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Tuberous sclerosis complex (TSC) is an autosomal dominant disease char-
acterized by hamartoma formation in various organs. Two genes responsible
for the disease, TSCI and TSC2, have been identified. The TSC1 and TSC2
proteins, also called hamartin and tuberin, respectively, have been shown to
regulate cell growth through inhibition of the mammalian target of rapamy-
cin pathway. TSC1 is known to stabilize TSC2 by forming a complex with
TSC2, which is a GTPase-activating protein for the Rheb small GTPase. We
have identified HERC1 as a TSC2-interacting protein. HERC1 is a 532-kDa
protein with an E3 ubiquitin ligase homology to E6AP carboxyl terminus
(HECT) domain. We observed that the interaction of TSC1 with TSC2
appears to exclude TSC2 from interacting with HERC1. Disease mutations in
TSC2, which result in its destabilization, allow binding to HERC1 in the pres-
ence of TSC1. Our study reveals a potential molecular mechanism of how
TSC1 stabilizes TSC2 by excluding the HERC1 ubiquitin ligase from the
TSC2 complex. Furthermore, these data reveal a possible biochemical basis of
how certain disease mutations inactivate TSC2.

Tuberous sclerosis complex (TSC)® is an autosomal dominant genetic dis-
order affecting 1 in 6,000—10,000 births (1). Mutations in either of the two
genes, TSCI (also called hamartin) or TSC2 (tuberin), cause the disorder char-
acterized by benign tumor formation (hamartomas) in various organs and
tissues. Complications of hamartomas in critical organs include renal failure,
seizures, mental retardation, and autism (1). One of the hallmarks of TSC
hamartomas is an increase in cell size, implicating TSC1 and TSC2 as negative
regulators of cell growth (2—4).

Recent studies have revealed the molecular mechanism for the tumor suppres-
sor function of TSC1 and TSC2, which form a physical and functional complex (5).
The TSC1-TSC2 complex suppresses cell growth by inhibiting the mammalian
target of rapamycin, mTOR, which is a central controller of cell growth. TSC1/
TSC2 has GTPase-activating protein (GAP) activity toward the Rheb small
GTPase (6, 7). Rheb acts upstream of and stimulates mTOR. TSC2 is the catalytic
GAP subunit, while TSC1 enhances TSC2 function by stabilizing TSC2. The
majority of disease-associated TSCI mutations identified result in no TSC1 pro-
tein being expressed; therefore, the free TSC2 protein in 7SCI mutant cells is
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unstable (1). Similarly, many disease-derived TSC2 mutants are unstable due to
weakened interaction with TSC1 (8, 9). However, the precise mechanism how
TSC1 stabilizes TSC2 is largely unclear.

In this report, we identified HERC1 as a TSC2-interacting protein. The
COOH-terminal region of HERC1 has a HECT E3 ubiquitin ligase domain
(10). Interestingly, HERC1 does not associate with TSC1. Moreover, TSC1
efficiently competes with HERC1 for TSC2 binding. Our study provides a
potential biochemical mechanism of TSC1 in TSC2 stabilization by inhibiting
the interaction between TSC2 and the E3 ubiquitin ligase HERCI.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—HA-TSC2 and Myc-TSC1 were described pre-
viously (8). Myc-HERC1 deletions were made by PCR cloning fragments into
pRK5-Myc. HERC1 antibodies 363 and 410 were described previously (11).
Commercial antibodies include anti-tuberin (Santa Cruz Biotechnology),
anti-M2 FLAG (Sigma), anti-Myc 9E10, and anti-HA (Covance).

TSC2 Pull-down and Mass Spectrometry—One gram of brain tissue was
homogenized in 5 ml of Nonidet P-40 lysis buffer. TSC2 protein complexes
were immunoprecipitated by anti-TSC2. The immunoprecipitated samples
were analyzed by silver stain and mass spectrometry analysis.

Co-immunoprecipitation Analysis—HEK293 cells were transfected with
various plasmids. Cells were lysed in Nonidet P-40-lysis buffer (10 mm Tris-
HCI, pH 7.5, 100 mM NaCl, 1% Nonidet P40, 50 mMm NaF, 2 mM EDTA, 1 mMm
phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10 pg/ml aprotinin) and
immunoprecipitated with specific antibodies. Western blotting was performed
to detect co-immunoprecipitated proteins.

For ubiquitination assay, cells were transfected with HA-TSC2 constructs
and FLAG-Ubiquitin. 24 h after transfection, cells were treated with the pro-
teosome inhibitor MG132 for 3 h prior to lysis. TSC2 proteins were immuno-
precipitated, and ubiquitination was detected by anti-M2 FLAG antibody. For
protein stability experiments, cultured cells were treated with cycloheximide
(40 ng/ml) and chased for various time points.

RESULTS AND DISCUSSION

TSC2 Interacts with HERC1, a HECT Domain Containing Ubiquitin E3 Ligase
—We sought to identify novel TSC2-interacting proteins. TSC2 antibody was
incubated with mouse brain lysates, and immunocomplexes were visualized by
SDS-PAGE and silver staining (Fig. 1A). The TSC2-interacting proteins were ana-
lyzed by mass spectrometry. One protein we identified was HERC1 (Fig. 14);
however, only peptides corresponding to the COOH-terminal half of the protein
were found in the mass spectra (see supplemental Fig. S1). The mass spectrometry
data are consistent with the observation that the HERC1 fragment migrated at
~200 kDa, whereas the full-length HERC1 is a very large protein of 532 kDa.
HERCI1 contains two regulator of chromosome condensation (RCC)-like domains
(RLD), multiple WD40 repeats, and an E3 ligase HECT domain (Fig. 1B) (10, 11).
Like TSC2, HERC]1 is widely expressed in many tissues. The biological function of
HERC1, however, has not been well defined.

To confirm the interaction between TSC2 and HERCI, we examined the asso-
ciation between transfected HA-TSC2 and endogenous HERC1 in HEK293 cells.
Immunoprecipitation with an anti-HERC1 antibody revealed a specific interac-
tion between HA-TSC2 and the endogenous HERC1 (Fig. 1C). In addition, we
found that two HERC1-specific antibodies (denoted as 410 and 363) co-precipi-
tated endogenous TSC2 (Fig. 1C). These data demonstrate that TSC2 and HERC1
interact with each other in vivo.

TSC1 Inhibits the Interaction between TSC2 and HERCI—To further define the
interaction between TSC2 and HERC], truncation mutants were constructed for
HA-TSC2. Cells were co-transfected with the HA-TSC2 truncations and myc-
HERC1-(3351-C). Myc-HERC1-(3351-C) was immunoprecipitated, and the pres-
ence of the TSC2 truncations was assessed by Western blot analysis. HERC1 was
able to interact with COOH-terminal truncations of TSC2, suggesting that the
GAP domain of TSC2 is not required for interaction with HERC1 (Fig. 2A4). When
only the NH,-terminal third (1-608) of TSC2 was expressed, the TSC2 fragment
was still able to bind to HERC1 though weaker than the other truncations (Fig. 24).
When the NH, terminus was deleted, TSC2-(400-1765) could not bind HERCI.
Therefore, these data indicate that the NH,-terminal domain of TSC2 is necessary
and sufficient for HERC1 binding, although additional sequences outside of resi-
dues 1- 608 in TSC2 may contribute to the HERC1 interaction. Deletion experi-
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FIGURE 1. HERC1 is a TSC2 interacting protein. A, silver-stained gel of endogenous
TSC2-associated proteins isolated from mouse brain lysates. HERC1 and TSC1 bands are
shown. B, schematic diagram of HERC1. HERC1 contains two RLDs, a stretch of WD40
repeats, and a HECT domain. C, TSC2 binds HERC1 in HEK293 cells. HEK293 cells were
transfected with HA-TSC2 as indicated (lanes 1 and 2). Lysates were immunoprecipitated
with preimmune (Pre) or anti-HERC1 antibody (410). The immunoprecipitants were blot-
ted with HERC1 (410) and HA antibodies. The lysate of untransfected HEK293 cells (lanes
3-5) was immunoprecipitated with preimmune serum (Pre) or two different anti-HERC1
antibodies (410, 363). Co-immunoprecipitated endogenous TSC2 were detected by anti-
TSC2 antibody. IP and WB denote for immunoprecipitation and Western blot,
respectively.

ments were also performed to determine the region of HERC1 responsible for
interaction with TSC2. The data in Fig. 2B indicate that the COOH-terminal
region of HERC1 contains at least two TSC2-interacting domains because both
HERC1-(3001-3900) and -(3901-C) were co-precipitated with HA-TSC2. How-
ever, HERC1-(3001-3901) showed a weak interaction with TSC2. Therefore, it is
possible that HERC1 contains a single TSC2-interacting domain around residue
3900.

It is interesting to note that the NH,-terminal region of TSC2 is also responsible
for interaction with TSC1 (12). Furthermore, it is well established that the ability to
stabilize TSC2 may represent the most important function of TSC1 (5, 13). We,
therefore, looked at the effect of TSC1 on the interaction between TSC2 and
HERC1. The COOH-terminal domain of HERC1 (residues 3901-C) was co-ex-
pressed with TSC2 in the presence or absence of TSC1. TSC2 was able to complex
with HERC1 in the absence of TSC1 co-transfection. However, when TSC1 was
co-expressed, the TSC2-HERC1 interaction was completely inhibited (Fig. 2C,
compare lanes 2 and 3 with 4 and 5). In contrast, the presence of HERC1 did not
significantly affect the formation of the TSC1-TSC2 complex (Fig. 3C, compare
lanes 3 and 4), suggesting that the HERC1-TSC2 interaction is weaker than the
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TSC1/TSC2 interaction. Nevertheless, the interaction between TSC2 and HERC1
is rather robust. It is worth noting that the expression levels of transfected TSC2
were only ~2-3 times higher than the endogenous TSC2 protein (Fig. 2C, bottom
panel). The above data demonstrate that TSC1 binding to TSC2 excludes HERC1
from TSC2, and HERC1 only binds to the free TSC2.

Similar experiments were performed with HERC1-(3351-C). TSC1 also dis-
rupted the interaction between TSC2 and HERC1-(3351-C) (see supplemental
Fig. S2, lanes 2—6). Based on the above data, we propose that TSC1 stabilizes TSC2
by preventing the interaction between TSC2 and HERC1. Our model is consistent
with the fact that both TSC1 and HERC1 bind to the NH,-terminal region of
TSC2.

TSCI Fails to Disrupt the Interaction between HERC1 and the Unstable
TSC2 Mutants Found in TSC Patients—We wanted to test whether HERC1
contributes to TSC2 destabilization. Down-regulation of HERC1 by RNA
interference had little effect on TSC2 stability (data not shown). This is likely
due to the presence of six HERC1 family members (29). HA-TSC2 was
expressed in HEK293 cells alone or in the presence of HERC1-(3901-C). To
determine TSC2 stability, cycloheximide was used to block protein synthesis.
We observed that HERC1 co-transfection significantly decreased the stability
of TSC2 (Fig. 34). These observations support our model that HERC1 may
contribute to TSC2 destabilization.

The majority of T7SCI mutations that have been found in TSC patients result in
no TSC1 protein production due to deletions or NH,-terminal nonsense/frame-
shift mutations (1). In contrast, many disease-associated missense mutations of
TSC2 show a weaker binding to TSC1 and are unstable (8, 9, 14). We co-trans-
fected two TSC2 disease mutants with TSC1 and FLAG-ubiquitin and assessed
the level of FLAG-ubiquitin on immunoprecipitated TSC2 proteins. The TSC2
R611Q and R905Q mutants were ubiquitinated at levels much higher than the wild
type TSC2 (Fig. 3B). These disease mutants were previously shown to have weak-
ened TSC1-binding (8). We then assessed whether the TSC2 disease mutants also
bind HERC1 in the presence of TSC1. The disease mutants TSC2-R611Q and
TSC2-R905Q both interacted with HERC1 as strong as the wild type TSC2 (Fig.
3C). The low intensity of mutant TSC2 in the HERC1 co-immunoprecipitation
was due to lower expression levels of mutant TSC2 protein. Interestingly, TSC1
was not effective in inhibiting the interaction between TSC2-R611Q and HERC1
(Fig. 3C, lanes 5-7). Moreover, TSC1 had little effect on the interaction between
TSC2-R905Q and HERC1 (Fig. 3C, lanes 8—10). These results are drastically dif-
ferent from the wild type TSC2, that TSC1 potently blocked the interaction
between TSC2 and HERC1 (Fig. 3C, lanes 2—4). The above data reveal a possible
biochemical basis of why the disease associated TSC2 mutants are unstable.

Our model predicts that TSC1 stabilizes TSC2 even in the presence of
HERCI1. We tested the effect of HERC1 expression on TSC2 stability when
TSC1 was co-expressed. We found that HERC1 could not destabilize TSC2 if
TSC1 was co-expressed (Fig. 3D, lanes 1-5). These results are consistent with
the observation that TSC1 blocks the association between TSC2 and HERC1.
We also examined the TSC2-R611Q mutant. As predicted, TSC2-R611Q was
less stable than the wild type TSC2 even in the presence of TSC1 (Fig. 3D).
Interestingly, expression of HERC1 further destabilized TSC2-R611Q even
when TSC1 was co-expressed (Fig. 3D, lanes 6—10). It is worth noting that
HERC1-(3901-C) is unstable, similar to many E3 ligases that have a short
half-life. The differences of TSC2-R611Q stability in the presence or absence of
HERCI1 co-transfection were most dramatic at 1.5 and 3 h after cycloheximide
treatment (Fig. 3D, lanes 6—8). Within this time range the co-transfected
HERC]1 protein was still present. These results indicate that HERC1 destabi-
lizes TSC2 only when TSC1 is absent or TSC2 is not associated with TSCI.

The role of TSC2 in regulating the mTOR pathway has been intensely stud-
ied in recent years (8, 15—17). Clearly, the TSC proteins are key players in
mTOR regulation and are involved in some of the most basic functions of
cellular regulation, such as relaying signals from growth factors, nutrients, and
energy levels to the cellular machinery that regulates cell growth and protein
translation (2—4, 18). Genetic mutations in mouse and rat further confirm the
tumor suppressor function of TSC1 and TSC2 (15, 19, 20). In Drosophila,
mutation of TSC1 or TSC2 leads to a increase in cell size, demonstrating a key
function of these proteins in cell growth and cell size regulation (2, 21).

The interaction between TSC1 and TSC2 results in protein stabilization and
formation of a functional complex, in which TSC2 is the catalytic component
to stimulate Rheb GTP hydrolysis (6, 7, 22, 23). In contrast, the apparent
function of TSC1 is to bind and stabilize TSC2. This model explains why
mutations in 7SC1 or TSC2 produce almost identical phenotypes in Drosoph-
ila and mouse and why TSC1 or TSC2 mutations generate similar symptoms in
TSC patients. In TSCI~/~ cells, the TSC2 protein level is significantly lower
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FIGURE 2. TSC1 inhibits the interaction between TSC2 and HERC1. A, the NH,-terminal region of TSC2 is required for interaction with HERC1. Myc-HERC1-(3351-C) was co-transfected with
various HA-TSC2 deletion constructs as indicated. Myc-HERC1 was immunoprecipitated, and the co-precipitated HA-TSC2 was detected by anti-HA Western blot. B, mapping the TSC2-
interacting domains in HERC1. HA-TSC2 was co-transfected with various Myc-HERC1 deletion constructs as indicated. Myc-HERCT was immunoprecipitated, and the co-precipitated TSC2 was
detected by anti-HA antibody. HA-UNC5 was a negative control. C, TSC1 inhibits HERC1-(3901-C) from binding to TSC2. TSC2, HA-TSC2, HA-TSC1, Myc-TSC1, and Myc-HERC1-(3901-C) were
transfected into HEK293 cells as indicated. Immunoprecipitation (/P) and Western blotting (WB) were indicated. 100 ng of Myc-HERC1-(3901-C) were transfected in all lanes. Because TSC1 and
TSC2 stabilize each other, the DNA quantities used in the TSC1 and TSC2 co-transfection were less than those in the transfection of TSC1 or TSC2 alone. The transfected cDNA quantities (in ng)
of TSC2 and TSC1 (TSC2/TSC1) plasmids were: 0/0 (lane 1), 250/0 (lane 2), 500/0 (lane 3), 100/100 (lane 4), 100/300 (lane 5), 0/0 (lane 6), 0/250 (lane 7), 0/500 (lane 8), 100/100 (lane 9), 300/100

(lane 10).

than in wild type cells (24). Several disease mutations in TSC2 weaken the
interaction with TSC1 and decrease TSC2 stability, emphasizing the impor-
tance of a functional complex (8, 9, 14). However, the molecular mechanism of
how TSC1 binding stabilizes TSC2 remained elusive.

Our study suggests a possible mechanism that TSC1 stabilizes TSC2 by inhib-
iting the interaction between TSC2 and HERC1; hence inhibiting TSC2 ubiquiti-
nation and degradation (see supplemental Fig. S3). Our data also provide a molec-
ular basis for the instability of disease associated TSC2 mutations that can interact
with HERC1 even in the presence of TSC1. Under normal conditions, HERC1 may
have a limited effect on TSC2 stability regulation because TSC1 complexes with
TSC2 and prevents the interaction between TSC2 and HERCI. Interestingly,
phosphorylation of TSC2 by AKT in response to growth factor stimulation weak-
ens its interaction with TSC1 and the phosphorylated TSC2 is unstable (8, 25).
Therefore, it is possible that HERC1 may interact with and ubiquitinate the AKT-
phosphorylated TSC2. Furthermore, HERC1 may also play an important role
under some pathophysiological conditions, such as in PTEN mutant tumor cells
that have high AKT activity. It is worth noting that HERC1 has been implicated in
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intracellular trafficking (10, 11). Currently, we have no data to exclude the possi-
bility that HERC1 may regulate TSC2 trafficking through ubiquitination and,
therefore, indirectly decrease TSC2 stability.

PAM, a ring finger-containing E3 ligase, was previously reported to physically
and genetically interact with TSC2 (26). Mutation or deletion of PAM results in
changes in cell size. However, a function of PAM toward TSC2 ubiquitination has
not been shown. This may be due to the lack of an identified adaptor protein,
which the E3 ligase Ring domain (27) in PAM may require for TSC2-specific
ubiquitination. Both HERC1 and PAM are large proteins over 400 kDa that have
an E3 ligase at the COOH terminus. Interestingly, HERC1 and PAM also contain
RCC-like domains (RLD) (11, 26). RLD domains have been shown to stimulate
nucleotide release of small GTPases such as Arf and Rab family proteins as well as
Ran (11, 28). The formation of these large protein complexes may also suggest a
scaffolding role of HERC1 and PAM. It has been reported that the human papilo-
mavirus 16 E6 protein interacts with TSC2 and destabilizes TSC2 (30). TSC2 is a
Rheb-specific GAP (6, 7, 22, 23). However, the identity of the Rheb GEF is not
known; it is tempting to speculate that HERC1 may modulate Rheb activity by
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FIGURE 3. TSC1 inhibits HERC1-induced TSC2 destabilization. A, HERC1-(3901) destabilizes TSC2. HEK293 cells were co-transfected with HA-TSC2 alone (the upper panel) or
HA-TSC2 and Myc-HERC1-(3901-C) (the lower panel). Cells were treated with cycloheximide for various times as indicated. B, disease-associated TSC-R611Q and R905Q mutants have
increased ubiquitination. C, TSC1 is ineffective in preventing the interaction between HERC1 and TSC2-R611Q or TSC2-R905Q. Experiments were similar to Fig. 2C. D, TSC1 inhibits
HERC1-induced destabilization of TSC2 but not TSC2-R611Q. Wild type TSC2 and TSC2-R611Q were in the left and right panels, respectively. Cycloheximide treatment (in hours) is
indicated on the top of each lane./P and WB denote for immunoprecipitation and Western blot, respectively.

acting as a GEF through its RLD domains. Future studies are required to test
whether HERCI1 could function as a Rheb GEF and to elucidate the role of HERC1
in regulation of cell growth and tumor development.

In summary, we have identified HERC1 as a novel TSC2 interacting protein.

Our studies suggest a physiological function of HERC1 to regulate mTOR signal-
ing by targeting TSC2 for degradation. This study also reveals a possible molecular
mechanism of TSC1 in TSC2 stabilization, by which TSC1 complexes with TSC2
and prevents the association between TSC2 and the HERCI1 ubiquitin ligase.
Future studies are required to verify this model and to demonstrate the physiolog-
ical functions of HERC1 in regulation of the TSC-mTOR pathway.
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