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SKP2 overexpression is associated with a poor prognosis
of rectal cancer treated with chemoradiotherapy
and represents a therapeutic target with high potential
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Abstract The S-phase kinase-associated protein 2 (SKP2)
oncoprotein is an E3 ubiquitin ligase. Overexpression of
SKP2 was found in various human cancers, including

colorectal cancers, but its potential role as a prognostic
marker after neoadjuvant chemoradiotherapy (CRT) and
for therapeutic intervention in rectal cancers is unknown.
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This study examined the correlation of SKP2 expression in
the prognosis of rectal cancer patients and the viability of
colorectal cancer cells treated with CRT. SKP2 immunoex-
pression was retrospectively assessed in pretreatment biop-
sies of 172 rectal cancer patients treated with neoadjuvant
CRT followed by surgery. Results were correlated with
clinicopathological features, therapeutic responses, and pa-
tient survival. Pharmacologic assays were used to evaluate
the therapeutic relevance of Bortezomib in two colorectal
cancer cell lines (HT-29 and SW480). High expression of
SKP2 was correlated with the advanced Post-Tx nodal status
(p=0.002), Post-Tx International Union for Cancer Control
stage (p=0.002), and a lower-degree tumor regression grade
(p<0.001). Moreover, high expression of SKP2 (p=0.027,
hazard ratio 3.21) was an independent prognostic factor for
local recurrence-free survival. In vitro, Bortezomib downregu-
lated SKP2 expression, induced caspase activation, and de-
creased the viability of colorectal cancer cells with or without a
combination with fluorouracil. Bortezomib also promoted cas-
pase activation and gamma-H2AX formation in colorectal
cancer cells concurrently treated with CRT. High expression
of SKP2 was associated with a poor therapeutic response and
adverse outcomes in rectal cancer patients treated with neo-
adjuvant CRT. In the presence of chemotherapy with or with-
out radiotherapy, the promoted sensitivity of colorectal cancer
cells to Bortezomib with an SKP2-repressing effect indicated
that it is a potential therapeutic target.

Keywords SKP2 . Rectal cancer . Neoadjuvant
chemoradiotherapy

Abbreviations
CRC Colorectal cancer
CRT Chemoradiotherapy
SKP2 S-phase kinase-associated protein 2

Introduction

Colorectal cancer (CRC) is a common and lethal dis-
ease globally, and an increased incidence of CRC was

recently reported in Taiwan (database from the Bureau
of Health Promotion, Department of Health, Taiwan,
available at http://www.bhp.doh.gov.tw/BHPNET/Portal/
Statistics.aspx). CRC diagnosed distal to the rectosig-
moid junction is designated rectal cancer with an esti-
mated 4,900 new cases/year in Taiwan. Currently,
neoadjuvant chemoradiotherapy (CRT) followed by sur-
gery is the standard treatment for locally advanced
rectal cancer featuring lymph node metastases or peri-
rectal extension (T3, T4, or node metastases) [1–4].
Although the outcomes of this approach are encourag-
ing, 5-year local and distant recurrence rates still persist
and respectively range 6∼9.6 and 33∼36 %. This greatly
affects the patient survival rate, and research to reduce
local recurrence and distant metastases is urgently nec-
essary. Otherwise, another advantage of neoadjuvant
CRT might allow some patients to undergo sphincter-
preserving low anterior resection rather than abdomino-
perineal resection. However, variations in the incidence
of sphincter preservation ranging 39∼94 % are also a
challenge which still needs to be overcome [5–7].

The S-phase kinase-associated protein 2 (SKP2) gene,
located at chromosome 5p13, produces a substrate-
recognizing E3 ubiquitin ligase and targets p27Kip1 for deg-
radation by the 26S proteasome [8]. SKP2 protein, part of
SKP1-CUL1-F-box (SCF) complexes, is considered a neg-
ative regulator of the cell-cycle inhibitor, p27Kip1, and pos-
itively regulates the G1/S transition. Frequently, SKP2 is
overexpressed in various human cancers, including lung
cancer, head and neck cancers, myxofibrosarcomas, and
CRC [9–12]. Besides accelerating cell growth, SKP2 pro-
tein overexpression was also proven to be associated with
aggressive phenotypes of promoting cell migration, inva-
sion, and metastases in various human cancers [13, 14].
Recently, correlations of SKP2 with ErbB family-induced
Akt ubiquitination, aerobic glycolysis, and tumorigenesis
were demonstrated [15]. Targeting glycolysis by an SKP2
deficiency also sensitizes Her2-positive tumors to Herceptin
treatment, highlighting the value of SKP2 targeting in clin-
ical cancer therapy. Moreover, overexpression of SKP2 was
also demonstrated to increase radioresistance of esophageal
squamous cell carcinoma and be associated with poor sur-
vival of nasopharyngeal cancer patients treated with radio-
therapy [11, 16]. These emerging evidences suggest that
SKP2 is involved in resistance to chemotherapy and
radiotherapy by human cancers and deserves further
evaluation in rectal cancers with neoadjuvant CRT. Nev-
ertheless, thus far, no systematic study has specifically
addressed whether SKP2 has effects on CRT for rectal
cancers. This is the first study to focus on the expres-
sion status, prognostic significance, and in vitro thera-
peutic effects of chemotherapy and radiotherapy coupled
with SKP2 targeting in rectal cancers.
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Materials and methods

Patient eligibility and treatment plan

This is a retrospective study composed of 172 patients treated
between January 1998 and December 2004 (Table 1). All
patients in the study were: (a) histologically confirmed with
diagnosis of adenocarcinoma of the rectum, (b) the inferior
margin of the tumor being no farther than 16 cm from the anal
verge, (c) without distant metastases, (d) previously not having
radiotherapy in pelvic region, and (e) treated with neoadjuvant
chemoradiotherapy followed by surgery. Preoperatively, radio-
therapy with a total dose of 45 Gy in 25 fractions was given
over a period of 5 weeks with a concurrent 24-h continuous

infusion of 5-fluorouracil (5-FU). All patients were regularly
monitored after the diagnosis until death or their last appoint-
ment at our hospital. The institutional review board approved
procurement of formalin-fixed tissues of locally advanced rec-
tal cancer patients for this study (IRB 10009-L04). Detailed
information is provided in the supplementary data.

Histopathologic evaluation and SKP2 immunohistochemistry

After surgery, two pathologists (TJC and HYH) who were
blinded to the patient’s clinical information analyzed the tu-
mor specimens. Posttreatment (Post-Tx) T and N stages of all
patients were documented according to the seventh American
Joint Committee on Cancer TNM staging system [17]. The

Table 1 Associations and com-
parisons between Skp2 expres-
sion and clinicopathological
factors in 172 rectal cancer
patients receiving neoadjuvant
CCRT

aStatistically significant

Parameter No. Skp2 expression p value

Low Exp High Exp

Gender Male 108 53 (49 %) 55 (51 %) 0.875

Female 64 33 (52 %) 31 (48 %)

Age <70 106 50 (47 %) 56 (53 %) 0.433

≧70 66 36 (55 %) 30 (45 %)

Pre-Tx tumor status (Pre-T) T1 12 5 (42 %) 7 (58 %) 0.223

T2 69 40 (58 %) 29 (42 %)

T3 69 29 (42 %) 40 (58 %)

T4 22 11 (50 %) 11 (50 %)

Pre-Tx nodal status (Pre-N) N0 125 69 (55 %) 56 (45 %) 0.084

N1 39 14 (36 %) 25 (64 %)

N2 8 3 (38 %) 5 (62 %)

UICC stage (Pre-Tx) I 72 41 (57 %) 31 (43 %) 0.076

II 53 28 (53 %) 25 (47 %)

III 47 17 (36 %) 30 (64 %)

Post-Tx tumor status (Post-T) T0-Tis 21 15 (71 %) 6 (29 %) 0.088

T1 10 6 (60 %) 4 (40 %)

T2 55 30 (55 %) 25 (45 %)

T3 82 34 (41 %) 48 (59 %)

T4 4 1 (25 %) 3 (75 %)

Post-Tx nodal status (Post-N) N0 123 72 (59 %) 51 (41 %) 0.002a

N1 39 12 (31 %) 27 (69 %)

N2 10 2 (20 %) 8 (80 %)

UICC stage (Post-Tx) 0 19 13 (68 %) 6 (32 %) 0.002a

I 55 34 (62 %) 21 (38 %)

II 49 25 (51 %) 24 (49 %)

III 49 14 (29 %) 35 (71 %)

Vascular invasion Absent 157 81 (52 %) 76 (48 %) 0.280

Present 15 5 (33 %) 10 (67 %)

Perineural invasion Absent 167 86 (51 %) 81 (49 %) 0.059

Present 5 0 (0 %) 5 (100 %)

Tumor regression grade Grade 0–1 37 8 (22 %) 29 (78 %) <0.001a

Grade 2∼3 118 66 (56 %) 52 (44 %)

Grade 4 17 12 (71 %) 5 (29 %)
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tumor regression grade (TRG), as described by Dworak et al.
[21], was used as the end-point for evaluating the tumor
response after CRT. Using a multiheaded microscope to reach
a consensus for each case, immunoexpression of SKP2 was
scored by two pathologists (TJC and HYH) without prior
knowledge of the clinical results. Five groups of various
expression levels from 0 to 4+, respectively denoting none,
1∼24 %, 25∼49 %, 50∼74 %, and 75∼100 % of tumor cells
with moderate to strong nuclear reactivity, were clarified
according to the percentage of tumor cells with SKP2 immu-
noexpression in each specimen. Detailed experimental proto-
cols are provided in the supplementary data.

Cell culture

HT-29 and SW480 cell lines were purchased from American
Type Culture Collection (Manassas, VA, USA). HT-29 cells
were maintained in RPMI medium supplemented with 5 %
fetal bovine serum (FBS). SW480 cells were maintained in
DMEM/F12 medium supplied with 10 % FBS.

Immunoblotting

Cell lysates containing 25 μg protein were separated by 4–
12 % gradient NuPAGE gel (Invitrogen), transferred onto
polyvinylidene difluoride membranes (Amersham), and
probed with antibodies against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:3,000; Chemicon) and proteins
of interest. The latter included SKP2 (1:200; Zymed),
p27kip1 (1:500; Novocastra), cleaved caspase-3 (1:500; Epit-
omics), andGamma-H2AX (γ-H2AX; 1:500; Upstate Biotech-
nology). Proteins were visualized by the Chemiluminescence
System (Amersham) after incubation with the secondary
antibody.

In vitro 5-FU, Bortezomib, and irradiation treatment
of CRC cells

Cancer cells were seeded in 96-well plates at a density of 5×
103 cells per well the day before treatment with the vehicle
control (0.9 % saline), 5-FU, and/or Bortezomib at the
indicated concentrations. Irradiation treatment was per-
formed by monolayer irradiation with single-fraction of 5
or 10 Gy.

Cell viability assay

The viability of treated and untreated cells was determined
using the XTTAssay Kit (Roche) for 0 to 72 h. In brief, the
investigated cells were plated on gelatinized 96-well plates
at a density of 5×103 cells/well and analyzed on an enzyme-
linked immunosorbent assay microplate reader (Promega) at
492 nm.

Apoptosis assay

The evaluation of apoptosis upon treatment was conducted
by measuring caspase-3 and caspase-7 activation with a
Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI, USA)
following the manufacturer’s instructions.

Statistical analysis

SPSS 14 software package was used for statistical analyses.
Cases featuring 3+ or 4+ immunoreactivity were defining as
high-expression of SKP2 for statistical analysis. The compar-
isons of SKP2 expression status between the subgroups of
various clinicopathological parameters were evaluated by chi-
square or Fisher exact test. Local recurrence-free survival
(LRFS) metastasis-free survival (MeFS), and disease-specific
survival (DSS), calculated from the date of operation to the date
of event, were endpoints analyzed in this study. Survival curves
were plotted using the Kaplan–Meier method, and log-rank
tests were performed to evaluate prognostic differences be-
tween groups. The Cox proportional hazards model was used
by multivariate analysis. For all analyses, two-sided tests of
significance were used, and p<0.05 is considered significant.

Results

Clinicopathological features and SKP2 expression
in association with pre- and posttreatment tumor features

We first examined the expression of SKP2 in clinical speci-
mens of rectal cancer using immunohistochemistry. When
detected in cell nuclei, SKP2 immunoexpression was success-
fully scored in all 172 cases with a wide range of positively
stained tumoral nuclei, varying from 5 to 95 % (median,
50 %). Low expression of SKP2, i.e., <50 % of stained tumor
cells, was detected in 86 (50 %) cases (Fig. 1a). SKP2 was
highly expressed in 86 (50 %) cases that displayed moderate
or strong nuclear immunostaining in >50 % of tumor cells
(Fig. 1b). As shown in Table 1, high expression of SKP2 was
correlated with an advanced Post-Tx nodal status (p=0.002)
and International Union for Cancer Control (UICC) stage (p=
0.002). Of note, the SKP2 expression level was negatively
correlated with the TRG degree (p<0.001, Fig. 1c, d), sug-
gesting its role in resistance to CRT. Otherwise, the SKP2
expression status was not statistically related to other clinico-
pathological variables. Pretreatment (Pre-Tx) and Post-Tx
characteristics of all patients are summarized in Table 1.

Prognostic impact of Skp2 expression in rectal cancer

Next, we examined the correlation between SKP2 expres-
sion and the prognosis of CRC patients using a Kaplan–

1110 Tumor Biol. (2013) 34:1107–1117



Meier analysis. A number of clinicopathological parameters
including the Pre-Tx tumor status, Pre-Tx nodal status, Pre-
Tx UICC stage, Post-Tx tumor status, Post-Tx nodal status,
Post-Tx UICC stage, vascular invasion, and TRG (Fig. 2a–c)
were predictive of at least one of the three endpoints of this
study according to a univariate analysis (Table 2). Similarly,
high expression of SKP2 was associated with shorter dura-
tions of DSS, LRFS, and MeFS (p=0.0036, 0.0003, and
0.0032, respectively, Fig. 2d–f). More importantly, high ex-
pression of SKP2 (p=0.027, hazard ratio 3.21) remained
prognostically significant for LRFS in the multivariate analy-
sis (Table 3). In addition, TRG, Pre-Tx nodal status, and the
Post-Tx tumor status were also found to have independent
prognostic impacts on survival analysis.

Bortezomib induced downregulation of SKP2 and decreased
cell viability with caspase-mediated apoptosis in CRC cells
treated with 5-FU

We investigated whether Bortezomib modulated SKP2 ex-
pression and affected CRC cell growth and survival. Borte-
zomib functions as a proteasome inhibitor, and its effect on
SKP2 suppression was demonstrated [14, 18]. In our CRC
cell models treated with Bortezomib, the suppressed protein
level of SKP2 and concomitant increases in p27kip1 expres-
sion were confirmed by western blot analyses (Fig. 3c).
Furthermore, Bortezomib treatment decreased cell viability
in a dose- and time-dependent manner, with substantial
inhibition (>50 %) after 72 h at concentrations of as low as
20 nM in HT-29 cells and 40 nM in SW480 cells (Fig. 3a, b).
To elucidate whether cell apoptosis might be responsible for
the decreased cell viability in Bortezomib-treated CRC cells,
activated caspase-3 was analyzed by western blotting. After

Bortezomib treatment, activation of caspase-3 with an increas-
ing cleaved form appeared from 24 to 72 h in HT-29 and
SW480 cells, as shown in Fig. 3c.

Effects of Bortezomib-induced SKP2 suppression in CRC cells
treated with chemotherapy or concurrent chemoradiotherapy

5-FU is modern radiosensitizer clinically integrated in neo-
adjuvant CRT for rectal cancers, and we further checked
whether the cytotoxicity of 5-FU against CRC cells was
modulated by Bortezomib. As shown in Fig. 4a, b, the viabil-
ity of CRC cells treated with 5-FU alone was notably higher
than that combined with Bortezomib. Moreover, to further
verify whether Bortezomib enhanced the cytotoxicity of 5-
FU with various radiation doses, a quantitative chemilumines-
cent caspase-3/7 activity assay was used. When treated with
the indicated dose of 5-FU, the addition of Bortezomib
(20 nM) increased caspase-3/7 activity in a dose-dependent
manner in HT-29 cells (5-fold at 10 μM5-FU and 12.5-fold at
20 μM 5-FU, Fig. 4c) and SW480 cells (2.5-fold at 10 μM 5-
FU and 3.8-fold at 20 μM 5-FU, Fig. 4d), compared to 5-FU
alone. This enhanced caspase-3/7 activity modulated by Bor-
tezomib was also observed in CRC cells when CRT with the
indicated dose of 5-FU and irradiation were simultaneously
added. In the presence of 10 or 20 μM 5-FU combined with 5
or 10 Gy of irradiation, a 3∼5-fold increase in caspase-3/7
activity was induced by Bortezomib in HT-29 cells, compared
to the control group (Fig. 4c). Similarly, Bortezomib elicited a
3∼4.5-fold increase in caspase-3/7 activity, compared to the
control group, when SW480 cells were concurrently treated
with 10 or 20 μM5-FU and 5 or 10 Gy of irradiation (Fig. 4d).

Because the most damaging lesion introduced by irradi-
ation into cells is the DNA double-strand break (DSB), we

Fig. 1 Representative
immunostaining of low a and
high expressions of SKP2 b
from pretreatment rectal cancer
specimens which respectively
showed high c and low d grades
of tumor regression after
chemoradiotherapy
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would like to determine levels of γ-H2AX, a marker of
DSBs, in both cells treated with CRT and Bortezomib. In
the presence of 5 Gy of irradiation, the concurrent treatment
of 20 nM Bortezomib and 20 μM 5-FU significantly in-
creased γ-H2AX formation in CRC cells (Fig. 4e, f) com-
pared to 5-FU alone, indicating that Bortezomib could
enhance DNA damage induced by CRT in our cell models.

Discussion

During stepwise tumorigenesis, deregulation of cell-cycle
regulators often promotes progression of and imparts a

survival advantage to aggressive tumor subsets, thereby
conferring an adverse prognostic effect on patient survival
[19]. The SKP2 oncoprotein is known to function as a novel
oncogene by modulating the degradation of phosphorylated
p27Kip1, an important cell-cycle regulator at the G1–S tran-
sition. SKP2 overexpression was also reported in various
human cancers, including colon cancers [12, 18, 20], em-
phasizing its value as a prognostic marker for survival and
as a potential therapeutic target to improve CRT outcomes in
rectal cancers.

The poor prognostic effect caused by SKP2 overexpres-
sion was demonstrated because it represents biological ag-
gressiveness of human cancers [10, 11]. In our clinical

Fig. 2 Kaplan–Meier survival curves plotted to predict disease-
specific survival in accordance with the tumor regression grade
(TRG) a and SKP2 immunoexpression d. Associations of local

recurrence-free and metastasis-free survival between TRG (b, c) and
SKP2 immunoexpression (e, f) are also illustrated

1112 Tumor Biol. (2013) 34:1107–1117



specimens, high expression of SKP2 was correlated with the
advanced Post-Tx nodal status and UICC stage, implying its
aggressive biological behavior with high metastatic poten-
tial. Bortezomib functions as a proteasome inhibitor, but its
effect on SKP2 suppression was recently clarified [14]. In
our cell models, we confirmed that Bortezomib was an
SKP2 inhibitor, and its effect reduced CRC cell viability
with enhanced apoptosis activation, proving the invasive
potential of SKP2 expression. These aggressive biological

phenotypes of the high expression of SKP2 may contribute
to the poor CRT response and therefore were clinically
correlated with the advanced Post-Tx nodal status and UICC
stage of rectal cancer patients in this study. A low degree of
TRG, indicating a worse response after CRT for rectal
cancer, was proven to be closely related to poor survival
and high local recurrence [21–23]. In expectation, high-
expression of SKP2 was corresponding to lower TRG in
our study, also demonstrating the strong correlation between

Table 2 Univariate log-rank analysis for important clinicopathological variables and Skp2 expression

Parameter No. of case DSS LRFS MeFS

No. of event p value No. of event p value No. of event p value

Gender Male 108 20 (19 %) 0.9026 7 (6 %) 0.2250 14 (13 %) 0.3520

Female 64 11 (17 %) 20 (31 %) 17 (27 %)

Age <70 106 19 (18 %) 0.8540 18 (17 %) 0.6615 20 (19 %) 0.7427

≧70 66 12 (18 %) 9 (14 %) 11 (17 %)

Pre-Tx tumor status (Pre-T) T1 12 1 (8 %) 0.0314a 1 (8 %) 0.0530 1 (8 %) 0.4757

T2 69 9 (13 %) 9 (13 %) 10 (14 %)

T3 69 12 (17 %) 9 (13 %) 14 (20 %)

T4 22 9 (41 %) 8 (36 %) 6 (27 %)

Pre-Tx nodal status (Pre-N) N0 125 19 (15 %) 0.1173 15 (12 %) 0.0260a 19 (15 %) 0.1379

N1 39 9 (23 %) 10 (26 %) 9 (23 %)

N2 8 3 (38 %) 2 (25 %) 3 (38 %)

UICC Stage (Pre-Tx) I 72 9 (13 %) 0.1427 10 (14 %) 0.0209a 10 (14 %) 0.2320

II 53 10 (19 %) 5 (9 %) 9 (17 %)

III 47 12 (26 %) 12 (26 %) 12 (26 %)

Post-Tx tumor status (Post-T) T0-Tis 21 2 (10 %) <0.0001a 1 (5 %) 0.0047a 2 (10 %) 0.0146a

T1 10 0 (0 %) 1 (10 %) 0 (0 %)

T2 55 5 (9 %) 5 (9 %) 6 (11 %)

T3 82 21 (26 %) 18 (22 %) 21 (26 %)

T4 4 3 (75 %) 2 (50 %) 2 (50 %)

Post-Tx nodal status (Post-N) N0 123 21 (17 %) 0.0155a 16 (13 %) 0.0120a 20 (16 %) 0.1657

N1 39 6 (15 %) 7 (18 %) 7 (18 %)

N2 10 4 (40 %) 4 (40 %) 4 (40 %)

UICC Stage (Post-Tx) 0 19 2 (11 %) 0.0117a 1 (5 %) 0.0843 2 (11 %) 0.0226a

I 55 4 (7 %) 5 (9 %) 4 (7 %)

II 49 15 (31 %) 10 (20 %) 14 (26 %)

III 49 10 (20 %) 11 (22 %) 11 (22 %)

Vascular invasion Absent 157 26 (17 %) 0.0184a 21 (13 %) 0.0028a 27 (17 %) 0.4470

Present 15 5 (33 %) 6 (40 %) 4 (27 %)

Perineural invasion Absent 167 29 (17 %) 0.2559 25 (15 %) 0.0940 30 (18 %) 0.9083

Present 5 2 (40 %) 2 (40 %) 1 (20 %)

Tumor regression grade Grade 0∼1 37 13 (35 %) 0.0038a 10 (27 %) 0.0090a 14 (38 %) 0.0006a

Grade 2∼3 118 17 (14 %) 17 (14 %) 16 (14 %)

Grade 4 17 1 (6 %) 0 (0 %) 1 (6 %)

Skp2 expression Low Exp. 90 8 (9 %) 0.0036a 5 (6 %) 0.0003a 8 (9 %) 0.0032a

High Exp. 82 23 (28 %) 22 (27 %) 23 (28 %)

a Statistically significant

Tumor Biol. (2013) 34:1107–1117 1113



SKP2 expression and poor response after neoadjuvant CRT
in rectal cancer patients. Moreover, high expression of
SKP2 was shown to be a prognostic factor for poor DSS,
LRFS, and MeFS in the univariate analysis and poor LRFS
independently in the multivariate analysis. These poor sur-
vival results related to the high expression of SKP2 are

similar to those reported by Uddin et al. and Shapira et al.
in colon cancer patients [18, 20].

Nevertheless, some differences exist between our current
study and the two previous studies published by Uddin et al.
and Shapira et al. [18, 20]. First, in those two previous
studies, the majority of patients enrolled had colon cancers

Table 3 Multivariate analysis

Parameter DSS LRFS MeFS

HR 95 % CI p value HR 95 % CI p value HR 95 % CI p value

Gender 0.759 0.340–1.694 0.500 1.369 0.547–3.427 0.502 1.805 0.263–1.167 0.120

Age 1.079 0.496–2.349 0.848 1.369 0.547–3.427 0.793 0.894 0.416–1.919 0.774

Pre-Tx tumor status (Pre-T) 2.105 0.975–4.545 0.058 2.323 0.986–5.472 0.054 1.547 0.744–3.217 0.243

Pre-Tx nodal status (Pre-N) 2.475 0.708–8.653 0.156 3.719 1.024–13.505 0.046a 2.155 0.648–7.163 0.210

UICC stage (Pre-Tx) 2.198 0.133–1.552 0.208 3.205 0.081–1.208 0.092 1.548 0.212–2.973 0.443

Post-Tx tumor status (Post-T) 3.395 1.156–9.973 0.026a 2.114 0757–5.904 0.153 1.916 0.772–4.759 0.161

Post-Tx nodal status (Post-N) 2.107 0.644–6.894 0.218 1.934 0.605–6.187 0.266 1.032 0.351–3.029 0.955

UICC stage (Post-Tx) 3.115 0.862–11.236 0.083 2.114 0.617–7.246 0.233 1.368 0.243–2.200 0.577

Vascular invasion 1.971 0.678–5.732 0.213 2.428 0.834–7.068 0.104 1.052 0.325–3.407 0.932

Perineural invasion 0.823 0.178–3.806 0.804 1.211 0.248–5.916 0.813 2.151 0.059–3.651 0.466

Tumor regression grade 2.088 0.226–1.016 0.055 2.110 0.928–4.808 0.075 2.336 1.112–4.902 0.025a

Skp2 expression 2.087 0.878–4.959 0.096 3.210 1.144–9.002 0.027a 2.289 0.973–5.385 0.058

a Statistically significant

Fig. 3 In vitro Bortezomib
treatment decreased cell
viability and SKP2 expression
but induced caspase activation.
Using an XTT assay, cell
viability was significantly
reduced in a dose- and time-
dependent manner in both HT-
29 (a) and SW480 (b) cell lines
treated with the indicated doses
and times of Bortezomib. After
being treated with 20 nM Bor-
tezomib or the vehicle control
for 24∼72 h, protein lysates of
both HT-29 and SW480 cells
were harvested, and equal
amounts of proteins were
immunoblotted against SKP2,
p27Kip1, and caspase-3 (active
form), with GAPDH serving as
the loading control. Bortezomib
treatment clearly resulted in at-
tenuated SKP2 expression, in-
creased p27 expression, and
activation of caspase-3 in both
HT-29 and SW480 cells c
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other than rectal cancers, indicating the presence of a selec-
tion bias. Moreover, colon cancer patients are often unnec-
essarily treated with radiotherapy, which differs from the
situation with rectal cancers. The majority of patients in
these two studies had colon cancers, and most subjects were
radiotherapy-naïve. Therefore, we cannot draw conclusions
directly from these two published studies as to whether
SKP2 expression is correlated to outcomes of rectal cancer
patients treated with CRT. Conversely, the studied popula-
tion in the present study was homogenous for rectal cancer
patients who received the same protocol of neoadjuvant
CRT. Our results provide powerful evidence that high ex-
pression of SKP2 predicts a poor prognostic factor for rectal
cancer patients with neoadjuvant CRT.

5-FU, the most commonly used antineoplastic agent ap-
plied to CRT in rectal cancers, is an antimetabolite drug that
exerts its anticancer effects through inhibiting thymidylate

synthase and incorporating its metabolites into RNA and
DNA [24]. Resistance to 5-FU also contributes to the treat-
ment response and survival of rectal cancer patients, but its
association with SKP2 expression has not yet been clarified.
In this study, the reduced cell viability induced by 5-FU in
CRC cells was enhanced by the addition of Bortezomib.
Furthermore, Bortezomib also enhanced DNA DSBs forma-
tion and consequent apoptosis activity in the presence of
concurrent chemotherapy and radiotherapy in our cell mod-
els. These findings support the possibility of clinically inte-
grating Bortezomib and CRT in rectal cancers. Certainly, the
negative regulatory effect of the cell-cycle inhibitor,
p27Kip1, may be responsible for CRT resistance modulated
by SKP2. Moreover, SKP2 overexpression was demonstrat-
ed to be correlated with Akt activation, consequent glycol-
ysis, and breast cancer metastasis and can serve as a marker
for a poor prognosis in Her2-positive patients [15]. Distinct

Fig. 4 In vitro Bortezomib
treatment enhanced a reduction
in cell viability induced by 5-
FU and increased caspase-3/7
activity and γ-H2AX formation
induced by CRT. According to
the XTT assay, cell viability
was significantly reduced in a
dose-dependent manner in both
HT-29 (a) and SW480 (b) cell
lines treated with the indicated
doses of 5-FU when co-treated
with 20 nM Bortezomib for
72 h. The dose-dependent in-
crease in caspase-3/7 activity
induced by 5-FU alone or com-
bined with indicated dose or ir-
radiation was confirmed by
chemiluminescent assays after
HT-29 (c) and SW480 (d) cells
were co-treated with 10 and
20 nM Bortezomib for 72 h. In
the presence of 5 Gy of irradia-
tion, protein lysates of both HT-
29 and SW480 cells were har-
vested after being treated with
20 μM 5-FU and/or 20 nM
Bortezomib or without drug for
24 h, and equal amounts of
proteins were immunoblotted
against γ-H2AX, with
glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) serv-
ing as the loading control. The
addition of Bortezomib en-
hanced γ-H2AX formation in-
duced by concurrent treatment
with 5-FU and irradiation in
HT-29 (e) and SW480 (f) cells
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biologic functions other than cell-cycle regulation related to
CRT resistance may exist in rectal cancers, and further
studies are warranted. Otherwise, SKP2 overexpression
was also reported to be correlated with increased radiore-
sistance of esophageal squamous cell carcinoma (ESCC)
and nasopharyngeal cancer [11, 16]. In ESCC cells, in-
creased SKP2 expression was demonstrated to promote the
double-strand break repair ability partly through the homol-
ogous recombination pathway, thereby enhancing the radi-
ation resistance of ESCC cells. Although further validation
is necessary, these adverse phenotypes of SKP2 to overcome
cytotoxicity of radiotherapy are also important in addressing
the poor survival of rectal cancer patients in our study.

Bortezomib is modified dipeptidyl boronic acid derived
from leucine and phenylalanine that acts as an inhibitor of
the 26S proteasome. Its effect on SKP2 suppression regu-
lated through messenger RNA downregulation was demon-
strated in sarcoma cells [14]. In clinical trials, clear evidence
of the antitumor activity of Bortezomib was found in mul-
tiple myelomas and B cell lymphomas with manageable side
effects [25]. Therefore, further studies integrating Bortezo-
mib or another SKP2 inhibitor into neoadjuvant CRT pro-
tocols for rectal cancers are also warranted.

In conclusion, we found for the first time that high
expression of SKP2 was correlated with an advanced node
status and a poor response and prognosis of rectal cancer
patients who received neoadjuvant CRT. Suppression of
SKP2 expression by Bortezomib attenuated the viability of
CRC cells and promoted the cytotoxicity of 5-FU alone or in
the presence of concurrent irradiation. Our results not only
suggest the poor prognosis and resistance of CRT contrib-
uted by the high expression of SKP2 but also provide
fundamental evidence of SKP2 inhibition applied to CRT
protocols in rectal cancers.
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