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Introduction
This is the final report for the project that covers the period December 15, 2004 – January 14, 2008. Tuberous
sclerosis is caused by mutations in the Tsc1 or Tsc2 gene. Products of these genes form a complex that acts as a
negative regulator of Rheb GTPase, an activator of mTOR. Thus, one of the major problems with tuberous
sclerosis is that the TSC/Rheb/mTOR signaling pathway is over-activated. Our research is focused on
understanding how this signaling pathway is regulated and what the consequences of alteration of this signaling
pathway are. We have accomplished most of the tasks described in our Statement of Work. We have generated
mice with decreased Rheb1 expression. Rheb2 specific antibody has been raised and was used to characterize
Rheb2. We have characterized altered cell cycle progression in the Tsc-null MEFs. We have generated novel
mTOR mutants and examined consequences of the activation of the TSC/Rheb/mTOR signaling.
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Summary
Tuberous sclerosis is caused by the loss of Tsc1/Tsc2 complex that acts as a negative regulator of Rheb GTPase
[1]. This results in overactivation of mTOR causing uncontrolled growth. The overall aim of this grant was to
understand the consequences of altering this signaling pathway. During the funding period, we have made a
number of progresses including (i) generation of mice with decreased expression of Rheb1, (ii) identification
and characterization of Rheb2 by raising Rheb2 specific antibody, (iii) elucidation of how the overactivation of
the Tsc/Rheb/mTOR signaling results in altered cell cycle progression, (iv) generation of constitutive active
mutant forms of mTOR that can bypass amino acid requirement for their activation.
Detailed description of accomplishments
Task 1: To generate and characterize Rheb-knockout mice
To generate Rheb1 knockout mice, we have designed and constructed a knockout vector. This targeting vector
was designed to replace exon 2 of the mouse Rheb1 gene with a neomycin phosphotransferase cassette. The
vector was used to generate Rheb1 (-/-) homozygous embryonic stem (ES) cells. This was confirmed by
southern blot using a 3’ genomic probe. Rheb1 (+/-) as well as ((a)
/-) mice were then generated using these ES cells. Genomic
DNA from the tail of these mice was analyzed which
demonstrated that a fragment expected from the Rheb1 knockout
12.5kb
Rheb 1+
sample is detected (Figure 1).
To examine whether Rheb1 gene product is missing in the
5.5kb
Rheb 1knockout mice, we evaluated the amount of Rheb1 message by
RT-PCR. RNA was isolated from the +/+ and -/- animal tails,
Fig.1. Identification of Rheb1-/- mice. Genomic DNA
reverse transcribed to yield cDNA which was then amplified by
from mouse tails was digested with Kpn I and probed
PCR using Rheb1 specific primers. Significant differences in the
with a 3’ flanking probe.
amount of the Rheb1 message were detected between the +/+ and
-/- samples (Figure 2A). Northern blot was also applied to compare the amount of Rheb1 message. This was
carried out by isolating RNA from the +/+ and -/- mice (tail). RNA samples were loaded on a gel and probed
with a Rheb1 specific probe. In this experiment, GAPDH message was used as a loading control. As can be
seen in Figure 2B, the amount of Rheb1 message in the sample from the -/- animal was significantly decreased
compared with that from the +/+ animal. Although the amount of Rheb1 message was decreased in the -/- mice,
it was not completely missing.
A

+/+

-/-

B

+/+

-/-

Further analysis suggested that the -/- mice we generated
contain insertion of the neo cassette rather than gene
replacement we set out to accomplish. This appears to explain
why the Rheb1 message was not completely missing. Our
conclusion is based on the analysis of the Rheb1 gene
Fig.2. A: RT-PCR of RNA isolated from Rheb1+/+ and
alteration in the -/- mice. Tail DNA samples from the +/+, +/Rheb1-/- mice tails using Rheb1 specific primers. B: RNA
from Rheb1+/+ and Rheb1-/- mice tails were probed with
as well as -/- mice were analyzed for the presence of exon 2
a Rheb1 probe (upper panel). Lower panel shows GAPDH
by PCR. The fragment expected to be obtained by the
expression used as a loading control.
amplification of exon 2 was detected in the -/- as well as in the
+/- mouse samples. The Rheb1-/- mice we generated did not exhibit growth defects or any altered phenotypes.
Based on the above observations, it is possible that the small amount of Rheb1 we detected was sufficient to
provide the function of this protein.
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To generate Rheb knockout mice that represent gene replacement, we tried again. We consulted with Dr.
Michele Musacchio at the University of California Irvine knockout mouse facility. The targeting constructs for
Rheb1 and Rheb2 were electroporated into mouse ES cells and the cells with correct chromosomal replacement
were screened by Southern hybridization. After extensive screening of ES cells, we failed to identify knockout
ES cells for either Rheb1 or Rheb2.
Task 2: To examine the effects of Rheb inhibition on tumor incidence observed with heterozygous Tscknockout mice.
As discussed above, the mice we generated were not the ones carrying gene replacement we expected but were
most likely insertion of the knockout vector. Thus, even though there is significant decrease of the expression
of Rheb1, there is still a residual level of Rheb1. We made decision at that point not to pursue this task, as the
results will be ambiguous and not easy to interpret. Instead, we decided to pursue experiments described in
Tasks 4-7.
Task 3: To examine if Rheb-knockout mutations prevent the developmental lethal phenotype of
homozygous Tsc-knockout mice.
We faced a decision similar to that described in Task 2 above. Again, we decided against pursuing this task, as
the results obtained will not be easily interpreted. Instead, we decided to focus on experiments described in
Tasks 4-7.
Task 4: To characterize Rheb2

Characterization of the antibody established that the antibody is
specific to Rheb2 and does not detect mouse Rheb1 (Figure 3).
Although Rheb1 antibody with improved potency has been developed
over the years, this is the only antibody that is specific to Rheb2. We
also found that the antibody is specific to mouse Rheb2 protein, as it
does not recognize human Rheb2 (Figure 3).

GST

GST-Rho3
GST-cdc42
GST-Rab21

GST-HRas

His-SpRheb

MBP-mRheb2
MBP-RhoA
His-dRheb
His-hRheb1
His-hRheb2

MBP
MBP-mRheb1

We have been successful in raising a polyclonal antibody against Rheb2 (RhebL1). The antibody was raised
using a 14-residue C-terminal peptide spanning from amino acid 167 to 180. This sequence was chosen, as
there is no amino acid identity between Rheb1 and Rheb2 within this
sequence. The antibody was prepared by Washington Biotechnology
(Maryland) using two New Zealand rabbits. The antibody was
affinity purified using Rheb1 column.
64
49
37
26
19
α-hRheb1

Using the Rheb2 antibody, we have characterized Rheb2. A band of
Rheb2 was detected in extracts from various mouse cell lines
including 3T3-L1 pre-adipocytes, L1C2 lung carcinoma cells and
α-mRheb2
PC12 (pheochromocytoma) cells. To examine tissue expression of
Rheb2, mouse tissue samples including brain, heart, kidney, liver,
Fig.3. Specificity of anti-mRheb2 antibody.
testis and muscle were prepared and probed with the Rheb2 antibody.
Reactivity of anti-mRheb2 antibody against
a variety of proteins is shown in the lower
We found that Rheb2 is highly expressed in the brain. This is
panel. The upper panel shows reactivity of
interesting and supports the idea that Rheb2 expression is nonanti-Rheb1 antibody.
ubiquitous. Similar non-ubiquitous expression of human Rheb2 was
recently reported [2,3]. Therefore, while Rheb1 is expressed ubiquitously, Rheb2 appears to exhibit tissue
specific expression.
Task 5: To investigate the mechanism of regulation of cell cycle progression by the TSC/Rheb/mTOR
signaling pathway
6

Characterization of MEFs derived from Tsc-null mice:

Fold Difference

One of the consequences of the activation of the TSC/Rheb/mTOR signaling pathway is failure to block cell
cycle progression upon nutrient starvation. On the other hand, inhibition of this signaling pathway results in
cell cycle block at the G0/G1 phase. We have shown this point by using Drosophila tissue culture cell line S2
and inhibiting Rheb expression by using siRNA against Rheb [4]. This observation was further investigated
using MEFs derived from Tsc-null mice. These cells do not respond to serum starvation and continue growing
even in the absence of serum. In addition, growth inhibition was not observed even after the cells reached high
density. Since cell cycle progression from G1 to S is regulated by the
activity of Cdk2, we examined Cdk2 activity by immunoprecipitating Cdk2
90
80
and assaying its kinase activity by using histone H1 as a substrate. As
70
60
50
shown in Figure 4, Cdk2 activity remains high even after serum starvation
40
30
in the Tsc2-null MEFs. Similarly, Cdk2 activity remains high after the
20
10
0
Tsc2-null MEF cells reached high confluency. This contrasts with Cdk2
Tsc2
Tsc2
immunoprecipitated from the control parental MEFs; the level of Cdk2 is
IP: CDK2
decreased after serum starvation.
IB: CDK2
+/+

-/-

No Tsc2+/+ Tsc2-/Ab

Characterization of cell cycle proteins

Fig.4. Cdk2 is constitutively activated
in Tsc-null MEFs. Kinase activity of Cdk2
immunoprecipitated from cells after
serum starvation. The lower panel shows
that comparable amounts of Cdk2 were
recovered.

We have examined the level of cell cycle proteins to gain insight into the
mechanism of cell cycle alteration in the Tsc2- null MEF. We first found
that the levels of Cdk2 and Cdk4 are unchanged in the Tsc2-null MEF with
or without serum starvation. We also did not see change in the level of Cdk
inhibitors, p27 and p21. On the other hand, the level of p16 is increased. We also found that the level of cyclin
D is increased in the Tsc2-null MEF.
Further investigation into the Cdk inhibitor, p27 revealed that there is consistent and significant difference in
the nuclear localization of p21 between the Tsc2-null MEF and control MEF. While nuclear translocation of
p27 is observed after serum starvation in the control MEF, p27 is not detected in the nuclear fraction in the
Tsc2-null MEF. To further characterize this observation, we collaborated with Dr. Cheryl Walker (MD
Anderson Cancer Center). We found that the nuclear translocation of p27 is dependent on its
phosphorylation by AMPK. In addition, this study identified the sites of AMPK phosphorylation on p27.
Task 6: To elucidate mechanisms that result in the activation of the TSC/Rheb/mTOR signaling pathway
Activating mutations of mTOR

B

We have identified activating mutations of mTOR. We
found that changing leucine to proline at residue-1460 of
mTOR confers constitutive activation of this kinase.
This mutation occurs within the FAT domain. Likewise,
mutating glutamine at residue-2419 to lysine confers
Fig.5. Cells (HEK293) transfected with constitutively
similar constitutive activation. This mutation occurs in
active mTOR mutants exhibit high level of phospho-S6
even after nutrient starvation (Left panel). Kinase activity
the kinase domain. Since mTOR activity is dependent
in vitro is also constitutively active (Right panel).
on the presence of nutrients such as amino acids, mTOR
activity is low when cells are amino acid starved. Figure
5 shows the results obtained by examining phosphorylation of S6 as well as by assaying kinase activity of
mTOR immuneprecipitates. While transfection of the wild type mTOR did not rescue nutrient starvation,
significant level of mTOR activity was detected when constitutive active mTOR mutants were transfected,
suggesting that these mutants confer amino acid independent growth.
The above mTOR mutations were originally identified by our work on fission yeast Tor2. This mTOR homolog
forms a complex called TORC1 and is responsible for growth and cell cycle regulation of fission yeast. TORC1
7

requires Rheb for its function. A genetic screen was devised to identify mutant forms of Tor2 that can bypass
dependency on Rheb for growth. In addition, another screen based on mating inhibition was carried out.
Twenty two different single amino acid changes were identified that confer Rheb independent growth.
Clustering of these mutations in two regions, one in the FAT domain and the other in the kinase domain, was
revealed.
Two types of mTOR complexes are present in mammalian cells; mTORC1 contains mTOR, Raptor and mLST8
and is involved in growth control mediated by the stimulation of protein synthesis, while mTORC2 contains
mTOR, Rictor and mLST8 and is responsible for the phosphorylation of Akt. Our results showed that the
activating mTOR mutations affect mTORC1 but not mTORC2.
Characterization of mTOR
We have further characterized mTOR mutants. Presence of associated proteins was examined by
immunoprecipitating mTOR. We found that comparable levels of Raptor, Rictor and mLST8 were associated
with the constitutively active mTOR compared with the wild type protein, suggesting that the mutations do not
affect the overall structure of the mTOR complex.
We also found that the activating mutations exert dominant effects. Existence of mTOR dimer was
demonstrated by using two different tags AU1 and FLAG. AU1-tagged mTOR and FLAG-tagged mTOR were
co-expressed. Immunoprecipitation of AU1 mTOR showed that FLAG-mTOR also came down in the
immuneprecipitates. We then constructed AU1 tagged mutant mTOR and co-expressed it with FLAG tagged
wild type mTOR. Immunoprecipitation of FLAG-tagged mTOR showed that AU1-mTOR is coprecipitated,
suggesting that a heterodimer is formed. Examination of this heterodimer showed that it is active even in the
presence of mutant mTOR. We believe that this observation is important, as heteroygous mutations could result
in constitutive activation of mTOR.
mTOR constitutive active mutants are rapamycin sensitive
Another important observation we made concerns rapamycin
that is evaluated in clinics as anticancer drugs. As shown in
Figure 6, rapamycin inhibited constitutively activated mTOR.
In this experiment, the wild type and
two different mutants of mTOR were transfected into cells. The
cells were nutrient starved and then treated with rapamycin.
Phosphorylation level of S6 was examined to assess the activity
of mTOR. The results suggest that the activity of the mutant
mTOR can still be inhibited by rapamycin.
Task 7: To examine consequences of activation of the
TSC/Rheb/mTOR signaling pathway on mammalian cell
growth.
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Fig.6. The wild type as well as mutant mTOR
activities were inhibited were rapamycin.

To generate stable cell lines expressing constitutive active mTOR (E2419K), we first transfected HEK293 cells
with mTOR constructs and selected for cells that expressed mutant mTOR. Stable transformants expressing
mTORE2419K were obtained together with control transformants (vector control). This set was used to
examine the consequences of mTOR activation.
We first confirmed that the TSC/Rheb/mTOR signaling is constitutively activated. This was shown by
subjecting cells to amino acid starvation and examining phosphorylation of S6K and S6 using antibodies
specific for phosphorylated forms of these proteins. Phosphorylated forms were identified with the stable
transformants expressing the mTOR mutant, while the levels of phospho-S6K and S6 were decreased by amino
acid starvation with the control transformants. We have examined stress sensitivity of the transformants. We
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found that the stable transformants expressing mTOR mutant exhibit resistance to hydrogen peroxide, while the
control cells are sensitive. In contrast, both the mTOR mutant transformants and the control transformants were
sensitive to sorbitol. Another observation we made is that both these transformants are sensitive to rapamycin.
Thus, the stable transformants we generated provide a valuable reagent to assess the consequences of activation
of the TSC/Rheb/mTOR signaling.
Key Research Accomplishments
(1) We generated mice with decreased expression of Rheb1.
(2) We generated polyclonal antibody specific to mouse Rheb2.
(3) We examined tissue expression of Rheb2, and found that the expression was not ubiquitous. This is
different from the expression profile of Rheb1.
(4) We found that the activation of the TSC/Rheb/mTOR signaling leads to constitutive activation of Cdk2, a
key cell cycle protein functioning at the G1/S phase boundary. We also found that a Cdk inhibitor protein p27
is affected by the activation of the TSC/Rheb/mTOR signaling pathway. Its translocation to the nucleus is
blocked.
(5) Novel mutants of mTOR that are constitutive active have been obtained.
(6) We have shown that the expression of these mutants confers constitutive activation of mTOR even in the
absence of amino acids.
(7) The activating mutants of mTOR appears not to affect mTORC2 activity.
(8) The activating mutations do not alter binding of mTOR associated proteins.
(9) The activating mTOR mutations exert dominant effects over the wild type protein.
(10) The activated mTOR mutants retain sensitivity to rapamycin.
(11) We have generated a stable cell line expressing activating mTOR mutant.
Reportable Outcomes
(1) Mice with decreased Rheb1 expression were generated.
(2) Rheb2 clones were generated. Rheb disruption construct for targeted gene replacement has been made.
(3) Rheb2 specific antibody was generated.
(4) Constitutive active mutants of mTOR have been generated. These will provide valuable reagents for the
study of the Tsc/Rheb/mTOR signaling.
(5) A stable cell line expressing activating mTOR mutant has been generated.
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Conclusions
We have accomplished most of the task that was outlined in the Statement of Work. They include the following
points.
1. Mice with decreased Rheb1 expression were generated.
2. Mouse Rheb2 specific antibody was generated.
3. Tissue specific expression of Rheb2 was observed.
4. Elucidation of the effects of the activation of the TSC/Rheb/mTOR signaling on cell cycle
progression.
5. Established the significance of p27 in the cell cycle effects of the TSC/Rheb/mTOR signaling.
6. Identified novel activating mutations of mTOR.
7. The activating mutations confer amino acid independent activation of mTOR.
8. The activating mutations exert dominant effects.
9. The activated mutants retain rapamycin sensitivity.
10. Stable cell line expressing activated mTOR mutant was produced.
These studies should provide important insights into understanding the consequences of altering the
TSC/Rheb/mTOR signaling.
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The regulation of cell cycle progression by Tsc and Rheb GTPase
Susie M. Miyamoto, Juran Kato-Stankiewicz, Chen Jiang, Chia-Ling Gau, Lea Guo and Fuyuhiko Tamanoi
UCLA, Los Angeles, CA
Tsc and Rheb are two important players of the PI3K/AKT/TSC/mTOR signaling pathway that has been shown
to regulate cell cycle progression in addition to other cellular processes including proliferation, tumorigenesis,
angiogenesis, differentiation, and anti-apoptosis. Tsc1 and Tsc2 form a complex that functions as a GTPase
activating protein (GAP) for Rheb. Mutations in the Tsc1 or Tsc2 genes have been implicated in tuberous
sclerosis, a genetic disorder marked by the appearance of benign tumors called hamartomas in multiple organs.
Previously we used Tsc2-/- MEFs as a model to investigate the function of the TSC/Rheb/mTOR pathway. We
have shown that Tsc2-/- MEFs escape cell cycle arrest in G0/G1 at high confluency and in serum-starved
conditions (Gau et al., AACR meeting, 2004). However, the mechanism of how TSC/Rheb/mTOR induces cell
cycle progression is not known. Our analysis of in vitro kinase assays revealed that CDK2 kinase activity is
significantly increased in Tsc2-null MEFs. We have also examined expression levels of various cyclins, CDKs,
and CDK inhibitors. No significant differences in the level of expression of CDK2, p27, and p21 were detected
between Tsc2+/+ and Tsc2-/- MEFs. However, we did observe a difference in the cellular localization of p27
between the two cells. Biochemical fractionation experiments showed that p27 is localized in both cytoplasmic
and nuclear fractions in Tsc2+/+ MEFs. In contrast, p27 was localized only in the cytoplasmic fraction in Tsc2-/MEFs. There is no change in the localization of p21. This lack of nuclear localization of p27 may explain the
increased activity of CDK2 in Tsc2-/- MEFs. It is interesting to point out that cytoplasmic translocation of p27
has been detected in a number of cancer cells. In addition, cytoplasmic translocation of p27 has been detected in
breast cancer and HEK293T cells upon Akt activation. Furthermore, TSC2 was found to bind p27 to protect it
from proteasomal degradation. Rheb is clearly implicated in cell cycle progression, as overexpression of Rheb in
HEK293 cells promoted an S phase progression. Since the Tsc1/Tsc2 complex negatively regulates Rheb, a
question arises regarding the role of Rheb in cell cycle progression. Further analysis of how Rheb regulates
G1/S cell cycle associated proteins will be discussed. These results provide insight into how Tsc and Rheb are
involved in the regulation of cell cycle progression. This also implicates the possibility of taking advantage of
drugs such as farnesyltransferase inhibitors that target Rheb to influence cell cycle progression.
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