
Introduction

The modification of cellular proteins by ubiquitin (Ub) and ubiqui-
tin-like (UbL) molecules and the degradation of polyubiquitinated
substrates by the proteasome control a broad spectrum of cellular
processes that regulate cell proliferation, functional differentiation
and apoptosis (reviewed in [1]). Increasing evidence points to a
pivotal role of specific proteases that fine-tune Ub- and UbL-regu-
lated processes by assuring the availability of the modifiers and
modulating the turnover of modified substrates, which influences
proteins stability, their function and subcellular localization
(reviewed in [2]). Approximately a hundred putative deubiquitinat-
ing enzymes (DUBs) have been identified in the human genome
but only few of them have been functionally characterized

(reviewed in [3]). Their roles are diverse, varying from house -
keeping functions, such as maintenance of a pool of free Ub, to 
highly specialized regulatory activities on specific substrates and 
sig nalling pathways, making them potentially interesting as thera-
peutic targets.

Alterations in the expression and activity of enzymes of the
ubiquitin-proteasome system (UPS) are often observed in malig-
nant cells. Burkitt’s lymphoma (BL), a highly malignant B cell
tumour characterized by chromosomal translocations that consti-
tutively activate the c-myc oncogene (reviewed in [4]), is a well-
documented example of a tumour where deregulation of the UPS
may contribute to the growth and immune escape of the malignant
cells (reviewed in [5]). BL biopsies and derived cell lines that
maintain in vitro the characteristics of the original tumour express
low levels of B-cell activation markers, co-stimulatory and adhe-
sion molecules and major histocompatibility complex (MHC) class I
[6, 7]. BL cells are also deficient in their ability to process and
present endogenous antigens [8], which correlates with low
expression of the interferon-�-inducible subunits of the proteasome
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and the peptide transporters, TAP1 and TAP2 [9, 10]. The potentially
harmful consequence of proteasome deficiency appear to be partly
compensated by the c-Myc-dependent up-regulation of down-
stream proteases, such as the serine protease tripeptidyl peptidase
(TPP)-II, and deubiquitinating enzymes that are likely to prevent the
accumulation of toxic Ub conjugates and may also alter the turnover
of proteins involved in oncogenesis [11]. Using a proteomics
approach based on covalent binding of ubiquitin-trap probes 
followed by mass spectrometry, we have identified the ubiquitin 
C-terminal hydrolase UCH-L1 as the only DUB regularly overex-
pressed in tumour cell lines compared with immortalized lym-
phoblastoid cell lines (LCLs) derived by infection of normal B cells
with Epstein–Barr virus (EBV) [12]. Furthermore, although UCH-L1
was not detected in resting or mitogen-induced T- or B-blasts, a
time course of EBV immortalization revealed a significant up-regu-
lation of the enzyme several weeks after exposure to the virus. Thus,
expression of UCH-L1 appears to be associated with the capacity for
autonomous cell proliferation and with loosening of the tight homo-
typic adhesion that characterizes newly EBV infected B cells.

UCH-L1, also known as PGP9.5, is physiologically expressed
only in testis, ovary and neuronal cells. A spontaneous autosomal
recessive UCH-L1 deletion mutant, the gad mouse, shows axonal
dystrophy and altered spermatogenesis [13], whereas mutations
at or around the catalytic site of UCH-L1 are associated with famil-
ial Parkinson’s disease [14] and other neurodegenerative disor-
ders characterized by the formation of protein aggregates, such as
spinocerebellar ataxia [15] and Huntington’s disease [16].
Abnormal expression of UCH-L1 was also reported in a variety of
human malignancies including neuroblastoma [17], colon carci-
noma [18], non-small-cell-lung carcinoma [19], pancreatic carci-
noma [20], prostate and breast carcinomas [21, 22] and renal car-
cinoma [23]. High levels of the enzyme appear to be associated
with the more invasive forms of these tumours but the physiolog-
ical targets of UCH-L1 and the mechanisms by which it may pro-
mote the malignant phenotype remain unknown.

In this investigation, we have addressed the significance of
UCH-L1 up-regulation in BL- and EBV-immortalized B lympho-
cytes. Using a combination of RNAi-mediated UCH-L1 knockdown
in BL cells and overexpression of catalytically active or inactive
variants of the enzyme in LCL cells, we demonstrate that UCH-L1
promotes B-cell proliferation and regulates B-cell adhesion by
modulating the affinity and avidity of the leukocyte integrin LFA-1.
Thus, UCH-L1 appears to be an important player in the regulation
of signalling pathways that promote the growth and invasive
capacity of malignant B cells.

Materials and methods

Cell lines

The EBV-negative BL lines BL28, Akata EBV–, and DG75, the EBV-positive
Namalwa, Akata EBV� and Raji, and the EBV-immortalized LCL CBM1-

Ral-STO (henceforth abbreviated as CBM), were cultured in RPMI 1640
medium supplemented with 2 mM L-glutamine, 100 IU/ml penicillin, 
100 �g/ml streptomycin and 10% heat-inactivated FCS (complete medium).
CBM expressing an HA epitope-tagged UCH-L1 or a catalytic inactive UCH-
L1C90S mutant were obtained by transfection with a pCEP4 plasmid con-
taining the inserts followed by selection in the presence of 100 �g/ml
Hygromycin B (Calbiochem, Germany).

Antibodies

Antibodies to UCH-L1/PGP9.5 (polyclonal rabbit anti-serum, 1:4000,
Biomol, Plymouth Meeting, PA, USA), �-actin (1:1000) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Flotillin-2/ESA (Clone 29, 1:5000),
LFA-1 �L (Clone 27, 1:1000) (all from BD Transduction Laboratories,
Franklin Lakes, NJ, USA), HA (12CA5, 1:12,000, Abcam, Cambridge, MA,
USA) were used for Western blot analysis, together with the appropriate
HRP-conjugated goat-antimouse or anti-rabbit antibodies (both from
Zymed, San Fransisco, CA, USA). Antibodies to LFA-1 (IB4 directed to
�2/CD18 and H12 directed to �L/CD11a, both from BectonDickinson, San
Jose, CA, USA) were used for flow cytometric analysis.

Production of UCH-L1 shRNA encoding
lentiviruses

The oligonucleotides UCHL1-i1 forward: 5�CCGGTGTGTACTTCATGAAGCA-
GACCCTCGAGGGTCTGCTTCATGA AGTACACTTTTTG3� reverse: 5�AATTCA
AAAAGTGTACTTCATGAAGCAGACC CTCGAGGGTCTGCTTCATGAAGTACA
CA3� directed to exon 4 and UCHL1-i3 forward: 5�CCGGTGGATTTGAG-
GATGGATCAGTTCTCAGAAACTGATCCATCC TCAAATCCTTTTTG-3� and
reverse: 5�AATTCAAAAAGGATTTGAGGATGGATC AGTTCTCAGAAACT-
GATCCATCCTCAAATCCA3� directed towards a region spanning exon 4 and 5
were annealed and cloned into the AgeI and EcoRI sites of the pLKO.puro.1
plasmid containing the human U6 promoter. Lentivirus stocks were pro-
duced in 293T cells co-transfected with the plasmids lent-VSV-G, lent-
PACK and pLKO.puro.1 containing the shRNA cassette at a 1:2:3 ratio
using LipofectAMINE 2000 (Invitrogen, San Diego, CA, USA). Lentivirus
carrying the empty backbone vector pLKO.puro.1 or expressing shRNA to
TPPII, Bid or USP7/HAUSP were used as controls. The cells were plated at
a density of 0.5 � 106 per well in 6-well plates and infected with 500 �l of
virus stock for 2 hrs at 37	C. Transduced cells were selected in medium
containing 5 �g/ml puromycin (Sigma, St. Louis, MO, USA) for 1 week
before phenotypic and functional analysis.

Western blot

For quantification of protein levels, the cells were lysed in Nonidet-P40
buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM CaCl2, 1 mM MgCl2,
1% NP40) for 30 min. on ice. After boiling in NuPAGE® LDS sample buffer
(Invitrogen), the samples were run on 7, 10, 12 or 4–12% Precast gels
(Invitrogen) depending on protein size, and blotted onto 0.45 �m
polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA,
USA), followed by incubation for 1 hr in blocking buffer (5% milk in PBS-
0.1% Tween20). The membranes were incubated with primary antibodies
diluted in blocking buffer for 1 hr, washed 4 � 5 min. in PBS with 0.1%
Tween20, and further incubated for 1 hr with the appropriate secondary
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antibody diluted in blocking buffer. The conjugates were detected using ECL
(Amersham Biosciences, Buckinghamshire, UK). The films were scanned
and saved as TIFF files. Protein levels were quantified by densitometry using
the Quantity One software (BioRad Laboratories Inc., Hercules, CA, USA).

DUB activity assay

Determination of DUB activity was performed using HAUb-VME (vinyl-
methyl ester functionalized probe) as described [12]. Briefly, 107 cells were
lysed by vortexing for 1 hr at 4	C in 80 �l of buffer containing 50 mM Tris
pH 7.4, 5 mM MgCl2, 250 mM sucrose, 1 mM DTT, 1 mM ATP, and glass
beads (106 �m, Sigma) at 1:3 vol:vol ratio. The lysates were clarified by
centrifugation, and 20 �g of proteins were incubated with 1 �g of HAUb-
VME probe for 1 hr at 37	C. Active DUBs were detected by Western blot
using the anti-HA-antibody.

Immunofluorescence and flow cytometry

The surface levels of B-cell integrins and their ligands were investigated
by immufluorescence and FACS analysis. The cells were stained for 
30 min. on ice with fluorochrome conjugated antibodies, or for 30 min.
on ice with primary unconjugated antibodies followed by 30 min. with the
appropriate secondary fluorochrome conjugated antibody. After washing
three times with PBS, the cells were fixed for 10 min. in 3.7% formalde-
hyde and analysed using a FACSort flow cytometer (Becton Dickinson,
Sunnyvale, CA, USA) and the CELLQUEST software. Alternatively, the
fixed cells were spun onto glass slides and mounted using Vectashield
mounting medium containing DAPI (Vector Laboratories, Inc.,
Burlingame, CA, USA). Fluorescence was analysed using a Perkin Elmer
Ultraview Axiovert 200M microscope (Zeiss, Germany) equipped with a
Hamamatsu ORCA-ER camera.

ICAM-1 binding assay

Binding to a recombinant chimeric Fc-ICAM-1 was assayed as described
[24]. Briefly, 96-well Maxisorb plates (NUNC) were pre-coated overnight at
4	C with 5 �g/ml Fc-ICAM-1 (R&D System) in coating buffer (20 mM Tris-
HCl and 150 mM NaCl, pH 8.2), followed by blocking for 1 hr at room tem-
perature in coating buffer containing 1% BSA, and two washes in PBS. The
cells were labelled for 1 hr at 37	C with 200 �Ci Na51CrO4, washed twice
and resuspended in assay buffer (20 mM HEPES, 150 mM NaCl2, 2 mg/ml
glucose in ddH2O pH 7.4). Two �105 cells in 100 �l were plated in tripli-
cate wells of the Fc-ICAM-1-coated plate and 5 mM Mg2�/1 mM EGTA was
added to induced LFA-1 activation. Where indicated cells were preincu-
bated for 30 min. on ice with 20 �g/ml of the LFA-1-specific monoclonal
antibody IB4. Following centrifugation for 5 min. at 2000 g, the plates were
incubated for 90 min. at 37	C and the unbound cells were then removed by
gently washing the plates four times with PBS. Bound cells were lysed
using 1% Tween20 and radioactivity was measured using a �-counter
(Wallac Wizard, Wallac Sweden). ICAM-1-independent binding was deter-
mined by adding cells to wells coated with 1% BSA and total radioactivity
was determined by addition of 1% Tween20 to unwashed wells. The per-
centage of specific binding was calculated as: mean cpm in Fc-ICAM-1-
coated wells – mean cpm in BSA-coated wells/mean total cpm – mean cpm
in BSA-coated wells.

Isolation of lipid rafts

Sucrose gradient floatation assays were performed as described by Fabbri
et al. [25]. Twenty � 106 cells were washed in PBS and lysed on ice in 
25 mM 2-(N-morpholino)ethanesulfonic acid, 150 mM NaCl, 1% Triton X-100
(MBS buffer) and protease inhibitors (Complete Mini, Roche, Mannheim,
Germany). The lysates were brought to a concentration of 40% sucrose
and placed at the bottom of an SW41Ti ultracentrifuge tube (Sorvall). A
step sucrose gradient (5–35% in MBS buffer) was layered on top of the
lysates, and the samples were centrifuged at 39,000 rpm for 18–20 hrs in
a Beckman SW41Ti Rotor. Thirteen 1-ml fractions were harvested from the
top of the gradient using the Auto Densi-Flow (Labconco, Kansas City, MO,
USA). The proteins were precipitated by adding trichloroacetic acid to a
final concentration of 10%. The dry pellets were boiled in NuPage sample
buffer and analysed by Western blot.

Assays of cell growth

Cell growth in suspension was monitored in cultures seeded at a concen-
tration of 0.2 � 106/ml. Viable cells were counted every second day by try-
pan-blue exclusion. On day 5–6, the cultures were reseeded at the original
cell density and the growth curve was continued for additional 6 days. Soft
agar cloning was performed as described [26]. A bottom layer of 1.5 ml of
melted 0.5% SeaPlaque Agarose (Cambrex, Karlskoga, Sweden) in com-
plete medium was poured into 35 mm cell culture dishes with 2 mm grid
(Nalge Nunc International, Rochester, NY, USA) and allowed to solidify for
at least 2 hrs at room temperature. One 1-ml top layer of melted 0.35%
SeaPlaque Agar in complete medium containing 200 cells was added to
triplicate dishes. The agar was allowed to solidify at room temperature and
the dishes were placed in a humidified 5% CO2 incubator at 37	C for
approximately 3 weeks, after which colonies of more then 50 live cells were
scored as clones.

Results

UCH-L1 enhances the proliferation of BL cells

The significance of UCH-L1 up-regulation was addressed by RNAi-
mediated silencing in a panel of EBV-positive and -negative BL
lines. Recombinant lentiviruses expressing shRNAs targeting two
independent sites in the UCH-L1 mRNA were used alongside with
control viruses carrying the empty vector or expressing shRNA
specific for other genes expressed in BL cells (e.g. USP7, TPPII,
Bid). Representative Western blots illustrating the efficiency of
UCH-L1 knockdown in BL28, Namalwa and Raji are shown in Fig. 1A.
More then 90% reduction of UCH-L1 expression was consistently
observed after selection of the transduced cells with puromicine
for 1–2 weeks. Similar results were obtained in Ramos, BL41,
DG75 and Akata (not shown). UCH-L1 knockdown correlated with
loss of the specific enzymatic activity as assessed by labelling of
cell lysates with the HAUb-VME functional probe (not shown). The
two UCH-L1-specific shRNAs induced comparable inhibition of
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UCH-L1 protein expression and enzymatic activity (not shown)
and were therefore indifferently used in all experiments.

The capacity for rapid growth in suspension cultures and the
formation of colonies in semisolid agar are characteristic features
of malignant lymphoid cells that correlate with loss of contact inhi-
bition and metastatic potential [27]. Monitoring of cell growth in
suspension cultures over a 2-week period revealed that UCH-L1
knockdown was associated with a reduction of cell recovery to
approximately half of that observed in untreated cell or cell trans-
duced with the control lentivirus (Fig. 1B). Furthermore, although

up to 40% of BL cells either untreated or transduced with control
lentivirus formed large colonies in semisolid agar (Fig. 1C), colony
formation was reduced between 5- and 20-fold in cells expressing
the UCH-L1 shRNA. The change in proliferative capacity in sus-
pension and semisolid agar was reproducibly observed in both
EBV-positive and EBV-negative cell lines. Growth retardation was
regularly associated with up-regulation of p27Kip1 (Fig. 1D), a
known inhibitor of cyclin-dependent kinases whose overexpres-
sion in human cells leads to G1 arrest [28], whereas the expres-
sion of p21 and c-Myc was not affected.

Fig. 1 UCH-L1 expression promotes the proliferation of BL cells in suspension and semisolid agar. (A) Representative Western blots illustrating the
expression of UCH-L1 in untreated BL cells and BL cell transduced with a control lentivirus or a lentivirus expressing a specific UCH-L1 shRNA. Total
cell lysates were fractionated by SDS-PAGE and the blots were probed with a UCH-L1-specific antibody. More than 90% reduction of the UCH-L1-spe-
cific band was regularly observed in the shRNA expressing cells. (B) Representative growth curves of control virus and UCH-L1 shRNA transduced BL
cells. The cells were seeded at a concentration of 2 � 105/ml and number of viable cells was counted every other day by tripan blue dye exclusion. After
6 days, the cells were reseeded at the original cell concentration. The values represent the mean of three or more experiments performed with each cell
line. (C) UCH-L1 knockdown results in a 5- to 20-fold decrease in the number of cells capable of forming colonies in semisolid agar. The mean percent-
age colony forming cells in three independent experiments performed with each cell line is shown in the figure. *P 
 0.01 compared with uninfected
and control virus infected cells. (D) UCH-L1 knockdown is associated with increased levels of p27Kip1. Representative Western blots illustrating the
expression of p27Kip1 p21 and c-Myc in untreated (Parental), control virus (CV) and UCH-L1 shRNA transduced cells. �-actin served as a loading con-
trol. One representative experiment out of three performed with each combination of cell lines is shown in the figure.
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UCH-L1 inhibits LFA-1-dependent homotypic
adhesion

In addition to its effect on cell proliferation, UCH-L1 knockdown
was accompanied by a dramatic change in the adhesive properties
of BL cells. Although cells transduced with the control lentivirus

retained the growth as single cells or small loose clumps that is
characteristic of BL lines, loss of UCH-L1 was accompanied by the
formation of large cell clusters that were readily observed upon
visual inspection of the flasks (Fig. 2A). The homotypic adhesion
of lymphocytes is primarily controlled by the interaction of the
�L�2 integrin LFA-1 with ICAM-1 and is blocked by LFA-1-specific
antibodies [29]. In order to investigate whether this molecular

Fig. 2 UCH-L1 expression modulates LFA-1-dependent homotypic adhesion. (A) Representative micrographs illustrating the growth pattern of BL cells
transduced with control or UCH-L1-shRNA lentiviruses. UCH-L1 knockdown was associated with a dramatic increase in the capacity of BL cells to form
large cell clusters, whereas cells transduced with the control virus did not differ significantly from the uninfected controls (not shown). Scale bar 
100 �m. (B) The increased homotypic adhesion induced by UCH-L1 knockdown is dependent on LFA-1. Cell transduced with the UCH-L1 shRNA
lentivirus were incubated in the present of an LFA-1-specific antibody (lower panel). An irrelevant antibody of the same isotype was used as control (top
panel). One representative experiment out of three is shown. (C) UCH-L1 does not affect the expression levels of LFA-1. Representative Western blot
illustrating the expression of the �L chain of LFA-1 in the BL lines DG45 and Raji and in cells transduced with control or UCH-L1 shRNA lentiviruses.
�-actin served as a loading control. (D) UCH-L1 does not affect the accumulation of LFA-1 �L/�2 heterodimers at the cell surface. Representative FACS
plots illustrating the surface expression of LFA-1 as detected by immunofluorescence staining with an LFA-1 �L-specific antibody. The mean fluores-
cence intensity is indicated in each plot. One representative experiment out of at least three performed with each pair of control and UCH-L1 shRNA
transduced cells is shown in the figure.
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interaction is regulated by UCH-L1, control and UCH-L1 shRNA-
transduced BL cells were vigorously pipetted to dissolve the
aggregates and single-cell suspensions were cultured overnight in
the presence of antibodies to LFA-1 or isotype matched controls.
Neither antibody affected the adhesion of cells transduced with the
control lentivirus (Fig. 2B). In contrast, although large cell clusters
were rapidly formed when the UCH-L1 shRNA transduced cells
were cultured in the presence of the control antibody, cell clump-
ing was abrogated by the anti-LFA-1 antibody (Fig. 2B), confirm-
ing that this integrin is required for the increased adhesion
induced by UCH-L1. To investigate whether the enhanced adhe-
sion might be due to changes in LFA-1 expression, the total and
surface levels of LFA-1 were assayed by Western blot analysis and
immunofluorescence. Representative Western blots, where the
expression of LFA-1 in control and UCH-L1 knockdown BL cells
were tested in parallel, are shown in Fig. 2C. There was no obvi-

ous correlation between the expression levels of UCH-L1 and 
LFA-1. Similar results were obtained when surface expression of
LFA-1 was assessed by immunofluorescence (Fig. 2D). The
expression of ICAM-1 and other molecules involved in B-cell
adhesion was also not affected (not shown).

The possibility that UCH-L1 may affect the adhesive properties
rather than the expression of LFA-1 was addressed by testing the
cation-induced binding of LFA-1 to ICAM-1. In accordance with
previous reports demonstrating the cation dependence of LFA-1-
mediated adhesion in EBV-immortalized LCLs, the binding of CBM
cells to plates coated with a recombinant Fc-ICAM-1 fusion pro-
tein was strongly enhanced in the presence of Mg2�/EGTA (Fig. 3A,
upper panels) and the effect was abrogated by addition of LFA-1
blocking antibodies (Fig. 3B). Similar results were obtained with
other LCL cells (not shown). In contrast, virtually no adhesion
could be induced in BL lines, illustrated in Fig. 3A by the results

Fig. 3 UCH-L1 regulates the affinity of LFA-1 for its ligand ICAM-1. (A) Treatment with Mg2�/EGTA induces binding of LCL cells to Fc-ICAM-1-coated
plates (top panel) but does not affect the binding of BL cells (bottom panel). (B) The adhesion of CBM cell to Fc-ICAM-1-coated plates is dependent on
LFA-1. Radioactively labelled CBM cells were incubated for 1 hr at 37	C in triplicate wells of Fc-ICAM-1-coated 96-well plates in the presence or absence
of Mg2�/EGTA. Cells firmly adherent to the plates were then lysed and the readiocativity was measured in a �-counter. Where indicated, the cells were
preincubated with LFA-1-specific or control antibodies for 30 min. at room temperature. Mean � S.D. of specific binding in three independent experi-
ments. (C) UCH-L1 knockdown promotes the binding of BL cells to ICAM-1-coated plates. Binding of control and UCH-L1 shRNA transduced Namalwa
to Fc-ICAM-1-coated plates in the presence or absence of Mg2�/EGTA. Mean � S.D. of three independent experiments. UCH-L1 knockdown was con-
firmed in Western blots probed with an UCH-L1-specific antibody (insert).
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obtained with Namalwa, suggesting that LFA-1 is kept in an inac-
tive conformation. UCH-L1 knockdown (Fig. 3C, insert) was
accompanied by a dramatic increase of Mg2�/EGTA-induced bind-
ing of Namalwa to Fc-ICAM-1 (Fig. 3C). Similar results were
obtained by UCH-L1 knockdown in BL28 and Raji (not shown).

Clustering regulates the avidity of LFA-1 for its ligands [30]. To
investigate whether UCH-L1 expression influences the distribution
of LFA-1 in the cell membrane, control and UCH-L1 knockdown
cells were stained with antibodies specific for the LFA-1 �L or �2
chains and the pattern of staining was analysed by confocal
microscopy. Similar results were obtained with both antibodies. As
illustrated by the representative micrographs obtained by combin-
ing different cell layers shown in Fig. 4A, LFA-1 appeared as small
fluorescent dots evenly distributed throughout the cell membrane
in uninfected (not shown) and control virus infected BL cells (Fig. 4A
left panel), whereas upon UCH-L1 knockdown LFA-1 was found in
larger clusters that were often localized to one side of the cell or
only on protrusions (Fig. 4A right panel). The effect was quantified
by scoring the pattern of LFA-1 staining in at least three independent
experiments performed with the DG75 and Raji cell lines. As shown

in Fig. 4B, the percentage of cells with clustered LFA-1 staining was
increased between two- and four-fold in cells expressing UCH-L1
shRNA compared with control lentivirus transduced cells.

Integrin clusters are localized in membrane micro-domains
known as lipid rafts [25]. To investigate whether UCH-L1 expres-
sion influences this property of LFA-1, flotation assays were per-
formed in BL cells untreated or treated with the TLR9 ligand CpG
DNA that induces strong LFA-1-dependent adhesion in B cells [31].
The distribution of the raft resident protein flotillin-2 was used as
control. As illustrated by the representative experiment shown in
Fig. 4C, LFA-1 was not detected in lipid rafts isolated from Raji cells
transduced with the control lentivirus, either untreated or treated
with CpG DNA, confirming that the LFA-1 expressed in these cells
is in an inactive conformation. In contrast, a small but sizable frac-
tion (≈ 5%) of LFA-1 was found in lipid rafts isolated from UCH-L1
shRNA-transduced cells in the absence of any treatment and the
amount was increased (up to 30% depending on the experiment)
upon treatment with CpG DNA. Thus, UCH-L1 appears to inhibit
LFA-1-dependent adhesion in B lymphocytes by regulating both the
affinity and avidity of LFA-1 for its ligand ICAM-1.

Fig. 4 UCH-L1 regulates the distribution of LFA-1 in the cell membrane. (A) Representative immunofluorescence micrographs illustrating the surface
distribution of LFA-1 in BL cells transduced with control or UCH-L1 shRNA lentiviruses. The cells were stained with an antibody specific to the �L chain
of LFA-1 and the nuclei were stained with DAPI. (B) Analysis of LFA-1 membrane distribution in BL cells transduced with control UCH-L1 shRNA
lentiviruses. The membrane distribution of LFA-1 was visually assessed in at least 100 cells per each slide. Mean � S.D. of at least three experiments
performed with each pair of cell lines. (C) UCH-L1 knockdown results in spontaneous relocalization of LFA-1 to lipid rafts. The distribution of LFA-1 was
examined by sucrose gradient flotation assays in untreated and CpG DNA treated Raji cells transduced with control or UCH-L1 shRNA lentiviruses. LFA-
1 was detected by probing Western blots of each fraction with �L chain-specific antibodies. Flotillin was used as a marker for lipid rafts. The percent-
age of Flotillin and LFA-1 recovered in each fraction is plotted below each blot. One representative experiment out of three is shown in the figure.
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The small GTPases Rap1 and Rac1 play critical roles in the reg-
ulation of LFA-1-dependent adhesion [32]. To investigate whether
UCH-L1 expression affects the activity of these GTPases, the
endogenous levels of Rap1GTP and Rac1GTP were measured in
control and UCH-L1 knockdown BL cells by affinity purification
assays. As illustrated by the representative experiments shown in
Fig. 5A, the total levels of Rap1 and Rac1 were not affected by
UCH-L1 knockdown in DG75 and Namalwa, whereas the propor-
tion of activated Rap1GTP and Rac1GTP was significantly
increased. The increase varied between three- and five-fold,
depending on the cell lines (Fig. 5B).

The enzymatic activity of UCH-L1 
is required for its effects

In order to investigate whether the enzymatic activity of UCH-L1
is required for its capacity to promote cell growth and inhibit
cell adhesion we took advantage of the finding that the CBM
cells do not express detectable levels of endogenous UCH-L1 as
assessed by Western blot and labelling of cell lysates with the
HAUb-VME functional probe (Fig. 6A). CBM sublines stably
expressing the wild-type UCH-L1 or an inactive enzyme, where
the catalytic Cys90 residue was substituted with Ser (UCH-L1-
C90S), were generated by transfection. In accordance with the

effect of UCH-L1 on the proliferation of BL cells, expression of
UCH-L1 was associated with enhanced cell proliferation,
whereas the catalytic mutant UCH-L1-C90S had no significant
effect (Fig. 6B). Furthermore, although untransfected (not
shown) and vector-transfected CBM cells grow in large and very
tight cell clusters (Fig. 5C), CBM-UCH-L1 cells formed small
clumps that could be easily dissolved by gentle shaking of the
flasks. This effect was dependent on the catalytic activity of
UCH-L1 as CBM expressing the UCH-L1-C90S mutant behaved
like the parental cell line and formed tight cell clusters (Fig. 6C).
In accordance with its effect of cell adhesion, UCH-L1 expres-
sion was associated with significant reduction of the affinity of
LFA-1 for ICAM-1, as assessed by Mg2�/EGTA-induced binding
to Fc-ICAM-1-coated plates (Fig. 7A), and with changes in
 pattern for surface LFA-1 staining, that became more similar to
that observed in BL cells (compare Fig. 4A and B with Fig. 7B
and C) and in the levels of activated Rap1GTP (Fig. 7D) and
Rac1GTP (not shown).

Discussion

Previous reports have described a selective up-regulation of the
ubiquitin C-terminal hydrolase UCH-L1 in a variety of metastatic

Fig. 5 UCH-L1 knockdown leads to constitutive activation of Ras family GTPases. (A) The endogenous levels of activated Rac1 and Rap1 are increased
upon UCH-L1 knockdown. Activated Rac1GTP and Rap1GTP were affinity purified using as baits GST-PBD and GST-RalGDS, respectively, and Western
blots of equal amounts of total and purified cell lysates were probed with Rac1- and Rap1-specific antibodies. HeLa cells treated with CNF served as
control for Rac1 activation. One representative experiment, where DG75 and Namalwa cells transduced with control and UCH-L1 shRNA lentiviruses
were tested in parallel, is shown in the figure. (B) Quantification of the Rac1GTP and Rap1GTP levels in a panel of BL lines. The percentage of Rac1GTP
and Rap1GTP were calculated relative to the total input and the fold induction was calculated as the ratio between as the percentage Rac1GTP and
Rap1GTP in UCH-L1 knockdown versus control virus transduced cells. Mean � S.D. of three to six experiments performed with each cell pair.
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tumours but the biological functions of this enzyme and the mech-
anism by which it may contribute to the malignant phenotype have
remained enigmatic. Here we report on a previously unidentified
function of UCH-L1 and show that the expression of a catalytically
active enzyme regulates the proliferative capacity of malignant B
cell and their interaction with the surrounding cells and stroma by
controlling the activation of the leukocyte integrin LFA-1. These
effects were highly reproducible and were observed in a large
panel of BL lines independently of their EBV carrier status. This,
together with the observation that overexpression of the enzyme
in EBV-immortalized B cells is accompanied by increased prolifer-

ation and decreased homotypic adhesion, indicates that UCH-L1
controls basic features of the malignant phenotype.

We have found that inhibition of UCH-L1 expression by RNAi is
accompanied by a significantly reduced proliferation of BL cells in
suspension and semisolid agar. The effect on the formation of
colonies from a single cell precursor is particularly interesting,
because this is regarded as a property of tumour stem cells that
correlates with malignancy and metastatic potential. The inhibition
of cell growth induced by UCH-L1 knockdown was associated with
a selective increase in the steady state levels of the CDK inhibitor
p27Kip1 (Fig. 1), which also correlated with a partial cell cycle

Fig. 6 The enzymatic activity of UCH-L1 is required for its effect on B-cell proliferation and homotypic adhesion. (A) Expression and activity of UCH-L1
and catalytically inactive UCH-L1 C90S mutant in stably transfected CBM cells. UCH-L1 expression was detected in Western blots probed with a UCH-
L1-specific antibody (lower panel). The enzymatic activity was assessed by labelling the cell lysates with the HA-Ub-VME functional probe followed by
detection of the labelled DUBs with antibodies specific for the HA tag (upper panel). Identification of the labelled DUBs was done based on the molec-
ular mass of the polypeptides and previous characterization by mass spectrometry. (B) Expression of a catalytically active UCH-L1 enhances the prolif-
eration capacity of CBM cells. Representative growth curves of CBM parental cells and CBM cells transfected with the wild-type UCH-L1 or the UCH-L1
C90S catalytic mutant. The growth curves were performed as described in the legend to Fig. 1. One representative experiment out of three is shown in
the figure. (C) Stable expression of a catalytically active UCH-L1 decreased the homotypic adhesion in CBM cells, whereas the UCH-L1-C90S had no
effect. Pictures of cells cultured overnight at a concentration of 5 � 105/ml in serum-free medium were taken with an inverted light microscope equipped
with a cooled CCD camera using 10� and 4� objectives.
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arrest as demonstrated by a small but reproducible accumulation
of cells in the GO/G1 phase of the cell cycle (not shown). The find-
ing, that a catalytically active UCH-L1 induces rapid proliferation in
the UCH-L1-negative LCL CBM (Fig. 7), further supports the
involvement of this enzyme in the regulation of B-cell proliferation.

To date, there are no identified substrates for UCH-L1 and the
mechanism by which it may influence p27Kip1 expression and cell
growth is, therefore, unclear. One interesting possibility is sug-
gested by the finding that UCH-L1 interacts with the Jun activation
domain-binding protein (Jab)-1 [33], a component of the COP9
signalosome that activates Jun and promotes the cytoplasmic
translocation of p27Kip1 [34]. Jab1 may stabilize p27Kip1 by de-

Neddylating CUL1, which inactivates the SCFSkp2 ubiquitin ligase
(CUL1/Rox/Skp2) that specifically targets p27Kip1 [35].
Interestingly, Jab1 interacts also with the cytoplasmic tail of LFA-
1 and is rapidly relocated to the nucleus upon triggering of the
integrin by monoclonal antibodies or binding to ICAM-1-coated
plates [36]. Thus, Jab1 could promote p27Kip1 stabilization in
response to integrin activation. This scenario is substantiated by
the recent findings of Lwin et al. who reported that cell adhesion
induces p27Kip1-associated cell-cycle arrest in mantle-cell and
other non-Hodgkin B-cell lymphomas via inactivation of the
SCFSkp2 ligase [37]. UCH-L1 could influence this pathway by act-
ing directly on Jab1 and/or by controlling the activation state of

Fig. 7 UCH-L1 inhibits the activation and membrane relocalization of LFA-1 in LCL cells. (A) Expression of UCH-L1 inhibits the Mg2�/EDTA-induced
binding of CBM cells to Fc-ICAM-1-coated plates. The percentage of CBM and CBM-UCH-L1 cells bound to Fc-ICAM-1-coated plates in the presence or
absence of Mg2�/EGTA is shown in the figure. Mean � S.D. of three experiments. The expression of UCH-L1 was confirmed by Western blot (insert).
(B) Expression of UCH-L1 expression prevents the clustering of LFA-1. Representative immunofluorescence micrographs illustrating the distribution of
LFA-1 in the cell membrane of control and UCH-L1-transfected CBM cells. The cells were stained with an antibody specific to the �L subunit of LFA-1
and the nuclei were stained with DAPI. (C) LFA-1 membrane distribution in vector and UCH-L1-transfected CBM cells. The membrane distribution of
LFA-1 was visually assessed in at least 100 cells per each slide. Mean � S.D. of three experiments where the cell lines were tested in parallel. (D)
Representative experiment illustrating the decrease of endogenous levels of Rap1GTP in UCH-L1-transfected cells. Rap1GTP was pooled down from
equal amount of cell lysates using GST-RalGDS and Western blots were probed with an anti-Rap1 antibody.
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integrins. A blockade of LFA-1 activation by UCH-L1 could prevent
Jab1 translocation and thus allow efficient degradation of p27Kip1.
Indeed, we have found that loss of UCH-L1 is associated with a
dramatic increase of LFA-1-dependent adhesion in BL cells and
accumulation of p27Kip1 (Fig. 2), whereas stable transfection of a
catalytically active UCH-L1 inhibits homotypic adhesion in the
UCH-L1-negative LCL CBM (Fig. 6). The effect of UCH-L1 on cells
adhesion was not due to detectable changes in the total or surface
levels of LFA-1 (Fig. 2) and was instead associated with changes
in the affinity of binding of LFA-1 to its ligand ICAM-1 (Figs 3 and 7),
and with spontaneous relocalization of LFA-1 into lipid rafts (Figs 4
and 7). In line with the known involvement of the Ras family
GTPases in the regulation of integrin activation and signalling, two
members of the family, Rap1 and Rac1, were found to be consti-
tutively activated following UCH-L1 knockdown in BL cells (Fig. 4),
whereas expression of UCH-L1 was associated with a significant
decrease of the endogenous levels of activated Rap1 in CBM cells
(Fig. 7). These findings are consistent with the possibility that
UCH-L1 may be involved in maintaining LFA-1 in a state of low
affinity/avidity that prevents homotypic adhesion.

The activation of integrins involves a complex cascade of
events that are triggered by both extracellular and intracellular sig-
nals. These induce conformational changes of the integrin het-
erodimer, leading to enhanced affinity, and clustering of the acti-
vated molecules, which regulates the avidity of integrins for their
ligands (reviewed in [38]). Early events in this process include the
release of the integrin from their cytoskeletal anchor, which allows
their redistribution to ligand-independent nanoclusters [39], and
the internalization of integrins into an early endocytic compart-
ment where the conformational changes required for enhanced
affinity are likely to occur [40]. Cytoskeletal remodelling as well as
endocytosis and recycling of membrane receptors are critically
regulated by mono- and polyubiquitination [41]. It seems plausi-
ble that the enzymatic activity of UCH-L1 may be required to reg-
ulate the turnover of such modifications, either on the integrins
themselves, or on one or more components of their activation/
inactivation pathways. For example, the Casitas B-lineage
Lymphoma (Cbl)-b ubiquitin ligase, a negative regulator of LFA-1
activation in lymphoid cells and mononuclear phagocytes [42,
43], is itself ubiquitinated by HECT family E3 ubiquitin ligases and
hence targeted for proteasomal degradation [44]. Thus, deubiqui-
tination of Cbl-b by UCH-L1 could promote its stabilization and
consequently inhibit LFA-1 activation. This possibility is currently
under investigation.

The lack of information on its physiological substrates is a
major obstacle in dissecting the mechanism of action of UCH-L1.
The capacity to hydrolyse polyubiquitin precursors and small Ub
adducts is the only experimentally confirmed enzymatic activity of
UCH-L1 [45]. High expression of the enzyme was shown to be
associated with increased levels of free Ub in neurons but a cat-
alytically inactive mutant had a similar effect [46]. The failure to
identify putative UCH-L1 substrates is likely to be explained by the
requirement of specific modification or co-factors that may regu-
late its activity. Indeed, the crystal structure of UCH-L1 has
revealed a distorted and inaccessible catalytic site, suggesting that
a major conformational rearrangement is required to activate the
enzyme [47]. A possible mechanism of activation was recently
proposed in a study where monoubiquitination and auto-deubiqui-
tination were shown to affect UCH-L1 activity, perhaps by regulat-
ing protein–protein interaction [48]. In addition, UCH-L1 activity is
also regulated by other post-translational modifications, such as
O-glycosylation [49] and oxidation that appear to be a major cause
of UCH-L1 inactivation in the brain of Alzheimer’s and Parkinson’s
disease patients [50]. A precise characterization of the signifi-
cance of these modifications for the activity of UCH-L1 in vitro and
in vivo will be required to fully understand the mechanism of
action of UCH-L1 and its role in disease.

In conclusion, our finding that UCH-L1 expression in malignant
B lymphocytes is associated with enhanced proliferation and
decreased cell adhesion highlights an interesting aspect of the
activity of this still mysterious enzyme and provides a new focus
for the identification of its putative substrates and mechanisms of
action. The involvement of UCH-L1 in a variety of neurodegenera-
tive disorders has promoted intensive work aiming to identify
small molecules that may specifically modulate its activity in vivo.
Our results suggest that such small molecules could be potentially
useful as anti-cancer drugs.
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