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Abstract. Ubiquitin C-terminal hydrolase-L1 (UCHLI)
belongs to the family of deubiquitinating enzymes (DUBs),
which is involved in the ubiquitin-dependent proteolytic
system. Previously, we have reported that the upregulation
of UCHLI is related to lymph node metastasis in colorectal
cancer (CRC). However, its molecular mechanisms remain
elusive. In this study, we transfected pcDNA3.1/UCHLI and
the pcDNA3.1/UCHLI1-C90S mutant into HCT8 cells. The
changes in biological features in these stable transfectants
were examined both in vitro and in vivo. Western blot analysis
was used to analyze the changes in the -catenin/T cell factor
(TCF) pathway. We demonstrated that UCHLI re-expression
promoted the proliferation, migration and metastasis potential
of HCTS cells both in vitro and in vivo. We also found that
UCHLI1 could decelerate p-catenin degradation depending
on its deubiquitinating activity. The accumulated p-catenin
consequently activated the B-catenin/TCF pathway and
induced the expression of cyclin D1 and uPA. These observa-
tions imply that UCHLI may contribute to CRC progression
by activating the f-catenin/TCF pathway through its deubi-
quitinating activity.

Introduction

Colorectal cancer (CRC) is the third most common cancer,
and the fourth leading cause of cancer death worldwide (1).
In recent years, improved treatment has resulted in a 5-year
survival rate of about 50% (2). However, the survival rate of
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advanced stage patients, especially of those with lymph node
metastasis, is still low. A series of genes are involved in the
pathogenesis of CRC. Investigation of these genes is important
to clarify the tumorigenic pathway and is helpful for developing
new biomarkers for early detection and accurate diagnosis.

Ubiquitin C-terminal hydrolase-L.1 (UCHL1) is a member
of the deubiquitinating enzymes (DUBs), widely expressed in
neuronal tissues, and functions to maintain ubiquitin balance
by associating and releasing ubiquitin (3). Previous studies
showed that UCHLI1 played an important role in neurodegen-
erative diseases including Parkinson's disease and Alzheimer's
disease (4). Recently, growing evidence indicates that UCHLI1
also plays a role in tumorigenesis and tumor progression.
Interestingly, the roles of UCHLI are conflicting in different
cancer types. UCHLI1 acts as a tumor promoter in pancreatic
cancer, prostate cancer, and lung cancer (5-7). However, it acts
as a tumor suppressor in ovarian cancer, hepatocellular cancer,
and nasopharyngeal carcinoma (8-10). In esophageal cancer,
breast cancer and CRC, its function is ambiguous (10,11-15).
The role of UCHLI in cancer cells is still largely unexplored.

In our previous study, we found that the expression of
UCHLI1 was increased in the lymph node metastasis (LNM)
CRC group compared with the non-LNM CRC group. The
re-expression of UCHLI through gene transfection increased
the invasive ability of HCT8 cells (16). In this study, we further
demonstrated that UCHLI re-expression promoted the prolif-
eration, migration, and metastatic capabilities of HCTS cells
both in vitro and in vivo. We also found that UCHLI could
decelerate 3-catenin degradation depending on its deubiquitin-
ating activity. Accumulated B-catenin consequently activated
the p-catenin/T cell factor (TCF) pathway and induced the
expression of cyclin D1 and uPA.

Materials and methods

Cell culture and transfection. HCTS cells were maintained in
Roswell Park Memorial Institute (RPMI)-1640 (Invitrogen,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) at 37°C in a humidified 5% CO, atmosphere. DNA
transfection was performed using Lipofectamine (Invitrogen)
according to the manufacturer's protocol. For stable transfec-
tion, cells were selected using full growth medium containing
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G418 (600 ug/ml) for 14 days, and the positive cells were
detected by western blot analysis.

Expression plasmids. Wild-type pcDNA3.1/UCHLI1 expres-
sion plasmid against UCHL1 was a gift from Dr Julia
Shackelford. The pcDNA3.1/UCHL1-C90S mutant was
generated by inserting a specific mutation at the Cys 90 site in
wild-type pcDNA3.1/UCHLI1 plasmid by overlap PCR.

Cell growth assay by MTT. Cells were seeded in triplicate into
96-well plates with 3x10° cells/well. Cells were maintained
for 5 days, and then 20 pl of MTT (Sigma, USA) solution
(5 mg/ml) was added and cells were further incubated at
37°C for 4 h. Absorbance at 492 nm was determined with a
microplate reader. All MTT assays were repeated three times.

In vitro cell invasion and migration assays. Cell invasion and
migration assays were carried out in a chemotaxis chamber
(Millipore). Cells (1x10%) suspended in 200 ul of serum-free
medium were loaded into the upper chamber and allowed
to pass through an 8-ym-pore polyethylene terephthalate
filter. The lower chamber was filled with complete medium.
The chamber was either pre-coated with Matrigel (1:8;
BD Biosciences, Bedford, MA, USA) for invasion assays or left
uncoated for migration assays. Cells that failed to pass through
the filters were removed by scrubbing with cotton swabs after
20 h (migration assay) or 24 h (invasion assay). Cells on the
undersurface were fixed in methanol and stained with 0.5%
crystal violet, then photographed and quantified in 5 random
fields per membrane. Each sample was assayed in triplicate.

Tumor growth and metastasis in nude mice. For the tumor
growth assay, cells (40 pl, 4x10° cells) were collected and
inoculated subcutaneously into the nail pad of 4-week-old
male nude mice. Experimental and control groups had 5 mice
each. Mice were sacrificed 38 days later. Tumor growth curves
were calculated. After tumor excision, the tissues were fixed
in 10% buffered formalin. All formalin-fixed and paraffin-
embedded samples were carefully examined after staining
with hematoxylin and eosin (H&E) and UCHLI1 antibody.

For the tumor metastasis assay, cells (50 pl 2.5x10° cells)
were collected and injected into the tail vein of 4-week-old
male nude mice. Each group included 6 mice. Mice were
sacrificed 4 weeks later and examined for metastasis develop-
ment. Lungs and visibly observable lymph nodes were excised.
All lungs were fixed with Bouin's fluid. All lymph nodes were
formalin-fixed and paraffin-embedded, then carefully exam-
ined after staining with H&E and UCHLI antibody.

All animal experiments were conducted according to the
institutional and national guidelines for animal experiments.

Immunohistochemical staining. Immunohistochemical
(IHC) staining was performed as previously described (16).
Specimens were incubated with anti-UCHLI (1:500, Abcam)
overnight at 4°C, and then incubated with a biotinylated second
antibody (goat anti-rabbit/IgG 1:100 dilution) for 30 min at
37°C.

Half-life analysis. Cells were treated with cyclohexamide
(CHX, 100 pg/ml; Sigma) for 0, 3 or 6 h to inhibit further
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protein synthesis. Then cells were harvested and analyzed by
western blot analysis.

Protein preparation and western blot analysis. For whole-
cell protein extraction, cells were lysed with lysis buffer
[50 mmol/l Tris-HCI, pH 7.4; 150 mmol/l NaCl; 1.5% NP-40;
0.1% SDS; 50 pug/ml phenylmethylsulfony fluoride (PMSF);
with freshly added proteinase inhibitor cocktail] for 40 min on
ice, followed by centrifugation at 14,000 x g for 15 min at 4°C.
The supernatants were collected as total protein.

For preparation of cytoplasmic and nuclear protein, cells
were collected and rinsed with cold phosphate-buffered saline
(PBS) twice, then centrifuged at 3000 x g for 5 min at 4°C. The
pellets were suspended in buffer A (10 mM HEPES, pH 7.9;
1.5 mM MgCl,; 10 mM KCI; 0.5 mM DTT; 0.2% NP-40;
50 ug/ml PMSF; with freshly added proteinase inhibitor
cocktail) and kept for 15 min at 4°C, then centrifuged at
5,000 x g for 5 min. The supernatants (cytoplasmic protein)
were harvested. The insoluble pellets were then centrifuged
at 14,000 x g for 1 min, again after being washed with cold
buffer A. The pellets were lysed in lysis buffer and kept for
40 min at 4°C, then centrifuged at 14,000 x g for 10 min.
The supernatants were harvested as nuclear protein. Western
blot analysis was performed using conventional protocols as
described previously (16).

Statistical analysis. All statistical analyses were performed
using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Data
were expressed as means + SD. The Student's t-test was used
for statistical comparison. P-values <0.05 indicated statistical
significance.

Results

UCHLI promotes proliferation, migration and invasion capa-
bilities of HCTS cells in vitro. As we previously reported (16),
HCT8 did not express endogenous UCHLI. Thus, we used
HCT8 to generate the UCHLI1 stable cell line. The HCT8/
UCHLI stable cells expressed high exogenous UCHLI, and
the HCT8/pcDNA3.1 cells were used as empty vector control
(Fig. 1A). HCT8/UCHLI cells showed increased cell prolif-
eration, migration, and invasion capabilities in vitro compared
with control cells (P<0.05) (Fig. 1B-D). These results implied
that UCHLI1 promoted the proliferation, migration, and inva-
sion capabilities of HCTS cells in vitro.

UCHLI promotes tumorigenesis and metastasis of HCTS8
cells in vivo. To investigate UCHLI1 functions in vivo, we
injected HCT8/pcDNA3.1 and HCT8/UCHLI cells into nude
mice through the nail pad. Mice were humanely sacrificed and
dissected for tumors 38 days later. Tumor nodules resected
from the HCT8/UCHLI1 group showed positive UCHLI1
staining (Fig. 2D). In addition, the nodules from this group
were larger and heavier than those from the control group
(P<0.05) (Fig. 2A-C). However, we did not find lymph node
metastasis or lung metastasis in either group in this model.

To investigate whether UCHLI promotes tumor metastasis
in vivo, we injected HCT8/pcDNA3.1 and HCT8/UCHLI cells
into nude mice via tail veins. Mice were sacrificed 4 weeks
later. In the HCT8/UCHLI1 group, 2 mice died before the
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Figure 1. UCHLI promotes proliferation, migration and invasion capabilities of HCTS cells in vitro. (A) HCTS cells were transfected with UCHLI expression
vector or empty vector and maintained in the presence of G418 for 14 days. UCHLI expression was identified by western blot analysis; B-actin served as
control for sample loading. (B) Cell growth curve measured by the MTT assay. Each point represents optical density + SD of three independent experiments.
(C) Cell migration and (D) invasion assays were performed by using chemotaxis chambers. Cell number quantified data were shown as means + SD (n=3)
(magnification, x100). "P<0.05, Student's t-test.
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Figure 2. UCHLI promotes tumor xenografts of HCT8 cells in nude mice. (A) Gross observation of tumor xenografts in different groups. (B) Tumor volume
after injection in nude mice. Each point represents tumor volume + SD. (C) Tumor weight in different groups at the end of the study. Data are expressed as
means + SD. (D) IHC and H&E staining of tumor xenografts in different groups (magnification, x100). "P<0.05, Student's t-test.
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Figure 3. UCHLI promotes lymph node and lung metastases in nude mice. (A) UCHLI1 expression was assessed by immunohistochemistry; H&E was used
for histological examination to confirm metastasis. Top row, normal lymph node resected from the HCT8/pcDNA3.1 group showing negative UCHLI1 staining.
H&E staining depicting normal histological structure. Bottom row, metastatic lymph node resected from the HCT8/UCHL1 group showing strong UCHL1
staining. H&E staining depicting destroyed lymph node histologic structure (magnification, x100). (B) Percentage of metastatic lymph nodes (LN*)/total LN
per mouse. (C) Lung metastases of each group at 4 weeks after injection. (D) Statistical plot showing the metastatic loci counted on the whole lung surface per
mouse. ‘P<0.05, Student's t-test.
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Figure 4. Deubiquitinase activity is crucial for UCHLI to promote the malignant transformation of HCTS8 cells. (A) HCTS cells were transfected with UCHLI1-
C90S expression vector or empty vector and maintained in presence of G418 for 14 days. UCHLI expression was identified by western blot analysis; 3-actin
served as a control for sample loading. UCHL1-C90S mutant could not promote (B) proliferation, (C) migration and (D) invasion capabilities of HCT8 cells
in vitro. "P<0.05, Student's t-test.
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Figure 6. UCHLI induces the accumulation of (3-catenin in nucleus, and
induces the expression of cyclin DI and uPA. (A) The cytoplasmic and
nuclear proteins were isolated from cells and subjected to western blot
analysis. 3-catenin accumulated in the nucleus in HCT8/UCHLI1 cells com-
pared with HCT8/pcDNA3.1 and HCT8/UCHL1-C90S cells. $-actin and H3
served as loading control for cytoplasm and nucleus proteins respectively.
(B) UCHLI induced the expression of cyclin D1 and uPA. B-actin served as
loading control.

end of the experiment. In the remaining 4 mice, all of them
developed lymph node metastases, accompanied with positive
UCHLI staining (Fig. 3A). However, no lymph node metas-
tasis was found in HCT8/pcDNA3.1 group. The percentage
of metastatic lymph nodes with respect to the total visible
lymph nodes per mouse was significantly higher in the HCT8/
UCHLI1 group (22%) than in the control group (0%; P<0.05)
(Fig. 3B). Furthermore, UCHLI1 re-expression dramatically

promoted lung metastasis of HCT8 cells. The metastatic loci
in the HCT8/UCHLI1 group (58+30) were significantly more
than those in the control group (7+6; P<0.05) (Fig. 3C-D).
These results indicated that UCHL1 promoted tumorigenesis
and metastasis of HCTS8 cells in vivo.

Deubiquitinase activity is crucial for UCHLI to promote the
malignant transformation of HCTS cells. To investigate if the
deubiquitinating capability is essential for UCHLI1 function,
we constructed a C90S mutant (with cysteine 90 converted to
serine), with impaired deubiquitinase activity (17). Then the
HCTS8/UCHLI-C90S stable cell line was generated (Fig. 4A).
The proliferation, migration, and invasion capabilities of
HCT8/UCHLI1-C90S cells were similar to those of HCT8/
pcDNA3.1 cells (Fig. 4B-D). These results indicated that the
malignant transformation promoting function of UCHLI1 was
dependent on its deubiquitinating activity.

UCHLI upregulates B-catenin by enhancing its stability.
To see whether UCHLI could affect p-catenin expression
in HCTS cells, we detected [-catenin in three stable cell
lines. Our results confirmed that B-catenin expression was
upregulated by UCHLI, but could not be upregulated by the
UCHLI1-C90S mutant (Fig. 5A).

To determine whether UCHL1 upregulates B-catenin
expression by enhancing its stability, a half-life assay was
performed. The data showed that UCHL1 re-expression
significantly extended the half-life of f-catenin. In contrast,
we failed to observe this function in the UCHL1-C90S mutant
(Fig. 5B). These results indicated that UCHL1 upregulated
[B-catenin by enhancing its stability, depending on its deubi-
quitinating activity.

UCHLI induces modification of proliferation, migration
and invasion-related genes. To further confirm the effect of
UCHLI on p-catenin/TCF signaling, the immunoblotting
analyses were carried out using the protein isolated from
the cell cytoplasm and nucleus in three stable cell lines. Our
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results demonstrated that UCHLI re-expression increased the
accumulation of B-catenin in cytoplasm, which resulted in
increased [3-catenin translocation into cell nucleus (Fig. 6A).
However, f-catenin remained unchanged in HCT8/UCHLI1-
C90S cells compared with HCT8/pcDNA 3.1 cells.

Cyclin DI and serine protease urokinase plasminogen
activator (uPA) are transcriptionally induced by B-catenin in
the nucleus (18,19). As shown in Fig. 6B, both molecules were
upregulated in HCT8/UCHLI cells, but not in HCT8/pcDNA
3.1 and HCT8/UCHLI1-C90S cells. These data suggested that
UCHLI activated the p-catenin/TCF signaling, depending on
its deubiquitinating activity.

Discussion

Although much evidence indicates that UCHLI is related to
CRC, the mechanism is still ambiguous. Some investigations
have shown that UCHLI1 methylation was more frequent
in CRC tissues than in normal colorectal tissues (9,10,20),
whereas others have indicated that high UCHLI1 expression
was related to colorectal tumor progression, invasion, lymph
node metastasis, and poor clinical outcome (15,21-23). In this
study, we confirmed our previous results by establishing that
UCHLI1 played an oncogenic role by positively regulating
the proliferation, invasion, and metastasis of HCTS8 in vitro
and in vivo. Nail pad injection of stable HCT8/UCHLI cells
promoted tumor formation in nude mice. These data are
consistent with that UCHLI1 expression is related to tumor size
and tumor stage in CRC (15,16). In addition, tail vein injection
of stable HCT8/UCHLI cells promoted both lymph node and
lung metastases in nude mice. These data are consistent with
that UCHLI1 expression is related to lymph node metastases in
clinical colorectal patients (16,23).

The Wnt/p-catenin pathway is implicated in over 90% of
colon cancers. The activation of 3-catenin results in constitu-
tive activity of B-catenin TCF transcriptional complex, which
drives tumor formation (24). While exploring the mechanism
by which UCHL1 promoted the malignant transformation of
HCTS, we found that UCHLI1 upregulated the expression of
B-catenin by decelerating its degradation depending on its
deubiquitinating activity. In agreement with our data, a recent
study has also demonstrated that UCHL1 upregulated -catenin
signaling in 293 and NIH 3T3 cells (25). It is well known that
the B-catenin subcellular distribution is greatly related to its
oncogenic transcriptional regulation. The stabilized form of
[-catenin accumulates in cytoplasm and is then translocated
into the cell nucleus, where it carries out a pivotal role in
tumorigenesis by activating the Wnt signaling target genes. In
our investigation, UCHLI induction increased the accumula-
tion of B-catenin in the cytoplasm, which resulted in increased
[-catenin translocation into the cell nucleus. Then upregula-
tion of cyclin D1 and uPA were detected. Both cyclin D1
and uPA are target genes of [3-catenin (18,19). Cyclin D1 is a
major regulator of the progression of cells into the prolifera-
tive stage of the cell cycle (26). The increased expression of
cyclin D1 can stimulate CDK activity and promote the cell
cycle progression. uPA is a protease involved in degradation
of the extracellular matrix. Upregulation of uPA promotes
tumor progression, particularly tumor invasion and metastasis
(27,28). These results agree with the cell behaviors that we
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have demonstrated in this study. Thus, we believe that UCHL1
promotes the malignant transformation of HCT8 by activating
[-catenin signaling.

Several studies have demonstrated the importance of the
deubiquitinating activity of UCHLI in cancer progression and
metastasis (5,13,25). In our study, C90S, a mutant of UCHLI1
with impaired deubiquitinating activity, did not induce the
activation of [-catenin signaling and it did not promote the
proliferation, migration, and invasion capabilities of HCT8
cells. However, identification of other target genes of UCHLI1
deubiquitinating activity will provide more insight into the
mechanisms of UCHLI in oncogenesis in CRC.

The conflicting study results of UCHLI function in
CRC may be because of the inadequate sample and the
exact subtype of CRC. Besides, UCHLI1, which contains
two opposing enzymatic activities, deubiquitinating enzyme
activity and ubiquitin ligase enzyme activity, may function
differently under certain circumstances. Thus, further study
is needed to elaborate the exact role of UCHLI, to clarify the
function of UCHLI in the tumorigenic pathway and to assist
in the development of novel biomarkers for early detection
and accurate diagnosis.

In summary, we provide both in vitro and in vivo evidence
that UCHL1 functions as an oncogene by increasing cell
proliferation, migration, and invasion capabilities in HCTS8
cells through the (3-catenin/TCF pathway depending on its
deubiquitinating activity.
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