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(Bacl(ground: BACEL (B-secretase) is an important enzyme in Alzheimer disease pathology, but how it is regulated remains

Results: Rheb GTPase binds and regulates BACEL1 levels and its activity, in an mTOR independent manner.
Conclusion: Rheb GTPase is a novel physiological regulator of BACE1 pathway.
Significance: This study establishes a novel molecular link between Rheb and BACE1 that may have arole in age-related biology

J

The B-site amyloid precursor protein (APP)-cleaving enzyme
1 (B-secretase, BACE1) initiates amyloidogenic processing of
APP to generate amyloid B (A), which is a hallmark of
Alzheimer disease (AD) pathology. Cerebral levels of BACE1 are
elevated in individuals with AD, but the molecular mechanisms
are not completely understood. We demonstrate that Rheb
GTPase (Ras homolog enriched in brain), which induces mam-
malian target of rapamycin (mTOR) activity, is a physiological
regulator of BACEL stability and activity. Rheb overexpression
depletes BACE1 protein levels and reduces A generation,
whereas the RNAi knockdown of endogenous Rheb promotes
BACE1 accumulation, and this effect by Rheb is independent of
its mTOR signaling. Moreover, GTP-bound Rheb interacts with
BACE1 and degrades it through proteasomal and lysosomal
pathways. Finally, we demonstrate that Rheb levels are down-
regulated in the AD brain, which is consistent with an increased
BACE1 expression. Altogether, our study defines Rheb as a
novel physiological regulator of BACEL1 levels and A genera-
tion, and the Rheb-BACEI1 circuitry may have a role in brain
biology and disease.

Ras homolog enriched in brain (Rheb) belongs to the small
GTPase family of proteins (1) and can be induced upon synaptic
activity (2). Rheb has been implicated in numerous functions,
including cell growth, apoptosis, and autophagy (3). In addi-
tion, Rheb has a role in development as its deletion causes
embryonic lethality in mice (4). Recent studies implicate Rheb
in myelination (5) and in the protection of dopaminergic neu-
rons in Parkinson disease (6). Rheb is a master regulator of
mTOR? signaling, which is implicated in several human dis-
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eases, including cancer, obesity, immune, and neurodegenera-
tive disorders (7). Although an endogenous interaction
between Rheb and mTOR has yet to be demonstrated (8), Rheb
readily binds with mTOR when overexpressed, in a GTP-de-
pendent manner (9). Like many other GTPases, Rheb consists
of a C-terminal farnesylation domain that supports binding to
the membranes (10), but is not essential for mTOR activation
(11). Interestingly, mTOR-independent roles for Rheb have
been demonstrated in the endocytic trafficking pathway and in
the activation of B-Raf signaling (12, 13). These studies indicate
that Rheb plays a variety of important roles, through both
mTOR-dependent and mTOR-independent pathways.

B-Site APP-cleaving enzyme 1 (BACEL, -secretase) is the
rate-limiting and principal enzyme responsible for AB genera-
tion in neurons (14). Although its depletion in wild-type mice
promotes hypomyelination (15), its depletion in mouse models
of Alzheimer disease (AD) abolishes AB production and res-
cues AD-like phenotypes (16 —18). Moreover, BACEL1 activities
toward A are controlled by its intracellular localization (19).
This suggests that BACE1 protein stability and localization
must be tightly regulated in a healthy brain. In the AD brain, the
BACELI protein, not its mRNA levels, have been shown to be
up-regulated (20, 21). Several proteins, such as translation ini-
tiation factor elF2« (22, 23), Golgi-localized y-ear-containing
ADP-ribosylation factor binding (GGA), the reticulon/Nogo
family of proteins, Arf6, and sortilins, are implicated in the sta-
bility and intracellular localization of BACE1 (24 —27), but the
mechanism, as well as their putative coordinated actions,
remains unclear. Efforts are underway to develop drugs that
would block BACE1 to prevent the generation of A3 and alle-
viate the associated cognitive symptoms in AD (28, 29). As

uble APPB; AB, amyloid 3; AD, Alzheimer disease; IP,immunoprecipitation;
Co-IP, co-immunoprecipitation; Bis-Tris, 2-(bis(2-hydroxyethyl)amino)-2-
(hydroxymethyl)propane-1,3-diol; PERK, protein kinase RNA-like endo-
plasmic reticulum kinase; PDGFR, platelet-derived growth factor receptor;
AAV, adeno-associated virus; FL, full-length; CTF, C-terminal fragment; Ad,
adenovirus; AP, anterior-posterior; ML, medio-lateral; DV, dorso-ventral;
BA, Brodmann area; DMSO, dimethyl sulfoxide.
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BACE1 has normal physiological functions, a detailed under-
standing of the molecular mechanisms of BACEL stability is
crucial to identify novel drug targets for BACE1-related disor-
ders, such as AD (30).

In this study, we report that Rheb GTPase physiologically
modulates the stability and the activity of BACEL. Rheb over-
expression reduces BACE1 levels and A generation, whereas
Rheb depletion causes accumulation of BACE1. Mechanisti-
cally, we found that Rheb requires the GTP-bound state, but
not mTOR activity, to destabilize BACE1 through proteasomal
and lysosomal pathways. Moreover, we found for the first time
that the Rheb levels are reduced in postmortem AD brain sam-
ples consistent with increased BACEL1 levels. Altogether, our
study reveals a hitherto unknown role for Rheb as a physiolog-
ical regulator of BACEL1 protein stability and activity, indepen-
dent of mTOR activity. Thus, Rheb-BACEL1 circuitry may have
arole in age-related biology and disease.

EXPERIMENTAL PROCEDURES

Reagents—Unless otherwise noted, the chemicals, including,
rapamycin, MG132, cycloheximide, and chloroquine, were
purchased from Sigma. BACEI and other primary antibodies
(PDGFR, PERK, mTOR, TSC2, phospho-S6K (Thr-389), S6K,
HES1) were from Cell Signaling. 3D5 monoclonal BACEL1 anti-
body gift was from Robert Vassar (University of Chicago). Rheb
and B-actin antibody were from Santa Cruz Biotechnology.
APP antibody (C-terminal specific) was from Sigma. Soluble
APPB (sAPPp) antibody was from IBL International. The sec-
ondary antibodies conjugated with HRP were from Jackson
Immunochemicals. Cell culture reagents were from Invitrogen.
The Myc-Rheb WT and Myc-Rheb D60K, Rheb Q64L were
obtained from Kun-Liang Guan. The Myc-Rheb C181S was
cloned in using an appropriate protocol with site-directed
mutagenesis, as described previously (31, 32). The Rheb WT,
D60K, and Rheb C181S were further subcloned in a pCMV-
GST vector, as before (31, 32). The human BACE] clone was
obtained from Open Biosystems and was subcloned in a
pCMV-Myc vector. The human/rat 8 amyloid ELISA kit was
from Wako, and was used for the estimation of A (x-40, cata-
log number 294-64701) and AB (x-42, catalog number 292-
64501) levels. Recombinant Rheb proteins were purchased
from Prospecbio. The protease inhibitor tablets were from
Roche Applied Science, and phosphatase inhibitor cocktails
were from Sigma. Premade adenoviral-Rheb or adeno-control
(empty) particles were purchased from Applied Biological
Materials Inc. BACE1 knock-out mice were purchased from
The Jackson Laboratory (stock no: 004714).

Cell Culture, Transfections, and Infections—Primary cortical
neuronal cultures were prepared from embryonic day 17-18
C57BL/6 mice (Charles River Laboratories), as described previ-
ously (33). Animals were maintained and treated in accordance
with the Institutional Animal Care and Use Committees
(IACUC) at The Scripps Research Institute, Jupiter, FL. All
experiments were performed on neurons cultured for 14 days in
vitro. Primary cortical neurons were infected with 5 ul of Ad-
Rheb or Ad-control virus (1 X 10°pfu/ml). HEK293 cells were
grown in DMEM with 10% FBS (fetal bovine serum) and 5 mm
glutamine. Transfections of cDNA into the cells, using a Poly-
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Fect (Qiagen) reagent, were carried out according to the man-
ufacturer’s instructions. Ectopic expression of Rheb begins as
early as 8 h in our cultured cells that are ~95% confluent by
48 h. We routinely used either 36 h or 48 h after transfection of
c¢DNA. The 36 h was chosen, in some cases, for example, as in
the cycloheximide chase experiments, which involve time
course 0—9 h. We avoided going beyond 48 h as the HEK 293
cells might become overconfluent, which might interfere with
Rheb-mediated BACE1 regulation.

Immunoblotting, Immunoprecipitation (IP), and in Vitro
Binding—Western blotting, IP, and in vitro binding experi-
ments were carried out essentially as described previously (31,
32, 34). Briefly, at the indicated time points after transfection,
cells were pelleted and lysed in IP buffer (50 mm Tris, pH 7.6,
150 mm NaCl, 1% Nonidet P-40, and 10% glycerol with protease
and phosphatase inhibitor). Protein concentration was mea-
sured with a BCA protein assay reagent (Pierce), or the cells
were directly lysed in 2X SDS loading buffer (NuPAGE LDS
loading buffer). Equal amounts of protein or equal volume of
cell lysates were loaded and separated by 4-12% Bis-Tris gel
(Invitrogen). The blots were probed for B-actin to estimate the
total protein loaded. All the primary antibodies were used in the
range of 1:3000 dilutions, whereas the secondary antibodies
were used at 1:10,000. GST-tagged Rheb was pulled down with
glutathione beads, as described before (31, 32), and the binding
of endogenous BACE1l was detected by Western blotting.
BACE1 was immunoprecipitated, after a preclearance step,
from P25 mouse brain homogenate using a BACE1 antibody
followed by Protein G Plus/Protein A-Agarose beads (Calbi-
ochem), washed three times with IP buffer, and then incubated
with 1 ug of recombinant Rheb (~250 nm) in 200 ul of IP buffer
for 4 h. The beads were washed in IP buffer, and the bound Rheb
was detected using Western blotting. Primary antibodies were
diluted in 2% fish gelatin in TBS-T (Sigma-G7765). We found
that fish gelatin, which is less expensive than BSA, works as
effectively as BSA for primary antibody dilutions.

Measurement of APP Processing by BACEI—Primary cortical
neurons were infected with Ad-control and Ad-Rheb. The
medium was collected and centrifuged, and the cell pellet was
resuspended in lysis buffer and loaded onto the gel to measure
APP-FL and APP-C-terminal fragment (CTF). The sAPPS lev-
els in the medium were determined using an antibody against
sAPPS and were quantified after normalizing to APP-FL. Sim-
ilarly, AB (x-40 and x-42) levels in the medium were estimated
using a commercially available ELISA kit (Wako) according to
the manufacturer’s protocol.

Immunostaining—Staining for Rheb and BACE1 was per-
formed essentially as described before (31). Briefly, ~75,000
HEK293 cells were seeded on 35-mm glass-bottom dishes.
After 24 h, the cells were transfected with the indicated vectors.
After 48 h, the cells were fixed with 4% paraformaldehyde (20
min) and membrane-permeabilized with 0.2% Triton X-100 (5
min). For Rheb/BACE1 co-staining, the transfected HA-Rheb
and Myc-BACEL were stained with antibodies against HA
(1:200, rabbit polyclonal) and Myc (1:150, mouse monoclonal),
and each was incubated for 12 h at 4 °C. Appropriate secondary
antibodies conjugated to Alexa Fluor 488 and 568 (Molecular
Probes) were incubated together with the nuclear DAPI stain
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TABLE 1
The demographics and the pathology of the cases
PMI, postmortem interval; Dx, diagnosis.

Frozen tissue

AN No. Distributive Dx Age Sex PMI received
AN17557 AD/Braak 5 67 M 2575 BA9
AN01605  AD/Braak 6 79 F 10.07 BA9
ANO05806 AD/Braak 5 71 F 27.00 BAO9
ANO08641 AD/Braak 6 69 M 2091 BA9
AN12697 AD/Braak 5 94 M 25.00 BA9
AN11154 AD/Braak 4 91 F 9.62 BA9
AN09050 AD/Braak 5 73 F 1550 BA9
AN09155  AD/Braak 6 64 M 20.32 BA9
AN18776 AD/Braak 6 72 F 1715 BA9
AN16547 AD/Braak 5 80 M 24.75 BA9
AN06429  Control (Braak2) 77 F 2325 BA9
ANO08385  Control (Braak 1) 69 F 23.33  BA9
AN11253 Control (Braak 1) 91 F 30.10 BA10
ANO07243 Control 73 M 21.67 BA9
AN06669 Control (Braak 2) 81 M 23.33 BA10
ANO03324 Control 97 M 17.00 BA9
AN18028 Control 67 M 23.25 BA9
AN04917 Control 65 M 21.00 BA10
AN13687 Control (Braak 1) 73 F 24.88 BA10
ANO08704 Control 70 M 23.50 BA9

for 1 h at room temperature. Glass dishes were covered with
antifade Fluoromount G (Southern Biotech). The images were
obtained by a Leica TCS SP8 confocal microscope.

RT-PCR for BACE1 mRNA—The RNA transcripts for
BACE1 mRNA were estimated using the forward primer,
GCCTTCCCAGTTGGAGCCGTTGAT, and the reverse
primer, CGCAGCGGCCTGGGGGGCGCCCC, and the
RNA transcripts for GAPDH mRNA as internal control
were estimated using the forward primer, GAGTCAACG-
GATTTGGTCGT, and the reverse primer, TTGATTTTG-
GAGGGATCTCG, as indicated previously (35, 36).

Rheb Knockdown Experiments—Cultured cortical neurons
on days in vitro 14 were infected with lentiviral particle, pro-
duced using Addgene protocol, expressing control shRNA
(scrambled) or Rheb shRNAT1 specific to human and mouse
(TRCNO0000010424, Sigma) at multiplicity of infection 1-3.
After 48 h, Rheb deletion was confirmed by Western blotting.

Postmortem AD Samples—The prefrontal cortex of the post-
mortem AD and control brain tissue (# = 10) was obtained
from The Harvard Brain Tissue Resource Center (McLean
Hospital, Belmont, MA). Table 1 indicates the subject’s code
(AN No.), diagnosis (Dx), and AD severity, according to Braak
staging, age, sex, postmortem interval (PMI), and the brain
region, Brodmann area 9 or 10 (BA 9 OR BA 10), a part of the
prefrontal cortex. Tissue was lysed in radioimmunoprecipita-
tion assay buffer using a hand sonicator, protein estimation was
performed using the BCA method, and equal proteins were
loaded in the Western gel.

Generation of AAV-Rheb—AAV1-Rheb viral particles were
produced essentially as described before (6). Adeno-associated
virus (AAVs) were produced by the University of North Caro-
lina Vector Core. The genomic titer of AAV wild-type hRheb
(WT) was 4 X 10> viral genomes/ml. Enhanced GFP, used as a
control, was subcloned into the same viral backbone, and viral
stocks were produced at titers of 1.0 X 10'* viral genomes/ml.

Intrahippocampal AAV Injection—Adult (P90) male
C57BL/6 mice (Charles River Laboratories) were anesthetized
with ketamine/xylazine solution and placed in a stereotaxic
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frame (Kopf Instruments) with a mouse adapter. Two microin-
jections of 1 and 0.5 ul of AAVs were made per hemisphere,
targeting the dorsal and ventral hippocampus, respectively. The
coordinates targeting the dorsal and ventral hippocampus were
based on the mouse brain stereotaxic atlas (55). The coordi-
nates (anterior-posterior (AP), measured from the bregma;
medio-lateral (ML), measured from the midline of the central
sinus; and dorso-ventral (DV), measured from the dura surface)
were as follows: —2.0 mm AP, =1.7 mm ML, and —2.0 mm DV
for the dorsal hippocampus; —3.3 mm AP, £3.0 mm ML, and
—3.2 mm DV for the ventral hippocampus. Stepwise delivery
(0.25 ul) of the virus was performed by retracting the needle to
—1.4 mm (DV: dorsal) and —2.6 mm (DV: ventral) to achieve
optimal vector spread in the hippocampus. The virus was deliv-
ered at 0.2 ul/min. At the end of the infusion, the needle was left
in place for 5 min before being slowly withdrawn from the
brain.

Statistical Analysis—Data were expressed as means *+ S.E.
All of the experiments were performed at least in triplicate and
repeated twice, at a minimum. Statistical analysis was per-
formed using the Student’s ¢ test or analysis of variance, and the
data were plotted using Microsoft Excel software. The correla-
tion analyses for AD versus control postmortem brain samples
were assessed using Pearson’s linear regression analysis by
GraphPad Prism software.

RESULTS

Rheb Physiologically Regulates BACEI Levels—Rheb plays an
important role in protein turnover through the mTOR pathway
that controls protein translation as well as autophagy, an intra-
cellular bulk protein degradation process (37, 38). Here, we
found that Rheb selectively modulates BACE1 protein. We
overexpressed Myc (vector control) or Myc-Rheb wild-type
(WT) in HEK293 cells and estimated the levels of BACE1 and
other proteins by Western blotting. As shown in Fig. 14, endog-
enous BACE1 protein levels were significantly reduced (~60%
loss versus Myc, n = 6, ***, p < 0.001, Student’s £ test) by Myc-
Rheb expression, but the levels of other proteins, mTOR, TSC2,
or membrane-associated proteins such as PDGFR, PERK, or
full-length APP (APP-FL), were not affected (Fig. 1A). We also
found that Rheb attenuates BACE1 levels in a dose-dependent
manner (Fig. 1B). To confirm the specificity of the BACE1 anti-
body D10E5 (Cell Signaling Technology, catalog number 5606),
we employed BACE1 knock-out (BACE1 /") mice (The
Jackson Laboratory) lysate and corresponding age-matched
C57BL/6 wild-type (BACE1"'") controls. D10E5, as well as
3D5, another well known BACE1 antibody (from Dr. Robert
Vassar), detected BACE1l band (~62 kDa) only in the
BACE1"/*, but not in the BACE1™/~ mice, confirming the
specificity of the BACE1 antibody used in this study (Fig. 1C).
We also found that 3D5 antibody, like D10E5 (Fig. 1, A and B),
detected BACEL suppression by Rheb (Fig. 1D). Next, we inves-
tigated whether Rheb could modulate BACE1 levels in the
brain. We stereotaxically injected adeno-associated virus
expressing Rheb (AAV-Rheb) into the right hippocampus and
injected AAV-GFP into the left hippocampus of P90 mice and
found that BACE1 levels and activity, as measured by a signifi-
cant loss of SAPP or A (x-40 and x-42) generation, are mark-
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FIGURE 1. Rheb GTPase regulates BACE1 levels in HEK293 cells. A, Myc (control) or Myc-Rheb cDNAs (2 g each) transfected in HEK293 cells. After 48 h, the
cells were lysed, and the equal proteins were loaded on the Western blot gel and probed for the proteins of interest, as indicated under “Experimental
Procedures.” Note that BACE1 levels were significantly reduced in Myc-Rheb transfected cells (n = 6, ***, p < 0.001 versus control, Student’s t test). B, Rheb
reduces BACE1 protein levels in a dose-dependent manner in HEK293 cells. Myc (1 nwg) or Myc-Rheb ¢cDNA (0.1, 0.5, 1 ng) was transfected in HEK293 cells, and,
after 48 h, the cells were lysed and probed for BACE1 and PERK (protein kinase RNA-like endoplasmic reticulum kinase). ***, p < 0.001, **, p < 0.01. C, BACE1
antibody, D10ES5, is as specific as 3D5 to detect BACE1. BACE1™/* and BACE1~/~ mice brain lysates were probed for BACE1 and EIF2a. D10ES5 or 3D5 antibody
(1:1000) detected ~62-kDa bands only in BACET ™", but notin BACET~/~ mice brain lysates. D, 3D5 antibody detects Rheb-mediated BACE1 suppression. Myc

or Myc-Rheb were transfected in HEK293 cells, and BACE1 was detected using 3D5 antibody, as in panel A.

edly reduced in the AAV-Rheb-injected side of the hippocam-
pus when compared with the AAV-GFP-injected side (Fig. 24).
We next tested whether this effect could be observed in primary
cortical neurons by infecting the neurons with adenovirus
null (Ad-control) or adenovirus Rheb (Ad-Rheb). As expected,
Rheb overexpression effectively attenuated the endogenous
BACE1 protein levels and also reduced BACE1 activity, as
measured by a significant loss of sAPPSB, APP-CTER, or Af3
(x-40 and x-42) generation (Fig. 2B). Note that the levels of
other proteins, such as mTOR or membrane-associated pro-
teins such as PDGER, or full-length APP (APP-FL), were not
affected in these experiments.

Next, we hypothesized, based on the overexpression data
above, that Rheb depletion should enhance BACEL1 protein lev-
els. To test this, we depleted endogenous Rheb in primary cor-
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tical neurons using lentiviral SaRNA. We found that shRNA for
Rheb that effectively reduced Rheb levels also increased BACE1
levels and its activity, but had no effect on PDGFR, APP-FL, or
mTOR levels in cultured cortical neurons (Fig. 2C). This indi-
cates that Rheb physiologically regulates BACE1l protein
stability.

At present, we do not know whether Rheb also affects - or
y-secretases, which also cleave APP (39, 40). We found that the
production of APP-CTFa of APP, which is a target of a-secre-
tase (41), or the Notch-HES1 pathway, which is a target for
y-secretase (42), is not altered in cells that overexpress Rheb
(Figs. 14 and 2B). This suggests that Rheb selectively modulates
BACEI levels and activity.

Rheb Reduces BACEI Protein Half-life—Next, we investi-
gated whether Rheb affects BACE1 gene expression, using RT-
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FIGURE 2. Rheb GTPase regulates BACE1 levels in brain cells. A, Rheb overexpression reduces BACE1 levels and its activity in brain. Adeno-associated virus
(AAV)-GFP or AAV-Rheb-Flag was injected into the left and right hippocampus of P90 mice, respectively. After 3 weeks, the hippocampus was dissected and
processed to detect BACET and other proteins, as indicated under “Experimental Procedures.” BACE1 levels, SAPPB, and AB (x-40 and x-42) were selectively
down-regulated by AAV-Rheb (n = 6, ***, p < 0.001, *, p < 0.05 versus AAV-GFP, Student's t test). B, Rheb overexpression reduces BACE1 levels and its activity
in cultured neurons. Adenovirus null (Ad-Control) or adenovirus Rheb (Ad-Rheb) was infected in the primary cortical neurons at 14 days in vitro, and BACE1 and
other proteins were detected in lysates, as in Fig. 1A. sSAPP3 was measured in the medium, and AB was detected by ELISA, as indicated under “Experimental
Procedures.” Note that Ad-Rheb markedly inhibited BACE1 levels and reduced BACE1 activity, as demonstrated by decrease in sSAPPB, APP-CTF 3, and A (x-40
and x-42) levels (n = 8, ***, p < 0.001, **, p < 0.01 versus Ad-control). C, depletion of Rheb enhanced BACET1 in the cultured neurons. Primary cortical neurons
(14 days in vitro) were infected with lentiviral particles expressing scrambled shRNA or Rheb shRNA1, and after 3 days, the neurons were lysed to detect BACE1,

sSAPPB, APP-CTFB, APP-CTFe, and AB (x-40 and x-42) (n = 6, ***, p < 0.001, *, p < 0.05 versus control shRNA (Con shRNA)).

PCR, as described previously (35). We found no significant
changes in the levels of BACE1 mRNA between Myc and Myc-
Rheb-expressing cells (Fig. 3A4), indicating that Rheb down-reg-
ulates BACELI protein, but not its mRNA. To further confirm
this, we tested whether Rheb destabilizes BACE1 by enhancing
its protein degradation. We blocked protein synthesis with
cycloheximide in cells that were transfected with Myc (control)
or Myc-Rheb, for 3, 6, or 9 h. Treatment of cycloheximide
showed an accelerated degradation of BACE1 in Myc-Rheb-
overexpressing cells, as the rate of BACE1l degradation is
reduced to ~6 h when compared with ~8 h in Myc alone trans-
fected cells (Fig. 3B). Overall, this indicates that Rheb reduces
BACEL stability through the protein degradation pathway.
Because the effect is relatively small (~2 h decrease in the half-
life of BACE1), we predict that Rheb might suppress BACE1
through additional means, for example, through translational
control, but that remains to be determined.

Rheb Promotes BACEI Degradation Independent of mTOR,
but Requires GTP—All these data establish that Rheb is a novel
regulator of BACEL1 protein stability and mediates BACE1 deg-
radation in cultured cells and intact mice hippocampus. We
next asked how Rheb mediates BACE1 degradation. Rheb con-
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sists of a GTP binding domain that is essential for its mTOR
activity, and has a farnesylation domain that is required for
binding to the membranous structures such as vesicles (43). We
found that the Rheb D60K, a mutant that cannot bind to GTP,
failed to promote BACE1 degradation, whereas the Rheb C181S
mutant, which cannot be farnesylated, induced BACE1 degra-
dation similar to WT (Fig. 3C). Another mutant Rheb Q64L, in
which GTP is constitutively bound, suppressed BACE1 similar
to WT. This indicates that although GTP binding of Rheb is
essential for its BACEL regulation, a constitutively bound GTP
itself cannot further potentiate BACE1 regulation, thus hinting
for unknown signals that in addition to GTP binding orches-
trate Rheb-mediated BACE1 regulation. Overall, these data
indicate that GTP binding to Rheb, but not farnesylation con-
tributes to BACE1 suppression. Note that Rheb D60K failed to
activate mTOR (assessed by the extent of S6K phosphoryla-
tion), whereas Rheb C181S activated mTOR similar to Rheb
WT (Fig. 3C), as shown before (11). Because the GTP binding
mutant (D60K) was unable to promote BACE1 degradation and
this mutant is essential for its mMTORCI activity (Fig. 3C), we
wondered whether Rheb promotes BACE1 degradation via
mTOR activity. To test this, we transfected HEK293 cells with
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Thr389), but did not appreciably affect the Rheb-mediated degradation of BACE1 (***, p < 0.001 versus DMSO, Student’s t test).
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Myc or Myc-Rheb as in Fig. 14 and treated them with DMSO or
rapamycin, a potent inhibitor of TORC1 activity. We found
that rapamycin, which robustly inhibited mTOR activation (as
measured by the phosphorylation of S6K), had no effect on
Rheb-mediated BACET1 loss (Fig. 3D). This is consistent with a
previous study by Vassar and co-workers (23) that showed
rapamycin had no appreciable effect on the levels of BACE1
protein. Together, these data suggest that GTP binding to
Rheb, but not its mTORC1 activity is necessary for BACE1
degradation.

Rheb Interacts with BACEI—We next hypothesized that
Rheb promotes BACE1 degradation by physically interacting
with BACEL. To test the binding between these two proteins,
first, we carried out co-immunoprecipitation (Co-IP) studies in
the brain with a BACE1 antibody that was suitable for IP, using
a previously published protocol (34). However, we failed to
detect endogenous Rheb Co-IP with BACEL1 (data not shown).
We reasoned that the interaction could be weaker or transient,
and thus, could not be readily detected. To investigate whether
BACE1 and Rheb interact in vitro, we incubated the BACE1 IgG
or control IgG immunoprecipitates from BACEI*'" or
BACE1"'~ mouse brains with recombinant Rheb, and we could
readily detect an interaction between BACE1 and Rheb (Fig.
4A). This interaction was observed only in BACEI"'™" brain
lysates, supporting the notion that BACE1 and Rheb interac-
tion is specific. Immunocytochemistry revealed that overex-
pressed Rheb and BACE1 co-localize readily within cells dis-
playing perinuclear morphology (Fig. 4B), consistent with
previous studies (44, 45). Next, we overexpressed GST-Rheb in
HEK293 cells and performed GST pulldown assays. We found
that GST-Rheb interacted readily with endogenous BACE1
(Fig. 4C). Note that this interaction is specific to Rheb WT, as
the Rheb D60K mutant fails to bind with BACE1, indicating
that GTP binding to Rheb is required for association with
BACE], and presumably, for the degradation of BACE1. We
found that Rheb C181S, which promoted BACE1 degradation
like Rheb WT (Fig. 3C), also interacted with BACE1 in a man-
ner similar to that of Rheb WT (Fig. 4C). Taken together, these
data suggest that Rheb binds to BACE1 and that this interaction
is necessary for BACE1 degradation.

Rheb Promotes BACE1 Degradation through Lysosomal
and Proteasomal Pathways—Next, we investigated how
Rheb mediates BACE1 degradation. Previous studies have
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established that BACE1 can be degraded through two major
degradation pathways: the ubiquitin-proteasome and the
lysosomal degradation pathways (46-48). We tested
whether these pathways are involved in Rheb-mediated
BACE]1 stability (46 —48), using a pharmacological approach
in HEK293 cells. We found that the lysosomal inhibitor,
chloroquine (10—100 um), as well as the proteasomal inhib-
itor, MG132 (1-25 um), both inhibited Rheb-mediated
reduction of BACE1 in a dose-dependent manner (Fig. 5,
A-C). This effect of the inhibitors is specific to BACEL, as
they did not appreciably affect the levels of PDGER in these
cells. These data suggest that Rheb employs two major deg-
radation pathways to degrade BACEL.

Rheb Is Dysregulated in AD Brain—Because BACEL is up-
regulated in AD, we wondered whether the dysregulation of
Rheb might contribute to the elevated cerebral BACEL1 levels in
AD. We evaluated the expression of Rheb protein by Western
blotting in the prefrontal cortex of AD postmortem brain tis-
sue, and corresponding non-AD (control) tissue. Although
variable, there was a significant loss of Rheb levels, which is
correlated with enhanced BACEL] levels, in the AD samples
when compared with non-AD controls (Fig. 6), whereas actin
levels were not markedly affected in these samples. This sug-
gests that diminution of Rheb may contribute to the enhanced
BACEI levels in AD.

DISCUSSION

The most significant and novel findings of this study are as
follows. (@) We have identified Rheb GTPase as a novel phys-
iological regulator of BACEL1 stability and activity. (b) Rheb,
according to the classical view, promotes protein translation
through mTOR, but we have found Rheb reduces the half-
life of BACE], an effect that is independent of mTOR activ-
ity, revealing hitherto unknown dual but opposite roles of
Rheb. (¢) To degrade BACE1, we found that Rheb must inter-
act with BACEL1 in a GTP-dependent manner, as the Rheb
mutant (defective in binding to GTP) fails to interact with, or
degrade, BACEL. This is an intriguing finding because the
importance of GTP-bound Rheb to the functions other than
mTOR activity is largely unknown. Hence, this is the first
demonstration of the role of GTP binding in Rheb to desta-
bilizing protein, other than activating mTOR. (d) We dem-
onstrate, for the first time, that Rheb levels are down-regu-
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FIGURE 6. Rheb levels are decreased in AD prefrontal cortex. A, represent-
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Student’s t test). C, Rheb reduction is correlated to BACE1 increase in AD and
not in control group.

lated in the AD brain, which is consistent with an increased
BACE1 expression, indicating a potential relevance of Rheb-
BACE]1 circuitry in AD pathology.

Our findings that Rheb induces BACE1 degradation are
somewhat paradoxical because, as indicated before, Rheb is a
potent activator of mTOR signaling, which, in general,
enhances protein turnover either by increasing protein transla-
tion or by decreasing autophagy. Our data establish that the
effect of Rheb on BACEL is independent of mTOR activity,
suggesting unknown mTOR-independent regulations. How-
ever, what distinguishes the mTOR-dependent and -indepen-
dent effects of Rheb is currently unclear. Our preliminary data
indicate that Rheb promotes BACE1 degradation in a serum-
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dependent manner.* This leads us to speculate that some
unknown phosphorylation switch on Rheb might be control-
ling BACEL1 degradation. Nevertheless, this is the first study, to
the best of our knowledge, that has implicated Rheb in protein
degradation. As this effect by Rheb is specific to BACE1, but not
to APP or other membrane proteins that we tested, it raises two
important questions. What determines the selectivity of Rheb
toward BACE1 degradation? Also, are there other targets that
can be degraded by Rheb? In the future, we would want to
address these questions.

There is an emerging view that the physiological regulation
of BACE1 degradation involves both lysosome and proteasome
pathways (46, 48, 49). Based on our findings, we predict that
BACEL1 degradation through these two pathways is not mutu-
ally exclusive. Evidence is accumulating to suggest a cross-talk
between these two degradative pathways (reviewed in Ref. 50);
for example, ubiquitin-tagged proteins can be degraded
through autophagy pathways (51). Recent work reveals that
BACEL is also ubiquitinated (49). Although the mechanisms by
which Rheb recruits intracellular machinery to degrade BACE1
is currently unclear, we predict that Rheb may be involved in
endocytic-lysosomal trafficking of BACEL. This is consistent
with the already known role of Rheb in endocytic trafficking,
which, like BACE1 degradation, also depends on GTP binding,
but not on mTOR signaling (12). Because the lysosomal inhib-
itor chloroquine completely blocked Rheb-mediated BACE1
degradation, we posit that an endocytic-lysosomal fusion is a
principal pathway by which Rheb degrades BACEL. In support
of this view, other small GTPases are known to mediate the
degradation of proteins through the endocytic degradation
pathway. For example, Rab7 overexpression induces low den-
sity lipoprotein degradation (15); Rab12 GTPase induces con-
stitutive degradation of the transferrin receptor (17); and Rab7
degrades epidermal growth factor receptor by enhancing the
late endosome-lysosomal fusion (1). Although it is clear that
Rheb reduces the half-life of BACE1 in dividing human cells in
culture (Fig. 3B), we acknowledge, however, that the mecha-
nisms could be different in brain neurons and dividing cells. In
addition to reducing the half-life of BACEL, a possibility that
there are other modes of BACE1 protein regulation, such as
translational control, by Rheb, cannot be ruled out. Previous
studies have demonstrated a molecular coupling of protein

“N. Shahani, W. Pryor, S. Swarnkar, and S. Subramaniam, unpublished results.
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translation and protein degradation (52, 53). Whether Rheb
promotes such coupling to regulate BACEI stability remains to
be determined.

A broader significance of our findings is the potential role of
Rheb-BACEI1 circuitry in aging and age-related dysfunctions,
such as AD. Genetic deletion of BACEI confirmed its dual role
in the age-related decline of cognitive functions in normal aging
and in AD; targeted deletion of Bacel alleles in mice promotes
age-related cognitive decline in normal aging, but also alleviates
AD-related pathology as well as cognitive symptoms, such as
learning and memory, in a transgenic mouse model of AD (17,
18). Although the role of Rheb in mediating the age-related
cognitive functions in mammals is currently unknown, a dual
role for Rheb in aging has been demonstrated in Caenorhabdi-
tis elegans (21); although Rheb is required for the intermittent
fasting-induced longevity, the inhibition of Rheb mimics the
caloric restriction-induced longevity. The biological basis for
these dual, but opposite, roles of BACE1 and Rheb remains
enigmatic. Because our study demonstrates a novel molecular
link between Rheb and BACE], the two aging-related proteins,
we speculate that Rheb-BACEL circuitry may play an important
role in age-related brain functions. Because there was a reduc-
tion of Rheb levels in the AD postmortem tissue, in correlation
with increased BACE1 (Fig. 6), which is linked to AD pathogen-
esis (18, 21, 54), we posit that Rheb overexpression may allevi-
ate age-related abnormalities in AD through the inhibition of
the BACE1-Ap pathway.
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