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Background: Dysregulation of cell proliferation, usually controlled by cyclin-dependent kinases (CDKs), is a hallmark of
cancer.
Results: Ubiquitin C-terminal hydrolase L1 (UCH-L1) potentiates CDK activities to enhance cell proliferation.
Conclusion: Potentiating CDK activities are a newly identified function of UCH-L1 and are involved in cancer growth.
Significance: These findings should lead to a better understanding of, and novel therapies against, cancer.

Dysregulation of cell proliferation and the cell cycle are asso-
ciated with various diseases, such as cancer. Cyclin-dependent
kinases (CDKs) play central roles in cell proliferation and the
cell cycle. Ubiquitin C-terminal hydrolase L1 (UCH-L1) is
expressed in a restricted rangeof tissues, including thebrain and
numerous types of cancer. However, the molecular functions of
UCH-L1 remain elusive. In this study, we found that UCH-L1
physically interacts with CDK1, CDK4, and CDK5, enhancing
their kinase activity. Using several mutants of UCH-L1, we
showed that this enhancement is dependent upon interaction
levels between UCH-L1 and CDKs but is independent of the
known ubiquitin-related functions of UCH-L1. Gain- and loss-
of-function studies revealed that UCH-L1 enhances prolifera-
tion of multiple cell types, including human cancer cells.
Inhibition of the interaction between UCH-L1 and cell cycle-
associated CDK resulted in the abolishment of UCH-L1-
induced enhancement of cell proliferation. RNA interference of
UCH-L1 reduced the growth of human xenograft tumors in
mice. We concluded that UCH-L1 is a novel regulator of the
kinase activities of CDKs.We believe that our findings from this
study will significantly contribute to our understanding of cell
cycle-associated diseases.

The cell cycle is one of the most fundamental of biological
processes. Cyclin-dependent kinases (CDKs)3 are central regu-
lators of themammalian cell cycle and cell proliferation (1). The
CDKs are activated by interacting with cyclin regulatory sub-
units. Human CDK4 shares 90% sequence homology with
CDK6. CDK4/6 are activated by D-type cyclins and function
during early to middle G1 phase. CDK2-cyclin E and CDK2-
cyclin B complexes function in late G1 phase and S phase,
respectively. CDK1-cyclin B and CDK1-cyclinA complexes
promote G2/M transition (1). In contrast to these cell cycle-
associated CDKs, CDK5 is not a part of the core cell cycle
machinery. CDK5 is activated by the neuron-specific p35 reg-
ulatory subunit and, therefore, functions in postmitotic neu-
rons (2, 3).
It is well established that dysregulation of cell cycle/prolifer-

ation is one of the hallmarks of cancer cells (4). Dysregulation of
the cell cycle or CDK5 is also associated with neurodegenera-
tive diseases (5, 6). Therefore, elucidating the mechanisms
underlying dysregulation of the cell cycle machinery in disease
states is of critical importance.
Ubiquitin C-terminal hydrolase L1 (UCH-L1/PGP9.5) is

normally expressed in restricted types of cells or organs, such as
neurons, testes, and ovaries (7–9). The expression of UCH-L1
has also been observed in various human cancers, such as non-
small-cell lung cancer, pancreatic cancer, invasive colorectal
cancer, esophageal squamous cell carcinoma, myeloma, inva-
sive breast cancer, parathyroid carcinoma, glioma cell lines, the
acute lymphoblastic leukemia cell line, the chronic lymphocytic
leukemia cell line, and Burkitt’s lymphoma cell lines (10–19).
This suggests that UCH-L1 is involved in cancer progression.
Indeed, a recent study showed that UCH-L1 transgenic mice
are prone to malignancy, primarily lymphomas and lung
tumors (20).
The I93Mmutation inUCH-L1 has been observed in a family

with dominant inherited Parkinson’s disease (21). We have
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shown that UCH-L1I93M transgenic mice exhibit a partial loss
of dopaminergic neurons (22), indicating that the I93M muta-
tion participates in the cause of familial Parkinson’s disease.
The E7A mutation in UCH-L1 has been reported recently as a
causative mutation in a family with early-onset progressive
neurodegeneration (23).
UCH-L1 has been reported to cleave small adducts, such as

amino acids, from the C terminus of ubiquitin in a cell-free
system. However, it is not able to hydrolase the Lys-48 isopep-
tide bond in vitro (24). Under in vitro conditions, UCH-L1 can
also cleave ubiquitin gene products, �-linked ubiquitin oligo-
mers (ubiquitin B, ubiquitin C), or �-linked ubiquitin fused to
ribosomal protein S27a (ubiquitin A), albeit very slowly (24).
UCH-L1 was also reported to act as a ubiquitin ligase in a cell-
free system (25). Other than these enzymatic activities, we have
shown that UCH-L1 stabilizes monoubiquitin through interac-
tion with monoubiquitin (26). However, the molecular func-
tions of UCH-L1 involving cancer progression or cell cycle con-
trol remain largely unknown.
In addition to monoubiquitin, we have shown that UCH-L1

physically interacts with multiple proteins, including �/�-tu-
bulin, LAMP-2A, Hsc70, and Hsp90 (27–29). The levels of
interactions of these proteins with UCH-L1C90S, which lacks
hydrolase activity butmaintains binding affinity formonoubiq-
uitin, were not altered compared with that of UCH-L1WT (27,
28). From these observations, we hypothesized that UCH-L1
can function independently of a ubiquitin system.Another deu-
biquitinating enzyme, UBP43/USP18, is known to negatively
regulate interferon signaling independently of its isopeptidase
activity (30). In this study, we further screened for UCH-L1-
interacting proteins to clarify the molecular functions of
UCH-L1.

EXPERIMENTAL PROCEDURES

Plasmids—The pCI-neo-hUCH-L1 plasmid containing
human WT UCH-L1 and UCH-L1 variants, with or without a
FLAG tag, was prepared as described previously (27, 28) or
generated using a QuikChange site-directed mutagenesis kit
(Stratagene). The plasmids for expressing human CDK1,
CDK2, CDK4, CDK5, cyclin A1, cyclin D1, p35, Rb, p27 (Kip1),
and p21 (Cip1), with or without a FLAG tag, were constructed
in a pCI-neo vector (Promega). The cDNA encoding these
genes were purchased fromOpen Biosystems. The plasmids for
expressing deletion mutants of UCH-L1 with a FLAG tag were
constructed in pCI-neo. The plasmids for expressing the dele-
tion mutants of UCH-L1 and CDK4 with a GFP tag were con-
structed in pEGFP-C1 (Clontech). The pET-CDK4 bacterial
expressionplasmids for expressingCDK4with aHis tag at theC
terminus and an S tag at the N terminus were constructed by
ligating the cDNAs encoding CDK4 into the pET-29b(�) vec-
tor (Novagen). The pCI-neo-CDK5 plasmid containing human
D144NCDK5 was generated using a QuikChange site-directed
mutagenesis kit.
Cell Culture and Transfection—Neuro2a, COS-7, and HeLa

cells were cultured as described previously (31, 32). H727 and
MCF7 cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum. NIH-3T3 cells stably
expressing human UCH-L1 with a FLAG-HA double tag at the

N terminus were cultured as described previously (27). Tran-
sient transfection of COS-7 cells with each vector was per-
formed using the FuGENE 6 transfection reagent (Roche) as
described previously (33). HeLa cells were transfected with
plasmids using Lipofectamine LTX (Invitrogen) as described
previously (34).
Antibody Array—An antibody array assay was performed

using an antibody array (Hypromatrix) according to the proto-
cols of the manufacturer. Briefly, lysate was prepared from
NIH-3T3 cells stably expressing human UCH-L1 with a
FLAG-HA double tag. The array containing 400 antibodies was
incubated with lysate, and binding of UCH-L1 was detected
using an anti-HA antibody conjugated to horseradish peroxi-
dase (Sigma).
Immunoblotting—SDS-PAGE was performed under reduc-

ing conditions, and immunoblotting was performed according
to standard procedures as described previously (35, 36). Anti-
CDK4, anti-CDK5, anti-CDK6, anti-histone H1, anti-p35, and
anti-cyclinD1 antibodies were purchased fromSanta Cruz Bio-
technology, Inc. (Santa Cruz, CA). Anti-CDK1, anti-Rb, and
anti-phospho-Rb (Ser-795) antibodies were fromCell Signaling
Technology, Inc. Anti-CDK2 and anti-p27 antibodies were
purchased from BD Biosciences. Anti-UCH-L1, anti-phospho-
histone H1, anti-phospho-p27 (Ser-10), and anti-�-actin were
from UltraClone, Upstate, Zymed Laboratories Inc., Invitro-
gen, and Sigma, respectively. An anti-DYKDDDDK (FLAG)
antibody was fromWako.
Immunoprecipitation—Immunoprecipitation was performed

as described previously (27).
Preparation of Recombinant Proteins and Pull-down Assay—

Recombinant GST and GST-tagged UCH-L1 were prepared as
describedpreviously (27).RecombinantCDK4withaHis tagat the
C terminus and an S tag at the N terminus was prepared as
described previously (32).
A pull-down assay was performed according to the methods

described previously (37, 38). Glutathione-Sepharose beads
(GE Healthcare) were blocked with 3% BSA for 15 h to prevent
nonspecific binding of proteins to the beads and washed three
times with PBS containing 0.05% Triton X-100. Twenty micro-
liters of glutathione beads blocked with BSA, 150 pmol of
recombinant CDK4, and 100 pmol of recombinant GST-
UCH-L1 or GST were mixed and incubated for 2 h in PBS
containing 0.05% Triton X-100. After the beads were washed
three times with PBS containing 0.05% Triton X-100, proteins
were eluted with SDS sample buffer.
Assessment of Cell Proliferation—One day before transfec-

tion, cells were seeded at 1� 104, 2� 104 (HeLa and Neuro2a),
or 4 � 104 (H727 and MCF7) cells/well in 24-well plates. After
transfection with plasmids or siRNA, cells were incubated for
the indicated time periods. Viable and dead cell numbers were
counted using a Vi-CELL XR cell viability analyzer (Beckman
Coulter). The relative number of viable cells was measured
using a CellTiter-Glo luminescent cell viability assay (Pro-
mega). In some experiments, CDK4 inhibitor (219476, Merck
Millipore) was added to cells.
The BrdU incorporation assay was performed using a cell

proliferation ELISA BrdU kit (Roche). Briefly, HeLa cells trans-
fected with UCH-L1 or an empty vector were incubated with
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BrdU for 3 h and then fixed. Cells were then immunostained
with anti-UCH-L1 and anti-BrdU antibodies. After BrdU-pos-
itive cells were counted, the percentage of BrdU-positive cells
among total cells transfectedwith empty vector orUCH-L1was
calculated.
In Vitro Kinase Assay—In vitro kinase assays of CDKs were

performed according to the procedure of Kawauchi et al. (39).
Purified CDK1-cyclin B1, CDK4-cyclin D1, CDK5-p35, histone
H1, Rb, p27, andUCH-L1were purchased fromUpstate, Biaffin
GmbH, Upstate, New England BioLabs, QED Bioscience, Santa
Cruz Biotechnology, Inc., and Boston Biochem, respectively.
Purified proteins were incubated in 50 �l of kinase buffer (50
mM Tris-HCl (pH 7.5), 10 mMMgCl2, 200 �MATP, 1 �MDTT,
0.1% BSA) at 30 °C for the indicated time and analyzed by
immunoblotting.
CDK4 activity in cultured cells was measured according to

the method described by Smith et al. (40). Briefly, CDK4 was
immunoprecipitated from the cell lysate using anti-CDK4 anti-
body (Santa Cruz Biotechnology, Inc.) and protein G-Sep-
harose beads (GE Healthcare). Beads were then mixed
with purified Rb in kinase buffer and incubated at 30 °C for
30 min. Phosphorylation levels of Rb were analyzed by
immunoblotting.
siRNA Preparation and Transfection—Double-stranded

siRNAs targeting UCH-L1, EGFP, and CDK4 were purchased
from RNAi Co., Ltd. (Tokyo, Japan). Sequences targeted by
siRNAwere selected using siDirect (RNAi Co., Ltd) andwere as
follows: mouse UCH-L1 siRNA-A, 5�-GUU AGC CCU AAA
GUUUACUUC-3� (sense) and 5�-AGUAAACUUUAGGGC
UAA CUU-3� (antisense); mouse UCH-L1 siRNA-B, 5�-CUG
AAGCCGAUGGAGAUUAAC-3� (sense) and 5�-UAAUCU
CCA UCG GCU UCA GCU-3� (antisense); EGFP siRNA for
mouse cells, 5�-GCC ACA ACG UCU AUA UCA UGG-3�
(sense) and 5�-AUGAUAUAGACGUUGUGGCUG-3� (anti-
sense); human UCH-L1 siRNA-A, 5�-GAC AAG AAG UUA
GUCCUAAAG-3� (sense) and 5�-UUAGGACUAACUUCU
UGU CCC-3� (antisense); human UCH-L1 siRNA-B, 5�-GCA
CAAUCGGACUUAUUCACG-3� (sense) and 5�-UGAAUA
AGU CCG AUU GUG CCA-3� (antisense); EGFP siRNA for
human cells, 5�-CAG CAC GAC UUC UUC AAG UCC-3�
(sense) and 5�-ACUUGAAGAAGUCGUGCUGCU-3� (anti-
sense); and human CDK4 siRNA, 5�-GUG CCA CAU CCC
GAACUGACC-3� (sense) and 5�-UCAGUUCGGGAUGUG
GCACAG-3� (antisense). EGFP siRNAswere used as a control.
Neuro2a cells were transfected with siRNA using X-tream-
GENE (Roche). H727 and MCF7 cells were transfected with
siRNAs using Lipofectamine RNAiMAX (Invitrogen).
Xenograft Cancer Models—Male 5-week-old BALB/c nu/nu

mice were purchased from CLEA Japan (Tokyo, Japan). These
athymic nude mice were anesthetized by intraperitoneal injec-
tion of Somnopentyl (50 mg/kg) and inoculated with 3 � 107
MCF7 cells containing 50% Matrigel (BD Biosciences) into the
left flank on day 0. After confirmation of tumor growth at 50
mm3 or more, the siRNAs were injected intratumorally into
mice on days 14, 21, and 28. To achieve effective delivery, the
siRNAs were mixed with atelocollagen (AteloGene Local Use,
Koken, Tokyo, Japan). The siRNA-atelocollagen complexes
were prepared according to the guidelines of the manufacturer

(1.0 mg/kg body weight, �20 �g/200 �l/injection). Tumor size
was measured from above the skin, and tumor volume was esti-
mated by measuring in two directions and calculated by the fol-
lowing formula: tumorvolume(mm3)� (length)� (width)2�0.5.
Forty days after inoculationof the cells, tumorsweredissected and
weighed. All animal experiments were approved by the animal
experimentation committee of the National Center of Neurology
and Psychiatry.
Statistical Analysis—For comparisons between two groups,

statistical difference was determined by Student’s t test. For
comparison of more than two groups, Dunnett’s multiple com-
parison test or Fisher’s protected least significant difference test
was used. * and ** indicate p � 0.05 and p � 0.01, respectively.

RESULTS

UCH-L1 Interacts with CDK1, CDK4, CDK5, and CDK6—To
clarify the molecular functions of UCH-L1, we screened for
UCH-L1-interacting proteins using an array containing 400
antibodies (supplemental Table S1). The array was incubated
with cell lysate containing HA-tagged UCH-L1, and binding of
UCH-L1 was detected using an anti-HA antibody (Fig. 1A).
Signal intensities of the spots with antibodies against CDK1,
CDK2, CDK4, and CDK6 were higher than that of the average
intensity of 400 spots, suggesting interactions of CDK family
proteins with UCH-L1 (Fig. 1, A and B). To confirm the inter-
actions between UCH-L1 and CDKs, coimmunoprecipitation
assays were performed using COS-7 cells transiently expressed
with FLAG-tagged UCH-L1. Endogenous CDK1, CDK4,
CDK5, and CDK6 were coprecipitated with FLAG-tagged
UCH-L1, whereas endogenous CDK2 was not (Fig. 1,C andD).
We also detected the interaction of endogenous UCH-L1 with
endogenousCDK1 orCDK4 usingNeuro2a cells, which endog-
enously express UCH-L1 (Fig. 1E).

We found that the levels of CDK1, CDK4, and CDK5 inter-
acting with UCH-L1I93M are higher than the amount interact-
ing with UCH-L1WT (2.3-fold, 3.1-fold, and 2.7-fold increases,
respectively) (Fig. 1C). The interactions of CDK with UCH-
L1C90Swere not changednotably comparedwith those ofUCH-
L1WT (Fig. 1C). UCH-L1C90S, in which the active center cys-
teine residue is substituted with serine, exhibits no hydrolase
activity and, presumably, possesses no ligase activity (25, 41).
The hydrolase and ligase activities of UCH-L1I93M are reduced
comparedwith those ofUCH-L1WT (25, 41). Overexpression of
UCH-L1C90S or UCH-L1I93M stabilizesmonoubiquitin at levels
comparable with that of UCH-L1WT (26, 27). Thus, the levels of
interactions between UCH-L1 and CDKs are independent of
the known ubiquitin-related functions of UCH-L1.
In contrast to endogenous CDK2, overexpressed CDK2

interacted with FLAG-tagged UCH-L1 (supplemental Fig. S1).
We hypothesized that the endogenous interaction between
UCH-L1 and CDK2 is below the limit of detection. Given that
endogenous CDK2 did not interact with UCH-L1, we did not
conduct any further analyses on CDK2.
UCH-L1 Enhances the Kinase Activity of CDK—We next

tested whether UCH-L1 affects the kinase activities of CDKs.
To examine the direct effects of UCH-L1 on kinase activities of
CDKs, we first utilized a cell-free kinase assay.We used histone
H1 as an in vitro substrate of CDK1-cyclin B, Rb for CDK4-
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cyclin D, and p27 for CDK5-p35 (39). Intriguingly, a kinase
assay in which purified CDK1-cyclin B, histone H1, and
UCH-L1 were mixed in vitro revealed that UCH-L1 enhanced
the phosphorylation of histone H1 by CDK1-cyclin B (1.6-fold
increase at 30 min) (Fig. 2A). Similarly, UCH-L1 enhanced the
phosphorylation of Rb and p27 by CDK4-cyclin D and CDK5-
P35, respectively, in a cell-free kinase assay (1.8-fold and 1.8-
fold increases at 30 min, respectively) (Fig. 2, B and C). These
results indicate that UCH-L1 enhances the kinase activity of
CDK1, CDK4, and CDK5.
We also assessed the effects of UCH-L1 on the kinase activity

of CDK4 and CDK5 using a cell-based kinase assay (39). UCH-
L1, CDK4, cyclin D, and Rb were coexpressed in COS-7 cells,
and the phosphorylation levels of Rb were measured using
immunoblotting. Consistent with the in vitro assay, UCH-L1
increased the phosphorylation levels of Rb (Fig. 2, D and F). In
assays expressing UCH-L1, CDK5, p35, and p27, UCH-L1 was
observed to also enhance the phosphorylation levels of p27 (Fig.
2, E and G). In the absence of overexpressed cyclin D (Fig. 2D,
lanes 7–9) and p35 (E, lanes 4-6), UCH-L1 had no effect on the
phosphorylation of Rb and p27, respectively, indicating that
UCH-L1 increased the phosphorylation levels of Rb and p27
throughCDK4-cyclinDorCDK5-p35.As a negative control for
overexpression of UCH-L1, we also examined the effects of
other proteins interacting with CDKs on kinase activity. We
found that neurodegenerative disease-linked mutant SOD1

also interacts with CDK4 but that mutant SOD1 did not
enhance CDK4 activity (supplemental Fig. S2, A and B).
To investigate the mechanism of how UCH-L1 enhances the

kinase activity of CDK-cyclin, we used UCH-L1I93M and UCH-
L1C90S in cell-based kinase assays. Compared with UCH-L1WT,
UCH-L1I93M further elevated the phosphorylation of Rb (lanes
2 and 3 in Fig. 2,D and F) and p27 (lanes 2 and 3 in Fig. 2, E and
G). UCH-L1C90S enhanced the phosphorylation of Rb at similar
levels to UCH-L1WT (Fig. 2, H and I). Taken together with the
results showing that UCH-L1I93M displays increased levels of
interaction with CDKs (Fig. 1C), these results indicate that the
enhancement of CDK activities by UCH-L1 is independent of
the known ubiquitin-related functions of UCH-L1 but corre-
lates with the interaction levels between UCH-L1 and CDKs.
Because CDKs are activated by interacting with cyclin regu-

latory subunits, we examined whether UCH-L1 augments the
interaction between CDKs and cyclins. Coimmunoprecipita-
tion assays showed that UCH-L1 does not affect interaction
levels between CDK4 and cyclin D, CDK5 and p35, and CDK1
and cyclin B (supplemental Fig. S3, A–C). We also tested
whetherUCH-L1 competeswith theCDK inhibitors p27 (Kip1)
or p21 (Cip1) for binding to CDKs. UCH-L1 did not affect the
level of interaction between CDK1 and p21, CDK1 and p27,
CDK4 andp21, andCDK4andp27 (supplemental Fig. S3,D and
E), indicating that UCH-L1 does not compete with p27 or p21

FIGURE 1. UCH-L1 interacts with CDK1, CDK4, CDK5, and CDK6. A, an antibody array containing 400 antibodies was incubated with cell lysates expressing
HA-tagged UCH-L1. UCH-L1 was detected using an anti-HA antibody. B, graphical representation of signal intensities detected in A. The plotted values
represent the relative intensities of the spots with antibodies against CDKs (average intensity of 400 spots � 1). C and D, COS-7 cells were transfected with
FLAG-tagged UCH-L1 (WT, I93M, or C90S) or an empty vector (control). Proteins were immunoprecipitated (IP) and analyzed by immunoblotting. E, interaction
of endogenous UCH-L1 with CDK1 and CDK4. Cell lysates of Neuro2a cells were immunoprecipitated using the indicated antibodies and analyzed by
immunoblotting.
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for the binding to CDKs. Our results support the idea that
UCH-L1 directly enhances the kinase activity of CDKs.
Interaction Regions between UCH-L1 and CDK4—We next

assessed the interaction regions betweenUCH-L1 andCDKs to
investigate the mechanism(s) of interaction of UCH-L1 with
CDKs. Because CDKs share high sequence homology (CDK4
shares 73, 74, and 90% sequence homology with CDK1, CDK5,
and CDK6, respectively) (supplemental Fig. S4) and UCH-L1
had similar effects on the enhancement of kinase activity of
CDK1, CDK4, and CDK5 (Fig. 2), we focused on CDK4 and
mainly used CDK4 in our experiments.
We investigated whether UCH-L1 directly interacts with

CDK4 using a pull-down assay. Recombinant CDK4 was pulled
down with recombinant UCH-L1 (Fig. 3A). This result indi-
cates that UCH-L1 directly interacts with CDK4. To determine
the region of UCH-L1 that interacts with CDK4, we performed
coimmunoprecipitation assays using deletion mutants of
UCH-L1 incorporating FLAG tags (Fig. 3B). CDK4 was found
to interact with amino acid (aa) residues 60–223 or 100–223 in
UCH-L1 but not with aa 1–150 (Fig. 3C), indicating that CDK4
interacted with a region within aa 151–223 of UCH-L1. We
generated several deletion mutants of UCH-L1 with GFP and
FLAG tags (Fig. 3D) and carried out coimmunoprecipitation
assays. CDK4 interacted with aa 148–190, 160–190, 148–223,
and 160–223 but not with aa 188–223 of UCH-L1 (Fig. 3E).
These results indicate that CDK4mainly interacts with aa 160–

190 of UCH-L1. Aa 160–190 are distinct fromAsp-30, which is
required formonoubiquitin binding (Fig. 3F). This is consistent
with results showing that UCH-L1 CDK potentiation activity is
independent of the known ubiquitin-related functions of
UCH-L1.
Coimmunoprecipitation assays using a series of alanine sub-

stitutions of UCH-L1 (39 mutants) revealed that the R63A,
E174A, D176A, and H185A mutations notably increase inter-
actions with CDK4 (supplemental Fig. S5A). Glu-174, Asp-176,
and His-185 are within aa 148–190, with Arg-63 located adja-
cent to this region (supplemental Fig. S5B), supporting the
notion that CDK4 interacts with aa 160–190 of UCH-L1.
To determine the region of CDK4 that interacts with UCH-

L1, we performed coimmunoprecipitation assays using several
deletionmutants ofCDK4 (Fig. 4A). UCH-L1 interactedwith aa
151–218 of CDK4 but not with aa 2–80 and 219–294 of CDK4
(Fig. 4B). UCH-L1 interacted only slightly with aa 81–150 (Fig.
4B). The interacting region, aa 151–218, of CDK4 contains a
T-loop (Fig. 4A) that conformationally regulates CDKs kinase
activity (42), suggesting that UCH-L1may affect the conforma-
tion of CDKs in enhancing kinase activity. This region of CDK4
shares a particularly high homology: 82, 84, and 97% sequence
homologywith the corresponding regions of CDK1, CDK5, and
CDK6, respectively (supplemental Fig. S4).
Overexpression of UCH-L1 Enhances Cell Proliferation—

Given that UCH-L1 augments the kinase activity of CDK1 and

FIGURE 2. UCH-L1 enhances kinase activity of CDK1, CDK4, and CDK5. A–C, in vitro kinase assay with purified proteins. Proteins were mixed and incubated
as indicated, and the phosphorylation of substrates was analyzed by immunoblotting. D–I, cell-based kinase assay. COS-7 cells were cotransfected with the
indicated plasmids. Phosphorylation of Rb (D and H) or p27 (E) was analyzed by immunoblot analysis. Relative levels of phospho-Rb and phospho-p27 were
quantified and normalized against Rb and p27 levels, respectively (F, G, and I). Data are mean � S.E. (F, n � 4; G, n � 3; I, n � 3). *, p � 0.05; **, p � 0.01; n.s., not
significant.
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CDK4, we hypothesized that UCH-L1 enhances cell proliferation.
We assessed the effects of UCH-L1 overexpression on the prolif-
eration of HeLa cells that do not express detectable levels of
UCH-L1 (43). Compared with transfection of the empty vector,
overexpressionofUCH-L1 significantly increasedviable cell num-
bers without affecting cell death (Fig. 5A), indicating that overex-
pression of UCH-L1 enhances proliferation in these cells. When
relative viable cell numbersweremeasured byATP-based cell via-
bility assays, overexpression of UCH-L1 in HeLa cells also
increased the viable cell numbers comparedwith control transfec-
tions (Fig. 5B). Therefore, we used this assay for themeasurement
of viable cell numbers in several experiments. We examined the
effectofUCH-L1ontheproliferationofCOS-7cells,whichalsodo
not express detectable levels of UCH-L1 (25). In these cells,
overexpression ofUCH-L1 enhanced cell proliferation (supple-
mental Fig. S6, A and B).
For further confirmation of the effect of UCH-L1 on cell

proliferation, we examined proliferation over time and BrdU
incorporation in HeLa cells. In the time course proliferation
assay, UCH-L1 enhanced proliferation of HeLa cells (p � 0.01,
two-way analysis of variance) (Fig. 5C). Consistent with the
enhancement of proliferation, overexpression of UCH-L1
increased the incorporation of BrdU (Fig. 5D).

To investigate whether enhancement of the kinase activity of
CDKs is involved in the enhancement of cell proliferation by
UCH-L1, we used UCH-L1I93M and UCH-L1C90S in prolifera-
tion assays. Both enhanced proliferation (Fig. 5E). UCH-L1I93M

had a tendency to enhance proliferation compared with UCH-
L1WT (p � 0.05, Student’s t test), whereas UCH-L1C90S did not
significantly enhance proliferation compared with UCH-L1WT

(p � 0.05, Student’s t test). Together with the result showing
that UCH-L1I93M further enhanced kinase activities of CDKs
compared with UCH-L1WT (Fig. 2), enhancement of prolifera-
tion by UCH-L1 is independent of the known ubiquitin-related
functions of UCH-L1 and correlates with the levels of enhance-
ment of CDK4 byUCH-L1. These results suggest that enhance-
ment of cell proliferation by UCH-L1 ismediated by CDKs.We
investigated this further by observing the effects of UCH-L1
overexpression on the proliferation of cells treated with CDK4
inhibitors and in cells where CDK4 expression was knocked
down (supplemental Fig. S7). We observed that UCH-L1 did
not significantly affect proliferation (supplemental Fig. S7).
To exclude the possibility that UCH-L1 enhances cell prolif-

eration through humoral factors, we tested the effect of condi-
tioned media from UCH-L1-overexpressed cells on prolifera-
tion. Treatment of cells with conditioned medium from cells

FIGURE 3. CDK4 interacts with aa 160 –190 of UCH-L1, which are distinct from the ubiquitin-binding region. A, direct interaction between UCH-L1 and
CDK4. Recombinant GST or GST-tagged UCH-L1 and His-tagged recombinant CDK4 were mixed and pulled down using glutathione beads. Proteins were
analyzed by immunoblotting with an anti-CDK4 antibody. B and D, schematic representation of deletion mutants of UCH-L1. C and E, COS-7 cells transfected
with the indicated constructs or empty vector (control in C). Proteins were immunoprecipitated and analyzed by immunoblotting. F, structural model for
human UCH-L1. Cys-90 is shown in blue, Asp-30 in magenta, and the CDK-4-interacting-region (aa 160 –190) in yellow. The structural model of the NCBI
(accession no. 38174) was used.
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overexpressing UCH-L1 had no effect on proliferation com-
paredwith the control conditionedmedium (Fig. 5F). This indi-
cates that enhancement of cell proliferation by UCH-L1 is not
mediated by alternating humoral factors such as increasing
growth factors and decreasing growth inhibition factors.
Ectopic Expression of CDK5 Attenuates the Interaction

between UCH-L1 and CDK4 and Inhibits the Enhancement of
Proliferation by UCH-L1—Because of high sequence homology
among the CDKs, we assumed that ectopic expression of CDK5
may result in the inhibition of interactions of UCH-L1 with cell
cycle-associated CDKs. It may also inhibit the enhancement of
proliferation by UCH-L1. We observed that overexpression of
CDK5 attenuated the interaction between overexpressed
CDK4 and UCH-L1 (1.5-fold decrease) (Fig. 5G, lanes 2 and 4).
InHeLa cells overexpressingCDK5, overexpression ofUCH-L1
did not enhance cell proliferation (Fig. 5H). To exclude the
possibility of detrimental effects from the overexpression of
CDK5, we used a kinase-dead CDK5 (D144N) (44). We con-
firmed thatCDK5D144N interactedwithUCH-L1 at a level com-
parable with that with CDK5WT (supplemental Fig. S8). In cells
overexpressingCDK5D144N, overexpression ofUCH-L1 did not
enhance proliferation (Fig. 5I). These results strongly suggest
that UCH-L1 enhances cell proliferation through interaction
with cell cycle-associated CDKs.
Knockdown of UCH-L1 Reduces Cell Proliferation—To assess

the role of endogenous UCH-L1 on CDK activity and cell pro-
liferation, we examined the loss of functional effects ofUCH-L1
using siRNA in the mouse neuroblastoma cell line Neuro2a,

which endogenously expresses UCH-L1.We used two different
siRNA sequences for knockdown of mouse UCH-L1. Both
siRNAs decreased protein levels of UCH-L1 to �25% (Fig. 6A).
Knockdown of UCH-L1 by each siRNA significantly decreased
the levels of cell proliferation in Neuro2a cells without increas-
ing cell death (Fig. 6B). As a control, we tested the effects of
transfecting UCH-L1 siRNAs on proliferation of HeLa cells, as
these do not express detectable levels of UCH-L1. Proliferation
rates were not reduced in these HeLa cells (supplemental Fig.
S9). We tested the effect of UCH-L1 knockdown on the kinase
activity of CDK4. CDK4 was immunoprecipitated from
Neuro2a cells in which UCH-L1 was knocked down and sub-
jected to in vitro kinase assays. Knockdown of UCH-L1 by each
siRNA reduced kinase activity (Fig. 6, C and D). We confirmed
that the total levels of cyclin D were unaltered in cells where
UCH-L1 expression was knocked down (Fig. 6A). These results
indicate that reduced CDK4 activity in vitro is not a conse-
quence of reduced proliferation and that endogenous UCH-L1
also enhances the kinase activity of CDK4 and cell proliferation.
We also examined the role of endogenous UCH-L1 on the

proliferation of human cancer cells that endogenously express
UCH-L1. We prepared two different siRNA sequences for
knockdown of human UCH-L1. In a human lung carcinoid cell
line,H727, hUCH-L1 siRNA-A and siRNA-Bdecreased protein
levels of UCH-L1 to 46 and 58%, respectively (Fig. 6E). Knock-
downofUCH-L1by each siRNAreduced the viable cell number
without increasing cell death, indicating that knockdown of
UCH-L1 reduces the proliferation of H727 cells (Fig. 6F).
Because both inhibitory effects on proliferation and knock-
down efficiency of siRNA-B were high compared with those of
siRNA-A, we used siRNA-B for the following experiments. In
the human breast adenocarcinoma cell lineMCF7, knockdown
ofUCH-L1 also reduced viable cell numberswithout increasing
cell death, indicating that knockdown of UCH-L1 reduces pro-
liferation of MCF7 cells (Fig. 6, G and H). We confirmed that
siRNA-B did not reduce proliferation levels of HeLa cells (sup-
plemental Fig. S9). Thus, endogenous UCH-L1 enhances pro-
liferation of certain types of human cancer cells.
Local Administration of UCH-L1 siRNA into a Subcutaneous

Xenograft Tumor Reduced Tumor Growth—To examine
whether endogenous UCH-L1 also enhances proliferation of
tumor cells in vivo, we performed subcutaneous xenograft stud-
ies. MCF7 cells (3� 107) were inoculated into nudemice. After
confirmation of tumor formation, siRNAs were delivered into
tumors once aweek over 3weeks (Fig. 7A).Measurement of the
width of tumors and estimation of tumor volume over time
showed that administration of UCH-L1 siRNA significantly
reduced tumor growth compared with that of control siRNA
(p � 0.05, two-way analysis of variance) (Fig. 7, B and C). Mea-
surement of the wet weight of tumors also demonstrated that
administration of UCH-L1 siRNA significantly reduced tumor
growth (Fig. 7, D and E).

To exclude the possibility that UCH-L1 siRNA reduced
tumor growth via alterations in the immune system, spleno-
cytes were isolated from siRNA-treated nude mice, and T cell-
mediated cytotoxicitywasmeasured.Weobserved thatUCH-L1
siRNA did not affect T cell-mediated toxicity (supplemental Fig.
S10).UCH-L1siRNAdidnotaffectbodyweightornumbersof red

FIGURE 4. UCH-L1 interacts with aa 151–218 of CDK4, which contains a
T-loop. A, schematic representation of deletion mutants of CDK4. B, COS-7
cells were cotransfected with the indicated plasmids. Proteins were immuno-
precipitated (IP) and analyzed by immunoblotting.
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blood cells and white cells in mice with xenograft tumors com-
pared with control siRNA (supplemental Fig. S10).

DISCUSSION

Enhancement of CDK Activity by UCH-L1—In this study, we
have shown that UCH-L1 physically interacts with CDK1,
CDK4, and CDK5 and enhances CDKs activity. Activation of

CDKs requires cyclin binding and phosphorylation of a con-
served threonine residue by the CDK-activating kinase (45). In
contrast, phosphorylation of a conserved threonine-tyrosine
pair in CDKs or binding of CDK inhibitors is known to block
kinase activity (45). UCH-L1 enhances kinase activity of CDKs
in a cell-free system containing only buffer and purified pro-
teins (Fig. 2, A–C). UCH-L1 did not compete with the CDK

FIGURE 5. UCH-L1 enhances cell proliferation. A, B, and D, HeLa cells were transfected with UCH-L1 or an empty vector (control). At 48 h post-transfection, viable and
dead cell numbers were counted (A), and relative numbers of viable cells were measured using an ATP-based cell viability assay (B). At 22 h post-transfection, cells were
incubated with BrdU for 3 h, and BrdU-positive cells were counted (D). BrdU-positive cell numbers area expressed as the percentage of total cells counted. Data are
mean � S.E. (n � 4). n.s., not significant. C, HeLa cells were transfected with UCH-L1 or empty vector. Zero hours (day 1), 24 h (day 2), and 48 h (day 3) after transfection,
relative numbers of viable cells were measured. Data are mean � S.E. (n � 4). E, HeLa cells were transfected with UCH-L1 (WT, I93M, or C90S) or control vector, and
relative numbers of viable cells were measured 48 h after transfection. Data are mean � S.E. (n � 4). F, HeLa cells were incubated for 48 h with conditioned medium of
HeLa cells transfected with UCH-L1 or empty vector, and relative numbers of viable cells were measured 48 h after transfection. Data are mean � S.E. (n � 4). G, HeLa
cells were cotransfected with the indicated plasmids. At 48 h post-transfection, proteins were immunoprecipitated (IP) and analyzed by immunoblotting. H and I,
ectopic expression of CDK5 inhibits UCH-L1-induced enhancement of cell proliferation. HeLa cells were cotransfected with the indicated plasmids. At 48 h post-
transfection, viable cell numbers were measured. Data are mean � S.E. (n � 3). *, p � 0.05; **, p � 0.01; n.s., not significant.
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inhibitors p27 (Kip1) or p21 (Cip1) for binding to CDKs
(supplemental Fig. S3). UCH-L1 is not a kinase nor a phospha-
tase, indicating that UCH-L1 enhances kinase activity inde-
pendently of phosphorylation of CDKs and CDK inhibitors. In
the cell-based kinase assay, UCH-L1 enhanced CDK activity
only in the presence of overexpressed cyclin or p35 (Fig. 2, D
and E). UCH-L1 does notmodify the interaction levels between
CDKs and cyclin (supplemental Fig. S3). Thus, UCH-L1 does
not activate CDKs but potentiates CDK/cyclin activity. To our
knowledge, this is the first report of a potentiator of
CDKs/cyclins.

Using UCH-L1 mutants, we have shown that the enhance-
ment of CDK activities by UCH-L1 is independent of the
known ubiquitin-related functions of UCH-L1 but correlates
with interaction levels between UCH-L1 and CDKs. Compared
with UCH-L1WT, UCH-L1I93M further enhanced CDK4 activ-
ity and interacted with CDKs at higher levels (Figs. 1C and 2,
D–G). UCH-L1C90S interactedwithCDKs and enhancedCDK4
activity at levels comparablewithUCH-L1WT (Figs. 1C and 2,H
and I). Similarly, another deubiquitinating enzyme, UBP43/
USP18, is known to negatively regulate interferon signaling
independently of its isopeptidase activity (30).

FIGURE 6. Knockdown of UCH-L1 reduces cell proliferation and kinase activity of CDK4. A and B, Neuro2a cells were transfected with the indicated siRNA,
incubated for 72 h, and analyzed by immunoblot analysis (A). Viable and dead cell numbers were counted (B). Data are mean � S.E. (n � 4). C and D, CDK4 was
immunoprecipitated from Neuro2a cells transfected with the indicated siRNA and subjected to kinase assays (C). Relative levels of phospho-Rb were quantified
and normalized against Rb levels. Data are mean � S.E. (n � 3). E–H, human cancer cell lines H727 and MCF7 were transfected with the indicated siRNA. After
cells were incubated for 4 days (H727) or 6 days (MCF7), lysates were analyzed by immunoblotting (E and G), and viable and dead cell numbers were counted
(F and H). Data are mean � S.E. (F, n � 10; H, n � 4). *, p � 0.05; **, p � 0.01.
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The precise mechanism(s) of how UCH-L1 enhances CDKs
activities is currently unknown. Because UCH-L1 interacts
with a region of CDK4 containing a T-loop (Fig. 4, A and B),
which conformationally regulates kinase activity of CDKs (42),
UCH-L1 possibly affects the conformation of CDKs in enhanc-
ing kinase activity. However, further structural studies are
needed to elucidate this point.
Enhancement of Proliferation by UCH-L1—We have shown

that overexpression of UCH-L1 enhances proliferation of two
cell lines, HeLa and COS-7, both of which do not express
UCH-L1 (Fig. 5 and supplemental Fig. S6). Knockdown of
UCH-L1 reduced proliferation in three cell lines, Neuro-2a,
H727, and MCF7, all of which endogenously express UCH-L1
(Fig. 6). These results indicate that UCH-L1 enhances prolifer-
ation in certain types of cells. UCH-L1 is expressed in restricted
types of cells or organs, including neurons, testes, and ovaries.
Previous studies have shown that UCH-L1 is expressed in sper-
matogonial cells and that the levels of proliferation of sper-
matogonial cells in UCH-L1-deficient mice (gad mice) are
decreased compared with that in wild-type mice (8, 46). This
indicates that UCH-L1 is required for the normal proliferation
of these cells in vivo, and our results are consistent with these
findings.
The following observations indicate that enhancement of

proliferation byUCH-L1 is at least partlymediated by enhance-
ment of CDK1 and CDK4 activities by UCH-L1 (supplemental
Fig. S11). First, UCH-L1 enhances CDK1 and CDK4 activities
(Fig. 2), which are known to be essential for proliferation and to
enhance proliferation, respectively. CDK1 is the only essential
CDK for the mammalian cell cycle (47). CDK4-deficient mice
are small, and mouse embryonic fibroblasts derived from these

mice exhibit a delayed S phase re-entry (48). Second, in cells
overexpressing CDK5, which attenuates the interaction of
UCH-L1 with CDK4 and, presumably, with CDK1, overexpres-
sion of UCH-L1 did not alter proliferation (Fig. 5H). Third,
enhancement of proliferation byUCH-L1 is independent of the
known ubiquitin-related functions of UCH-L1 but correlates
with the interaction levels between UCH-L1 and CDKs and
with the enhanced levels of CDK4 by UCH-L1 (Figs. 1C; 2,D–I;
and 5E). Fourth, in cells treated with CDK4 inhibitors or where
CDK4 expressionwas knocked down,UCH-L1 did not enhance
proliferation (supplemental Fig. S7). Fifth, the enhancement of
cell proliferation by UCH-L1 is not mediated by alterations in
humoral factors (Fig. 5F).
However, this does not necessarily rule out the possibility

that enhancement of proliferation via UCH-L1 is partially
mediated by other mechanisms. Other than CDKs, UCH-L1
has been reported to interact with JAB1, a protein involved in
cell proliferation (49).
Roles of UCH-L1 in Human Diseases—Dysregulation of the

cell cycle and proliferation is a hallmark of cancer cells.
Although UCH-L1 is expressed in restricted types of cells or
organs, UCH-L1 has been reported to be expressed in various
human cancers. In vitro and in vivo studies have shown that
UCH-L1 enhances the invasive potential of tumor cells (50).
Another study showed that UCH-L1 transgenic mice are prone
to malignancy, primarily lymphomas and lung tumors (20).
UCH-L1 enhances proliferation in premalignant tissues of
UCH-L1-c-myc double transgenic mice (20). Thus, in certain
types of tumors, UCH-L1 functions as an oncogenic protein
rather than as a tumor suppresser. Consistent with this notion,
we have shown that endogenous UCH-L1 enhances prolifera-

FIGURE 7. RNAi of UCH-L1 reduced growth of xenograft tumors. A, experimental paradigm for xenograft studies. MCF7 cells (3 � 107) were inoculated into
nude mice on day 0. After confirmation of tumor formation, siRNAs were delivered into tumors on days 14, 21, and 28. B, tumor volume estimated from width
of tumors. Tumor size was measured from above the skin on days 14, 21, 28, 35, and 40. Data are mean � S.E. (n � 5). C, representative appearance of mice with
xenograft tumors (day 40). D, morphology of excised tumors (day 40). E, wet weight of xenograft tumors (day 40). Data are mean � S.E. (n � 5) *, p � 0.05.
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tion of tumor cells both in vitro and in vivo. This is the first
report to show that endogenous UCH-L1 in cancer cells
enhances proliferation in vivo.
In contrast to the expression of UCH-L1 in various cancers,

the UCHL1 gene is silenced in human colorectal and ovarian
cancers and renal cell carcinoma via promotermethylation (51,
52). Transfection of UCH-L1 in renal cancer cell lines resulted
in growth inhibition, suggesting that UCHL1 functions as a
tumor suppressor gene in these cells (52). Taken together, these
observations indicate that UCH-L1 possesses a dual role as an
oncogenic protein and a tumor suppressor. The molecular
mechanisms to describe how UCH-L1 functions in opposite
ways are currently unknown and require further investigation.
Dysregulation of the cell cycle is also associated with neuro-

degenerative diseases. A number of laboratories have reported
a correlation between neuronal loss and the appearance of cell
cycle-related proteins, including CDK4, in the brains of Alzhei-
mer’s disease patients (5, 53–57). Mitosis-associated proteins
have also been reported to be aberrantly expressed in dopamin-
ergic neurons in patients with Parkinson’s disease (6). In a
mouse model of Parkinson’s disease, CDK5 has been shown to
be a mediator of dopaminergic neuronal loss (40). We found
that UCH-L1I93M further elevates the kinase activity of CDK4
and CDK5 compared with UCH-L1WT (Fig. 2, D–G). Whether
enhancement of CDK activities by UCH-L1 is involved in the
pathogenesis of neurodegenerative diseases remains an inter-
esting issue to be resolved. We believe that our findings in this
study will significantly contribute to our understanding of cell
cycle-associated diseases.
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