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Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates processes including mRNA translation, pro-
liferation, and survival. By assembling with different cofactors, mTOR forms two complexes with distinct biological functions.
Raptor-bound mTOR (mTORC1) governs cap-dependent mRNA translation, whereas mTOR, rictor, and mSinl (mTORC2) acti-
vate the survival and proliferative kinase Akt. How the balance between the competing needs for mTORCI and -2 is controlled in
normal cells and deregulated in disease is poorly understood. Here, we show that the ubiquitin hydrolase UCH-L1 regulates the

balance of mTOR signaling by disrupting mTORCI1. We find that UCH-L1 impairs mTORCI activity toward S6 kinase and
4EBP1 while increasing mTORC?2 activity toward Akt. These effects are directly attributable to a dramatic rearrangement in
mTOR complex assembly. UCH-L1 disrupts a complex between the DDB1-CUL4 ubiquitin ligase complex and raptor and coun-
teracts DDB1-CUL4-mediated raptor ubiquitination. These events lead to mTORC1 dissolution and a secondary increase in
mTORC2. Experiments in Uchll-deficient and transgenic mice suggest that the balance between these pathways is important for
preventing neurodegeneration and the development of malignancy. These data establish UCH-L1 as a key regulator of the di-

chotomy between mTORCI1 and mTORC2 signaling.

As a master regulator of cellular metabolism, proliferation, and
survival, mammalian target of rapamycin (mTOR) is of great
and increasing interest to biologists and oncologists alike. mMTOR
is a serine/threonine kinase that assembles with at least five other
proteins to form two different and functionally distinct multipro-
tein complexes, mMTORC1 and mTORC2 (1). The mechanisms
and molecules that dictate the absolute and relative amounts of
mTORC1 and mTORC2 are largely unknown. We recently found
that Akt phosphorylation was dramatically increased in transgenic
mice overexpressing UCH-L1 (2). In that study, we found
UCH-L1 to have no effect on the level of mTOR or any of its
cofactors, though a suppressive effect on the antagonistic Akt
phosphatase PHLPP1 was observed. The mechanism behind these
findings was unclear.

Though UCH-L1 was the first deubiquitinating enzyme dis-
covered, its functions remain poorly understood. In animals,
UCH-LI expression is restricted to the brain, peripheral nerves,
endocrine tissues, and gonads of both sexes (3). Deletion of Uchl1
in mice leads to a fatal neurodegenerative disorder known as grac-
ile axonal dystrophy (4), and mutations have been identified that
impact the pathogenesis of Parkinson’s disease (5, 6). Expression
outside neuroendocrine tissues is found in various cancers, in-
cluding B cell lymphoma (7), multiple myeloma (2, 8), and lung
cancer (9). Using transgenic (Tg) mice, we demonstrated that
UCH-L1 is in fact an oncogene that causes the same malignancies,
most likely by boosting Akt signaling (2). Whether this function is
relevant to the physiological role of UCH-LI in the brain is not
known. Here, we describe a previously unrecognized function of
UCH-L1 as a powerful regulator of mTOR activities. Using a com-
bination of animal and cell culture models, we find that UCH-L1
potently disrupts mTORCI and promotes the assembly of
mTORC2 under physiological and disease conditions. To accom-
plish this, UCH-LI interferes with ubiquitination of raptor, which
is catalyzed by the DDB1-CUL4 E3 ligase complex, leading to loss
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of mTORCI integrity. Loss of this complex is accompanied by a
concurrent increase in mTORC2, likely due to the increased avail-
ability of free mTOR. These data have important implications
regarding the physiological role of UCH-L1 in the brain, as well as
its oncogenic role in human cancer.

MATERIALS AND METHODS

Cell culture, lentiviral transduction, RNA interference, and reagents.
All cell lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with penicillin, streptomycin, and 10% fetal calf
serum (embryonic stem [ES] cell grade). Where indicated, cells were in-
cubated for 48 h with 100 nM rapamycin (EMD-Millipore, Billerica, MA).
UCH-LI and N-terminally FLAG-tagged ubiquitin (FLAG-Ub) con-
structs were introduced to cells by lentivirus transduction using the TSiN
vector (10). RNA interference was performed using pGIPZ (constitutive-
expression) and pTRIPZ (doxycycline-inducible) short hairpin RNA
(shRNA) obtained from Open Biosystems (Huntsville, AL). Doxycycline-
inducible UCH-L1 shRNA was used as previously described (2). Relative
cell size (forward scatter height [FSC-H]) was determined on ethanol-
fixed cells by measuring forward scatter on a FACSCalibur (BD Biosci-
ence) as described previously (11). Doxycycline-inducible hemagglutinin
(HA)-tagged ubiquitin G76A (HAUbS7%A) (a gift from Christian
Schlieker, Yale University) was introduced into cells by transient transfec-
tion, along with a plasmid encoding the reverse tetracycline-controlled
transactivator (rtTA) with Lipofectamine 2000 (Invitrogen, Carlsbad
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CA), and expression was induced by immediately culturing cells in the
presence of doxycycline, as previously described (2).

The antibodies used in this study include UCH-L1 (3524), phospho-
mTORS?*® (5536), phospho—mTOR2481 (2974), raptor (2280), rictor
(9476), mLST8 (3274), 4EBP1 (2845), p4EBP1"7° (5078), p4EBP1737/4¢
(2855), p4EBP1°%® (9451), pS6K (9208), S6K (49D7), Akt (4691),
pAkt®*”? (4060), TSC2 (4308), Sinl (anti-DYKDDDDK Tag (8146), and
CUL4A (2699) from Cell Signaling Inc. (Danvers, MA); CUL4B
(GTX113875) from GeneTex (Irvine, CA); CUL4A/B (C19) from Santa
Cruz Biotechnology (Santa Cruz, CA); mTOR (A301-143a) and Sinl
(A300-910A) from Bethyl Laboratories (Montgomery, TX); a-tubulin
(T9026) from Sigma; HA (clone 3F10) from Roche Applied Sciences (In-
dianapolis, IN); and DDBI1 from Abcam (ab7522) (Cambridge, MA) and
Invitrogen (376200) (Carlsbad CA).

Immunoprecipitation. Except where indicated, all immunoprecipi-
tations were performed on extracts generated with 0.3% CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate} according
to the method of Sarbassov et al. (12). Occasionally cells were treated with
the cross-linking agent dithiobis [succinimidyl propionate] (DSP) prior
to lysis, according to the manufacturers’ instructions (Pierce, Rockford,
IL). Immunoprecipitations involving HA-ubiquitin G76A were per-
formed on extracts prepared in buffer containing 1% SDS. After clearing,
these extracts were diluted to 0.1% SDS prior to adding antibodies. I vitro
UCH-LI reactions used His-tagged UCH-L1 purified from bacteria using
standard procedures. The in vitro mTOR kinase assay was performed as
described previously (13) using purified S6K (a generous gift from David
Sabatini) as a substrate.

Mouse tissues. All animal studies were reviewed and approved by the
Mayo Clinic Institutional Animal Care and Use Committee (IACUC).
Uchll transgenic mice were described previously (2). UCH-L1-null
(Uchl1™™>#1%) animals were the generous gift of Scott Wilson, University
of Alabama, Birmingham, AL (14). Tissues were disrupted using the gen-
tleMACS tissue dissociator (Miltenyi, Auburn, CA) system prior to cell
lysis. B and T lymphocytes were isolated using the untouched B or T cell
magnetic isolation MACS kits (Miltenyi). Quantitative reverse transcrip-
tion (RT)-PCR was performed on isolated B and T cells using TagMan
gene expression assays for UCH-L1 normalized to GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) (all primer sets were from Applied
Biosystems, Carlsbad, CA).

Immunofluorescence imaging. For cells at steady state, indirect im-
munofluorescence assays were performed as described previously (15).
HeLa cells transduced with either empty vector or UCH-LI-encoding
lentivirus were seeded on 10-well glass slides (Fisher Scientific, Pittsburg,
PA) 24 hours prior to fixation with paraformaldehyde (3% for 12 min;
room temperature). For experiments involving amino acid-induced relo-
calization, starvation, restimulation, and immunostaining, procedures
were performed as described previously (16). Images were obtained with
a laser scanning microscope (LSM 510 v3.2SP2; Carl Zeiss, Inc.) with
Axiovert 100 M (Carl Zeiss, Inc.), with a c-Apochromat 40 X water objec-
tive used to analyze immunostained cells and to capture representative
images.

RESULTS

UCH-L1 levels are inversely proportional to mTORCI activity
in vitro and in vivo. Akt is activated through two essential phos-
phorylation events catalyzed by two distinct kinases. Downstream
of phosphoinositide 3 (PI3) kinase, PDK1 acts to phosphorylate
Thr308 of Akt (17). In order to achieve full activity, Akt must also
be phosphorylated on Ser473, an essential function of mMTORC2
(18). Despite the positive effect of UCH-LI on Akt phosphoryla-
tion, it did not produce changes in the levels of PDK1, mTOR, or
any mTORC1/2 components. We did find, however, that UCH-L1
suppressed the levels of the phosphatase PHLPP1, which antago-
nizes mTOR activity on Ser473 of Akt (2). The mechanism for this
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was unclear. Recently, PHLPP1 levels were shown to be highly
dependent upon mTORCI1-driven mRNA translation, suggesting
that UCH-L1 may negatively regulate mTORCI signaling (19). To
test this, we transduced HeLa cells with a lentivirus encoding wild-
type (WT) UCH-L1 (UCH-L1WTHA) or catalytic mutant
UCH-L1 (UCH-L1“°°*HA) or with a control empty vector and
assayed the phosphorylation of the mTORCI substrates 4EBP1
and S6K. UCH-L1 potently suppressed phosphorylation of 4EBP1
at Thr70, Thr37/46, and Ser65, as well as S6K™%°, consistent with
inhibition of mMTORCI activity (Fig. 1A). As we observed previ-
ously, UCH-LI increased phosphorylation of Akt on both T308
and S$473. As phosphorylation of AktT308 is inhibited by
mTORCI activity (via S6K phosphorylation of IRS-1 [20, 21]),
these data are most consistent with UCH-L1 inhibiting mTORCI.
This required catalytic activity, as expression of the catalytic
mutant had no effect. As we observed previously, we found no
change in the level of any mTOR binding protein. We also
found similar results in splenocytes from Uchll transgenic
(Uchli™) mice (Fig. 1B). To determine if these changes affect
cellular physiology, we studied the impact of UCH-L1 on cell
size—a parameter that correlates with mTORCI activity (22).
HeLa cells expressing UCH-L1 are substantially smaller, as mea-
sured by flow cytometry, than those that do not (Fig. 1C). The
magnitude of this change phenocopies that seen in cells treated
with rapamycin, indicating that UCH-L1 profoundly inhibits the
mTORCI pathway. This effect is relevant in vivo, as we also found
that UCH-L1 expression reduces the size of B cells, but not T cells,
in Uchl1™® mice (Fig. 1D and E). This may be due to relatively low
transgene levels in transgenic T cells compared with transgenic B
cells (Fig. 1F). Because endogenous UCH-LI is nearly undetect-
able in lymphocytes, both T cells and B cells from transgenic mice
have much higher levels of Uchll mRNA than wild-type animals,
though transgenic T cells have only about 25% of the Uchll
mRNA seen in transgenic B cells.

We next asked whether depletion or genetic loss of endogenous
UCH-L1 would stimulate mTORCI activity. Upon depletion of
UCH-L1 in the multiple-myeloma cell line KMS-28, which ex-
presses high levels of endogenous UCH-LI, we observed an in-
crease in phosphorylation of 4EBP1 and S6K and increased cell
size, indicating that UCH-L1 loss stimulates mTORCI activity
(Fig. 2A and B). This was confirmed with another shRNA con-
struct and in two other cell lines (data not shown). Similarly, we
found markedly increased phospho-4EBP1, phospho-S6K, and
PHLPP1, and decreased phospho-Akt®*”* levels in the brains (the
tissue where UCH-L1 is expressed) of UchlI-null mice compared
with wild-type animals (Fig. 2C). Taking the data together, we
conclude that UCH-LI dictates the balance of mTOR activity in
physiological and pathophysiological states.

UCH-L1 catalytic activity promotes the disassembly of
mTORCI. We next asked whether UCH-L1 impacted the mem-
brane localization of mTOR, which is required for its nutrient-
dependent activation (16). Regardless of UCH-L1 expression, at
steady state, we observed mTOR in punctate structures that encir-
cle the nucleus, suggestive of a membrane localization pattern
(Fig. 2D). While UCH-L1 is localized more diffusely, we observed
substantial colocalization and enrichment in these perinuclear re-
gions. Recently, mTOR has been found to undergo dramatic relo-
calization from the cytoplasm to lysosomal surfaces when stimu-
lated with amino acids after a period of starvation (16, 23). To
determine if UCH-L1 impacts this process, we incubated cells
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FIG 1 UCH-L1 expression leads to reduced mTORCI activity. (A) HeLa cells were stably transduced with either control (empty vector) or wild-type UCH-L1
(UCH-LIWTHA)- or catalytically inactive UCH-L1 (UCH-L1“**HA)-encoding lentivirus, followed by immunoblot analysis of mTORCI and mTORC2
substrates and binding proteins as indicated. (B) Spleens were harvested from age-matched mice of the indicated genotypes and immunoblotted for the indicated
mTORC1 and mTORC?2 substrates. (C) HeLa cells stably transduced or not with UCH-L1 were followed by flow cytometry to monitor cell size. For comparison,
control HeLa cells were treated with rapamycin (100 nM) for 48 h. The green rapamycin tracing is largely hidden by that of UCH-LI1. (D and E) B and T
lymphocytes were isolated from the spleens of age-matched mice of the indicated genotypes by magnetic isolation. Cell size (FSC-H) was determined by flow
cytometry. The graphs are representative of those seen in three independent experiments. (F) Relative expression of UCH-LI in B or T cells from Uchli"® or
wild-type mice was determined by quantitative real-time PCR using TagMan gene expression assays. The graphs represent the means and standard errors for
three different mice.

transduced with empty vector or UCH-L1-encoding lentivirus
and cultured them for 50 min in the absence of amino acids. In this
setting, mTOR localized diffusely throughout the cytoplasm re-
gardless of UCH-L1 expression (Fig. 2E). Following the reintro-
duction of amino acids, there was an accumulation of mTOR into
larger structures in the perinuclear region consistent with its de-
scribed clustering on the surfaces of lysosomes (16). In contrast,
this pattern of mTOR recruitment was substantially blunted in
cells transduced with UCH-LI-encoding lentivirus, suggesting
that the UCH-L1-induced changes in lysosome recruitment may
underlie the reduced mTORCI activity in these cells.

The amino acid-dependent recruitment of mTORCI to lyso-
somal membranes requires the association of raptor with the two

small GTPases RagB and RagD, which in turn complex with the
trimeric “ragulator” complex, consisting of p14, p18, and MB1
(16). Accordingly, amino acid-induced relocalization of mTOR to
the lysosomal surface is impaired in raptor-depleted cells (16).
This, together with our observation that UCH-L1 inhibits
mTORCI activity without affecting the level of any tested mTOR
pathway component, led us to question the impact of UCH-L1 on
the mTOR-raptor complex. We therefore depleted UCH-LI in
KMS-28 myeloma cells stably transduced with a doxycycline-in-
ducible shRNA targeting UCH-L1 (KMS-289*" cells) and ana-
lyzed mTOR complex levels by immunoprecipitation and immu-
noblotting. We found a dramatic shift in mTOR complexes, so
that UCH-L1 knockdown increased the association of mTOR with
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FIG 2 UCH-LI1 depletion leads to increased mTORC]1 activity. (A) KMS-28%°*" cells were incubated with or without doxycycline (Dox) for 5 days and were then
analyzed by immunoblotting using the indicated antibodies. (B) Sizes (FSC-H) of KMS-28°*" cells from panel A as measured by flow cytometry. (C) Brain tissue
was harvested from age-matched mice of the indicated genotypes, followed by immunoblotting using the indicated antibodies. (D) HeLa cells with or without
stable expression of UCH-L1 were grown under standard conditions and analyzed by confocal immunofluorescence microscopy using the indicated antibodies.
Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole). (E) HeLa cells with or without stable expression of UCH-LI were starved of amino acids (—AA)
for 50 min and restimulated with amino acids as detailed in Materials and Methods. The cells were fixed and stained for mTOR as indicated. Bars = 5 pm.

raptor, with a concomitant loss of rictor (Fig. 3A). We obtained
similar results from brain extracts from wild-type and Uchll-null
mice (Fig. 3B). To test whether UCH-L1 overexpression impairs
mTORCI stability while increasing mTORC2 and to establish the
role of UCH-LI catalytic activity, we overexpressed UCH-
L1WTHA or the catalytic mutant UCH-L1“°**HA and again per-
formed mTOR immunoprecipitation. Due to inconsistent effi-
ciency of mTOR immunoprecipitation from many cell types, we
used 293T cells for this analysis. Compared with the control, there
was a dramatic reduction in the recovery of raptor with mTOR in
cells expressing UCH-L1VTHA, with a corresponding increase in
the precipitation of rictor (Fig. 3C). Similarly, UCH-L1 reduced
the recovery of mTOR from raptor immunoprecipitates and in-
creased its recovery with rictor compared with the control. This
effect is dependent on UCH-L1 catalytic activity, as expression of
UCH-L1“°**HA did not lead to a similar change. Although re-
duced phosphorylation of mMTORCI targets may be the result of
the loss of mMTORCI, the data do not exclude a direct effect on
mTOR kinase activity within mTORCI. We found no effect of
UCH-L1 on the autophosphorylation status of mTOR in extracts
(data not shown) or in immunoprecipitates (Fig. 3D). To further
investigate this, we performed an in vitro kinase assay in which we
immunoprecipitated mTORC1 (using raptor antibodies) and
tested its ability to phosphorylate purified S6K (13). As expected,
we found reduced phosphorylation of S6K in reaction mixtures
containing raptor precipitates from cells expressing UCH-L1 (Fig.
3E). However, despite similar amounts of raptor, these reaction
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mixtures contained less mTOR kinase, possibly explaining the re-
duced activity. When we normalized mTOR levels with those of
the control, we found that S6K phosphorylation was restored. To
determine if UCH-L1 affects mTORCI assembly or stability, we
examined the effect of bacterially purified UCH-L1 on mTORC1
in vitro. Strikingly, the addition of active, but not catalytically in-
active, UCH-L1 to mTOR immunoprecipitates resulted in loss of
raptor from mTOR (Fig. 3F). In this in vitro setting, the amount of
rictor bound to mTOR remained unchanged, presumably due to
the lack of free protein under these conditions. These data suggest
that UCH-LI acts catalytically toward one or more members of
mTORCI, resulting in the displacement of raptor from mTOR,
and that the increase in mMTORC2 depends on subsequent binding
of rictor with free mTOR. We conclude that UCH-L1 does not
directly affect mTOR kinase activity, but rather, leads to mTORC1
instability, with a secondary effect of increased mTORC2 assem-
bly, leading to increased Akt phosphorylation.

UCH-L1 disruption of the DDB1-raptor complex destabi-
lizes mTORCI. Because of the dependence on catalytic activity for
the effect of UCH-L1 on mTOR complex assembly, we suspected
that it was impacting a ubiquitin-dependent activity associated
with mTOR. Recently, a novel complex between a Ub-ligase com-
plex containing DDB1, CUL4, and ROCI and raptor was de-
scribed (24). This ligase complex is best known for its role in the
recognition of DNA lesions induced by UV light (25), though by
binding to different adaptor proteins known as DDB1- and CUL4-
associated factors (DCAFs), the complex participates in a broad
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FIG 3 UCH-LI reorganizes the assembly of competing mTOR complexes. (A) KMS-28%*" cells were incubated with or without doxycycline for 5 days to
deplete UCH-L1 and were then subjected to immunoprecipitation (IP) with the indicated antibodies. Ratios were determined using Image]J. (B) Brain tissue was

harvested from age-matched mice of the indicated genotypes and subjected to

immunoprecipitation using the indicated antibodies. The precipitates were then

immunoblotted using the indicated antibodies. Ratios were determined using ImageJ. (C and D) HEK-293T cells, stably transduced with the indicated
constructs, were subjected to immunoprecipitation using the indicated antibodies. The precipitates were then immunoblotted using the indicated antibodies. (E)
mTORCI1 was purified from HEK-293T cells by immunoprecipitation using raptor or control IgG antibodies as indicated. Purified S6K was added to the resulting
precipitates, and after further incubation, the reactions were stopped by adding 2 X SDS sample buffer. The reaction mixtures were subjected to immunoblotting
with the indicated antibodies. Where indicated, ([2X]), the amount of mTORCI was increased 2-fold to equalize the amount of mTOR in the reaction mixture.
(F) mTOR complexes were immunoprecipitated from 293T cells, washed extensively, and incubated with purified UCH-L1. Where indicated, N-ethylmaleimide
(NEM) was included to inactivate catalytic activity. After extensive washing, the remaining bound proteins were analyzed by immunoblotting using the indicated

antibodies.

range of cellular activities (26). We therefore explored the impact
of UCH-L1 on the association of DDB1 with raptor. In 293T cells,
we readily confirmed the precipitation of DDB1, CUL4A, and
CUL4B from raptor immunoprecipitates, but not from those of
rictor (Fig. 4A and C). Similarly, we recovered mTOR and raptor,
but not rictor, from DDB1 immunoprecipitates (Fig. 4C). Strik-
ingly, ectopic UCH-LI reduced the recovery of DDB1 with raptor
(Fig. 4B and C). The effect was somewhat less apparent when we
examined the coprecipitation of DDB1 with mTOR itself (Fig.
4C), likely reflective of the described association with the mTOR
complex subunit mLST8 that is present in both mTORCI and
mTORC2 (24). Again, the effect required catalytic activity, as
UCH-L1“**HA had no effect on the association of DDB1 with
raptor. Consistent with UCH-L1 regulating this association, there
was a substantial increase in the association of DDB1 with mTOR
in KMS-289*" cells upon depletion of UCH-LI (Fig. 4D). To
further understand the nature of UCH-L1-driven DDBI loss from
raptor, we again performed in vitro reconstitution assays in which
we immunopurified mTOR complexes and added recombinant
active or inactive UCH-L1. When we performed this analysis on

1192 mcb.asm.org

mTOR complexes retrieved with an anti-mTOR antibody, we ob-
served a substantial loss of raptor upon the addition of catalyti-
cally active UCH-L1 (Fig. 4E). Displacement of DDB1 in this set-
ting was again less obvious, likely due to its independent
association with mTOR via mLST8 (24). In comparison, when we
added UCH-LI to mTORCI precipitated with an antiraptor anti-
body, there was a dramatic loss of both mTOR and DDBI1 from the
complex. We conclude that UCH-L1 drives the dissolution of the
mTOR-raptor-DDB1 complex through a mechanism that re-
quires catalytic activity.

To determine its role in mTORCI signaling, we depleted the
DDB1-CUL4 complex and examined substrate phosphorylation
and mTOR complex association. Strikingly, depletion of DDB1 or
codepletion of CUL4A and CUL4B led to reduced phosphoryla-
tion of S6K and increased phosphorylation of Akt (Fig. 5A and D).
Depletion of CUL4A or CUL4B individually had no effect on
mTOR signaling (data not shown). These changes were also ac-
companied by loss of mMTORC1 and increased levels of mTORC2,
as determined by coimmunoprecipitation (Fig. 5B). These results
indicate that DDBI is essential for mTORCI stability. Further
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FIG 4 UCH-L1 disrupts the DDB1-raptor complex that is required for mTORCI stability. (A to C) HEK-293T cells, stably transduced with the indicated
constructs, were subjected to immunoprecipitation using the indicated antibodies. The precipitates were then immunoblotted using the indicated antibodies.
(D) KMS-289" cells were incubated with or without doxycycline for 5 days to deplete UCH-L1 and were then subjected to immunoprecipitation with the
indicated antibodies. The precipitates were then immunoblotted using the indicated antibodies. (E and F) mTOR complexes were immunoprecipitated from
293T cells, washed extensively, and incubated with purified UCH-L1. Where indicated, NEM was included to inactivate catalytic activity. After extensive washing,
the remaining bound proteins were analyzed by immunoblotting using the indicated antibodies.

demonstrating the importance of DDB1 for mTORC1 activity, we
found that depletion of DDBI entirely prevented the increase in
mTORC1 activity seen upon UCH-L1 knockdown (Fig. 5C).
UCH-L1 expression in cells depleted of DDB1 or CUL4A/CUL4B
did not further increase phosphorylation of the mTORC2 sub-
strate Akt, though a modest additional effect of UCH-L1 expres-
sion on suppressing phosphorylation of the mTORCI substrates
S6K and 4EBP1 was seen in DDBI1-depleted cells. This suggests
that even at reduced levels, DDB1-CUL4 associates with mTORC1
in a UCH-L1-sensitive manner. As we observed with UCH-L1
expression, depletion of the DDB1-CUL4 complex did not change
the level of mTOR, the core mTOR complex subunits, the mTOR
inhibitor TSC2, or Akt, indicating that the regulation of the path-
way by DDB1-CULA4 is likely nondegradative. Interestingly, over-
expression of DDBI1 did not further increase mTORCI activity
(data not shown), suggesting either that in the absence of UCH-
L1, DDB1 is not rate limiting in the formation of the complex with
raptor or that a regulatory step governs its abundance. Taken to-
gether, these data demonstrate that the DDB1-CUL4 complex is
an essential component of mTORCI that regulates its stability
through a nondegradative mechanism.
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To further understand the mechanism of UCH-LI in regu-
lating mTORCI1 stability, we asked whether UCH-L1 associates
with components of mTORC1 or mTORC2. We performed a
series of immunoprecipitations targeting endogenous subunits
of mTORC1/2 and associated proteins under detergent condi-
tions that dissociate mMTORC complexes themselves and probed
for UCH-L1WTHA. Consistent with its effect on the two proteins,
we found UCH-L1 to coprecipitate with DDB1 and raptor
(Fig. 6A). Surprisingly, a similar fraction of DDB1 was recovered
with UCH-L1“***HA, indicating that the catalytic mutant can
associate with DDB1 but cannot disrupt its complex with raptor
(Fig. 6B). The coprecipitation of endogenous UCH-L1 and DDB1
was also seen in wild-type mouse brain extracts, indicating that the
mechanism is physiologically relevant (Fig. 6C). Based on the im-
portance of the DDB1-CUL4 complex for mTORCI stability and
the requirement for UCH-L1 catalytic activity in antagonizing this
role, we hypothesized that UCH-L1 interferes with the ubiquiti-
nation of mTORCI subunits. To test this, we made use of the
ubiquitin mutant UbG76A, which is efficiently conjugated to tar-
get proteins but is resistant to deubiquitinating enzyme removal,
thus increasing the sensitivity of detecting Ub modifications (27).
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FIG 5 Depletion of the DDB1-CUL4 complex results in a phenocopy of
UCH-L1 expression. (A and C) HEK-293T cells were transduced with lentivi-
ruses carrying the indicated shRNAs for 5 days, and extracts were immuno-
blotted using the indicated antibodies. (B) HEK-293T transduced to carry a
doxycycline-regulated shRNA targeting DDB1 were incubated with or without
doxycycline for 5 days, followed by immunoprecipitation and immunoblot-
ting with the indicated antibodies. (D) HEK-293T cells were transduced with
the indicated constructs, followed by immunoblotting for the indicated anti-
bodies. shNS and NS, nonsilencing shRNA.

We transfected cells with HAUb%”** and immunoprecipitated en-
dogenous mTORC components, followed by HA immunoblot-
ting. To enhance our ability to detect covalently attached ubiqui-
tin, extracts were prepared with 1% SDS, denaturing conditions
that minimize the coprecipitation of proteins associated through
noncovalent means. Under these conditions, there was a robust
and specific coprecipitation of HAUb®’** from raptor immuno-
precipitates (Fig. 7A). To examine the importance of DDB1-
CUL4 and UCH-L1 for this modification, we depleted DDB1 or
expressed UCH-L1 in cells expressing N-terminally FLAG-tagged
ubiquitin (FLAG-Ub), and then performed raptor immunopre-
cipitations under conditions preserving mTOR complex associa-
tions and probed for FLAG-Ub. UCH-LI expression or DDB1
depletion had no effect on the global pattern of FLAG-Ub conju-
gates (Fig. 7B). However, there was a profound suppressive effect
of UCH-L1 on reducing raptor ubiquitination that required cat-
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Extracts

alytic activity. Similarly, depletion of DDB1 dramatically reduced
raptor ubiquitination. We hypothesize that UCH-L1 may affect
raptor ubiquitination through at least two mechanisms: direct
deubiquitination and/or prevention of ubiquitination by disrupt-
ing the DDB1-raptor complex. To determine what role the dis-
ruption of raptor-DB1 binding plays in this process, we per-
formed raptor immunoprecipitation from cells expressing
HAUb®”** with or without UCH-L1. Despite the nonhydrolyz-
able nature of UbG76A, we observed a significant reduction in
HAUDbS”®* modification of raptor in cells expressing UCH-LI,
demonstrating that UCH-LI affects raptor ubiquitination at least
in part through preventing its modification (Fig. 7C). We con-
clude that DDB1-CUL4 maintains mTORCI1 stability by ubiquiti-
nating raptor and that UCH-LI destabilizes mTORC1 by coun-
teracting this process.

DISCUSSION

We previously observed that the ubiquitin hydrolase UCH-L1 is a
potent oncogene that is frequently overexpressed in B cell non-
Hodgkin’s lymphoma and that transgenic expression of the en-
zyme is sufficient to drive the development of lymphoma and lung
tumors in mice (2). At the signaling level, we observed a dramatic
effect of UCH-L1 on Akt phosphorylation, but the underlying
mechanism was unclear. In our investigations into this mecha-
nism, we uncovered a novel antagonistic relationship between the
DDB1-CUL4 ubiquitin ligase and UCH-L1 in regulating the ubiq-
uitination status of raptor, thereby dictating the stability of
mTORCI1 through a nondegradative mechanism. Based on our
findings, we propose a model in which UCH-L1 forms a complex
involving DDB1 and raptor within mTORCI that facilitates rap-
tor deubiquitination. This leads to a conformational change in
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raptor that reduces its affinity for mTOR and DDBI, leading to
mTORCI instability. The reduced affinity between DDB1 and
raptor further reduces raptor ubiquitination. The resulting in-
creased availability of free mTOR leads to a secondary increase in
the level of mTORC2, the principal kinase that targets Akt>*”>,
Consistent with our results, lower mTORCI activity has been
shown to impair translation of the phosphatase PHLPP that de-
phosphorylates Akt>*7?, It is therefore likely that the net effect of
UCH-L1 on Akt phosphorylation reflects the combined impacts
of increased kinase activity and reduced phosphatase activity.
These data provide the first evidence that targeted ubiquitination
plays a role in regulating mTOR complex stability and provide
important new insights into potential therapeutic approaches to
modulate these signaling activities.

To better understand the biochemical functions of UCH-L1,
we sought an approach to introduce UCH-LI into cells where it is
not normally expressed and to deplete it in cells where it is ex-
pressed endogenously at high levels. We therefore used HeLa and
HEK293T cells (with little or no endogenous UCH-L1) to exam-
ine the impact of gain of UCH-L1 and the KMS-28 myeloma cell
line (with high endogenous UCH-LI) to examine the impact of
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losing UCH-L1 in an in vitro setting. By comparing the results
obtained from both experimental settings, we largely avoid arti-
facts that may result from either design. To allow better extrapo-
lation of the data beyond cancer cell lines, we also examined the
loss of endogenous UCH-L1 from its normal tissue (brain), as well
as stable long-term expression of UCH-L1 in lymphocytes from
Uchll transgenic mice. As our observations were consistent across
these tissues and cell lines, under conditions of overexpression
and depletion, the data strongly support the idea that UCH-L1
regulates mTOR activities in tissues where it is normally expressed
(brain) and in tissues where cancers arise (lymphocytes).

The mTOR signaling network is of great importance in the
understanding of basic cellular metabolism and is of interest to
neurobiologists and cancer biologists alike. These data have im-
plications for the understanding of the use of mTOR inhibitors in
neurodegenerative disorders and B cell lymphoma. Furthermore,
as deubiquitinating enzymes are increasingly considered potential
drug targets (28-31), these data provide important insight into the
mechanisms by which UCH-L1 inhibition may affect cellular
physiology.

Our data strongly suggest that the DDB1-CUL4 ligase complex
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is an essential component of mTORCI. With our data, it is not
possible to accurately determine the proportion of mTORCI that
contains DDB1-CUL4. While it is clear that displacement of
DDB1-CUL4 by UCH-L1 or depletion of DDB1 or CULA4 results
in reduced mTORCI, it is not clear whether the DDB1-CUL4
complex must remain bound to mTORCI continuously or
whether transient association is sufficient to maintain its stability.
However, our in vitro data, in which we observe destabilization of
the DDB1-raptor complex and mTORCI upon the addition of
recombinant UCH-L1, can be interpreted to indicate that contin-
uous association is required. The requirement for DDB1 and
CUL4 in maintaining mTORC1 signaling was also observed by
Ghosh et al. (24), though the mechanism behind the observation
remained unclear. We found that both wild-type and catalytic
mutant UCH-L1 coprecipitate with DDB1 but that UCH-LI cat-
alytic activity drives the dissociation of the mTOR-raptor-DDB1
complex. The continued association of catalytically dead UCH-L1
with DDB1 without disrupting DDBl-raptor binding or
mTORCI integrity indicates that UCH-LI does not compete for
binding sites on these proteins. It also suggests that UCH-L1 first
associates with mTORC1-DDBI1 and then destabilizes the com-
plex, rather than UCH-L1 interfering with the formation of the
DDBI-raptor complex. Preventing the formation of this complex
through DDBI1 depletion, however, is sufficient to destabilize
mTORCI. Consistent with its effect on mTORCI integrity, we
found that UCH-L1 interferes with the amino acid-dependent
relocalization of mTOR to lysosomal surfaces. We did not, how-
ever, detect an appreciable change in mTOR localization at steady
state in cells expressing UCH-LI1. It seems likely that under static
conditions there is sufficient remaining mTORCI1 to retain the
partial membrane localization, but in the context of the massive
shift that occurs upon reintroducing amino acids to starved cells,
this remaining amount is insufficient to match the demand. Our
results are also consistent with those recently showing that target-
ing of cullin-containing ubiquitin ligases with a small-molecule
neddylation inhibitor (MLN4924) inhibits mTORCI1 activity
(32). Our results differ somewhat in that UCH-L1 overexpression
and DDB1 depletion led to an increase in mTORC2 activity that
was not observed in cells exposed to MLN4924, suggesting that
this inhibitor may have other effects that prevent the increase in
mTORC2 activity that results from DDB1 depletion.

Our results demonstrate that ubiquitination of raptor is driven
by DDB1 and antagonized by UCH-L1. Raptor ubiquitination was
also observed in high-throughput ubiquitin proteomic studies
(33). UCH-LI may have a dual impact on this modification—a
direct deubiquitination step and an indirect effect on preventing
the ongoing raptor modification by DDBI. The fact that we do not
see any changes in the absolute levels of any mTOR complex sub-
unit further indicates that the role of Ub in the process is nondeg-
radative. Though raptor ubiquitination was reduced to very low
levels, neither depletion of DDBI nor overexpression of UCH-L1
entirely eliminated it in our experiments. Further, UCH-L1 could
not further reduce raptor ubiquitination beyond the level seen
with DDBI1 depletion. It is possible that there is a small pool of
mTORCI1 that is relatively inaccessible to UCH-LI deubiquitina-
tion. It is also possible that UCH-L1 exhibits chain specificity with
the remaining ubiquitin molecules in alternative linkages, possi-
bly installed by other Ub ligases. Our in vitro data in which we
found that purified UCH-L1 can disrupt the mTOR-raptor com-
plex without increasing mTOR-rictor (mTORC2) indicate that
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rictor itself is not directly involved in the destabilization of
mTORCI and suggest that increased mTORC2 is likely a second-
ary effect of increasing the availability of free mTOR that passively
assembles with rictor. Competition of raptor and rictor for mTOR
binding has been suggested by the work of Sarbassov et al., in
which either overexpression of raptor or depletion of rictor leads
to increased mTORCI1 (18). Others have seen that knockdown of
raptor in Drosophila cells led to increased phosphorylation of Akt,
a finding consistent with increased mTORC2 (34). Despite the
dramatic changes in association of raptor and rictor with mTOR,
we saw no changes in the autophosphorylation status of mTOR.
Phosphorylation of mTOR®***! was reported to be an indicator of
mTORC?2 levels, with phospho-mTOR***® specific for mTORC1
(35). Other reports have called this finding into question (36). Itis
likely that differences in the experimental approaches underlie
these contradictory findings, as the association between the
mTOR phosphoforms was primarily observed after serum starva-
tion and insulin restimulation. It is possible that these forms do
not accurately reflect the levels of these complexes under our
steady-state conditions.

As UCH-LLI is present only in neuroendocrine tissues and in
certain cancers, most tissues may regulate the balance of mTOR
activities through a different mechanism. The mTORCI-inhibi-
tory complex comprised of TSC1/2 is expressed in a broad tissue
distribution (37). The TSC1/2 complex regulates mTORCI activ-
ity without altering complex stability through a mechanism in
which it controls the required mTOR activator, Rheb, on lyso-
somal membranes (1). We propose that UCH-L1 may therefore
be representative of a new class of regulators that affect the relative
balance of mTOR complex abundance, with other DUBs poten-
tially performing a similar function in other tissues. The identifi-
cation of UCH-L1 as a negative regulator of mTORC1 makes the
Uchll-null mouse, to our knowledge, the second genetic model
characterized by mTORC1 overactivity in the brain, after tuber-
ous sclerosis (38). It is noteworthy that Uchll-null mice, like those
deficient in TSCI or -2, exhibit severe neurologic phenotypes,
reinforcing the observation that mTORC1 hyperactivity is toxic to
neurons. UCH-L1 mutations have been linked to Parkinson’s dis-
ease, where the I93M mutation predisposes to early disease onset
(39). Inhibition of mTORCI activity leads to improved neuro-
logic function in patients with tuberous sclerosis and in models of
Parkinson’s disease, though only in the former is mTOR inhibi-
tion routinely used (40, 41). The involvement of UCH-L1 in the
mTOR signaling pathway raises the possibility that UCH-L1 ex-
pression affects the biological response to mTOR inhibition in
tumors. One may imagine that the suppressive action of UCH-L1
on mTORCI may lead to sensitivity of these tumors to inhibitors
that target mTORCI. Further work is required to determine if
UCH-L1 expression has an impact on the response to these agents.
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