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Abstract

Agents that target the activity of the mammalian target of rapamycin (mTOR) kinase in humans
are associated with proteinuria. However, the mechanisms underlying mTOR activity and
signaling within the kidney are poorly understood. In this study, we developed a sensitive
immunofluorescence technique for the evaluation of activated pmTOR and its associated signals
in situ. While we find that pmTOR is rarely expressed in normal non-renal tissues, we consistently
find intense expression in glomeruli within normal mouse and human kidneys. Using double
staining, we find that the expression of pmTOR co-localizes with nephrin in podocytes and
expression appears minimal within other cell types in the glomerulus. In addition, we found that
pmTOR was expressed on occasional renal tubular cells within mouse and human kidney
specimens. We also evaluated mTOR signaling in magnetic bead-isolated glomeruli from normal
mice and, by Western blot analysis, we confirmed function of the pathway in glomerular cells vs.
interstitial cells. Furthermore, we found that the activity of the pathway as well as the expression
of VEGF, a target of mTOR-induced signaling, were reduced within glomeruli of mice following
treatment with rapamycin. Collectively, these findings demonstrate that the mTOR signaling
pathway is constitutively hyperactive within podocytes. We suggest that pmTOR signaling
functions to regulate glomerular homeostasis in part via the inducible expression of VEGF.

Keywords
kidney; glomerulus; podocyte; mTOR; signaling

BACKGROUND

The mammalian target of rapamycin (mTOR) exists in two structurally and functionally
distinct multiprotein complexes within many human cells types [1; 2; 3]. mTOR complex 1
(mTORCL1) mediates the temporal control of cell growth by regulating translation,
transcription, ribosome biogenesis and nutrient transport [4]. mTORC2 transmits signals
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towards the phosphorylation and activation of the AGC family of kinases, including Akt,
SGK and PKC, as well as towards actin cytoskeleton rearrangements [5; 6; 7]. The activity
of mMTORC1/2 is classically mediated by nutrients, growth factors and cytokines, as well as
by events mediated via select receptor-inducible signals [4; 8]. Overall, activity of mTOR
controls fundamental cellular processes including growth, proliferation, survival and the
stabilization of protein translation.

Therapeutics that inhibit the activity of mTOR were initially developed and approved based
on their potent immunosuppressive effects and their ability to inhibit effector T cell
activation and T cell-dependent immune responses [9; 10]. However, the mTOR kinase and
its biological signaling response is important in many other cell types, and it is thus not
surprising that mTOR inhibitors have far reaching effects beyond their ability to target the
activation of T cells [2; 10; 11; 12; 13]. Indeed, beyond a role in alloimmune T cell
activation, mTOR signaling is known to be of functional importance in vascular endothelial
cells [14], podocytes [15] and renal tubular epithelial cells [16; 17], and it may function in
several renal diseases. For instance, mTOR signaling in renal epithelial cells mediate cyst
formation in polycystic kidney disease (PKD) in rat and mouse models [18] as well as in the
human autosomal dominant variant [19], and mTOR inhibitor therapy has shown promise to
delay the progression of PKD in humans [19; 20; 21]. Also, mTOR inhibitors have been
demonstrated to attenuate the progression of HIV nephropathy [22], renal angiomyolipomas
and tuberous sclerosis [23]. Nevertheless, little is known about basal activity of the pathway
in the normal kidney, and the relative cell-specific activity of mTOR signals has not been
previously visualized /n situ.

In this study, we developed immunofluorescence techniques to assess cell-specific
expression patterns of pmTOR within the kidney. Our findings illustrate prominent
hyperactivity of the signaling pathway within the normal glomerulus, notably within
podocytes.

These studies were performed on kidneys harvested from 6-week-old C57BL/6 mice
(Jackson Laboratories) either untreated or following treatment with intraperitoneal injections
of rapamycin (1.5mg/kg/day of 4mg/kg/day, gifted by Wyeth Pharmaceuticals) or vehicle
control. All experiments were performed according to the policies of the Institutional
Animal Care and Use Committee of Children's Hospital Boston. Human tissue was obtained
as the normal portion of kidneys excised for renal cancer and as biopsy specimens from
renal transplant recipients after clinical care and diagnosis was completed. Receipt of
clinical material was approved by the Committee on Clinical Investigation at Children's
Hospital Boston and at the Beth Israel Deaconess Medical Center, Boston MA.

Light and Electron Microscopy

Kidneys were serially sectioned and fixed in 2.5% Glutaraldehyde, post-fixed with osmium,
processed, stained with uranyl acetate and embedded in an araldite-epon mixture. 1-micron
sections were cut, stained using both Toluidine Blue and Geimsa and examined by light
microscopy. Thin sections of appropriate areas were then cut and studied by electron
microscopy.

Glomerular Isolation

Glomerular isolation was performed as previously described [24]. After ligation of the iliac
artery, 8 x 107 M-450 tosylactivated Dynabeads (Invitrogen Dynal, Oslo, Norway) diluted
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in 40mls of Hanks’ balanced salt solution (HBSS) (Lonza, Walkersville, MD) were perfused
through the mice via cardiac puncture. After perfusion, the kidneys were removed, were
minced into 1mm? cubes and were digested in 1mg/ml collagenase A (Worthington,
Lakewood, NJ) and 100U/ml deoxyribonuclease (Invitrogen, Oslo, Norway) for 30 minutes
at 37°C. The tissue was gently passed through a 100m cell strainer (Fisher Scientific,
Morris Plains, NJ) and washed with 15mls of HBSS. After passage through a second cell
strainer, the tissue was washed and centrifuged for 5 minutes. The supernatant was discarded
and the remaining cells were resuspended in 5 ml HBSS. Glomeruli were separated from the
surrounding tissue using a magnet and washed twice in HBSS. The glomerular and non-
glomerular isolates were stored at minus 20°C until use.

Immunofluorescence Studies

Kidneys were snap frozen in OCT (Sakura Finetek, Torrance, CA) and 3 wm cryosections
were used for immunofluorescence. The tissue was fixed in 3% paraformaldehyde (PFA) for
10 minutes. Endogenous peroxidase was blocked with 3% hydrogen peroxide and non-
specific binding was blocked with a proprietary blocking reagent (Perkin Elmer, Boston,
MA). The tissue was incubated in primary antibody at 4°C overnight, washed with 3
changes of PBS and then incubated with the appropriate secondary antibody for 30 minutes.
After washing in PBS, the tissue was incubated for 5 minutes with a Cy3-conjugated
tyramide solution (1:200, Perkin Elmer, Boston, MA) and the slides were mounted using
DAPI mounting medium (Vector, Burlingame, CA). Primary antibodies were used at
optimal dilutions and included anti-phospho-mTOR (Ser2448) (Cell Signaling, Danvers,
MA), anti-mouse CD31 (BD Biosciences, San Jose, CA) and anti-nephrin (Progen,
Heidelberg, Germany). Secondary antibodies were alexafluor 488 goat anti-rat (Invitrogen,
Eugene, OR), FITC-conjugated goat anti-guinea-pig (Jackson Immunoresearch, West
Grove, PA) and HRP-conjugated goat anti-rabbit (Jackson Immunoresearch, West Grove,
PA) also used at optimal dilutions. The slides were visualized with a Nikon Eclipse 80i
microscope with a Qimaging Retiga 200R Fast 1394 camera using NIS-Elements BR 3.00
software (Micro Video Instruments, Avon, MA).

Western Blot Analysis

Glomerular and non-glomerular kidney isolates were lysed in RIPA buffer containing
protease inhibitors (Boston BioProducts, Worcester, MA). Equal amounts of protein lysate
were resolved by 4-15% Tris-HCL polyacrylamide gel electrophoresis (BioRad
Laboratories, Hercules, CA). Primary antibodies used for immunoblotting were anti-
phospho mTOR (Ser2448) (Cell Signaling, Danvers, MA), anti-phospho S6 kinase (Thr389)
(Epitomics, Burlingame, CA), anti-VEGFA (Santa Cruz Biotechnology, Santa Cruz, CA)
and anti-GAPDH (Sigma Life Sciences, St Louis, MO). Secondary antibody was anti-rabbit
HRP (Santa Cruz Biotechnologies, Santa Cruz, CA), and bands were resolved by
chemoluminescence (Thermo Scientific, Rockford, IL).

In situ hybridization

Kidneys were dissected and washed in RNAase-free phosphate-buffered saline (PBS) and
fixed overnight in DEPC-treated 4% PFA. Subsequently, they were immersed in 30%
sucrose for 4 hours, embedded in OCT (Sakura Finetek, Torrance, CA) and snap frozen in
liquid nitrogen. Sense and anti-sense digoxigenin-labeled VEGF-A riboprobes were
prepared using standard techniques. In situ was performed on 10pm cryosections, initially
fixed in 4% PFA for 10 minutes and subsequently rinsed in PBS, treated with 15ug/ml
Proteinase K (Roche) in PBS for 20 minutes, washed and fixed 4% PFA for 5 minutes. The
tissue was next immersed in 1.3X SSC hybridization buffer (50% formamide, 5x sodium
chloride-sodium citrate (SSC) pH 4.5, 5mM EDTA, 50ug/ml yeast tRNA, 0.2% Tween-20,
0.5% CHAPS (Fisher Scientific, Fair Lawn, NJ), 100ug/ml heparin) and hybridization of the
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tissue with the riboprobe was performed overnight at 68° in a 50% formamide-humidified
chamber. After hybridization, the slides were washed in 0.2X SSC at 72°C and blocked with
2% blocking reagent (Roche Applied Sciences, Indianapolis, IN) with 5% heat inactivated
sheep serum in NTT (0.15M NaCl, 0.1M Tris pH 7.5, 0.1% Tween-20). The sections were
finally incubated overnight with an anti-Digoxigenin antibody (Roche Applied Sciences,
Indianapolis, IN) diluted to optimal concentrations in NTT. After washing in NTT x3 for 30
minutes, the slides were immersed overnight in BM purple AP substrate coupled to alkaline
phosphatase (Roche Applied Sciences, Indianapolis, IN). Once the slides had developed,
they were rinsed in PBS, fixed in 4% PFA in PBS for 2 hours and mounted with an aqueous
mounting medium.

We initially visualized the expression of pmTOR /n situ in different organs harvested from
C57BL/6 mice using immunofluorescence. Although pmTOR can be visualized in
endothelial cells in skin in association with inflammation [25], we found minimal expression
of pmTOR and its downstream substrates in most normal uninflamed tissues (data not
shown). However, consistently, we found intense basal constitutive levels of expression of
pmTOR within the normal kidney and expression was most notable and prominent within
glomeruli (Figure 1A-B), even at low power magnification (Figure 1A). In addition, pmTOR
was visible along the brush border of occasional proximal tubules, but relative to the
glomeruli, the level of expression in tubular epithelial cells was low intensity. To determine
the physiological relevance of these observations, we also evaluated pmTOR expression in
native human kidneys and in biopsy material obtained from human renal allografts. As
illustrated in Figures 1C-D, we found that the expression of pmTOR localized to glomerular
capillary loops in human tissues, in an identical pattern as that observed in the mouse. To
validate these observations further, we isolated whole glomeruli from healthy mice using an
established magnetic bead technique [24], and expression patterns were evaluated by
Western blot analysis. Similar to our findings using immunofluorescence, we found high
levels of expression of pmTOR and its downstream substrate pS6k within these glomerular
isolates (Figure 1E). These findings indicate that the mTOR signaling pathway is
constitutively hyperactive within normal renal glomeruli.

We hypothesized that mTOR-induced signaling is functional in both endothelial cells (EC)
and podocytes within glomeruli. To test this hypothesis, we performed double
immunofluorescence staining of kidneys using anti-pmTOR and either anti-CD31 (an EC-
specific marker) or anti-nephrin (a podocyte-specific marker). As illustrated in Figure 2ZA-B,
we found that few CD31-expressing glomerular EC co-express pmTOR. Rather, we found
significant co-expression of pmTOR with nephrin in all glomerular capillary loops (Figure
2), indicating that expression is reflective of high basal activity of the signaling pathway
within normal podocytes /n situ.

We next treated mice with the pharmacological mTOR inhibitor rapamycin (1.5mg/kg/day
or 4mg/kg/day i.p.), and we assessed its effect on pmTOR activity in podocytes in vivo.
After 4 days of therapy, the kidneys were harvested and processed for light microscopy,
electron microscopy and Western blot analysis. As illustrated in Figure 3A , by light
microscopy we found no difference in the morphology of kidneys harvested from vehicle-
treated and rapamycin-treated mice. Also, as illustrated in Figure 3B-C, by electron
microscopy, we failed to find any effect of rapamycin on EC or podocytes within glomeruli;
notably foot processes, basement membrane and capillary loops were normal. However, by
Western blot analysis, we found that rapamycin treatment resulted in the inhibition of
pmTOR (Figure 3D, F), as well as its downstream substrate pS6K (Figure 3E-G) within
lysates generated from glomeruli. This observation suggests that rapamycin targets mTOR
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signaling within podocytes /n vivo. Since it short-term treatment with rapamycin
predominant targets of mMTORC1 [11]; (vs. mTORC2 [26]) it is expected that there will be
only a limited effect on mTORC2-dependent cell survival.

In a final series of experiments, we wished to evaluate the effect of mMTOR targeting on the
expression of VEGF by podocytes within the glomerulus. The activity of mTORC1 and
mTORC2 results in the inducible expression of vascular endothelial growth factor (VEGF)
[27; 28; 29; 30], and VEGEF is thought to be a key mediator of mTOR-associated glomerular
function [31; 32; 33]. However, it is not known whether podocyte-specific activity of mTOR
regulates VEGF expression. We used /7 situ hybridization and Western blot analysis to
identify expression of VEGF mRNA and protein in control mice and in mice that were
treated with rapamycin. As illustrated in Figure 4A, as expected, we found that VEGF
mRNA was primarily expressed within glomeruli in a podocyte specific pattern.
Furthermore, rapamycin had no quantitative effect on mRNA patterning as assessed by /in
situhybridization, but it inhibited VEGF protein expression in glomerular isolates as
determined by Western blot analysis.

DISCUSSION

In this study, we demonstrate that the mTOR signaling pathway is constitutively hyperactive
under basal conditions within normal glomeruli, and we show that its activity is prominent
in podocytes within the normal kidney. Thus, factor(s) present within the glomerulus may
induce or sustain mTOR signaling responses within podocytes, or alternatively, podocytes
may constitutively use this pathway to facilitate cellular integrity and normal functional
responses.

Recent studies using knockout mice indicate that podocyte-specific interruption of mMTORC1
function (via deletion of raptor) results in podocyte effacement, histological evidence of
glomerular disease and proteinuria [15; 34; 35]. However, podocyte-specific targeting of
mTORC?2 (via rictor deletion) alone, which is upstream of mTORC1, does not alter renal
function or renal histology under basal conditions [35]. Collectively, these observations
indicate that, similar to other cell types [2; 14], mTOR-induced responses play a key role in
cell-intrinsic podocyte function. However, they further suggest that mMTORCZ1-inducible
responses may be important for basal cellular function. Our studies for the first time show
that this pathway is hyperactive /in vivo under physiological conditions, and they also
suggest that mTOR signaling within podocytes is a requirement for their normal function
under basal conditions.

One possibility is that activity of mTORC1 and mTORC2 within podocytes results in the
inducible expression of target genes such as vascular endothelial growth factor (VEGF), and
that these factor(s) function to sustain glomerular integrity and function. VEGF is produced
in large quantities by podocytes, and, it is thought that there is a fine balance to VEGF
expression and function within the glomerulus [31; 32]. In addition, current models indicate
that VEGF expression by podocytes is important to sustain VEGFR-dependent physiological
responses within glomerular endothelial cells [31; 32; 33], either via autocrine effects within
podocytes, or via paracrine effects on local endothelial cells [31]. mTOR is well established
to mediate VEGF expression [27; 28; 29; 30], and it is also known to function in VEGF
receptor-mediated signaling responses [25; 36]. To this end, we were surprised that we
failed to observe pmTOR expression and activity within glomerular endothelial cells as a
reflection of VEGFR-dependent signaling. This suggested to us that the major function of
mTOR in the glomerulus is to regulate mTORC1-inducible VEGF protein expression by
podocytes. Consistent with this likelihood, we find that the treatment of mice with
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rapamycin to pharmacologically inhibit mMTORCL /n vivo reduces VEGF protein expression
within glomerular isolates.

Nevertheless, it is also possible that our observations indicate that podocytes require mTOR
signaling/activity for cell protective responses. However, as discussed above, deletion of
podocyte mTORC2 (which is well established to regulate cell protection), /n vivo did not
result in renal disease in the absence of any injury [34; 35]. Perhaps, therefore, mMTORC1-
induced responses and/or mTORC1-regulated target genes are important for podocyte
function [15; 33].

In summary, in this study, we visualized intense expression of pmTOR /2 situ in the kidney,
notably on podocytes within the normal glomerulus. Our findings indicate that mTOR-
induced responses are likely of great importance for normal podocyte function. They also
suggest that under normal conditions, the maintenance of mTOR-inducible agonists/
factor(s), within the glomerulus is important for normal glomerular homeostasis.
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Figure 1. pmTOR isexpressed at high levelsin normal mouse and human glomeruli
Kidneys were harvested from C57BL/6 mice, and immunofluorescence was performed on
3um cryostat sections. lllustrated are low power (Panel A) and high power (Panel B)
micrographs of the renal cortex showing intense expression of pmTOR within glomeruli and
minimal expression on occasional tubules in extra-glomerular tissues. Panels C and D
illustrate a similar pattern of expression of pmTOR in a human kidney transplant biopsy
(Panel C) and in normal human kidney tissue (Panel D). In Panel E, glomeruli were isolated
from C57BL/6 mice using magnetic beads (as described in Methods), and the expression of
pmTOR, pS6 kinase and GAPDH was evaluated by Western blot analysis. Illustrated is the
expression of pmTOR and pS6 kinase in the glomerular isolates (Glom) and in non-
glomerular (Non-G) renal tissue.
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Figure2. pmTOR isprimarily expressed by the podocyte

Double immunofluorescence staining of normal mouse kidneys was performed using anti-
pmTOR and either anti-CD31 or anti-nephrin. Panel A, immunofluorescence staining for
pmTOR (left panel, red), CD31 (mid panel, green) and the merged image (right panel)
showing a lack of co-localization (yellow) of pmTOR with CD31. Panel B,
immunofluorescence staining for pmTOR (left panel, red), nephrin (mid panel, green) and
the merged image (right) showing co-localization (yellow) of pmTOR with podocyte-
specific nephrin in the glomerulus.
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Figure 3. Thetreatment of mice with rapamycin inhibits glomerular expression of pmTOR and
pS6 kinase

C57BL/6 mice were treated with 1.5mg/kg/day or 4mg/kg/day of rapamycin i.p. or vehicle
as a control. After 4 days, the kidneys were harvested and processed for light microscopy,
electron microscopy and Western blot analysis. Panel A illustrates the histological
appearance by light microscopy, and Panels B and C show the typical electron microscopy
appearance of the renal cortex following treatment with rapamycin (4mg/kg). No
histological changes are evident. Panels D-G show expression of pmTOR (Panels D, F), and
pS6 kinase (Panels E, G) as evaluated by Western blot analysis in magnetic bead isolated
glomeruli from control vehicle-treated and rapamycin-treated mice. Representative blots are
illustrated in Panels D-£, and the mean densitometric analysis (+/- 1SD) from three different
experiments are shown in Panels F and G. As illustrated, we found a dose-dependent
reduction of glomerular expression of pmTOR and pS6 kinase in treated mice (vs. controls).
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Figure 4. The effect of rapamycin on glomerular expression of VEGF

Kidneys were harvested from C57BL/6 mice following treatment with rapamycin 1.5mg/kg/
day or 4mg/kg/day for 4 days. Panel A, illustrates a representative pattern of expression of
VEGF mRNA by /n situhybridization within glomeruli of these treated mice (upper panel).
The sense control is shown in the lower panel. The expression was found to be identical to
that observed in normal untreated mice (not shown). Panels B and C, illustrate quantitative
VEGF expression in glomerular isolates by Western blot analysis. A representative blot and
densitometry from one experiment is shown in Pane/ B and the mean densitometry from 3
different blots is shown in Panel C. VEGF protein levels were reduced in kidneys harvested
from the mice that were treated with rapamycin.
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