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Abrogated mitotic progression is a common hallmark of cancer.
UbcH10, one of the components of the ubiquitin/proteasome pathway,
plays a pivotal role in the regulation of mitotic progression. Abnormal
UbcH10 activity is reported in certain types of human cancers; its
overexpression is occasionally encountered in cancerous tissue
compared with adjacent normal tissue. Current studies have suggested
the critical role of UbcH10 in the spindle assembly checkpoint and
the subsequent accurate separation of sister chromatids, which is
orchestrated by a series of molecular interactions governed by the
complex and diverse cell cycle machinery. To validate the potential
role of UbcH10 in cell proliferation in cancer, we have analyzed the
clinicopathological relevance of UbcH10 in progression of breast
cancer using a combinatorial approach of human tumor arrays and
biochemical analyses. Our results show that the percentage of
tested samples which stained positive for UbcH10 in breast cancer
tissues is significantly higher compared to the adjacent nonmalignant
tissue. Furthermore, results from the clinicopathological analysis
have revealed that elevated expression of UbcH10 is associated
with higher histological grade tumors. In addition, depletion of
UbcH10 by RNA interference in breast cancer cells resulted in
decreased cellular proliferation, while overexpression of UbcH10
significantly enhanced cellular growth in breast cancer. Our results
suggest a pathological correlation between UbcH10 and cell
proliferation in breast cancer. Thus, aberrant UbcH10 activity may
induce the dysfunction of proper cell cycle progression and result
in the aggressive behavior of tumor cells in patients with breast
cancer. (Cancer Sci 2009; 100: 238–248)

Abrogated cell cycle regulation is often related to the
progression of human cancers.(1) Proper cell cycle pro-

gression is ensured by controlled oscillation of the cell cycle
machinery. The ubiquitin/proteasome system has been strongly
linked to the orchestration of several critical cell cycle
machineries such as the stage-dependent CDK and their
inhibitors.(2–6) Skp1-cullin-F box (SCF) complex and anaphase-
promoting complex (APC) have been implicated as two major
ubiquitin E3 ligases that govern mitotic progression and
transition from the G1 to S phase.(7–9) The activity of APC is
mainly regulated by Cdc20 and Cdh1 from mitosis to the G1
phase. When cells enter mitosis, phosphorylation of APC by the
mitotic Cdc2 kinase enhances the formation of the active Cdc20/
APC complex. The onset of anaphase triggers degradation of
securin and separation of sister chromatids by activation of
separase. In rate mitosis, Cdc20 is degraded by Cdh1/APC,
leading to a complete replacement of Cdc20/APC by Cdh1/
APC.(10,11)

Recent studies have demonstrated that UbcH10, an E2 protein
catalyzing the E3-dependent multiple ubiqutination leading
to proteolysis of substrate proteins, can activate Cdc20/APC,
and specifically override the spindle checkpoint through the

dissociation of checkpoint proteins.(12,13) Addition of UbcH10 to
an active spindle checkpoint extract leads to the degradation
of Cyclin A and securin, but not Cdc20.(13) These observations
suggest the possibility that UbcH10 might be involved in the
termination of the spindle assembly checkpoint. Indeed, supple-
mentation of UbcH10 dissociates the checkpoint proteins
Mad2 and BubR1 from the APC/C,(13,14) implicating that
UbcH10-dependent ubiquitination of Cdc20 promotes the
dissociation of Cdc20 from Mad2, which is then followed by
the ubiquitination of other substrates from the metaphase to
anaphase transition. Results of these studies therefore suggest
that aberrant expression of UbcH10 impairs the spindle assembly
checkpoint, potentially inducing chromosomal instability.

Pathological and epigenetic studies have demonstrated that
malfunction or mutation of molecules involved in the spindle
assembly checkpoint are associated with the progression of
a variety of cancers.(15–20) Some of these molecules have been
suggested to be potential biological markers for several types of
cancers and can be used to predict the properties of certain types
of malignancies.(1,15,16) Dysfunction of several components of the
spindle assembly checkpoint, including Mad1, Mad2, BubR1,
and Aurora A, are correlated with chromosomal instability in
certain types of cancers such as prostate, testicular, gastric, and
lung cancers.(17–20) These molecules have also been implicated in
determining the sensitivity of certain chemotherapeutic agents in
cancer patients.(21–23) Nevertheless, the underlying mechanisms
as well as the clinicopathological relevance by which UbcH10
is involved in the aforementioned carcinogenesis have not been
fully addressed and remain unknown. Exploring whether
UbcH10 and its role in the spindle assembly checkpoint are
important machinery in the tumorigenic pathway will be critical
for enhancing our knowledge toward understanding the initiation
and/or progression of human cancer.

Previous study using cell line–based analysis has suggested
the role of UbcH10 in regulating spindle assembly–mediated
chromosomal instability.(24–26) To validate the connection
between UbcH10 and breast cancer progression, we used a cell
line–based tissue array to elucidate the clinicopathological
relevance of UbcH10 in breast cancer. The results of this study
confirmed that aberrant expression of UbcH10 promoted tumor
expansion via dysfunction of mitotic progression. These results
further suggest that the E2 enzyme UbcH10 may promote
breast tumor growth through abrogation of mitotic progression
mediated via the spindle assembly checkpoint.
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Materials and Methods

Plasmid preparation and small interfering RNA. pcDNA3-Flag
and pcDNA3-Flag-UbcH10 (G418-resistant) plasmids have
been reported previously.(24) Knockdown using small interfering
RNA (siRNA) for UbcH10 was carried out using the target
sequence UbcH10 495 – 5′-AACCTGCAAGAAACCTACTCA-3′.(25)

Scramble siRNA (All stars negative control siRNA; Qiagen,
Valencia, CA, USA) was used as the control. Transfection of
siRNA was carried out using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.

To obtain the pcDNA3-Flag-UbcH10 or pcDNA3-Flag clone,
MCF7 and MCF10A cells were transfected with these plasmids
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Selection of the positive clones was
started 48 h after transfection in the presence of 0.1–1.0 mg/mL
of G418-containing (Promega, Madison, WI, USA) medium,
and subcloned by limiting dilution in 96-well flat-bottomed
culture plates. Subclones were tested for Flag expression by
immunoblotting using mouse monoclonal anti-Flag M2 antibody
(F3165) (Sigma, St Louis, MO, USA).

Cell culture. The human breast cancer cell line MCF7, MDA-
MB231, and MDA-MB463 were obtained from the American
Type Culture Collection (Manassas, VA, USA) and grown in
RPMI-1640 medium (Sigma) supplemented with 10% (v/v)
fetal bovine serum, penicillin (100 IU/mL; Invitrogen), and
streptomycin (100 μg/mL; Invitrogen), following incubation
in 5% CO2 at 37°C. MCF10A cells were obtained from the
American Type Culture Collection and the cells were maintained
routinely in a 1:1 mixture of Dulbecco’s modified Eagle’s
medium/Ham’s F12 medium (Invitrogen) containing 15 mM
Hepes (Cambrex Bio Science Walkersville, Walkersville, MD,
USA), 5% horse serum (Invitrogen), 10 μg/mL bovine insulin
(Cambrex Bio Science), 20 ng/mL epidermal growth factor
(Cambrex Bio Science), 100 ng/mL cholera toxin (Cambrex Bio
Science), 0.5 μg/mL hydrocortisone (Cambrex Bio Science),
100 IU/mL penicillin (Invitrogen), and 100 μg/mL streptomycin
(Invitrogen). Cultures were passaged every 3–4 days by trypsin/
EDTA (Invitrogen) detachment.

Antibodies and reagents. Antibodies were obtained from the
following: rabbit polyclonal anti-UbcH10 (A-650) (Boston
Biochem, MA, USA), mouse monoclonal anti-α-tubulin
(DM1B) (Calbiochem, San Diego, CA, USA), rabbit polyclonal
antiphosphorylated-histone H3 (#9701) (Cell Signaling Tech-
nology, Danvers, MA, USA), rabbit polyclonal anticyclin B1
(sc-752) (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
HRP-conjugated goat antimouse antibody (Promega), and
HRP-conjugated goat antirabbit antibody (Promega). Western
blot analysis was performed using an enhanced chemilu-
minescence detection kit (Amersham, Buckinghamshire, UK).
Semi-quantification of the data was performed using an image
densitometer (X-Rite, Grandville, MI, USA).

Cell synchronization. To synchronize cells in mitosis, cells
were grown in the presence of 0.4 mM thymidine (Sigma) for
18 h, washed with phosphate-buffered saline (PBS), and grown
in fresh medium for 4 h. This was followed by growth in
50 ng/mL of nocodazole (Sigma) for 12 h, and then the release
of the cells. At each time-point, the cells were harvested and
analyzed.

Cell cycle analysis. Cells were harvested and pelleted by
centrifugation, and were resuspended and fixed in ethanol.
After fixation, the cells were resuspended in PBS containing
50 μg/mL of propidium iodide (PI) solution (Sigma) with 5 μg/mL
of RNase (Sigma). Flow cytometric analysis of PI-stained cells
was performed using a FACScan (Becton Dickinson, Mountain
View, CA, USA). The population of the cells in each cell-cycle
phase was determined using ModiFIT software (Becton
Dickinson).

Colony formation by soft agar assay. Twenty-four hours after
transfection, 2.0 × 105/mL viable cells were counted. Cells were
seeded into soft agar as described previously(27) with slight
modification (Dr Flemington, Tulane Cancer Center, New
Orleans, LA, USA). Briefly, 1% agarose (Sigma) solution was
made with sterile water and 5 mL agarose was added to a six-well
plate until the plate was covered completely. The agarose was
then pipetted to obtain a thin film of agarose on the bottom and
side of each well, and 2.0 × 105 cells/well were plated. Colony
formation was assessed by microscopic inspection (×10) and
counted 7 days after cell seeding. Since the aggregates of the
cells did not grow throughout the duration of the experiment,
they were not considered as colonies. Each experiment was
repeated at least three times. Values given are mean (± SD)
values.

Immunofluorescence. Immunofluorescence analysis was per-
formed using the following concentration of the primary
antibodies: UbcH10 (1:500), tubulin (1:100), and phosphorylated-
histone H3 (1:100). Anti-mouse Cy2-conjugated antibody
(1:500; Jackson ImmunoResearch, West Grove, PA, USA),
antimouse fluorescein-isothiocyanate-conjugated antibody
(1:500; Jackson ImmunoResearch), and antirabbit Texas-Red-
conjugated antibody (1:100; Jackson ImmunoResearch) were
used as secondary antibodies. Semi-quantification of the data
was performed using Scion imaging software (Frederick, MD,
USA).

Immunohistochemical staining and prognostic analysis. Samples
were deparaffinized in xylene and rehydrated in a series of
graded alcohols. The antigen was retrieved in 0.01 M sodium
citrate buffer; thereafter, the sections were treated with 0.6%
hydrogen peroxide.(28) Samples were incubated using a rabbit
antihuman UbcH10 antibody (1:200). Next, the sections were
treated with a biotinylated donkey antirabbit immunoglobulin
(Jackson ImmunoResearch) and a goat antimouse antibody
(Vector Laboratories, Burlingame, CA, USA) followed by
incubations with avidin–biotin peroxidase complex solution
(DAKO Cytomation, Carpinteria, CA, USA) and 3-amino-9-
ethylcarbazole solution (DAKO Cytomation). The counterstaining
was carried out using Mayer’s hematoxylin (Sigma). Tissue
arrays were purchased from US Biomax (Rockville, MD, USA).
Expression of each molecule was tested in the breast cancer
tissue array, which contained breast cancer tissues as well as
their matched normal adjacent breast tissues for each patient.
For clinicopathological analysis, human breast tissues were
provided by the Breast Tissue Bank at Okayama University
School of Medicine, Okayama, Japan. All the breast cancer
tissues were surgically removed from Japanese patients who had
not undergone any prior treatment with chemotherapy and/or
radiation therapy. Clinicopathological information of the
patients were as follows: mean age, 50.3 ± 11.1 years; gender,
98.7% females and 1.3% males; tumor size, 31.4 ± 10.5 mm
(mean ± SD: 4.3% T1, 68.7% T2, 21.5% T3, 5.5% T4); lymph
node metastasis, 72.4%; disease stage (Stage I, 3.4%; Stage II,
68.1%; Stage III, 27.7%; Stage IV, 0.8%), histological grade
(Grade 1, 10%; Grade 2, 79.5%; Grade 3, 11.5%), hormone
receptor status (positive for estrogen or progesterone receptor
69.1%), and all specimens were histologically proven as
invasive ductal carcinomas. Stages of the disease in these
patients were determined according to the 6th version of the
tumor-node-metastasis staging system of the American Joint
Committee on Cancer (AJCC) for breast cancer. To verify the
specificity and optimal concentration of the antibody, each
antibody and its concentration was verified using the test tissue
array slides of BR241t, BR804t (US Biomax), and sectioned
tissue samples (Breast Tissue Bank, Okayama University School
of Medicine).

Scoring of immunohistochemical staining. UbcH10 immuno-
histochemical stainings were examined under a microscope
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(Olympus, Tokyo, Japan). Staining intensity and subcellular
localization were evaluated twice in a blinded manner, based on
a pre-agreed standard for scoring staining provided by a trained
pathologist (Professor S. Cheng, Department of Pathology,
University of Pittsburgh, PA, USA). Staining intensity was
scored separately using the following scoring criteria: (a) 0–1,
negative or low staining intensity in >50% of tumor cells or
moderate to high in <50% of the cells (hereafter referred to as
low); and (b) 2–3, moderate to high staining intensity in >50%
of tumor cells (hereafter referred to as high).(29)

Statistical analysis. Each value is a representative of at least
three independent experiments for quantification of data. Level
of statistical significance was evaluated from at least three
independent experiments using the two-tailed Student’s t-test.
The χ2-test, Fisher’s exact test, and Spearman correlation test
were used for statistical analysis of immunostaining results and
analysis of clinicopathological data. A P-value of <0.05 was
considered statistically significant. All data were analyzed with
SPSS 14.0 (Chicago, IL, USA) for Windows.

Results

Overexpression of UbcH10 in cancer. It has been demonstrated
that proper mitotic progression is critical in cell cycle control,
otherwise abrogation of mitotic machinery results in tetraploidy
or aneuploidy, which is a hallmark of cancer.(11–13) Based on
several large genome-wide studies as well as cell line–based
biophysical analysis, UbcH10 is believed to possess the
oncogenic potential to enhance carcinogenicity.(24) Previous
biochemical studies have demonstrated that UbcH10 plays
important roles in mitosis associated with the ubiquitin–
proteosome pathway.(11,14,26) Current studies have implicated
UbcH10 in having a pivotal role in orchestrating the metaphase-
to-anaphase transition, thereby promoting the precocious
progress into anaphase.(11,26,30) To investigate the oncogenic
potential of UbcH10 with malignant tumor status, we analyzed
the expression of UbcH10 in various types of human malignant
tissues. Using tissue array, we examined over 400 tissue
samples, representing 16 different types of cancer tissues
together with the adjacent nonmalignant tissues, and scored the
staining intensity. In our tumor tissue analyses, both tumor and
adjacent normal tissues were examined for UbcH10. Mean
values of scores were obtained with statistical analyses. In
several tissues, especially breast cancer tissue, UbcH10
expression is relatively high as compared with the adjacent
nonmalignant tissues (Fig. 1a). In addition, the staining intensity
showed statistically significant differences between cancer and
nonmalignant adjacent tissues in breast, colon, lung, ovary,
cervical, and thyroid cancers (Fig. 1b).

To further confirm the expression of UbcH10 in breast cancer
and normal breast epithelia, we examined the levels of UbcH10
in different types of breast cancer as well as normal-like cell
lines (MCF10A). As demonstrated in Fig. 1(c), expression
levels of UbcH10 were higher in the cancer cell line than in the
normal-like breast epithelial cell line (P < 0.05). The expression
level of UbcH10 was also elevated in Hela cells (Fig. 1c)

To confirm the results obtained from the above immunoblotting
analysis, we performed immunocytochemical analysis of the
breast cancer cell line (MCF7) and compared it to the epithelial
cells from normal-like breast cell line (MCF10A). As dem-
onstrated in Fig. 1(d), UbcH10 was highly expressed in the
cytoplasm and the nucleus, and its localization was not sig-
nificantly different between cancer and normal-like cells.
Quantification analyses demonstrated that the expression of
UbcH10 in cancer cells is about 2.5-times higher than that in
normal-like cells (Fig. 1d). The immunocytochemical analyses
results are consistent with the initial immunoblotting results.
The results from tissue array, immunoblotting, and immuno-

cytochemical analyses together suggest a potential role for
UbcH10 in breast cancer.

Overexpression of UbcH10 enhances cellular proliferation in breast
cancer cells. To analyze the functional role of UbcH10 in
promoting cellular growth associated with cell cycle regulation
mediated through mitosis, we overexpressed UbcH10 in MCF7
breast cancer cells. Using pcDNA3-Flag-UbcH10 plasmid
(containing resistance to G418), we performed overexpression
of UbcH10 and subsequent selection of the successfully
transfected population using G418 (Fig. 2a). As demonstrated in
Fig. 2(b,c), overexpression of UbcH10 in MCF7 cells results in
significant acceleration of cellular growth. Results of the cell
cycle analyses showed that overexpression of UbcH10 in MCF7
cells reduced the fraction of cells in the G2/M phase (Fig. 2d).
To validate whether the increase in the population in G2/M
phase is due to the G2- or M-phase, we further analyzed the
mitotic cell population with immunofluorescence using the
mitosis marker phosphorylated-histone H3 antibody. As
demonstrated in Fig. 2(e), the percentage of mitotic cells was
significantly lower in cells overexpressing UbcH10 than in the
control.

To assess the ability of MCF-7 cells to formulate oncogenic
colonies and their capacity for accelerated cell growth in
response to alteration in UbcH10 expression, we conducted an
anchorage-independent growth assay and measured the cell
cycle profile. As shown in Fig. 2(f), overexpression of UbcH10
in MCF-7 cells promoted the number as well as the size (data
not shown) of the colonies on soft agar.

In summary, the results based on the above analyses suggest
that an increase in UbcH10 protein levels could lead to an
aberrant cell cycle, particularly during mitosis, which in turn
would promote oncogenesis in the breast cancer cells.

Depletion of UbcH10 suppresses cellular proliferation in breast
cancer cells. To confirm the above results, we further performed
depletion of UbcH10 in breast cancer cells (Fig. 3a) and
subsequently examined the effects on colony formation as well
as proliferation. Twenty-four hours after the delivery of siRNA
against UbcH10, the cells were counted (at 0 and 24 h after
transfection) and seeded, and their cellular growth measured. As
shown in Fig. 3(b,c), knockdown of UbcH10 in MCF7 cells
largely reduced the rate of cellular proliferation in MCF7 cells.

Results of cell cycle analysis demonstrated that the fraction
of cells in the G2/M phase was significantly elevated in
UbcH10-depleted MCF7 cells (Fig. 3d). To validate whether
the increase in the population in the G2/M phase is due to the
G2- or M-phase, we further analyzed the mitotic cell population
with immunofluorescence as described above. As demonstrated
in Fig. 2(e), the percentage of mitotic cells was significantly
higher in UbcH10-depleted cells than in the control.

The oncogenic colony formation and accelerated cell
growth properties of MCF-7 cells with UbcH10 depletion were
measured. As demonstrated in Fig. 3(f ), both the number and
size of the colonies dropped significantly when UbcH10 was
depleted, confirming the potential oncogenic effects of UbcH10
in breast cancer.

Taken together, the above results further suggest that UbcH10
promotes oncogenic proliferation and can orchestrate mitotic
progression, thereby promoting the acceleration of tumor
growth.

Aberrant levels of UbcH10 promotes mitotic progression. Results
of the overexpression or depletion of UbcH10 revealed that
aberrant high levels of UbcH10 promote both cell proliferation
and oncogenic cellular growth, which supports prior obser-
vations that overexpression of UbcH10 is frequently observed
in human cancers. Previous demonstrations suggested the
possibility that UbcH10 is potentially involved in the metaphase-
to-anaphase transition, dissociating the checkpoint proteins from
the APC/C. Consistent with these demonstrations, our study
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Fig. 1. Aberrant expression of UbcH10 in cancer. (a) Immunohistochemical analysis of the expression profile of UbcH10 in various types of cancers
from 16 different organs and over 400 different tissues revealed that UbcH10 levels are significantly higher compared with adjacent nonmalignant
tissues from colon, breast, lung, ovary, thymus, and cervical cancers. M, malignant tissue; N, normal tissue. (b) Summary of the expression profile
of UbcH10 in human tissues shows that statistically significant differences are observed in the UbcH10 level between cancer and normal adjacent
tissues. M, malignant tissue; N, normal tissue. *P < 0.05. (c) Results of immunoblotting analysis of UbcH10 in human breast cancer cells (MCF-7,
MDA-MB231, and MDA-MB463) and nonmalignant breast epithelial cells (MCF10A). UbcH10 is markedly expressed in breast cancer cells compared
with normal breast epithelial cells (results are obtained from at least three independent experiments). (d) Immunofluorescence of UbcH10 in MCF7
and MCF10A cells. Higher level of UbcH10 was detected in MCF7 cells compared with MCF10A cells and it was predominantly localized in the
nucleus (results are obtained from at least three independent experiments).
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revealed that aberrant high levels of UbcH10 result in the
reduction of mitotic cell populations, while depletion of
UbcH10 increased the percentage of cells in mitosis. Therefore,
to validate the potential role of UbcH10 in mitotic progression

in breast cancer cells, we evaluated the cytological dynamics
during mitosis in the presence of abundant UbcH10.

Using UbcH10-overexpressing MCF-7 cells, we first examined the
mitotic progression with immunofluorescence. As demonstrated

Fig. 2. Overexpression of UbcH10 promotes cell proliferation and alters the cell cycle profile of breast cancer cells. (a) Overexpression of UbcH10
by successful transfection of pcDNA3-Flag-UbcH10 (resistant to G418) in MCF7 breast cancer cells. Significantly higher levels of UbcH10 were
detected in pcDNA3-Flag-UbcH10-transfected cells compared with the control. Transfection was validated by immunoblot testing of Flag levels. (b)
Cell proliferation rate of UbcH10-overexpressed MCF7 (pcDNA3-Flag-UbcH10) cells was remarkably higher compared with that of the control
plasmid (pcDNA3-Flag) (resistant to G418) delivered cells. (c) Representative picture of the cells at the 72 h time-point in the cell proliferation assay.
Cell proliferation was markedly increased in the UbcH10-overexpressing cells. (d) Cell cycle profile of G418-resistant UbcH10-overexpressing and
control cells shows that the population of G2/M-phase decreases in UbcH10 delivered cells. (e) Evaluation of the percentage of mitotic cells with
immunofluorescent analysis using phosphorylated-histone H3. pH3, green; DAPI, blue. Percentage of mitotic cells was significantly reduced in
UbcH10-overexpressing MCF7 cells (mean ± SD; *P < 0.05). (f) (left) Representative images of the cells in anchorage-independent growth assay. Promotion
of anchorage-independent growth was observed in UbcH10-overexpressed breast cancer cells. (right) Quantification of anchorage-independent
growth analysis by three repeat experiments. Number of colonies was markedly higher in UbcH10-overexpressing cells (mean ± SD; *P < 0.05).
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in Fig. 4(a), UbcH10 is abundant during the transition from
metaphase to anaphase, and its localization is predomi-
nantly around the chromatids in the cell, which is in accordance
with a previous report.(30) Next, the cells were released from

synchronization with thymidine/nocodazol block and examined
for the progression of mitosis using molecular markers such as
cyclin B1 and phosphorylated-histone H3. As observed in
Fig. 4(b), cyclin B1 and phosphorylated-histone H3 disappeared

Fig. 3. Depletion of UbcH10 suppresses the cellular proliferation in breast cancer cells. (a) Knockdown of UbcH10 with RNA interference in MCF7
cells. (b) Cell proliferation rate of the UbcH10-siRNA-transfected and control cells. Twenty-four hours after transfection, the number of cells was
found to be 10 × 104, and cellular growths were measured at each time-point. Cell proliferation rate of the UbcH10-depleted MCF7 cells was
decreased compared with the control cells. (c) Representative picture of the cells at the 72 h time-point in the cell proliferation assay. Cell
proliferation rate was reduced in UbcH10-knockdown MCF7 cells. (d) Results of the cell cycle analysis in UbcH10 siRNA-transfected and control cells.
Cell cycle profiles of UbcH10-knockdown and control cells revealed that the population of G2/M cells increased with the depletion of UbcH10. (e)
Evaluation of the percentage of mitotic cells by immunofluorescence analysis using phosphorylated-histone H3. pH3, green; DAPI, blue. Percentage of
mitotic cells was significantly increased in UbcH10-knockdown MCF7 cells compared with the control cells (mean ± SD; *P < 0.05). (f) (left) Representative
images of the cells in anchorage-independent growth assay. Depletion of UbcH10-suppressed anchorage-independent growth in breast cancer cells.
(right) Quantification of anchorage-independent growth analysis by three repeat experiments (mean ± SD). Number of colonies was significantly
reduced in UbcH10-knockdown cells (mean ± SD; *P < 0.05).
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earlier in UbcH10-overexpressing cells compared with controls,
suggesting that mitotic progression is quickened in the presence
of abundant UbcH10.

Considering the previous observation that UbcH10 potentially
participates in overriding the spindle checkpoint through
dissociation of the checkpoint molecules,(24–26) we further
examined the cell cycle profile and cytological dynamics.
Representative immunofluorescent images and cell cycle profiles
at each time-point are shown in Fig. 4(c). Consistent with the
results of immunoblotting analysis, mitotic progression was
promoted in UbcH10-overexpressing cells, particularly at the
stage of metaphase-to-anaphase transition.

In summary, progression of mitosis was promoted in
UbcH10-overexpressing MCF7 cells, suggesting that the
promoted progression was potentially due to the metaphase-to-

anaphase transition, where the spindle checkpoint plays important
roles in proper cell cycle progression.

Clinicopathologial significance of UbcH10 in breast cancer patients.
The immunohistochemical analysis results of the tissue arrays
from various cancers suggest a potential function of UbcH10 in
promoting breast cancer progression (Fig. 1a–d). To determine
the clinical or pathological relevance of the molecular results,
we performed a clinicopathological analysis of UbcH10 in
breast cancer patients. In this study, using a different and
independent set of over 150 breast cancer samples and normal
breast epithelial samples as controls, we immunohistoche-
mically evaluated and scored the expression levels of UbcH10.
As demonstrated in Fig. 5(a), a higher UbcH10 level was
detected in breast cancer tissue compared with nonmalignant
normal breast epithelial tissues, which is consistent with our

Fig. 4. Mitotic progression in UbcH10-overexpressing cells. (a) Representative images of the cells in metaphase and anaphase in UbcH10-
overexpressing MCF7 cells. Abundant UbcH10 was detected in metaphase and anaphase and it was localized predominantly around the chromosome.
DAPI, blue; tubulin, green; UbcH10, red. (b) Expression profile of cyclin B1 and phosphorylated-histone H3 after the release, following synchronization
at mitosis with thymidine/nocodazol block. Mitotic progression was quickened in UbcH10-overexpressed MCF7 cells compared with the control
plasmid-transfected cells. (c) Representative images of mitotic cells after the release from thymidine/nocodazol block. Mitotic progression is promoted
in UbcH10-overexpressed MCF7 cells compared with the control cells, and mitotic progression was particularly promoted during the metaphase-
to-anaphase transition. DAPI, blue; tubulin, green.
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previous observation (Fig. 1a). Fig. 5(b) represents the images
of the different expression scores of the specimens. Based on
the results of the expression profile of UbcH10, we analyzed the
patients’ age, tumor size (T1–4), lymph node status (N0–2),
distant metastatic status (M0–1), hormone receptor status, and
histological grade (G1–3) to evaluate the significance of
UbcH10 in these patients.

Of the 150 patients, 72 patients (48%) were positive for
UbcH10, which is consistent with the previous observation in
Fig. 1(a) (data not shown). There were no significant differences
in the patients’ age (P = 0.341), tumor size (P = 0.740), stage of
the disease (P = 0.285), and status of the hormone receptor
(P = 0.914) (Table 1) between the UbcH10-positive and -negative
cancers. However, statistically significant differences were
observed in lymph node metastasis (P = 0.013) and histological
grade (P = 0.024) between UbcH10-positive and -negative
breast cancers, where UbcH10-positive cancer was more frequently
categorized as high histological grade tumor (Grade 3:
UbcH10[–]: 4.0%, UbcH10[+]: 20.3%) and as a node-positive
tumor (LN positive: UbcH10[–]: 68.7%, UbcH10[+]: 83.9%)
(Fig. 6a,b). Results of the clinicopathological analysis indicate

that abundant UbcH10 correlates with high histological grade
tumor, thereby suggesting that abundant UbcH10 could be
associated with aggressive cellular behavior and a potentially
poor prognosis for the breast cancer patient. Taken together,
these results implicate UbcH10 in playing a substantial role in
promoting breast progression, and UbcH10 could be a potential
prognostic marker in patients with breast cancer.

Discussion

Precise and accurate proteolytic regulation of the cell cycle
machinery by the ubiquitin/proteasome system ensures proper
cell cycle progression, while its deregulation is often related
with cancer.(1,2,7–9) SCF and APC, two major E3 ligases, are
believed to be critical ubiquitin protein ligases that govern
mitosis and G1/S progression.(7–10) Accordingly, it is not
surprising that dysfunction of the SCF or APC pathway has
been implicated in many types of cancer.(31–35) Previous study
provides evidence that various E2 proteins also play important
roles regulating cell cycle progression.(26) Recent studies have
demonstrated that a potential role of UbcH10, an E2 protein, is
to promote the dissociation of Cdc20 from Mad2 and BubR1, a
critical moment in the metaphase–anaphase transition, where
several vital molecules are involved in organizing the spindle
assembly checkpoint.(12–14) Supplementation of UbcH10 dissociates
the spindle assembly checkpoint proteins of Mad2 and BubR1
from APC/Cdc20, which is then followed by the ubiquitination
of other substrates such as securin at the metaphase-to-anaphase
transition.(12–14) As well as these observations, it is suggested
that aberrant levels of UbcH10 could be associated with the
missegregation of sister chromatids resulting in chromosomal
instability. The present study using molecular and clinico-
pathological analysis of human breast tissues addresses the
significance of UbcH10-mediated breast tumorigenesis via
modulation of the cell cycle. The results confirm that the
tumor-promoting effect of UbcH10 is through regulation of cell
cycle progression and advances our understanding of the
carcinogenic mechanisms of UbcH10.

Fig. 5. Immunohistochemical analysis of UbcH10 in breast cancer
patients. (a) Representative picture of breast cancer and nonmalignant
normal adjacent breast tissues examined for UbcH10. Breast cancer
tissues are more frequently positive for UbcH10 compared with normal
adjacent breast tissues. (b) Representative picture of negative and
positive staining of tissue samples.

Table 1. Clinical and pathological features regarding the status of
UbcH10 in patient with breast cancer

UbcH10(–) UbcH10(+) P-values

Age NS (0.341)
50 > 45 41
50 ≤ 46 31

Tumor size NS (0.740)
T1 4 3
T2 63 49
T3 21 14
T4 3 6

Lymph node metastasis 0.013*
N– 24 10
N+ 44 52

Stage NS (0.285)
I & II 54 31
III & IV 18 16

Hormone receptor NS (0.914)
ER(+) and/or PgR(+) 45 38
ER(–) and PgR(–) 21 17

Histological grade 0.024*
1 9 5
2 63 46
3 3 13

Analysis with χ2-test. NS, not significant.
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Involvement of UbcH10 in breast tumorigenesis through regulating
the spindle assembly checkpoint. Abnormal levels of UbcH10
promote aberrant cell cycle progression and are believed to be
associated with tumor progression in various types of malignant
tumors.(24–26,36) In particular, a recent finding suggests that
UbcH10 plays an important role in proper chromatid separation
in the spindle assembly checkpoint. Hence, deregulation of the
spindle assembly checkpoint often leads to abrogated mitotic
progression, which in turn is related to cancer progression.
Results based on cultured cell studies have indicated a framework,
the potential oncogenic role of UbcH10.(24,36) Given the correlation
between dysfunction of mitotic machinery and chromosomal
instability, a hallmark of cancer, the demonstration of the
association of UbcH10 and mitotic regulation further implicates
the potential regulatory role of UbcH10 in the progression of
human cancer.(24,26,36)

To assess the involvement of UbcH10 in breast cancer pro-
gression and address its biological function, we conducted
analyses of the loss of function as well as the overexpression of
UbcH10 using breast cancer cells. Our results, including those
from the analyses of the overexpression and knockdown of
UbcH10 in MCF10A cells (Supporting Figs S1 and 2), suggest
that the aberrant activity of UbcH10 potentially leads to an
increase in oncogenic potential and accelerates cell proliferation
in cancer as well as in normal-like cells (Fig. 1b,c). Overexpression
or RNA interference with UbcH10 induces significant changes
in cell proliferation, cell cycle profile, and the oncogenic growth
potential in both breast cancer and normal-like cells (Supporting
Figs S1 and 2), which is consistent with the previous notion that
aberrant levels of UbcH10 impair the mitotic machinery, alter
the cell cycle profile, and enhance cell proliferation.

Modulating mitotic progression is a putative means of UbcH10
involved in tumorigenesis. The function of the spindle assembly
checkpoint has been characterized as ensuring faithful
separation of duplicated daughter genomes during mitosis, with
the dysfunction of this system often resulting in aneuploidy–a

hallmark of cancer.(32–34) The results of epigenetic studies have
drawn our attention to the correlation of the involvement of
spindle assembly checkpoint molecules with tumorigenesis.
Deregulation of these molecules, including Mad1, Mad2, BubR1,
and Aurora A, are found in prostate, testicular, gastric, and lung
cancers.(15–20) Further, pathological analysis has demonstrated
the aberrant expression of these spindle assembly checkpoint
molecules in multiple types of malignant tumors.(18–20,24,36)

Previous evidence from several cell lines has established a
framework for spindle assembly checkpoint involvement in
tumor progression. The present results based on breast cancer
tissue arrays with immunohistochemical analysis of UbcH10 are
in agreement with previous results obtained from studies on
cultured cells, with pathological relevance further suggesting
that deregulation of the spindle assembly checkpoint may be a
means of initiation or progression of cancer.

Clinicopathological analysis confirms the oncogenic role of
UbcH10. We used a combinatorial approach to estimate the
significance of UbcH10 in breast cancer progression.
Overexpression of UbcH10 in MCF-7 cells markedly accelerated
cellular growth, while depletion of UbcH10 resulted in the
suppression of the proliferation of breast cancer. The results
from alteration of UbcH10 using RNA interference and
overexpression verified that UbcH10 is important in promoting
breast cancer.

Based on the in vitro observations, we wanted to verify the
potential function of UbcH10 in promoting tumor cell growth.
Therefore, we further validated the clinicopathological relevance
of UbcH10 in breast cancer patients. Our data derived from a
population of over 150 patients suggests that UbcH10-negative
breast cancers are associated with low histological grade
tumors. Thus, UbcH10 activity may be linked to the biological
characteristic of tumors.

Based on the results of our in vitro examination of UbcH10
and its clinicopathological relevance in breast cancer patients,
we hypothesized that UbcH10 promotes tumor growth via

Fig. 6. Correlation between the level of UbcH10
and histological grade of the tumor. (a) Represen-
tative picture of breast cancer tissues immuno-
histochemically tested for UbcH10. UbcH10 tends
to be abundant in Grade 3 tumors compared with
Grade 1 tumors, with no remarkable difference in
its cellular localization. Regardless of the histological
grade, UbcH10 is mainly detected in the nucleus.
(b) Correlation between the level of UbcH10 and
clinicopathological status in patients with breast
cancer.
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deregulation of spindle assembly checkpoint, thereby leading to
aberrant mitotic progression.(24,36)

In support of our results, previous demonstrations of large-scale
genetic screening have revealed that UbcH10 is one of the
candidate genes related to higher histological grade tumors.(37,38)

Therefore, our assessment of the clinicopathological relevance
of UbcH10 is compatible with prior epigenetic studies. In
addition, biological studies demonstrated that UbcH10 was an
important component of breast cancer during mitotic progression,
and therefore, abnormal levels of UbcH10 may contribute to
immature anaphase progression impairing appropriate chromatid
separation. Furthermore, previous reports showing a lower
level of p31 comet, another molecule that prevents premature
anaphase-to-metaphase transition and acts as a potential prog-
nostic marker in cancer, may support our present findings.(39,40)

The current opinion that a balance between the anaphase–
metaphase promoters UbcH10 or p31comet and suppressor
Usp44 could determine the accurate chromatid separation, further
explains the significance of UbcH10 in patients with breast
cancer.(41)

The regulatory role of UbcH10 in tumorigenesis is consistent with
the current paradigm. Dysfunction of the ubiquitin/proteasome
system has been strongly linked to carcinogenesis through its
disruption of the balance between oncoproteins and tumor
suppressor proteins, particularly in the cell cycle machinery.(3–5)

Regulation of mitotic progression is a key event during the cell
cycle, and its dysregulation can lead to genomic instability and
uncontrolled cellular growth. Therefore, the spindle assembly
checkpoint is a critical point dictating chromatid separation
during mitosis and orchestrating appropriate cell proliferation.
Loss of control of this checkpoint has been correlated to a
variety of malignancies.(15–20) Our study validated the molecular
paradigm of UbcH10 in breast cancer and verified the importance
of an ubiquitylation regulatory cascade. Deregulation of mitotic
regulation is indicated to be related with progression of cancer,
where one E2 protein participates in the metaphase–anaphase
transition resulting in promotion of mitotic progression. The
present results from our combinatorial studies based on
biochemical and immunohistochemical analyses provide further
understanding of UbcH10 and its role in breast cancer.
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