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New roles for Notch in tuberous sclerosis

Warren S. Pear
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Tuberous sclerosis complex (TSC) is a dominantly inherited disease that is
characterized by the growth of multiple benign tumors that are often dif-
ficult to treat. TSC is caused by mutations that inactivate the TSC1 or TSC2
genes, which normally function to inhibit activation of mammalian target
of rapamycin signaling. In this issue of the JCI, two studies reported by Kar-
bowniczek etal. and Ma et al. link TSC inactivation with activated Notch sig-
naling (see the related articles beginning on pages 93 and 103, respectively).
Using a variety of approaches, both studies show that inactivation of TSC
leads to Notch1 activation. Furthermore, studies in tumor cells suggest that
inhibiting Notch slows growth of the tumor cells. Although much remains to
be learned about the precise mechanisms by which TSC loss leads to Notch
activation, the newly identified link of TSC to Notch provides the rationale
for testing Notch inhibitors in TSC-associated tumors.

Tuberous sclerosis complex (TSC) is a domi-
nantly inherited multisystem disease that is
characterized by the formation of benign
tumors in multiple organs (1, 2). The clini-
cal manifestations of TSC are variable but
frequently involve the nervous system, as
evidenced by the occurrence of seizures
and autism, which may, in part, result from
benign growths (“tubers”) in the cerebral
cortex. Patients frequently develop tumors
outside of the CNS; the development of
renal angiomyolipomas (benign renal
neoplasms composed of fat, vascular, and
smooth muscle) and pulmonary lymphan-
gioleiomyomatosis (LAM; abnormal prolif-
eration of smooth muscle cells throughout
lung interstitium) can lead to severe clinical
problems that respond poorly to current
treatments. TSC is caused by mutations that
inactivate either the TSCI or TSC2 genes,
also known as hamartin and tuberin, respec-
tively (3). TSC1 and TSC2 heterodimerize to
inhibit the Ras homolog Rheb (Ras homo-
log enriched in brain), which functions to
activate the mammalian target of rapamycin
(mTOR) complex 1 (TORC1) (4) (Figure 1).
Thus, inactivation of TSC1 or TSC2 leads to
prolonged Rheb signaling and activation of
the rapamycin-sensitive TORC1 arm of the
mTOR signaling pathway. mTOR integrates
avariety of signals induced by growth factor
stimulation, hypoxia, and nutrient availabil-
ity to control cell cycle, nutrient uptake, and
transcription and translational control (5).
Important downstream targets of mTOR are
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ribosomal protein S6 kinase polypeptide 1
(S6K1) and eukaryotic translation initia-
tion factor 4e-binding protein 1 (4E-BP1)
that regulate ribosome recruitment and
protein translation. mMTOR is activated in a
wide variety of human tumors and is consid-
ered to be an excellent target for anticancer
therapy (6). The identification of the mTOR
pathway as a major player in the pathogene-
sis of TSC suggested that specific inhibition
of this pathway may substantially benefit
TSC patients (7). The data are sobering thus
far, as treatment of TSC patients with the
mTOR inhibitor sirolimus has induced only
mild, transient improvement (8). These data
suggest that better and/or additional thera-
peutic agents are needed to treat TSC. In this
issue of the JCI, Karbowniczek et al. (9) and
Maetal. (10) report that TSCloss is associat-
ed with upregulation of the Notch signaling
pathway. Therapeutic Notch inhibitors have
already been developed, and related findings
suggest that these inhibitors may be benefi-
cial for the treatment of TSC.

TSC loss promotes Rheb-dependent
Notch activation in flies, rodents,
and humans

Inappropriate expression of lineage
markers is a frequent characteristic of
TSC tumors; CNS tubers express both
neuronal and glial lineage markers, and
both LAM and renal angiomyolipomas
express smooth muscle and melanocytic
markers. Moreover, cells within the clonal
renal angiomyolipomas exhibit devel-
opmental plasticity, with the capacity
to develop into fat, smooth muscle, and
vascular lineage cells (11). These obser-
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vations served as the initial impetus for
both Karbowniczek et al. (9) and Ma et
al. (10) to explore the potential role of
Notch signaling in this process, as Notch
is an important arbiter of cell fate deci-
sions (12). Using different model systems
and approaches, both groups came to the
same conclusion: TSC loss leads to Notch
activation. Karbowniczek and cowork-
ers (9) took advantage of the evolution-
ary conservation of the TSC pathway to
study the function of TSC signals in the
well-described differentiation of the sen-
sory organ precursor (SOP) cell into the
external sensory organ (ESO) of the fruit
fly Drosophila melanogaster (13) (Figure 2A).
TSC signaling is conserved from Drosoph-
ila to humans; for example, the Drosopbhila
orthologs of the mammalian tuberous
sclerosis proteins, dTSC1 and dTSC2,
function downstream of the insulin recep-
tor to regulate mTOR signals and cell size
(14). Differentiation of the SOP cell into
the ESO results from multiple asymmetric
divisions that depend on differential reg-
ulation of Notch signaling to ultimately
give rise to the differentiated ESO, which
is comprised of an external bristle cell and
socket cell as well as an internal sensory
neuron and sheath cell (Figure 2A) (15).
This process begins when the primary pro-
genitor (pl) cell undergoes an asymmetric
cell division to give rise to an anterior pIIb
cell and a posterior plla cell. The Notch
inhibitor Numb is asymmetrically distrib-
uted to the plIIb cell, such that Notch sig-
naling persists in the plla cell, whereas it
is inhibited in the pIIb cell. In the absence
of Notch signaling, two pIIb cells are pro-
duced, whereas constitutive Notch signals
lead to the production of two plla cells
at the expense of plIb differentiation.
The latter results in duplication of the
external bristle and socket cells, causing
the appearance of extra microbristles on
the flies. Karbowniczek et al. generated
flies with loss-of-function TSC alleles and
found that the SOP differentiation pheno-
types were similar to Notch gain-of-func-
tion phenotypes (i.e., duplication of the
plla cell resulting in extra microbristles)
(Figure 2B). Furthermore, overexpression
of Rheb recapitulated these phenotypes,
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substantiating it as a TSC-inhibited tar-
get and providing additional evidence for
alink to Notch signaling. The TSC effects
on Notch appear to be cell context-specif-
ic, as the effects of TSC loss did not influ-
ence other Notch-related phenotypes in
the fly, such as those described in fly wing
differentiation.

To relate the Drosophila studies to
humans, Karbowniczek and colleagues
looked for evidence of Notch activation
in tumors from TSC patients (9). In four
renal angiomyolipomas from a single
patient and several sporadic renal angio-
myolipomas, they found increased levels
of Notchl, the Notch ligand Delta-like
1, and the Notch transcriptional target
hairy and enhancer of split 1 (HES1) com-
pared with control normal kidney. As with
many tumor studies, it is difficult to know
whether this indicates specific activation
of Notch signaling in the tumor or nor-
mal Notch signaling in the cell type from
which the clonal tumor was derived. To
address the relevance of this finding to
TSC, they investigated Notch signaling
in a biallelic TSC2-deficient renal angio-
myolipoma cell line. Both Rheb siRNA and
exogenous expression of TSC2 inhibited
the expression of the Notch targets HES1
and hairy/enhancer-of-split related with
YRPW motif 1 (HEYI) to a similar extent
as a y-secretase inhibitor (GSI) that func-
tions to inhibit Notch signaling. More-
over, treatment of xenografted rat TSC-
like tumors with a GSI inhibited tumor
growth by more than 50% relative to vehi-
cle control. Together these data offer the
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Potential functions of Notch downstream of TSC. This schematic illustrates the potential mech-
anisms of Notch activation proposed by Karbowniczek et al. (9) and Ma et al. (10) in this issue
of the JCI. TSC1 and TSC2 heterodimerize to inhibit activation of the Rheb-GTPase. In the
absence of TSC1 or TSC2, Rheb is constitutively active, which leads to Notch activation by a
TORC1-independent mechanism, as suggested by Karbowniczek et al. (9), and/or a TORC1-
dependent mechanism, as suggested by Ma et al. (10). The TORC1-independent mechanism
of Notch1 activation remains to be elucidated, as indicated by the dotted line and question
mark. In the TORC1-dependent pathway described by Ma et al., TORC1 activates STATS3,
which leads to p63 upregulation of the Notch ligand Jagged1 and Notch1 activation. Notch is
likely to influence cell differentiation and proliferation; however, it may also have effects on cell
survival, cellular metabolism, and other cellular processes. Additional, important TORC1 tar-
gets are ribosomal protein S6 kinase polypeptide 1 (S6K1) and eukaryotic translation initiation
factor 4e—binding protein 1 (4E-BP1), which have important functions in ribosome recruitment
and protein translation. mTOR inhibitors act on TORC1; Notch inhibitors, such as GSI, act to
prevent Notch signaling. It remains to be elucidated whether Notch activation occurs by a cell-
autonomous or a non—cell-autonomous mechanism in TSC.

possibility that TSC-related tumors acti-
vate Notch signaling and may be sensitive
to Notch inhibitors.

TSC/Rheb signaling results in mTOR
activation. Using a variety of approaches
to inhibit mTOR signals, Karbownic-
zek and colleagues found that Notch
remained active in the presence of mTOR
inhibitors (9). These data suggest that
the TSC/Rheb/Notch pathway is TORC1
independent. As TSC-dependent tumors
have shown some responses to TORC1
inhibitors, the finding that Notch acti-
vation is TORCI independent suggests
that TORC1 and Notch inhibitors may
have synergistic effects in treating TSC-
dependent tumors. Karbowniczek and
colleagues propose that Notch signaling
primarily influences the differentiation of
TSC-related tumors, whereas mTOR pro-
motes their proliferation. It remains to be
seen whether these specialized roles exist
in TSC tumors, as Notch has been shown
to regulate mTOR, cell survival, and pro-
liferation in Notch-dependent T cell acute
lymphoblastic leukemia (16).

mTOR activates Notch signaling

in TSC-deficient mouse embryonic
fibroblast cells and multiple

human tumors

In the study reported in this same issue
by Ma and colleagues (10), the authors
observed that TSC1- or TSC2-deficient
mouse embryonic fibroblasts (MEFs) failed
to differentiate into muscle or fat cells
when exposed to constitutive expression
of the master regulator of muscle differ-
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entiation (i.e., MyoD) or adipocyte differ-
entiation (i.e., PPARY). Differentiation was
restored in these cells by treatment with
the mTOR inhibitor rapamycin, suggest-
ing that elevated mTOR signals prevented
differentiation of the TSC-deficient MEF
cells. Because Notch signaling is an impor-
tant regulator of myocyte and adipocyte
differentiation, the authors initiated stud-
ies to determine the influence of TSC loss
on Notch signaling. They found evidence
of activated Notch1 and upregulated HES1
transcription in TSC2-deficient MEF cells
and also showed that HES1 expression
is increased in renal tumor cells from a
murine TSC model. In addition, the Notch
ligand Jaggedl was upregulated in the
TSC-deficient MEF cells by a mechanism
that may involve TORC1 upregulation
of STAT3 that leads to p63 activation of
Jagged1 (Figure 1). Surprisingly, Jagged1
does not appear to be upregulated in the
TSC-mutated human lung LAM tissues
that they analyzed; instead, Jagged2 is
expressed in these cells. Although cell-
type specificity cannot be ruled out, addi-
tional experiments are required to explain
this potential discrepancy, especially with
regards to the TORC1-dependent mecha-
nism that they propose. In contrast to the
studies of Karbowniczek and colleagues
(9), who found that Notch activation was
TORC1 independent, Ma et al. found that
both Jagged1 expression and Notch1 sig-
naling were rapamycin sensitive in the
TSC-deficient MEFs. In addition, they also
found upregulated Jagged1 expression in
both PTEN-deficient and activated, AKT-
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Figure 2

TSC inhibition or Rheb activation results in Notch gain-of-function phenotypes during Dro-
sophila sensory organ development. (A) Overview of Drosophila ESO development. The SOP
(pl) cell undergoes a Notch-dependent asymmetric division to create two daughter cells, plla
and pllb. The Notch inhibitor, Numb, is asymmetrically distributed between the two daughter
cells; thus, the plla cell (lower levels of Numb) results from the induction of Notch signaling, and
the pllb cell (higher levels of Numb) results from lower Notch signaling (i.e., the default state in
the absence of Notch induction). Loss of Notch during pl differentiation results in the bald (or
bristle loss) phenotype, due to the inability of the pl cell to form the external cuticular structures.
Each of the pll cells then undergoes a subsequent, Notch-dependent round of asymmetric
division. plla divides first, to give rise to the bristle and socket cells. pllb then divides, to give
rise to the sensory neuron and sheath cell. Loss of Notch signaling in the plla division results in
duplication of the bristle cell, whereas loss of Notch signaling in the pllb division results in two
neurons. The reciprocal phenotypes are produced in Notch gain-of-function mutants. The four
cells of the ESO, which results from 3 successive asymmetric divisions, are also depicted. This
model is greatly simplified and does not include the multiple proteins that modify the outcome
of Notch signaling. (B) As reported by Karbowniczek et al. (9), loss of TSC or Rheb activation in
the pl (SOP) cell resulted in loss of the pllb progeny and duplication of the plla progeny, with the
resultant double bristle (twinning) phenotype. This phenotype is similar to that of Notch gain-of-
function mutants. Interestingly, the phenotypic change occurred despite asymmetric distribution
of Numb, which raises the question of how Notch signaling is induced in this cell.

expressing MEFS. The latter observation
suggested the possibility that Notch may be
abnormally activated in the wide range of
tumors with mTOR activation. To provide
evidence for this possibility, they showed
that both Jagged1 and HES1 expression
were suppressed by rapamycin treatment
in six human cancer cell lines derived from
breast, prostate, lung, liver, and pancreas.
Furthermore, restoration of PTEN expres-
sion in the PTEN-deficient PC3 pros-
tate cancer cell line markedly suppressed
HES1 expression and mildly decreased Jag-
ged1 and intracellular Notch1 expression.
To test the functional importance of the
TSC/TORC1/Notch pathway, they tested
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the effects of Notch inhibition on prolif-
eration and tumorigenicity of several MEF
cell lines. Treatment of TSC2-deficient or
active, AKT-expressing MEFs or PC3 cells
with GSI slowed MEF proliferation; how-
ever, the dose of GSI used to treat these
cells was extremely high, making it diffi-
cult to rule out nonspecific effects. They
also transduced PTEN-defcient MEFs
with the pan-Notch inhibitor DNMAML
and subsequently transplanted these cells
into nude mice. The mice receiving the
DNMAML-transduced cells survived lon-
ger than those receiving vector alone, sug-
gesting that Notch inhibition may influ-
ence the tumorigenicity of these cells.
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Summary

Together, the work from both Karbown-
iczek et al. (9) and Ma et al. (10) provides
strong evidence that Notch signaling is
activated as a consequence of TSC loss.
The work of Ma and coworkers presents
tantalizing evidence that Notch activation
may be a common event in mTOR-express-
ing tumors. Nevertheless, most of their
data were derived from biochemical stud-
ies in cell lines, and it remains to be deter-
mined whether Notch inhibition can exert
important antineoplastic effects on these
tumors. Although both the Karbowniczek
etal. (9) and Ma et al. (10) studies report
that TSC loss leads to Notch activation,
the mechanisms in each case appear quite
different; the Karbowniczek et al. study
proposes that Notch activation is mTOR
independent, whereas the Ma et al. study
suggests that it is mTOR dependent. The
difference between these models may
have important clinical implications, as
one proposes that Notch inhibitors func-
tion independently of mTOR inhibitors,
whereas the other proposes that the two
agents act on the same pathway. The pre-
cise reasons for the different conclusions
are not clear; however, they may result
from studying the effects of TSC loss in
different model systems. Additional stud-
ies are clearly warranted to determine
the mechanism of Notch activation and
whether this occurs by a single pathway
or multiple pathways. Another issue that
awaits further study is the mechanism
by which Notch influences TSC patho-
genesis. Both studies identify HES and
HEY as potential Notch targets, but nei-
ther of these are Notch-specific targets.
It is anticipated that future studies will
identify additional targets that have the
potential to serve both as biomarkers and
therapeutic targets.

In summary, the two studies in this
issue of the JCI provide compelling new
evidence that identifies what I believe
to be a novel role for Notch signaling in
the pathogenesis of TSC and possibly
other tumors. Although much remains
to be learned about the mechanism and
significance of this association, the new
findings will undoubtedly catalyze these
studies. Moreover, these findings may
soon have clinical applications, as Notch
inhibitors are currently being tested in
clinical trials as anticancer agents. As
TSC-associated tumors are difficult to
treat, the potential to treat with a new
class of compounds is exciting.
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Oxidant stress derails the
cardiac connexon connection
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Connexin 43 (Cx43) is the major protein component of gap junctions that
electrically couple cardiomyocytes at the intercalated disc. Oxidant stress,
reduced Cx43 expression, and altered subcellular localization are presentin
many forms of structural heart disease. These changes in Cx43 lead to altera-
tions in electrical conduction in the ventricle and predispose to lethal cardi-
ac arrhythmias. In their study in this issue of the JCI, Smyth et al. tested the
hypothesis that oxidant stress perturbs connexon forward trafficking along
microtubules to gap junctions (see the related article beginning on page 266).
Failing human ventricular myocardium exhibited a reduction in Cx43 and
the microtubule-capping protein EB1 at intercalated discs. Oxidant stress
in the adult mouse heart reduced N-cadherin, EB1, and Cx43 colocalization.
In HeLa cells and neonatal mouse ventricular myocytes, peroxide exposure
displaced EB1 from the plus ends of microtubules and altered microtubule
dynamics. Mutational disruption of the EB1-tubulin interaction mimicked
the effects of oxidant stress, including a reduction in surface Cx43 expres-
sion. These data provide important new molecular insights into the regula-
tion of Cx43 at gap junctions and may identify targets for preservation of
cellular coupling in the diseased heart.

Rapid propagation of electrical impulses
in excitable tissue is essential to processes
as diverse as cognition, movement, and
the genesis of the heartbeat. Central to
rapid conduction in the heart and other
organs are gap junctions. Gap junctions
are low-resistance conduits between cells,
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comprised of proteins called connexins. In
the heart, connexins are key mediators of
electrical conduction and are thus central
to excitation and contraction. Connexins
hexamerize to form connexons or hemi-
channels in the membranes of apposing
cells that dock head-to-head to form intact
gap junction channels (Figure 1).

The major connexin of working ventricu-
lar myocardium is connexin 43 (Cx43). Cx43
is richly endowed with protein interaction
domains and sites of phosphorylation that
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contribute to regulation of the functional
expression of gap junction channels. The
carboxyl terminus contains a PDZ-bind-
ing domain, multiple consensus serine and
tyrosine phosphorylation sites, and binding
sites for tubulins. Post-translational modi-
fications and protein-protein interactions
are thought to be important for proper for-
mation and localization of clusters of gap
junctions into so-called “plaques,” although
Cx43 with a truncated carboxyl terminus
forms working gap junction channels (1).

Structural complexity

of intercalated discs

The cardiomyocyte is a complex and highly
structured cell. In normal myocardium, gap
junction channels are prominently located
at intercalated discs positioned at cell ends,
mediating electrical propagation thatis pref-
erentially in the direction of the long axis of
the cell (Figure 1). A remarkable feature of
gap junctions and other ion channels is their
extremely short half-life (approximately
1-3 hours) (2, 3). The short half-life of gap
junction channels is particularly surprising
given the transmembrane topology and the
complex structure of the intercalated disc
that houses connexin-containing gap junc-
tional plaques and implies highly coordinat-
ed and tightly regulated trafficking mecha-
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