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Abstract

Distant metastasis is the primary cause of cancer-related death among patients with colorectal
cancer (CRC), and the discovery of novel therapeutic targets by further exploring the molecular
mechanisms of CRC metastasis is therefore urgently needed. We previously illustrated that
CDC27 overexpression promoted proliferation in CRC, but no studies have emphasized the role
of CDC27 in cancer metastasis thus far. Our previous data indicated that the expression of
CDC27 was significantly associated with distant metastasis in patient tissues, and therefore, in this
study, we focused on the investigation of the potential mechanisms of CDC27 in CRC metastasis.
The results revealed that CDC27 promoted the metastasis, invasion and sphere-formation
capacity of DLD1 cells, but that the inhibition of CDC27 in HCT116 cells suppressed metastasis
both in vitro and in vivo. Mechanistic analyses revealed that CDC27 promoted
epithelial-to-mesenchymal transition (EMT), as demonstrated by the reduced expression of the
epithelial markers ZO-1 and E-cadherin and the enhanced expression of the mesenchymal markers
ZEB1 and Snail in HCT116 and DLDI cells. Further mechanistic investigation indicated that
CDC27 promoted metastasis and sphere-formation capacity in an ID1-dependent manner. In
conclusion, we first demonstrated the role of CDC27 in cancer metastasis and showed that
CDC27 may serve as a promising therapeutic target for CRC.
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Introduction

Distant metastasis is the leading cause of
cancer-related death among colorectal cancer (CRC)
patients [1].The majority of CRC patients with hepatic
metastasis cannot be cured with surgical therapy, and
the 5-year survival rate following pathological
diagnosis is below 10% [2]. In contrast, the 5-year
survival rate of patients with early-stage CRC is
higher than 90% [3-5]. Understanding the molecular
mechanisms that lead to the metastatic phenotype of

CRC, along with the subsequent discovery of novel
therapeutic targets, is therefore urgently needed to
develop efficient medical approaches that improve
the prognosis of CRC patients with metastasis.
Cancer metastasis is a complex multistep
biological process [6]. Compelling evidence indicates
that epithelial-to-mesenchymal transition (EMT) plays
crucial roles in promoting cancer progression through
various mechanisms [7,8]. EMT endows cells with
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migratory and invasive properties, contributes to the
acquisition of stem cell properties, and prevents cell
apoptosis and senescence [9]. Therefore, the
mesenchymal state is associated with the capacity of
cells to migrate to distant tissues, facilitating their
subsequent differentiation into multiple cell types
during the multiple steps of metastasis.

Over the past few years, accumulating evidence
has revealed that CDC27 mutates in various cancer
types, such as prostate cancer, osteosarcoma, and
CRC [10-13]. There is new evidence that CDC27 is
upregulated in breast cancer and that CDC27
expression may be a significant predictor of breast
cancer recurrence [14]. In our previous study, we
reported that downregulation of CDC27 inhibits the
proliferation of CRC cells via the accumulation of p21,
and that CDC27 expression is significantly correlated
with tumor progression and poor survival among
CRC patients. Moreover, we also performed
immunohistochemistry (IHC) to evaluate endogenous
CDC27 expression in paraffin-embedded tissue
sections  (n=166) derived from cases of
histopathologically confirmed CRC. The results
implied that CDC27 expression is significantly
correlated with distant metastasis in patients with
CRC (p=0.03) [15]. However, no studies have reported
the role of CDC27 in cancer metastasis thus far.

ID1 is a helix-loop-helix (HLH) protein that
heterodimerizes with the basic HLH transcription
factors and inhibits them from binding to DNA,
thereby regulating gene transcription [16,17]. ID1 is
involved in regulating a variety of cellular processes
including the cell cycle, apoptosis, senescence, and
differentiation  [18,19]. Previous studies have
confirmed that ID1 promotes metastasis and EMT in
various cancer types, such as lung cancer and
esophageal cancer [20-22]. In addition, ID1
contributes to the self-renewal capacity of murine
cortical neural stem cells, and a murine model of
hematopoiesis indicated that Id17/- whole-bone
marrow displayed decreased self-renewal capacity
compared with that of the wild-type control [23-24].

In the present study, we sought to determine
whether CDC27 play a crucial role in CRC metastasis.
The results suggested that the CDC27-ID1 axis may
serve as a promising therapeutic target for CRC
patients with metastasis.

Results

CDC27 is a positive regulator of CRC
metastasis

To determine the function of CDC27 in the
metastasis and invasiveness of CRC, we performed
transwell and Matrigel invasion assays. SiRNA

targeting CDC27 (siRNA1-CDC27 or siRNA2-CDC27)
or negative control siRNA (siRNA-NC) was
transiently transfected into HCT116 cells, while DLD1
cells were transiently transfected with either a
CDC27-carrying plasmid or an empty plasmid. The
expression levels of CDC27 were determined via
western Dblotting (Supplemental Figure S1). The
results showed that knockdown of CDC27
significantly suppressed both the migratory and
invasive abilities of HCT116 cells compared with the
control treatment (p<0.001, Figure 1A). Conversely,
ectopic expression of CDC27 promoted DLD1 cell
migration and invasion (p<0.01, Figure 1B). In
addition, colony sphere-formation assays were
performed to assess whether CDC27 affects the
sphere-formation capacity of CRC cells. The data
indicated that the sphere-formation capacity of
HCT116 cells was significantly weakened upon
downregulation of CDC27 (p<0.05, Figure 1C). In
contrast, CDC27 overexpression remarkably
enhanced the sphere-formation capacity of DLD1 cells
(p<0.05, Figure 1D). Our results provided evidence
that CDC27 is a positive regulator of CRC metastasis.

Downregulation of CDC27 suppresses EMT in
CRC

In our previous study, we demonstrated that
CDC27 promotes the expression of ID1, which plays a
key role in tumorigenesis and promotes EMT in
various tumors. Given our above findings, we
examined whether CDC27 has the potential to induce
EMT in CRC cell lines. For this purpose, we
constructed a DLD1 cell line stably overexpressing
CDC27 (Dcdc27) and a control DLD1 cell line (Dctrl).
Considering that siRNA2-CDC27 was more efficient
than siRNA1-CDC27 in silencing CDC27 expression,
we selected the siRNA2-CDC27 sequence to generate
shCDC27 and established HCT116 cell lines in which
CDC27 was stably knocked down; alternatively, a
control shRNA was used (below, these cells lines are
referred to as shCDC27 and shNC, respectively). As
shown in Figure 2A and 2B, the mRNA and protein
expression levels of the epithelial markers ZO-1 and
E-cadherin were remarkably increased in stable
shCDC27 cell lines, and the mRNA and protein
expression levels of the mesenchymal markers ZEB1
and Snail were decreased. Similar results were
observed in the stable Dcdc27 and Dctrl cell lines
(Figure 2C, 2D). Furthermore, we observed that the
expression of the epithelial stemness marker CD44
was significantly decreased in shCDC27 cell lines
(Figure 2A, 2B), but that it was increased in Dcdc27
cell lines compared with expression in the control cell
line (Figure 2C, 2D). These findings supported the
above results that CDC27 promoted the

http://www.jcancer.org



Journal of Cancer 2017, Vol. 8

2628

sphere-formation capacity of CRC cells (Figure 1C,
1D). Therefore, the above results suggested that
CDC27 has the potential to induce EMT in CRC cells,
which at least partially accounts for the activities of
CDC27 in promoting the metastasis and invasiveness
of CRC cells.

Given that CDC27 modulated the ID1 and the
EMT program in HCT116 and DLD1 cells, we sought
to determine whether the expression of ID1 or
E-cadherin was correlated with CDC27 expression in

tumor tissues derived from CRC patients. ITHC
staining was performed to analyze the relationship
between the expression of CDC27 and E-cadherin or
ID1 in tumor tissues from 12 CRC patients. As shown
in Figure 2E, 2F, and 2G, ID1 expression was
significantly and positively correlated with CDC27
expression (R=0.613, p=0.034), and E-cadherin
expression was negatively correlated with CDC27
expression (R=-0.621, p=0.031).
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Figure 1. CDC27 promotes the metastasis, invasion and sphere-formation capacity of CRC cells. (A and B) Representative images show the
migration and invasion abilities of HCT 116 cells and DLDI cells with transient CDC27 knockdown or overexpression. The number of cells was quantified. *, p<0.05,
**, p<0.01, ¥* p<0.001, based on Student’s t-test. (C and D) Representative images show the sphere-formation capability of HCT116 cells and DLDI cells with
transient CDC27 knockdown or overexpression. *, p<0.05, *¥, p<0.01 based on Student’s t-test. These experiments were repeated at least three times. Error bars,

mean * SD.
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Figure 2. CDC27 induces the EMT process in CRC. (A and B) Real-time PCR and western blotting were performed to detect the expression of EMT markers
in HCT116 stable cell lines. The means * SD of triplicate samples are shown. *¥, p<0.01, *** p<0.001 based on Student’s t-test. (C and D) Real-time PCR and
Western blotting were performed to detect the expression of EMT markers in DLDI stable cell lines. The means + SD of triplicate samples are shown. *¥, p<0.01,
**% p<0.001 based on Student’s t-test. (E) Representative IHC images of CDC27, ID1, and E-cadherin expression in CRC tumor tissues (%100 magnification). (F and
G) Pearson correlation coefficients between CDC27 and either ID1 or E-cadherin expression in 12 CRC patient tissues were analyzed.

CDC27 mediates EMT via the modulation of
ID1 expression

Considering that ID1 participates in EMT,

sphere-formation capability induced by CDC27
downregulation in HCT116 stable cell lines (Figure
3A, 3B). Moreover, we observed a similar
phenomenon when we transiently knocked down ID1

contributes to CSC properties in multiple cancer cell  expression. Knockdown of ID1 dramatically
lines and is positively regulated by CDC27, we next Suppressed metastasis, invasion and
sought to determine whether ID1 is involved in  sphere-formation capability of DLD1 stable cell lines
metastasis and sphere-formation capacity of CRC cells (Figure 3C, 3D).

caused by CDC27 alterations. To examine this issue,
an exogenous ID1 expression plasmid
(pReceiver-M02-ID1) or an empty  vector
(pReceiver-M02) was transfected into stable shCDC27
or shNC HCT116 cells. Consistent with our
expectation, the findings suggested that ID1 impaired
the inhibition of metastasis, invasion, and

Given the results obtained thus far, we next
explored whether CDC27 also regulates EMT
progression by regulating ID1. Alterations in the
expression of the EMT markers noted above were
examined via real-time PCR and western blotting.
Intriguingly, the results revealed that the expression
levels of the epithelial markers ZO-1 and E-cadherin
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were dramatically down-regulated and that the
expression levels of the mesenchymal markers ZEB1,
Snail and CD44 were restored upon exogenous
overexpression of ID1 (Figure 4A, 4B). Furthermore,
siRNA targeting ID1 (siRNA1-ID1, siRNA2-ID1) or
negative control siRNA (siRNA-NC) was transfected
into stable Dcdc27 or Dctrl cells. Similarly, the results
showed that transient knockdown of ID1 remarkably
reversed the decrease in ZO-1 and E-cadherin
expression caused by CDC27 upregulation and
dramatically inhibited the accumulation of ZEBI,
Snail and CD44 in stable Dcdc27 cells (Figure 4C, 4D).
Therefore, we concluded that CDC27 affect EMT
progression in an ID1-dependent manner.

>

shCDC27

CDC27 promotes metastasis in a xenograft
mouse model

The above findings prompted us to examine
whether CDC27 affect the metastatic process in CRC
cells in vivo. Therefore, we established mouse models
of lung and hepatic metastasis using the stable
shCDC27 and shNC HCT116 cell lines. The results
indicated that knockdown of CDC27 led to a
significant decrease in the number of lung metastatic
tumor nodules (n=8, Figure 5A, 5B). Moreover,
metastatic nodules were observed in the liver of most
of the mice from the shNC group, and the number of
metastatic nodules was distinctly greater in the shNC
group than that in the shCDC27 group (n=8, Figure
5C, 5D).
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Figure 3. CDC27 promotes metastasis in CRC cell lines in an ID I-dependent manner. (A and B) ID1 was transiently overexpressed in HCT116 stable
cell lines. Representative images of migration, invasion transwell, and sphere-formation rescue assays are shown. Quantification of the results is presented. The means
+ SD of triplicate samples are shown. *, p<0.05, *¥, p<0.01, ***, p<0.001 based on Student’s t-test. (C and D) ID1 was transiently knocked down in DLDI stable cell
lines. Representative images of migration, invasion transwell, and sphere-formation rescue assays are shown. Quantification of the results is also presented. The
means + SD of triplicate samples are shown. ¥, p<0.05, **¥, p<0.01, ***, p<0.001 based on Student’s t-test.
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Discussion

In our previous study, we reported that the
downregulation of CDC27  suppresses the
proliferation of CRC cells and that CDC27 expression
is a negative prognostic factor for survival among
CRC patients [15]. However, no previous study has
focused on the role of CDC27 in cancer metastasis.
Moreover, our previous IHC analysis results
indicated that CDC27 expression is correlated with
distant metastasis in CRC patients. All of these
previous findings drove our interest in investigating
whether CDC27 participates in the regulation of CRC
metastasis and invasion. In this study, we focused on
determining the function of CDC27 in CRC metastasis
and elucidating its underlying mechanisms to identify

potential targets for the treatment of CRC patients
with metastasis.

It has been well described that EMT is closely
linked to tumor metastasis and invasion [25]. The
hallmarks of the EMT process are loss of
E-cadherin-mediated cell-cell adhesion, acquisition of
mesenchymal marker expression and thus increased
cancer cell motility and invasiveness [7]. Given that
CDC27 enhances the migration ability of CRC cells
(Figure 1A, 1B), we first examined whether CDC27
affects the EMT process. Our findings showed that the
expression levels of E-cadherin and ZO-1 were
dramatically increased and that the expression levels
of ZEB1, CD44, Snail were correspondingly
significantly decreased in stable HCT116 shCDC27
cells (Figure 2A, 2B). Similar findings were obtained
using stable Dctrl and Dedc27 cells (Figure 2C, 2D).
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Figure 4. CDC27 induces the EMT process via the modulation of ID1 expression in CRC. (A and B) Real-time PCR and western blotting were
performed to determine the expression of EMT markers in the HCT116 stable cell lines with transient ID1 overexpression. (C and D) Real-time PCR and western
blotting were performed to analyze the expression of EMT markers in the DLD]1 stable cell lines with transient ID1 knockdown. The means + SD of triplicate samples

are shown. *, p<0.05, **, p<0.01, ***, p<0.001 based on Student’s t-test.
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Figure 5. CDC27 promotes the metastasis of CRC cells in nude mouse models. (A and B) For the lung metastasis model, lung sections were subjected
to H&E staining. Representative macroscopic images of metastatic lung nodules are shown, and the arrows indicate the metastatic nodules. The number of metastatic
nodules in the lung specimens was analyzed. *, p<0.05. (C and D) For the hepatic metastasis model, liver sections were subjected to H&E staining. Representative
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was analyzed. ¥, p<0.05.

However, many topics remain to be further
elucidated. In our previous and current studies, we
demonstrated that downregulation of CDC27 inhibits
the proliferation and metastasis of CRC cell lines by
modulating ID1 expression. Considering that ID1
plays an oncogenic role in various cancer types and
that high expression of CDC27 was reported to be a
significant predictor of breast cancer recurrence [14],
we highly suspect that the CDC27-ID1 axis may also
play a crucial role in other forms of cancer. Therefore,
whether the CDC27-ID1 axis exerts its oncogenic
effect specifically in CRC or universally in a variety of
cancer types warrants further exploration.

In addition, the molecular mechanisms upstream
of CDC27 remain obscure. Recent studies revealed
that knockdown of poly(rC)-binding protein 1
(PCBP1) abrogates the silencing of CDC27 mRNA
translation, resulting in constitutive expression of
CDC27, which leads to chromosomal instability and
aneuploidy [14]. More importantly, PCBP1 is
involved in several critical biological processes.
Previous studies have demonstrated that PCBP1 is a
suppressor of metastasis, that it is involved in the
EMT process and that PCBP1 downregulation

predicts poor prognosis of various cancer types
[31-33], such as non-small cell lung cancer and gastric
cancer [34-36]. Intriguingly, in addition to its function
as an EMT suppressor, PCBP1 has been reported to
contribute to the maintenance of CSC properties and
to the inhibition of CD44 expression [36,37]. Based on
our results that CDC27 promoted cell mobility and
enhanced the expression of CD44, we strongly
speculate that PCBP1 might be involved in the
upstream regulation of CDC27 in CRC, which
plausibly explains our findings in this study.

Moreover, considering the mounting evidence
from sequencing studies in recent years that CDC27 is
mutated in several tumor types [10-12,38,39], there is a
possibility that a CDC27 mutation itself might lead to
aberrant, constitutive activation of CDC27 in CRC,
and this possibility needs to be investigated further in
our future studies.

In conclusion, the present study demonstrates
that CDC27 promotes metastasis in CRC. Therefore,
CDC27 may emerge as a novel marker of metastasis,
and CDC27 may serve as a potential therapeutic
target for the prevention and treatment of CRC.
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Materials and Methods

Cell culture

DLD-1 cells were maintained in RPMI 1640
medium containing 10% fetal bovine serum (FBS,
PAA), and HCT116 cells were cultured in DMEM
containing 10% FBS. All cell lines were tested for
mycoplasma contamination (New  MycoProbe
Mycoplasma Detection Kit, R&D Systems) at the
indicated time points.

Patient tissue specimens and
clinicopathological characteristics

The patients for whom follow-up information
was not available were excluded from this study. The
tissue specimens used conformed to the following
criteria: contained matched tumor tissue (percentage
of tumor cells > 70%) and corresponding normal
mucosal tissue (>5 cm laterally from the edge of the
tumor region). The patients underwent follow-up
once every 3 months during the first 2 years after
surgery, once every 6 months during the third and
fourth years, and once a year thereafter. Patients who
had a single primary lesion and no neoadjuvant
chemotherapy were included. Patients provided
informed consent, and the use of clinical specimens
for research purposes was approved by the
Institutional Research Ethics Committee.

Immunohistochemistry

These procedures were performed as previously
described [15]. A primary antibody targeting CDC27
(Santa, sc-9972, 1:50) was used. CDC27
immunostaining intensity was scored as follows:
negative = 0, weak = 1, moderate = 2, or strong = 3.
The final H score was calculated by multiplying the
CDC27 immunostaining intensity score by the
percentage of CDC27-immunostained area. Receiver
operating characteristic (ROC) curve analysis was
used to determine a cutoff value for defining high or
low CDC27 expression. A ROC curve was generated
to plot the sensitivity and specificity for the outcome,
and the H score that was closest to the point of
maximal sensitivity and specificity was selected as the
cutoff value.

RNA extraction and qRT-PCR

These procedures were performed as previously
described [15]. Briefly, total RNA was isolated using
TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions, and c¢DNA was
synthesized using the GoScript Reverse Transcription
System (Promega). The primers used are shown in
Supplementary Table S1.

Western blotting analysis

This procedure was performed as described
previously [15]. Briefly, cells were collected and lysed
in RIPA buffer (Beyotime, P0013B). Total protein
samples were loaded and separated on sodium
dodecyl sulfate-polyacrylamide gradient gels,
followed by transfer to PVDF membranes. Then, the
membranes were blocked with 5% non-fat milk for 2 h
at room temperature. Next, the membranes were
incubated with the primary antibody followed by a
horseradish peroxidase-conjugated secondary
antibody. Then, the immunoreactive protein bands
were detected using an electrochemiluminescence
system (KeyGENBioTECH). Primary antibodies
against the following antigens were used: CDC27
(Santa Cruz, sc-9972; 1:200), ID1 (Santa Cruz, sc-488;
1:200), ZO-1 (Cell Signaling Technology, #8193;
1:1000), E-cadherin (Cell Signaling Technology, #3195;
1:1000), ZEB1 (Cell Signaling Technology, #3396;
1:1000), Snail (Cell Signaling Technology, #3879;
1:1000), CD44 (Cell Signaling Technology, #3570;
1:1000), and GAPDH (Proteintech, 60004-1-lg,
1:10000).

Plasmid generation and stable cell line
construction

Stable cell lines were constructed as described
previously [15].

Migration and invasion assays

Transfected cells (1x10%) in 200 pL of serum-free
DMEM or RPMI 1640 medium were plated on
uncoated or Matrigel-coated cell culture inserts (8-pm
pores; BD Falcon, San Jose, CA). DMEM or RPMI 1640
medium containing 10% FBS was added to the bottom
chamber. After 18-24 hours, the cells on the lower
surface of the filter were fixed, stained, and examined
using a microscope. The number of migrated cells in
three randomly selected optical fields (x100
magnification) from triplicate filters was averaged.

Sphere-formation assay

For the sphere-formation assays, cells were
resuspended and seeded in DMEM/F12 medium
supplemented with 20 ng/mL epidermal growth
factor (Invitrogen) and 1% penicillin/streptomycin.
The size and number of cell spheres were evaluated
via microscopy after 12 days.

Animal experiments

Animal experiments were approved by the
Institutional Animal Care and Use Committee of Sun
Yat-Sen University Cancer Center. Male BALB/c
nude mice (4-5 weeks old, 15-18 g) were purchased
from the Slaccas Experimental Animal Center
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(Shanghai, China). Mice were injected with stable
HCT116 cells to produce the lung and hepatic
metastasis models.

Hepatic metastasis model

Mice were randomly assigned to two groups
(n=8), both of which were anesthetized with
isoflurane and subjected to laparotomy. In all, 1x10¢
cells (shCDC27 or shNC) were resuspended in 100 pL
of PBS and were injected into the distal tip of the
spleen using an insulin syringe. Eight weeks after
injection, the mice were sacrificed, and the spleens
and livers were collected. The sections were stained
with hematoxylin and eosin (H&E). Metastatic
nodules were counted under a microscope.

Lung metastasis model

Mice were randomly assigned to two groups
(n=8). A total of 2 x 108 cells in 100 pL of PBS were
injected into the tail vein of mice. Ten weeks after
injection, the animals were euthanized, the lungs were
harvested and the sections were stained with H&E.
Metastatic nodules were counted under a microscope
[40].

Statistical analysis

All statistical analyses were completed using
SPSS version 16.0 software. Normally distributed data
are expressed as the means £ SD. Student’s t-test and
the two-tailed chi-square test were used. Pearson
correlation coefficients were calculated for correlation
analysis. A p-value of less than 0.05 was considered
statistically significant.

Supplementary Material

Supplementary Figure S1 and Table S1.
http:/ /www.jcancer.org/v08p2626s1.pdf
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