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I ntroduction

Thisisthefina report for the project that covers the period December 15, 2004 — January 14, 2008. Tuberous
sclerosisis caused by mutations in the Tscl 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
sclerosisis that the TSC/Rheb/mTOR signaling pathway is over-activated. Our research isfocused 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 Rhebl 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.



Summary

Tuberous sclerosisis caused by the loss of Tsc1/Tsc2 complex that acts as a negative regulator of Rheb GTPase
[1]. Thisresultsin overactivation of mTOR causing uncontrolled growth. The overall aim of this grant was to
understand the consequences of atering this signaling pathway. During the funding period, we have made a
number of progressesincluding (i) generation of mice with decreased expression of Rhebl, (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 Rhebl gene with a neomycin phosphotransferase cassette. The
vector was used to generate Rheb1l (-/-) homozygous embryonic stem (ES) cells. Thiswas confirmed by
southern blot using a3’ genomic probe. Rhebl (+/-) aswell as (-
/-) 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
sampleis detected (Figure 1).

12.5kb Rheb 1*

To examine whether Rheb1 gene product is missing in the
knockout mice, we evaluated the amount of Rhebl message by
RT-PCR. RNA wasisolated from the +/+ and -/- animal tails,
reverse transcribed to yield cDNA which was then amplified by fﬁfnjréféiggﬂt;fﬁgownaf ;h::tt ; va:tC;K(ieI";:gc rDo'Eg\d
PCR using Rhebl specific primers. Significant differencesinthe | i a 3 flanking pmbe_g P P
amount of the Rhebl message were detected between the +/+ and
-/- samples (Figure 2A). Northern blot was also applied to compare the amount of Rhebl message. Thiswas
carried out by isolating RNA from the +/+ and -/- mice (tail). RNA samples were loaded on agel and probed
with a Rhebl specific probe. In this experiment, GAPDH message was used as aloading control. Ascan 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 Rhebl message was decreased in the -/- mice,

5.5kb Rheb 1-

it was not completely missing.

A o+ -/ B A
Further analysis suggested that the -/- mice we generated e 4
contain insertion of the neo cassette rather than gene . - -
replacement we set out to accomplish. This appearsto explain
why the Rheb1 message was not completely missing. Our § 1

COI’]C| usionis based on the analyss Of the Rhebl gene Fig.2. A: RT-PCR of RNA isolated from Rhebl1** and

alteration in the -/- mice. Tail DNA samples from the +/+, +/- Rheb1- mice tails using Rheb1l specific primers. B: RNA
as We” as _/_ ml ceweae analyze(j for the pre%rlce Of exon 2 from Rhebl+/+ and Rheb1l-/- mice tails were probed with

. a Rhebl probe (upper panel). Lower panel shows GAPDH
by PCR The fragment eXpeCted tO be Obtal ned by the expression used as a loading control.

amplification of exon 2 was detected in the -/- aswell asin the
+/- mouse samples. The Rhebl-/- 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 Rhebl we detected was sufficient to
provide the function of this protein.



To generate Rheb knockout mice that represent gene replacement, we tried again. We consulted with Dr.
Michele Musacchio at the University of California lrvine knockout mouse facility. The targeting constructs for
Rhebl 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 cellsfor either Rhebl or Rheb?.

Task 2: To examinethe effects of Rheb inhibition on tumor incidence observed with heter ozygous T sc-
knockout 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 Rhebl, thereis till aresidual level of Rhebl. 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 examineif Rheb-knockout mutations prevent the developmental lethal phenotype of
homozygous T sc-knockout mice.

We faced adecision 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

We have been successful in raising a polyclonal antibody against Rheb2 (RhebL 1). 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 Rhebl and Rheb2 within this
sequence. The antibody was prepared by Washington Biotechnology
(Maryland) using two New Zealand rabbits. The antibody was
affinity purified using Rhebl column.

MBP-mRheb1
MBP-mRheb2
MBP-RhoA
His-dRheb
His-hRheb1
His-hRheb2
His-SpRheb
GST-HRas
GST-Rho3
GST-cdc42

| GST-Rab21

MBP
GST

Characterization of the antibody established that the antibody is e |
specific to Rheb2 and does not detect mouse Rhebl (Figure 3). P
Although Rhebl antibody with improved potency has been devel oped 25—
over the years, thisis the only antibody that is specific to Rheb2. We |
also found that the antibody is specific to mouse Rheb2 protein, asit
does not recognize human Rheb2 (Figure 3).

a-hRhebl

Using the Rheb2 antibody, we have characterized Rheb2. A band of
Rheb2 was detected in extracts from various mouse cell lines
including 3T3-L 1 pre-adipocytes, L1C2 lung carcinoma cells and
PC12 (pheochromocytoma) cells. To examine tissue expression of o-mRheb2
Rheb2, mouse tissue samples including brain, heart, kidney, liver,

testis and muscle were prepared and probed with the Rheb2 antibody. | 2> Speciicity of anti-miheb2 antibody.

Reactivity of anti-mRheb2 antibody against

We found that Rheb?2 is highly expressed in the brain. Thisis a variety of proteins is shown in the lower
interesting and supports the idea that Rheb2 expression is non- panel. The upper panel shows reactivity of

anti-Rheb1 antibody.

ubiquitous. Similar non-ubiquitous expression of human Rheb2 was
recently reported [2,3]. Therefore, while Rhebl 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



Characterization of MEFs derived from Tsc-null mice:

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 resultsin
cell cycle block at the GO/G1 phase. We have shown this point by using Drosophila tissue culture cell line S2
and inhibiting Rheb expression by using SSRNA 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 Sisregulated by the
activity of Cdk2, we examined Cdk2 activity by immunoprecipitating Cdk2
and assaying its kinase activity by using histone H1 as a substrate. As
shown in Figure 4, Cdk2 activity remains high even after serum starvation
in the Tsc2-null MEFs. Similarly, Cdk2 activity remains high after the
Tsc2-null MEF cells reached high confluency. This contrasts with Cdk2
immunoprecipitated from the control parental MEFs; the level of Cdk2 is -
decreased after serum starvation. hn iy

No Tsc2+*+ Tsc2*
Ab

Fig.4. Cdk2 is constitutively activated
in Tsc-null MEFs. Kinase activity of Cdk2

We have examined the level of cell cycle proteinsto gain insight into the immunoprecipitated from cells after
mechanism of cell cycle ateration in the Tsc2- null MEF. We first found ot comanrabi amounte of G o
that the levels of Cdk2 and Cdk4 are unchanged in the Tsc2-null MEF with recovered.

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 isincreased. We also found that the level of cyclin

D isincreased in the Tsc2-null MEF.

Fold Difference
o BPNWBODSN®O©

Tsc2++ Tsc2+

Characterization of cell cycle proteins

Further investigation into the Cdk inhibitor, p27 revealed that there is consistent and significant differencein
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 mechanismsthat result in the activation of the TSC/Rheb/mTOR signaling pathway

Activating mutations of mTOR

__mTOR 180
_—r ; = : G

We have identified activating mutations of mTOR. We E s§3 g3
found that changing leucine to proline at residue-1460 of — — — phosphoS6 43 4, »
MTOR confers constitutive activation of this kinase. R — ¢ N S |
This mutation occurs within the FAT domain. Likewise, S T S
mUt.at' ng gl utam.l ne at reSI (.jue-241.9 tolys n c confers. Fig.5. Cells (HEK293) transfected with constitutively
S mll_ar COHStItutI_VE a(_:tlvatlon- This mytal_lon occursin active mTOR mutants exhibit high level of phospho-S6
the kinase domain. Since mTOR activity is dependent even after nutrient starvation (Left panel). Kinase activity

onthe presence of nutrients such as amino aci dS, mTOR in vitro is also constitutively active (Right panel).
activity islow when cells are amino acid starved. Figure
5 shows the results obtained by examining phosphorylation of S6 aswell 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 TORCL1 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 isinvolved 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 mTORCL1 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 mL ST8 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 aso 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 isformed. Examination of this heterodimer showed that it is active even in the
presence of mutant mMTOR. We believe that this observation is important, as heteroygous mutations could result
in constitutive activation of mTOR.

mMTOR constitutive active mutants are rapamycin sensitive

. . . RO
Another important observation we made concerns rapamycin ,&\& a(\&
that is evaluated in clinics as anticancer drugs. Asshownin W« o o
Figure 6, rapamycin inhibited constitutively activated mTOR. -+ - + -+ Rapamycin@oonm
In this experiment, the wild typeand | —0— __ _
two different mutants of mTOR were transfected into cells. The phospho-S6
cells were nutrient starved and then treated with rapamycin. . - ~ (Thr 235/236)
Phosphorylation level of S6 was examined to assess the activity
of MTOR. The results suggest that the activity of the mutant R 2 8 otalS6
mTOR can still be inhibited by rapamycin. PR, - '
Task 7: To examine consequences of activation of the Fig.6. The wild type as well as mutant mTOR
TSC/Rheb/mTOR signaling pathway on mammalian cell activities were inhibited were rapamycin.

growth.

To generate stable cell lines expressing constitutive active mTOR (E2419K), we first transfected HEK 293 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 sengitive. 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 Resear ch Accomplishments

(1) We generated mice with decreased expression of Rhebl.

(2) We generated polyclonal antibody specific to mouse Rheb?2.

(3) We examined tissue expression of Rheb2, and found that the expression was not ubiquitous. Thisis
different from the expression profile of Rhebl.

(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 nucleusis
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 Rhebl expression were generated.

(2) Rheb?2 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.

Publications and presentations

Urano, J., Sato, T., Matuso, T., Otsubo, Y., Yamamoto, M. and Tamanoi, F. (2007) Point mutationsin TOR
confer Rheb-independent growth in fission yeast and nutrient-independent mTOR signaling in mammalian
cells. Proc. Natl. Acad. Sci. USA 104, 3514-3519.

Miyamoto, S. (2007) Cell cycle regulation by the TSC/Rheb/mTOR pathway. Master thesis, Dept. of Microbio.,
Immunol. & Molec. Genet., UCLA

Miyamoto, S., Kato-Stankiewicz, J. and Tamanoi, F. (2005) The regulation of cell cycle progression by Tsc and
Rheb GTPase. Proceedings American Association for Cancer Research, Volume 46, Abstract #5434

Short, J.D., Houston, K.D., Cai, S., Kim, J., Miyamoto, S., Johnson, C.L., Bergeron, JM., Broaddus, R.R.,
Shen, J., Bedford, M.T., Liang, J.T., Tamanoi, J., Kwiatkowski, D.Mills G.D. and Walker, C.L. (2007) Energy
Sensing Regulates p27<'™ by AMPK-Mediated Phosphorylation and Cytoplasmic Sequestration, Submitted.

Tamanoi, F. (2007) Gordon Research Conference on Phosphorylation and G-protein mediated signaling
networks, Maine



Tamanoi, F. (2007) 2nd Cell Regulationsin Division and Arrest Workshop, Okinawa, Japan.
Tamanoi, F. (2006) FASEB Summer Conference on Regulation and Function of Small GTPases, Vermont.

Tamanoi, F. (2006) The LAM Foundation Research Conference, Cincinnati, OH.

Conclusions

We have accomplished most of the task that was outlined in the Statement of Work. They include the following
points.

Mice with decreased Rhebl expression were generated.

Mouse Rheb2 specific antibody was generated.

Tissue specific expression of Rheb2 was observed.

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. ldentified novel activating mutations of mTOR.

7. The activating mutations confer amino acid independent activation of mTOR.
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. The activating mutations exert dominant effects.
The activated mutants retain rapamycin sensitivity.
0. 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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Appendix 1

Point mutations in TOR confer Rheb-independent
growth in fission yeast and nutrient-independent
mammalian TOR signaling in mammalian cells
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Hkely el et via ke nthe vtk of Tur2p, we peculaied
that aciaring mucziions of Tarp may i requirmen.
Iderwificarion of such mararions, which auﬁm‘yw b constitive
amwiee, is of imerss o gainicg nsight imo the mechanem of
activaiion af this kinasz. fn partiular, this sudy may revedl oovel
P i The TOR.

kinases are members of the phosphaidylnnsedl Skiase (I3
ke reluied Fumdy of kinsses and bave specific domains, inchid-
iog the HEAT repedts and the FAT, kinese, and FATC domains.
Involvementaf the HEAT domain i procsin-proiein ineracions,
dimerizeion, and membrans awecivion has been rrpensd 9,
1332, e dvte, caby cne acrivaied TOR mutane has heen repand.
This mu ang, ATOR, comainsa delsion ofthe pspressor domain, ™
ich includes AMPE { T2446) and 55K (52482) phosphorglation
sitss a the Gemminal region of mTOR (20-&3) In our sudy, we
caried cut  ayacmaic .mdyn: io s :uEIr amino’ acid
iEs.
nem singls amino acid
cma cenfr constiucive activaion of TorZp, o restingly,
the muatiors ars dusisrsd ino two regiors: the FAT domain and
the kimis2 domain. Charaneriion of thess munaion:
that they are able to bypass the requirsmem of REb1p far fission
yeat groth. The use of thess mucams allowerd us 6 chserve that
Fhb1p abo is raquired for resiseance 1o bigh sah, h@:.mpemum
and towic amin acid aoalegs in fision ysas, Furthzrma:
carrying anslogeus mutations exhibid arisn ulq:-endem e
tivity and wers ahle 1 farm mTORC] and T ORCY 10 sddion
1 haercdimer of wid.yps and mutam mTOR abo diplayed
murien inds pendem amivicy.

Resuls

want for Ahb1p In Fssion m::)ghh]p iz Faces with Tor 3, and
torh Rbblp and Torzp are sssencial far growih (19, 20,23, 27).
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Mg 2. Lecwtian of sctvated murtniicns in Tarip nd cersamention of ik
due. (41 Al Harefied sctivating mutsticrs indicsted sbove the Inew
rapramnéstin of Tartp, duers | and 1 e ndcata 48 TSR pretan

s pariba GgTartand dprecl & v

o SpTers e thadud blick or
1oy, respactively. 2 ara Irlicated shar the ah
. Tha rermics damain ragen o nT0 n eedicated by u bra undar §
abgreman: Singlnard doukhy anartks redizate tha AMPY ared 56K pharpher-
lstion hin, repactiealy.

acivating mutaiion in Tardp, <ach muaticn may affser chese
1w activicies differentty.

‘These Tor2 comeiniveactiv: mumams sshibi delayed nimogen-
marvaion respanse, Beruse fision yeas cells rspoad i nie
maryaiinn by amesing in Gy a5 smalf rounded cefls, nonmuxzcophi
Smis carrying the L1310F or EXIIE MUIaon wers nirogen-
marved in S50 medin (s 57 Mwerist and Medends), ood samples
wers assemed for cell sive and DA coment by FACE, The rsuhs
arz sherwn inFig. 1. Forwmnd-scarter analysis shows that boch Tor2
mutams show o delay i this shacge in cel size comparsd wibwild

inmably @ 15 and &5 h). By 10 h, che muae celis bave
A i i ype cells. Arnbis of cellcyde
pmﬁlu;hwuluuhrmrzmuums are dedayed inthe sppearinoe
s becnse moe= cels an: in Ga w1435 h, wheneas majority
ufwlld-lyp: cells are in G,

Hutations & Chistared Malaly In the FAT ard Hnas Domalis of
ToeZp. The abarve analysis idencified ingle amine acid changss
locaved in the FAT and kiase domains, puiniing 10 the impor-
tance cof these two domaim T further invesigns the signifi-
canece of these domains for Tor2p accivation, we screened for
additioral mutations the C-zeminal half of Toezp, The region
comaining =iher the FAT or the FRB, kinse, and FATC
demains cf thez for2 genz in JURLSS0 was randemly muragenized,
and 34 addition] mutans that exhibited R1G wers idenrified.
Sequence analysis of thes: mutans revealed 17 additional single
mutaticns ar 15 position:.

g. 24 summarizes all of the activacing murations ideneified.
toesrestingly, we found that the mutaiions mainky wen: duscered
in 1wo regicns: 1he tazrminal sids of the FAT domain (dusier
1) and the Cterminal pnmnn of the kinuse domnin fcluster 11y,
tnaddiicn, ther wars  frw regians, necably ar the Coerminal
rvegm d rhe FAT demain .\::g the Xteminal regica of the

 whers ians w2 ideniificd. Fig.
gy sequence alignments of residues in which mutationg

W16 | e prasargegiee 101073, pran 01 T

B - it -t it
b - O pe
e s ("
e o e

M3, shia foc " and shAT (o show aana ity 1 sirmas. (49
5, U174 sk aup ,
et r o wd a3 n&am.zﬂuwmmhdm
e o g 172
umaa.;\rﬁ"nmd LURTITS I Atee M weara traradarmad with ai-
P41 GChATA) or pATLAgRE b1, and traruformmts wars

the indicaed plri 2 incubatud 3D

were found in dusmers 1 and T, As @n be seen, most of the
mutations o< ur an resicues that ars perfecily conerved amcag
TOM peoizing Erom different arganians.

B bor2® Mstants Ara Sanshive to Stress Condithone: Aralysis cf
a sirain having a disrupiicn of i and carrying a o Z-acimed
{foe23%) mution reveslsd that, although’ Tor) mutanis cn
bypass Thblp requirement For growd, they nre incapable cf
bypassing other Rhblp fancrions. Fig. 34 shows that the Ak 14
arains tha ars viskl: becus: of the pressnce of eicher the
e o the a5 murarion ane semities o highsic
=ress (1 M KCT) and high iempemmure (27°C) This ssnsitivity
can be reversed by the intreduction of R, ndicaring that
Rhivlpis involved in responding o these srssses in fission yeas.
We previousdy have shown thar inhibitin of Rbblp causes
Iypersensitivitiss 10 roxic analoguss of lysine (ihialysing) and
afginine {canavaning) {25, 4. [n additicn, foss of 2 resuhe in
rasizancas 12 thislysice, canavaning, and ethisning (the toxic
anaksy of methicning) (23, 21, 2. Examinaicn cf the oo [4
2o - prd i) A poe MUEUE mimams oo thess Lo i amin aeid
analogs showsd char these dauble muluuauhypermm ]
shislysins, canavaning, and sthicnine (Fig. 3# and dua o
. These sensitivitiss are revemed by renxmdusing sl -
imo thess cells. Thus, Rhblp is requirsd for the resinance o
these amin acid analegs, D\fhmuxlhﬁ:mllsrﬂry:ni\uled
Teaap, this resiwance likly is independent of Toezp,
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mTOR. funcrian, we coerpresed FLAG-tazgesd wild1yps and
AUlL-aggzd wildayps or mucam mTOR proizins o HEKZE
eells The cells were srarved dor ourrizns, and che complexss
were ml.med by immunoprecipiation using aoti-FLAG ami-
body. We found simiar amaums of AUl-agged wildtype
mTOR .mr.l the AUTL-1agged muram mTOE in che immine
complex, indicaing that mutam mTOR was able to f2rm 5
hetzradimer wih wildtype mTOR (Fig, 5C). Furhermars,
whien thess compleses were assayed for acivicy u:u:g-iE—EF]
a5 a subsrme, we, ﬁnund |hn| though che wil .'mldégg;
dimers ware inacrive L type/mutam heterdimers

fied i vifmo Kinass mm(y ['Fig ).

Discussion
Avcumularing evidence in fizsion peast provides siroag su
for the idea thm Rbblp is an acharar of TorZp, We have
reponied that Rhblp assodaes with Tarzp (25). We and others
alen recemly have chown that, in fssion yeas, TorZp camplexes
with Mlp]p(lbe E!GIIIIIL!:SI H.'Apnorhmnlng] liksly farming &
SpTORCL 514 , 4% Funheemore, shurting down TorZp essuhsin
small rounded cells arresced in Gy, reminiscsne of inhibiting
ihition of Torzp i homoehalic
and sexunl desslopment (44, 45). Now, we
show that, apposis 1o inhibiting Tee2p Rinction, 1n acivting
mutation o Tar2p can confer RIG, delaysd rasponss o niregen
marvatian, and tecr=ased semal develapment.
This repan provides svidence for_a largs umber of sigle
.mnuo acid clm:gu that confer constinnive activation of Tor2p.
. many of these muations occur in residues char are
h.g choﬂunﬂd frron protzing, and mTOR carrying anals-
gous mutations exhibit nueriem-indspendent mTORCT aniva-
tion, An eaciting finding of our mudy is that the acivting
murations ars ﬁmxrrd within two domains of TOR: the H.
temminal region of the FAT domain Ecluslﬂ 1) and the ©
teminal regica of the kinass domain jchezer 1. Imerssingy,
the chumer in the kinase domain isjust 3djacert 10 the repressor
domain j 2£30-2450 of mT OF; Fig. 25); deletian of this regian
resuls i oetivation of mTOR (35, &), Indeed, the andogous
positian (2431 of mTOR for one of the aciy fveved fissian yemt
Tor2 mumnes, [2233H, & found just inside 1his repressor
demain. This chse proximicy of the fepressar domain 10 dusier
11 pssibly indizarss that these minsticns may activate il OR via
a similar The deleticn of the repressar demain
initially was thougbe 12 activate mTOR, in part by removiog an
nspbur}hllm site (52448; Fig. 25); howsver, mucating
this site, which Lavsr was shown 1o be an 56K oql.umsue
(42, 43), 10 alanine Sces nct significanly aler mTOR activiiy
(303 Furthermars, mutating 1he AMPE phaspherylation siie
{T2846; Fig. 2812 nlnins did nce aher mTOR asivity (35, 413,
Thess phosphorylation sites s are oot conservcd in fissian
yeast Tor2p. Perl this region is ivabved in inceracting wich
anurknown inhibiory facior. In addition 1o cluger 0, muraions
were found in the N.psrminal l!gm of the kinase domain.

bndng which may incerfere with this inhibiicey facior. Funher
experiments are neaded 10 addnes: the conssjuences of these
MCAtions. A Fecent Tepa i budding peas idecrified mutaions
in the FRE thar szhibi increassd msociation with EOG1p
{budding yemet Rapear homslog) and inereased acrivty o Sac-
chrowces cerevisioe TORLD (55). Ahhmg: the FRE regian

was incuded i our munageness, we di
activating mutacion in this

The nctiation of Teezp resuhs in a delay i the nit
aarvation respanss. Hewsver, this rsspanss i net 2 com,
Heck Furhermore, we find char plibf woe2®™ mrains .lhn are
able 1o respend 69 nirogen. saranian aod upderge semal

non idencify oy

0 | e prananggl e 10,0003, prantode 108

b P— ins arifl
n aarmubg in :bel.:bsang of
ity that Tordp also is regulaied by an
e mectanin, Fusher malgsis of sofa
elsal revesd possibe nvlvemen of Rhblpn ares
pcl:ue 3 MUEAKES ane sensi ve 0 siresses such as high sal
{1 M Ecl) and high temperaturss (370, Ahhcugh the ech.
anisms for i E:e pes need further ovestigation, it is cf
inlﬂulmnm that ior? & mutans alsa exhibit these phenorypss.
phenotyps of theeki  sov2™ mutanes i that they are
perseniikive t toxic aminD acid: analogs 1 is poesible char
ifie Sensiivirizs are 8 mesit of increlsed amin acid uptaks
becuse we previcusly have shown thar decreases in Rhblp
funcrien lzod o crensed uptake of arginine and bypersesi-
tivity 10 canmvanine (26,

We have succeedad in idemifying mTOR mutams thar are
awivei of nuiriens. ovidevaluble
reagenis 10 funher emmine the biclogical conssquences of
mTOR amiarian. By imroducing these muane: in HEK2E
calls, we bave shawn that they confer nurnem-indspendent
WTORCD sigraling. Addiinmal experimens may shed ligt cara
the pale of MTOR acivation in growdy [ocroducing chese
mutamsin HEE2SS aswell m other unransformed csll linss also
may provide Feight ims mTOR activation in transfoemation,
Irveigaing mTOR adtivation in whalz animals also is of
impamanee. These mutaniz @n be introduzed inte mics, and
such animals can be sudied fnber for roles of MTOR in
evelopmert as well as propensity far wmers.

Activation of the mTOR pattvay has been implicied in a
numbser of human dissasss atsocime d with benign mmers, sich
as bamamamas (56, Cur dsmeasmiion tha mTOR @n be
activaied by single amioe aGd changes raisss an imeresting
passibiliry chat mTOR mutaions may be found in tumar sam.
R, Thiy iden is aipponzd funher by our finding tha our
mutant mTOR is amive even when in 3 hecerodimer wich the
wild-type protein. Bevauss cur sudy peines 10 tea hot in
|htT0€R.prale|n searches for mTOR mutaces may be fooused

twa regiors, The resubts obimined from chese nudm

rale have 5.gmr.cn implicaricn for our underandin
human diseases arising from the activarion of the m_--aﬁeh-
mTOR. signaling pattway.
Matarials and Methods
Screans for RIGs and Activated Tor2p, 86 soesn Thescheme for the
RIG screen is shown in Fig. 1. JUpLOS0 stmin (3« 10° cells) was
i i re-nitrosnguanidine (Sigma, =

)ﬂ rich yeast exiract with supplamercs
(vss, in ovemight. Czlls then wers plitsd cars Efika gh
minimal medium spplemenced with ndenine |22 maf), leucin
(225 mg'l), uradl (20 mgly, and FOA (1 D}nﬁmes were
replica-plated oncs 1 eliminits hackground. of =3,009 coic-
niss, 241 diones were isalisd and vssied for abssnce of i~
colony POR. One done was isolmed tha bad loa che sisi®
plasmid.
Sorean for foed WGt axhbhhyg decared matisg. Randem muia-
tions were incroduced ino the tov gens by PCR (374 Linsar
DA fragmenes carrying mnagenivsd soe allsles were won-
formedino Vi, a Dmnll:ulllrur:unl:l‘hichlbundngennus
o2 gene udumpned iih 3 kan® cassetve and whess growth is
maincained by o muhicopy plasmid pREPS.tarl. To abeain
imegrams of funciicaal worZ alleles, rosformanes tha were
resigant 2 FOA (indicating loss of ursd™-bued pREPA2.tar2)
and k' were soreened ar 26.5°C. From a me2 mutan library
thus consirucsd, we screensd for aerile dones; <ach siraionwas
arown 2 3 calany on 55 A plats (see 5T Mareris eid Meshrde)
and ained with jdinevapor 1 herinoubatica for 4 daysat 30rC.
Unstained colonies were iscled and exmined misroscopically
for serility.
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Sursan fon sl FAT i Khas mataats. Adiditianal FAT and
mutations ificd by scrscning ibranizs
based cn pLIGE-1ar-CTL in which the regicn coeeainig the
FAT domain or the FRE, kinae, and FATC domains were
randemly muiagenized by using the GeneMarph 1 Randam
Mutagenesis Kit (Scracagene, La Folla, CA). The fibrarizs were
Zigemed with BamEiL, and the linzariz=d plumids were imz-
gratsd oo JUR10G0. The resultig cransformams initially
were seleasd en plates containing G218 (200 wgd) for ince-
grtian of plasmid and then an FOA far the RIG phenoiype
as before. Then, 5,60 and 12000 imegranes wers screened
from the FAT damain |Ibr!!j’ and the FRE-kinase-FATC
damain Lbrary, respectively. In boih cases, 17 dooes were
alated. The regions that were mucgenizsd wers FCR-
amplified from genomic preps and sequenced o idsntify the
mutatians,

Hamnalas Gall Culturs and Transtection, HEE293 cells were
cultursd in DMEM supplemened wih 10% FES and penicil-
liysirepromycin ar 37°C and 5% OOw Tramfeciions were

rfcemed by usicg Polyfer (Dingen, Valenda, CA) accord-
1ng ta the manufactu rar’s ingructicns. To assess the actiriy of
mTOR. mutants, ezlls wene ssrum-siarved in DMEM supgl
meried with 0.1% BSA ovemight and 1hen oulrured in PES far
1h For rapamycin wearmenn, cells were tremed with 100 mM
rapamyzin far 1 h abier serum sarvaticn These cells were
fysed, Aand proteinswere analyzed by Western bloning analysis.
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Appendix 2

Proceedings American Association for Cancer Research, Volume 46, 2005
Abstract #5434
Cellular and Molecular Biology 67: Cell Cycle Control and Cancer 3

Theregulation 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 cycleprogression in addition to other cellular processes including proliferation, tumorigenesis,
angiogenesis, differentiation, and anti-apoptosis. Tscl and Tsc2 form a complex that functionsas a GTPase
activating protein (GAP) for Rheb. Mutations inthe Tscl or Tsc2 genes have been implicated in tuberous
sclerosis, a genetic disorder marked by the appearance of benign tumorscalled hamartomas in multiple organs.
Previously we used Tsc2”- MEFs as amodel to investigate the function of the TSC/Rheb/mTOR pathway. We
have shown that Tsc2”- MEFs escape cell cycle arrestin GO/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 CDK 2 kinaseactivity is
significantly increased in Tsc2-null MEFs. We havea so examined expression levels of various cyclins, CDKSs,
and CDK inhibitors. No significant differencesin the level of expressionof 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 experimentsshowed that p27 islocalized in both cytoplasmic
and nuclear fractionsin Tsc2** MEFs. In contrast, p27 was localized only in the cytoplasmic fraction in Tsc2™”
MEFs. Thereis no changein the localization of p21. Thislack of nuclear localization of p27 may explain the
increased activity of CDK2 in Tsc2” MEFs. It isinteresting 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, TSC2was found to bind p27 to protect it
from proteasomal degradation. Rheb is clearly implicated in cell cycle progression, as overexpressionof Rheb in
HEK 293 cells promoted an S phase progression. Sincethe Tscl/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 cdll cycle associated proteins will be discussed. These results provide insight into how Tsc and Rheb are
involved in the regulation of cell cycleprogression. 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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