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The podocyte plays a key role both in maintenance of the glomerular fil-
tration barrier and in glomerular structural integrity. Podocyte injury
and loss contribute to proteinuria and progressive sclerosis. Inhibitors
of mammalian target of rapamycin (mTOR) have variably decreased or
caused proteinuria and sclerosis in human disease and experimental set-
tings. In this issue of the JCI, two interesting studies of podocyte-specific
manipulation of the mTOR system shed light on the complexity of this

pathway in the podocyte.

Introduction to the podocyte

The podocyte has become a crucial focus
as a target for interventions in chronic
kidney disease (CKD) due to its key roles
in regulating glomerular permeability and
maintaining glomerular structure through
interactions with other glomerular paren-
chymal cells, including endothelial cells.
Various slit diaphragm and cytoskeletal
proteins contribute to the maintenance
of podocyte permeability functions, and
podocyte secretion of growth factors such
as VEGF is necessary for endothelial cell
survival. The podocyte itself also expresses
numerous receptors and responds to many
growth factors and metabolic products
implicated in progressive kidney diseases
(1). However, podocytes have limited pro-
liferative capacity, and when glomerular
growth and hemodynamic stresses exceed
the ability of podocytes to undergo hyper-
trophy, they become irreversibly injured or
detach. The resulting denuded underlying
glomerular basement membrane then may
give rise to adhesions, a likely nidus for
progressive glomerulosclerosis. Niche stem
cells in a parietal location, i.e., lining Bow-
man’s capsule, can transition to a visceral
location overlying the glomerular tuft (Fig-
ure 1 and ref. 2). Podocyte injury with foot
process effacement precedes overt sclerosis
when focal segmental glomerulosclerosis
(FSGS) recurs in kidney transplant recipi-
ents. In these patients, we have observed
epithelial cells expressing specific parietal
epithelial markers, rather than podocyte
markers, overlying the glomerular tuft (3).
In collapsing glomerulopathy, a variant of
FSGS with a particularly bad prognosis, the
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proliferating visceral epithelial cells also
display a parietal phenotype (4). Whether
such parietal replacement of lost or injured
podocytes is restorative, profibrotic, or
both, depending on the balance of other
injuries, has not been determined.

Kidney injury and mTOR
Kidney scarring is potentially reversible,
as demonstrated in both human diabetic
nephropathy and various animal models of
CKD. Some therapeutic interventions that
mediated regression specifically targeted res-
toration of podocyte number (5-7). Clearly,
protection of podocytes from injurious fac-
tors and restoration of podocyte numbers
after injury constitute a major challenge
in the successful treatment of progressive
CKD. In this issue of the JCI, there is a dou-
blet of articles by Godel et al. (8) and Inoki
etal. (9) that demonstrate the importance of
the mTOR pathway in podocytes. The data
generated may have important implications
for understanding the mechanisms of pro-
gressive podocyte injury.

mTOR is a widely expressed protein
kinase that mediates its functions in two
complexes, mTOR complex 1 (mTORC1)
and mTORC2. In addition to mTOR,
mTORC1 and mTORC2 include the key
molecules regulatory-associated protein of
mTOR (Raptor) and rapamycin-insensitive
companion of mTOR (Rictor), respectively.
The net consequences of mTOR activity
for the podocyte and glomerular disease
depend on the balance of these complexes
(Figure 2). The downstream effects of
mTORCs also may differ in parenchy-
mal versus inflammatory cells. mTORC1
regulates proliferation and autophagy in
response to various nutrients. It is activated
by the small GTPases Rheb and Rags, and
this activation is in turn suppressed by the
action of the tuberous sclerosis complex
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(TSC). mTORC1 is potently inhibited by
the immunosuppressive drug rapamycin.
mTORC2 controls cell survival and modu-
lates the cytoskeleton and is largely rapa-
mycin insensitive; its activation results in
phosphorylation of AKT and PKC (10).

Inhibitors of the mTOR pathway are
being intensively investigated as treatments
for renal cancers and cystic kidney disease.
mTOR inhibition has also been suggested
as a treatment in CKD, but results in vari-
ous settings of human and experimental
disease have been variable. Rapamycin ame-
liorated the development of injury in some
experimental models of diabetic nephropa-
thy but not others (10). However, neither
streptozotocin injection nor db/db mice are
models that directly mirror human diabet-
ic nephropathy, in that they manifest only
mild mesangial expansion, proteinuria, and
glomerular basement membrane (GBM)
thickening, and they are not characterized
by progressive decline in glomerular filtra-
tion rate or nodular glomerulosclerosis and
interstitial fibrosis, features characteristic
of human diabetic nephropathy. Although
rapamycin decreased proteinuria in some
patients with FSGS, its use was associated
with de novo development of FSGS lesions
and proteinuria in some kidney transplant
recipients and in some diabetic patients
receiving pancreatic transplants (but who
retained their own kidneys) (10). It is pos-
sible that mTOR inhibition was injurious
in these states because glomerular enlarge-
ment and presumably podocyte hypertro-
phy already existed, whether due to the dia-
betic state or compensatory hypertrophy in
the transplant patient with only one kidney.
However, the exact mechanisms, whether
direct glomerular or immunomodulatory
effects, and net results of mTOR inhibition
have remained muddled, preventing estab-
lishment of a rational basis for targeting
mTOR in CKD.

Podocyte-specific mMTORC actions

The elegant studies by Godel et al. (8)
and Inoki et al. (9) provide more in-depth
understanding of the podocyte-specific
consequences of mTORC activity and
pave the way for further development of
targeted and disease-specific interven-
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Figure 1

Glomerular parietal epithelial cells and the injury response. (A) The glomerular tuft is surrounded by Bowman'’s capsule, which is lined by parietal
epithelial cells. The highly specialized podocyte covers the glomerular capillary tuft and is key for maintaining glomerular structure and perme-
ability barrier function. Podocytes have limited proliferative capacity. (B) After podocyte injury and detachment, parietal epithelial cells may
migrate along Bowman’s capsule and transition to the tuft to areas of injury. Whether these parietal cells are reparative or ultimately promote

sclerosis after injury remains unknown.

tions. The authors selectively modulated
mTORC1 and mTORC2 activity in mice
by deleting Raptor and Rictor, respectively,
in podocytes at various stages of disease in
models of type 1 and type 2 diabetes and
compared the expression of mTOR path-
way signaling molecules in these mod-
els with their expression in early human
diabetic nephropathy. Although mTOR
activity was increased in human kidneys
with diabetic nephropathy, genetic dele-
tion of podocyte mTORCI activity (via
Raptor deletion) induced proteinuria and
glomerular lesions in mice (8, 9), and con-
comitant Rictor deletion (which eliminates
mTORC?2 activity) exacerbated this pheno-
type (8). However, activation of mTORC1
specifically in podocytes by genetic dele-
tion of the upstream negative regulator

TscI also resulted in injury (9). These mice
developed thickened GBM, proteinuria,
and mesangial expansions in addition to
podocyte loss. The observation that the
ensuing lesions were not restricted to the
podocyte demonstrates the importance of
crosstalk and interplay between glomerular
cells. Podocytes in the Tsc17/~ mice showed
abnormal slit diaphragms and hypertrophy
as well as a more mesenchymal phenotype,
conditions that are postulated to be pivotal
for proteinuria and fibrosis, respectively.
Whether these epithelial cells overlying the
glomerular tuft retained podocyte markers
or included cells with parietal phenotype
derived from parietal stem cells remains
unknown. Similar epithelial-mesenchymal
transition has been observed in podo-
cytes in human diabetic nephropathy, IgA
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nephropathy, and lupus nephritis, with de
novo podocyte expression of fibroblast-spe-
cific protein-1 (11). It remains unknown
whether mTORC1 is activated in podocytes
in all these human conditions, and whether
inhibition of its activity could restore nor-
mal podocyte phenotype.

Both sets of researchers then induced a
perhaps more pathophysiological manip-
ulation of mTOR, namely heterozygous
deletion in podocytes of Raptor, result-
ing in decreased but not absent podocyte
mTORCI activity (8, 9). These mice were
protected against mild diabetic glomeru-
lar injury. The altered mTORC1 activity
induced in these experiments also resulted
in increased ER stress, and when this stress
was decreased by a chemical chaperone,
podocyte loss was prevented, although
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Figure 2

Podocyte maintenance is dependent on a fine-tuned balance of mMTORC1 and mTORC2 activity. mTORC1 signaling is normally activated by
nutrients such as amino acids and growth factors. The primary signals for mMTORC2 activation are unknown. Activation of mMTORC1, as occurs
in diabetic nephropathy, results in effaced foot processes and proteinuria and also is associated with mesangial expansion. mTORC1 activa-
tion may also result in transition of the podocyte to a more mesenchymal phenotype, resulting in loss of adhesion to the underlying GBM and
detachment, further promoting proteinuria and ultimately sclerosis. Rapamycin has an immediate inhibitory effect on mTORC1 and with chronic
use may also, through unknown mechanisms, inhibit mTORC2. Inhibition of mTORC1, especially during development or other physiologic or
pathophysiologic growth, may also cause podocyte injury (8, 9). Added inhibition of mMTORC2 activation causes more severe podocyte injury,

sclerosis, and proteinuria (8), illustrating the dependence of normal podocyte function and structure on balance of the two complexes.

nephrin mislocalization persisted. Such
ER stress may be a common effector mech-
anism of podocyte injury. Podocyte injury
and ER stress have also been demonstrated
in aging-related sclerosis, with ameliora-
tion of injury by a PPARy agonist linked
to decreased mitochondrial injury and oxi-
dative stress (12). It will be interesting to
know whether mTOR inhibition could be
synergistic with other interventions that
decrease ER stress, and possibly even effect
reversal of age-related degeneration.

The timing and effects of rapamycin
treatment or genetically induced decreases
in mTORCI activity in podocytes were also
investigated (8, 9). Loss of mTORCI1 in
utero in podocytes resulted in proteinuria
preceding podocyte loss, whereas adultloss
of mTORC1 had no significant effect (8).

Further, adding rapamycin early prevented
renal injury caused by mTORCI activation
(9). However, progression of sclerosis was
not affected if rapamycin was given when
injury induced by mTORCI1 activation in
podocytes was already moderate (9). These
results mirror those seen in previous stud-
ies of potential regression of sclerosis,
where glomeruli with more severe sclerosis
could not be rescued with delayed inter-
vention with high-dose angiotensin inhibi-
tion (13). In clinical practice, patients typi-
cally present with late-stage disease, and
the current studies suggest that mTOR
manipulation may not be effective at this
stage. However, even very early inhibition
of mTOR in patients with presumed early
diabetic injury, namely those receiving
pancreas transplant for diabetes without
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kidney transplant, resulted in protein-
uria, perhaps because hypertrophy was
already present (10). Recent data sup-
port a two-hit model of podocyte injury
for sclerosis, with ongoing filtration and
direct injury effecting podocyte loss and
sclerosis and a spreading of injury from
podocytes initially sustaining the insult
to intact podocytes (14, 15).

Varying genetic susceptibility

to mTORC-induced injury
Interestingly, the consequences of genetic
manipulation of podocyte mTOR activ-
ity were strain- and age-dependent (8, 9).
mTORCI appears to contribute to develop-
ment of normal-size glomeruli and podo-
cytes. Decreased mTORCI activity resulted
in glomerular injury in young mice and in



the susceptible ICR strain but not in adult
mice or the resistant C57BL/6 strain (8).
Similarly, in humans, the loss of one kid-
ney has minimal consequences in healthy
adults, whereas children with nephrectomy
at a young age have markedly increased
incidence of albuminuria and hyperten-
sion at follow-up (16, 17). The incidence of
CKD, particularly hypertension-associated
or due to FSGS, is markedly increased in
African Americans compared with those
of European descent (17). Various factors
have been proposed, including an APOLI
gene variant and low birth weight linked
to low nephron number (17, 18). Whether
mTORCI1 alterations could influence
human nephron development and also
later susceptibility to additional injuries is
not known. Additional signaling pathways
such as the Notch, PPARy, and calcineurin
pathways also modulate the podocyte and
its injury responses (19-21). Interactions
of these pathways with mTORC actions in
podocytes are not yet known.

Clinical implications moving forward

The challenge is to identify specific dis-
ease stages for beneficial manipulation of
mTOR pathway activity. Taken together,
the work of Gédel et al. (8) and Inoki et al.
(9) demonstrate that too little or too much
mTOR activity is deleterious to the podo-
cyte, analogous to the fine-tuned balance of
VEGEF actions on the glomerulus. The find-
ings add yet another complex dimension to
the understanding of the dynamic regula-

tion of the podocyte. Further in-depth
examination of mechanisms in experimen-
tal models that faithfully capture key ele-
ments of human disease counterparts, and
ultimately translation to human condi-
tions, will be necessary.
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Leber congenital amaurosis (LCA) is a rare disease that severely affects
vision in early life. It is characterized by genetic and clinical heterogeneity
due to complex and not fully understood pathogenetic mechanisms. It is
also now widely known as a disease model for gene therapy. In this issue of
the JCI, two independent research groups report valuable new data on LCA.
Specifically, they provide important insights into the pathophysiological
mechanisms of LCA and offer strong hope that the outcome of gene therapy
for retinal degenerative diseases will be successful.
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Highlights of LCA

Leber congenital amaurosis (LCA) is a rare
retinal dystrophy with a prevalence at birth
of approximately 1 in 80,000 (1). It is most
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often inherited in an autosomal-recessive
manner. It typically becomes evident in the
first year of life, with poor visual function
often accompanied by nystagmus, sluggish
or near-absent pupillary responses, photo-
phobia, high hyperopia, and keratoconus.
Profound visual impairment is usually
present from birth.

LCA is caused by mutations in any one of
at least 15 genes (2), and this accounts in
part for its heterogeneous clinical presen-
tation. To date, more than 400 mutations
have been identified. Together, they account



