
O R I G I N A L A R T I C L E

Inpp5e suppresses polycystic kidney disease via

inhibition of PI3K/Akt-dependent mTORC1 signaling
Sandra Hakim1, Jennifer M. Dyson1, Sandra J. Feeney1, Elizabeth M. Davies1,
Absorn Sriratana1, Monica N. Koenig1, Olga V. Plotnikova1, Ian M. Smyth1,2,
Sharon D. Ricardo2, Robin M. Hobbs2,3 and Christina A. Mitchell1,*
1Cancer Program, Department of Biochemistry and Molecular Biology, Monash Biomedicine Discovery Institute,
Monash University, Clayton, VIC 3800, Australia, 2Development and Stem Cell program, Department of
Anatomy and Developmental Biology, Monash University, Clayton, VIC 3800, Australia and 3Australian
Regenerative Medicine Institute, Monash University, Clayton, VIC 3800, Australia

*To whom correspondence should be addressed. Tel: þ61 3 9905 4318; Fax: þ61 3 9902 9500; Email: christina.mitchell@monash.edu

Abstract
Polycystic kidney disease (PKD) is a common cause of renal failure with few effective treatments. INPP5E is an inositol
polyphosphate 5-phosphatase that dephosphorylates phosphoinositide 3-kinase (PI3K)-generated PI(3,4,5)P3 and is mutated
in ciliopathy syndromes. Germline Inpp5e deletion is embryonically lethal, attributed to cilia stability defects, and is
associated with polycystic kidneys. However, the molecular mechanisms responsible for PKD development upon Inpp5e loss
remain unknown. Here, we show conditional inactivation of Inpp5e in mouse kidney epithelium results in severe PKD and
renal failure, associated with a partial reduction in cilia number and hyperactivation of PI3K/Akt and downstream
mammalian target of rapamycin complex 1 (mTORC1) signaling. Treatment with an mTORC1 inhibitor improved kidney
morphology and function, but did not affect cilia number or length. Therefore, we identify Inpp5e as an essential inhibitor of
the PI3K/Akt/mTORC1 signaling axis in renal epithelial cells, and demonstrate a critical role for Inpp5e-dependent mTORC1
regulation in PKD suppression.

Introduction
Polycystic kidney disease (PKD) results in the progressive dila-
tion of renal tubules, manifesting as kidney enlargement over
decades, often leading to renal failure. PKD develops as a conse-
quence of abnormal renal epithelial cell proliferation and fluid
secretion, leading to the formation of enlarged, detached and
fluid filled cysts. PKD is most commonly associated with autoso-
mal dominant PKD (ADPKD) or autosomal recessive PKD, caused
by mutations in PKD1/PKD2 (encoding polycystin-1 and polycyc-
stin-2) or PKHD1 (encoding fibrocystin), respectively (1–3). PKD is

also a feature of ciliopathy syndromes, an emerging group of ge-
netic diseases caused by cilia dysfunction, characterized by ad-
ditional developmental abnormalities including retinal
degeneration and polydactyly (4–6).

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that forms two discrete complexes, mTORC1
and mTORC2, which are central to regulation of cell prolifera-
tion, metabolism and survival (7). mTORC1 is activated down-
stream of a number of inputs, including inactivation of the
tumor suppressors tuberous sclerosis 1 (TSC1) and 2 (TSC2),
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increased nutrient availability, activation of phosphoinositide
3-kinase (PI3K)/Akt signaling (7) or loss of polycystin-1 function,
which protects TSC2 from inactivation (8). In ciliated cultured
cells subjected to flow, complete loss of cilia-mediated
mechano-sensation activates mTORC1 (9). Tsc1/2 and Pkd1 ro-
dent mutants develop renal cysts with evidence of mTORC1 ac-
tivation (10–12), as do some mouse mutants harboring loss of
function of ciliary proteins (9,13–15). However, the mechanisms
by which cilia defects may promote mTORC1 activation in vivo
are not well established.

Growth factor stimulation activates class I PI3K, which phos-
phorylates phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) at
the D-3 position to transiently produce phosphatidylinositol
3,4,5-trisphosphate (PI(3,4,5)P3) which is converted to phospha-
tidylinositol 3,4-bisphosphate (PI(3,4)P2) by inositol polyphos-
phate 5-phosphatases on the inner leaflet of the plasma
membrane (16–18). Both PI(3,4,5)P3 and PI(3,4)P2 are required for
maximal activation of the serine/threonine kinase, Akt (19–22),
and once activated by phosphorylation at two sites Ser473 and
Thr308, Akt promotes mTORC1 activity via inhibitory phosphor-
ylation of TSC2 (16,23). PTEN hydrolyses PI(3,4,5)P3 to form
PI(4,5)P2 and potently terminates PI3K/Akt/mTOR signaling in
many cell types (24). However, surprisingly, kidney-specific de-
letion of the tumor suppressor Pten, does not produce a cystic
renal phenotype or substantial mTORC1 activation (25,26). The
absence of a kidney phenotype upon Pten deletion suggests reg-
ulatory inputs besides PI3K/Akt are dominant in controlling
mTORC1 activity in kidney epithelium, or alternatively, that
other mechanisms are primarily responsible for degrading
PI(3,4,5)P3 signals in renal epithelial cells. Therefore, whether
PI3K/Akt signaling represents an important physiological regu-
lator of mTORC1 in PKD development remains unclear.

An alternate pathway for the regulation of PI(3,4,5)P3 signal-
ing is mediated by the inositol polyphosphate 5-phosphatase
(5-phosphatase) enzyme family, many members of which
hydrolyse the 5-position phosphate from the inositol head
group of PI(3,4,5)P3 to yield PI(3,4)P2 (18). Many studies have re-
ported the 5-phosphatases SHIP1, SHIP2, SKIP, INPP5E and PIPP
degrade PI(3,4,5)P3 and thereby suppress Akt signaling, despite
potentially increasing the cellular levels of PI(3,4)P2 (18,27–38).
Several 5-phosphatase family members are expressed in the
kidney and regulate its function, but only INPP5E is implicated
in PKD (18,39,40). Inpp5e knockout mice exhibit embryonic/peri-
natal lethality with features that resemble human ciliopathy
syndromes including exencephaly, polydactyly and PKD associ-
ated with partial cilia loss in cysts. Cilia stability defects have
been identified in mouse embryonic fibroblasts that lack Inpp5e
(40). As mutations in INPP5E have been identified in human cil-
iopathies; Joubert syndrome and related disorders (JSRD) and
mental retardation, truncal obesity, retinal dystrophy and
micropenis (MORM) (39–41), it has been predicted that many of
the Inpp5e-null phenotypes may relate to cilia defects. We and
others have shown that INPP5E dephosphorylates PI(3,4,5)P3, at
the D-5 position to produce PI(3,4)P2 (27–30) and inhibits PI3K/
Akt signaling (42,43) in cultured cells. However, whether deregu-
lation of this signaling pathway contributes to PKD is unclear,
and the molecular basis of PKD arising from Inpp5e inactivation
remains to be determined, and has been challenging to investi-
gate due to the embryonic/perinatal lethality of Inpp5e knockout
mice.

Here, we inactivated Inpp5e specifically in renal epithelium to
determine the cell-autonomous roles this 5-phosphatase plays in
renal function. Renal epithelial cell ablation of Inpp5e in mice
(Inpp5efl/fl;Ksp-Cre) resulted in early-onset and aggressive postnatal

PKD characterized by renal failure by P21. Inpp5efl/fl;Ksp-Cre
kidneys exhibited significantly increased PI3K/Akt/mTORC1 sig-
naling in cystic renal epithelium and also in isolated primary re-
nal epithelial cells (pRECs). Despite only a partial decrease in the
number of ciliated cells upon Inpp5e ablation, mTORC1 signaling
was increased and furthermore, in cultured cells, increased
mTORC1 activation was observed in both ciliated and non-ciliated
cells. Treatment of Inpp5efl/fl;Ksp-Cre mice with a pharmacological
mTORC1 inhibitor improved kidney architecture and function,
with evidence of mTORC1 signaling suppression, without affect-
ing cilia number. Therefore, we establish a critical role for PI3K/
Akt-dependent mTORC1 activation in PKD pathogenesis and
identify Inpp5e as an essential inhibitor of this signaling axis in
renal epithelium.

Results
Inpp5e is essential for renal epithelial cell function and
maintenance of renal architecture

Renal epithelial cells are the proposed cell of origin of renal
cysts in PKD and interestingly neither constitutive nor inducible
murine renal epithelial cell-specific ablation of Pten induces a
cystic phenotype (26,44). This may relate to the localized ex-
pression of PTEN predominantly to proximal renal tubules
(45,46) and/or that other phosphoinositide phosphatases may
regulate Akt/mTORC1 signaling in distal tubules and collecting
ducts, the latter of which is the major site for cyst development
in PKD (47–50). To determine the relative levels of Inpp5e com-
pared with Pten in renal epithelium, Inpp5e and Pten mRNA lev-
els were determined by droplet digital polymerase chain
reaction (PCR) using pRECs isolated from P16 wild-type kidneys.
pRECS were isolated using a method adapted from a previously
published study (51), and include epithelial cells from all tubule
segments. Notably, Inpp5e was expressed at 3-fold higher levels
than Pten, consistent with the contention that Inpp5e is a major
regulator of PI3K/Akt signaling in renal epithelial cells
(Supplementary Material, Fig. S1a). The protein expression of
both Pten and Inpp5e in isolated pRECs was also confirmed by
immunoblot analysis (Supplementary Material, Fig. S1b), how-
ever it should be noted that due to different antibodies used to
detect each protein, this analysis does not demonstrate relative
expression, but is further evidence that Inpp5e protein is ex-
pressed in renal epithelial cells. To investigate Inpp5e function
in vivo, we generated mouse mutants with a targeted Inpp5e al-
lele possessing LoxP sites flanking exons 2–6 (Inpp5etm1Cmit,
herein referred to as Inpp5efl) (Supplementary Material, Fig. S1c).
Inpp5efl/fl mice were initially crossed with CMV-Cre mice, and in-
tercrossing of heterozygotes (Inpp5eþ/�) generated global knock-
out (Inpp5e�/�) embryos that died at �E18.5 and displayed a
ciliopathy phenotype including polydactyly, exencephaly and
polycystic kidneys (data not shown), consistent with the only
reported Inpp5e-null phenotype, which targeted exons 7–8 (40).

To define the cell-autonomous roles of Inpp5e in the kidney,
the 5-phosphatase was inactivated only in renal epithelial cells
by crossing Inpp5efl/fl mice with Tg(Cdh16-cre)91Igr (Ksp1.3-Cre, re-
ferred to herein as Ksp-Cre) mice (52). The Ksp-Cre transgene
contains 1341bp of the 50-flanking region of the Ksp-Cadherin
(Cdh16) gene that drives expression of Cre during kidney devel-
opment as early as E11.5 in the mesonephros, then in develop-
ing metanephros, in epithelial cells of the branching ureteric
bud and developing tubules from E12.5. In adult mice, Ksp-Cre is
expressed in renal epithelial cells, most highly in the loop of
Henle, distal tubule and collecting duct epithelium, with low
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Figure 1. Inpp5e regulates renal epithelial cell function and kidney architecture. Inpp5ewt/wt;Ksp-Cre (Inpp5ewt/wt) and Inpp5efl/fl;Ksp-Cre (Inpp5efl/fl) whole mice and kidneys

at (a) P1 and (b) P21. (c) Kidney/body weight ratio (K/BW (%)) and (d) serum urea at P21. (e) H&E staining of kidney sections at indicated days. Bottom panels show

zoomed images of P21 kidneys, solid arrows indicate flattened; and open arrows indicate bulging cellular morphology. (f) Picrosirius red staining of collagen deposition

in P21 Inpp5ewt/wt;Ksp-Cre (Inpp5ewt/wt) and Inpp5efl/fl;Ksp-Cre (Inpp5efl/fl) kidney sections. (g) Immunofluorescent staining of proximal tubule (LTL, Lotus Tetragonolobus

Lectin, green), distal tubule and loop of Henle (THP, Tamm-Horsfall protein, green), and collecting duct (DBA, Dolichos Biflorus Agglutinin, green), with DAPI (nuclear

counterstain, blue) at P21 in Inpp5ewt/wt;Ksp-Cre (Inpp5ewt/wt) and Inpp5efl/fl;Ksp-Cre (Inpp5efl/fl) kidney sections. Open arrows indicate normal tubular morphology in proxi-

mal tubules. Graphs in c and d depict mean 6 SD of n�4 mice per genotype, *P<0.05, ****P<0.0001. Scale: (a) 10 mm upper, 2 mm lower (b) 10 mm upper, 7.5 mm lower

(e) 50 mM; 20 mM zoomed (f) 50 mM (g) 50 mM. SD, standard deviation.
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level expression in proximal tubules and Bowman’s capsules
(52,53) (Supplementary Material, Fig S1d and S1e).

Inter-crossing of heterozygous (Inpp5efl/wt;Ksp-Cre) mice gen-
erated homozygous inactivation of Inpp5e in renal epithelium
(Inpp5efl/fl;Ksp-Cre). Inpp5efl/fl;Ksp-Cre mice were born at expected
Mendelian frequency and were indistinguishable from wild-
type Inpp5ewt/wt;Ksp-Cre littermates, and kidneys were normal in
appearance at birth (Fig. 1a). mRNA from P1 Inpp5efl/fl;Ksp-Cre
kidney lysates revealed no change in Inpp5e expression
(Supplementary Material, Fig. S1f), however, by P21, an �50% re-
duction in Inpp5e expression was observed (Supplementary
Material, Fig. S1g). As rapid epithelial cell proliferation and tubu-
lar elongation occurs during early postnatal (P1–P14) kidney de-
velopment (54,55), an expansion of Inpp5e-null epithelial cells
after P1 may underlie the reduced Inpp5e expression observed at
P21 but not at P1. We also specifically examined Inpp5e expres-
sion in pRECs and an �80% decrease in Inpp5e mRNA was dem-
onstrated in pRECs derived from P16 Inpp5efl/fl;Ksp-Cre relative to
wild-type Inpp5ewt/wt;Ksp-Cre mice (Supplementary Material, Fig.
S1h).

Strikingly, P21 Inpp5efl/fl;Ksp-Cre mice exhibited distended ab-
domens and severely enlarged pale kidneys (Fig. 1b) associated
with significantly increased kidney/body weight ratio (Fig. 1c).
Renal failure, demonstrated by significantly increased serum
urea (Fig. 1d) was evident. Few cysts were present in Inpp5efl/

fl;Ksp-Cre kidneys at P1, however, by P7, focal cysts were ob-
served in both cortical and medullary regions, and at P14, cysts
were numerous and large (Fig. 1e). By P21, cysts were very large
and represented the majority of the renal volume, with little
normal parenchyma remaining (Fig. 1e). Epithelial cells lining
smaller/developing renal cysts exhibited an enlarged and bulg-
ing cellular morphology with little visible cytoplasm (Fig. 1e,
bottom right panel, open arrows), whereas the epithelial cells
lining larger cysts were often flattened (Fig. 1e, bottom right
panel, solid arrows). Picrosirius red staining (collagen) was
intense in the interstitium surrounding cysts of P21 Inpp5efl/

fl;Ksp-Cre mouse kidneys, revealing extensive accumulation of
collagen, indicative of fibrosis (Fig. 1f).

To determine the origin of cysts, P21 kidney sections were
stained with lectins and antibodies labeling specific nephron
segments. Cyst origin in Inpp5efl/fl;Ksp-Cre mice correlated with
the spatial expression of the Ksp1.3-Cre transgene
(Supplementary Material, Fig. S1e); cysts were not observed in
proximal tubular epithelium and in this nephron segment, tu-
bular morphology was unperturbed (Fig. 1g, bottom left tile,
open arrows), however, large cysts arose from the distal tubule/
loop of Henle and collecting duct epithelium (Fig. 1g, bottom
center and bottom right panels).

The role of cilia in the development of PKD is complex and
not well understood. In mice, perinatal cilia ablation during re-
nal development results in severe cystic disease, however, later
post-natal cilia loss fails to induce PKD unless the kidney is sub-
jected to injury (13,56,57) suggesting that both temporal and
contextual regulation of cilia influences disease pathogenesis.
Furthermore, in some PKD mouse models, cilia depletion slows,
rather than accelerates, disease progression (58). Despite this,
loss of cilia is a hallmark feature of PKD, but whether defective
cilia-mediated mechano-sensation alone is sufficient to drive
cystogenesis is unclear (57,59). Growing evidence suggests that
cilia dysfunction is not the sole cause of PKD and that the extra-
ciliary functions of cystic proteins also play a critical role in dis-
ease pathogenesis (59,60). We examined whether renal cyst de-
velopment as a consequence of Inpp5e loss specifically in renal
epithelial cells was associated with a reduction in cilia number

by scoring the proportion of ciliated epithelial tubule cells in P21
Inpp5ewt/wt;Ksp-Cre and Inpp5efl/fl;Ksp-Cre mouse kidneys using
immunofluorescent staining of kidney sections. In wild-type
Inpp5ewt/wt;Ksp-Cre kidneys, cilia were present in 61.5%, 61% and
74.5% of renal epithelial cells in the proximal tubule, distal tu-
bule and collective duct nephron segments, respectively
(Fig. 2a–d). P21 Inpp5efl/fl;Ksp-Cre kidneys displayed a partial re-
duction in cilia number in the distal tubule/loop of Henle epi-
thelium and collecting duct epithelium to 36.8% and 40.5% of
cells, respectively, but no change in proximal tubules (Fig. 2a–d),
a site at which the Ksp-Cre transgene is minimally active (52,53).
The partial reduction in cilia number is consistent with the
known role for INPP5E in regulating cilia stability (39,40).

Inpp5e regulates PI3K/Akt and downstream mTORC1
signaling in the kidney

The mTOR signaling pathway integrates growth factor receptor
signaling with nutrient availability, to control cell size and me-
tabolism, and also plays a role in the pathogenesis of PKD.
mTORC1 promotes protein translation and cell proliferation,
and is co-ordinately regulated by amino acid availability, energy
stress and mitogenic signals (7). Notably, genetic mutations in
the mTORC1 inhibitory proteins, TSC1 and TSC2, leads to renal
cysts in humans and rodent models (12,26,61–64). PI3K/Akt sig-
naling provides a major mitogen-dependent regulatory input to
the mTORC1 pathway. PI3K-generated PI(3,4,5)P3 activates Akt
via membrane recruitment and thereby enables its phosphory-
lation by PDK1 and mTORC2 at Thr308 and Ser473, respectively
(65–68). Activated Akt in turn phosphorylates many effectors in-
cluding inhibitory phosphorylation of TSC2, and thereby pro-
motes mTORC1 activity (16). However, deletion of Pten, a potent
negative regulator of Akt signaling, in renal epithelium has lim-
ited effects on mTORC1 activity and does not induce cyst forma-
tion (26,44). No other murine model of a known PI3K/Akt
signaling regulator in renal epithelium has been reported and
therefore, it is unclear if PI3K/Akt is a bona fide activator of
mTORC1 in renal epithelium and if dysregulation of this signal-
ing axis contributes to PKD pathogenesis.

Inpp5efl/fl;Ksp-Cre mice provide an ideal model for investigat-
ing PI3K/PI(3,4,5)P3 driven Akt/mTORC1 activation as PI(3,4,5)P3

is the principle substrate of INPP5E (27,29,30). P21 Inpp5efl/fl;Ksp-
Cre mouse kidneys were examined for PI3K/Akt/mTORC1 path-
way activation by phospho-immunoblot analysis. At P21 p-
AktS473 and p-AktT308 were significantly increased relative to to-
tal Akt protein in Inpp5efl/fl;Ksp-Cre compared with Inpp5ewt/

wt;Ksp-Cre kidneys (Fig. 3a i–iii). Fully activated (dually phos-
phorylated) Akt promotes mTORC1 signaling via inhibitory
phosphorylation of TSC2 at several sites including Thr1462,
thereby enabling Rheb to activate mTORC1 (69). Increased p-
TSC2T1462 was observed in Inpp5efl/fl;Ksp-Cre compared with
Inpp5ewt/wt;Ksp-Cre kidneys (Fig. 3b i and b ii). To reveal mTORC1
activation, the phosphorylation of key mTORC1 effectors was
assessed. 4EBP1 sequesters eIF4E and prevents its complex for-
mation that is required for translation initiation. mTORC1 phos-
phorylates 4EBP1, leading to release of eIF4E and enabling cap-
dependent mRNA translation (7). mTORC1 phosphorylation of
p70-S6K is activating and promotes phosphorylation of many
substrates, including S6RP, which promotes proliferation (70). p-
4EBP1T37/46 and p-S6RPS234/236 were used here as markers of
mTORC1 pathway activation. p-S6RPS234/236 was significantly in-
creased relative to total S6RP in Inpp5efl/fl;Ksp-Cre compared with
Inpp5ewt/wt;Ksp-Cre kidneys (Fig. 3c i and c ii). p-4EBP1T37/46 was
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increased relative to GAPDH (not shown), but unchanged rela-
tive to total 4EBP1 in Inpp5efl/fl;Ksp-Cre compared with Inpp5ewt/

wt;Ksp-Cre kidneys (Fig. 3d i and d ii). Total 4EBP1 protein was in-
creased in Inpp5efl/fl;Ksp-Cre kidney lysates (Fig. 3d iii). We ob-
served that Akt, TSC2 and S6RP total protein was also increased
in Inpp5efl/fl;Ksp-Cre kidneys for unknown reasons
(Supplementary Material, Fig. S2) and may occur as a

consequence of increased mTORC1 activity leading to increased
protein translation.

Studies using purified recombinant INPP5E have demon-
strated this 5-phosphatase is the most active family member in
degrading PI(3,4,5)P3 to generate PI(3,4)P2 (27). To assess whether
INPP5E regulates the total cellular levels of these lipids in renal
epithelial cells, the total cellular PI(3,4,5)P3 mass was assessed

Figure 2. Renal cysts in Inpp5efl/fl;Ksp-Cre mice are characterized by partial cilia loss. (a) Confocal x, y, z images of P21 Inpp5ewt/wt;Ksp-Cre (Inpp5ewt/wt) and Inpp5efl/fl;Ksp-

Cre (Inpp5efl/fl) kidney sections stained to visualize cilia (acetylated a-tubulin/ac. a-tubulin, green), basal bodies (pericentrin/pcent, yellow), nephron segments (proximal

tubule (LTL, Lotus Tetragonolobus Lectin), distal tubule (THP, Tamm-Horsfall protein) and collecting duct (DBA, Dolichos Biflorus Agglutinin)) shown in red and nuclei

(DAPI, blue). Cilia (white open arrowheads) number was scored separately for each tubule segment; proximal tubule, distal tubule and collecting duct. (b–d) Graphical

tabulation of nephron segment-specific cilia number in P21 Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) kidneys. Graphs represent mean 6 SD, n� 4 mice per

genotype, *P<0.05, ***P<0.001. Scale: 10 mM. SD, standard deviation.
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Figure 3. Increased PI3K/Akt/mTORC1 signaling in cystic Inpp5efl/fl;Ksp-Cre mouse kidneys and pRECs. (a i, b i, c i and d i) Immunoblot of P21 Inpp5ewt/wt;Ksp-Cre (Inpp5ewt/

wt) and Inpp5efl/fl;Ksp-Cre (Inpp5efl/fl) whole kidney lysates using indicated antibodies to total and phospho-proteins. Each lane represents kidney lysate from a separate

mouse. Phospho-proteins were compared with total protein and/or GAPDH as loading control for densitometric analysis which is presented graphically in (a ii and iii, b

ii, c ii and d ii and iii). (e) PI(3,4,5)P3 and (f) PI(3,4)P2 mass ELISA analysis of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) primary kidney epithelial cells. Graphs

for a ii and iii, b ii, c ii and d ii and iii represent mean 6 SD of n�4 mice per genotype. Graphs in e and f represents mean 6 SEM of n�4 mice per genotype. *P< 0.05,

**P< 0.01. SD, standard deviation; SEM, standard error of mean.
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using an enzyme-linked immunosorbent assay (ELISA)-based
mass assay and was increased �2-fold in primary Inpp5e-defi-
cient pRECs relative to wild-type cells (Fig. 3e). PI(3,4)P2 signals
were reduced in Inpp5e-deficient pRECs that was approaching
statistical significance (Fig. 3f). Therefore in the absence of
Inpp5e, PI(3,4,5)P3 signals are increased in renal epithelial cells.
Overall, these data suggest that Inpp5e inhibits PI3K/Akt/
mTORC1 signaling in renal epithelium and that Inpp5e ablation
leads to hyperactivation of this signaling axis.

Pkd1 mutant mice display mTORC1 activation, however, only
in a subset of renal cysts (12) and heterogeneous p-S6RP

staining is reported in human ADPKD cysts (71). To determine
whether Akt and mTORC1 exhibit restricted spatio-temporal ac-
tivation in kidney epithelium as a consequence of Inpp5e inacti-
vation, p-AktS473, p-S6RPS234/236 and p-4EBP1T37/46 were
examined during cyst development by immunohistochemistry
(IHC). Prominent cytoplasmic and nuclear p-AktS473 staining
was observed in many epithelial cells lining Inpp5efl/fl;Ksp-Cre
kidney cysts at P7, but was absent in Inpp5ewt/wt;Ksp-Cre kidneys
(Fig. 4a, arrowheads). At P21 p-AktS473 staining intensity and dis-
tribution were increased in Inpp5efl/fl;Ksp-Cre epithelial cells lin-
ing dilated cysts relative to that observed at P7, and only low

Figure 4. mTORC1 signaling is activated during cyst development and progression. IHC of (a) p-AktS473, (b) p-S6RPS234/236 and (c) p-4EBP1T37/46 in P7 and P21 Inpp5ewt/

wt;Ksp-Cre (Inpp5ewt/wt) and Inpp5efl/fl;Ksp-Cre (Inpp5efl/fl) kidneys. Black open arrowheads indicate epithelial cells displaying strong staining. Images are representative of

analysis of n�3 mice per genotype. Scale: 50 mM.
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level staining was observed in age-matched Inpp5ewt/wt;Ksp-Cre
controls (Fig. 4a, arrowheads). Inpp5efl/fl;Ksp-Cre mice were
crossed with a transgenic Cre reporter strain, lacZ/EGFP (Z/EG)
(72) (Supplementary Material, Fig. S3), to confirm that the activa-
tion of Akt corresponded to renal epithelial Inpp5e loss during
cyst development. Z/EG mice constitutively express lacZ and
not EGFP, however, upon Cre-mediated recombination, the lacZ
gene is excised and EGFP is expressed (72). Therefore, cells that
have successfully expressed Cre and deleted exons 2–6 of Inpp5e
are labeled with EGFP. Inpp5efl/fl;Ksp-Cre;Z/EG mice displayed a
similar phenotype to Inpp5efl/fl;Ksp-Cre mice (Supplementary ma
terial, Fig. S3). IHC analysis of P12 Inpp5efl/fl;Ksp-Cre;Z/EG serial
kidney sections revealed strong cytoplasmic p-AktS473 staining
in renal epithelium of both cystic and non-cystic EGFP-positive
tubules that was not observed in Inpp5ewt/wt;Ksp-Cre;Z/EG control
kidneys (Supplementary Material, Fig. S4). Akt recruitment to
the apical membrane of cells is critical for its activation and
downstream signaling, including cytoskeletal remodeling
(16,73). Notably, p-AktS473 was highly enriched at the apical sur-
face of renal epithelial cells in Inpp5efl/fl;Ksp-Cre;Z/EG kidneys
(Supplementary Material, Fig. S4, arrowheads). S6RP acts down-
stream of Akt/mTORC1 and p-S6RPS234/236 immunostaining in-
creased with age in renal epithelial cells lining a subset of cysts
in Inpp5efl/fl;Ksp-Cre kidneys; at P7 many epithelial cells showed
strong positive cytoplasmic staining, and by P21, most kidney
epithelial cells lining dilated cysts were strongly immunoreac-
tive (Fig. 4b, arrowheads). Inpp5ewt/wt;Ksp-Cre cells showed low
level p-S6RPS234/236 antibody staining compared with Inpp5efl/

fl;Ksp-Cre kidneys at P7 and P21 (Fig. 4b). p-4EBP1T37/46 staining
was specifically increased in intensity in most renal epithelial
cells lining developing cysts in Inpp5efl/fl;Ksp-Cre kidneys at P7.
Furthermore, p-4EBP1T37/46 staining progressively diminished
from P7 to P21 in Inpp5ewt/wt;Ksp-Cre kidneys, but increased in
Inpp5efl/fl;Ksp-Cre kidneys (Fig. 4c, arrowheads). Therefore, acti-
vation of PI3K/Akt and mTORC1 signaling correlates with cyst
development in Inpp5efl/fl;Ksp-Cre kidneys, progressively increas-
ing with cyst enlargement.

Inpp5e regulates mTORC1 signaling in ciliated and non-
ciliated renal epithelial cells

To further dissect the function of Inpp5e in renal epithelial cells
we examined its subcellular localization in ciliated and non-cili-
ated wild-type pRECs, which when cultured under appropriate
conditions, �55% of cells formed cilia. Inpp5e-deficient (Inpp5efl/

fl;Ksp-Cre) pRECs showed a mild reduction in the percentage of
ciliated cells; 46.5% of Inpp5e-deficient cells were ciliated com-
pared with 54.4% of wild-type pRECs (Fig. 5a i and a ii).
Commercially available antibodies to INPP5E failed to show a
distinct signal in pRECs or other cell types by immunofluores-
cence (not shown). Therefore, HA-tagged Inpp5e (HA-Inpp5e)
was expressed in pRECs and its co-localization with the acety-
lated a-tubulin-positive axoneme was observed in ciliated cells,
consistent with other reports (39,40,74) (Fig. 5b, upper panels,
arrowhead). We also examined non-ciliated renal epithelial
cells, as these cells are also present in renal tubules (75–78). In
non-ciliated pRECs HA-Inpp5e localized to the cytosol and was
enriched at the plasma membrane (Fig. 5b, lower panels, arrow-
heads), consistent with its previously described location in non-
ciliated cells (79).

We show here that the total PI(3,4,5)P3 mass was increased
in pRECs derived from Inpp5efl/fl;Ksp-Cre kidneys. Several studies
have used PI(3,4,5)P3 specific antibodies to successfully localize

this phosphoinositide to the plasma membrane (80–82), how-
ever, its recent use in an attempt to detect PI(3,4,5)P3 in ciliated
cells was negative, potentially due to technical reasons (83).
Therefore, here, PI(3,4,5)P3 antibody staining of the non-ciliated
cell population was performed in pRECs, revealing increased
plasma membrane staining in Inpp5e-deficient pRECs, relative
to wild-type controls (Fig. 5c, zoomed lower panels, arrow-
heads). Akt and mTORC1 signaling converge on the proline rich
Akt substrate of 40 kDa (PRAS40) which is a substrate for both ki-
nases and an inhibitory component of mTORC1 (84). The phos-
phorylation of PRAS40 by Akt and mTORC1 itself relieves its
inhibitory association with mTORC1, thereby promoting
mTORC1 signaling (84). As a marker of Akt activation, we exam-
ined the phosphorylation of PRAS40 by Akt (p-PRAS40T246)
which was increased in Inpp5e-deficient cells at the plasma
membrane (Fig. 5d, zoomed lower panels, arrowheads).
mTORC1 signaling was assessed by immunostaining pRECs
with p-S6RPS234/236 antibodies as a marker for pathway activa-
tion. p-S6RPS234/236 signals were detected in the cytosol of both
ciliated and non-ciliated wild-type and Inpp5e-deficient pRECs
(Fig. 5e i, asterisks) and were not detected at cilia. Notably, the
proportion of p-S6RPS234/236-positive cells was increased with
Inpp5e ablation (Fig. 5e ii). When further analyzed, we found
that p-S6RPS234/236-positive cells were increased in both the cili-
ated and non-ciliated population of Inpp5e-deficient pRECs, rela-
tive to wild-type cells (Fig. 5f i–iii). Collectively, these data reveal
that Inpp5e ablation in renal epithelial cells leads to increased
mTORC1 signaling in both ciliated and non-ciliated cells.

Inhibition of mTORC1 signaling attenuates PKD in
Inpp5efl/fl;Ksp-Cre mice

To confirm that renal cyst development in Inpp5efl/fl;Ksp-Cre
mice is driven by mTORC1 signaling, mice were treated daily
with Everolimus microemulsion or placebo control (Novartis).
Everolimus (RAD001) is a selective mTORC1 inhibitor which al-
losterically inhibits mTORC1 via binding the intracellular recep-
tor FK506-binding protein (FKBP12); this protein-drug complex
in turn binds to mTORC1 and inhibits its activity (85). Inpp5efl/

fl;Ksp-Cre mice were treated daily from P8 with Everolimus or
placebo control for 13 days at a dose of 4 mg/kg/day and were
killed and examined at P21. Mice were too immature prior to P8
for mTORC1 inhibitor treatment, so at the commencement of
Everolimus treatment, multiple small renal cysts were already
apparent. Notably, Inpp5efl/fl;Ksp-Cre mice receiving Everolimus
displayed significantly reduced kidney size and weight (Fig. 6a
and 6c), associated with a 50% improvement in renal function,
demonstrated by reduced serum urea compared with placebo-
treated controls (Fig. 6d). Interestingly, Hematoxylin and Eosin
(H&E) staining revealed that the reduction in kidney volume in
response to Everolimus treatment was due to a decrease in cyst
size rather than number (Fig. 6b).

Everolimus-mediated attenuation of mTORC1 signaling was
assessed by examining the phosphorylation of its effectors,
4EBP1 and S6RP, by IHC and phospho-immunoblot analyses. p-
S6RPS234/236 was significantly reduced in renal epithelium of
Everolimus-treated mice compared with placebo-treated con-
trols (Fig. 6e, upper panels); however, p-4EBP1T37/46 was simi-
larly elevated in in the cystic epithelium of both Everolimus and
placebo-treated Inpp5efl/fl;Ksp-Cre kidneys (Fig. 6e, middle pan-
els). Phospho-immunoblot analysis revealed significantly re-
duced p-S6RPS234/236 in Everolimus-treated mouse kidneys
relative to placebo controls, whereas p-4EBP1T37/46 levels were
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Figure 5. mTORC1 signaling is increased in both ciliated and non-ciliated Inpp5e-deficient pRECs. (a i) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/

fl;Ksp-Cre (fl/fl) pRECs stained for visualization of cilia (acetylated a-tubulin/ac. a-tubulin, green), basal bodies (pericentrin/pcent, red), and nuclei (DAPI, blue). (a ii)

Graphical tabulation of ciliated cell number in Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) pRECs. Ciliated cells (white open arrowheads) were scored from�5

fields for both genotypes. (b) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) pRECs transfected with HA-tagged Inpp5e (HA-Inpp5e) stained for visualization of HA-

Inpp5e (red), cilia (acetylated a-tubulin/ac. a-tubulin, green) and nuclei (DAPI, blue) in ciliated (top panel) and non-ciliated (bottom panel) pRECs. White open arrows

show cilia (upper panels) and plasma membrane (lower panels) localization. (c) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) pRECs

stained for visualization of PI(3,4,5)P3 (red), cilia (acetylated a-tubulin/ac. a-tubulin, green) and nuclei (DAPI, blue). Boxed regions indicate area shown in 3� zoom im-

ages below, with PI(3,4,5)P3 enrichment indicated by white open arrowheads. (d) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) pRECs

stained for visualization of p-PRAS40T246 (green), cilia (acetylated a-tubulin/ac. a-tubulin, red) and nuclei (DAPI, blue). Boxed regions indicate area shown in 1.5� zoom

images below, with p-PRAS40T246 enrichment indicated by white open arrowheads. (e i) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl)

pRECs stained for visualization of p-S6RPT234/236 (red), cilia (acetylated a-tubulin/ac. a-tubulin, green) and nuclei (DAPI, blue). p-S6RPT234/236 –positive pRECs (white aster-

isks) were scored and are presented graphically (e ii). (f i) Confocal x, y, z images of Inpp5ewt/wt;Ksp-Cre (wt/wt) and Inpp5efl/fl;Ksp-Cre (fl/fl) pRECs stained for visualization

of p-S6RPT234/236 (red), cilia (acetylated a-tubulin/ac. a-tubulin, green) and nuclei (DAPI, blue). p-S6RPT234/236 –positive ciliated cells (white open arrowheads) and p-

S6RPT234/236 –positive non-ciliated cells (white asterisks) were scored and are presented graphically in (f ii) and (f iii). All graphs represent mean 6 SEM using n¼3 mice

per genotype, *P<0.05, ****P< 0.0001. Scale: (a i), (b), (c), (d), (e i) and (f i) 25mM. SEM, standard error of mean.

2303Human Molecular Genetics, 2016, Vol. 25, No. 11 |

Downloaded from https://academic.oup.com/hmg/article-abstract/25/11/2295/2446354
by Biomedical Library user
on 25 January 2018



unchanged (Fig. 6f–h), consistent with the IHC analysis. Our ob-
servations are consistent with previous studies reporting that
rapamycin- and rapalogue-mediated inhibition of mTORC1 ef-
fectively blocks downstream S6K activation but does not effi-
ciently prevent 4EBP1 phosphorylation and inactivation (86).

In Tsc1/2 mutants, chronic activation of mTORC1 signaling
negatively feeds back to inhibit Akt activation via a variety of
mechanisms (87–92). Pharmacological inhibition of mTORC1 re-
lieves this negative feedback and promotes Akt activation in
various rodent models (90,93–98). We therefore assessed Akt
phosphorylation in Everolimus-treated Inpp5efl/fl;Ksp-Cre kid-
neys. IHC revealed more widespread p-AktS473 staining in epi-
thelia lining cysts in Everolimus-treated kidneys compared with
placebo controls (Fig. 6e, bottom panels). Phospho-immunoblot
analysis showed a trend for increased p-AktT308 and p-AktS473 in
Everolimus treated Inpp5efl/fl;Ksp-Cre kidneys compared with
controls, although this was not statistically significant (Fig. 6f, 6i
and 6j). We also analyzed renal cilia in Everolimus and placebo-
treated Inpp5efl/fl;Ksp-Cre mice but did not observe any differ-
ences in cilia number or length (Supplementary Material, Fig.
S5), suggesting that changes in cilia number do not contribute
to the observed improvement in kidney function with
Everolimus treatment (see below).

Discussion
This report identifies a critical role for the PI(3,4,5)P3 5-phospha-
tase, Inpp5e, in the suppression of Akt/mTORC1 signaling in

renal epithelium and subsequent PKD development.
Conditional inactivation of Inpp5e in kidney epithelium gener-
ates severe PKD and renal failure in early post-natal life.
Inpp5efl/fl;Ksp-Cre kidneys exhibit increased Akt and mTORC1 ac-
tivation, and treatment of mice with the mTORC1 inhibitor,
Everolimus, partially attenuates the cystogenic program and
significantly improves renal function. Partial cilia depletion was
observed in Inpp5efl/fl;Ksp-Cre kidney tubules and isolated renal
epithelial cells and mTORC1 activation was observed in both cil-
iated and non-ciliated cell populations. Collectively, these stud-
ies identify PI3K/Akt signaling as an important activator of
mTORC1 in PKD, and suggest that molecular regulators or phar-
macological inhibitors of PI3K/Akt may suppress mTORC1
driven cyst development. Furthermore, Pten ablation in renal
epithelium fails to induce renal cyst development in vivo (25,26),
in contrast to the dramatic cystic phenotype observed with re-
nal epithelial cell Inpp5e ablation as shown here. Therefore, we
conclude that in renal epithelium, Inpp5e rather than Pten acts
as the dominant suppressor of PI3K/Akt signaling.

Inpp5e is a negative regulator of PI3K/Akt/mTORC1 signaling
in cultured cells (30), however, the physiological relevance of
Inpp5e as an in vivo regulator of this signaling axis has been
unclear. Here, we detected increased p-AktS473 in the epithelial
cells of developing cysts in Inpp5efl/fl;Ksp-Cre mouse kidneys, and
increased p-AktS473 and p-AktT308 in kidney lysates, consistent
with PI3K hyperactivation. We observed concomitant activation
of mTORC1 signaling components in the epithelium of develop-
ing cysts and kidney lysates, as shown by increased p-

Figure 5. Continued.

2304 | Human Molecular Genetics, 2016, Vol. 25, No. 11

Downloaded from https://academic.oup.com/hmg/article-abstract/25/11/2295/2446354
by Biomedical Library user
on 25 January 2018



Figure 6. Everolimus treatment partially attenuates mTORC1 signaling and rescues PKD in Inpp5efl/fl;Ksp-Cre mice. (a) P21 Inpp5efl/fl;Ksp-Cre mouse kidneys following

Everolimus or placebo treatment. (b) H&E staining of P21 Inpp5efl/fl;Ksp-Cre mouse kidney sections following Everolimus or placebo treatment. (c) Kidney/body weight ra-

tio (K/BW (%)) and (d) serum urea in P21 Inpp5efl/fl;Ksp-Cre mice following Everolimus or placebo treatment. (e) IHC of p-S6RPS234/236, p-4EBP1T37/46 and p-AktS473 in P21

Inpp5efl/fl;Ksp-Cre mouse kidney sections following Everolimus or placebo treatment. (f) Immunoblot of P21 Everolimus or placebo treated Inpp5efl/fl;Ksp-Cre mouse kid-

neys using indicated antibodies. Phospho-proteins were compared with total protein and/or GAPDH as loading control and represented graphically in (g–j). Graphs rep-

resent mean 6 SD, n ¼ 4 mice per treatment group, *P<0.05. Scale: (a) 5 mm (b) 200 mM (e) 100 mM. SD, standard deviation.
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TSC2T1462, p-S6RPS234/236 and p-4EBP1T37/46. Therefore, PI3K/Akt
activation is apparent with similar spatio-temporal dynamics to
mTORC1 activation, suggesting that Akt signaling drives
mTORC1 activation in this model. Genetic mutation/deletion of
genes that regulate mTORC1 signaling give rise to PKD in both
animals and humans (12,26,61–64,99), however, until now PI3K/
Akt activation as a molecular driver of mTORC1 in this context
has not been reported. Inpp5eD/D knockout mice (40) and Inpp5efl/

fl;Ksp-Cre mice described here, display PKD. Although some
Inpp5eD/D mouse phenotypes may be attributed to defective cilia
(40), we provide evidence here to suggest PKD resulting from re-
nal epithelial cell-specific Inpp5e inactivation is, at least in part,
driven by unrestrained PI3K/Akt/mTORC1 signaling, as the pheno-
type is partially rescued by mTORC1 inhibition without affecting
renal cilia. Furthermore, mTORC1 activation is observed in both cil-
iated and non-ciliated Inpp5e-deficient pRECs. Akt and downstream
mTORC1 activation occurs early in cyst development in Inpp5efl/

fl;Ksp-Cre kidneys and progressively increases with disease progres-
sion, consistent with the contention that aberrant cell-autonomous
activation of Akt as a consequence of Inpp5e loss drives cyst devel-
opment via the mTORC1 signaling pathway.

Many studies indicate that PI3K/Akt signaling is a major in-
put leading to mTORC1 activation (100); however, evidence that
this axis is conserved in kidney epithelium is lacking. Indeed,
kidney-specific deletion of Pten in mice does not produce a cys-
tic renal phenotype or robust Akt/mTORC1 activation (25,26),
despite its well established roles in potently inhibiting PI3K/Akt/
mTORC1 in other cellular systems and tissues (24). This is possi-
bly a consequence of the effects of other PI(3,4,5)P3 phospha-
tases such as INPP5E that, as reported here, are expressed at
higher levels in renal epithelial cells compared with PTEN.
Furthermore, as shown here, loss of Inpp5e results in increased
PI(3,4,5)P3 signals but no significant change in PI(3,4)P2 levels, cor-
relating with increased Akt/mTORC1 pathway activation.
Therefore, although both PI(3,4,5)P3 and PI(3,4)P2 are required for
full Akt activation (19–22), loss of 5-phosphatases such as Inpp5e
can induce hyperactivation of this pathway despite mediating the
conversion of PI(3,4,5)P3 to PI(3,4)P2. In populations of renal epi-
thelial cells where PTEN is expressed at low levels, Inpp5e plays a
significant role in suppressing PI3K/Akt/mTORC1 signaling.

In vitro studies have defined a role for cilia in restraining
mTORC1 signaling, whereby cilia-dependent mechanosensation
of fluid flow activates liver kinase B1 to phosphorylate AMPK,
which maintains mTORC1 repression independent of Akt (9).
However, it is unclear whether depletion of cilia per se activates
mTORC1 signaling in vivo. The renal cysts that arise as a conse-
quence of Inpp5e inactivation display partial cilia loss, and iso-
lated renal epithelial cells also display a modest reduction in
cilia number. We therefore propose a model whereby loss of
Inpp5e leads to a mild reduction of ciliated cells, but in both cili-
ated and non-ciliated cells, increased PI(3,4,5)P3-dependent Akt
activation leads to downstream activation of mTORC1 (7)
(Fig. 7). It was beyond the limitations of imaging and affinity of
antibodies to identify whether ciliated versus non-ciliated cells
within renal tubules or cysts in vivo showed hyperactivation of
mTORC1 signaling in Inpp5efl/fl;Ksp-Cre mice. However, in pRECs,
where Inpp5e localized to cilia, we observed that both the cili-
ated and non-ciliated Inpp5e-deficient cell populations dis-
played increased numbers of p-S6RPS234/236–positive cells
relative to wild-type. Therefore it is interesting to speculate that
the cilia localization of Inpp5e serves to suppress localized Akt/
mTORC1 signaling in ciliated cells, and in non-ciliated cells,
Inpp5e suppresses plasma membrane localized PI(3,4,5)P3-de-
pendent Akt/mTORC1 activation.

In vivo proof of principle evidence that mTORC1 signaling
drives cyst development in renal epithelium with Inpp5e loss
was shown by treating Inpp5efl/fl;Ksp-Cre mice with Everolimus,
which resulted in a partial restoration of kidney architecture
and function. Inpp5efl/fl;Ksp-Cre mice develop very aggressive,
early-onset PKD, with cysts apparent at P1. However, due to the
infancy of the mice, Everolimus treatment could not commence
until P8, when cysts were already present and mTORC1 signal-
ing was hyperactivated. This is in contrast to other postnatal ro-
dent models of PKD that display milder phenotypes and later
onset (101,102), features more amenable to pharmacological
treatment. In addition, Everolimus treatment did not com-
pletely abolish mTORC1 signaling in Inpp5efl/fl;Ksp-Cre mouse
kidneys. Indeed, rapamycin and rapalogues display variable ef-
ficacy in inhibiting the distinct downstream targets of mTORC1.
In particular, 4EBP1 phosphorylation and inactivation is largely
resistant to rapamycin, due to the high affinity of mTORC1 for
this substrate (86). Here, Inpp5efl/fl;Ksp-Cre kidneys showed at-
tenuation of p-S6RP but not p-4EBP1 signals.

In summary, this study demonstrates that loss of Inpp5e spe-
cifically in kidney epithelium is sufficient to generate aggressive
PKD, providing compelling evidence that hyperactivation of Akt
robustly activates mTORC1 signaling in renal epithelial cells,
and identifies Inpp5e as a critical inhibitor of PI3K/Akt and
downstream mTORC1 signaling in kidney epithelium in vivo.
Our results suggest that dual PI3K/mTORC1 inhibition may be of
potential therapeutic value for PKD treatment.

Materials and Methods
Mice and genotyping

Inpp5efl mice were generated via insertion of LoxP sites flanking
exons 2–6 of the Inpp5e gene (Inpp5eTm1Cmit). Inpp5efl mice were
crossed with Ksp-Cre (Tg(Cdh16-Cre)91Igr/J) mice (kindly provided
by Peter Igarashi) to generate the required genotypes. Inpp5efl/

fl;Ksp-Cre mice were compared with Inpp5ewt/wt;Ksp-Cre for all ex-
periments. Inpp5efl/wt;Ksp-Cre mice were crossed with lacZ/EGFP
(Z/EG) reporter mice (72) to generate Inpp5efl/wt;Ksp-Cre;Z/EG
mice, which were intercrossed to generate Inpp5efl/fl;Ksp-Cre;Z/
EG and Inpp5ewt/wt;Ksp-Cre;Z/EG mice used for experiments.
Animals were housed and used for experiments in accordance
with Monash University Animal Ethics Committee guidelines
(Ethics approval number: SOBSB/2009/21). Genotyping was per-
formed using GoTaq green master mix (Promega; M7122).
Primers used for genotyping are shown below:

Immunohistochemistry

Formalin fixed and paraffin embedded kidneys were sectioned,
dewaxed and rehydrated in sequential xylene, ethanol and wa-
ter washes. Picrosirius red and H&E staining was performed at

Target Sequence

Inpp5e floxed WT 30 Primer AACCAGAAGACCTCATCAAACC
Inpp5e floxed WT 50 Primer GAGAAGCTGATAGATGGCTAGG
Inpp5e WT 30 Primer GTAGTGACATCCCCTGGGCACGTG
Inpp5e WT 50 Primer CTTCCTGGCCCTTACTGAGCTGTG
Inpp5e KO 50 Primer CAGAATGCATAGCTCTCTGGGCAAC
Ksp-Cre 30 Primer TCGACCAGTTTAGTTACCC
Ksp-Cre 50 Primer AGGTTCGTTCACTCATGGA
Z/EG 30 Primer TCCTTGAAGAAGATGGTGCG
Z/EG 50 Primer AAGTTCATCTGCACCACCG
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this stage, or sections were processed for IHC or
immunofluorescence.

For p-AktS473 staining in Inpp5efl/fl;Ksp-Cre;Z/EG and Inpp5ewt/

wt;Ksp-Cre;Z/EG mice, antigen retrieval was performed using epi-
tope retrieval solution, pH 9 (Leica; RE7119) in a pressure cooker
for 5 min. Sections were incubated in peroxidase block

(Invitrogen; K4011), then blocked using 1% bovine serum albu-
min (BSA) in 50 mM Tris, 150 mM NaCl, pH 7.5. Sections were in-
cubated with p-AktS473 antibody (Invitrogen; 700392) diluted in
blocking solution 1:500 overnight at 4 �C. For all other DAB IHC,
sections were subjected to antigen retrieval in 10 mM sodium
citrate (pH 6) in a microwave at sub-boiling temperature for

Figure 7. Inpp5e loss promotes PKD development via PI3K/Akt-dependent mTORC1 activation. The proposed function of Inpp5e in normal renal homeostasis is mainte-

nance of PI(3,4,5)P3 signals to appropriately restrain PI3K/Akt signaling (upper panel). Upon its depletion, Inpp5e-mediated PI(3,4,5)P3 dephosphorylation is lost, leading

to aberrant Akt and mTORC1 activation in both ciliated and non-ciliated cells, thereby promoting cyst development (lower panel). Phosphorylated Akt (p-Akt) promotes

the activation of mTORC1 via inhibitory phosphorylation of TSC2, enabling Rheb-mediated mTORC1 activation to occur (dashed arrow, not shown).

2307Human Molecular Genetics, 2016, Vol. 25, No. 11 |

Downloaded from https://academic.oup.com/hmg/article-abstract/25/11/2295/2446354
by Biomedical Library user
on 25 January 2018



10 min. Sections were incubated in 3% hydrogen peroxide then
blocked using 20 mM Tris-HCl, 136 mM NaCl, 0.1% Tween-20
(TBST)/5% normal goat serum. Primary antibodies were diluted
in SignalStainVR antibody diluent (Cell Signaling Technology;
8112) and incubated overnight at 4 �C. Primary antibodies were
from Cell Signaling technology: p-S6RPS235/236 (4858) 1:400; p-
4EBP1T37/46 (2855) 1:500; p-AktS473 (4060) 1:50. Secondary detec-
tion for all DAB staining was performed using SignalStainVR

Boost Detection Reagent (Cell Signaling Technology; 8114) and
developed using EnVisionþSystem-HRP (DAB) kit (Dako; K4011).
Slides were counterstained using hematoxylin, dehydrated in
sequential ethanol and xylene washes and mounted using DPX
(Fischer scientific; 50-980-369). Stained specimens were imaged
using Aperio Scanscope AT Turbo microscope or Olympus
Dotslide microscope.

For immunofluorescence, sections were subjected to antigen
retrieval in 10 mM sodium citrate (pH 6) in a pressure cooker for
4 min. Sections were permeablized in 0.3% Triton X-100 in phos-
phate buffered saline (PBS) then blocked in 3% BSA in PBS prior
to antibody staining. Primary and secondary antibodies and
stains were diluted in 3% BSA in PBS and incubated at room
temperature. Dilutions and antibodies/stains used are as
follows: anti-Pericentrin (Covance; PRB-432C) 1:400, anti-
acetylated a-Tubulin (Sigma; T7451) 1:1000, anti-uromodulin/
Tamm-Horsfall protein (THP) (MP Cappel; 55140) 1:50, Alexa
FluorVR conjugated secondary antibodies (Invitrogen) 1:1000,
lectins DBA and LTL (Vector labs; FL-1031/RL-1032 and FL-1321)
1:500 and DAPI (Sigma; 32670) 0.5 lg/ml. Slides were mounted
using Fluoromount G (Southern Biotech; 0100-01). Stained speci-
mens were imaged using Olympus Dotslide microscope or a
Lecia SP5 5 Channel confocal microscope.

Primary renal epithelial cell cultures

pRECs were isolated using a method adapted from Sheridan et al.
(51). Briefly, kidneys from P16 mice were dissected and placed
into ice cold PBS with 25 mg/ml Penicillin/Streptomycin (Sigma;
P4458). The capsule and ureters were removed and the kidneys
were minced using scalpel blades and incubated in 0.2% collage-
nase A (Sigma; 10103578001) in PBS at 37 �C for 30 min with agita-
tion. Following addition of horse serum and brief vortexing,
tissue was allowed to settle and the supernatant was collected
and centrifuged at 200 g for 7 min. The cell pellet was washed in
PBS, centrifuged and resuspended in media and cells were grown
on 10 mg/ml collagen (Sigma; C4243) coated tissue culture dishes.
Cells were grown in a humidified incubator at 37 �C, in DMEM/F12
(Gibco; 11330) containing 100 x ITS-X (Gibco; 51500-056), 20 mg/ml
T3 (Sigma; T5516), 1 mg/ml hydrocortisone (Sigma; H0888),
100 mg/ml epidermal growth factor (BD; 35-4001), nystatin
suspension (Sigma; N1638), 25 mg/ml Penicillin/Streptomycin and
2 mM L-glutamine (Sigma; 59202C).

Transfections and constructs

The HA-Inpp5e construct used was generated as previously de-
scribed (28). Primary kidney epithelial cells were transfected
with HA-Inpp5e via electroporation using the Amaxa basic
nucleofector kit for primary mammalian epithelial cells (Lonza;
VPI-1005) according to the manufacturer’s instructions.
Transfected cells were plated on ECL cell attachment (Millipore;
08-110)-coated coverslips and incubated for 24 h prior to
harvesting.

Fixed cell immunoflourescence

Primary kidney epithelial cells grown on ECL cell attachment
(Millipore; 08-110)-coated coverslips were fixed using 4% para-
formaldehyde in PBS for 20 min at room temperature.
Coverslips were permeablized using methanol for 5 min at
�20 �C or 0.1% Triton-X in PBS for 15 min, then blocked using 1%
BSA in PBS for 1 h at room temperature prior to antibody stain-
ing. Primary antibodies were incubated overnight at 4 �C and
secondary antibodies were incubated at room temperature for
1 h. Primary and secondary antibodies/stains were diluted in 1%
BSA at the following concentrations: anti-acetylated a-tubulin
(Sigma; T7451) 1:1000, Alexa FluorVR conjugated secondary anti-
bodies (Invitrogen) 1:1000, anti-HA (Abcam; ab94918) 1:1000,
anti-PI(3,4,5)P3 (Echelon Biosciences; Z-P034) 1:50, anti-p-
PRAS40T246 (Cell Signaling Technology; 2997) 1:500 and DAPI
(Sigma; 32670) 0.5 lg/ml. Stained specimens were imaged at
100� in x and y or x, y and z planes using a Nikon C1 upright
confocal microscope.

Immunoblot

Kidneys were cut into pieces and snap frozen prior to homoge-
nization in radioimmunoprecipitation buffer (20 mM Tris-HCl,
150 mM NaCl, 1 mM EDTA, 1 mM Na2VO4, 50 mM NaF, 1% Triton
X-100, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
100 nM calyculin A and protease inhibitor tablet (Roche;
11836153001)). Tissue was homogenized using a QIAGEN rotor-
starter homogenizer and centrifuged at 16 100 g to isolate the
soluble fraction. Protein concentration of lysates was deter-
mined using a DC Protein assay kit (Bio-Rad; 5000111). Lysates
were adjusted to a concentration of 2 mg/ml, followed by addi-
tion of 2� reducing buffer (100 mM Tris-HCl, 4% SDS, 0.2%
Bromophenol Blue, 20% Glycerol, 200 mM b-mercaptoethanol).
Samples were boiled prior to loading in acrylamide gel for SDS–
PAGE. Twenty microgram samples were loaded in 7.5%, 10% or
12.5% acrylamide gels and proteins separated at 200 V. Proteins
were transferred onto PVDF membranes at 250 mA and mem-
branes were blocked in 5% BSA in TBST (150 mM NaCl, 20 mM

Tris-HCl and 0.1% Tween-20). Membranes were probed with the
following antibodies (Cell Signaling Technology) diluted 1:1000
in 5% BSA/TBST: 4EBP1 (9644), Akt (4658), 4EBP1T37/46 (2855), p-
AktS473 (4058), p-AktT308 (2965), p-AMPKT172 (2535), p-S6RPS234/236

(4856), p-TSC2T1462 (3617), PTEN (9188), S6RP (2217) and TSC2
(4308). The INPP5E antibody (Proteintech; 17797-1-AP) was used
at 1:1000 in 5% skim milk/TBST. Membranes were re-probed
with GAPDH antibodies (Cell Signaling Technology; 5174 or Life
technologies; AM4300) as loading control. Secondary antibodies
used were goat anti-mouse-HRP (Millipore; AP308P) and sheep
anti-rabbit-HRP (Millipore; AP3223). Detection was performed
using Western lightning ECL plus (Perkin Elmer; NEL105).
Densitometry was performed using ImageQuant TL v8.1
software.

Quantitative reverse transcriptase-PCR

RNA was extracted from snap frozen kidney pieces and primary
kidney epithelial cells using either Isolate II RNA Mini kit
(Bioline; BIO-52073) or RNeasy Mini kit (Qiagen; 74106) according
to the manufacturer’s instructions. cDNA synthesis was per-
formed using AffinityScriptTM QPCR cDNA Synthesis Kit (Agilent
Technologies; 600559) and quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) was performed in a
Corbett rotorgene 3000 using Brilliant II SYBRVR Green QPCR
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Master Mix (Agilent Technologies; 600828) and Quantitect
Primers (QIAGEN). qRT-PCR data were analyzed using the
Rotorgene 6000 software and the average cycle threshold (CT)
was calculated for each sample (analyzed in triplicate) that was
used to determine relative expression using the 2-DDCT method
(103), with Inpp5ewt/wt;Ksp-Cre samples used as baseline and
Gapdh as internal control.

Droplet digital PCR

RNA was extracted from primary kidney epithelial cells using
Isolate II RNA Mini kit (Bioline; BIO-52073) according to the man-
ufacturer’s instructions. cDNA synthesis was performed using
AffinityScriptTM QPCR cDNA Synthesis Kit (Agilent
Technologies; 600559). Droplet digital PCR was performed using
a Bio-Rad QX100 Droplet Digital PCR system (Bio-Rad, Hercules,
CA). Twenty microliter reactions containing 1� ddPCR EvaGreen
Supermix, 1� Quantitect Primers (QIAGEN) and 8.3 ng/ll cDNA
were loaded into the middle wells of a droplet generator car-
tridge. Seventy microliters of Droplet Generation Oil for
EvaGreen (Bio-Rad) was loaded into the lower wells and individ-
ual droplets were generated. Forty microliter droplets were
transferred to a 96-well PCR plate, sealed and subjected to ther-
mal cycling with 40 PCR cycles of 95 �C for 30s, 60 �C for 60s.
Following PCR, detection of the completed reactions in individ-
ual droplets was detected using a droplet reader. Data were ana-
lyzed using QuantaSoft software (Bio-Rad) with the thresholds
for detection selected manually based on data acquired from no
template controls.

Mass ELISA

pRECs were grown to confluency in 10 cm tissue culture dishes
and harvested for PI(3,4)P2 or PI(3,4,5)P3 mass ELISA using the
PI(3,4)P2 Mass ELISA kit (Eschelon; K-3800) or PI(3,4,5)P3 Mass
ELISA kit (Echelon; K-2500s), respectively, according to the man-
ufacturer’s instructions. Plates were read using a BMG Pherastar
FS plate reader.

Everolimus treatment

Male Inpp5efl/fl;Ksp-Cre mice were selected for treatment. Mice
were treated orally with 4 mg/kg Everolimus (RAD001 20 mg/g
emulsion) or placebo (RAD001 0 mg/g emulsion) (Novartis) daily
from P8 to P20 and killed for analysis at P21. Mice were moni-
tored three times daily in accordance with Monash University
Animal Ethics Committee guidelines.

Cilia and p-S6RPS234/236 analysis

For kidney sections, images were captured on a Lecia SP5 5
Channel confocal microscope using 100� objective, in x, y and z
planes to generate 3D images for cilia analysis. Cilia number
was scored as a proportion of cells lining kidney tubules using
Imaris or Fiji software, with a minimum of 10 tubules scored for
each section. Cilia length was measured using Imaris filament
tracer and a minimum of 10 cilia from at least two tubules were
scored per sample. All experiments used a minimum of three
mice per genotype/treatment. pRECs were imaged on a Nikon
C1 upright confocal microscope in x, y and z planes to generate
3D images for cilia analysis. For cilia number analysis, ciliated
pRECs were scored from�5 fields captured at 60�magnification
using ImageJ v1.50d software. For cilia/p-S6RPS234/236 analysis,

pRECs were imaged by capturing�11 fields at 100� magnifica-
tion for each sample, with pREC cultures derived from three
separate mice for each genotype Ciliated and non-ciliated p-
S6RP cells were scored using ImageJ v1.50d software.

Statistical analyses
Statistical analysis was performed using GraphPad Prism 6 soft-
ware. Unpaired parametric two tailed t-tests were applied to all
data, except for PI(3,4)P2 and PI(3,4,5)P3 mass assays, for which
an unpaired parametric two tailed t-test with Welch’s correc-
tion was performed. P-values are indicated using asterisk (*) on
graphs and specified in figure legends. Error bars represent stan-
dard deviation or standard error of mean and are specified in
figure legends.

Supplementary material
Supplementary Material is available at HMG online.
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