bottom tables) but, again, the cell size is increased in each of
the cell cycle phases analyzed in several MEF lines tested (Fig.
3B, bottom tables, and C and D; also data not shown). Finally,
in order to exclude the possibility that the procedures of iso-
lation or immortalization, rather than the absence of the Pkd1

FIG. 4. PC-1 effects on cell growth and size are mediated by the mTOR/p70S6K pathway. (A) In total, two different MDCK Zeo (F2 and F6)
and three different MDCK PKD1 Zeo (C8/68 [68], G7/36 [36], and G3) cells were plated at 50% density in 0.5% FCS. After 12 h, total lysates were
analyzed using anti-phospho-Thr389-p70S6K, anti-phospho-S6Rp, or anti-4EBP1 protein. Blots were stripped and reprobed with antibodies
against p70S6K, S6Rp, or tubulin, revealing the total amounts loaded in each lane. Quantification of the blots showed reduced phosphorylation
of p70S6K, S6Rp, and 4EBP1 in MDCK PKD1 Zeo cells compared to the levels in controls (bottom histograms). Statistical analysis was performed
by applying ANOVA (*, P � 0.05). (B) The C8/68 MDCK PKD1 Zeo cell line was transiently transfected with GFP along with either p70S6K alone
(dark line), eIF4E alone (light line), or p70S6K and eIF4E in combination (dark line in the right-hand plot). The last condition completely restores
cell size over the control GFP-transfected cells, while transfection of the single molecules alone had a smaller, though significant, effect. Statistical
analysis was performed by applying ANOVA (*, P � 0.05; **, P � 0.0001). (C) The identical experiment as shown in panel A was performed on
Pkd1�/� (no. 11, 16, and 35) and Pkd1�/� (no. 14, 19, and 38) MEFs as well as on Pkd Flox-1 MEFs, revealing increased phosphorylation of
p70S6K, S6Rp, and 4EBP1 in Pkd1�/� cells compared to the levels in Pkd1�/� (right-hand histograms). Statistical analysis was performed by
applying the Student’s t test (*, P � 0.05). (D) The Pkd1�/� MEFs (no. 14) were transiently transfected either with control siRNAs or with siRNAs
directed against murine p70S6K and eIF4E. Combined silencing of the two molecules is able to reduce the cell size in these MEFs. Statistical
analysis was performed by applying the Student’s t test (*, P � 0.05).
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gene, were responsible for the changes in cell size, we reex-
pressed wt PKD1 in knockout MEFs (no. 14) and we found
that PC-1 significantly reduced the size of these cells (Fig. 3E).
We therefore conclude that the absence of the Pkd1 gene
correlates with increased proliferation and cell size in MEFs
and that there is a direct correlation between the presence or
absence of PC-1 and cell size.

The PC-1 effects on size are mediated by the mTOR pathway
and its downstream effectors p70S6K and 4EBP1. One of the
cascades controlling cell growth and size is the mTOR path-
way, leading to the phosphorylation of both p70S6K and
4EBP1 (31). Using phosphor-specific antibodies, we analyzed
the phosphorylation status of this cascade and found that
p70S6KThr389, S6Rp, and 4EBP1 phosphorylation levels were
reduced in MDCK PKD1 Zeo cells compared to the levels in
controls (Fig. 4A). Stripping and reprobing the same mem-
branes with anti-p70S6K, anti-S6Rp, or anti-4EBP1 antibodies
revealed that differences in loading could not account for such
a downregulation (Fig. 4A). To determine if reestablishing
high levels of activity of these two molecules would be suffi-
cient to revert the PC-1 effects on cell size, we transiently
transfected p70S6K and eIF4E independently or in combina-
tion in MDCK PKD1 Zeo cells, along with GFP, and analyzed

their cell size profiles after 24 h. As shown in Fig. 4B, both
molecules are separately able to increase the cell size of the
C8/68 cell line and, when both molecules are transfected in
combination, the cell size is increased to a much greater extent,
suggesting that the two branches of the cascade are cooperat-
ing in regulating cell size. The cell cycle profile of the MDCK
PKD1 Zeo cells expressing p70S6K was also affected, with an
increased number of cells in the G2/M phase compared to the
number in GFP-transfected cells (data not shown). However,
the size of the cells was increased in each cell cycle phase,
excluding the increased number of cells in G2/M as the trivial
explanation for our findings (data not shown).

Finally, we tested whether the same pathway is upregulated
in Pkd1�/� MEFs. The analysis of the phosphorylation levels
of p70S6K, S6Rp, and 4EBP1 in lysates derived from Pkd1�/�

MEFs (no. 14 and 19) revealed a marked increase compared to
the levels in Pkd1�/� controls (no. 11 and 16) (Fig. 4C). Si-
lencing either p70S6K or eIF4E had a mild effect on restoring
the cell size in Pkd1�/� MEFs (data not shown), while cosi-
lencing both molecules resulted in a significant reduction in
cell size (Fig. 4D). We conclude that both the p70S6K/S6Rp
and 4EBP1/eIF4E complexes are involved in regulating cell
size in response to PC-1.

FIG. 5. PC-1 controls cell size in an Akt-independent manner and is able to downregulate the ERKs. (A) Control cell lines (F6 and F2) and
MDCK PKD1 Zeo clones (C8/68 [68], G7/36 [36], and G3) were plated at 50% confluence in 0.5% serum for 12 h. Western blot analysis was carried
out using anti-P-S6Rp, anti-P-Ser473-Akt, anti-P-Thr1462, and anti-P-Ser939-tuberin antibodies. Each blot was stripped and reprobed using
antibodies against the total corresponding protein. (Inset blot) Anti-P-Ser939 antibodies are able to detect an increase in phosphorylation of
tuberin in NIH 3T3 cells treated in the presence of PDGF (�) compared to those treated in the absence of PDGF (�), demonstrating the good
quality of the antibodies. (B) Overexpression of wt-, DN-, or CA-Akt in the C8/68 clone revealed that DN-Akt is not able to regulate cell size, while
both wt-Akt and CA-Akt are able to induce an increase in cell size, despite the equal transfection levels of all three constructs (top Western blot).
(C) (Left) Control cell lines (F6 and F2) and MDCK PKD1 Zeo clones (C8/68 [68], G7/36 [36], and G3) were probed using antibodies against
phosphorylated forms of MEK, ERK, and p90RSK, showing a dramatic downregulation of the ERK pathway. Blots were stripped and probed using
anti-total MEK or anti-total p90RSK and revealed that no differences in loading could account for this downregulation. (Middle) Transient
transfection of full-length PKD1-HA in NIH 3T3 cells, followed by Western blotting with anti-HA and anti-phospho-ERK antibodies. Transfection
of PC-1 results in downregulation of phospho-ERKs. The blot was stripped and probed with total ERKs. (Right) Quantification of the
phosphorylation levels of ERKs in stable MDCK transfectants (top) or in transiently transfected NIH 3T3 cells (bottom). Statistical analysis was
performed by applying either ANOVA (top) or the Student’s t test (bottom) (*, P � 0.05). (D) Cells were trypsinized, fixed, and double-stained
for DNA content (DAPI) and with anti-phospho-ERK (left graph) or anti-phospho-S6Rp (right graph) antibodies. The content of phosphorylated
molecules per single cell was evaluated in each phase of the cell cycle (see Materials and Methods).
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PC-1 controls cell size and the mTOR pathway in an Akt-
independent, ERK-dependent manner. The apparent decrease
in mTOR kinase activity in response to PC-1 overexpression is
somewhat surprising, because our previous studies demon-
strated that PC-1 induces activation of the serine/threonine
kinase Akt (3, 4), one of the major activators of the Tsc2/
mTOR pathway. We therefore investigated the potential role
of Akt in our system. Surprisingly, despite the profound inhi-
bition of S6Rp phosphorylation in three independent MDCK
PKD1 Zeo cell lines, Akt is strongly phosphorylated in the
same lysates, suggesting a disconnect between Akt activation
and mTOR regulation in our cellular system (Fig. 5A). Con-
sistent with this, using epitope-specific anti-Tsc2 antibodies
directed against the Akt phospho-specific sites Thr1462 or
Ser939 (25), we found no changes in the MDCK PKD1 Zeo
cells compared to controls. Probing with the same antibodies,
lysates derived from NIH 3T3 cells treated with platelet-de-
rived growth factor (PDGF) revealed an increase in the phos-
phorylation of Tsc2 in the Akt phospho-specific sites, showing
the functionality of the antibodies (Fig. 5A). In order to further
investigate the role of Akt in our system, we expressed a set of
Akt constructs, including wt-Akt, a dominant negative form
(DN-Akt), and CA-Akt, along with GFP in MDCK PKD1 Zeo
cells, and analyzed the effect on cell size as a readout of the
mTOR pathway. We failed to observe an effect on cell size
upon expression of a DN-Akt construct in these cells (Fig. 5B),
consistent with the disconnection between Akt activation and
mTOR regulation observed in Fig. 5A. However, the expres-
sion of the same construct reversed the anti-apoptotic effects of
PC-1 in these same cells (3; also data not shown), demonstrat-
ing its functionality. Interestingly, we also observed that both
wt-Akt and, to a greater extent, CA-Akt are able to increase
cell size in the controls and to restore normal cell size in
MDCK PKD1 Zeo cells. This suggests that, as shown in Fig.
5A, when Akt is activated through a different system, it is
indeed able to act on the mTOR pathway in this cell type.

Recent reports have demonstrated that the ERKs p42/p44
control the mTOR pathway by directly phosphorylating Tsc2
and releasing the inhibitory activity of the tuberin/hamartin
complex (23, 24). We therefore investigated the status of the
activation of the ERK pathway in our system and found that
p90RSK, the p42/p44 ERKs, and MEK kinases are strongly
downregulated in MDCK PKD1 Zeo cells compared to the
levels in the controls (Fig. 5C). Furthermore, transient expres-
sion of full-length PC-1 in NIH 3T3 cells led to the downregula-
tion of the ERKs (Fig. 5C), demonstrating that clonal artifacts
cannot account for the effect observed in the MDCK cells. Anal-
ysis by flow cytometry revealed a marked difference between
control (F6) and MDCK PKD1 Zeo cells (C8/68) in the activation
statuses of both S6Rp and the ERKs in each phase of the cell
cycle. Furthermore, the two molecules seem to be similarly reg-
ulated during progression through the cell cycle (Fig. 5D).

Taken together, these data demonstrate that the overexpres-
sion of PC-1 leads to the downregulation of the ERKs both in
epithelial cells (MDCK) and fibroblasts (NIH 3T3) and that
this correlates with a downregulation in the mTOR pathway.

To test if the changes in ERKs are responsible for the reg-
ulation of the mTOR pathway and cell size by PC-1, we tran-
siently transfected MDCK PKD1 Zeo cells with a dominant
positive construct of MEK kinase (CA-MEK), cotransfected

with GFP, and analyzed the cell cycle and cell size profiles after
sorting. We found that CA-MEK restored the phosphorylation
levels of pS6Rp and the cell size of the MDCK PKD1 Zeo clone
C8/68 (Fig. 6A). Since the ERKs can directly act on S6K/S6Rp
without acting through mTOR, we questioned whether this effect
occurs dependently or independently of the mTOR pathway. We
show in Fig. 6B that the inhibition of mTOR using rapamycin
completely blocked the CA-MEK effect on S6Rp phosphoryla-
tion and cell size, demonstrating that mTOR is required for this
effect (Fig. 6B). Consistent with this, the transient transfection of

FIG. 6. CA-MEK reverts PC-1 control of cell size and mTOR.
(A) A total of 12 �g of a construct encoding the catalytically active
form of MEK (CA-MEK) was transiently transfected in control (F6)
and MDCK PKD1 Zeo (C8/68) cells along with GFP, and then the cells
were sorted and replated. Cells were analyzed for their cell size profiles
24 h after replating. CA-MEK was able to increase both the phosphor-
ylation levels of S6Rp and the cell size. Anti-HA antibodies revealed
that comparable expression levels were achieved in both controls and
MDCK PKD1 Zeo cells. (B) Transient transfection of GFP alone or in
combination with CA-MEK was carried out as described for panel A
in the C8/68 cell line. Cells were treated in the presence or absence of
rapamycin and subjected to Western blot analysis using antibodies
against phospho-S6Rp or to FACS analysis to determine their FSC
values, reflecting cell size. Treatment in the presence of rapamycin
prevents the recovery of phospho-S6Rp (right) and cell size (left)
induced by CA-MEK, demonstrating that CA-MEK acts through
mTOR to exert its function. (C) GFP-positive cells transiently trans-
fected as described for panel A were sorted, replated, serum starved
overnight, and analyzed biochemically using the antibodies indicated.
Transfection of CA-MEK in PKD1-overexpressing cells restores phos-
phorylation of both p70S6K and 4EBP1. Histograms on the right show
the averages of quantifications of Western blots from at least three
different experiments. Statistical analysis was performed by applying
ANOVA (*, P � 0.05; **, P � 0.005; ***, P � 0.0001).
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CA-MEK restored the phosphorylation levels of Thr389 in
p70S6K, as well as the phosphorylation of 4EBP1, both of which
are downstream targets of mTOR kinase activity (Fig. 6C). We
conclude that MEK acts through the regulation of mTOR to
rescue the cell size phenotype.

Next, we tested for the phosphorylation levels of the MEK/
ERK pathway in the MEF cells and found that this cascade is
strongly upregulated in Pkd1�/� cells compared to the level in
Pkd1�/� MEFs (Fig. 7A). Furthermore, the inhibition of
mTOR (using rapamycin; Fig. 7C) or MEK (using U0126; Fig.
7B) or the silencing of ERKs using small interfering RNA
(siRNA) (Fig. 7D) were all able to revert the cell size pheno-
type as well as the increased phosphorylation levels of S6Rp in
Pkd1�/� MEFs (Fig. 7B and C).

We therefore conclude that the regulation of the ERK path-
way is the primary mechanism through which PC-1 regulates
the mTOR cascade, its downstream targets p70S6K and
4EBP1, and cell growth (size).

PC-1-dependent regulation of cell size and the mTOR path-
way is mediated by the ERK-dependent regulation of tuberin.
To further investigate the role of tuberin in the PC-1-induced
reduction of cell size, we expressed full-length PC-1 in
Tsc2�/�; p53�/� and Tsc2�/�; p53�/� MEFs, synchronized the
cells in the G0/G1 phase of the cell cycle, and analyzed the cell
size profiles. We found that PC-1 is able to reduce cell size in
a statistically significant manner only in MEFs expressing tu-
berin (Tsc2�/�; p53�/�) and not in MEFs lacking it (Tsc2�/�;
p53�/�), despite the fact that equal expression levels of PC-1
are achieved in both cell lines (Fig. 8A). These data suggest
that the PC-1 effect on cell size requires tuberin. To directly
test whether ERK-dependent regulation of tuberin stands as
the basis of our observations, we checked the status of S664
phosphorylation of tuberin (one of the ERK-specific phospho-

sites) using a novel antibody generated to specifically recognize
this phosphorylation site (23). We show in Fig. 8B that the
phosphorylation levels of tuberin at S664 are reduced in three
independent MDCK PKD1 Zeo clones (C8/68, G7/36, and G3)
compared to the levels in controls (F6 and F2). Conversely, the
phosphorylation levels of tuberin in S664 in the Pkd1�/� MEFs
are increased compared to the levels in Pkd1�/� controls.

Finally, in order to make sure that the differential effects on
cell size observed by the expression of PC-1 in Tsc2�/�; p53�/�

or Tsc2�/�; p53�/� cells are directly due to the absence or
presence of tuberin and not to differences in the isolation or
immortalization process of these fibroblasts, we restored the
expression of wt Tsc2 in the Tsc2�/�; p53�/� MEFs alone or in
combination with PC-1. We show in Fig. 8C that wt tuberin
reduces the cell size in Tsc2�/�; p53�/� MEFs and that the
coexpression of full-length PC-1 is able to further enhance this
effect, in a statistically significant manner. A mutant tuberin in
which the ERK phospho-specific sites S540 and S664 have
been mutated into aspartate (TSC2S540D/S664D; TSC2-2D mu-
tant) was unable to achieve the same effect, consistent with the
ERK-dependent regulation of tuberin being responsible for
the PC-1 effects.

From all these data, we conclude that PC-1 downregulates
cell size and the mTOR pathway by affecting the ERK-medi-
ated phosphorylation of tuberin at S664.

DISCUSSION

ADPKD is a slowly progressive disease characterized by
renal cyst formation (38). Cysts generate from any segment of
the renal tubule and expand in size and number throughout the
life of an individual. Increased proliferation is one of the fea-
tures observed in ADPKD cystic kidneys (11). In line with

FIG. 7. Impaired ERK and mTOR activities are responsible for increased cell size in Pkd1�/� MEFs. (A) Western blot analysis of total lysates
from Pkd1�/� and Pkd1�/� MEFs using anti-phospho-specific antibodies for MEK and ERKs revealed that the phosphorylation levels of these
molecules are increased in Pkd1�/� MEFs compared to the wt levels. Stripping and reprobing the same membrane using antibodies directed
against the total levels of the same molecules revealed that all lanes were loaded equally. (B) (Top) Pkd1�/� and Pkd1�/� MEFs were treated in
the presence or absence of the MEK inhibitor U0126. Statistical analysis was performed by applying ANOVA (*, P � 0.05; **, P � 0.005).
(Bottom) Western blot analysis of the same samples shown on top revealed that treatment in the presence of U0126 diminishes the phosphory-
lation levels of S6Rp. (C) Identical experiment as described for panel B, except that cells were treated in the presence or absence of rapamycin
to inhibit mTOR activity. Statistical analysis was performed by applying ANOVA (*, P � 0.05). (D) Transient transfection of siRNAs directed
against murine ERK1 and -2 into Pkd1�/� cells results in a significant reduction of the expression levels of the ERKs and, concomitantly, a
significant reduction of cell size. Statistical analysis was performed by applying the Student’s t test (*, P � 0.05).
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these findings, a direct role of PC-1 and -2 in regulating the cell
cycle has been recently demonstrated and investigated in detail
(2, 5, 22). In this report, we show that PC-1 controls cell growth
(size) in addition to and independently of cell proliferation and
that it does so through the Tsc/mTOR pathway and its
downstream effectors p70S6K and 4EBP1. We show here
that the overexpression of PC-1 in MDCK cells potently
inhibits the Tsc/mTOR pathway, leading to reduced growth
and size, and that MEFs lacking expression of the Pkd1 gene
have increased growth rates and increased activation of the
Tsc/mTOR pathway.

Of great interest, a careful histological analysis of ADPKD
cystic epithelia performed several years ago revealed that the
mean surface area of the cells lining the cysts is largely in-
creased compared to that of normal epithelia, although not to
an extent sufficient to fully justify the increase in cyst size over
the years (11). It was therefore proposed that a combination of
proliferation and increased cell surface area accounts for the
expansion of the cysts (11). While part of the increase in cell
surface area might result from cell stretching in some of the

cysts, it is difficult to imagine that this alone can justify the
large extent of the described increase (where cells can acquire
a cell surface area up to 15 times larger than normal). We
propose that a combination of proliferation, stretching, and
cellular hypertrophy (and possibly other, yet-unidentified fac-
tors) could all contribute to the increase in cyst size.

Notably, three recent reports have shown that the treatment
of animal models of polycystic kidney disease with rapamycin
results in a reduction of cyst volume (33, 35, 39). Although
cellular hypertrophy was not evaluated in these mouse models,
our data would suggest that the beneficial effects of rapamycin
might be, at least in part, due to its ability to control cellular
hypertrophy. In addition, the upregulation of the phosphory-
lation levels of p70S6K were reported in the cystic kidneys and
livers of human tissues as well as in murine cystic kidneys (29,
33, 39), demonstrating that this pathway is misregulated in
vivo.

Although the studies above have shown that the mTOR
pathway is dysregulated in PKD mouse models, the molecular
mechanisms leading to this were not investigated in detail.

FIG. 8. PC-1 controls cell size and the mTOR pathway through regulation of tuberin phosphorylation in ERK-specific sites. (A) Transient
transfection of GFP alone or in combination with a HA-PKD1 construct performed in Tsc2�/�; p53�/� or Tsc2�/�; p53�/� MEFs. (Top) HA-PKD1
was immunoblotted using anti-HA antibodies, revealing that equal expression levels for PC-1 are achieved in both cell lines. (Bottom) Statistical
analysis of cell size quantification after synchronization in the G0/G1 phase of the cell cycle on triplicate transfections in Tsc2�/� and Tsc2�/� MEFs
reveals that PC-1 induces a statistically significant reduction in cell size only in Tsc2�/� cells. Statistical analysis was performed by applying
ANOVA (**, P � 0.005; ***, P � 0.0001). (B) Flag-tagged Tsc2 was transiently transfected in controls (F6 and F2), MDCK PKD1 Zeo clones
(C8/68 [68], G7/36 [36], and G3), and Pkd1�/� or Pkd1�/� MEFs, immunoprecipitated using anti-Flag antibodies (M2 beads), and immunoblotted
using an anti-phospho-S664 antibody. Filters were then stripped and probed using an antituberin antibody as a loading control. A decrease in the
phosphorylation levels of this site in all three MDCK PKD1 Zeo cell lines was observed, while an increase occurred in the Pkd1�/� MEFs.
(C) Transient transfection of wt tuberin into Tsc2�/�; p53�/� cells decreases the size of cells, which is further enhanced by cotransfection of a
PKD1-HA construct. (Top) Western blot analysis of tuberin and PC-1 (�-HA) in transiently transfected Tsc2�/�; p53�/� cells at 48 h posttrans-
fection. (Bottom) Analysis of triplicate experiments reveals that coexpression of PC-1 and wt-TSC2 results in a statistically significant reduction
of cell size over that with transfection of wt-TSC2 alone. Statistical analysis was performed by applying ANOVA (**, P � 0.005). Transient
transfection of TSC2S540D/S664D (2D-TSC2) is not able to affect cell size, neither when transfected alone nor when cotransfected with PKD1.
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Shillingford et al. have shown that the overexpression of the
short intracellular C-tail of PC-1 in MDCK cells results in the
colocalization of this construct with tuberin in the Golgi com-
partment. Furthermore, it was shown that this short tail of
PC-1 can interact with endogenous tuberin through coimmu-
noprecipitation studies. Based on this evidence, the authors
proposed that PC-1 interaction with tuberin might somehow
result in its activation and therefore in the inhibition of the
mTOR pathway (33). Further studies will be required to de-
finitively assess if full-length (and possibly endogenous) PC-1
interacts with tuberin under physiological conditions. How-
ever, assuming that PC-1 and tuberin interact, since a previous
study had reported that tuberin is important for PC-1 traffick-
ing to the plasma membrane, one alternative possibility is that
the tuberin/PC-1 interaction might be important in that context
(21). In this study, we demonstrate that PC-1 inhibits the
mTOR signaling pathway through an unusual mechanism de-
pending on ERK-dependent and Akt-independent regulation
of the phosphorylation of tuberin. How this phosphorylation
might impact the PC-1/tuberin interaction should be a matter
of future investigation.

One question that remains open after our studies is how
PC-1 regulates the ERK pathway. It was previously proposed

that PC-1 might regulate the MEK/ERK cascade by regulating
the phosphorylation status of B-Raf (41). In line with this
work, our studies provide evidence that the overexpression of
PC-1 can inhibit the MEK/ERK pathway and strongly suggest
that this is a direct effect, since the opposite is observed in
Pkd1�/� cells. A recent report has demonstrated that the in-
activation of the Pkd1 gene under controlled conditions in the
kidney of Pkd1 conditional knockout mice results in massive
renal cystogenesis accompanied by increased activation of the
ERK pathway (32), further suggesting a role for PC-1 in reg-
ulating this cascade. Shibazaki et al. also showed that treat-
ment with low doses of the MEK inhibitor UO126 is not
sufficient to revert cyst expansion despite being able to restore
normal ERK phosphorylation (32). Several explanations can
be provided for this apparent discrepancy with our results.
These authors treated the mice by administering the MEK
inhibitor every 3 days. While the biochemical effects on the
phosphorylation levels of the ERKs were evaluated 24 h after
treatment, the effect on cyst expansion was evaluated after a
maximum time of 10 days (with the tolerated low doses of
inhibitor) (32). However, the MEK inhibitor employed has a
very short half-life and is quickly degraded in vivo. It is possible
that in the 48 h between the time of measurement of the

FIG. 9. Schematic representation of the proposed model. (A) Schematic representation of the dual mode of regulation of tuberin and the
mTOR pathway in response to growth factors, as previously proposed by Ma et al. (24). Both the ERK and the Akt kinases can directly control
the phosphorylation levels of tuberin, thus allowing for the double control of the pathway by growth factor receptors. (B) Proposed model for the
regulation of the tuberin and mTOR pathway by PC-1. PC-1 induces activation of the PI3k/Akt pathway (3), but the pool of Akt activated in
response to PC-1 is not able to phosphorylate Tsc2. At the same time, PC-1 overexpression downregulates the MEK/ERK pathway (our current
work), resulting in reduced phosphorylation of tuberin and thus inhibition of mTOR. In ADPKD, the absence of PC-1 would result in the
upregulation of the ERKs responsible for upregulating the mTOR pathway.
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phosphorylation levels of the ERKs and the next administra-
tion of the inhibitor, the ERK pathway and consequently the
mTOR are restored in the cystic epithelia. This alternation of
inhibition and hyperactivation of the MEK/ERK pathway
might not be sufficient to prevent cyst expansion. Using a
less-degradable compound, and perhaps combining low doses
of both rapamycin and a Raf or MEK inhibitor, might help
prevent cyst expansion. A similar combination of drugs was
shown to be beneficial in the treatment of melanoma (26).

Finally, we cannot exclude the possibility that additional
feedback loops and additional activating molecules are con-
verging on the mTOR pathway in vivo and might be acting
synergistically to enhance mTOR activity. Interestingly, the
Wnt pathway, previously shown to be regulated by PC-1 (20),
is also able to act on the mTOR cascade via AMPK and
GSK3	, and this might contribute to the enhanced mTOR
activity in cystic epithelia (16). Since we have previously dem-
onstrated that PC-1 can enhance the activity of GSK3	 (4), we
cannot exclude the possibility that this alternative pathway will
play a role in regulating the mTOR pathway under conditions
of nutrient deprivation or hypoxia, both of which are likely to
occur in vivo as cysts expand over time.

We believe that one of the most important aspects of our
work is delineation of the mechanism of regulation of the
mTOR pathway by PC-1. We have demonstrated that PC-1 can
downregulate the mTOR pathway through direct regulation of
the ERK-specific phospho-sites on tuberin (serine 664),
through a mechanism recently described (24). We propose that
PC-1, a non-tyrosine kinase receptor, might enable the distin-
guishing of Akt-dependent and ERK-dependent regulation of
tuberin and the studying of the two processes separately
(model proposed in Fig. 9). Although our data demonstrate
that the ERK pathway is the major regulator of mTOR in
response to PC-1, it remains to be elucidated why active Akt
alone is not sufficient to achieve activation of the mTOR path-
way. With respect to this point, it is important to highlight that
the Ser/Thr kinase mTOR can be observed in at least two
distinct functional complexes: the mTORC1 and the mTORC2
(40). The mTORC2 complex is the kinase that phosphorylates
Akt in Ser473. It appears from our data that the mTORC1
complex is inhibited by PC-1, while the mTORC2 is activated.
In our cell system, Akt is not able to phosphorylate tuberin
despite the fact that Akt is fully active, as demonstrated by its
phosphorylation at both Ser473 and Thr308 and by its capa-
bility to phosphorylate another downstream effector, FKHR
(or FOXO) (3). Interestingly, several recent reports have
shown that the knockout of the mTORC2 complex in vivo
completely abolishes the phosphorylation of Akt at Ser473,
demonstrating that this complex is responsible for the phos-
phorylation of this site in vivo (12, 18, 34). Surprisingly, the
lack of Akt phosphorylation at Ser473 results in impaired phos-
phorylation of the forkhead transcription factor FOXO but not
of tuberin nor of GSK3	 (12, 18, 34). Similarly, in our model
system, active Akt phosphorylates the forkhead transcription
factor FKHR (3) but not GSK3	 (4) or TSC2 (the current
work). In addition, a new component of the mTORC2 com-
plex, SIN, was shown to regulate the specificity of the sub-
strates phosphorylated by Akt (18). Furthermore, it was re-
ported that SIN1 exists in several different isoforms, each of
which can associate with the TORC2 complex (10). It was

proposed that these different isoforms generate several differ-
ent forms of mTORC2 that act on different pools of cellular
Akt and thus determine the specificity of Akt action on its
substrates (10). In light of these findings, our results are not
surprising but rather highlight the intriguing possibility that
PC-1 might be able to differentially regulate the activity of the
mTORC1 and mTORC2 complexes.
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