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Background: SARA promotes an epithelial cell phenotype, whereas its down-regulation is permissive for EMT.
Results: PI3K inhibition decreases SARA protein expression, likely through alterations in Rab5-containing endosomes.
Conclusion: PI3K signaling supports an epithelial phenotype.
Significance:PI3K has complex effects in fibrogenesis. Our data suggest an antifibrotic action of PI3K that involvesmaintaining
SARA expression.

SARA has been shown to be a regulator of epithelial cell phe-
notype, with reduced expression during TGF-�1-mediated epi-
thelial-to-mesenchymal transition. Examination of the path-
ways that might play a role in regulating SARA expression
identified phosphatidylinositol 3-kinase (PI3K) pathway inhibi-
tion as sufficient to reduce SARAexpression. Themechanismof
PI3K inhibition-mediated SARA down-regulation differs from
that induced by TGF-�1 in that, unlike TGF-�1, PI3K-depen-
dent depletion of SARA was apparent within 6 h and did not
occur at the mRNA or promoter level but was blocked by inhi-
bition of proteasome-mediated degradation. This effect was
independent of Akt activity because neither reducing nor
enhancing Akt activity modulated the expression of SARA.
Therefore, this is likely a direct effect of p85� action, and co-
immunoprecipitation of SARA and p85� confirmed that these
proteins interact. Both SARA and PI3K have been shown to be
associated with endosomes, and either LY294002 or p85�
knockdown enlarged SARA-containing endocytic vesicles. Inhi-
bition of clathrin-mediated endocytosis blocked SARA down-
regulation, and a localization-deficient mutant SARA was pro-
tected against down-regulation. As inhibiting PI3K can activate
the endosomal fusion-regulatory small GTPase Rab5, we
expressed GTPase-deficient Rab5 and observed endosomal
enlargement and reduced SARA protein expression, similar to
that seen with PI3K inhibition. Importantly, either interference
with PI3K via LY294002 or p85� knockdown, or constitutive
activity of the Rab5 pathway, enhanced the expression of
smooth muscle �-actin. Together, these data suggest that
althoughTGF-�1 can induce epithelial-to-mesenchymal transi-
tion through reduction in SARA expression, SARA is also
basally regulated by its interaction with PI3K.

The expression and activation of TGF-� is a universal feature
in almost every type of chronic kidney disease in both animal
models and in humans (1). Exogenous expression of TGF-�1

results in renal fibrosis, and inhibition of the TGF-�1 signaling
pathway suppresses fibrogenesis and prevents loss of kidney
function (1). In part, the role of TGF-�1 as a principal mediator
of fibrosis is attributable to its effects as an inducer of EMT.
However, the signals that regulate cell phenotype under non-
stimulated conditions are less understood.
We recently showed that the Smad anchor for receptor acti-

vation protein (SARA)2 is down-regulated in TGF-�1-medi-
ated EMT in human renal proximal tubule cells. We also found
that depletion of SARA was sufficient to induce phenotypic
changes in these cells independently of TGF-�1 (2). Therefore,
SARA appears to be an important contributor to maintenance
of epithelial cell phenotype.We (3) and others (4, 5) have shown
that SARA localizes to endosomes containing the early endo-
somal protein EEA1 and Rab5 via interaction of the SARA
FYVE domain with membrane phospholipid PtdIns-3-P and
that disruption of SARA function, expression, or endosomal
localization impairs TGF-�1-induced Smad2 signaling (4–6).
However, the mechanism of regulation of SARA expression is
not known.
Phosphatidylinositol 3-kinase (PI3K) is a ubiquitous lipid

kinase involved in receptor signal transduction by tyrosine
kinase receptors. The large and complex PI3K family includes
three classes with multiple subunits and isoforms (7, 8). The
class IA PI3Ks are composed of a p85 regulatory subunit and a
p110 catalytic subunit that phosphorylates phosphoinositol
4-phosphate and phosphoinositol 4,5-phosphate at their D3
position (7, 8). The p85 isoforms are a group of related proteins
encoded by the Pik3r1 (p85�, p55�, p50�), Pik3r2 (p85�), and
Pik3r3 (p55�) genes. The most abundant and well character-
ized regulatory subunit, p85�, contains the domains within the
smaller isoforms but also has an N-terminal SH3 domain and a
GTPase-activating protein (GAP) domain (also called a BCR
homology domain), as well as two proline-rich regions, to pro-
vide added binding functions and regulatory capacities (9). In
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quiescent cells, the p85-p110 complex is cytosolic, and p110-
encoded PI3K activity is repressed. Activation of receptor tyro-
sine kinases leads to p85� SH2-domain binding-mediated
recruitment of the p85-p110 complex to the plasmamembrane
and relieves repression of p110 catalytic activity to generate the
lipid messenger PtdIns-3,4,5-P3 that relocalizes and activates a
number of downstream signaling proteins, including phospho-
inositide-dependent kinase-1 and Akt (also called protein
kinase B (PKB)) (10). Downstream of PDK1 and Akt activation
a number of pathways may be affected leading to increased cell
growth, cell cycle progression, cell migration, and cell survival
through the activation of numerous target proteins (11, 12).
However, p85� interacts with a number of proteins and has

additional functions in addition to the regulation of p110-PI3K
activity (9). One binding partner of p85�, Rab5, is the most
studiedmember of the large and diverse family of Rab GTPases
and a key regulator of endocytosis. Rab5 is involved in clathrin-
coated vesicle formation, homotypic fusion between early
endosomes, endosomal cargo recruitment, and endosomal
motility (13). Similar to other GTPases, Rab5 is active in its
GTP-bound form. It is activated by Rab-specific guanine nucle-
otide-exchange factor that promotes exchange of GDP forGTP
and is inactivated through specific GAPs that hydrolyze the
GTP to GDP.
In the present study, we demonstrate that, in human renal

proximal tubule epithelial cells (HKC), endogenous SARA is
basally regulated by PI3K activity. Interfering with PI3K func-
tion, either through chemical inhibition or through shRNA-
mediated knockdownof p85�, results in a loss of SARA through
protein degradation.We find that SARA and p85� interact and
that endocytosis and appropriate endosomal localization of
SARA are required for the p85�-mediated reduction in SARA
expression. As reported previously, PI3K inhibition caused an
alteration in endosomal structure that can be mimicked by
expression of a GTPase-defective, constitutively active mutant
Rab5, Rab5Q79L, which also causes a reduction of SARA at the
protein level. Importantly, reduction of SARA expression by
either PI3K inhibition or by Rab5Q79L expression, results in de
novo expression of the EMT marker, smooth muscle �-actin
(�SMA).

EXPERIMENTAL PROCEDURES

Reagents and Materials—All kinase inhibitors, including
LY294002, were purchased from EMD Biosciences (San Diego,
CA). MG132 was purchased from Sigma-Aldrich. Active
recombinant human TGF-�1, purchased from R&D Systems
(Minneapolis, MN), was maintained as a stock solution of 4
�g/ml in 4mMHCl and used at a final concentration of 2 ng/ml.
Antibody to SARA was from Proteintech (Chicago, IL); EEA1
was from Santa Cruz Biotechnology (Santa Cruz, CA); �SMA
was from DAKO (Carpinteria, CA); �-actin was from Sigma-
Aldrich; and phospho-Akt and p85� were from Cell Signaling
(Danvers, MA).
Cell Culture—The renal tubular epithelial cell line HKC was

obtained from Dr. L. Racusen (14) and cultured in Dulbecco’s
modified Eagle’s medium/F-12 supplemented with 10% fetal
bovine serum, penicillin/streptomycin, amphotericinB,HEPES
buffer, and glutamine.

Quantitative PCR—Total RNA was harvested from HKC
using the RNeasy mini kit (Qiagen, Valencia, CA) according to
the manufacturer’s directions. Following RNA quantification
with the Quant-it RiboGreen assay (Invitrogen), RNAs were
reverse-transcribed to cDNAs with the iScript cDNA synthesis
kit (Bio-Rad). Real-time PCRwas performed using the iQ SYBR
Green Supermix (Bio-Rad) with the iCycler iQ real-time PCR
detection system (Bio-Rad). Real timedatawere collected for 40
cycles of; 95 °C for 10 s and 55.3 °C for 45 s, followed by melt-
curve analysis to verify the single peaks of amplicons. Primers
were designed using software provided by Integrated DNA
Technologies (Coralville, IA) and custom synthesized by the
company. Primers used were as follows: �SMA, 5-AGCAGG-
CCAAGGGGCTATATAA-3 (forward) and 5�-CGTAGCTG-
TCTTTTTGTCCCATT-3 (reverse); SARA, 5�-GGTGAGGT-
GGCTCCAGTATG-3� (forward) and 5�-CTCTGCAGTGAT-
GCCTCCTT-3� (reverse); p85�, 5�-CCCTATGCTTTTCAG-
ATTCTCAG-3� (forward) and 5�-AGGTTTTGGTGGTTTA-
GGAGG-3� (reverse); human �2-microglobulin, 5�-TGTCTG-
GGTTTCATCCATCCGACA-3� (forward) and 5�-TCACAC-
GGCAGGCATACTCATCTT-3� (reverse). Relative expressionof
the gene of interest was estimated by correction with the
expression of �2-microglobulin, using the ��Ct method.
Immunoprecipitation, Western Blot Analysis, and Immuno-

cytochemistry—Kinase inhibitor or TGF-�1 treatments were
done in serum-free medium. Whole cell lysates were prepared
by lysis in RIPA buffer, and immunoprecipitations were per-
formed as described previously (15). Western blots and densi-
tometric analysis were performed as described previously (15).
For immunocytochemistry, cells on coverslips in serum-free

mediumwere treatedwith vehicle or LY294002 orAkt inhibitor
IV for 16–24 h before paraformaldehyde fixation followed by
permeabilization with Triton X-100. After blocking nonspe-
cific sites with BSA, cells were incubated with SARA or EEA1
antibodies for 2 h at room temperature, washed with PBS, then
incubated with 2.5 �g/ml Alexa Fluor 594-conjugated second-
ary antibodies for 30min. Coverslips weremountedwithAqua-
Poly/Mount (Polysciences, Warrington, PA) and viewed under
a Zeiss Axiovert 200 M confocal microscope with a Zeiss plan-
apochromat 100�/1.4 oil objective, and images were acquired
using LSM 510 SP1 software (version 4.2). Imaging work was
performed at the Northwestern University Cell Imaging Facil-
ity generously supported by NCI CCSG P30 CA060553
awarded to the Robert H. Lurie Comprehensive Cancer Center.
Digital images were converted to TIFF files, and figures were
prepared using Adobe Photoshop.
Transient Transfection and Luciferase Assay—The �SMA

promoter-luciferase reporter construct was a generous gift
from Dr. Robert Schwartz (Baylor College of Medicine) (16).
TheWT-SARA and�FYVE-SARAwere kindly provided byDr.
Jeffrey Wrana (6). The FHRE-Luc reporter construct (17) was
purchased from Addgene (Cambridge, MA; Addgene plasmid
1789). AktK179M was purchased from Upstate Biotechnology
(Lake Placid, NY). The putative SARA promoter was PCR
cloned from human genomic DNA using Advantage GC
genomic LA polymerase from Clontech (Mountain View, CA)
into pGL3-basic luciferase vector purchased from Promega
(Madison, WI). Transfection was performed with the FuGENE
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HP transfection reagent (Roche Applied Science), and lucifer-
ase and �-galactosidase activities were measured as described
previously (15).
Stable Knockdowns—Lentiviral shRNAmir p85� (PIK3R1

clone ID V2LHS_33679) and non-silencing GIPZ shRNAmir
control were purchased from Open Biosystems (Huntsville,
AL). To generate stable knockdown cell lines, pGIPZ clones,
which are supplied as bacterial cultures inEscherichia coli, were
first subjected to CaPO4 transfection for lentiviral packaging in
HEK293 FT cells (Invitrogen) using psPAX2 and pMD2.G
according to Open Biosystems protocol. HKC cells were incu-
bated with viral supernatants, and after 48 h, puromycin was
added in a concentration determined previously to result in
100% cell death of non-infected HKC to select infected cells.
Once cells reached confluence, they were frozen or used for
experiments up to passage 4–6 in the continual presence of
puromycin.
Potassium Depletion—HKCs were switched to serum-free

media for 24 h prior to treatment. Media were then switched to
hypotonic media (50% Dulbecco’s modified Eagle’s medium,
50%H20). After 10min in hypotonic buffer, the cellswere either
switched to isotonic media without potassium (10 mM Tris-
HCl, pH7.5, 150mmNaCl) or isotonicmedia containing 10mM

KCl. Cells were depleted for 30 min prior to 6-h LY294002
treatment.
Data Analysis—Western blots were scanned using an Epson

V700 photo scanner, and densitometric analysis was performed
using NIH ImageJ software. Graphs represent means of at least
three experiments, corrected to �-actin, and expressed as fold
induction over untreated controls. For mRNA analysis, tripli-
cate measurements of at least three independent experiments
were corrected to �2-macroglobulin and expressed as fold
induction over untreated controls. For promoter assays, graphs
represent means of each independent measurement corrected
to �-galactosidase and expressed relative to untreated controls.
For all graphs, error bars represent S.D. Either one-way analysis
of variance with Fishers post hoc tests, or two-tailed Student’s t
tests were preformed, as appropriate, using StatView (Abacus

Concepts, Inc.) to evaluate differences between groups. Values
of p � 0.05 were considered significant.

RESULTS

To examine the signaling pathways that might play a role in
the regulation of SARA expression, we treated HKC with a
panel of kinase inhibitors. Among a number of inhibitors, only
the PI3K inhibitor LY294002 altered SARA expression (Fig.
1A). This reduction in SARA expression was independent of
activation of TGF-�1 signaling. Wortmannin, an alternative
inhibitor of PI3K, also reduced the expression of SARA (data
not shown). However, although a dose of 5 �M LY294002 was
sufficient to reduce basal levels of phosphorylated Akt, a dose
between 10 and 20 �M was required for the reduction in SARA
expression (Fig. 1B).
Becausewe had shownpreviously that a loss of SARAexpres-

sion was sufficient to induce some of the changes associated
with EMT in these cells, in particular the induction of �SMA,
we investigated whether treatment with LY294002 to reduce
SARA expression also caused an increase in �SMA levels. As
shown in Fig. 2, inhibition of PI3K with 20 �M LY294002
increased �SMA at the protein (Fig. 2A) and mRNA (Fig. 2B)
level, independent of treatment with TGF-�1. Inhibition of
PI3K also induces the activity of the �SMA promoter (Fig. 2C).
In this figure, the forkhead-responsive element (FHRE) was
used as a control to confirm that the PI3K pathway has been
inhibited. Reduced PI3K activity removes the inhibitory effect
of Akt on the FOXO3a/FKHRL1 forkhead transcription factor
and thereby allows enhanced binding of FOXO3a/FKHRL1 to
the FHRE (17).
We next examined whether the LY294002-induced loss of

SARA occurred via a similar mechanism to that we previously
reported for TGF-�1. TGF-�1 reduced the expression of SARA
between 1 and 3 days of treatment, corresponding with the
timing of other phenotypic changes that have been associated
with EMT (2). In contrast, cells treated with LY294002 began
showing reduced SARA expression and increased �SMA after
as few as 6 h of treatment (Fig. 3A). Furthermore, although

FIGURE 1. Inhibition of PI3K reduces the level of SARA expression independently of exogenous TGF-�1 treatment. A, HKC were treated for 72 h with
various inhibitors in serum-free medium. Inhibitors used were as follows: V, DMSO (vehicle); GFX, GF109203X PKC inhibitor (1 �M); H89, PKA inhibitor (50 nM);
KN93, Ca2�/calmodulin-dependent protein kinase II inhibitor (10 �M); LY, LY294002 PI3K inhibitor (20 �M); PD, PD98059 ERK inhibitor (10 �M); SB2, SB203580
p38 inhibitor (10 �M). SARA expression was only significantly affected by LY294002 (*, p � 0.0354) B, serum-deprived HKC were treated with various doses of
LY294002 (LY) for 72 h. �-Actin is included as a loading control. SARA was significantly reduced by 20 �M LY294002 (*, p � 0.0001).
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TGF-�1 reduces the mRNA levels of SARA, LY294002 causes
no mRNA reduction but rather appears to increase the SARA
message (Fig. 3B).We cloned the putative SARA promoter into

a luciferase reporter vector (pGL3) and analyzed its responsive-
ness to either TGF-�1 or LY294002. As shown in Fig. 3C, SARA
promoter expression was reduced by TGF-�1 but was not
affected by PI3K inhibition. Together, our data suggest
that, unlike TGF-�1, the mechanism of LY294002-mediated
decreased SARA expression may be at the level of protein deg-
radation. To determine whether the ubiquitin proteasome-me-
diated degradation pathway was involved in regulation of
SARA expression by PI3K inhibition, we treated the cells with
the proteasome inhibitor,MG132. As shown in Fig. 3D,MG132
blocks the LY294002-mediated decline in SARA protein
expression. As anticipated, at this time point of 24 h, TGF-�1
does not affect the expression of SARA.
To determine whether the decrease in SARA expression by

LY294002 depends on downstream PI3K-mediated signaling,
we transfected HKC with a kinase-negative mutant Akt
(AktK179M)). This construct did not reduce the protein
expression of SARA (Fig. 4A). Furthermore, although we
observed a TGF-�1-independent induction of the �SMA pro-
moter by inhibiting PI3K in cells treated with LY294002, cells
transfected with the dominant negative Akt construct did not
show similar induction (Fig. 4B). We confirmed that the effect
of LY294002 on the expression of SARAwas in fact due to PI3K
inhibition, rather than an off-target effect of the inhibitor, by
creating an HKC line that stably expresses an shRNA for the

FIGURE 2. PI3K inhibition results in enhanced �SMA expression. HKC were
treated with 20 �M LY294002 (LY) or DMSO vehicle control (V) for 72 h and
assayed for either protein (A) or mRNA with quantitative RT-PCR. B, LY294002
significantly induced �SMA RNA (*, p � 0.006). C, alternatively, HKC were
transfected with either an �SMA or FHRE luciferase reporter construct along
with �-galactosidase to control for transfection efficiency. 3-h post-transfec-
tion, the cells were treated with DMSO vehicle (black bars) or 20 �M LY294002
(white bars) for 48 h followed by lysis and analysis by luciferase and �-galac-
tosidase assays. LY294002 significantly induced increases in both �SMA (*,
p � 0.0001) and FHRE (*, p � 0.0001).

FIGURE 3. The mechanism of down-regulation of SARA expression differs between PI3K inhibition and TGF-�1. A, HKC were treated with either 2 ng/ml
TGF-�1 (left panels) or 20 �M LY294002 (right panels) for the indicated time periods prior to lysis for Western blot. �-Actin is included as a control for loading. As
demonstrated in graphs of triplicate experiments, LY294002 reduces SARA (left graph) and increases �SMA (right graph) at all treatment times compared with control
(*, for SARA: 6 h, p �0.0001; 24 h, p �0.0001; 3 days, p �0.0001. For �SMA, 6 h, p �0.002; 24 h, p �0.0005; 3 days, p �0.0012). However, TGF-�1 only causes significant
changes in SARA and �SMA at 3 days (3d). (*, for SARA, 3 days, p � 0.0001; and for �SMA, p � �0.0001). B, HKC treated for 48 h with either DMSO vehicle (V), 2 ng/ml
TGF-�1 (T), or 20 �M LY294002 (LY) were assayed for mRNA expression of SARA via quantitative RT-PCR. TGF-�1 reduced SARA mRNA expression (*, p � 0.0438), but
LY294002 enhanced it (*, p � 0.0001). C, HKC were transfected with the putative SARA promoter/luciferase reporter construct for 3 h prior to treatment as in B with
TGF-�1 or LY294002 for an additional 48 h. TGF-�1 reduces SARA promoter activity (*, p � 0.002), LY294002 does not (p � 0.8164). D, HKC were pretreated with 10 �M

MG-132 for 1 h prior to 24 h treatment with either vehicle (V), TGF-�1 (T), or LY294002 (LY). �-Actin is included as a control for loading.
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regulatory p85� subunit of PI3K (Fig. 4C). Similar to chemical
PI3K inhibition, knockdown of p85� reduced SARA expression
(Fig. 4C, top panel). Of note, the basal phosphorylation of
downstream Akt was much greater in the p85� knockdown
cells (Fig. 4C). This may be due to the fact that depletion of the
regulatory subunit removes the inhibition on the p110 catalytic
subunit (10). Therefore, although LY294002 abolished Akt
activity and p85� knockdown increased it, either treatment
decreased SARA expression. This further suggests an effect on
SARA that is specific to PI3K itself and is not a function of
downstreamAkt signaling. To determinewhether p85� knock-
down could affect �SMA expression, we examined �SMA
mRNA and found that similar to chemical inhibition of the
PI3K pathway, knockdown of p85� (Fig. 4D, left panel)
increased �SMA mRNA (Fig. 4D, right panel). To determine
whether this could be due to endogenous protein interaction,
we immunoprecipitated either SARA, blotting for associated
p85� (Fig. 4E, left panels), or p85�, blotting for SARA (Fig. 4E,
right panels). Indeed, we observed interaction between p85�
and SARA. Although LY294002 did not affect the level of
p85� expression, it did reduce the interaction detected between
p85� and SARA, which is presumably due to the reduction in
overall SARA expression.

SARA localizes to early endosomal subcellular compart-
ments (4) (5), and inhibition of PI3K may impact endocytosis
(9). We therefore assessed whether inhibiting PI3K resulted in
mislocalization of SARA away from endosomes leading to its
degradation. However, rather than showing mislocalization of
SARA, immunohistochemistry in LY294002-treated cells dem-
onstrated that SARA remained associated with the endosomes.
The endosomes appear fewer in number but also greatly
enlarged compared with the small, punctate structures
observed in the vehicle-treated cells (Fig. 5,A and B). Although
less pronounced, the p85� shRNA-expressing cells showed
similar endosomal morphology to that of LY294002-treated
cells when compared with the cells expressing the control
shRNA (Fig. 5, D and E). Furthermore, either treatment with
LY294002 or stable expression of p85� shRNA leads to altera-
tions in phenotype consistent with EMT-like changes (supple-
mental Fig. 1). In contrast, the endosomal staining of SARA in
cells treated with an Akt-specific inhibitor that does not block
upstream PI3K activity (Akt inhibitor IV) was not altered com-
pared with control cells (Fig. 5, A and C).

To examine the role of endocytosis in the PI3K inhibition-
mediated decrease in SARA expression, we blocked clathrin-
mediated endocytosis using potassium depletion (3) and exam-
ined the effect of LY294002 on SARA expression. As shown in
Fig. 6A, although cells in potassium-containing control condi-
tions (K�) had reduced SARA expression and showed an
increase in �SMA in response to PI3K inhibition, inhibition of
endocytosis by potassium depletion (K�) prevented both a
reduction in SARA and the induction of �SMA stimulated by
LY294002. To determine whether disrupting normal endo-
somal localization of SARA affects the ability of PI3K inhibition
to result in its decreased expression, we compared the ability of
LY294002 to down-regulate WT SARA versus SARA with a
mutation in the FYVE domain (SARA-�FYVE), which is neces-
sary for its endosomal localization. As shown in Fig. 6B, SARA-
�FYVE appeared to have greater protection against depletion
by LY294002 when compared with WT SARA. This suggests
that, without appropriate endosomal localization, SARA is par-
tially protected against depletion by PI3K inhibition.
The p85� subunit of PI3K has been shown to bind directly to

the early endosomal protein, Rab5, and to inactivate it through
GAP activity toward Rab5 (18). Therefore, inhibition of PI3K
could result in increased activity of Rab5. Previous reports have
demonstrated enlarged endosomal structures in response to
expression of a GTPase-deficient, constitutively active Rab5
(Rab5Q79L) (19), similar to those that we observed after PI3K
inhibition. If the decrease in SARA expression by PI3K inhibi-
tion was related to enlargement of endosomes due to increased
Rab5 activity, then Rab5Q79L should be able to mimic the
LY294002 effect independently of PI3K signaling. To test this
proposed model, we first confirmed that expression of
Rab5Q79L resulted in alteration of endosomal structure. As
previously reported, expression of GFP-tagged Rab5Q79L gen-
erated enlarged intracellular vesicles (Fig. 7A). These enlarged
vesicular structures were not evident in cells transfected with
empty GFP vector, and they co-localized with the early endo-
somal marker EEA1 (supplemental Fig. 2). Rab5Q79L expres-
sion also reduced SARA expression to a level similar to that

FIGURE 4. The PI3K-mediated decrease in SARA is independent of Akt
activity and may involve direct SARA interaction with p85�. A, HKC were
transfected with either empty vector (EV) or AktK179M for 3 h prior to treat-
ment with either DMSO vehicle (V), or 20 �M LY294002 (LY) for an additional
16 h and then lysed for Western blot. �-Actin is included as a control for
loading. B, HKC were transfected with empty vector or AktK179M along with
�-galactosidase and the �SMA promoter and treated as in A followed by lysis
and luciferase �-galactosidase assays to control for transfection efficiency.
LY294002 induced �SMA promoter (*, p � 0.0003), and AktK179M did not
(p � 0.3168). C, HKC stably expressing either control (sh-cont) or (sh-p85�)
were serum-deprived and treated for 16 h with vehicle (V, DMSO) or 20 �M

LY294002. �-Actin is shown to control for even loading. D, control (black bars)
or sh-p85� (white bars) expressing cells were assayed for mRNA expression of
either �SMA or p85� via quantitative RT-PCR. The sh-p85� cells had signifi-
cantly increased �SMA mRNA (*, p � 0.02) and decreased p85� mRNA (*, p �
0.008). E, serum-deprived HKC were treated with either vehicle (V) or 20 �M

LY294002 (LY) for 16 h and lysed for immunoprecipitation and immunoblot-
ting (IB). Negative control (nc) is a lysate-free IP lane from the same experi-
ment run on a different region of the same gels.
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observed with LY294002 (Fig. 7B). We examined whether
Rab5Q79L reduced SARA expression via a mechanism similar
to PI3K inhibition and found that, as with PI3K inhibition,
reduced SARA expression in response to Rab5Q79L did not
occur at the mRNA (Fig. 7C) or promoter (Fig. 7D) level.
Rather, we saw an enhancement of SARA promoter activation
by Rab5Q79L similar to what we saw with PI3K inhibition (Fig.
3B).
In agreement with our previous data showing that a loss of

SARA was sufficient to alter markers of EMT (2), Rab5Q79L
enhanced the expression of�SMAmRNA88-fold over control,
untreated cells and �2-fold over TGF-�1 treatment (Fig. 7E)

Rab5Q79L also slightly but reproducibly enhanced the activity
of the �SMApromoter without requiring PI3-kinase inhibition
(Fig. 7F).

DISCUSSION

We report here that either PI3K inhibition or constitutive
activation of Rab5 inhibits the expression of SARA, a protein
important for maintaining epithelial cell phenotype. This
down-regulation is associated with structural alterations in
endocytic vesicles. Although a number of studies have sug-
gested that PI3K signals throughAkt to cause EMT (20, 21), our
data demonstrate an effect on SARA expression that is inde-

FIGURE 5. PI3K inhibition causes endosomal alterations. Serum-deprived HKC were treated as follows. A, vehicle control (DMSO) for 24 h; B, 20 �M LY294002
for 24 h; C, 5 �M Akt inhibitor IV for 24 h; D, sh-control (shCont) cells; E, sh-p85� cells. All cells are developed by immunocytochemistry for SARA (shown in green)
and EEA1 (shown in red).
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pendent of the activation status of Akt. Neither overexpression
of a kinase-negative Akt mutant nor enhanced Akt activity
through p85� knockdown affected the depletion of SARA or
the induction of �SMA (Fig. 4). These results suggest that the
effect of LY924002 on SARA is not mediated through down-
stream signaling and may explain why the dose of LY294002
required to decrease SARA expression is higher than that
required to inhibit Akt phosphorylation (Fig. 1B). Furthermore,
our co-immunoprecipitation data demonstrating an interac-
tion between p85� and SARA (Fig. 4E) support the role of PI3K
in SARAexpression as being a direct effect of PI3K independent
of downstream signaling. A recent report by Chamberlain and
Anderson (22) demonstrated that p85� also binds directly to,
and possesses GAP activity toward, Rab5. In that report,
expression of a GAP-defective mutant p85� resulted in sus-
tained levels of activated platelet-derived growth factor recep-
tor (PDGFR) and increased downstream signaling due to
decreased PDGFR degradation. Furthermore, PDGFRs that are
mutated so that they cannot interact with p85� failed to be
down-regulated correctly (23). AlthoughPI3Kbinding does not
appear required for internalization of PDGFR, it may be
required to divert the PDGFR to a degradative pathway (24).
Consistent with our finding that LY294002-induced SARA
depletion was not mediated through an effect on Akt signaling,
Chen andWang (25) showed that the PI3K inhibitor wortman-
nin stimulates Rab5-mediated increases in endosome size and
subsequent EGFR degradation independent of Akt activity.
A number of studies have observed that PI3K inhibition

causes endosomal enlargement similar to what we found using
LY294002 or shRNA-mediated p85� knockdown (25–30).
However, the impact on signaling associated with endosomal
enlargement varies, and it is not entirely clear what these struc-

tures represent. Contributing to the complexity of the role of
PI3K in endocytosis, there are a number of different steps at
which PI3K could act. In the initial stage of internalization
through SH3 binding, p85� can up-regulate the activity of the
large GTPase dynamin (31). As the function of dynamin is to
mediate scission events to allow internalization of endocytic
vesicles, this represents one way in which disruption of p85�
could inhibit internalization (27). Indeed, although they are
greatly enlarged,we do see fewer total endosomes in LY294002-
treated cells, suggesting that the internalization step of clath-
rin-mediated endocytosis may also be affected. However, in
other reports, the internalization rate of receptor complexes
were enhanced by PI3K inhibition under conditions that
resulted in endosomal enlargement (32, 33). In fact, enlarged
endosomes resulting from inhibition of PI3K have been sug-
gested to affect a number of endocytic events such as trans-
Golgi network transport (34, 35), lysosomal targeting (28, 34),
endosome fusion (36, 37), and endosomal recycling (32, 33, 38,
39).
In our studies, it appears that retention in the endosome as

occurs with endosomal enlargement likely enhances the degra-
dation of SARA. This model is supported by the fact that inhib-
iting clathrin-mediated endocytosis also inhibits the ability of
LY294002 to reduce SARA expression or to enhance �SMA
expression (Fig. 6A). Consistent with this notion, �FYVE-
SARA, a localization-deficient mutant (6) was relatively pro-
tected from LY294002-mediated down-regulation (Fig. 6B). It
should be noted that although the effect of LY294002 was
blunted in cells expressing the�FYVE-SARAmutant, the over-
all expression of this localization-deficient mutant appeared
less that of WT SARA. Therefore, although SARA might be
degraded in a PI3K-sensitive manner in the endosome, it may

FIGURE 6. Endosomal localization enhances SARA down-regulation by PI3K inhibition. A, serum-deprived HKC were preincubated in isotonic media either
containing potassium (K�) or without (K�) for 30 min prior to addition of either vehicle control (V) or 20 �M LY294002 (LY) for 6 h. Significant variation from
control values are only seen under K� conditions, where LY294002 reduces SARA expression (*, p � 0.0106) and enhances �SMA (*, p � 0.0001). B, HKC were
transfected with either FLAG-tagged WT-SARA or FLAG-tagged �FYVE-SARA for 3 h followed by treatment with either control vehicle (V) or 20 �M LY294002
(LY) for an additional 16 h. �-Actin is shown as a loading control. All levels of SARA are significantly lower than untreated WT SARA expression (*, for
WT�LY294002, p � 0.0001; �FYVE�vehicle, p � 0.0006; �FYVE�LY294002, p � 0.0004). However, there is no further decrease by LY294002 in �FYVE-
expressing cells (p � 0.3290).
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also be degraded by other means if improperly localized. How-
ever, althoughwe found that either the activation of Rab5 or the
inhibition of PI3K resulted in alteration of endosomes and
decreased expression of SARA, our studies do not conclusively
determine whether the effect of PI3K inhibition is through a
PI3K-mediated effect on Rab5 or whether any manipulation
resulting in endosomal enlargement or disruption would simi-
larly affect SARA expression. Additionally, the induction of the
�SMApromoter by Rab5Q79Lwasmodest in comparisonwith
that seen with LY294002 (compare Fig. 7Fwith Fig. 4B). There-
fore, it is not clear that the Rab5-mediated effects completely
mimic those of PI3K inhibition.
The interaction between SARA and PI3K may represent the

first report of SARA interaction with a non-TGF-�1 signaling
pathway. However, in addition to its interaction with p85�
demonstrated here, SARA has been shown to interact with the
TGF� Receptor (6), and the T�R can also interact with p85�
(40). Thus, it remains to be determined whether the T�R is a
part of the same complex with SARA and p85�.
SARA previously was shown to associate with Rab5-positive

early endosomes (5, 41), and one study by Itoh et al. (5) dem-

onstrated a redistribution of SARA away from endosomes due
to PI3K inhibition by wortmannin. However, this was only
examined in the context of overexpressed SARA, and the effect
of wortmannin treatment on endosome morphology was not
examined (5). In our studies, PI3K inhibition did not increase
the detectable presence of endogenous SARA in the cytosol.
Rather, SARA appeared to be retained in the enlarged endo-
somes. Another study showed that overexpression of SARA
caused endosomal enlargement similar to what we have shown
for PI3K inhibition or expression of Rab5Q79L, which resulted
in inhibition of transferrin endocytosis (41). Although these
investigators were unable to detect any interaction between
SARA and Rab5 in in vitro binding assays, the fact that a dom-
inant negative mutant of Rab5 could abrogate the inhibition of
transferrin recycling due to SARA overexpression suggests that
SARAmay act as a Rab5 effector (41). Together with our data in
the present study showing an effect on SARA expression due to
activation of Rab5, this result suggests that the relationship
between SARAexpression andRab5 activationmay be complex
and that there might be mutual feedback between the two
proteins.

FIGURE 7. Rab5Q79L depletes SARA similarly to PI3K inhibition. A, GFP immunofluorescence imaging of HKC transfected with GFP-Rab5Q79L overnight.
B–F, HKC were transfected with either empty vector (EV � pEGFP-C1) or GFP-Rab5Q79L for 3 h prior to an additional 16 h treatment with either vehicle (V), 20
�M LY294002 (LY) or 2 ng/ml TGF-�1 (T). B, protein expression of SARA is shown with �-actin included as a control for loading. SARA levels are reduced in all
treatments compared with vehicle treated controls (*, for LY294002, p � 0.0014; Rab5Q79L, p � 0.0014; Rab5Q79L�LY294002, p � 0.0012); however, there was
no additive reduction by LY294002 and Rab5Q79L (p � 0.9548). C, SARA mRNA detected by quantitative PCR. TGF-�1 reduces SARA mRNA (*, p � 0.0438), but
Rab5Q79L does not (p � 0.0919). D, SARA promoter co-transfected with either empty vector or Rab5Q79L and �-galactosidase. Luciferase values are corrected
with �-galactosidase readings and represented as a fold induction over control. TGF-�1 significantly reduces the SARA promoter (*, p � 0.0442), but Rab5Q79L
significantly enhances it (*, p � 0.001). E, �SMA mRNA detected by quantitative PCR. Both TGF-�1 and Rab5Q79L significantly enhance �SMA mRNA expression
(*, for TGF-�1, p � 0.0092; Rab5Q79L, p � 0.0011). F, �SMA promoter co-transfected with either empty vector or Rab5Q79L and �-galactosidase. Luciferase
values are corrected with �-galactosidase readings and represented as a fold induction over control. Rab5Q79L caused a modest enhancement of �SMA
promoter response (*, p � 0.0089).
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Activation of the PI3K/Akt has been suggested to be an
important feature of EMT, and inhibition of PI3K has been
shown to reduce TGF-�1-mediated EMT as well as reducing
fibrogenesis in various models (21). However, other reports
suggest that PI3Kmay also have a protective effect in fibrosis. It
was recently reported that hemin (heme oxygenase-1 inducer)
prevented fibrosis in a rat model of renovascular hypertensive
cardiomyopathy (42). In this study, hemin increased the
expression of the p85� subunit of PI3K and inhibition of PI3K
with LY294002 blocked the protective effects of hemin. Futher-
more, a recent study by Winbanks et al. (43) examining the
effect of mTOR and PI3K on regulation of fibroblasts in tubu-
lointerstitial fibrosis found that inhibition of PI3K with
LY294002 increased the proportion of�SMA-positive cells and
hence myofibroblasts. Together with our data in the present
study showing that SARAprotein can be depleted by PI3K inhi-
bition, these results suggest that although there are a number of
reports that PI3K can play a role in inhibition of fibrosis, it may
also have a deleterious role basally in altering cell phenotype
independently of fibrotic stimuli.
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