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Abstract
Diabetic nephropathy manifests aberrant activation of TORC1, which senses key signals to
modulate protein synthesis and renal hypertrophy. PRAS40 has recently been identified as a
raptor-interacting protein and is a component and a constitutive inhibitor of TORC1. The
mechanism by which high glucose stimulates TORC1 activity is not known. PRAS40 was
identified in the mesangial cells in renal glomeruli and in tubulointerstitium of rat kidney.
Streptozotocin-induced diabetic renal hypertrophy was associated with phosphorylation of
PRAS40 in the cortex and glomeruli. In vitro, high glucose concentration increased PRAS40
phosphorylation in a PI 3 kinase- and Akt-dependent manner, resulting in dissociation of raptor-
PRAS40 complex in mesangial cells. High glucose augmented the inactivating and activating
phosphorylation of 4EBP-1 and S6 kinase, respectively with concomitant induction of protein
synthesis and hypertrophy. Expression of TORC1-nonphosphorylatable mutant of 4EBP-1 and
dominant negative S6 kinase significantly inhibited high glucose-induced protein synthesis and
hypertrophy. PRAS40 knockdown mimicked the effect of high glucose on phosphorylation of
4EBP-1 and S6 kinase, protein synthesis and hypertrophy. To elucidate the role of PRAS40
phosphorylation, we used phosphorylation-deficient mutant of PRAS40, which in contrast to
PRAS40 knockdown inhibited phosphorylation of 4EBP-1 and S6 kinase, leading to reduced
mesangial cell hypertrophy. Thus our data identify high glucose-induced phosphorylation and
inactivation of PRAS40 as a central node for mesangial cell hypertrophy in diabetic nephropathy.
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INTRODUCTION
The pathophysiology of diabetic nephropathy includes changes in the both tubulo-interstitial
and glomerular compartments (Kanwar et al., 2008). Kidney hypertrophy including
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glomerular hypertrophy is among the earliest changes in the kidney in diabetes; this is
associated with high glomerular filtration rate, subsequently leading to microalbuminuria,
frank proteinuria and fibrosis, resulting in renal failure (Hostetter, 1995; Huang and Preisig,
2000; Lehmann and Schleicher, 2000; Satriano, 2007; Wolf and Ziyadeh, 1999). Podocytes
have become the focus of central targets for the development and progression of diabetic
albuminuria (Ziyadeh and Wolf, 2008). However, albuminuria regresses in 50% patients,
while amassing of mesangial matrix clearly correlates with the progression of nephropathy,
suggesting a central role for mesangial cells in this pathology (Caramori et al., 2000; Perkins
et al., 2003). Mice genetically deficient in p27Kip1 fail to develop mesangial hypertrophy;
they are protected from progressive glomerular injury in diabetes, further demonstrating the
critical role played by mesangial cells in diabetic nephropathy (Awazu et al., 2003). In renal
hypertrophy, increased fractional volume of the mesangium significantly correlates with
mesangial cell hypertrophy, which is characterized by augmented protein and RNA
synthesis per cell with no or very little change in DNA synthesis (Mauer et al., 1984).
Hyperglycemia increases expression of many hormones and growth factors including
angiotensin II, vascular endothelial growth factor (VEGF), insulin-like growth factor and
transforming growth factorβ (TGFβ), which contribute to the pathophysiology of diabetic
mesangial cell hypertrophy (Kasinath et al., 2009; Kasinath et al., 2006). Mesangial and as
such glomerular hypertrophy may contribute to epithelial cell (podocyte) injury and the
progressive loss of renal function in diabetic nephropathy (Hostetter, 1995; Hostetter, 2003).

Many recent studies have established a pivotal role of mammalian target of rapamycin
(mTOR) in hypertrophy of kidney seen in physiologic states such as compensatory
hypertrophy and in disease states such as diabetes (Chen et al., 2005; Lee et al., 2007a).
Others and we have demonstrated that hyperglycemia-induced activation of mTOR is partly
due to hyperglycemia-induced Akt activation and AMP-activated protein kinase inhibition
in the diabetic milieu (Fraenkel et al., 2008; Inoki, 2008; Kasinath et al., 2009; Lee et al.,
2007b; Sakaguchi et al., 2006; Sataranatarajan et al., 2007). The mammalian genome codes
for a single TOR kinase. The catalytic domain located in the carboxy terminal half of mTOR
has sequence similarity with other phosphatidylinositol (PI) kinase related kinases (PIKK)
such as DNA-PK, ATM and ATR (Huang and Manning, 2008; Ma and Blenis, 2009;
Wullschleger et al., 2006). The FRB domain is located immediately upstream of catalytic
domain and is responsible for binding to FKBP12-rapamycin complex. Multiple tandem
HEAT repeats, which interact with other proteins, are present in the N-terminus of mTOR.
The carboxy terminal half of the kinase contains two FAT domains, a large one upstream of
FRB domain and one at the C-terminus (FATC), which is required for the catalytic activity
of mTOR (Takahashi et al., 2000).

mTOR is present in two functionally distinct multiprotein complexes (Loewith et al., 2002).
TORC1 contains four proteins, raptor, PRAS40, deptor and mLST8/GβL, with mTOR
catalytic subunit (Guertin and Sabatini, 2007; Sancak et al., 2007). TORC2 comprises of
mTOR, rictor, mLST8/GβL, SIN1, protor and deptor (Guertin and Sabatini, 2007; Peterson
et al., 2009; Sarbassov et al., 2004; Woo et al., 2007; Wullschleger et al.,2006). The
common subunit mLS8/GβL was found to be dispensable for TORC1 activity but it is
required for TORC2 function (Guertin et al., 2006). On the other hand deptor acts as an
inhibitor for both TORC1 and TORC2 (Peterson et al., 2009). Raptor in TORC1 complex is
essential for its activity and contains docking site for TORC1 substrates such as S6 kinase
and 4EBP-1 (Fingar and Blenis, 2004; Wullschleger et al., 2006). Rictor, SIN1 and mLST8/
GβL regulate the integrity of the TORC2 complex and deficiency of any of these proteins
abrogates TORC2 activity, which phosphorylates Akt at serine-473 residue to increase its
kinase activity (Guertin et al., 2006; Sarbassov et al., 2004). However, others and we have
recently shown that TORC2 determines the substrate specificity of Akt rather than absolute
activity (Das et al., 2008a; Frias et al., 2006; Jacinto et al., 2006; Shiota et al., 2006).
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The TORC1 component PRAS40 was originally identified as an Akt substrate, although
Akt-independent phosphorylation has been reported (Huang and Porter, 2005; Kovacina et
al., 2003; Zhang et al., 2009). PRAS40 acts as an endogenous negative regulator of TORC1
activity and thus it blocks the biological activity downstream of TORC1 (Sancak et al.,
2007). Insulin-induced phosphorylation of PRAS40 inactivates its inhibitory function on
TORC1 activity (Sancak et al., 2007). TORC1 regulates protein synthesis necessary for
hypertrophy in diabetic kidney disease (Sataranatarajan et al., 2007). However, the
mechanism by which high glucose may induce protein synthesis and in turn mesangial cell
hypertrophy is not known. In the present study, we demonstrate that hyperglycemia in vivo
and high glucose in vitro increase phosphorylation of PRAS40, which maintains interplay
between Akt kinase and TORC1 to inactivate 4EBP-1 and activate S6 kinase, resulting in
glomerular mesangial cell hypertrophy. Our results provide novel insights into the role of
PRAS40 in the induction of glomerular specially mesangial cell hypertrophy during the
development of diabetic nephropathy.

MATERIALS AND METHODS
Antibodies and Reagents

Streptozotocin, D-glucose, D-mannitol, anti-actin antibody, phenylmethylsulfonylfluoride,
Na3VO4, NP-40 and protease inhibitor cocktail were purchased from Sigma, St. Louis, MO.
Ly294002 and Annexin V-FITC Apoptosis Detection Kit were obtained from Calbiochem,
San Diego, CA. Phospho-PRAS40, PRAS40, phospho-Akt (Ser-473), Akt, phospho-S6
kinase (Thr-389), S6 kinase, phospho-mTOR (Ser 2448), mTOR, phospho-4EBP-1 (Thr
37/46), 4EBP-1, raptor and phospho-p85 (Tyr-458) antibodies were purchased from Cell
Signaling, Boston, MA. PTEN and p85 antibodies were obtained from Santa Cruz,
Delaware, CA. Anti-HA tag antibody was obtained from Covance, Princeton, NJ. Anti-
phospho-tyrosine, clone 4G10 antibody was purchased from Upstate, Lake Placid, NY.
PRAS40 antibody for immunohistochemistry was purchased from Santa Cruz. Biotin-
labeled donkey anti-rabbit IgG and avidin-biotin complex were obtained from Chemicon
and Vector Laboratories, respectively. Fugene-HD transfection reagents were purchased
from Roche Molecular Biology, Indianapolis, IN. Phospho-defective mutant PRAS40T246A
expression plasmid was obtained from Addgene Inc, Cambridge, MA (www.addgene.org).
This plasmid was submitted to Addgene by Dr. David M. Sabatini. PRAS40 shRNA and
scrambled RNA expression plasmids were kind gifts from Dr. D. M. Sabatini, Whitehead
Institute for Biomedical Research (Sancak et al., 2007). The adenovirus vectors expressing a
deletion mutant of p85 regulatory subunit of PI 3 kinase rendering the dominant negative
effect, wild type PTEN and dominant negative Akt were described previously (Choudhury,
2001; Das et al., 2008a; Ghosh-Choudhury et al., 2002; Mahimainathan et al., 2006).
Construction of adenovirus vector containing the 4EBP-1 mutant with TORC1
phosphorylation sites (T35A, T45A, T69A and S64A) using the AdEassy cloning system
was described previously (Das et al., 2008a).

Animal protocol
Male Sprague-Dawley rats weighing 200–250 g were used. In one group, five to six rats
were injected intravenously through the tail vein with 55 mg/kg body weight streptozotocin
in sodium citrate buffer (pH 4.5). The control group received sodium citrate buffer alone.
Blood glucose concentrations were monitored starting at 24 h post-injection, using a
LifeScan One Touch glucometer (Johnson and Johnson). A third group of animals after
streptozotocin injection was used for insulin treatment. On second day, 4–8 units of insulin
were administered (based on morning glucose levels) to maintain normoglycemia. Three
units of insulin was injected thereafter every morning. All rats were maintained in
accordance with institutional animal care and use committee–approved procedures and had
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unrestricted access to food and water. At the end of the experiment, 5 days after injection of
streptozotocin, rats from three groups were euthanatized, and both kidneys were removed
and weighed. Cortical sections of both kidneys from each rat were pooled. Glomeruli were
isolated by differential sieving as previously described (Shultz et al., 1988). Also, a slice of
cortical tissue from each rat was frozen for biochemical analysis.

Immunohistochemical localization of PRAS40
Localization of PRAS40 in the kidney was assessed by immunoperoxidase histochemistry as
previously described (Barnes et al., 1999). Acetone fixed frozen sections (6 μm) were
incubated with nonimmune IgG of the same species as the second antibody to block
nonspecific binding. The sections were then incubated with rabbit antibody to PRAS40 at a
concentration of 10 μg/ml followed by biotin-labeled donkey anti-rabbit IgG as second
antibody. Signal was detected employing the avidin-biotin-complex according to the
manufacturer’s instructions as previously described (Barnes et al., 1999). Sections were
washed with PBS/BSA after all steps. Controls consisted of non-immune rabbit IgG or PBS/
BSA in place of primary antibody followed by detection procedures as outlined above.
Photographic images were taken using an Olympus AX70 research microscope equipped
with a DP70 digital camera.

Cell Culture and adenovirus infection
Kidney glomerular mesangial cells were grown as described previously (Choudhury, 2001).
Briefly, the cells were grown in DMEM with 5 mM glucose in the presence of 17% fetal
bovine serum with penicillin/streptomycin. At confluency, the serum free medium was
added for 48 hours. The cells were incubated with 25 mM glucose-containing DMEM for
indicated times. Infection of adenovirus vector was carried out at a multiplicity of infection
of 50 as described previously (Das et al., 2008a; Das et al., 2008b; Mahimainathan and
Choudhury, 2004; Mahimainathan et al., 2006; Venkatesan et al., 2007; Venkatesan et al.,
2006). At 48 hours post-infection, 25 mM glucose was added. As control, 5 mM glucose
plus 20 mM mannitol were used (Mahimainathan et al., 2006). Ad GFP expressing green
fluorescence protein was used as a control for adenovirus infection (Choudhury, 2001;
Ghosh-Choudhury et al., 2002; Mahimainathan et al., 2006; Mahimainathan et al., 2005;
Venkatesan et al., 2007).

Immunoblotting and Immunoprecipitation
Mesangial cells were lysed in RIPA buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1 mM Na3VO4, 1 mM PMSF, 0.1% protease inhibitor cocktail and 1% NP-40) at 4
°C for half an hour. The cell debri were pelleted at 10,000 xg for 30 minutes at 4 ° C.
Supernatant was collected and protein was estimated using BioRad reagent. For
immunoblotting, equal amounts of cell lysates were separated by SDS polyacrylamide gel
electrophoresis and transferred to PVDF membrane. Proteins present in the membrane were
incubated with indicated antibodies and the protein bands were developed using HRP-
conjugated secondary antibody following enhanced chemiluminiscence as described
previously (Das et al., 2008a; Mahimainathan and Choudhury, 2004; Mahimainathan et al.,
2006; Mahimainathan et al., 2005; Venkatesan et al., 2007; Venkatesan et al., 2006). For
immunoprecipitation, mesangial cells were lysed with a buffer containing 40 mM HEPES,
pH 7.4, 2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 0.3% CHAPS and
0.1% protease inhibitor cocktail at 4 °C for half an hour. Cell supernatant was used for
protein estimation as described above. Equal amounts of protein were immunoprecipitated
with the indicated antibodies as described (Choudhury et al., 1998; Das et al., 2008a; Das et
al., 2008b; Mahimainathan and Choudhury, 2004). The immunoprecipitates were separated
by SDS polyacrylamide gel electrophoresis and transferred to PVDF membrane. Proteins
present in the membrane were immunoblotted with indicated antibodies as described above
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(Das et al., 2008a; Das et al., 2008b; Mahimainathan and Choudhury, 2004; Mahimainathan
et al., 2006; Mahimainathan et al., 2005; Venkatesan et al., 2007; Venkatesan et al., 2006).

PI 3 kinase assay
RIPA lysates were immunoprecipitated with the anti-phospho-tyrosine, clone 4G10
antibody. The immunoprecipitates were suspended in 50 μl of PI 3 kinase assay buffer (20
mM Tris-HCl, pH 7.5; 0.1 M NaCl, and 0.5 mM EGTA). 0.5 μl of 20 mg/ml
phosphatidylinositol was added and incubated at 25°C for 10 minutes as described
previously (Choudhury et al., 1994; Choudhury et al., 1991). 1 μl of 1 M MgCl2 and 10 μCi
of γ32P-ATP were added, and the incubation was continued for 10 more minutes. The
reaction was stopped essentially as described previously (Choudhury et al., 1994;
Choudhury et al., 1991). The reaction product was separated by thin layer chromatography
(Choudhury et al., 1994; Choudhury et al., 1991). The PI 3-P spot was visualized by
autoradiography.

Protein synthesis assay and measurement of hypertrophy
Mesangial cells were infected with indicated adenovirus vectors for 24 hours followed by
incubation with 25 mM glucose or 5 mM glucose plus 20 mM mannitol control for 24 hours.
Similarly, 24 hours post-transfection with indicated expression plasmids, the cells were
treated with 25 mM glucose or control medium for 24 hours. The cells were incubated
with 35S-methionine and the protein synthesis was determined essentially as described
previously (Mahimainathan et al., 2006; Senthil et al., 2002). Mesangial cell hypertrophy
was expressed as a measure of cellular protein content per cell. To measure hypertrophy,
mesangial cells were trypsinized and counted using a hemocytometer. Cells were lysed, and
the total protein content was determined using Bio-Rad Protein Assay reagent (Bio-Rad).
Hypertrophy was expressed as a ratio of total protein content to cell number
(Mahimainathan et al., 2006).

Determination of hypertrophy by measuring cell dimension
Mesangial cells were incubated with 25 mM glucose or 5 mM glucose plus 20 mM mannitol
control for 24 hours. After completion of treatment, the cells were trypsinized and cell
suspensions were fixed by dilution 1:1 in neutral buffered formalin at room temperature.
The suspensions were mixed gently in a rotary shaker overnight at 4°C. The fixed cells were
centrifuged and the pellets resuspended in ice-cold PBS. Cells were visualized using a 20X
phase-contrast objective on an Olympus AX70 research microscope. Digital images of a
minimum of 20 cells/treatment group were recorded. The two dimensional surface area of
each cell was measured by tracing its circumference using the polyglonal measurement tool
of Image-Pro Plus 7.0 image analysis software calibrated to a stage micrometer.

Detection of apoptosis
Apoptosis of mesangial cells in the presence of high glucose was measured using a kit,
which utilizes Annexin V-FITC and propidium iodide. The cells were analyzed by flow
cytometry in The University of Texas Health Science Center Core Facility, as previously
described (Das et al., 2007; Ghosh Choudhury et al., 2003; Venkatesan et al., 2008).

Transfection
Mesangial cells were transfected with the expression plasmids and vectors using Fugene HD
as described (Das et al., 2008a; Das et al., 2008b; Mahimainathan et al., 2009). The
transfected cells were treated with 25 mM glucose as indicated as described above.
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Statistics
The significance of the data was determined by paired t-test or ANOVA followed by
Student–Newman–Keuls analysis as described previously (Das et al., 2008a; Mahimainathan
et al., 2006; Mahimainathan et al., 2009). p value less than 0.05 was considered as
significant.

RESULTS
Phosphorylation of PRAS40 in renal glomeruli in diabetes

We have characterized early renal hypertrophy using streptozotocin-induced type 1 diabetes
in rats (Lee et al., 2007b; Mahimainathan et al., 2006). Blood glucose levels were
significantly increased within 5 days after streptozotocin injection (Supplemental Fig. S1).
At this stage, the kidneys displayed significant hypertrophy as determined by the ratio of
kidney weight to both post- and pre-streptozotocin body weight of the rats (Figs. 1A and
1B). Direct measurement of the kidney weights also showed significant hypertrophy in the
diabetic animals (Fig. 1C). Administration of insulin to the diabetic animals ameliorated the
hyperglycemia (Supplementary Fig. S1), resulting in attenuation of renal hypertrophy (Figs.
1A – 1C). These data indicate that renal hypertrophy observed in rats was result of
hyperglycemia and not due to toxic effects of streptozotocin.

A role of TORC1 in diabetic renal hypertrophy is reported (Sataranatarajan et al., 2007;
Yang et al., 2007). However, the mechanism of activation of TORC1 has not been studied.
PRAS40, a component of TORC1, has been shown to activate as well as inhibit TORC1 in
vitro in cultured cells (Fonseca et al., 2007; Sancak et al., 2007; Thedieck et al., 2007; Wang
and Huang, 2009). To examine the role of PRAS40, we first determined its localization in
rat kidney sections. Immunohistochemical analysis revealed abundant expression of
PRAS40 in the mesangial cells of the glomeruli (Fig. 1D, panel b). Also, significant
tubulointerstitial expression of PRAS40 was evident (Fig. 1D, panel b). Next, we examined
the phosphorylation of this protein in renal cortex of diabetic animals. Hyperglycemia
significantly increased phosphorylation of PRAS40 in the kidney cortex (Fig. 1E, compare
lanes 2, 5 and 8 with lanes 1, 4 and 7, respectively, and 1F). Diabetic nephropathy is
associated with glomerular hypertrophy, particularly of mesangial cells. PRAS40 is
abundantly expressed in the mesangial area of glomeruli (Fig. 1D, panel b). Therefore, we
tested the PRAS40 phosphorylation in the glomerular preparation. PRAS40 phosphorylation
was significantly increased in the diabetic glomeruli compared with that from the control
animals (Fig. 1G, compare lanes 2, 5 and 8 with lanes 1, 4 and 7, respectively, and 1H).
Furthermore, phosphorylation of PRAS40 was significantly reduced in both cortical and
glomerular lysates from the diabetic animals treated with insulin (Figs. 1E and 1G, compare
lanes 3, 6 and 9 with lanes 2, 5 and 8, respectively, and Figs. 1F and 1H). These results
conclusively demonstrate that phosphorylation of PRAS40 is not due to the result of toxic
effects of streptozotocin. Indeed hyperglycemia-induced renal hypertrophy is associated
with phosphorylation of PRAS40.

PI 3 kinase/Akt signaling regulates high glucose-induced phosphorylation of PRAS40
To elucidate the mechanism of glomerular phosphorylation of PRAS40, we used cultured rat
mesangial cells. Incubation of mesangial cells with 25 mM glucose rapidly and significantly
increased the phosphorylation of PRAS40 at Thr-246 in a time-dependent manner compared
with cells incubated with 5 mM glucose plus 20 mM mannitol (low glucose, osmotic
control) (Fig. 2A, Supplemental Fig. S2A). The time course of PRAS40 phosphorylation
coincided with high glucose-induced phosphorylation of Akt (Fig. 2B, Supplemental Fig.
S2B). Akt phosphorylation and hence its activation is mediated by activated PI 3 kinase,
which consists of 110 kD catalytic and 85 kD regulatory subunits (Cantley and Neel,
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1999;Cully et al., 2006). Phosphorylation of p85 subunit at tyrosine 458 residue is
associated with the activation of PI 3 kinase (Kong et al., 2000;Rush et al., 2005). High
glucose increased the phosphorylation of p85 subunit of PI 3 kinase in a time-dependent
manner similar to phosphorylation of Akt (Fig. 2C, Supplemental Fig. S2C). Finally, we
measured the PI 3 kinase activity in the anti-phospho-tyrosine immunoprecipitates from high
glucose-stimulated mesangial cells. Fig. 2D shows time-dependent increase in PI 3 kinase
activity in response to high glucose (Supplemental Fig. S2D). These results demonstrate that
PI 3 kinase/Akt signal transduction may regulate phosphorylation of PRAS40 by high
glucose concentration.

We next investigated the involvement of the lipid kinase cascade in phosphorylation of
PRAS40. Ly294002, a pharmacologic inhibitor of PI 3 kinase, significantly inhibited high
glucose-induced phosphorylation of PRAS40 (Fig. 3A, Supplemental Fig. S3A). To confirm
this observation, we used an adenovirus vector expressing inter-SH2 domain deleted p85
subunit of PI 3 kinase. This mutant exhibits dominant negative effect of the PI 3 kinase
activity (Das et al., 2008a;Ghosh-Choudhury et al., 2002;Quon et al., 1995). Expression of
dominant negative PI 3 kinase significantly blocked PRAS40 phosphorylation (Fig.
3B,Supplemental Fig. S3B). The tumor suppressor protein PTEN is an endogenous inhibitor
of PI 3 kinase signaling (Cantley and Neel, 1999;Cully et al., 2006). We tested the effect of
PTEN expression on high glucose-induced PRAS40 phosphorylation using an adenovirus
vector expressing PTEN (Das et al., 2008b;Mandal et al., 2009). Expression of PTEN
inhibited high glucose-mediated phosphorylation of PRAS40 (Fig. 3C, Supplemental Fig.
S3C). Since Akt is downstream of PI 3 kinase, we examined the role of Akt in PRAS40
phosphorylation. Infection of an adenovirus vector expressing dominant negative Akt kinase
completely abrogated PRAS40 phosphorylation in response to high glucose (Fig. 3D,
Supplemental Fig. S3D). These data demonstrate that activation of PI 3 kinase/Akt axis is
necessary and sufficient to account for PRAS40 phosphorylation in high glucose-treated
mesangial cells.

Phosphorylation of PRAS40 results in high glucose-induced TORC1 activation
Unphosphorylated PRAS40 binds to raptor, which is part of the TORC1 complex (Sancak et
al., 2007). Phosphorylation of PRAS40 appears to dissociate it from raptor. Since high
glucose increased PRAS40 phosphorylation, we tested the effect of high glucose on binding
of PRAS40 with raptor. Raptor was immunoprecipitated from high glucose-treated
mesangial cells; immunoblotting of the immunoprecipitates with PRAS40 antibody showed
dissociation of PRAS40 from raptor (Fig. 4A, Supplemental Fig. S4A). Reciprocal
immunoprecipitation-immunoblotting experiment confirmed inhibition of binding of
PRAS40 with raptor in the presence of high glucose (Fig. 4B, Supplemental Fig. S4B).
Next, we examined the activation of TORC1. We considered phosphorylation of 4EBP-1
and S6 kinase as indices for TORC1 activation as they are the direct substrates for this
kinase (Huang and Manning, 2008; Ma and Blenis, 2009; Wullschleger et al., 2006).
Incubation of mesangial cells with high glucose time-dependently increased the
phosphorylation of 4EBP-1 (Fig. 4C, Supplemental Fig. S4C). Similarly, high glucose
enhanced the phosphorylation of S6 kinase (Fig. 4D, Supplemental Fig. S4D). These results
indicate that dissociation of PRAS40 from raptor-mTOR complex coincides with high
glucose-induced activation of TORC1.

PI 3 kinase/Akt signaling regulates high glucose-stimulated TORC1 activity
We investigated the role of PI 3 kinase in TORC1 activation using the pharmacologic
inhibitor Ly294002. Ly294002 significantly blocked high glucose-induced phosphorylation
of 4EBP-1 and S6 kinase, two direct substrates of TORC1 (Fig. 5A, left and right panels;
Supplemental Fig. S5A). Expression of dominant negative PI 3 kinase also inhibited
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phosphorylation of both these proteins in response to high glucose (Fig. 5B, left and right
panels; Supplemental Fig. S5B). Similarly, overexpression of PTEN, an inhibitor of PI 3
kinase signaling, attenuated the phosphorylation of 4EBP-1 and S6 kinase (Fig. 5C, left and
right panels; Supplemental Fig. S5C). Since Akt is a downstream target of PI 3 kinase
(Cantley and Neel, 1999), we tested the effect of dominant negative Akt on TORC1
activation. Adenovirus-mediated expression of dominant negative Akt significantly inhibited
the phosphorylation of 4EBP-1 and S6 kinase in response to high glucose (Fig. 5D, left and
right panels; Supplemental Fig. S5D). These results indicate that PI 3 kinase/Akt cascade
regulates high glucose-induced TORC1 activity in mesangial cells.

4EBP-1 and S6 kinase regulate high glucose-induced mesangial cell hypertrophy
High glucose-stimulated hypertrophy requires increased protein synthesis.
Unphosphorylated 4EBP-1 is a repressor of de novo protein synthesis by a cap-dependent
mechanism (Kasinath et al., 2006). TORC1-mediated phosphorylation of 4EBP-1 inactivates
its inhibitory function on protein synthesis (Kasinath et al., 2006; Kasinath et al., 2008).
Therefore, we examined the role of 4EBP-1 on high glucose-induced protein synthesis using
an adenovirus vector expressing a mutant where the four phosphorylation sites for TORC1
were changed to alanine (4EBP-1μ). As expected, incubation of mesangial cells with high
glucose increased protein synthesis (Fig. 6A). Expression of 4EBP-1μ significantly inhibited
the high glucose-induced protein synthesis (Fig. 6A). Mesangial cell hypertrophy was also
determined by the ratio of total protein content to cell number. High glucose induced
hypertrophy of mesangial cells (Fig. 6B). 4EBP-1μ expression significantly inhibited the
hypertrophy of mesangial cells induced by high glucose (Fig. 6B). To directly measure the
cellular hypertrophy, we determined the two-dimensional surface area in images of fixed
cells. High glucose significantly increased the size (Supplementary Fig. S6, compare panel b
with panel a; indicated by arrows) and the total surface area of the cells (Fig. 6C).
Expression of 4EBP-1μ significantly reduced the cell size and surface area (Supplementary
Fig. S6, compare panel d with panel b and Fig. 6C), indicating that protein synthesis
inhibition results in decrease in mesangial cell hypertrophy. Next, we examined the role of
S6 kinase. Expression of dominant negative S6 kinase significantly attenuated the increase
in protein synthesis and hypertrophy in response to high glucose (Figs. 6D and 6E). These
results indicate that TORC1-phosphorylated and hence inactivated 4EBP-1 and activated S6
kinase regulate high glucose-induced mesangial cell hypertrophy.

PRAS40 regulates high glucose-induced TORC1 activity and mesangial cell hypertrophy
Inactivation of PRAS40 appears to regulate the mTORC1 activity (Sancak et al., 2007). To
investigate the role of PRAS40 in activation of TORC1 in response to high glucose, we used
shRNA-mediated downregulation of PRAS40. Expression of PRAS40 shRNA reduced the
levels of PRAS40 in the mesangial cells (Fig. 7A). Fig. 7B shows that downregulation of
PRAS40 increased phosphorylation of 4EBP-1 in cells incubated with 5 mM glucose,
similar to the increase induced by high glucose (compare lanes 3 and 2 with lane 1;
Supplemental Fig. S7A). Similarly, inhibition of PRAS40 expression significantly enhanced
S6 kinase phosphorylation in cells incubated with control medium (Fig. 7C, compare lanes 3
and 2 with lane 1; Supplemental Fig. S7B). High glucose had no significant additive effect
on phosphorylation of these TORC1 substrates in PRAS40-downregulated mesangial cells
(Figs. 7B and 7C; Supplemental Fig. S7A and S7B). Since both these substrates of TORC1
regulate protein synthesis, we tested the involvement of PRAS40 in protein synthesis.
Expression of PRAS40 shRNA itself significantly increased protein synthesis in cells
incubated with 5 mM glucose (Fig. 8A). High glucose did not have any further significant
effect on protein synthesis in PRAS40-downregulated mesangial cells (Fig. 8A). Next, we
examined the role of PRAS40 in mesangial cell hypertrophy. Similar to the effect found in
protein synthesis, inhibition of PRAS40 expression induced hypertrophy of mesangial cells
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(Fig. 8B). PRAS40-downregulated cells when incubated with high glucose showed no
significant additive effect on hypertrophy (Fig. 8B). These data demonstrate that PRAS40
contributes markedly to high glucose-induced mesangial cell hypertrophy.

Phosphorylation of PRAS40 at Thr-246 regulates TORC1 activity and mesangial cell
hypertrophy

PRAS40 undergoes phosphorylation at multiple serine and threonine residues (Wang et al.,
2008). We have shown above that high glucose increases phosphorylation of PRAS40 at
Thr-246 and this phosphorylation is Akt kinase-dependent (Fig. 2 and 3D). We investigated
the role of Thr-246 phosphorylation of PRAS40 on TORC1 activity. We used a mutant
where Thr-246 of PRAS40 was replaced with alanine (PRAS40T246A). Expression of this
mutant in mesangial cells significantly inhibited high glucose-induced phosphorylation of
4EBP-1 (Fig. 9A, Supplemental Fig. S8A). Similarly, PRAS40T246A attenuated S6 kinase
phosphorylation in response to high glucose (Fig. 9B, Supplemental Fig. S8B). These results
indicate that high glucose-stimulated phosphorylation of PRAS40 at threonine-246 relieves
its inhibitory action on TORC1 kinase activity. Phosphorylation of mTOR at serine-2448 is
concomitant with its enzymatic activity (Chiang and Abraham, 2005; Ma and Blenis, 2009).
Therefore, we tested the effect of PRAS40T246A on phosphorylation of mTOR. Expression
of PRAS40T246A significantly inhibited mTOR phosphorylation at serine-2448 (Fig. 9C,
Supplemental Fig. S8C).

Threonine-246 phosphorylation of PRAS40 is necessary for TORC1 activity to
phosphorylate 4EBP-1 and S6 kinase, which are required for glucose-induced mesangial cell
hypertrophy. We investigated the involvement of threonine-246 phosphorylation of PRAS40
on hypertrophy of mesangial cells. Since increased protein synthesis is associated with
increased cell size, we first tested the effect of PRAS40T246A on high glucose-induced
protein synthesis. Expression of non-phosphorylatable mutant PRAS40T246A significantly
inhibited high glucose-induced protein synthesis (Fig. 10A), supporting our observation that
this mutant inhibits phosphorylation of 4EBP-1 and S6 kinase (Fig. 9A and 9B;
Supplemental Fig. S8A and 8B), which are necessary for protein synthesis. Similarly,
PRAS40T246A significantly attenuated hypertrophy of mesangial cells in response to high
glucose (Fig. 10B). Phosphorylated and thus inactivated PRAS40 causes increased cell
survival, indicating a role of this TORC1 inhibitor in apoptosis (Huang and Porter,
2005;Saito et al., 2004). However, in mesangial cells, high glucose as well as expression of
nonphosphorylatable PRAS40T246A did not induce apoptosis (Fig. 10C). Together these
data indicate that phosphorylation of Thr-246 residue of PRAS40 is a prerequisite for high
glucose-induced hypertrophy of mesangial cells.

DISCUSSION
Here we report that high glucose increases phosphorylation of PRAS40, an endogenous
inhibitor of TORC1 signal transduction. This phosphorylation was mediated by PI 3 kinase-
dependent Akt kinase, which regulates phosphorylation of TORC1 substrates 4EBP-1 and
S6 kinase to increase hypertrophy of mesangial cells. We demonstrate that PRAS40 protein
levels in mesangial cells modulate the phosphorylation status of the TORC1 substrates
necessary for protein synthesis and hypertrophy of mesangial cells. Furthermore, our data
provide the first evidence for a role of threonine-246 residue of PRAS40 in high glucose-
induced mesangial cell hypertrophy.

Multiple signal transduction pathways including growth factor, stress, nutrients and energy
regulate TORC1 activity, which involves the tuberous sclerosis complex (TSC1-TSC2)
(Huang and Manning, 2008; Inoki et al., 2003). Growth factor-induced activation of Akt
kinase phosphorylates TSC2, which inhibits its GAP activity toward Rheb GTPase, while
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energy depletion activates TSC2 GAP activity by stimulating the AMPK (Huang and
Manning, 2008; Inoki et al., 2003). Rheb with very low affinity binds to mTOR and when
charged with GTP increases its kinase activity (Long et al., 2005). However, Akt-
independent mechanism of TORC1 activation is reported with amino acid stimulation,
where Rag-GTPases and their GTP loading are essential for TORC1 activity (Sancak et al.,
2008). An alternative and additional mechanism by which TORC1 can be activated involves
PRAS40 (Sancak et al., 2007). Phosphorylation of PRAS40 at threonine-246 was identified
in insulin signaling by Akt kinase (Kovacina et al., 2003; Sancak et al., 2007). However, Akt
independent phosphorylation of PRAS40 has been reported (Fonseca et al., 2008). In fact
PIM1 kinase has been shown to phosphorylate PRAS40 at threonine-246 (Zhang et al.,
2009). Similar to TSC2, phosphorylation of PRAS40 at this site inactivates its inhibitory
function, resulting in TORC1 activation. Furthermore, activated TORC1 phosphorylates
PRAS40 at two distinct sites (Oshiro et al., 2007; Wang et al., 2008). We for the first time
demonstrate phosphorylation of PRAS40 by hyperglycemia and high glucose in
streptozotocin-induced diabetic rat glomeruli in vivo and in mesangial cells in vitro,
respectively (Figs. 1, 2 and Supplementary Fig. S2). Moreover, we demonstrate that
stimulation of PRAS40 phosphorylation by high glucose requires PI 3 kinase-dependent Akt
kinase activation in mesangial cells (Fig. 3 and Supplementary Fig. S3).

The function of raptor in the TORC1 is to bind the substrates, which are then
phosphorylated by the mTOR kinase (Huang and Manning, 2008; Inoki, 2008; Ma and
Blenis, 2009; Wullschleger et al., 2006). TORC1 phosphorylates two distinctly unrelated
protein substrates 4EBP-1 and S6 kinase with different phosphorylation sites (Inoki et al.,
2003; Wullschleger et al., 2006). Both 4EBP-1 and S6 kinase contain a TOS motif in their
C- and N-terminus respectively (Schalm and Blenis, 2002; Schalm et al., 2003). Mutations
in TOS motif cause disruption of raptor and these substrates, leading to loss of
phosphorylation by TORC1 (Choi et al., 2003; Nojima et al., 2003; Schalm and Blenis,
2002; Schalm et al., 2003). Similar to 4EBP-1 and S6 kinase, PRAS40 also contains a TOS
motif by which it interacts with raptor (Oshiro et al., 2007; Sancak et al., 2007; Wang et al.,
2007). Along with TOS motif, PRAS40 also binds to raptor via its KSLP region. Thus
PRAS40 has stronger binding affinity for raptor than 4EBP-1 and S6 kinase (Wang et al.,
2007). In the mesangial cells, we also demonstrate constitutive binding of PRAS40 with
raptor (Fig. 4A, 4B and Supplementary Fig. S4A, S4B). In fact the inhibitory activity of
PRAS40 on TORC1 has been ascribed to the stronger competition by this protein for raptor
than 4EBP-1 and S6 kinase (Oshiro et al., 2007; Wang et al., 2007). High glucose
significantly increased phosphorylation of PRAS40 resulting in dissociation of this protein
from raptor, leading to enhanced phosphorylation of 4EBP-1 and S6 kinase (Fig. 4C, 4D and
Supplementary Figs. S4C and S4D).

The mRNA translation repressor 4EBP-1 and S6 kinase regulate the protein synthesis from
5′-terminal oligopyrimidine (TOP)-containing mRNAs (Kasinath et al., 2009; Kasinath et
al., 2006; Kasinath et al., 2008; Ma and Blenis, 2009). Actually, TORC1-mediated
phosphorylation of 4EBP-1 and S6 kinase derepresses and activates the biological activity of
these two proteins respectively, leading to increased protein synthesis in response to growth
factors and amino acids through independent mechanisms. For example the growth factor-
induced protein synthesis is PI 3 kinase/Akt-dependent where amino acids do not require the
activation of Akt kinase (Wullschleger et al., 2006). In the present study, we show that rapid
PI 3 kinase/Akt signaling contributes to high glucose-induced phosphorylation of PRAS40,
resulting in phosphorylation of 4EBP-1 and S6 kinase, leading to increased protein synthesis
and hypertrophy of mesangial cells (Figs. 2, 3, 5, and 6, and Supplementary Figs. S2, S3, S5
and S6). Although PRAS40 phosphorylation in response to high glucose was rapid (Fig. 2),
at 24 hours of glucose stimulation, significant phosphorylation of PRAS40 was still evident
concomitant with increase in Akt phosphorylation (Supplementary Fig. S9) and mesangial
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cell hypertrophy (Fig. 6 and Supplementary Fig. S6) (Mahimainathan et al., 2006). These
data demonstrate sustained phosphorylation of Akt and PRAS40 induced by high glucose in
mesangial cells.

Mutation in dTOR reduces the eye size in Drosophila indicating a role for this kinase in cell
size regulation (Oldham et al., 2000). Drosophila Lobe protein represents the ortholog of
mammalian PRAS40. Lobe mutants exhibit reduced eye size (Chern and Choi, 2002; Singh
et al., 2005). Recently it has been shown that mutation of Lobe resulted in reduced eye size
with hypoactive TORC1 (Wang and Huang, 2009). These results indicate that Drosophila
PRAS40 positively regulates TORC1 activity. Since mammalian PRAS40 binds stably with
raptor and is present in the TORC1 complex, it appears that knocking down PRAS40 may
affect its downstream signaling. It would decrease the competition with different TOS motif
containing proteins such as 4EBP-1 and S6 kinase for binding to raptor. Knockdown of
PRAS40 in HeLa cells increased mTORC1 activity resulting in protection of these cells to
apoptosis induced by TNFα and cycloheximide, suggesting that PRAS40 is proapoptotic.
However, this protection was not reversed by treating the cells with rapamycin, indicating
that this effect of PRAS40 is independent of its inhibitory action on TORC1 (Thedieck et al.,
2007). In 293 cells, using siRNA, when levels of PRAS40 were reduced, the TORC1-
dependent phosphorylation of 4EBP-1 and activation of S6 kinase were significantly
attenuated (Fonseca et al., 2007). These results indicate that both in Drosophila and in
HEK293 cells, PRAS40 positively regulates TORC1 activity. In contrast to these results,
downregulation of PRAS40 in mesangial cells was sufficient to increase the phosphorylation
of 4EBP-1 and S6 kinase, indicating a negative regulatory role of PRAS40 in activation of
TORC1 in these cells (Fig. 7 and Supplementary Fig. S7). Furthermore, our results show
that reduced PRAS40 levels induced increased protein synthesis, leading to hypertrophy of
mesangial cells (Fig. 8). Thus, we conclude that in mesangial cells PRAS40 acts as a potent
inhibitor of TORC1 signaling and maintains normal mesangial cell size.

PRAS40 undergoes phosphorylation at multiple serine and threonine residues in vivo as well
as in vitro including threonine-246 (Sancak et al., 2007; Vander Haar et al., 2007; Wang et
al., 2008). Phosphorylation of this site has been shown to be associated with survival of
neuronal cells after stroke and that in cancer cells (Huang and Porter, 2005; Saito et al.,
2004). However, in patients with glioma, where TORC1 activity correlated with increased
phosphorylation of S6 kinase, significant increase in phosphorylation of PRAS40 could not
be detected (McBride et al., 2009). These results indicate that phosphorylation of PRAS40 at
threonine-246 may not correlate with TORC1 activity. In contrast to these data, our results
using a nonphosphorylatable mutant of PRAS40 in mesangial cells show that threoninie-246
phosphorylation is necessary for high glucose-induced phosphorylation of 4EBP-1 and S6
kinase, indicating its requirement in TORC1 activity (Fig. 9 and Supplementary Fig. S8).
Furthermore, we demonstrate that phosphorylation of threonine-246 contributes to the
protein synthesis and hypertrophy of mesangial cells in response to high glucose (Fig. 10).
In conclusion, we found PRAS40 as a central regulator for integrating PI 3 kinase/Akt
signaling in hyperglycemia-induced increase in protein synthesis and mesangial cell
hypertrophy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Hyperglycemia induces kidney hypertrophy and phosphorylation of PRAS40 in rats.
Diabetes was induced by injecting streptozotocin into rats and kidneys were harvested as
described in Materials and Methods. Three groups of animals were used, control, diabetes
and diabetes with insulin treatment. (A and B) Renal hypertrophy is expressed as a ratio of
kidney weight to total body weight at sacrifice (panel A) and prior to streptozotocin
injection (panel B). Panel C shows the kidney weight of the animals at sacrifice. C, control:
n= 5; D, diabetes; n = 6; DI, diabetes with insulin; n = 6. In panel A, *p < 0.001 vs. control,
**p < 0.001 vs diabetes obtained by ANOVA. In panel B, *p < 0.05 vs. control, **p < 0.05
vs diabetes. In panel C, *p < 0.05 vs. control, **p < 0.05 vs diabetes. (D) Localization of
PRAS40 in rat kidney. Acetone-fixed renal sections were stained with nonimmune rabbit
IgG or PRAS40 antibody as described in the Materials and Methods. Panel a, IgG control;
Panel b, PRAS40 staining. (E) Kidney cortical tissues were lysed in RIPA buffer and lysates
were immunoblotted with phospho-PRAS40 (upper panel) and PRAS40 antibodies (lower
panel), respectively. C, control animal; D, diabetic animal; DI, diabetic animal treated with
insulin. (F) Quantification of the data presented in Fig. 1E. n = 3 animals *p < 0.001 vs.
control; **p < 0.01 vs diabetes, obtained by ANOVA. (G) Glomeruli from these rats were
isolated as described in the Materials and Methods. Glomerular lysates were immunoblotted
with phospho-PRAS40 (upper panel) and PRAS40 antibodies (lower panel), respectively. C,
control; D, diabetic. DI, diabetic animal treated with insulin. (H) Quantification of the data
presented in 1G. n = 3 animals *p < 0.001 vs. control; **p < 0.001 vs diabetic, obtained by
ANOVA.

Dey et al. Page 17

J Cell Physiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Phosphorylation of PRAS40 coincides with activation of PI 3 kinase and Akt. (A – C)
Mesangial cells were incubated with 25 mM glucose for indicated periods of time. 5 mM
glucose + 20 mM mannitol was used as the osmotic control (lane 1). Lysates were
immunoblotted with phospho-PRAS40 (panel A), phospho-Akt (panel B) and phospho-p85
(panel C) antibodies (top panels). Middle panels show immunoblotting of the same samples
with PRAS40, Akt and p85 antibodies and bottom panels show immunoblotting with actin
antibody. Representative blots from four independent experiments are shown in panels A
and B. Representative of two independent experiments is shown in panels C and D.
Quantification of these data is shown in Supplemental Fig. S2A-S2C. (D) High glucose
increases PI 3 kinase activity in mesangial cells. Anti-phospho-tyrosine immunoprecipitates
of lysates of cells harvested at indicated time-points were assayed for PI 3 kinase activity as
described in the Materials and Methods. Quantification of these data is shown in
Supplemental Fig. S2D.
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Figure 3.
PI 3 kinase/Akt signaling regulates phosphorylation of PRAS40. (A) Mesangial cells were
incubated with 25 μM of Ly294002 for 1 hour prior to incubation with high glucose (HG)
for 15 minutes. (B – D) Mesangial cells were infected with 50 moi of AdΔ p85 (panel B),
Ad PTEN (panel C) and Ad DN Akt (panel D) for 48 hours prior to incubation with high
glucose for 15 minutes (HG). As control, infection with Ad GFP was used. Also 5 mM
glucose plus 20 mM mannitol was used as control (LG). Equal amounts of cell lysates were
immunoblotted with indicated antibodies. Representative of three independent experiments
is shown for each panel. Quantification of the data is presented in Supplementary Fig. S3.
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Figure 4.
High glucose induces dissociation of PRAS40-Raptor complex and phosphorylation of
4EBP-1 and S6 kinase. (A and B) Mesangial cells were incubated with high glucose (HG, 25
mM glucose) for 15 min. LG, low glucose (5 mM glucose plus 20 mM mannitol). The cell
lysates were immunoprecipitated with Raptor (panel A) and PRAS40 (panel B) antibodies
respectively. The immunoprecipitates were immunoblotted with PRAS40 and Raptor
antibodies as indicated (top two panels). Cell lysates were immunoblotted with PRAS40 and
Raptor antibodies as indicated (bottom two panels). (C and D) Mesangial cells were
incubated with high glucose as described in the Fig. 2 legends. Cell lysates were
immunoblotted with phospho-4EBP-1 (p4EBP-1), 4EBP-1, phospho-S6 kinase (pS6K), S6
kinase (S6K) and actin antibodies, as indicated. Representative of four (panel A and B) and
three (panels C and D) independent experiments is shown. Quantification of the data
presented in each panel is shown in Supplementary Fig. S4A – S4D.
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Figure 5.
High glucose mediated phosphorylation of 4EBP-1 and S6 kinase is PI 3 Kinase- and Akt-
dependent. (A) Mesangial cells were incubated with 25 μM of Ly294002 for 1 hour prior to
incubation with HG for15 minutes as described in the Fig. 3A legend. (B – D) Mesangial
cells were infected with 50 moi of Ad Δ p85 (panel B), Ad PTEN (panel C) and Ad DN Akt
(panel D) as described in the legends of Fig. 3B-3D. Cell lysates were immunoblotted with
phospho-4EBP-1 (p-4EBP-1), 4EBP-1, and other indicated antibodies (left panels). In the
right panels, the cell lysates were immunoblotted with phospho-S6 kinase (p-S6K), S6
kinase (S6K) and indicated antibodies. Representative of three independent experiments is
shown. Quantification of these data is shown in Supplementary Fig. S5A – S5D.
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Figure 6.
4EBP-1 and S6 kinase regulate high glucose-induced protein synthesis and hypertrophy.
Mesangial cells were infected with 50 moi of Ad 4EBP-1μ (panels A, B and C) and
transfected with dominant negative S6 kinase (D and E) as described in the Materials and
Methods. Cells were treated with 25 mM glucose (HG) for 24 hours. Control cells were
treated with 5 mM glucose + 20 mM mannitol (LG) for 24 hours. (A and D) Protein
synthesis was determined by 35S Methionine incorporation as described in Materials and
Methods (Mahimainathan et al., 2006; Senthil et al., 2002). Mean ± SE of three
measurements is shown. *p < 0.01 vs. control; **p < 0.05 vs. HG in panel A; *p < 0.05 vs.
control; **p < 0.05 vs. HG in panel D. (C) Treated cells were fixed and the surface area of a
minimum of 20 cells were determined using a polygonal measurement tool as described in
the Materials and Methods. *p < 0.001 vs. control; **p < 0.001 vs. HG. Bottom panels show
immunoblotting of cell lysates with 4EBP-1, HA and actin antibodies to show 4EBP-1 and
dominant negative S6 kinase expression levels. (B and E) Cellular hypertrophy was
determined by measurement of total protein per cell as described in Materials and Methods
(Mahimainathan et al., 2006). Mean ± SE of three measurements is shown. *p < 0.05 vs.
control; **p < 0.01 vs. HG in panel B; *p < 0.01 vs. control; **p < 0.05 vs. HG in panel E.
Bottom panels show immunoblotting of cell lysates with 4EBP-1, HA and actin antibodies
to show 4EBP-1 and dominant negative S6 kinase expression levels.
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Figure 7.
shRNA-mediated downregulation of PRAS40 increases phosphorylation of 4EBP-1 and S6
kinase. (A) Mesangial cells were transfected with a plasmid expressing PRAS40-specific
shRNA (shPRAS40) or plasmid expressing scrambled RNA. Cell lysates were
immunoblotted with PRAS40 and actin antibodies as indicated. (B and C) Mesangial cells
were transfected with shPRAS40 or scrambled RNA expression plasmids. Transfected cells
were incubated with high glucose for 15 minutes as described in the legends to the Fig. 3A
and 3B. Mannitol was used as the osmotic control. Lysates were immunoblotted with
phospho-4EBP-1 (p-4EBP-1), PRAS40, 4EBP-1, phospho-S6 kinase (p-S6K), S6 kinase
(S6K) and actin antibodies as indicated. Representative of three independent experiments for
panels B and C is shown. Quantification of these data is shown in Supplemental Fig. S7A
and S7B.
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Figure 8.
shRNA-targeted downregulation of PRAS40 increases protein synthesis and hypertrophy.
Mesangial cells were transfected with shPRAS40 and scrambled RNA as described in the
Fig. 7B and 7C. The transfected cells were incubated with high glucose (HG) for 24 hours as
described in the legend of Fig. 6. Mannitol was used as the osmotic control as described in
Fig. 6. (A) Protein synthesis was determined by 35S Methionine incorporation as described
in Materials and Methods. Mean ± SE of three measurements is shown. *p < 0.05 vs.
control; (B) Cellular hypertrophy was determined by measurement of total protein per cell as
described in the Materials and Methods (Mahimainathan et al., 2006). Mean ± SE of three
measurements is shown. *p < 0.01 vs. control. Bottom panels show immunoblotting of cell
lysates with PRAS40 and actin antibodies as indicated to show expression levels.
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Figure 9.
Phosphorylation of PRAS40 at Thr246 is critical for subsequent phosphorylation of 4EBP-1
(panel A), S6 kinase (panel B), and mTOR (panel C). Mesangial cells were transfected with
plasmid expressing HA-tagged phosphorylation defective mutant of PRAS40
(PRAS40T246A) or vector. The transfected cells were treated with high glucose (HG) for 15
minutes as described in the legends of Fig. 3A and 3B. Mannitol was used as the osmotic
control. Lysates were immunoblotted with phospho-4EBP-1 (p-4EBP-1), HA (to detect
PRAS40T246A expression), 4EBP-1, phospho-S6 kinase (p-S6K), S6 kinase (S6K),
phospho-mTOR (p-mTOR), mTOR and actin antibodies as indicated in each panel.
Representative of three independent experiments is shown for each panel. Quantification of
these data is presented in Supplementary Fig. S8A – S8C.

Dey et al. Page 25

J Cell Physiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Thr246 phosphorylation of PRAS40 is critical for protein synthesis and hypertrophy in
mesangial cells in the absence of apoptosis. Mesangial cells were transfected with the
PRAS40T246A mutant plasmid or vector plasmid. Transfected cells were treated with high
glucose (HG) for 24 hours as described in the legends to the Fig. 6. (A) Protein synthesis
was determined by 35S-Methionine incorporation as described in Materials and Methods.
Mean ± SE of three measurements is shown. *p < 0.01 vs. control; **p < 0.01 vs. high
glucose-treated. (B) Cellular hypertrophy was determined by measurement of total protein
per cell as described in Materials and Methods (Mahimainathan et al., 2006). Mean ± SE of
three measurements is shown. *p < 0.05 vs. control; **p < 0.05 vs. high glucose treated.
Bottom panels show immunoblotting of cell lysates with HA and actin antibodies as
indicated to show expression levels. (C) Apoptosis of mesangial cells was determined using
Annexin V method as described in the Materials and Methods (Das et al., 2007;Ghosh
Choudhury et al., 2003;Venkatesan et al., 2008). The numbers in the bottom right quadrants
show percentage of mesangial cells apoptosis.
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