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The proto-oncogene Ras undergoes a series of post-transla-
tional modifications at its carboxyl-terminal CAAX motif that
are essential for its proper membrane localization and function.
One step in this process is the cleavage of the CAAX motif by the
enzyme Ras-converting enzyme 1 (RCE1). Here we show that the
deubiquitinating enzyme USP17 negatively regulates the activ-
ity of RCE1. We demonstrate that USP17 expression blocks Ras
membrane localization and activation, thereby inhibiting phos-
phorylation of the downstream kinases MEK and ERK. Further-
more, we show that this effect is caused by the loss of RCE1
catalytic activity as a result of its deubiquitination by USP17. We
also show that USP17 and RCE1 co-localize at the endoplasmic
reticulum and that USP17 cannot block proliferation or Ras
membrane localization in RCE1 null cells. These studies dem-
onstrate that USP17 modulates Ras processing and activation, at
least in part, by regulating RCE1 activity.

Five families of deubiquitinating enzymes consisting of ~95
members have been identified including the ubiquitin carboxyl-
terminal hydrolases, the ubiquitin-specific proteases (USPs),” the
Machado-Joseph disease protein domain proteases, the ovarian
tumor proteases, and the JAMM motif proteases (1). The USPs,
including the DUB/USP17 subfamily, are cysteine proteases iden-
tified by the inclusion of typical histidine and cysteine boxes within
their catalytic domain (1).

In recent years there has been significant progress in our
understanding of the specific functions of many deubiquitinat-
ing enzymes. These include regulation of processes such as
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NF-kB activation (CYLD, A20, Cezanne, and USP31) (2—8), the
initiation of DNA repair (USP1) (9, 10), and control of the cell
cycle (USP16) (11). In addition, several have been implicated in
cancer including CYLD, the tumor suppressor gene responsible
for familial cylindromatosis (12), HAUSP/USP7 for deubiquiti-
nation of mdm-2 and effects on p53 stability (13, 14), and Unp/
USP4, which is overexpressed in both lung and adrenocortical
carcinomas (15, 16). Also, mutations of ubiquitin carboxyl-termi-
nal hydrolase L1 have been identified in one family with a history of
Parkinson disease (17), and a particular polymorphism in ubig-
uitin carboxyl-terminal hydrolase L1 has been associated with
reduced susceptibility to Parkinson disease (18).

The DUB/USP17 subfamily were originally identified as murine
hematopoietic specific genes (DUB-1, DUB-1A, and DUB-2)
induced in response to a range of cytokines (19, 20). We have iden-
tified a human orthologue DUB-3/USP17 (subsequently referred
to as USP17) that is also cytokine-regulated (21, 22).

Several lines of evidence suggest that the DUB/USP17 family
regulate cell growth and survival. First, a number of murine
(DUB-1, DUB-1A, and DUB-2) and human (USP17) family
members have been shown to be cytokine-inducible immediate
early genes (19-21, 23) and DUB-1 expression resulted in cell
cycle arrest prior to S phase (24). Additionally, DUB-2 expres-
sion can markedly inhibit apoptosis induced by cytokine with-
drawal (25), and we have reported that constitutive expression
of human USP17 can block cell proliferation (21). However, the
targets of USP17 have not been identified.

The small GTPase p21*** (Ras) has long been recognized as
an important regulator of cell proliferation, and constitutively
active mutants have been associated with many cancers (26,
27). Although Ras is activated by cycling from the GDP- to the
GTP-bound states, membrane localization is also essential for
its activation. This requires a series of processing events that
involve modifications of its carboxyl-terminal CAAX motif.
Briefly, the cysteine residue is isoprenylated by a farnesyltrans-
ferase (FTase) (28), and Ras is localized to the endoplasmic
reticulum (ER) where the three carboxyl-terminal amino acids
(i.e. the -AAX) are removed by Ras-converting enzyme 1
(RCE1), an ER integral transmembrane protease (29 -31). Sub-
sequently, the exposed isoprenylcysteine is methylated by an
ER transmembrane methyltransferase called isoprenylcysteine
carboxyl methyltransferase ICMT) (32). Depending on the Ras
isoform, it may then be palmitoylated (33, 34) prior to plasma
membrane trafficking.
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Little is known about the mode of action of RCEL. It had
initially been identified as a cysteine protease, but subsequent
studies would suggest that it has metalloprotease-like activity
(35, 36). Nonetheless, it has been clearly shown that loss of
RCE1 blocks proper Ras localization and impedes cell growth
and transformation (30, 37, 38).

In this study we show that USP17 disrupts Ras plasma mem-
brane localization and activation and markedly inhibits prolif-
eration. Moreover USP17 also blocks RCE1 activity, and this
effect is dependent on USP17 deubiquitinating activity.

EXPERIMENTAL PROCEDURES

Plasmids—The pME18S-USP17-FLAG, pME18S-USP17CS-
FLAG, pMX-ires-EGFP-USP17-FLAG, and pMX-ires-EGFP-
USP17CS-FLAG expression constructs have been previously
described (21). Peroxisomal 3-oxoacyl-CoA thiolase A and
Galectinl ¢cDNAs were tagged with the HA epitope at their
amino termini by standard PCR-based methods. Each cDNA
was amplified by PCR, using a 5’ oligonucleotide containing
an Xbal site as well as a 3’ oligonucleotide containing a BglII
site. The Xbal/BglII PCR fragment was subcloned between
the Xbal and BglII sites of a modified pCEFL vector in frame
with the HA epitope. RCE1 ¢cDNA was tagged with the FLAG
epitope at its carboxyl termini as described previously (21).
The HA and FLAG epitope-tagged RCE1 was produced as
above using a 5’ oligonucleotide containing an Xbal site
and a 3’ oligonucleotide lacking a stop codon but containing
a FLAG epitope sequence followed by a BglII site. The
pEFIRES-HA-ubiquitin, pEFIRES-HA-R63K, pEFIRES-HA-
R48K, GFP-H-Ras, pCMV.TAG2A FLAG.FTasea, pcDNA3.1-
CYLD-HA, pcDNA3.1-CYLDCS-HA, and pSUPER-USP17shRNA
(shRNA1 target sequence, GCAGGAAGATGCCCATGAA)
constructs were obtained as gifts from various sources (see
“Acknowledgments”). The pRS-USP17shRNA (shRNA2 target
sequence, GATGATTTGGCTCCTGTGGCAAGACAGCT)
construct was purchased from Origene Technologies (Rock-
ville, MD).

Cell Cultures and Transfections—The IL-3-dependent pro-B
cell lines Ba/F3, PlatinumE, and 293T were cultured as
described previously (21). HeLa and MDA-MB-231 (kind gift
from Dr. David Waugh, Queen’s University Belfast) cells were
grown in Dulbecco’s modified Eagle’s medium (PAA Laborato-
ries, Somerset, UK) supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin, 1% L-glutamine, and 1% sodium pyru-
vate. RCE1™/~ MEF and RCE1"/* MEF cells (kind gift of Dr.
S. G. Young, University of California, San Francisco) were
grown as described previously (31). Transfectants were gener-
ated using FUGENE 6 transfection reagent (Roche Applied Sci-
ence), as specified by the manufacturer.

Cell Lysis, Immunoprecipitations, and Immunoblotting—
Whole cell lysates and immunoprecipitations were generated
and separated prior to immunoblotting as previously described
(21). The following antibodies were used: anti-FLAG (M2;
Sigma, Dorset, UK); anti-DUB-3/USP17 (Fusion Antibodies,
Belfast, UK); anti-phospho-ERK1/2, ERK2, phosho-MEK1/2,
MEK1/2, HA or pan-Ras (Cell Signaling); anti-FTasea (BD Bio-
sciences); and anti-HA (12ca5; Roche Applied Science).
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Confocal Microscopy—MEF, Cos7 or HeLa cells were seeded
at 2.5 X 10" cells/1.7 cm® well of LabTek II, CC2-treated cham-
ber slides (Nalge Nunc, Hereford, UK). Cells, as necessary, were
transfected with 0.25 g of each plasmid using FuGENE 6
transfection reagent (Roche Applied Science). 24 h after trans-
fection, or 48 h after seeding, the cells were fixed with 4%
paraformaldehyde in CBS for 20 min at room temperature. The
slides were stained as necessary with the appropriate antibodies
and washed with phosphate-buffered saline. The following
antibodies were used: anti-FLAG (M2, Sigma), anti-DUB-3/
USP17 (Fusion Antibodies), anti-HA (12ca5; Roche Applied
Science), and anti-calnexin (Jackson Laboratories). The slides
were then viewed on a Zeiss LSM 510 META NLO Confocal
Microscope. The images presented in the same panels were
captured using standardized settings and exposure times
(Zeiss, Hertfordshire, UK).

Retroviral Infection—Retroviral infections of RCE1"’* MEF
and RCE1"/~ MEF cells were carried out as previously
described (21).

Ras RBD Pulldown Assay—Ba/F3 cells were cultured in the
presence or absence of tetracycline for 48 h before being trans-
ferred to serum-free medium for 4 h to minimize basal activa-
tion. They were then stimulated with 100 units/ml IL-3 for the
indicated time points prior to lysis. MDA-MB-231 cells were
transfected as previously described and rested in 0% fetal calf
serum Dulbecco’s modified Eagle’s medium for 4 h prior to
serum stimulation. The cells were immediately washed with
ice-cold phosphate-buffered saline and lysed in lysis buffer con-
taining 0.5 M Tris, pH 7.5, 0.1 m MgCl,, 0.5 M NaCl, 1% Triton,
and 5% glycerol with 10 ug/ml leupeptin, 10 ug/ml aprotinin, 1
mM phenylmethylsulfonyl fluoride, 2.5 mm benzamidine, and 2
mM Na;VO,, and GST pulldown was carried out. Lysate was
rested on ice for 10 min and spun down at 12,000 RPM for 10
min to pellet the membrane. Lysate was removed and added to
RBD-GST fusion protein preassociated GST beads (Amersham
Biosciences, Buckinghamshire, UK). The pulldowns were sep-
arated and immunoblotted as previously described using a pan-
Ras antibody.

CAAX Cleavage Assay—The cells were lysed as previously
described (39), and CAAX assays were performed using mem-
brane fractions prepared as previously described (36), and
a quenched flurogenic peptide, ABZ-KSKTKC(f)Q;IM was
obtained from AnaSpec. Membrane fractions (50 ul) were
incubated with 50 ul of assay buffer (100 mm HEPES, pH 7.5, 5
mm MgCl,) with 40 um of flurogenic peptide. The fluorescence
generated was recorded at excitation and emission wavelengths
of 320 and 420 nm, respectively, using a Cytofluor® Multi-well
series 4000 spectrofluorimeter, and all reactions were per-
formed in triplicate on a black 96-well plate.

RNA Extraction and RT-PCR—RNA was extracted and RT-
PCR was carried out as previously described (21).

RESULTS

USP17 Regulates Ras/MEK/ERK Signaling—W e have previ-
ously shown that constitutive expression of USP17 blocks cell
growth. To determine how this occurs, we examined its effect
on intracellular signaling using a previously described IL-3-de-
pendent Ba/F3 cell line in which the expression of USP17 is
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blocked by tetracycline (21). Ba/F3 cells, cultured in the pres-
ence or absence of tetracycline for 48 h, were stimulated with
IL-3, and activation of ERK was examined using a phospho-
ERK-specific antibody. ERK1/2 activation was markedly down-
regulated by USP17 expression (Fig. 1A, top panels, and supple-
mental Fig. S1). We also found that USP17 expression
decreased the activation of upstream MEK (Fig. 14, lower pan-
els, and supplemental Fig. S1). These results suggested that the
expression of USP17 may modulate the Ras pathway, and there-
fore IL-3 induced Ras activity was also assessed using a RBD
pulldown assay. This assay involves using a recombinant GST-
tagged Raf-RBD to pull down Ras. The Raf-RBD only interacts
with active GTP-bound Ras and thus determines Ras activity. In
the presence of USP17, the levels of activated Ras were found to
be markedly reduced (Fig. 1B and supplemental Fig. S1).

Because constitutive expression of USP17 decreased Ras
activation, we also hypothesized that knockdown of endoge-
nous USP17 would enhance Ras activation. Therefore, we tran-
siently transfected USP17-specific shRNA (shRNA1) and
observed the levels of GTP-bound Ras following serum stimu-
lation. The shRNA efficiently knocked down USP17 expression
(Fig. 1C, lower panel), resulting in a marked elevation in the
level of GTP-bound Ras (Fig. 1C, upper panel, and supplemen-
tal Fig. S1). These results, which were representative of three
independent experiments and subsequently have been repeated
with an independent shRNA for USP17, indicated that Ras
activity was regulated by USP17.

USP17 Regulates Ras Localization—These results suggested
that USP17 was impeding the Ras/MEK/ERK signaling path-
way. Therefore, because trafficking of Ras to the plasma mem-
brane is required for Ras/MEK/ERK signaling, we decided to
determine whether USP17 could alter Ras localization. The
localization of Ras to the plasma membrane is controlled by the
processing of its carboxyl terminus, and previous studies have
used GFP-tagged Ras to monitor its localization. Therefore,
wild type (WT) mouse embryonic fibroblasts (MEF) were
transfected with constructs expressing GFP-H-Ras in conjunc-
tion with either USP17 or catalytically inactive USP17CS (Fig. 2
and supplemental Fig. S3). In more than three separate experi-
ments, when expressed alone or in conjunction with USP17CS,
the majority of GFP-H-Ras localized to the plasma membrane
as expected (Fig. 2, see yellow arrows in panels 1 and 3). How-
ever, in the presence of USP17, although some GFP-H-Ras was
present at the plasma membrane, in repeated experiments
H-Ras showed a clear cytosolic distribution (Fig. 2, panel 2).
Similar experiments using a shRNA targeting USP17 showed
no effect upon GFP-H-Ras localization (supplemental Fig. S3).

USP17 Deubiquitinates RCEI—Processing of the Ras car-
boxyl-terminal CAAX motif is essential for Ras membrane
localization and is mediated in a multi-step process by a num-
ber of enzymes, namely FTase (28), RCE1 (29-31), and ICMT
(32). On the basis of our data showing that the expression of
USP17 blocked the transfer of Ras to the plasma membrane, we
examined the possibility that one or more of these Ras-process-
ing enzymes was a substrate for USP17.

Therefore we examined whether these enzymes could be
ubiquitinated and whether USP17 could reverse this modifica-
tion. First we examined the Ras-processing enzymes ICMT and

APRIL 3, 2009VOLUME 284+NUMBER 14

Ras Processing Is Regulated by USP17

A
—————  — p— ERK1/2
——, PERK1/
——— —— . . — | DK
el — pMEK1/2
Bl SRS - MEK1/2
-
| 0 60 120180 24U| 0 60 120180 240 | Mins IL-3
+ Tet -Tet
[ ] usery
L:l'__'l
Tet
B

- "".IRasGTP

| — . . O S S o | R3S
| 0 5 15 30| 0 5 15 30| Mins IL-3
+Tet -Tet
C
L}
| ——— RasGTP

[0 05 2 5| | 0 052 5 |MinsFCS

SCRAM shRNA shRNA1

FIGURE 1. USP17 blocks the Ras/MEK/ERK pathway. A, Ba/F3 cells express-
ing tetracycline-regulated USP17 were cultured for 48 h with and without
tetracycline (Tet), cultured in the absence of fetal calf serum (FCS) for 4 h, and
treated with IL-3 (100 units/ml) for the time periods specified and lysates
immunoblotted with phospho-specific antibodies for ERK and MEK. In addi-
tion, to show equal loading, the same immunoblots were subsequently
immunoblotted with antibodies specific for ERK2 and MEK1/2. The bottom
panel shows USP17 expression. B, Ba/F3 cells expressing tetracycline regu-
lated USP17 were cultured as above and treated with IL-3 for the time periods
specified. Pulldowns were performed using GST-tagged Raf-RBD fusion pro-
tein. The resultant pulldowns and protein lysates were immunoblotted with
pan-Ras antibody. C, MDA-MB-231 cells transfected as indicated were cul-
tured without serum for 4 h and stimulated with serum for the periods spec-
ified. The resultant Raf-RBD pulldowns (upper panel), and protein lysates
(lower panel) were immunoblotted with a pan-Ras antibody. In addition RNA
was extracted from parallel transfections, and RT-PCR was performed as
indicated.
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1 2 3

RAS-GFP / USP17

WT MEF

FIGURE 2. USP17 blocks Ras membrane localization. WT MEF cells tran-
siently transfected with vectors expressing GFP-H-Ras, USP17, or USP17CS
were fixed. The localization of GFP-H-Ras (top row) and USP17 or USP17CS
(middle row), as well as both together (bottom row) was then assessed by
confocal microscopy. In panels 1 and 3, the yellow arrows indicate membrane
localization of GFP-H-Ras.

RAS-GFP RAS-GFP/USP17CS

the FTase a-subunit but did not see any evidence of ubiquiti-
nation, even in the presence of overexpressed HA-tagged ubiq-
uitin (results not shown). However, when we co-expressed
RCE1 with ubiquitin and RCE1 immunoprecipitates were
immunoblotted for the presence of ubiquitin, smearing was
observed that would indicate RCE1 could be modified by this
peptide (Fig. 3A, sixth lane). This smearing was removed upon
expression of USP17 (Fig. 3A, seventh lane), but not USP17CS
(Fig. 3A, eighth lane), indicating that catalytically competent
USP17 acted to remove ubiquitin from RCE1. Moreover, this
deubiquitination was specific because the deubiquitinating
enzyme CYLD did not remove ubiquitin from RCE1 (Fig. 3B,
seventh lane).

Interestingly, RCE1 protein levels were not enhanced in the
presence of USP17, indicating that the ubiquitination of RCE1
was not promoting turnover of RCE1 by proteasomal degrada-
tion, and therefore we further examined the type of ubiquitin
chains that form on RCE1 using mutant ubiquitin constructs
(Fig. 3C). When a ubiquitin mutant that can only form K63
branched ubiquitin chains was present, the characteristic
smears were once again observed, indicating that K63-
branched ubiquitin chains could be attached to RCE1 and that
USP17 could remove these chains (Fig. 3C). In contrast, the
expression of a ubiquitin mutant that only formed K48-linked
chains resulted in RCE1 degradation (supplemental Fig. S2).
This indicated that K63 linked ubiquitin chains can conjugate
to RCE1 and that they can be removed by USP17. Because no
alteration in RCE1 protein levels were observed * USP17, it
suggested that ubiquitin was modulating RCE1 in a manner
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independent of protein turnover. K63 ubiquitin chains have
previously been associated with modulation of protein function
(39, 40), and we hypothesized that USP17 may modulate the
activity of RCEL.

This hypothesis was further strengthened when we studied
the localization of GFP-H-Ras in MEF cells lacking the enzyme
RCEI1 (Fig. 3D, panels 1-3). GFP-H-Ras expressed in RCE1 null
cells exhibited cytosolic distribution, whether expressed alone
or in conjunction with USP17 or USP17CS (Fig. 3D, panels
1-3). This suggested that the presence of RCE1 was required to
observe the USP17-induced effect. In addition, when the local-
ization of GFP-H-Ras in RCE1 ™/~ MEF cells ((Fig. 3D, panels
1-3) was compared with the localization in WT MEF cells (Fig.
3D, panels 4-6), it was apparent that the pattern observed in
RCE1 null cells was similar to that observed in WT MEF cells
expressing USP17 (Fig. 3D, panel 5). This clearly demonstrated
the dependence of RCEL1 to produce the USP17-induced effect
on Ras.

USP17 Regulates RCE1 Activity—To determine whether
USP17 could attenuate the proteolytic activity of RCE1, we
employed a CAAX cleavage assay using a farnesylated inter-
nally quenched fluorescent peptidyl substrate derived from the
carboxyl terminus of K-Ras, which releases its quencher and
fluoresces after RCE1-mediated cleavage (36). 293T cells were
transfected with combinations of RCE1, USP17, or USP17CS,
and microsomal membrane preparations were assessed for
RCET1 activity. Expression of USP17, but not USP17CS, mark-
edly reduced both the rate and total turnover of the substrate
(Fig. 4A, top panel), indicating that the deubiquitinating activity
of USP17 attenuated RCE1 activity. Greater than 50% reduction
in RCEL1 activity in the presence of USP17 was observed consis-
tently over three independent experiments. Furthermore,
equivalent RCE1 expression confirmed that the reduction in
RCE1 activity was not merely due to changes in protein levels
(Fig. 4A, bottom panel).

The ability of USP17 to block RCEL1 activity was further con-
firmed using a shRNA specifically targeting USP17 (shRNA1)
(Fig. 4B, bottom right panel). As before, 293T cells were tran-
siently transfected with RCE1 in the presence and absence of
the USP17-specific shRNA, and RCEL1 activity was determined.
In the presence of the shRNA, the level of RCE1 activity was
consistently augmented (Fig. 4B, top panel), suggesting that
removal of endogenous USP17 enhanced RCE1 activity. Collec-
tively, these observations show that USP17 inhibits RCE1 pro-
teolytic activity, thus attenuating Ras activation. This was fur-
ther supported by the use of another USP17-specific ShRNA
(shRNA2), which gave similar results (supplemental Fig. S2).

USP17 and RCE1 Co-localize at the Endoplasmic Reticulum—
Previously, RCE1 had been shown localized at the ER in yeast
(40), so we set out to determine its localization in mammalian
cells and examine whether it co-localized with USP17. Cells
transfected with RCE1 displayed a perinuclear distribution
consistent with the protein being restricted to the ER (Fig. 54,
left panel). This was confirmed by simultaneous staining using
an antibody to the ER marker calnexin (Fig. 54, middle panel),
which exhibited consistent and clear co-localization with RCE1
(Fig. 5A, right panel).
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inhibition was dependent on RCEL,
as already suggested by our previ-
ous results. We therefore estab-
lished WT and RCE1~'~ MEF
cells expressing either USP17 or
USP17CS using retroviral infection
with a bicistronic vector also ex-
pressing EGFP. The proportion of
cells expressing USP17 was assessed
using EGFP. The fraction of cells
expressing USP17 in the WT MEF
cells consistently dropped by more
than 10-fold over a 2-week period.
Therefore, to examine this effect

RAS-GFP/USP17CS

RAS-GFP

5 6
\ -
>

RAS-GFP / USP17

quantitatively, we again infected
cells as above and sorted for EGFP
expression 24 h after infection to
obtain populations >99% EGFP
positive. We measured the prolifer-
ation of these cells by trypan exclu-
sion assay over 48 h. In three sepa-

RCE1-/- MEF

RAS-GFP/USP17CS

FIGURE 3.USP17 deubiquitinates RCE1.293T cells were transiently transfected with vectors expressing either
RCE1-FLAG, HA-ubiquitin, USP17, or USP17CS. The lysates were extracted and immunoprecipitated where
indicated with the FLAG epitope antibody and immunoblotted for: USP17, HA epitope-tagged ubiquitin, and
FLAG epitope-tagged RCE1 (A); HA epitope-tagged CYLD, FLAG epitope-tagged RCE1, and HA epitope-tagged
ubiquitin (B); and HA epitope-tagged K63 ubiquitin, FLAG epitope-tagged RCE1, and USP17 (C). D, RCE1~/~
(panels 1-3) and WT (panels 4-6) MEF cells transiently transfected with the indicated expression vectors were
fixed. The localization of GFP-H-Ras (top row) and USP17 or USP17CS (middle row), as well as both together
(bottom row) was then assessed by confocal microscopy. The yellow arrows indicate membrane localization of

GFP-H-Ras.

Localization of endogenous USP17 was examined in HelLa
cells with a USP17 antibody (Fig. 5B). USP17 was distributed
throughout the cell, but a more concentrated signal indicates
that perinuclear distribution was observed, consistent with ER
localization (Fig. 5B, left panel). This was further confirmed by
simultaneous staining with calnexin (Fig. 5B, middle panel),
which suggested that much of USP17 co-localized with the ER
(Fig. 5B, right panel).

The localization of USP17 with RCE1 was further supported
by experiments with co-transfected RCE1 and USP17CS. The
localization of these proteins were examined using anti-HA

asEve
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rate experiments, WT MEF cells
expressing USP17 failed to prolifer-
ate, whereas those infected with
empty vector (EGFP alone) or
expressing the inactive USP17CS
proliferated as normal (Fig. 6, upper
panel). By sharp contrast, the popu-
lation of RCE1™/~ cells expressing
USP17 proliferated at a similar rate
to those expressing either USP17CS or the controls (Fig. 6,
lower panel). These results demonstrated that in the absence of
RCE1, USP17 was unable to block proliferation, clearly showing
that the function of USP17 was dependent on RCEL.

WTMEF

DISCUSSION

The enzyme RCEI1 regulates Ras processing, membrane
localization, and activation, but whether RCE1 activity is regu-
lated has not been reported to date. In this study we have shown
that RCEL1 is ubiquitinated and that USP17 acts to remove this
post-translational modification. The presence of USP17 mark-

JOURNAL OF BIOLOGICAL CHEMISTRY 9591



Ras Processing Is Regulated by USP17

A —n
r de— RCE1
200 - ' RCE1+
H N USP17CS
160 in
£ B 7
E - ]
2 120 = -
b3 N 3 < RCE1+
80 :_ It _: usP17
40 | & e .
ul 4=EY
e, oo vl W S o i il T
0 10 20 30 40 50 60 70 80 90
Time (mins)
SRR | nc:
-
= — . Bl
© 8 5gd
E o U~Ww
ge5d
= v
=
B 100 T T T 1T T T T 17T T T V1 T T 70T 7T
i ;‘_RCE1+
80 - o827 shrnAl
ot ®
s op O % — RCE1+
e L g SCRAMShRNA
E e
j E umql ..r‘ |
[ oh
< 40 L —
oo "
L AR 4
20 - o -
s S i st 14— E\f
0 TN N N A TR N T T S T T N T Y
0 10 20 30 40 50 60 70 80 90
Time (mins)
w

SCRAMshRNA /
RCE1
shRNAL/RCE1
SCRAM
shRNA
shRNA1

FIGURE 4. USP17 blocks RCE1 activity. 293T cells were transiently trans-
fected with either empty vector (EV) or vectors expressing RCE1-FLAG, USP17,
USP17CS, shRNAT1, or scrambled shRNA. Membrane fractions were extracted
and incubated with a RCE1-specific quenched fluorescent peptidyl substrate,
and activity was determined by monitoring hydrolysis of this substrate in the
presence of each membrane fraction in a time course assay (A and B, top
panels). Concurrently, protein lysates were extracted from a sample of the
transfection, and equal amounts of protein were immunoprecipitated and
analyzed asin Fig. 2 to determine that equal amounts of RCE1 were presentin
each sample assessed for RCE1 activity (A, lower panel, and B, lower left panel).
RNA was extracted and RT-PCR was performed as indicated to check shRNA
knockdown (B, lower right panel). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

edly down-regulates RCE1 activity, demonstrated by the loss of
Ras trafficking to the plasma membrane as well as the down-
regulation of the Ras/MEK/ERK pathway. These observations
represent the first evidence that this deubiquitinating
enzyme regulates Ras signaling and that ubiquitination may
control Ras processing.

It has become apparent that ubiquitination is a key regula-
tory mechanism for intracellular signaling, and several recent
reports have identified crucial roles for deubiquitinating
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FIGURE 5. USP17 and RCE1 co-localize. A, Cos7 cells were transiently trans-
fected with HA-RCE1. RCE1 was visualized by confocal using an anti-HA anti-
body (first panel), and an anti-calnexin antibody (second panel) was used to
visualize the ER. An overlay is also provided (third panel). B, the endogenous
distribution of USP17 was examined in HeLa cells. USP17 was visualized using
a USP17 specific monoclonal antibody (first panel), and an anti-calnexin anti-
body (second panel) was used to visualize the ER. An overlay is also provided
(third panel). C, Cos7 cells were transiently transfected with USP17CS-FLAG
and HA-RCE1. USP17CS was visualized using an anti-FLAG antibody (second
panel) and HA-RCET1 (third panel) and the ER (first panel) were visualized as
above. An overlay is also provided (fourth panel).

OVERLAY

enzymes in the regulation of a number of signaling events such
as NF-«B activation and DNA repair. In particular, the deubiq-
uitinating enzyme CYLD, originally identified as a tumor sup-
pressor involved in cylindromatosis (43), has been shown to
regulate NF-«B activation by removing K63-linked polyubiq-
uitin chains from TRAF2, TRAF6, and IKKYy (2, 3, 4). In addi-
tion, the enzyme USP1 is thought to regulate the DNA damage
response and has been shown to remove monoubiquitin from
both FANCD2 (9) and the sliding clamp proliferating cell
nuclear antigen (10), until DNA damage triggers its auto-
cleavage, allowing the accumulation of monoubiquitinated
FANCD?2 and proliferating cell nuclear antigen and the initia-
tion of DNA repair.

Our observations suggest that the activity of the proto-onco-
gene Ras is similarly regulated by a deubiquitinating enzyme. Ras is
localized to the plasma membrane through a series of processing
events involving modifications of its carboxyl-terminal CAAX
motif resulting in relocalization of Ras to the plasma membrane.
These modifications are facilitated by a series of enzymes includ-
ing FTase (28), RCE1 (29-31), and ICMT (32). Previously,
modulation of FTase activity has been shown to occur through
phosphorylation of the a- and B-subunits (44 —46), and this
phosphorylation is induced in response to growth factor stim-
ulation (46). However, no reports have indicated that either
RCE1 or ICMT can be regulated, and to date it has been
assumed that these enzymes are constitutively active.

RCE1 knock-out mice die at embryonic day 15, suggesting
that this enzyme plays a critical role in development, although
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FIGURE 6. USP17 regulation of growth is RCE1-dependent. WT and
RCE1~/~ MEF cells were infected with either bicistronic retroviral vectors
expressing EGFP and either USP17-FLAG or USP17CS-FLAG or with empty
vector (EV). The cells were sorted upon EGFP expression to produce popula-
tions of >99% positive cells, and then the proliferation of each population
was monitored by trypan blue exclusion assay. The results are illustrated as
fold increase of cell numbers over time.

the exact cause of death was unclear (30). Heart defects have
been suggested as a possible cause of mortality and indeed have
also been observed in RCE1"" a-myosin heavy chain“" mice,
which die between 3 and 5 months as a result of cardiomyopa-
thy (47). More interestingly, RCE1~/~ MEF cells have been
shown to proliferate more slowly and be less susceptible to
transformation and failed to localize farnesylated Ras to the
plasma membrane (30, 38).

Our findings suggest that the expression of USP17 has simi-
lar effects to the loss of RCE1 and support the theory that
USP17 regulates RCE1 activity. In particular, our initial obser-
vation that USP17 expression causes down-regulation of the
Ras/MEK/ERK pathway would fit with a previous study show-
ing that in cells lacking RCE1, ERK phosphorylation was not
eliminated but was clearly down-regulated (47). In addition, the
ability of USP17 to relocalize GFP-H-Ras from the plasma
membrane to the cytosol is consistent with a previous paper
showing that the absence of RCE1 results in similarly altered
localization (38).

The hypothesis that USP17 could act on RCE1 was con-
firmed by the observation that RCE1 was ubiquitinated and that
USP17 could specifically deubiquitinate RCE1. In addition, we
were able to demonstrate that USP17 could markedly block
RCET1 activity and that knockdown of endogenous USP17 using
a shRNA consistently boosted this activity.

Compellingly, we showed that K63 ubiquitin chains could be
conjugated to RCE1 and that these chains can be removed by
USP17. Ubiquitination, normally associated with protein sta-
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bility, can also affect protein function, and the addition of K63-
linked polyubiquitin chains has previously been shown to allow
the activation of TRAF2, TRAF6, and IKK<y (48). This is
required for NF-«B activation, and the removal of these chains
by CYLD has been shown to negatively regulate the NF-«B
signaling pathway (2, 3, 5).

It is as yet unclear how the addition of K63-linked ubiquitin
chains plays a role in the regulation of RCE1 activity, but their
addition could result in a conformational change that results in
the activation of this enzyme. Alternatively, they could allow
the recruitment of interacting proteins necessary for RCE1
activity or the dislodgement of inhibitors. Whatever the case,
further studies will be required to determine exactly how this
ubiquitination contributes to the regulation of RCEL.

The observation that endogenous USP17 and RCE1 are co-
localized at the ER and that overexpressed inactive USP17CS
appears trapped at the ER indicated that these enzymes may
interact. This is interesting because other catalytically inactive
proteases, such as matrix metalloproteases, have been used to
trap their target substrates (49). The importance of the relation-
ship between USP17 and RCE1 was further strengthened by the
observation that USP17 could not block proliferation of cells
lacking RCE1. These observations strongly support a direct link
between the two enzymes and suggest that RCE1 is down-
stream of USP17.

We have previously demonstrated that USP17 is transiently
induced in response to cytokines, including IL-4 and IL-6 (21).
Our current findings would indicate that its role may be to
regulate signaling through the Ras/MEK/ERK pathway, possi-
bly in a feedback loop. Previously members of the SOCS family,
induced by the JAK-STAT signaling pathway, have been shown
toactin this manner to regulate the STAT pathway (50). USP17
would appear to have a similar function in the Ras/MEK/ERK
pathway by blocking Ras processing, and it could be hypothe-
sized that this rapid and transient USP17 expression could limit
signaling in this pathway.

Many other CAAX box-containing proteins such as RhoA,
Racl, and Cdc42 have been implicated in cell cycle control (51),
and a block of RCEL1 activity should influence their processing
and signaling. This may be the case, but there is conflicting
evidence whether or not RCE1 and ICMT are important in the
processing of other GTPases, clearly showing that further study
of CAAX box processing is required (38, 51). Whatever the
case, there are many prenylated proteins important for prolif-
eration such as those already mentioned and the likes of
CENP-E, CENP-F, RhoB, and Rheb, and studies of farnesyl-
transferase inhibitors have suggested that Ras is not the only
prenylated protein that contributes to proliferation (52). Inter-
estingly, USP17 transfected WT MEF cells showed altered mor-
phology. It is possible that the constitutive expression of USP17
may, as mentioned above, affect the processing of other CAAX
box-containing proteins, such as Rac1, Cdc42, and Rap1, which
have been linked to the regulation of the cytoskeleton. A previ-
ous study (38) had suggested that the loss of RCE1 affected the
localization and function of Ras proteins but had no effect on
the localization and function of Rho proteins including Racl
and Cdc42. However, a more recent study (51) has now sug-
gested that GTPases other than Ras are affected by the loss of
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RCE1, and this may explain the changes in morphology. It is
also interesting to note that the morphology of the RCE1™/~
cells is similar to that of the WT MEF cells transfected with
USP17. Therefore this could suggest that, although we see a
specific effect on Ras localization and signaling, other sub-
strates for RCE1 could contribute to the observed effects on cell
growth.

In summary, we have shown that USP17 can regulate Ras
localization and Ras/MEK/ERK signaling, at least in part,
through regulation of the ubiquitination and activity of RCEL.
These results implicate USP17 as a novel regulator of the Ras
processing pathway, and because Ras is a key proto-oncogene
in a number of cancer types, this processing pathway has
become a focus for therapeutic intervention. Indeed, inhibitors
of FTase have already been used in the clinic, and inhibitors of
RCE1 and ICMT are under development (53). Thus the knowl-
edge that Ras processing and activation are regulated by deu-
biquitination not only advances our understanding of this path-
way but may be of relevance for future cancer therapeutic
strategies.
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