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The microvillus brush border on the renal proximal tubule
epithelium allows the controlled reabsorption of solutes
that are filtered through the glomerulus and thus
participates in general body homeostasis. Here, using the
lipid 5-phosphatase Ship2 global knockout mice, proximal
tubule-specific Ship2 knockout mice, and a proximal tubule
cell model in which SHIP2 is inactivated, we show that
SHIP2 is a negative regulator of microvilli formation,
thereby controlling solute reabsorption by the proximal
tubule. We found increased Ptdins(4,5)P2 substrate and
decreased Ptdins4P product when SHIP2 was inactivated,
associated with hyperactivated ezrin/radixin/moesin
proteins and increased Rho-GTP. Thus, inactivation of
SHIP2 leads to increased microvilli formation and solute
reabsorption by the renal proximal tubule. This may
represent an innovative therapeutic target for renal
Fanconi syndrome characterized by decreased
reabsorption of solutes by this nephron segment.
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the control of body homeostasis because this nephron

segment, which lies just downstream of the glomerulus
where blood is filtered to generate the primary urine, is
responsible for controlled reabsorption of solutes. In normal
conditions, filtered glucose, amino acids, phosphate, potas-
sium, sodium, water, and low molecular weight proteins
(LMWPs) are reabsorbed by PT cells. LMWPs are taken up by
a complex megalin-cubilin receptor-mediated endocytic
pathway, whereas solutes use active or passive transport
through channels and transporters. The epithelial cells lining
the PT exhibit a number of structural features indicative of a
tissue involved in intense reabsorption processes. Probably
the most important feature is the presence of extensive micro-
villi creating a so-called brush border at the luminal pole of
the PT epithelium. This enlargement of the luminal mem-
brane markedly increases the reabsorption surface, facilitating
the endocytosis of macromolecules and the transport of sol-
utes. The physiologic importance of such a reabsorption pro-
cess is underscored by the pathologic and clinical changes
observed in patients with renal Fanconi syndrome. This con-
dition of acquired or inherited PT dysfunction is associated
with an increased urinary loss of essential metabolites and
LMWPs, thereby leading to polyuria, polydipsia and dehydra-
tion, hypokalemia, acidosis, impaired growth, and osteoma-
lacia.'

Factors controlling the renal brush border ultrastructure
and function are not well characterized in vivo. The lipid
5-phosphatase SHIP2 (also known as INPPL1) is well
expressed in the adult kidney,»” but its function in vivo in this
tissue is unknown. Our in vivo and in vitro studies highlight
the essential but unexpected role of this phosphatase in the
control of the formation of microvilli and PT function and
suggest that the enzyme could represent a novel therapeutic
target for renal Fanconi syndrome.

T he renal proximal tubule (PT) plays an essential role in

RESULTS

The SHIP2 protein is expressed in the renal PT

Ship2 mRNA has been previously detected in mouse embry-
onic and adult kidney by in situ hybridization and semi-
quantitative reverse transcriptase polymerase chain reaction,
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but no data are currently available on SHIP2 protein
expression in the mouse renal PT.*” Analysis of SHIP2
expression by immunodetection on a kidney protein extract
revealed a signal at ~ 140 kDa, the expected size for SHIP2
protein (Supplementary Figure S1A). On kidney sections, a
widespread SHIP2 expression was observed by immunoflu-
orescence (IF). In the renal cortex, both glomeruli and sur-
rounding tubules were positive for SHIP2 (Supplementary
Figure S1B). Megalin, a component of the endocytic recep-
tor complex in the renal PT brush border, colocalized in
SHIP2-positive cells (Supplementary Figure SIC and D).
Together, our results indicate that SHIP2 is well expressed in
kidneys and is particularly abundant in PT cells.

Urine analyses suggest an increased function of reabsorption
by the renal PT in Ship2*/* mice
The general kidney function was assessed in female and male
Ship2™"* and ShipZA/ A full knockout mice by measuring the
glomerular filtration rate (GFR). No significant difference was
observed in the GFR between the groups of female and male
mice whether or not GFR was normalized to body weight or
kidney weight (Supplementary Table SI). Next, plasma
creatinine levels were analyzed in female and male Ship2™'*
and ShipZA/ A mice (Supplementary Table S1). No significant
difference was observed in plasma creatinine levels between
these groups. Finally, urinary LMWP and glucose excretion
analyses were performed in order to more specifically address
the function of reabsorption by the PT. First, the protein
profile was analyzed in the urine of female and male mice by
sodium dodecylsulfate polyacrylamide gel electrophoresis
(Figure la). Proteins with a molecular weight <25 kDa were
markedly decreased in the urine of ShipZA/A mice compared
with Ship2*'* mice. Quantification of the major protein
signal at ~ 18 kDa, most probably odorant-binding proteins
belonging to the lipocalin superfamily,”® confirmed that
significantly lower levels were present in female and male
ShipZA/A mice compared with Ship2™" mice (Figure 1b).
Second, urinary glucose excretion was analyzed in mice after
i.p. injection of 2 g of glucose per kilogram of body weight
(Figure 1c and d). A significantly lower amount of glucose
was found over a 4-hour period in the urine of ShipZA/ A mice
compared with Ship2™’* mice. No significant difference was
observed in plasma glucose concentrations between the 2
groups of mice over a 2-hour period.

Together, our results indicate that Ship2™" mice have
normal GFR and plasma creatinine levels associated with

A/A

d

decreased urinary levels of LMWP and injected glucose.
These alterations suggest that Ship2 catalytic inactivation
in mice leads to increased function of reabsorption by the
renal PT.

Structural and ultrastructural alterations in the ShipZA’A PT
Macroscopically, kidneys from 20-week-old female and male
ShipZA/ A mice were smaller than those from age- and sex-
matched Ship2™" mice (Supplementary Table S1). Micro-
scopically, no obvious alteration was observed in ShipZA/ A
kidney sections stained with hematoxylin and eosin compared
with Ship2™'" sections (Supplementary Figure S2A and B). In
particular, glomeruli and tubule density as well as the general
structure of the kidney were found to be normal
(Supplementary Figure 2C). Because urine analyses in
Ship2A/ A mice point to potential PT abnormalities, this
nephron section was analyzed by IF with a megalin antibody
(Figure 2a). Megalin expression was markedly increased in
kidney sections from Ship2*/* mice compared with Ship2*/*
mice. Immunodetection on kidney protein extracts with the
same megalin antibody confirmed these IF results: the meg-
alin signal was significantly increased in ShipZA/ A kidneys
compared with Ship2™'" kidneys (Figure 2b). At the mRNA
level, a slight but significant increase in expression was
observed for megalin in ShipZA/ A kidneys compared with
Ship2™"  kidneys (Supplementary ~Figure S3A  and
Supplementary Table S2). Expression levels of mRNA coding
for cubilin, Sglt2, and Clcn5, all proteins expressed in the PT
brush border, were also significantly increased in Ship2A/ A
kidneys (Supplementary Figures S3B-D). By contrast,
expression levels of mRNA coding for OCT1, OCT2, and
Slc22a26 proteins localized at the basolateral membrane of PT
cells were not altered for except of OAT1, which was found to
be significantly decreased in ShipZA/ A compared with Ship2™’
* kidneys (Supplementary Figure S3E-H).

Scanning electron microscopy (SEM) analysis revealed
major alterations in ShipZA/A PTs (Figure 2¢ and d). On
longitudinal sections, the PT appeared much more convoluted
or distorted on the lumen side in ShipZA/ A mice due to large
epithelial protrusions into the lumen compared with Ship2*/*
mice (Figure 2¢). Some microvilli were abnormally elongated
in the ShipZA/A brush border and sometimes made a bridge
between 2 opposing PT cells. Those abnormal microvilli and
bridges of microvilli were not observed in Ship2™'* mice. The
intrusion of the PT brush border into the Bowman capsule
was much more prominent in ShipZA/ A mice compared with

|

Figure 1| Urine analysis in Ship2*/* and ShipZA’A mice. (a,b) Urinary protein profile was analyzed in male (left panel) and female (right
panel) 20-week-old mice. Urine volumes, normalized to total urinary protein levels, were loaded onto a nonreducing sodium dodecylsulfate
polyacrylamide gel followed by staining with Coomassie blue. Marker proteins are shown. Proteins with a molecular weight <25 kDa were
markedly decreased in the urine of Ship2®/* mice compared with Ship2"/* mice. (b) Quantification of the major protein signal at ~ 18 kDa was
performed in males (left panel) and females (right panel) using ImageJ software (NIH). Statistics (Student’s t test): **P < 0.01 compared with
Ship2™** mice. (c,d) Twenty-week-old mice (7-17 per genotype) were i.p. injected with 2 g of glucose per kilogram of body weight. The mean +
SEM of glucose in blood (left panel) and urine (right panel) was analyzed over 2- and 4-hour periods, respectively. A significantly lower amount
of glucose was found over a 4-hour period in the urine of ShipZA/A mice compared with Ship2™’* mice. (d) The areas under the curve (AUC)
were determined using Graph Pad Prism software. Statistics (Student’s t test): *P < 0.05 compared with Ship2*"* mice. To optimize viewing of
this image, please see the online version of this article at www.kidney-international.org.
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Ship2™'* mice. The invasion of the Bowman capsule by such
an abnormal PT brush border was particularly obvious when
viewed from the glomerulus side (Figure 2¢). Transmission
electron microscopy analysis revealed that microvilli in
Ship2™* mice were well separated from each other by a space,
whereas in ShipZA/ A mice, they were densely packed against
each other without any space to separate them, significantly
increasing their density (Figure 2e and f). Microvilli thickness
was similar in Ship2™'" and ShipZA/ A mice (Supplementary
Figure S$4).

Together, our results indicate that catalytic inactivation of
SHIP2 leads to increased density of microvilli on PT cells and
a more pronounced invasion of the Bowman capsule by this
abnormal brush border. Some microvilli in ShipZA/A mice
appeared abnormally elongated and connected 2 opposing PT
cells. Finally, the increased density of microvilli on ShipZA/ A
PT cells was associated with increased expression of megalin
and other microvillus components, with no significant change
on the basolateral side.

Structural, ultrastructural, and functional alterations in mice
with a SHIP2 inactivation specifically in PT cells

In order to investigate whether SHIP2 catalytic inactivation
specifically in PT cells is sufficient to recapitulate
the phenotype observed in ShipZA/ A kidneys, we used mouse
sodium/glucose transporter-2 (mSglt2-Cre) mice that ex-
press the Cre recombinase in PT cells to generate and analyze
Ship21¥/1°% mSolt2-Cre mice.” IF analysis of Ship2™ox/flox
mSglt2-Cre kidney sections revealed, as expected, that the
SHIP?2 signal was still present in phalloidin-positive PT cells,
but somewhat decreased compared with phalloidin-positive
PT of control kidneys (Supplementary Figure S5). Indeed,
in our Ship2 genetically modified mouse, the Ship2A allele
still produces a slightly unstable, catalytically inactive, trun-
cated SHIP2 protein that is recognized by the Ship2 anti-
body."” Macroscopically, 20-week-old male and female
Ship2™°x/1°% mSglt2-Cre mice had normal body and kidney
weights compared with age- and sex-matched Ship2*/™
mSglt2-Cre, Ship2+/ flox " and ShipZﬂoX/ﬂox mice, all referred as
control mice (Supplementary Table S3). These Ship2™ox/flox
mSglt2-Cre mice did not present the characteristic facial
dysmorphy observed in ShipZA/ A mice and were of normal
length (Supplementary Figure S6A). Microscopically, no

d

obvious alteration was observed in Ship21°¥/1°* mSglt2-Cre
kidney sections stained with hematoxylin and eosin
compared with control kidney sections (Supplementary
Figure S6B). Megalin expression was significantly increased
in kidney sections from Ship21°/1°* mgglt2-Cre mices
compared with control mice (Figure 3a). SEM analysis
revealed major alterations in Ship2™*/°* mSglt2-Cre PTs,
very similar to those observed in ShipZA/ A mice (Figure 3b).
Indeed, large epithelial protrusions into the PT lumen and
some abnormally elongated microvilli were observed in
Ship21°¥/1°% mSelt2-Cre mice; some microvilli made a bridge
between 2 opposing PT cells (Figure 3b). The intrusion of
the PT brush border into the Bowman capsule was also more
prominent in Ship21°1°* mSglt2-Cre mice compared with
control mice but less severe than in ShipZA/ A mice
(Figure 3c). A major difference with ShipZA/ A mice was the
presence of the PT and brush borders with only slight al-
terations in Ship2™®1°* mSglt2-Cre mice (Supplementary
Figure S6C). Ship21°¥1°* mSglt2-Cre mice had a normal
GFR/kidney weight and plasma creatinine level, but
increased urinary creatinine levels compared with control
mice (Supplementary Table S3). Urinary protein analysis
showed decreased signals corresponding to proteins with a
molecular weight <25 kDa in some male and female
Ship271°x/1°% mSalt2-Cre mice compared with control mice
(Figure 4a). Quantification of the major protein signal at
~18 kDa, most probably odorant-binding proteins
belonging to the lipocalin superfamily,”® confirmed
that there was a trend toward lower levels in Ship2™o¥/flox
mSglt2-Cre mice than in control mice (Figure 4b). Urinary
albumin excretion was specifically addressed after i.v. injec-
tion of fluorescein isothiocyanate (FITC)-albumin into
Ship2"1°*/1°% mSelt2-Cre and control mice (Figure 4c). One
hour after injection, a trend toward decreased urinary fluo-
rescence intensity was observed in Ship21°1°* mSglt2-Cre
mice compared with control mice. Fractional renal excre-
tion of phosphate and urinary osmolarity were significantly
decreased in Ship2™°/1°* mSglt2-Cre mice compared with
control mice (Figure 4d and e). Finally, urinary glucose
excretion was analyzed in Ship21°/1°* mSglt2-Cre and con-
trol mice after i.p. injection of 2 g of glucose per kilogram of
body weight (Figure 4f). A trend toward a lower amount
of glucose was found over a 4-hour period in the urine of

-

Figure 2| Structural and ultrastructural alterations in ShipZA’A renal proximal tubules. (a) Immunofluorescence analysis of Ship2™/* and
ShipZA/A kidney sections (5 um) with a megalin antibody (green) and phalloidin (red). Bars = 50 um. The graph represents the quantification of
the megalin signal per unit area of a proximal tubule (PT); the mean immunofluorescence (IF) intensity £+ SEM are shown. At least 100 PTs were
analyzed per genotype; each dot represents a PT (b) immunodetection on kidney protein extracts from three 20-week-old Ship2*™'* and
ShipZA/A mice with megalin and tubulin antibodies. The graph represents the mean + SEM of the ratio of megalin over tubulin signals for each
genotype. Megalin expression was markedly increased in kidney sections from Ship2*’A mice compared with Ship2*/* mice. Statistics (Student’s
t test): *P < 0.05 compared with Ship2 ™" mice. (c) SEM analysis of longitudinal sections from Ship2™/* and ShipZA/A PTs. G, glomerulus. The PTs
appeared much more convoluted or distorted on the lumen side in Ship2®/® mice due to large epithelial protrusions into the lumen compared
with Ship2*'* mice. Bars = 50 um in the panels on the left and 10 um in the panels on the right. (d) SEM analysis of kidney sections from
Ship2™"* and ShipZA/A mice: the PT orifice is seen from the glomerulus. Bars = 20 um. (e) Transmission electron microscopy analysis of
transverse sections from Ship2*/* and Ship2*/* brush borders. Bars = 500 nm. (f) The graph represents the number of microvilli crossing a
1-um-long line drawn on the PT transverse sections shown in (e), as a measure of microvilli density in PT cells from Ship2*/* and ShipZA/A brush
borders. Statistics (Student’s t test): **P < 0.01. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Ship21°¥/1°% mSelt2-Cre mice compared with control mice.
No significant difference was observed in plasma glucose
concentrations between the 2 groups of mice over a 2-hour
period.

Together, our results indicate that SHIP2 catalytic inacti-
vation specifically in PT cells confirms most of ShipZA/A
structural, ultrastructural, and functional kidney alterations
defined earlier. However, PTs with slight or no obvious SEM/
transmission electron microscopy alterations were also pre-
sent in Ship21°/1°% mSelt2-Cre mice, suggesting an incom-
plete penetrance of the phenotype when using mSglt2-Cre
mice (Supplementary Figure S6C). Structural and ultra-
structural alterations in Ship27°1°* mSglt2-Cre mice were
associated with a trend toward decreased urinary levels of
LMWP and injected FITC-albumin or glucose. Significant
reductions in fractional excretion of phosphate and urinary
osmolarity were observed in Ship2"®/1°* mSglt2-Cre mice,
indicating that reabsorption by PTs is increased in these mice
compared with control mice.

SHIP2 inactivation in the pig LLC-PK1 PT cell line confirms
structural, ultrastructural, and functional alterations observed
in Ship2*/* and Ship2®°/1°* msglt2-Cre PTs
In agreement with previous reports,'”'” microvilli were
detected by SEM on confluent cultures of the pig LLC-PK1 PT
cell line (Figure 5a). IF analysis showed that SHIP2 was
mainly expressed in the cytoplasm of LLC-PK1 cells up to and
sometimes including the basis of phalloidin- and ezrin-
positive microvilli (Figure 5b, Supplementary Figure S7).
SEM analysis of confluent LLC-PK1 cell cultures treated with
5 or 10 UM SHIP2 catalytic inhibitor revealed increased
density of microvilli (Figure 5¢). Accordingly, expression of
phalloidin, ezrin, and megalin in microvilli was significantly
increased in SHIP2 catalytic inhibitor—treated LLC-PK1 cell
cultures compared with dimethylsulfoxide (DMSO)-treated
cell cultures (Figure 5d, Supplementary Figure S8A). Func-
tionally, FITC-albumin uptake by microvilli from confluent
LLC-PK1 cell cultures was significantly increased in the
presence of 10 pM SHIP2 catalytic inhibitor compared with
DMSO-treated LLC-PK1 cells (Figure 5e, Supplementary
Figure S8B). Finally, transduction of LLC-PK1 cells with
lentivirus expressing Ship2-specific small, interfering RNAs
(siRNAs) also resulted in increased phalloidin expression in
microvilli compared with scrambled siRNAs (Supplementary
Figures S9 and S10).

Together, our results indicate that SHIP2 inactivation in
confluent pig LLC-PK1 PT cells leads to increased density

d

of microvilli; expression of phalloidin, ezrin, and megalin
in microvilli; and FITC-albumin uptake. This cellular
model confirms most of the PT-cell alterations found in
mice with SHIP2 inactivation and is thus relevant to study
the mechanism of SHIP2 action on the formation of
microvilli.

Ptdins(4,5)P2, Ptdins4P, phospho-ezrin/radizin/moesin
proteins, and RhoA-GTP levels in LLC-PK1 cells after SHIP2
inactivation

PtdIns(4,5)P2 is both a SHIP2 substrate and a direct activa-
tion signal for ezrin/radixin/moesin (ERM) proteins, which
play an important role in the formation of microvilli in
in vitro and in vivo models.””"'” IF analysis of confluent
LLC-PK1 cells revealed that the plasma membrane/microvilli
PtdIns(4,5)P2 signal is significantly higher in cells treated
with 5 or 10 UM SHIP2 inhibitor than with DMSO
(Figure 6a). Conversely, the plasma membrane/microvilli
PtdIns4P signal, which is the product of the SHIP2 action on
PtdIns(4,5)P2, was significantly lower in 5- or 10-uM SHIP2
inhibitor—treated cells than in DMSO-treated cells
(Figure 6b). Because PtdIns(4,5)P2 binds and activates ERM
proteins, active phospho-ERM (p-ERM) proteins were next
investigated in LLC-PK1 cells by IE. Both the p-ERM signal
and the ratio of p-ERM signal to ezrin signal were signifi-
cantly higher in LLC-PK1 cells treated with 5 or 10 UM SHIP2
inhibitor than with DMSO (Figure 6¢). Interestingly, immu-
nodetection of p-ERM by Western blotting on kidney protein
extracts showed a stronger p-ERM signal in ShipZA/ than in
Ship2™'* mice, supporting the IF results obtained in LLC-PK1
cells (Supplementary Figure S11). p-ERM proteins not only
participate in the formation of microvilli in different models,
but also activate Rho in a positive feedback cycle to amplify a
signal pathway, further activating ERM proteins and the
formation of microvilli.'»'* " Active RhoA-GTP was thus
investigated in LLC-PK1 cells using IF; the RhoA-GTP signal
was found to be significantly increased in LLC-PKI1 cells
treated with 10 UM SHIP2 inhibitor compared with DMSO-
treated LLC-PK1 cells, and a trend toward increased RhoA-
GTP signal was observed in 5-uM SHIP2 inhibitor—treated
LLC-PK1 cells (Figure 6d). Because Rho-GTP is known to
activate PtdIns4P 5-kinase (PIP5K) to produce PtdIns(4,5)P2,
which in turn activates ERM proteins and closes the positive
feedback cycle,'””" the effect of PIP5K1b transfection was
investigated in LLC-PK1 cells treated or not with the SHIP2
catalytic inhibitor. As expected, expression of Myc-tagged
PIP5K1b in DMSO-treated LLC-PK1 cells induced

<

Figure 3| Structural and ultrastructural alterations in Ship27°/1°* mSglt2-Cre renal proximal tubules. (a) Inmunofluorescence (IF)

analysis of Ship21°/1°* mSglt2-Cre and control kidney sections (5 tm) with a megalin antibody (green) and phalloidin (red). Bars = 50 pm. The

graph shows the mean megalin IF intensity per unit of proximal tubule (PT) area. At least 100 PTs were analyzed per genotype; each dot
represents a PT. Megalin expression was significantly increased in kidney sections from Ship2f°/°X msglt2-Cre mice compared with control
mice. Statistics (Student’s t test): ***P < 0.001. (b) SEM analysis of longitudinal sections from Ship21®/1%* mSglt2-Cre and control PTs. Large
epithelial protrusions into the PT lumen and some abnormally elongated microvilli were observed in Ship212/1°* msSgit2-Cre mice. G,
glomerulus. Bars = 50 pm in the panel on the left and 10 um in the panels in the middle and on the right. (c) SEM analysis of kidney sections
from Ship21°¥1°* mSglt2-Cre and control mice: the PT orifice is seen from the glomerulus. Bars = 10 um. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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significant increased plasma membrane/microvilli PtdIns(4,5)
P2 levels and Phalloidin signals compared with neighboring
nontransfected LLC-PK1 cells (Figure 7a and b, upper
4 panels [DMSO]). Then, LLC-PK1 cells transfected
with Myc-tagged PIP5K1b were treated with 5 or 10 pM
SHIP2 catalytic inhibitor. We found that the plasma
membrane/microvilli PtdIns(4,5)P2 level and phalloidin signal
were further increased in SHIP2 inhibitor—treated LLC-PK1
cells transfected with PIP5K1b compared with neighboring
nontransfected SHIP2 catalytic inhibitor-treated LLC-PK1
cells (Figure 7a and b). Finally, transduction of LLC-PK1 cells
with lentivirus expressing Ship2-specific siRNAs also resulted
in a significant increase p-ERM expression in microvilli
compared with  scrambled siRNAs  (Supplementary
Figure SIOA and B). The increased formation of microvilli
in those transduced cells was associated with increased
PtdIns(4,5)P2 levels (Supplementary Figure S10C and D).

Together, our results indicate that SHIP2 inactivation in
confluent pig LLC-PK1 PT cells leads to increased plasma
membrane/microvilli PtdIns(4,5)P2 substrate, decreased
PtdIns4P product, and increased active p-ERM proteins and
RhoA-GTP levels.

DISCUSSION

The renal PT brush border plays an essential role in body
homeostasis because it is responsible for the controlled
reabsorption of specific solutes that have been filtered
through the glomerulus. However, the molecular mechanisms
controlling brush border formation of microvilli on PT
epithelial cells are still largely unknown. In this study, we
show that the lipid 5-phosphatase SHIP2 is a negative regu-
lator of the formation of microvilli in PT, probably acting by
dephosphorylating PtdIns(4,5)P2 in PtdIns4P at the basis of
microvilli basis. In other models, it has been shown that the
PtdIns(4,5)P2 level determines the activation status of ERM
proteins that participate in the process of the formation of
microvilli and trigger a positive feedback cycle involving Rho-
GTP, PIP5K, and PtdIns(4,5)P2 production.'”'” Our results
are thus consistent with a potential role for PtdIns(4,5)P2,
p-ERM, and RhoA in this process, but other mechanisms

dl

could be responsible as well. The increased PtdIns(4,5)P2
substrate and decreased PtdIns4P product of SHIP2 observed
in LLC-PK1 experiments, the facts that the ShipZA allele leads
to the production of a catalytically inactive Ship2 protein in
Ship2®™® and in Ship2™°/1°% mSglt2-Cre mice and that the
SHIP2 catalytic inhibitor used in LLC-PK1 cell studies
reproduced the alterations of microvilli observed in vivo in
mice all support an important role of the SHIP2 catalytic
activity in the microvillus phenotype. Surprisingly, no alter-
ations of microvilli were detected in the intestinal microvilli
of ShipZA/ A mice compared with Ship2*"" mice, suggesting
that the microvillus phenotype is specific for the kidney (data
not shown). Interestingly, SHIP2 catalytic inactivation in our
in vivo and in vitro models not only results in increased for-
mation of microvilli and density on PT epithelial cells, but
also in increased PT function. Indeed, reabsorption of LMWP,
glucose, and phosphate as well as uptake of albumin by PT
cells were all increased when the SHIP2 catalytic unit was
inactivated. Urinary osmolarity, a measure of solute concen-
tration, was found to be decreased in Ship2ﬂ°X/ flox mSglt2-Cre
mice compared with control mice and probably also reflects
the increased function of solute reabsorption by PT epithe-
lium. Whether the increased reabsorption of LMWP and al-
bumin observed when SHIP2 catalytic function is inactivated
is solely due to the increased formation and density of
microvilli on PT epithelial cells is unknown. Indeed, in COS-7
cells, SHIP2 is known to control PtdIns(4,5)P2 levels at
clathrin-coated pit and clathrin-mediated endocytosis, a
pivotal process during receptor-mediated reabsorption in PT
cells.”! Thus, the increased reabsorption of LMWP and
albumin could result from combined increased density of
microvilli and endocytosis in PT cells. By contrast, reab-
sorption of glucose and phosphates by PT cells does not
implicate receptor-mediated endocytosis and the action of
SHIP2 on this process. The increased PT cell function does
not seem to be limited to reabsorption because urinary
creatinine level, which is classically regarded as a marker of
urine concentration, was increased in Ship21°1°* mSglt2-Cre
mice compared with control mice. This alteration may reflect
increased creatinine secretion by this nephron segment.”” **

.
Figure 4| Urine anaxl)quis in Ship2flox/flox

20-week-old Ship2iox/flox

mSglt2-Cre mice. (a) Urinary protein profile was analyzed in male (left panel) and female (right panel)
mSglt2-Cre mice and control mice. Urine volumes, normalized to total urinary protein levels, were loaded onto a

nonreducing sodium dodecylsulfate polyacrylamide gel followed by staining with Coomassie blue. Urinary protein analysis showed decreased
signals corresponding to proteins with a molecular weight <25 kDa in some male and female Ship21/7°* mSglt2-Cre mice compared with
control mice. Marker proteins are shown. (b) Quantification of the major protein signal at ~ 18 kDa was performed in males (graph on left) and
females (graph on right) using ImageJ software. (c) Twenty-week-old mice (9-19 mice per genotype) were i.v. injected with 10 mg of fluorescein
isothiocyanate (FITC)-albumin per kilogram of body weight. One hour after injection, fluorescence intensity was measured in urine and plasma,
and the mean =+ SEM of fluorescence intensity, normalized to urinary creatinine levels, was calculated. No fluorescence was detected in plasma
and urine before the FITC-albumin injection. Fluorescence intensity in plasma was not significantly different in control and Ship2®/1°* msglt2-
Cre mice. (d) Fractional excretion of phosphate was calculated in Ship2"/ 1 mSglt2-Cre and control mice. The mean =+ SEM of 9 to 23 mice per
genotype is shown. Fractional renal excretion of phosphate was significantly decreased in Ship21°/1°* mSglt2-Cre mice compared with control
mice. Statistics (Student’s t test): *P < 0.05 compared with control mice. (e) Urinary osmolarity, normalized to urinary creatinine, was measured
in Ship21°¥1°* msglt2-Cre and control mice. The mean + SEM of 10 to 21 mice per genotype are shown. Urinary osmolarity was significantly
decreased in Ship2"°/1°* msglt2-Cre mice compared with control mice. Statistics (Student’s t test): **P < 0.01 compared with control mice. (f)
Twenty-week-old mice (6-8 per genotype) were i.p. injected with 2 g of glucose per kilogram of body weight. The mean + SEM of glucose in
blood (left panels) and urine (right panels) was analyzed over a 2- and a 4-hour period, respectively. The areas under the curve (AUC, lower
panels) were determined using Graph Pad Prism software. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Renal Fanconi syndrome is characterized by impaired
solute and protein reabsorption by PT."” In addition to rare
inherited disorders such as Lowe syndrome and Dent’s dis-
ease, many conditions may lead to a renal Fanconi syndrome:
multiple myeloma, autoimmune syndromes (e.g., Sjogren
syndrome), administration of drugs (e.g., aminoglycosides,
valproate, ifosfamide, tenofovir), ischemic injury, and
intoxication by heavy metals (e.g., lead, mercury). These
conditions are associated with a loss of the brush border on
PT cells (ischemic injury”), a selective loss of megalin and
cubilin at the brush border (Dent’s disease’), altered PT
endocytosis (Lowe syndrome and Dent’s disease), and
sometimes PT epithelial repair and regeneration (drugs,
ischemic injury, and heavy metal intoxication™’). It will be
interesting to investigate whether the SHIP2 catalytic inhib-
itor used in this study is able to fully or partially restore
normal PT reabsorption function in animal models of
selected renal Fanconi syndromes by increasing PT microvilli
formation and density.

MATERIALS AND METHODS

Mice

Ship2A/ * and Ship2®* mice were generated on a mixed
129 x C57BL/6 genetic background in our laboratory.'’ ShipZA/ A
mice have Ship2 exons 18 and 19 deleted but still express a truncated
and catalytically inactive SHIP2 protein. Mice with a Ship2 mutation
specifically in kidney PT (Ship2™/"* mSglt2-Cre mice) were
generated by crossing our Ship21*"#+19/+ mice with mSglt2-Cre
mice.” All mice were housed in an animal facility with 12-hour
light/12-hour dark cycles and had free access to food and water
throughout the study period unless otherwise mentioned. All mouse
studies were authorized by the Animal Care Use and Review Com-
mittee of the University of Liege.

Pig LLC-PK1 (ATCC CL-101) PT cell culture, treatment, trans-
duction, and transfection

LLC-PK1 cells were cultured at confluency in MEM alpha media
(Gibco #12571063, Thermo Fisher Scientific, Waltham, MA)
supplemented with 10% heat inactivated fetal bovine serum
(Gibco #16140071), penicillin-streptomycin (Gibco #15070063),

A

and 2 mM r-glutamine (Gibco #25030081). For small-molecule
SHIP2 inhibitor treatment, LLC-PK1 «cells were grown over
collagen-coated 12-mm glass coverslips for 5 days in culture
medium. Then the culture medium was replaced by fresh media
containing either DMSO or SHIP2 inhibitor (5 or 10 pM), and
the cells were incubated for another 2 days. At the end of the
treatment period, cells were washed and fixed with 10% formalin
solution. LLC-PK1 cells were transduced (150 viruses per cell)
with lentivirus particles expressing GFP, a puromycin
resistance cassette, and either siRNA targeted against pig Ship2/
Inppll or a scrambled RNA sequence as control (all obtained
from ABM Inc, Richmond, Canada). Four pig Ship2 siRNA
sequences were used in the study: siRNAL (5'-ATCCA
GGAGATCCTCAACTACATCAGCCG-3'), siRNA2 (5'-CCA
CATCATCTGCAACTCCTACGGCTGCA-3'), siRNA3 (5'-CGCAC
TAAGTTCTTCATTGAGTTCTACTC-3'), and siRNA4
(5'-CCACTGTCGAAGTTATTTGAGGAACCAGA-3').  Seventy-two
hours after transduction, cells were incubated with puromycin
(1 pg/ml) for 2 days. Puromycin-resistant cells were grown over
glass coverslips for immunofluorescence or in 6-well plates for
immunodetection. LLC-PK1 cells were also transfected with a
Myc-tagged PIP5K1b expression plasmid using Lipofectamine-
2000 (#12566014, Invitrogen, Carlsbad, CA), according to J. Ike-
nouchi.”’ Twenty-four hours after the transfection, media were
replaced with fresh media containing either DMSO or SHIP2
inhibitor (5 or 10 uM), and cells were cultured for 2 days,
washed, and fixed. After that, IF staining was performed as
described in the following.

GFR measurement

The GFR was assessed by plasma clearance of FITC-labeled inulin
injected i.v. as a single bolus using the protocol described by Rieg.”®
Briefly, mice were injected i.v. with FITC-labeled inulin (40 ng/g of
body weight), and blood samples from the tail were collected at 3, 5, 7,
10, 15, 35, 56, and 75 minutes post-injection. Plasma samples were
obtained by centrifugation, and the mean fluorescence intensity was
measured using a fluorescence detector (EnSpire plate reader, Perki-
nElmer, Waltham, MA). Two-phase exponential decay curve fitting
was performed using Prism software (GraphPad Software Inc., La Jolla,
CA), and the GFR was calculated: GFR = n/(A/K1 + B/K2), where
n = injected amount (n = C x V, where C = FITC-inulin concen-
tration, V = injected volume), A = SPAN1, y-intercept of elimination,

|

Figure 5| Pharmacologic inactivation of SHIP2 in the ;’)lg LLC-PK1 proximal tubule cell line confirms structural, ultrastructural, and

functional alterations observed in Ship2*’* and Ship2"°1°x

mSglt2-Cre proximal tubules. (a) SEM analysis of confluent LLC-PK1 cells

showing microvilli. Bars = 2 um in the top image and 1 pum in the bottom image. (b) Immunofluorescence (IF) analysis of confluent LLC-PK1 cell
cultures showing SHIP2 expression (red) in the cytoplasm up to and sometimes including the basis of phalloidin-positive (green) microvilli (left
panel). White dots show areas of colocalization of SHIP2 and phalloidin at the base of microvilli. The right panel shows the colocalization of
microvilli phalloidin (red) and ezrin (green) expression. Nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Orthogonal pro-
jections along the white lines are shown. Bars = 25 pum. (c) SEM analyses of confluent LLC-PK1 cells treated with 5 or 10 pM SHIP2 catalytic
inhibitor or with dimethylsulfoxide (DMSO) as control. Treatment with the SHIP2 catalytic inhibitor resulted in increased microvilli density.
Bars = 10 pum in the upper panels and 2 pm in the lower panels. (d) Microvilli phalloidin (red) and ezrin (green) IF analysis in confluent LLC-PK1
cells treated with 5 or 10 uM SHIP2 catalytic inhibitor or with DMSO as a control. Nuclei are stained with DAPI (blue). Bars = 25 um. Graphs
represent the quantification of the microvilli phalloidin and ezrin signals. Mean IF intensities per nucleus + SEM are shown; 50 to 100 LLC-PK1
cells were analyzed for quantification. Microvilli phalloidin and ezrin expression were significantly increased in SHIP2 catalytic inhibitor-treated
LLC-PK1 cell cultures compared with DMSO-treated cell cultures. Statistics (1-way analysis of variance): **P < 0.01 compared with DMSO-treated
LLC-PK1 cell cultures. (e) Confluent LLC-PK1 cells were treated with 10 uM SHIP2 catalytic inhibitor or with DMSO as a control and incubated
with 100 mg fluorescein isothiocyanate (FITC)-albumin (green) per liter of culture medium for 1 hour and then processed for FITC-albumin
uptake analysis. Nuclei were stained with DAPI (blue). Bars = 25 um. The graph represents the quantification of the FITC-albumin signal;
the mean IF intensities per nucleus + SEM are shown. FITC-albumin uptake by microvilli from confluent LLC-PK1 cell culture was significantly
increased in the presence of 10 pM SHIP2 catalytic inhibitor compared with DMSO-treated LLC-PK1 cells. Statistics (Student’s t test):

*P < 0.05 compared with DMSO-treated LLC-PK1 cells. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 7| Effect of PIP5K1b overexpression on Ptdins(4,5)P2 level and microvilli formation in LLC-PK1 cells treated or not with the
SHIP2 catalytic inhibitor. Inmunofluorescence (IF) on confluent LLC-PK1 cells transfected with Myc-tagged (green) PIP5K1b followed by
treatment with 5 or 10 UM SHIP2 catalytic inhibitor or dimethylsulfoxide (DMSO) as a control. Plasma membrane/microvilli PtdIns(4,5)P2 (red, a)
and phalloidin (red, b) expression is shown. Nuclei are stained with 4,6-diamidino-2-phenylindole (DAPI) (blue). Bars = 25 um. Graphs represent
the quantification of the PtdIns(4,5)P2 (a) and the phalloidin (b) signals; mean pixel intensities per nucleus + SEM are shown. Plasma mem-
brane/microvilli PtdIns(4,5)P2 level and phalloidin signal were further increased in SHIP2 inhibitor-treated LLC-PK1 cells transfected with
PIP5K1b compared with neighboring nontransfected SHIP2 catalytic inhibitor-treated LLC-PK1 cells. Statistics (Student’s t test): *P < 0.05,
**p < 0.01, and ***P < 0.001. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 6| Altered Ptdins(4,5)P2 substrate, PtdIns4P product, phospho-ezrin/radixin/moesin (p-ERM), and RhoA-GTP levels in LLC-PK1 cells
after pharmacologic inactivation of SHIP2. Immunofluorescence (IF) analysis of confluent LLC-PK1 cells treated with 5 or 10 UM SHIP2 catalytic
inhibitor or with dimethylsulfoxide (DMSO) (as a control) showing plasma membrane/microvilli Ptdins(4,5)P2 (a, green), Ptdins4P (b, green),
microvilli p-ERM proteins (c, red), and RhoA-GTP (d, green) expressions. Nuclei are stained with 4',6-diamidino-2-phenylindole (DAPI) (blue).

Bars = 25 um. Graphs represent the quantification of PtdIns(4,5)P2, PtdIins4P, p-ERM proteins, and RhoA-GTP signals; mean pixel intensities per
nucleus + SEM are shown; 50 to 100 cells were analyzed for quantification; each dot represents a LLC-PK1 cell. The ratio of p-ERM signal to ezrin
signal is also presented. Statistics (one-way analysis of variance): *P < 0.05, **P < 0.01, and ***P < 0.001 compared with DMSO-treated LLC-PK1 cells.
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SUPPLEMENTARY MATERIAL

Supplementary Materials and Methods.

Figure S1. The SHIP2 protein is expressed in the mouse renal
proximal tubule (PT). (A) Immunodetection with SHIP2 and tubulin
antibodies on kidney protein extracts isolated from 3 Ship2*'* mice.
Immunofluorescence analysis of SHIP2 (red) and phalloidin (green) (B)
or SHIP2 (red) and megalin (green) (C,D) expression on kidney
sections from a Ship2™* mouse. In (D), the SHIP2 signal is detected
on transverse and longitudinal sections of megalin-positive PT cells,
but it did not overlap with the megalin signal, indicating that SHIP2
is expressed in PT cells, but not within the brush border. DAPI,

4/ 6-diamidino-2-phenylindole. Bars = 50 um (B and C€) and 25 pm (D).
Figure S2. Histologic analysis of Ship2*/+ and Ship22/* kidneys. Kidney
sections (5 m) from 20-week-old female (A) and male (B) mice were
analyzed after hematoxylin and eosin staining. No obvious alteration
was detected in ShipZA/A mice compared with Ship2*’* mice. Bars = 50
um. (€) Total numbers of glomeruli were counted in the whole trans-
versal kidney sections in at least 3 mice of each genotype (graph on
left). The total numbers of tubules per square millimeter were counted
in the whole kidney sections (graph on right). No significant difference
was observed in total number of glomeruli or tubules counted in
Ship2* mice compared with Ship2*/* mice.

Figure S3. Effect of SHIP2 catalytic inactivation on mRNA expression
level of genes coding for transporters mainly expressed in the brush
border versus the basolateral membrane of the kidney proximal
tubule (PT) cell. Level of mRNA expression was determined in
ShipZA/A and Ship2™* kidneys using quantitative reverse
transcriptase polymerase chain reaction. Graphs show the ratio of Ct
values for each gene with glyceraldehyde-3-phosphate dehydroge-
nase as the fold change compared with Ship2*/* kidney. Means +
SEM are presented. Expression levels of mRNA coding for megalin,
cubilin, Sglt2, and Clcn5, all proteins expressed in the PT brush
border, were significantly increased in ShipZA/A kidney compared
with Ship2*/* kidney. Statistics (Student’s t test): *P < 0.05.

Figure S4. Effect of SHIP2 catalytic inactivation on microvilli thickness
in proximal tubules of Ship2*'* and Ship2*/* kidneys. The graph
represents the thickness of microvilli measured on transmission
electron microscopy images from Ship2*/* and ShipZA/A kidney
sections. No significant difference was observed between the
thickness of microvilli in Ship2™* and Ship2®’* proximal tubules.
Figure S5. SHIP2 immunofluorescence (IF) analysis in control and
Ship2f°/Aox msqlt2-Cre kidney sections. IF analysis of Ship271o¥/1°x
mSglt2-Cre and control kidney sections with a SHIP2 antibody (green)
and phalloidin (red). Bars = 50 um. G, glomerulus; PT, proximal
tubule. As expected, the SHIP2 signal is still present in phalloidin-
positive PT cells from Ship21/1°* msglt2-Cre mice, but somewhat
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decreased compared with phalloidin-positive PTs of control kidney.
Indeed, in our Ship2 genetically modified mouse, the ShipZA allele still
produces a slightly unstable, catalytically inactive, truncated SHIP2
protein that is recognized by the SHIP2 antibody."®

Figure S6. Macroscopic, structural, and ultrastructural analysis of
Ship2™1°/1* msglt2-Cre and control mice. (A) No facial or length
dysmorphy was observed in 20-week-old Ship21/1°x msglt2-Cre
mice compared with control mice. (B) Kidney sections (5 um) from
20-week-old Ship2™®/1°X mSqlt2-Cre and control mice were analyzed
after hematoxylin and eosin staining. No obvious alteration was
detected in Ship21/1°* mSqit2-Cre mice compared with control mice.
In particular, glomeruli and tubule density, size, and localization as
well as general structure of the kidney were found normal; no cyst or
interstitial alterations, including cell infiltrate, were detected in
Ship2f19/lox msglt2-Cre kidneys. Bars = 50 pm. (C) SEM analysis in
Ship21°/1X msglt2-Cre mice also revealed proximal tubule (PT) and
brush borders with only very slight alterations compared with control
mice. Bars = 10 um.

Figure S7. Phalloidin staining in confluent LLC-PK1 cell cultures.
Immunofluorescence (IF) analysis of confluent LLC-PK1 cell cultures
showing total (upper panel), top of cell (center panel, where microvilli
are present), and bottom of cell (lower panel where actin stress fibers are
located) phalloidin expression (red). The dotted pattern of phalloidin
staining at the top of LLC-PK1 cells represents microvilli. Nuclei are
stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Bars = 25 pm.
Figure S8. Megalin expression and fluorescein isothiocyanate (FITC)-
albumin uptake by microvilli in confluent LLC-PK1 cells treated with a
SHIP2 catalyticinhibitor. (A) Confluent LLC-PK1 cells were treated with 5
or 10 M SHIP2 catalytic inhibitor or with dimethylsulfoxide (DMSO) as a
control and analyzed for megalin (green) and phalloidin (red) expres-
sion. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI)
(blue). Bars = 25 pum. Graphs represent the quantification of the
microvilli phalloidin and megalin signals. Mean immunofluorescence
(IF) intensities per nucleus + SEM are shown. For quantification, 50 to
100 cells were analyzed per group. Statistics (1-way analysis of vari-
ance): ***P < 0.001 compared with DMSO-treated LLC-PK1 cell cultures.
(B) Confluent LLC-PK1 cells were treated with 10 uM SHIP2 catalytic
inhibitor and incubated with 100 mg FITC-albumin (green) per liter of
culture medium. One hour after addition, FITC-albumin is mainly
localized in phalloidin-positive microvilli of confluent LLC-PK1 cells.
Nuclei were stained with DAPI (blue). Bars = 25 um.

Figure S9. SHIP2 expression in LLC-PK1 cells transduced with lenti-
virus expressing Ship2-specific small, interfering RNAs (siRNAs). (A)
SHIP2 and vinculin Western blotting on protein extracts isolated from
LLC-PK1 cells transduced with lentivirus expressing either scrambled
(Sc) or SHIP2-specific (1, 2, 3, and 4) siRNAs. (B) Quantification of the
SHIP2 signal, normalized to the vinculin signal and reported as the
percentage of scrambled RNA results.

Figure S10. Imnmunofluorescence (IF) analysis of microvilli phalloidin,
phospho ezrin/radixin/moesin (p-ERM) proteins, and PtdIns(4,5)P2
expression in LLC-PK1 cells transduced with lentivirus expressing
Ship2-specific small, interfering RNAs (siRNAs). Confluent LLC-PK1
cells were transduced with lentivirus expressing either scrambled
RNA (sc RNA) or Ship2-specific (1, 2, 3, and 4) siRNAs and analyzed (A)
for phalloidin (red), phospho-ERM proteins (magenta), and lentiviral
enhanced green fluorescent protein (eGFP) (green)) or for (C)
PtdIns(4,5)P2 (red) and lentiviral eGFP (green). Nuclei are stained with
4/ 6-diamidino-2-phenylindole (DAPI) (blue). Bars = 25 pum. Graphs
represent the quantification of microvilli phalloidin and phospho-ERM
protein signals (B) or PtdIns(4,5)P2 signals (D). Mean IF intensities per
nucleus + SEM are shown. For quantification, 50 to 100 cells were
analyzed per group. Statistics (1-way analysis of variance): *P < 0.05,
**p < 0.01, and ***P < 0.001 compared with LLC-PK1 cell cultures
transduced with scrambled siRNA expressing lentivirus.
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Figure S11. Increased phospho ezrin/radixin/moesin (p-ERM) signal
in ShipZA/A kidney. Immunodetection of p-ERM and vinculin by
Western blotting on kidney protein extracts isolated from Ship2*/*
and ShipZA/A mice. A stronger p-ERM signal is observed in ShipZA/A
mice than in Ship2™"* mice, supporting the immunofluorescence
results obtained in LLC-PK1 cells treated with the SHIP2 catalytic
inhibitor.

Table S1. Body and kidney weights, glomerular filtration rate (GFR),
and plasma creatinine levels in Ship2*"* and Ship2*/® mice.

Table S2. List of primer sequences used for quantitative reverse-
transcriptase polymerase chain reaction.

Table S3. Body and kidney weights, glomerular filtration rate (GFR),
and creatinine levels in Ship21°/°* mSglt2-Cre and control mice.
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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