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Notch is a critical regulator of kidney development, but the

pathway is mostly silenced once kidney maturation is

achieved. Recent reports demonstrated increased expression

of Notch receptors and ligands both in acute and chronic

kidney injury. In vivo studies indicated that Notch activation

might contribute to regeneration after acute kidney injury;

on the other hand, sustained Notch expression is causally

associated with interstitial fibrosis and glomerulosclerosis.

This review will summarize the current knowledge on the

role of the Notch signaling with special focus on kidney

fibrosis.
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The terms ‘chronic kidney disease’ (CKD) and its most severe
form, ‘end-stage renal disease’, describe the progressive
functional decline of the kidney.1 Histological lesions that
are associated with CKD are collectively described as fibrosis.
Kidney fibrosis is characterized by five distinct changes:
glomerulosclerosis, interstitial fibrosis, tubular atrophy,
peritubular capillary loss, and inflammation. Different
insults can initiate fibrosis, such as epithelial injury, persi-
stent inflammation, or progressive capillary loss. As the
functions of different cell types are interrelated in the kidney,
these events will feed into each other as the fibrosis pro-
gresses. For example, capillary rarefaction will cause tubular
atrophy, and loss of tubular epithelial cells will further fuel
further capillary loss. These fibrotic changes in the
intersitium (termed ‘interstitial fibrosis’) are currently used
as critical pathologic diagnostic criteria in determining the
severity of CKD. However, the key process that causes the
functional decline of the kidney is unclear. As the primary
functions of the kidney (filtration, reabsorption, and
secretion) are performed by epithelial cells, we believe that
the loss of functional epithelium and tubular atrophy must be
the most critical contributors to loss of renal function. Mouse
models further support the role of epithelial cells in
interstitial fibrosis development. For example, genetic
manipulation of the signaling pathway only in epithelial
cells has a profound effect on interstitial fibrosis develop-
ment. Here, we will examine kidney fibrosis and Notch
signaling with respect to the renal epithelial cell.

NOTCH SIGNALING: THE BUILDING BLOCKS

In mammals, there are four Notch receptors (Notch 1–4) and
two classes of canonical ligands, Jagged (Jag1, 2) and Delta-
like ligand (Dll1, 3, and 4).2 The canonical Notch signaling
pathway is initiated when the extracellular domain of a Notch
receptor binds to a Notch ligand in a trans-interaction
(receptor and ligand on opposite cells).3 The Notch protein is
proteolytically cleaved on the extracellular face by ADAM/
TACE proteases and on the intracellular side of the plasma
membrane by g-secretase. The extracellular cleavage product
remains bound to the ligand-presenting cell to be
endocytosed. The intracellular part, known as the Notch
intracellular domain (NICD), translocates to the nucleus
where it complexes with transcription cofactors, such as RBPj
and Mastermind-like proteins, to alter gene expression.
The most commonly recognized Notch target genes are the
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helix-loop-helix proteins of the Hey/Hes family. Hey and Hes
operate primarily as repressive transcription factors.4 Although
altered expression of the Hey/Hes genes are occasionally
reported independently of Notch, their expression patterns are
consistent enough to be routinely utilized as proof-of-function
for Notch signaling.

Post-translational modification of Notch is equally critical
for its function.5,6 O-fucosylation or O-glycosylation via
fringe proteins (lunatic, radical, and manic) regulates the
specificity of Notch receptor-ligand binding. For example,
modification of Notch by manic fringe confers an increased
affinity for Dll1 and a decreased affinity for Jag1, essentially
allowing Dll1 to outcompete Jag1 for the Notch receptor.
Whether or how resultant signaling differs with engagement
of one ligand over another is still undergoing evaluation in
the field.

When compared with other signaling pathways, several
unique features of Notch signaling become apparent. Notch
signaling requires the interaction of at least two different cell
types. The cell containing the Notch receptor directs neigh-
boring cells to either inhibit Notch ligand/receptor expression
(lateral inhibition) or to establish a small population of
adjacent Notch signaling cells (inductive signaling). Both
types of signaling result in segregated cell populations by
establishing boundaries between homogeneous cell types
and/or developing heterogeneous cell populations within
tissues. These features give the Notch pathway a unique
and critical role in distinguishing cell types and deciding
cell fates during development, differentiation, and disease
pathogenesis.

NOTCH ACTIVITY IS CRITICAL FOR KIDNEY DEVELOPMENT

Notch has an important role in kidney development. The
variable severity of developmental defects resulting from loss
of different Notch receptors or ligands further illustrates that,
despite utilization of the same signaling architecture, these
are not redundant genes. Global Notch3 and Notch4
knockout animals are viable with minimal, if any, phenotypic
changes. Mice with a global Notch1 deletion are embryonic
lethal; however, deletion of Notch1 from renal epithelial
precursors has no effect on kidney development. On the
other hand, ablation of only Notch2 from epithelial renal
precursors severely compromises renal development with loss
of proximal epithelium including podocytes and proximal
tubules.7 With respect to Notch ligands, both Dll1 and
Jagged1 are expressed in the developing kidneys. Gene-
deletion studies indicate that Jagged1 is the dominant ligand.
The primary role of Notch in kidney development appears to
be in deciding proximal epithelial fate, as genetic overexpre-
ssion of Notch is sufficient to direct cells to proximal tubule
and glomerular epithelial fates.

Human genetic studies support animal model observations.
Autosomal dominant mutations of JAGGED1 were identified
as a cause of Alagille Syndrome.8 Alagille syndrome was first
described as a collection of disorders including craniofacial/
skeletal abnormalities, cardiac malformation, and hepatic

ductal hyperplasia.9 Recent studies indicate that 40–60% of
Alagille patients have some type of renal involvement as
well.10 NOTCH2 mutations have been associated with an
Alagille-like phenotype in patients, who also present with renal
abnormalities.11 In summary, although many Notch ligands
and receptors are expressed during development, it seems that
Jagged1/Notch2 is the dominant axis for proximal epithelial
specification.

PUTATIVE ROLE OF NOTCH IN ACUTE KIDNEY INJURY

The renal epithelium can fully regenerate after an episode of
an acute insult. Using a rat model of ischemia-reperfusion
injury, increased expression of Dll1 and Hes1 mRNA and
proteins along with processed Notch2 was noted by
Kobayashi et al.12 Gupta et al.13 also described the incre-
ased expression of Notch ligand Dll4 during regeneration
after acute renal failure. Treatment of rats with recombinant
Dll4 improved the recovery after the kidney injury. Incu-
bation of renal tubule cells with Dll1 in vitro stimulated
epithelial cell proliferation, indicating a potential beneficial
role for Dll1/Notch signaling in epithelial cell recovery.14 In
vivo studies using the gamma secretase complex inhibitor
(GSI) to reduce Notch signaling in the setting of acute kidney
injury showed mixed outcome. Huang et al.15 found that GSI
treatment ameliorated the severity of tubular damage after
renal ischemia-reperfusion injury in rats, whereas Chen
et al.16 described that GSI treatment delayed functional renal
recovery in mice.

The mechanism of renal regeneration after an acute injury
is a hotly debated issue. The specific question is whether it
occurs from a specialized stem/progenitor compartment or
via dedifferentiation and redifferentiation of existing epithe-
lial cells. As previously noted, Notch has a role in directing
cells to a proximal tubule fate during development, making
Notch an attractive candidate for regulating proximal tubule
regeneration. In addition, Notch has a critical role in
maintaining the stem cell compartment in various organs.
To further dissect Notch’s potential role in maintaining a
renal stem cell reserve, the Romagnani group isolated CD133/
CD24 double-positive cells from human kidneys. They
showed that under the right conditions in vitro, these
putative renal progenitor cells exhibit high Notch activity17,18

and differentiate into podocytes and tubule cells. According
to their recent studies, these progenitor cells can replace
podocytes after podocyte loss, and this differentiation into
podocytes depends on the Jagged1/Notch2 axis.17

Parietal epithelial cells (PEC) have also emerged as
important putative podocyte progenitors. In a recent study
that used a transgenic podocyte-depletion system, increased
Notch signaling was described in PECs after podocyte
ablation.19 In this model, parietal cells proliferated and
became hyperplastic after severe podocyte loss. Increased
Notch1 and Jagged1 were also detected by immunohisto-
chemistry in hyperplastic PEC. In vitro studies indicated that
Notch is responsible for transforming quiescent PECs into
activated parietal cells. Treating these mice with GSI to block
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Notch signaling decreased parietal cell expansion. In
summary, recent reports indicate that Notch is expressed in
tubular epithelial cells during acute injury and likely has a
role in glomerular and tubular epithelial regeneration. Future
lineage tagging and genetic-deletion experiments will
hopefully establish the precise role and mechanism of
Notch-mediated glomerular and tubular epithelial repair.

SUSTAINED NOTCH EXPRESSION IN TUBULAR EPITHELIAL
CELLS IS ASSOCIATED WITH KIDNEY FIBROSIS

In 2010, a data set comparing Notch expression in kidney
biopsy samples from patients with various acquired renal
diseases demonstrated upregulation of the cleaved (active)
forms of either Notch1 and/or Notch2 in 9 of 10 examined
disease types.20 Tubule-specific Notch1 expression correlated
both with tubulointerstitial fibrosis (TIF) and renal function.
Interestingly, no change in Notch expression was observed
in hypertensive renal disease cases. In a different study,
increased transcript expression and coregulation of Jag1
and Notch1 with Gremlin and other transforming growth
factor-b (TGF-b)-related transcripts were also observed in
the tubule compartments of diabetic kidney disease
samples.21 In mice, Notch1, 2, 3 and 4 and Jag1 were all
found to be increased in models of TIF.22,23

The increased expression of Notch ligands and receptors
both in patients and mouse models of TIF have prompted
investigators to examine the role of Notch in TIF develop-
ment. In vivo studies have been performed using pharmaco-
logical inhibitors, genetic deletion, and transgenic
overexpression. Inhibition of Notch via blockade of the
g-secretase cleavage was associated with improved histologi-
cal parameters of fibrosis and decreased expression of
profibrotic molecules both in the folic acid-induced and in
the ureteral obstruction-induced kidney fibrosis models. A
mouse model with genetic ablation of the Notch signaling
transcriptional co-factor Rbpj was studied.22 Mice without
proximal tubule Notch signaling (Rbpjfl/fl/PEPCKCre mice)
showed no phenotypic abnormalities at baseline, indicating
that Notch is dispensable for proximal tubule maintenance.
On the other hand, folic acid-induced injury in Rbpjfl/fl/
PEPCKCre mice resulted in significantly less TIF development
than in wild-type animals, indicating the important contri-
bution of Notch signaling to TIF pathogenesis. In a different
set of experiments, mice with tubule epithelial-specific
inducible, active, cleaved Notch1 (Pax8rtTA/ICNotch1)
were engineered (Figure 1). These animals developed the full
spectrum of severe TIF, including tubular degeneration,
interstitial fibrosis, and inflammation. These changes were so
extensive that the resultant kidney failure was lethal to these
animals within 5 weeks. These studies indicated that Notch
signaling is both sufficient and necessary for TIF and
highlighted the fact that Notch could be an important
therapeutic target for TIF. Unfortunately, global inhibition of
Notch signaling is associated with severe gastrointestinal side
effects.24 Therefore defining the role of specific Notch ligands
and receptors is the next critical task.

Studies performed by the Mertens group indicated that
Notch3 might be the receptor isoform responsible for kidney
fibrosis.23 Notch3 was markedly upregulated in patients and
mouse models of TIF, and global knockout of Notch3
conferred protection from ureteral obstruction-induced TIF
in mice.23 Interestingly, loss of Notch3 resulted in
significantly lower levels of Notch1, Jagged1, and Hey-L
mRNA expression in response to injury, suggesting that the
different receptors may interact in a positive-feedback loop to
induce TIF. In summary, multiple studies indicate that
sustained expression of Notch in differentiated tubular
epithelial cells induce TIF.

SUSTAINED EXPRESSION OF NOTCH IN PODOCYTES IS
ASSOCIATED WITH GLOMERULOSCLEROSIS

Microarray studies published by the Cohen and the ERCB
(European Renal cDNA Bank) groups described increased
transcript levels of Jagged2 and Notch3 in glomeruli of
patients with immunoglobulin A, lupus, and membranous
nephropathy.23 Immunohistochemistry studies performed on
human kidney tissue samples by Murea et al.20 indicated that
there was a statistically significant positive correlation
between podocyte Notch1 expression and glomerulo-
sclerosis and proteinuria. Upregulation of cleaved Notch1
was detected in podocytes of both diabetic and focal
segmental glomerulosclerosis (FSGS) mouse models.
Glomeruli of mice with HIV-associated collapsing FSGS
showed increased Notch1 and Notch4 levels.25

To understand whether Notch has a role in glomerular
disease development, a podocyte-specific, tetracycline-indu-
cible, NICD1-overexpressing mouse was created. When the
expression of ICNotch1 was induced in 4-week-old mice, we
observed a marked induction of proteinuria followed by
mesangial expansion and matrix deposition (Figure 1b).
Histological analysis indicated that increased Notch1 signal-
ing in podocytes alone was sufficient to induce glomerulo-
sclerosis (FSGS-like phenotype).26 Animals developed the full
spectrum of fibrosis including tubular atrophy, interstitial
fibrosis, and inflammatory cell influx. Mechanistic studies
showed that expression of Notch1 in mature podocytes
caused cellular dedifferentiation and ultimately apoptosis.27

In a different study, ICNotch1 was expressed in podocytes
prior to full completion of differentiation.28 Proteinuria
and glomerulosclerosis were observed within 2 weeks.
Histological lesions observed in these animals were more
similar to those seen with collapsing FSGS, for example, as
seen in HIV-associated nephropathy. Podocyte proliferation
was found to be responsible for the resultant phenotype in
this model. The cause for these minor phenotypic differences
observed between the two ICNotch1 expression studies might
be related to the developmental stage at the time of ICNotch
1 induction, signal intensity (level of expression), or the
presence of other signaling molecules.

To further evaluate whether Notch activation contributes
to glomerulosclerosis, mice with podocyte-specific Notch
signaling deletion (using the Rbpj conditional allele) were
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developed. These animals showed marked protection from
diabetes-induced albuminuria and mesangial expansion. In
the absence of Notch signaling, podocytes were protected
from hyperglycemia-induced apoptosis. Interestingly, a
recent study also suggested that expression of Notch pro-
motes nephrin endocytosis from the slit diaphragm, resulting
in foot process alterations and increased proteinuria.29 As
nephrin is an important pro-survival molecule in podocytes,
Notch-mediated nephrin loss might further contribute to
podocyte loss via apoptosis.

Mouse genetic studies (mentioned above) have also
propelled investigators to examine whether pharmacological
blockade of Notch signaling can be beneficial for the
treatment of glomerular diseases. Our lab found that GSI
very effectively decreased proteinuria and protected podo-
cytes in a puromycin aminonucletide-induced nephrotic
syndrome. Sharma et al.30 published that GSI also reduced
albuminuria and histological lesions in a mouse model of
HIV-associated nephropathy. Lin et al.31 described that GSI
treatment ameliorated changes of diabetic kidney disease in a
rat model of diabetes. GSIs also mitigated signs of systemic
lupus and its renal complications.32 In summary, both
human and mouse models indicate that the reactivation of
Notch signaling in differentiated podocytes is associated with
albuminuria and glomerulosclerosis development. Although
current GSIs exhibited undesirable off-target effects in
human clinical trials, with our current and expan-
ding understanding of Notch in the kidney it seems that

design of a kidney-specific Notch inhibitor is still within the
realm of therapeutic possibility.

THE NOTCH INTERACTOME

Notch likely acts in concert with multiple other pathways to
regulate kidney fibrosis. The renin–angiotensin–aldosterone
system has a key role in fibrosis development, and indeed, the
current treatment of kidney fibrosis relies on blockers of the
renin–angiotensin system. Notch interacts with the renin–
angiotensin–aldosterone system on multiple levels. Notch can
directly bind to the renin promoter to regulate renin expre-
ssion, and the plasticity of renin-expressing cells directly
depends on Rbpj expression.33,34 In addition, in vitro
treatment of renal epithelial cells with angiotensin induces
the expression of the Notch ligand Jagged1 and the activation
of Notch.35–37

One of the most explored partners of Notch signaling is
the TGF-b pathway. TGF-b is known to regulate multiple
aspects of fibrosis, including tubular epithelial cell death,
transdifferentiation, and collagen expression. In keratino-
cytes, TGF-b can directly regulate Notch target genes Hes and
Hey.38 In diverse epithelial cells, TGF-b increases the expre-
ssion of the Notch ligand Jag1 to induce the activation of
Notch signaling.21 Indeed, a similar phenomenon was
observed in both podocytes and tubular epithelial cells.22

Treatment of cultured podocytes or tubular epithelial cells
with TGF-b induced the expression of Jag1 and led to
downstream activation of Notch signaling. Surprisingly,

Podocin rtTA/NICD1+doxControl+dox
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WT
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Figure 1 | Sustained expression of the Notch1 intracellular domain is sufficient to cause tubulointerstitial fibrosis and
glomerulosclerosis. (a) Pax8rtTA animals express the reverse tetracycline transactivator under the Pax8 (tubule epithelial cell specific)
promoter. Animals were crossed with tetracycline-inducible (tet-o) NICD1 mice (Pax8rtTA/NICD1, schematic far left panel). Upon doxycycline
(dox) administration animals express the Notch intracellular domain in tubule epithelial cells. From left to right micrographs are representative
of periodic acid–Schiff (PAS)-stained sections from: wild type (WT), Pax8rtTA with dox, and Pax8rtTA/NICD with dox-fed mice harvested at day
28 post induction. Note the significant tubulointerstitial fibrosis in double-transgenic mice after dox treatment. (b) Tet-o-NICD1 mice were
crossed with podocin rtTA animals for podocyte-specific expression of Notch1 (podocin rtTA/NICD1, schematic far left panel). From left to right,
micrographs are representative PAS-stained sections from: WT, dox-treated podocin rtTA, and dox-treated podocin rtTa/NICD mice harvested
at day 10 post induction. Note the significant glomerulosclerosis and proteinaceous casts. Scale bar=10 mm.
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significant increases in Notch expression further stimulates
the expression of TGF-b, creating a positive-feedback
loop.27,39 This positive-feedback regulatory loop can poten-
tially explain why Notch inhibitors have such profound
effects on TIF development.

In endothelial cells, vascular endothelial growth factor is
an important regulator of Notch signaling. Again, this mainly
occurs via regulation of expression of the ligand, which in
this case is Dll4. The vascular endothelial growth factor/Dll4
interaction is critical for determination of the leading tip cell
during angiogenesis.40 As vascular endothelial growth factor
is particularly highly expressed in the podocytes,41 it would
be interesting to examine whether Dll4 regulation also occurs
in podocytes.

During development, Notch interacts with many other key
developmental pathways including Wnt42 and Hedgehog.43

These pathways are also reactivated in tissue fibrosis and will
likely also interact with Notch in this context.

CONCLUSIONS

Understanding tissue fibrosis is critical to the development
of therapies for CKD/end-stage renal disease. An obstacle to
fibrosis prevention has been that many of the
pathways utilized by fibrosis are the same pathways engaged
during the processes of development, physiologic repair, and
regeneration. In this context Notch, TGF-b1, Wnt and
Hedgehog signaling have come into focus as key regulatory
targets.

The Jagged1/Notch2 axis is critical for proximal tubule
and glomerular epithelial fate determination during kidney
development. The Notch pathway is reactivated in these cells
both in patients and animal models of acute and chronic
kidney injury. Short-term expression of Notch signaling
during the recovery phase of acute injury could be beneficial
by directing cells toward proximal tubule fate. The prolonged
expression of Notch proteins is detrimental to epithelial cells
and contributes to fibrosis. Although Notch is able to guide
progenitor and undifferentiated cells to make fate decisions
during development and differentiation, terminally differ-
entiated cells are unable to tolerate Notch expression.
Understanding molecular switches that control Notch
activity will be an important future step.

Importantly, manipulation of Notch signaling only in
epithelial cells has been shown to be sufficient to induce
and prevent fibrosis development in mice, highlighting the
key role of epithelial cells in fibrosis. Although Notch alone
did not transform renal epithelial cells into activated
myofibroblasts in vivo, it is likely that Notch is an important
regulator of epithelial–interstitial cell interactions. Defining
the critical signaling pathways in epithelial–interstitial cell
interaction at baseline and in fibrosis will be an important
next step.

In summary, defining Notch signaling during develop-
ment, repair, regeneration, and fibrosis will likely enhance
our understanding of CKD, which may lead to the future
prevention of this condition.
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