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Abstract

De-ubiquitinating enzymes (DUBS) can reverse the modifications catalyzed by ubiquitin ligases
and as such are believed to be important regulators of a variety of cellular processes. Several
members of this protein family have been associated with human cancers; however, there is little
evidence for a direct link between deregulated de-ubiquitination and neoplastic transformation.
Ubiquitin C-terminal hydrolase (UCH)-L1 is a DUB of unknown function that is overexpressed in
several human cancers, but whether it has oncogenic properties has not been established. To
address this issue, we generated mice that overexpress UCH-L1 under the control of a ubiquitous
promoter. Here, we show that UCH-L1 transgenic mice are prone to malignancy, primarily
lymphomas and lung tumors. Furthermore, UCH-L1 overexpression strongly accelerated
lymphomagenesis in Ep-myc transgenic mice. Aberrantly expressed UCH-L1 boosts signaling
through the Akt pathway by downregulating the antagonistic phosphatase PHLPP1, an event that
requires its de-ubiquitinase activity. These data provide the first in vivo evidence for DUB-driven
oncogenesis and suggest that UCH-L1 hyperactivity deregulates normal Akt signaling.
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Introduction

The ubiquitin (Ub)—proteasome system is involved in nearly all areas of cell biology and has
long been implicated in cancer biology.12 The attachment of Ub to target proteins by Ub
ligases leads to a variety of events, including target protein degradation, cellular
relocalization or conformation-based changes in protein function. Counteracting the process

© 2010 Macmillan Publishers Limited All rights reserved

Correspondence: Dr PJ Galardy, Department of Pediatrics and Adolescent Medicine, Mayo Clinic, 200 First Street SW, Guggenheim
15, Rochester, MN 55906, USA. Galardy.paul@mayo.edu.

Conflict of interest The authors declare no conflict of interest.
Supplementary Information accompanies the paper on the Leukemia website (http://www.nature.com/leu)


http://www.nature.com/leu

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hussain et al.

Page 2

of Ub attachment is a family of enzymes collectively referred to as de-ubiquitinating
enzymes (DUBS) that consists of approximately 100 members.2 The DUB family is sub-
classified, on the basis of sequence and structural clustering, into five groups, including the
Ub C-terminal hydrolases (UCHS), the Ub-specific proteases (USPs), the ovarian tumor
domain containing (OTU), the Josephin-domain containing and the jabl/MPN domain-
associated metalloiso-peptidase class.? It is believed that by reversing the ubiquitination
status of targeted proteins, DUBSs are important regulators of many cellular processes.
Despite their emerging importance as regulatory molecules, the molecular targets for the
vast majority of DUBs are not known.

Although the involvement of Ub ligases in cancer-related processes has been extensively
reported, it is increasingly apparent that regulation of these processes by DUBs may be
equally important, and that alterations may lead to malignancy. A few DUBs have been
found to be directly mutated in human cancers,*2 whereas many others are dysregulated.10
Mutations in the DUB CYLD were identified in patients with a skin tumor syndrome known
as hereditary cylindromatosis. Although inactivation of CYLD does enhance the
susceptibility to carcinogen-induced skin tumors, spontaneous tumors are not reported.%11
Recently, inactivating mutations were identified in the DUB A20 (also known as TNFAIP3)
in a variety of human B-cell lymphomas.4~712 Unfortunately, A20 knockout mice die at a
very early age due to severe inflammation, making tumor studies impossible.13 It remains
largely unproven in vivo, therefore, whether DUBs have a direct causal involvement in the
pathogenesis of cancer. Furthermore, there is no conclusive evidence that DUBs can
function as oncogenes in vivo. The enzyme Ub C-terminal hydrolase L1 (UCH-L1; PGP9.5)
was among the first DUBs described, yet its molecular targets have been elusive.1* UCH-L1
is abundant in mammalian nervous tissue and in the testis, but it is not usually expressed in
other somatic tissues.® Although bearing the sequence signature of a DUB, UCH-L1 also
has been shown to possess an unusual ligase activity, especially when present in high
concentrations.1® This activity maps to residues that are distinct from the DUB catalytic
cysteine (C90) and is greatly reduced in a mutant UCH-L1 (S18Y) that has been found to be
protective for Parkinson’s disease.16

Several observations hint at a possible link between UCH-L1 overexpression and cancer.
UCH-L1 was noted to be highly expressed in Burkitt’s lymphoma (BL) cell lines, where it
was hypothesized to function non-oncogenically to alleviate proteotoxic stress.}” Using
activity-based DUB probes, high levels of active UCH-L1 were also observed in cell lines
derived from BL and chronic lymphocytic leukemia,8 but a role in malignant
transformation was not established. Recently, UCH-L1 depletion was found to produce a
modest reduction in the growth of BL cell lines, although it is not known whether its effect
was on cell proliferation or cell death, or whether UCH-L1 expression can impact in vivo
lymphoma behavior.1® Using transformed lung cancer cell lines, UCH-L1 expression was
found to correlate with invasive and metastatic behavior.20 In these cells, UCH-L1
expression led to a slight increase in phosphorylation of Akt and mitogen-activated protein
kinase family members, and this effect was required to enhance the migration behavior of
these cells. 1t was not detailed in this study whether UCH-L1 affected phosphorylation of
both of the required phospho-Akt residues (threonine 308 (T308) and serine 473 (S473)),
whether downstream Akt targets are affected, or whether UCH-L1 catalytic activity is
required to boost Akt signaling. In striking contrast to these studies that suggest a
provocative role, several recent reports suggest that UCH-L1 expression acts as a tumor
suppressor restricting the growth of malignant cells. Supporting this claim are data in which
UCH-L1 promoter hypermethylation is observed in a variety of cancers.?1-24 Re-expression
of UCH-L1 in some cell lines derived from these cancers results in reduced proliferation and
apoptosis. Similarly, incubation with the commercially available UCH-L1 inhibitor
LLDN57444 produced accelerated growth in a UCH-L1-expressing lung cancer cell line.25
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Taken together, it remains unclear whether UCH-L1 is associated with the pathogenesis of
human cancer or whether its expression is simply a cellular response to transformation.

A central question, therefore, is whether UCH-L1 has oncogenic properties that can by itself
drive malignant transformation in vivo or whether it acts as a ‘non-oncogene’2% that
establishes a favorable intra-cellular environment supporting proliferation without itself
providing the oncogenic stimuli. To address these issues, we generated a novel transgenic
mouse model with enforced UCH-L1 expression under the control of a ubiquitous promoter.
These animals have a striking tumor-prone phenotype with the development of lymphomas
and lung tumors. These data therefore provide compelling evidence that UCH-L1 is an
oncogene and that DUBs can act oncogenically in vivo. Moreover, when this transgene was
combined with the Ep-myc mouse lymphoma model, we observed dramatically accelerated
lymphomagenesis associated with increased proliferation and reduced apoptosis of lymphoid
tissues, and reduced apoptosis in established lymphomatous masses. Exploring the
underlying mechanism, we found that aberrant UCH-L1 expression leads to a dramatic
increase in Akt signaling in vitro and in vivo by decreasing the levels of PHLPP1: a
phosphatase that reverses Akt phosphorylation. These effects require UCH-L1 de-
ubiquitinase activity, as shown by the ability of wild-type—but not catalytic mutant—UCH-
L1 to rescue RNAiI-induced cell death in vitro. These data suggest that UCH-L1 is a potent
oncogene and provide a new insight into the mechanism by which this enzyme affects the
Akt signaling pathway.

Materials and methods

Generation of UCH-L1 and UCH-L1/Ep-myc double-transgenic mice

Uchl1 transgenic mice were generated as described in the Supplementary methods. Male
Ep-myc mice (a kind gift from Dr Richard Bram, Mayo Clinic) were bred with female
Uch11 mice to generate cohorts consisting of Eu-myc, Uchll and Ep-myc/Uchl1 double-
transgenic mice. The breeding was accomplished with two breeding boxes—one for each
clone of Uch11 to minimize variations related to differences in genetic background.

Collection and analysis of tissues and tumors

The paraffin-embedded human BL samples were de-identified residual diagnostic samples
and use was approved by the institutional review board of the Mayo Clinic and the
University of Utah. De-identified samples for gRT-PCR were obtained from the Mayo
Clinic Cancer Center and were collected with the approval of the Mayo Clinic institutional
review board. B-cell lymphoma tissue microarray was obtained from US Biomax. Mice for
the spontaneous tumor study were humanely killed at between 16-18 months of age and
examined with a dissection microscope to screen all major organs for overt tumors. Ep-myc
and Uchl1/Ep-myc mice were killed when it was apparent that lymphoma was present.
Fisher’s exact test was used to compare tumor incidence proportions across the genotypes
for mice that developed tumors. Four- or six-week-old mice were humanely killed and
lymph nodes dissected for analysis. Tumors and tissues were processed by standard
procedures for histopathology. The BrdU proliferation assay was performed as described.2”
The percentage of BrdU-positive cells was determined by counting the total and BrdU-
positive nuclei in 10 non-overlapping fields at x40 magnification (n=3 mice per genotype).
TUNEL staining was performed according to the manufacturer (Roche).

Cell lines, immunoblotting and reagents

The cell lines KMS-11, KMS-12, KMS-18, KMS-28 (kindly provided by Takemi Otsuki),
and Hela cells were cultured in DMEM supplemented with 10% FCS. SDS-PAGE,
electrophoretic transfer and immunoblotting were performed according to standard
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procedures. The source of all antibodies is provided in the Supplementary methods. For the
assessment of Akt phosphorylation, cells were incubated in serum free medium overnight
before the addition of interleukin-6 (10 ng/ ml) or IGF-1 (50 ng/ml) for the indicated times.
MG132 was used where indicated at a final concentration of 20 pg/ml. Cell numbers and
viability were determined in triplicate by trypan blue exclusion and the MTS assay
(Promega, Madion, WI, USA), respectively.

RNA interference

The sequences of all ShRNA constructs are detailed in the Supplementary methods.
Indicated pre-designed pGIPZ and pTRIPZ miR-30-based lentiviral constructs were used to
generate lentivirus with the Trans-Lentiviral Packaging System (Open Biosystems,
Huntsville, AL, USA). Cells were transduced using a 50/50 mix of lentivirus-containing
culture supernatant and fresh complete DMEM with 8 ug/ml (final concentration) polybrene
for 48 h. Following 48 h (96 h following the first addition of virus), cells were selected with
puromycin (2 pg/ml) for 48 h. Experiments using pGIPZ were performed between days 3-5
following transduction and cultures were discarded after 8 days to prevent selection of
knockdown-resistant clones. Experiments performed with the tet-inducible pTRIPZ system
were identical to the above, except that the experiments were performed 3-5 days after
shRNA induction with 1 ug/ml doxycycline.

Quantitative real-time PCR

Results

After obtaining the approval of the research protocol by the University of Utah Institutional
Review Board, formalin-fixed, paraffin-embedded (FFPE) BL samples were retrieved from
the archives of Primary Children’s Medical Center at the University of Utah. All diagnostic
material on each case was reviewed (RRM and SLP) to confirm the diagnosis and to select
blocks with at least 80% tumor cells, good preservation and minimal necrosis. Five 5-um
sections were cut into microfuge tubes, and total RNA was isolated using the RecoverAll
Total Nucleic Acid Isolation Kit for FFPE Tissues (Applied Biosystems/Ambion, Austin,
TX, USA). cDNA was generated from 500 ng of total RNA using the High Capacity cDNA
Reverse Transcription Kit with random hexamer primers (Applied Biosystems, Carlsbad,
CA, USA). RNA was extracted from all other samples using the RNeasy kit (Qiagen,
Valencia, CA, USA) and transcribed to first-strand cDNA using the SuperScript 111 kit
(Invitrogen, Carlsbad, CA, USA). Primary human B-cells were isolated from eight healthy
donors spontaneously donating to the Mayo Clinic Blood Donor Center following approval
by the institutional review board. Peripheral blood mononuclear cells were isolated from
unused filter cones?® by Ficoll-Hypaque gradient centrifugation followed by
immunomagnetic separation of resting B-cells using the MACS untouched B-cell isolation
kit (Miltenyi, Auburn, CA, USA). All mRNA quantitation was performed using TAQman
pre-designed gene expression assays (Applied Biosystems; UCH-L1 Hs00188233_m1,
PHLPP Hs10597868_m1) using the ABI PRISM 7900 Sequence Detection System (Applied
Biosystems) according to the manufacturer. All data were normalized to levels of the
housekeeping gene tata-binding protein (Applied Biosystems 4333769F).

For other information, please refer to the Supplementary materials and methods.

Generation of a UCH-L1 transgenic mouse

The murine Uchl1 cDNA was cloned from mouse brain cDNA with a C-terminal
hemagglutinin tag and was used to generate a conditional, Cre-loxP-regulated transgene
construct.2? The transgenic vector contains the CAGGS promoter consisting of the
cytomegalovirus immediate enhancer and the chicken p-actin promoter (Figure 1a). The
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cDNA was inserted downstream of a loxP-flanked ‘stop’ cassette that separates the CAGGS
promoter from the UCH-L1 cDNA, thus preventing the expression of the transgene. The
stop cassette encodes a fusion protein between the p-galactosidase and neomycin-resistance
reading frames (B-Geo) that provides drug resistance. Downstream of the UCH-L1 cDNA is
an internal ribosome entry site and an enhanced green fluorescence protein (EGFP) cDNA
that allows easy genotyping of offspring. Following electroporation, neomycin-resistant
clones were screened by Southern blot and single integrants were selected (Figure 1b). We
achieved germline transmission of two independent clones carrying the inactive transgene,
Uchl1T155 and Uchl1Ti40, We activated the expression of UCH-L1 by crossing these clones
with mice expressing the Cre recombinase under the control of the testis-specific promoter
protamine (protamine-Cre), which leads to excision of the stop cassette in the male
germline.3? Transgene-positive and protamine-Cre-positive males were then mated with
C57BL/6 females to produce heterozygous active transgenic (Uchl1T@, hereafter referred to
as Uchl1) mice. These mice are identifiable by green fluorescence in the skin resulting from
the expression of EGFP. Expression of the transgene is observed in most tissues (Figure 1c
and Supplementary Figure S1) by EGFP, hemagglutinin and UCH-L1 immunoblots,
although some clone-specific variation is noted. Although in many tissues we observed a
good correlation between the observed EGFP fluorescence and transgene expression, some
inconsistencies are seen. These mice have no outwardly apparent phenotype and are fertile.

Uchl1l mice are susceptible to spontaneous tumors

To test whether UCH-L1 acts as an oncogene in vivo, we determined the tumor incidence of
a cohort of Uchll and wild-type mice at 16—18 months. Mice were humanely killed and
dissected for tumors. Although there were some mice with signs of ill health at this age,
most mice were overtly healthy, and had no obvious behavioral tendencies. There was a
striking increase in the overall tumor incidence in Uchll mice, with 70% of mice having
macroscopically visible tumors, whereas 16% of wild-type mice had tumors (P<0.0001,
Figure 2a). There was no significant difference in the average ages at the time of killing
between the cohorts of Uchll and wild-type littermates (17.2 vs 17.9 months, respectively).
The rate of tumors was nearly identical in each Uchl1 clone (Uchl1%°=719%,
Uchl1140=699%). Consistent with the observed tumor associations in the existing literature,
the predominant tumors were evenly split between lymphomas and lung adenomas, with
14% having tumors of both types (Figure 2b). The lymphomas were primarily localized to
the spleen, cervical and axillary lymph nodes, although 18% had large abdominal masses.
Representative specimens from each tumor type were embedded in paraffin and examined
by hematoxylin and eosin staining. The lymphomas were classified according to the
Bethesda proposals for classification of lymphoid neoplasms in mice.3! The masses were of
B-cell lineage as evidenced by staining with B220, and had a range of cellular morphologies
suggestive of immunoblastic large B-cell lymphoma or plasmacytoma (Figure 2c). The lung
tumors were classified as bronchiolo-alveolar adenoma/carcinoma—usually with a solid
growth pattern (Figure 2d). These data show for the first time that UCH-L1 acts as an
oncogene in vivo.

UCH-L1 expression accelerates the development of lymphoma in Eg-myc mice

UCH-L1 is frequently expressed at an elevated level in human BL, as seen by RNA
microarray studies, as well as at the protein, and DUB activity, level 17:18.:32 UCH-L1
expression has also been observed in primary lymphocytes infected with the Epstein—Barr
virus in vitro.18 Taken together with our observation of a dramatic incidence of lymphoma
in Uchl1 mice, we hypothesized that UCH-L1 is in fact a powerful driving force behind the
development of BL in vivo. We therefore asked if enforced UCH-L1 expression could
hasten the development of lymphoma in the well-studied Eu-myc model.33:34 This mouse
strain carries a transgene encoding c-myc under the control of the immunoglobulin heavy
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chain enhancer, thereby mimicking the t(8;14) translocation observed in most cases of
BL.32:36 To determine the impact of enforced UCH-L1 expression on Ep-myc-induced
lymphoma, we generated cohorts of approximately 30 mice of Uchl1, Uchl1/Ep-myc and
Ep-myc alone and observed them for tumor formation.

Ep-myc mice developed lymphoma with 100% penetrance beginning at 13 weeks with a
median survival of approximately 21 weeks (Figure 3a). In contrast, Uchl1/Ep-myc mice
developed lymphoma beginning at 8 weeks and had a median survival of only 13 weeks. By
19 weeks, 100% of Uchl1/Eu-myc mice died of lymphoma. Furthermore, there were some
notable differences in the anatomical patterns in tumor development between Eu-myc and
Uchl1/Eu-myc mice. There were much fewer Uchl1/Ep-myc mice with splenic enlargement
and many more with thymic masses compared with Ep-myc animals (Figures 3b, d and e).
We also noted that significantly more Uchl1/Ep-myc mice developed abdominal masses
compared with Ep-myc mice (Figure 3c). Abdominal masses are a very common presenting
feature in children with BL.37 The tumors from Uchl1/Ep-myc mice exhibited classic ‘starry
sky’ histology, with lymphoblastic cellular morphology. These results confirm that UCH-L1
expression promotes the development of B-cell lymphomas and that these lymphomas
closely resemble human BL.

UCH-L1 increases lymphoid proliferation and decreases apoptosis in vivo

UCH-L1 may accelerate the development of lymphoma by either increasing proliferation or
reducing apoptosis in lymphocytes or in the resulting tumors. To determine the effect of
UCH-L1 on the rate of proliferation, we performed a BrdU incorporation assay in age-
matched Uchl1/Ep-myc and Ep-myc mice. We observed an increase in BrdU incorporation
in lymph nodes from both 4- and 6-week-old mice. Although the differences were
significant at both ages, the increase was most notable at 6 —weeks, with an increase from
5% incorporation in 6-week-old Ep-myc lymph nodes to approximately 10% in nodes from
both clones of Uchl1/Ep-myc animals (Figures 4a and b). In contrast, mature tumors from
both Ep-myc and Uchl1/Ep-myc had a much higher proliferation rate that was not further
enhanced by UCH-L1. This suggests that UCH-L1 increases the rate of proliferation in
lymphocytes before the development of obvious tumors. To determine the rate of apoptosis,
we performed a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay in the same samples. Strikingly, we observed a significant decrease in TUNEL-
positive cells in both lymph nodes as well as in established lymphomatous masses in UCH-
L1 transgenic mice, with an approximately 50% reduction in TUNEL-positive cells in each
condition suggesting reduced apoptosis (Figures 4c and d). Taken together, these results
suggest that UCH-L1 enhances myc-driven tumor formation by both increasing the cell
proliferation in lymph nodes (presumably pre-malignant lesions) and reducing apoptosis in
lymph nodes as well as in lymphomatous tissues.

UCH-L1 is required for the growth and survival of malignant B-cells

Although our data show that UCH-L1 acts as an oncogene, it is not clear whether malignant
B cells are subject to ‘oncogene addiction’—a state in which transformed cells require the
continued expression of the inciting oncogene. A recent report using RNA interference
showed a modest reduction in proliferation in BL cell lines depleted of UCH-L1, suggesting
that it is required for some of the ongoing malignant behaviors in these established lines.19 It
is notable, however, that high levels have also been seen in other B-cell cancers, including
the lethal plasma-cell malignancy and multiple myeloma.38 This observation led us to
question whether UCH-L1 may be involved in the pathogenesis of other B-cell cancers as
well. To address these issues, we selected a series of human B-cell lines on the basis of their
varying expression of UCH-L1 and transducibility with lentiviral vectors. Of these cell lines,
we analyzed three UCH-L1-positive myeloma lines (KMS-11, KMS-18 and KMS-28) and
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one that lacks UCH-L1 (KMS-12) as visualized by immuno-blotting (Supplementary Figure
S2). To determine the role of UCH-L1 in the survival and growth of malignant B cells, we
transduced the UCH-L1-expressing line KMS-11 with either non-silencing or the UCH-L1-
targeting Sh1-encoding lentivirus. Cells transduced with non-silencing virus continue to
proliferate robustly following selection (Figure 5c). In contrast, while growing at a similar
rate for the first 1-2 days, we observe a dramatic decline in cell numbers in KMS-11 cells at
days 3 and beyond, coincident with the observed decline in UCH-L1 protein levels on those
days. To eliminate the possibility of toxicity resulting from viral integration, we repeated
these experiments with doxycycline (dox)-inducible small hairpin RNA (shRNA) constructs
and included the UCH-L1-negative cell line KMS-12. Whereas KMS-12 cells continue to
proliferate after transduction with UCH-L1-targeting ShRNA, we again observe a dramatic
loss of cell numbers in KMS-11 cells transduced with either the constitutive or doxycycline-
inducible knockdown constructs (Figure 5d). The inhibition of proliferation is reversible, as
cells resume a normal growth rate following removal of doxycycline. These results were
verified in two other UCH-L1-expressing cell lines (KMS-18 and KMS-28; Figure 5e) and
with another UCH-L1 targeting ShRNA (Figure 5f). These results strongly indicate that
UCH-L1-expressing cells require continued enzyme expression for growth and survival.

UCH-L1 requires its de-ubiquitinase activity to support the survival of malignant B-cells

While clearly bearing the sequence signature of a DUB, the functional targets of UCH-L1
have been the subject of debate from some time. Biochemical substrate profiling
experiments show UCH-L1 to have a very fast hydrolysis rate towards small Ub-adducts
(for example, Ub-ethyl ester) and a very slow rate towards large protein adducts (for
example, di-ubiquitin).14 Adding further complexity, UCH-L1 was found to possess an
unusual ligase activity that maps to a region distinct from the DUB active site. A mutation
known to reduce the risk of Parkinson’s disease (UCH-L1518Y) was found to reduce the
ligase activity, while not affecting the DUB activity.16:3% To gain further mechanistic insight
into the ability of UCH-L1 to promote survival and proliferation of malignant B-cells, we
determined the ability of various UCH-L1 constructs to rescue cell death that results from
UCH-L1 depletion. One of our potent UCH-L1-targeting ShRNA constructs (Sh1) anneals
with sequences in the 3’ untranslated region of the UCH-L1 mRNA. Therefore, our cDNA
constructs, which lack the 3’-untranslated region, are ShRNA resistant and can be used to
complement the depletion of endogenous UCH-L1. To examine the requirement for UCH-
L1’s catalytic activities in mediating cell survival, we generated lentivirus constructs
encoding wild-type UCH-L1 (UCH-L1WT), with mutations affecting the de-ubiquitinase
activity (UCH-L1C90A Supplementary Figure S3), or its putative ligase activity (UCH-
L1S18Y). After selection of stable integrants, doxycycline was added to deplete endogenous
UCH-L1, and cell viability was monitored daily. As expected, cell death was entirely
prevented by expressing UCH-L1WT (Figure 5g). In contrast, expression of UCH-L1C90A
could not rescue the cells from depletion-induced death. Cells transduced with UCH-L1
encoding a mutation in the putative ligase region of UCH-L1 (UCH-L1518Y) were fully
rescued from depletion-induced cell death. A minor role for ligase activity cannot be
excluded, however, as this mutation was not reported to eliminate all ligase activity. These
data indicate that UCH-L1 promotes the survival and proliferation of transformed cells in a
mechanism requiring de-ubiquitinase activity, but not its putative ligase activity.

UCH-L1 expression boosts signaling through the Akt pathway

An important pathway that has strong effects on both the survival and proliferative programs
is the Akt-signaling network. This pathway is important for the growth and survival in a
number of cancers, is known to enhance lymphomagenesis in the Ep-myc model,*° and has
been implicated in altering cell morphology and invasiveness in the UCH-L1-expressing
non-small-cell lung cancer line H157.20 To examine the effect of UCH-L1 expression on
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Akt phosphorylation, we stimulated the UCH-L1-positive cell line KMS-28 with the
cytokine interleukin-6, which is known to be an important Akt-activating signal in malignant
B-cells.*1:42 In cells transduced with a non-silencing shRNA control, we observe low-level
baseline phosphorylation with a brisk increase following cytokine exposure (Figure 6a,
Supplementary Figure S4). In contrast, in cells expressing a UCH-L1 knockdown construct,
phosphorylation was dramatically reduced. These reductions were seen in both pAktT3%8 and
pAktS473, although the latter was usually more dramatic. To exclude global toxicity for the
observed decline in Akt phosphorylation, we examined the levels of phospho-STATS and
found them to be unaltered (data not shown). Confirming these results, introduction of
UCH-L1 into HeLa cells (UCH-L1 negative) leads to augmented Akt phosphorylation on
both pAktT308 and pAktS473 (Figure 6b). To test whether the increased Akt phosphorylation
results in downstream effects, we examined the phosphorylation of Akt substrates using a
polyspecific anti-phospho-(RXRXXS/T) antibody. Following UCH-L1 knockdown, we
observe a substantial reduction in the phosphorylation of downstream targets, most notably
in the higher molecular masses (Figure 6c). To assess whether the increase in Akt signaling
is important to the pro-survival activity of UCH-L1, we tested the ability of a constitutive
Akt mutant (myr-Akt43) to rescue UCH-L1-depleted cells from death (Figure 6d). Although
a null Akt construct (AktT308A/S473A) did not improve cell viability, myr-Akt produced a
substantial, but not complete, rescue from cell death (Figure 6d). These data suggest that
UCH-L1 promotes malignant B-cell survival by boosting signaling through the Akt
pathway.

To confirm that these in vitro findings are relevant in vivo, we examined the presence of
phospho-Akt in tissues from wild-type and transgenic mice by immunohistochemistry.
Wild-type lymph nodes have low levels of pAktS473 (Figure 7). In striking contrast, lymph
nodes from age-matched Uchl1 mice have high levels of pAktS#473. A similar relationship
was seen in tumor tissues, although relative to non-malignant lymph nodes, lymphomatous
tissues were found to have a general increase in pAktS473, Together, these data strongly
suggest that UCH-L1 expression leads to enhanced Akt phosphorylation in vitro and in vivo.

UCH-L1 activity leads to reduced levels of the phosphatase PHLPP1

Phosphorylation of Akt is the result of the activity of the kinases PDK1 and the mammalian
target of rapamycin (NTORC?2).44 PDK1 phosphorylates Akt on T308, whereas mTORC?2
acts on S473.4546 Antagonizing these activities are phosphatases including PP2A,47
PHLPP148 and CTMP.4° To understand the mechanism behind the effect of UCH-L1 on Akt
phosphorylation, we determined the levels of these proteins in UCH-L1-positive cells
transduced either with non-silencing or with UCH-L1 targeting ShRNA. Regardless of the
level of UCH-L1, we observed uniform amounts of the kinases PDK1, the TORC2
components mTOR and rictor, as well as the phosphatases PP2A and CTMP, suggesting that
UCH-L1 does not function by modulating the levels of these proteins (Supplementary
Figure S4). In contrast, we observed a dramatic increase in the phosphatase PHLPP1 levels
following depletion of UCH-L1 (Figure 6a and Supplementary Figure S4). The apparent
molecular mass of the affected isoform is 170 kDa, consistent with the PHLPP-p isoform.48
The smaller o isoform was also reduced when it was detected, but the inconsistency of its
detection prevents us from drawing firm conclusions regarding its regulation. In some
experiments (as in Figure 6a) we observed a decline in PHLPP1 levels following 1 h of
cytokine stimulation, although this decline was not consistently seen. To confirm the
relationship between UCH-L1 and PHLPP1, we transduced HeLa cells with either an empty
vector or UCH-L1 and examined the level of PHLPP1 by immunoblotting. We observed an
inverse relationship between the expression of UCH-L1 and the levels of PHLPP1 (Figure
6b). To determine whether UCH-L1 similarly affects PHLPP1 levels in vivo, we examined
the levels of PHLPPL1 in tissues from wild-type and transgenic mice by
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immunohistochemistry. Whereas PHLPP1 was readily seen in lymph nodes of wild-type
mice, we observed a near total lack of the enzyme in sections from Uchl1 mice (Figure 7).
UCH-L1 expression led to a reduction in PHLPP levels in the lymph nodes and tumors of
Ep-myc mice as well. These results strongly suggest that UCH-L1 has a suppressive effect
on the protein level of the phosphatase PHLPP1 in vitro and in vivo.

Recent reports suggest that PHLPP1 is degraded through activity of the B-TrCP skip, F-box
and cullin (SCF) Ub ligase in a phospho-dependent manner.?? As UCH-L1 is a DUB, it is
tempting to speculate that its effect on PHLPP1 involves the UPS, although it is clear that
UCH-L1 does not salvage PHLPP1 from proteasomal degradation. To examine the effect of
proteasomal proteolysis on PHLPP1, and to examine the requirement for UCH-L1 catalytic
activity, we incubated HelLa cells, transduced with either empty virus or those encoding
UCH-LIWT or UCH-L1C%A, with the proteasome inhibitor MG132. Surprisingly,
incubation with MG132 for 2, 6 or 12 h did not change the levels of PHLPP1 in these
experiments (Figure 6E and Supplementary Figure S5). We observed that the effect of
UCH-L1 on PHLPP1 levels is dependent on catalytic activity, as expression of a catalytic
mutant UCH-L1 construct had no effect on PHLPP1 levels compared with the empty vector.
These data suggest that UCH-L1 leads to reduced PHLPP1 levels in a non-proteasome-
dependent manner.

To refine our understanding of the mechanism behind PHLPP1 modulation, we analyzed the
mRNA level of PHLPP1 using quantitative real-time PCR in KMS-28 cells following the
knockdown of UCH-L1. If UCH-L1 suppressed the transcription of PHLPP1, we would
expect to see an increase in PHLPP1 mRNA levels upon UCH-L1 depletion. Instead, we
observed essentially unchanged levels of PHLPP1 mRNA in knockdown cells (Figure 6¢e)
despite an increase at the protein level in immunaoblots (Figure 6d). We therefore conclude
that UCH-L1 does not alter the level of the PHLPP1 transcript. Taken together, these data
suggest that UCH-L1 has an indirect effect on PHLPP1 levels that is independent of
transcription and proteasomal degradation but is dependent on UCH-L1 catalytic activity.

UCH-L1 is highly expressed in human lymphoid malignancies

UCH-L1 expression has been observed at the protein, and activity level, in a sampling of
cell lines derived from human B-cell malignancies, but the true incidence of expression in
primary lesions is unknown. To more accurately determine the incidence of UCH-L1
expression in B-cell malignancies, we examined the frequency of UCH-L1 expression in 24
cases of human BL by immunohistochemistry. We found that 15/24 (62.5%) of cases had
widespread expression, confirming that UCH-L1 expression is common in this disease
(Figure 8a). To determine whether UCH-L1 expression is common in other forms of B-cell
malignancy, we analyzed UCH-L1 mRNA levels in a panel of 59 human primary samples of
B-cell lymphoma and leukemia using gRT-PCR. The samples consisted of 10 cases each of
chronic lymphocytic leukemia, diffuse large B-cell lymphoma (DLBCL), follicular
lymphoma, mantle cell lymphoma, marginal zone lymphoma and nine cases of BL. For
comparison, we isolated resting primary human B-cells from 14 normal donors. Consistent
with our previous observations, we observed a marked increase in the level of UCH-L1
mRNA in primary samples of B-cell malignancy, with 48% having at least 10-fold increased
levels compared with the average seen in resting primary B-cells (Figure 8b). There was
variability in the incidence of elevated UCH-L1 expression across disease types, such that
30% of chronic lymphocytic leukemia samples had >10-fold expression and a median 3.96-
fold increase whereas 70% of marginal zone lymphoma samples had a greater than 10-fold
increase with a median of 25.63-fold increased mRNA abundance. Three out of nine
samples (33%) of BL had a greater than 10-fold increase with an overall median of 6.8-fold.
To confirm that increased levels of mMRNA lead to increased UCH-L1 protein, we prepared
extracts from selected samples and compared their expression levels by immunoblotting.
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Samples with increased levels of UCH-L1 mRNA indeed had high levels of UCH-L1
protein (Figure 8b). We further examined the expression of UCH-L1 in 45 primary B-cell
lymphoma specimens by immunohistochemistry. To facilitate quantitation, all samples were
classified as having negative or 1-4+ staining based on the numbers of cells positive and the
intensity of staining. In this series of mixed B-cell lymphoma subtypes, approximately 50%
showed at least 1+ staining and 24% had abundant (3—4+) staining (Figure 8c). In aggregate,
these data show that a substantial subset of B-cell lymphoma specimens express UCH-L1 at
the mRNA and protein level.

Discussion

Using a novel transgenic mouse model, we have established that UCH-L1 is a potent
oncogene that drives the development of cancer in vivo. Uchll transgenic mice develop a
high incidence of spontaneous tumors with a tumor spectrum consisting primarily of
lymphomas and lung adenomas. This provides direct evidence for an oncogenic role of a
DUB. Supporting an important role for UCH-L1 in driving lymphoid malignancies, we find
that aberrant UCH-L1 expression dramatically accelerated the development of lymphoma in
the Ep-myc model, and led to the emergence of malignant features that closely resemble
human BL. We find that UCH-L1 promotes proliferation and survival of lymphocytes in
vitro and in vivo, at least in part, through its ability to boost Akt signaling. We additionally
report a novel mechanism by which UCH-L1 affects the Akt pathway by suppressing levels
of the antagonistic phosphatase PHLPP1, an event that requires UCH-L1 de-ubiquitinase
activity. Taken together with the observed high rate of UCH-L1 expression in primary
human B-cell malignancies, these data suggest that UCH-L1 is an important driving force
behind the development of these common human diseases.

UCH-L1 is an oncogene that promotes lung tumors and lymphomagenesis

Although the Uchl1 transgene is active in many tissues, we were struck by the relatively
limited tumor spectrum in our mice. Previous studies have found high levels of UCH-L1 in a
set of human carcinomas, including those of the lung, colon and pancreas. UCH-L1 over-
expression has been observed at the transcript and protein level in non-small-cell lung
cancer (NSCLC). While not detectable in normal adjacent lung tissue, the presence of UCH-
L1 mRNA in tumor samples correlated with more advanced tumor stage, suggesting a
possible relationship with pathogenesis.®1>2 Results from in vitro studies have provided
conflicting results. Incubation of NSCLC cell line H129 with either UCH-L1 siRNA or a
specific UCH-L1 inhibitor LDN-57444 resulted in increased proliferation.?> The conclusion
from these data was that UCH-L1 is an inhibitor of tumor cell growth. More recently, UCH-
L1 expression was found to correlate with more invasive behavior in NSCLC cell lines.20
Our data establish that UCH-L1 acts as an oncogene that initiates the development of lung
adenomas and adenocarcinomas. It is possible that the exact subtype of NSCLC may
influence the response to unregulated UCH-L1 expression.

Previous studies have observed high levels of UCH-L1 transcript,32 protein38 and enzymatic
activity® in B-cell cancers. Whether UCH-L1 expression in these studies was a cause, or
effect, of malignant transformation has been unknown. Our Uchl1 transgenic mice develop
B-cell tumors with features resembling human DLBCL and plasma cell malignancies—two
human cancers in which increased UCH-L1 expression has been observed by us (DLBCL,
this study) and others (DLBCL32 and multiple myeloma38). Our data showing that Uchl1
mice develop spontaneous lymphomas firmly establish that UCH-L1 acts as an oncogene
and drives the malignant transformation in these conditions. In our report, we have
examined the prevalence of high levels of UCH-L1 in primary lymphoma specimens by
gRT-PCR and immunohistochemistry. First, we find that a high proportion of BL specimens
have high levels of UCH-L1 mRNA and widespread protein immunoreactivity. High levels
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of UCH-L1 mRNA have been found in BL, leading to its inclusion in a specific molecular
signature of this disease based on gene expression profiling.32 We also observed high levels
of UCH-L1 mRNA and protein in a variety of other B-cell cancers, suggesting that UCH-L1
may be an important oncogene in these related but distinct forms of malignancy. It is
noteworthy that there was a considerable range in the level of mMRNA in the cases analyzed,
ranging from some with less than peripheral B-cells to others with several hundred-fold
increased levels. Based on our data, it is not possible determine whether UCH-L1 is more
important in the pathogenesis of any one lymphoma subtype, and future study will be geared
towards determining the potential oncogenic role of UCH-L1 in these varied diseases. It is
possible that there is a threshold level beyond which UCH-L1 acts oncogenically, whereas
in the other cases UCH-L1 expression has little impact on the malignant phenotype.
Unfortunately, both clones of Uchl1 mice have very similar levels of UCH-L1 expression in
lymph node samples, making it impossible for us to experimentally determine whether such
a threshold exists.

To further examine the impact of UCH-L1 expression on the development of lymphoma in
vivo, we chose to combine our novel Uchll transgenic model with the well-characterized
model Ep-myc.33:34 Surprisingly, tumor sites in Uchl1/Ep-myc mice were dramatically
different from those in the Epu-myc parental line, with a great reduction in splenic
enlargement and the frequent appearance of large abdominal masses. According to the
American Burkitt Lymphoma Registry, while only 20% of patients have involvement of the
spleen, 56% present with abdominal masses.>3 These observations may suggest that
enforced UCH-L1 expression leads to clinical features that more closely approximate those
seen in humans. We hypothesize that these differences may reflect alterations in the
expression of adhesion molecules that regulate homing to these anatomic locations.
Underscoring this possibility are observations, in separate reports, from the groups of
Masucci and Lee.1920 These labs independently observed a strong impact of the expression
of UCH-L1 on the adhesion properties as read out as culture morphology!® or cell migration
in culture.20 Further demonstrating the importance of UCH-L1 in B-cell malignancy is our
observation that UCH-L1 knockdown leads to a dramatic loss of viability and loss in
proliferation in our set of B-cell lines. In agreement with our observations, the Masucci
group also observed that depletion of UCH-L1 in BL and EBV-transformed lymphoblastoid
cell lines leads to decreased proliferation.1® In that report, expression of UCH-L1, but not a
catalytic mutant version, boosted the proliferation of the UCH-L1-negative lymphoblastoid
line CBM. Our observations are that catalytic activity is required to suppress levels of
PHLPP1 in malignant B-cells—perhaps providing an explanation for these data.

UCH-L1 leads to reduced levels of PHLPP1, and boosts Akt signaling

While exploring the mechanism by which UCH-L1 promotes cell growth and survival in B-
cell malignancies, we observed a striking effect of UCH-L1 on the Akt signaling pathway.
The Akt signaling pathway provides critical survival and proliferative signals to many types
of cancers, including lymphoma.40:54.55 This is underscored by the development of small-
molecule inhibitors by pharmaceutical companies currently in phase 11 trials for cancer.%6:57
In a recent report exploring the differential invasive tendencies of non-small-cell lung cancer
cell lines, UCH-L1 was found to be an important mediator with invasiveness and cell
migration.20 In agreement with our data, this study also showed a modest effect of UCH-L1
on Akt in H157 cells. There have been several reports of the efficacy of Akt inhibitors, such
as perifosine, in producing cell death in numerous cancer cell types including myeloma
cells.58 The impact of enhanced Akt signaling on lymphomagenesis in the Ep-myc model
has been previously shown. Using a retroviral transduction stem-cell transplantation
approach, Wendel et al.*? showed that a mutant Akt with constitutive activity strongly
accelerated the development of lymphoma when combined with the Eu-myc transgene.
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These data underscore the importance of the Akt pathway in malignant B-cells and provide
precedence for the suggestion that UCH-L1 promotes the survival and proliferation of
malignant B-cells through its effect on Akt signaling.

Our data suggest that UCH-L1 expression leads to a profound downregulation of the
phosphatase PHLPP1. PHLPP1 specifically removes phosphate groups from AktS473 and as
such counteracts the activity of the mTORC2 complex.*8 Activation of Akt kinase activity
requires phosphorylation both on T308 and S473, making PHLPP1 capable of inactivating
the Akt pathway. Conversely, reduced levels of PHLPP1 lead to increased activity of the
Akt pathway. Suggesting a direct link between reduced PHLPP1 and cancer, PHLPP1
expression is reduced in some cancers, including colon cancer, glioblastoma cell lines, and
in primary colon cancer specimens, in a manner that correlates with the levels of Akt
phosphorylation.#8:59 Qur data reveal that UCH-L1 has a strong negative effect on the levels
of PHLPP1 and we observe a strong inverse correlation between PHLPP1 and pAktS#73 in
vivo. Given the stable levels of other kinases and phosphatases that function on Akt, it seems
likely that the observed effect of increased Akt phosphorylation is due to reduced levels of
PHLPP1.

The mechanism by which UCH-L1 affects the levels of PHLPP1 is currently not clear. We
have found that UCH-L1 does not affect the level of PHLPP1 transcript and does not direct
PHLPP1 for proteasomal degradation. These results suggest that UCH-L1 may affect the
level of PHLPP1 in other ways, such as by altering the rate of translation. How might this
occur? There is a strong relationship between the Akt signaling pathway and the mTOR
kinase.®0 In addition to its activity as an Akt-activating kinase, mTOR can alternately
assemble into mTORC1 complexes, where it regulates cap-dependent translation, in part
through phosphorylation of 4E-BP1 and the S6 kinase. Both of these events have a positive
effect on the translation of capped mRNAs. In addition, mMTORC1 signaling negatively
regulates signaling from P13-kinase and thereby blunts the activation of Akt. Although we
have measured levels of mTOR, as well as the mTORC1 component raptor and mTORC2
component rictor and found no changes, it is possible that UCH-L1 affects the assembly of
these complexes in such a way that mTORC?2 is favored, leaving fewer mTOR molecules to
assemble into mTORC1—Ileading to a decline in translation. Currently, little is known
regarding the regulation of mTOR complex assembly. It is also possible that UCH-L1
enhances non-proteasomal proteolytic pathways that lead to a degradation of PHLPP1.
UCH-L1 is commonly found in aggresomes seen in the brains of patients with Parkinson’s
disease, and a causative role in aggresome formation has been postulated for UCH-L1.61 It
is possible in cells expressing high levels of UCH-L1 that PHLPP1 becomes sequestered in
aggresomes, although whether this would reduce the total amount of PHLPP1 detected in
SDS lysates is doubtful. Lastly, it is also possible that PHLPP is degraded through a
lysosomal pathway, such as through autophagy; however, ubiquitination is thought to serve
as a degradative signal in autophagy (as well as for the proteasome), requiring an indirect
mechanism that connects high levels of a DUB and increased autophagy.®2 Further studies
are needed to clarify these potential mechanisms and to understand how UCH-L1 may
impact these pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Generation of Uchl1 mice. (a) Schematic overview of the generation of Uchl1transgenic
mice. (b) Representative southern blot of G418-resistant ES cell clones with indicated single
integrant clones marked with an asterisk (*). The other darker bands likely represent clones
with multiple integrations. (c) Expression of UCH-L1 in selected tissues as shown by the
presence of EGFP and by immunoblotting for HA or UCH-L1. Results are representative of
three independent experiments from three pairs of mice. Abbreviations: b-geo, beta-
galactosidase/Neomycin resistance fusion protein; EGFP, enhanced green fluorescent
protein; HA, hemagglutinin tag; IRES, internal ribosome entry site; PCAGGS, chicken actin

promoter; 3XpA, polyadenylation sequence.
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Figure 2.

UCH-L1 acts as an oncogene in mice. (a) Uchll (n = 34; mean age 17.3 months) and wild-
type littermates (n = 43; mean age = 17.9 months) were killed and dissected for tumors. The
overall incidence of all tumor types is indicated. (b) The spectrum and individual incidence
of tumor types observed in (a). (c) Representative lymphoma from an Uchl1 mouse, staining
as indicated. The mass is comprised of dense sheets of large lymphocytes with abundant
cytoplasm, oval nuclei and a vesicular chromatin pattern. There is prominent anisokaryosis
and mitotic figures are abundant. The neoplastic lymphocytes stain positively with the B220
antibody. (d) Representative plasmacytoma from an Uchl1 mouse with staining as indicated.
The mass consists of sheets of medium-sized plasma cells characterized by moderate
amphophilic cytoplasm and an eccentric round nucleus and marginated chromatin. Some
cells contain large, homogenous eosinophilic inclusions (Russell bodies; indicated by
arrowheads). Admixed with the plasma cells are lymphaoblastic cells. (€) Gross and
histological views of representative bronchiolo-alveolar carcinoma seen in an Uchl1 mouse.
The mass is comprised of large polygonal type Il pneumocytes lining a delicate network of
papillary connective tissue. Neoplastic pneumocytes often pile up and destroy the alveolar
septae, and occasionally invade the bronchiolar walls. There is increased cytoplasmic
basophilia and moderate anisokaryosis.
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Figure 3.

UCH-L1 accelerates the development of lymphoma in Ep-myc mice. (a) Survival curves for
Uchll, Ep-myc and Uchl1/Ep-myc mice. Please note that the survival curve for clone 55 is
not visible, as it is superimposed by that of clone 140, with 100% survival through the
course of this experiment. P value represents the results of the log-rank test. (b) Histology of
tumors from the indicated genotypes. Representative image of an Uchl1l/Ep-myc mouse with
lymphoma. Similar results were seen in four separate masses from separate animals. Arrows
indicate (from top to bottom) enlarged lymph nodes, thymic mass and an abdominal mass.
(c—e) Graphs depicting the incidence of abdominal masses (c), splenic enlargement (d) and
thymic involvement (e). Ta55 and Tal40 indicate Uchl1 mice from clones 55 and 140,
respectively. n = 30 mice for all groups. P values represent results from the 2 test.
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UCH-L1 enhances proliferation and suppresses apoptosis in pre-malignant tissues. (a, b)

Mice at 4 weeks, 6 weeks or those with tumors were killed and analyzed for cell

proliferation. Mice of the indicated genotypes® were injected with BrdU and killed 6 h later.
BrdU incorporation was assessed by immunohistochemistry (a). Quantitation (b) reflects the
average percentage of BrdU-positive cells in 10 random fields. Images are representative. (c,
d) Tissues from the same samples as in (a, b) were analyzed using the TUNEL assay using
immunofluorescence (c). Quantitation (d) reflects the average numbers of TUNEL-positive
cells in 10 random fields. Data and statistics for all panels reflect the results from tissues
from three mice per genotype. *P<0.05 (chi-square).
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Figure 5.

UCH-L1 is required for the survival of UCH-L1-expressing malignant B-cells. (a) KMS-11
cells transduced with the indicated Dox-inducible constructs were incubated with Dox for 5
days and then assayed for knockdown by immunablotting. The blots shown are
representative of more than three independent experiments. (b) KMS-11 cells transduced
with the indicated shRNA constructs were sampled on the indicated days for expression of
UCH-L1 by immunoblotting. Doxycycline was included on the indicated days. Protein
loading was controlled by actin. (c) KMS-11 cells were transduced with the indicated
shRNA constructs and selected as above. Cell numbers were determined by trypan blue
exclusion at the indicated times. (d) KMS-11 or KMS-12 cells were transduced with the
indicated shRNA constructs, and cell numbers were determined as in (c). Doxycycline was
included on days 3 through 5 as indicated by the black line. (e) The indicated cell lines were
transduced with the Sh1-construct and viability was determined by MTS assay. (f) KMS-28
cells were transduced with the indicated sShRNA constructs and selected with puromycin.
Viability, as determined by MTS assay, was determined in triplicate on the indicated day
and results for non-silencing shRNA were set at 100%. (g) KMS-28 cells transduced with
DOX-inducible Sh1 were transduced with the indicated sShRNA-resistant UCH-L1
constructs, and then incubated in doxycycline to deplete endogenous UCH-L1. Viability was
monitored daily by the MTS assay. Time is expressed as days in doxycycline. All growth
curves and viability assays were performed in triplicate and were performed on at least three
independent occasions. Abbreviations: Dk, dark; Lt, light exposure; NS, non-silencing
shRNA; Sh1 = UCH-L1 targeting construct 1; Sh2 = UCH-L1 targeting construct 2.
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Figure 6.

UCH-L1 expression leads to enhanced Akt signaling in vitro. (a) KMS-28 cells transduced
with either control (NS) or the UCH-L1 targeting Sh1 construct were serum starved and
stimulated with 10 ng/ml interleukin-6 (IL-6) for the indicated times. Extracts were
immuno-blotted for the indicated proteins. (b) HeLa cells were transduced with empty
lentivirus (empty) or virus encoding wild-type UCH-L1 and stimulated with 50 ng/ml
insulin-like growth factor-1 (IGF-1). Extracts were immuno-blotted for the indicated
proteins. (c) KMS-28 cells were transduced with the indicated ShRNA constructs and
stimulated with the indicated cytokine. Extracts were blotted for phospho-S/T Akt substrates
as indicated (d) KMS-28 cells stably transduced with doxycycline-inducible non-silencing,
or UCH-L1 targeting sShRNAs were transduced with either null Akt (AktT308A/S473A) or
constitutively active Akt (myr-Akt). Following the addition of doxycycline, cells were
monitored daily for viability with the MTS assay. The results shown were obtained in
triplicate on day 6. (e) HeLa cells transduced with either virus or those encoding wild-type
UCH-L1 or catalytic mutant UCH-L1 (C90A) were prepared as in (b) without the addition
of cytokine. Empty or Sh1 knockdown constructs were incubated with MG132 for 2 h,
followed by immunaoblotting for the indicated proteins. Extracts were immuno-blotted with
the indicated proteins. p53 accumulation confirms proteasome inhibition. Asterisk denotes a
non-specific band. The relative decrease in p53 levels seen with UCH-L1WT is not
reproducible. (f) PHLPP mRNA was measured by gRT-PCR. RNA was extracted from cells
transduced with the indicated ShRNA following overnight serum starvation. All reactions
were performed in triplicate and values were normalized to those of tata-binding protein
(TBP). All immunoblots are representative of at least three independent experiments. qRT-
PCR was performed on two independent occasions with similar results. The P-value
comparing the levels in non-silencing to UCH-L1 shRNA is >0.05.
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Figure 7.

Akt phosphorylation is enhanced in vivo in response to UCH-L1 expression. (a) The
indicated tissue sections were prepared from either wild-type or Uchl1l mice. The images are
representative of fields. Immunohistochemistry was performed with antibodies targeting
pS473 or PHLPP as indicated. (b) Quantitation of immunohistochemistry performed in a.
Immunohistochemistry was performed on tissues from three independent mice of each
genotype. Values reflect the average percentage of positive cells in 10 random fields from
each mouse. Error bars represent the standard deviation. Asterisk denotes P<0.05 by the chi-
square test.
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Figure 8.

Increased UCH-L1 expression is highly prevalent in human B-cell cancers. (a) UCH-L1 was
detected in a panel of 24 primary Burkitt’s lymphoma samples by immunohistochemistry.
Two UCH-L1-positive samples are shown along with a graph showing the prevalence of
UCH-L1 expression. Only those samples with widespread immunoreactivity were
considered positive. (b) UCH-L1 mRNA was measured from a panel of 59 primary human
samples, of the indicated histological subtypes, by quantitative real-time PCR and compared
with values obtained from a panel of peripheral B-cells purified from eight healthy donors.
All values were obtained in triplicate and were normalized to levels of the housekeeping
gene tata-binding protein (TBP). (b) Immunoblot of UCH-L1 expression at the protein level
in selected primary samples from (a). Results are representative of two independent
experiments. (c) Immunohistochemical staining for UCH-L1 in a B-cell lymphoma tissue
microarray (n = 45 cases, unrelated to those in (a) or (b)). All cases were quantified based
on a scale ranging from negative (no staining) to 4 + (widespread staining).
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