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The tumour-specific ‘pre-metastatic niche’ has emerged as a 
potential driving force for tumour metastasis and has been 
confirmed using mouse models of cancer metastasis. Vascular 
endothelial growth factor receptor-1+ hematopoietic progeni-
tor cells (HpCs) have been shown to play an important role in 
metastasis, forming a ‘pre-metastatic niche’ at designated sites 
for distant tumour progression. Here, CD133+ human umbili-
cal hematopoietic progenitor cells (HUHpCs) were purified from 
human umbilical cord blood and expanded in vitro. We studied 
the effects of CD133+ HUHpCs on the growth and metastasis of 
four colorectal cancer (CRC) cell lines by using cell-to-cell co-
culture. Our results revealed that CD133+ HUHpCs promoted 
the proliferation and invasion of CRC cells in vitro and enhanced 
tumour growth and metastasis in vivo. Moreover, CD133+ 
HUHpCs were observed in the pre-metastatic liver tissue using 
immunohistochemical analysis after co-injection of SW480/
EGFp+ cells and HUHpCs. Further experiments were there-
fore conducted to uncover the molecular mechanisms by which 
CD133+ HUHpCs influenced colon carcinogenesis and cancer 
progression. Extracted proteins were separated using the two-
dimensional difference in gel electrophoresis technology. Among 
the differentially expressed proteins, mitogen-activated protein 4 
kinase 4, stromal cell-derived factor-1, matrix metallopeptidase 
9, calumenin, peripherin, leucine zipper, putative tumour sup-
pressor 1 and guanidinoacetate methyltransferase attracted our 
attention. Western blot analysis further confirmed the differen-
tial expression of these proteins. Altogether, these results suggest 
that CD133+ HUHpCs may induce proliferation or metastasis of 
CRC cells and impact their derived proteins by providing a pre-
metastatic microenvironment.

Introduction

Colorectal carcinoma is one of the major causes of cancer death 
worldwide (1). The main threats to patient survival and treatment 

are highly prevalent local recurrence and distant metastases, includ-
ing liver, lung and bone (2,3). The prevention and treatment of these 
metastases remain a difficult challenge, and the fact that metastatic 
colorectal cancer (CRC) remains incurable has prompted studies of 
the factors underlying cancer progression (4). Many such studies have 
shown that the development of metastases is influenced by intricate 
interactions between CRC cells and the metastatic microenvironment 
(5). Stephen Paget proposed an original ‘seed and soil’ theory, by 
which the organ-preference patterns of the tumour metastasis result 
in interactions between the metastatic tumour cells and their spe-
cific microenvironment (6). More recently, it has been demonstrated 
that early changes in the microenvironment at the distant sites can 
be induced by the primary tumour, in a phenomenon termed ‘pre-
metastatic niche’ formation. In that study, the physiological cells of 
the microenvironment were derived from the bone marrow. Tumour 
cells can secrete growth factors and cytokines, which can facilitate the 
recruitment and the mobilization of bone marrow-derived endothelial 
progenitor cells (7,8). Furthermore, Kaplan et  al. (9,10) found that 
bone marrow-derived hematopoietic progenitor cells (HPCs) homed 
to tumour-specific pre-metastatic sites before the arrival of the tumour 
cells and that they could both attract the tumour cells and prepare the 
ground for the tumour cells to establish metastasis. Thus, reciprocal 
interactions between the primary tumour and the microenvironment at 
distant sites are a determinant of tumour progression.

Human hematopoietic stem and progenitor cells (HSCs and HPCs) 
are almost exclusively enriched in the cord blood (CB), bone marrow 
(BM) and mobilized peripheral blood (MPB) (11,12). The umbilical 
cord blood (UCB) also contains a population of hematopoietic multipo-
tent stem cells that can be easily isolated (13,14). Circulating stem cells 
in the UCB, which are characterized by co-expression of the CD34 and 
CD133 markers display a certain degree of plasticity (15). Similar to 
bone marrow-derived HPCs, CD133+/CD34+ HPCs from human UCB 
can be further induced to differentiate into vascular endothelial cells and 
other types of mature cells (16,17); they can cause stem cells to migrate 
to vessels or to extramedullary sites and form colonies that participate 
in organ reconstruction (18). However, few studies have addressed the 
potential effect of these cells on tumour formation and progression.

In the present study, haematopoietic progenitor cells expressing 
CD133 and CD34 were purified from human UCB, expanded in vitro 
and co-cultured with colon carcinoma cells. We then evaluated the effect 
of CD133+ human umbilical haematopoietic progenitor cells (HUHPCs) 
on human colon cancer cells. We examined their effects on cell growth, 
adhesion, colony formation and cell invasion capacity in vitro. We admin-
istered CD133+ HUHPCs and colon cancer cells together into a mouse 
tumour xenograft model and further demonstrated that they could pro-
mote colon tumour growth and migration in vivo. We also investigated 
the cellular and molecular mechanisms by which the CD133+ HUHPCs 
formed permissive pre-metastatic niches to support CRC cell metastasis. 
These results indicate that CD133+ HUHPCs can form a ‘pre-metastatic 
niche’, which impacts the proliferation and invasiveness of colon cancer.

Materials and methods

Collection of cord blood
In this experimental study, human UCB samples were collected from 16 con-
senting women who had a normal full-term pregnancy without any complica-
tions and had signed the testimonial form. The research protocol was approved 
by the Ethics Committee at Nanfang Hospital, and written consent was obtained 
from all mothers for the use of their samples. Cord blood samples were collected 
in 35–50 ml citrate phosphate dextrose adenine bags and processed within 24 h.

CD133+ cells separation
Mononuclear cells were separated from the UCB using Ficoll Hypaque (GE 
Healthcare Pharmacia, Sweden), density centrifuged at 2500 rpm for 30 min at 
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CALU, calumenin; 2D-DIGE, two-dimensional difference in gel electro-
phoresis technology; FBS, fetal bovine serum; Flt3-L, Flt3 Ligand; GAMT, 
guanidinoacetate methyltransferase; GFP, green fluorescent protein; H&E, 
haematoxylin–eosin; HPC, hematopoietic progenitor cell; HUCBC, human 
umbilical cord blood cell; HUHPC, human umbilical hematopoietic progeni-
tor cell; IL-3, interleukin-3; IL-6, interleukin-6; LZTS1, leucine zipper, puta-
tive tumour suppressor 1; MACS, Magnetic Activated Cell Sorting; MAP4K4, 
mitogen-activated protein 4 kinase 4; MMP9, matrix metallopeptidase 9; MS, 
mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
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25°C, and washed with phosphate buffer saline containing 5% bovine serum 
albumin (BSA; Stem Cell Technology, Canada). The CD133+ fraction was 
enriched using the Magnetic Activated Cell Sorting (MACS) method (Miltenyi 
Biotec, Germany) according to the manufacturer’s instructions. The procedure 
was performed twice to obtain higher purity of the selected CD133+ cells; 
the remaining cells were designated CD133− human umbilical cord blood 
cells (HUCBCs). The purification efficiency was verified using flow cytom-
etry (Partec PAS III, Germany) using counterstaining with the monoclonal 
antibodies CD133-PE (Epitomics Corporation) and CD34-FITC (Epitomics 
Corporation). The CD133+ HUHPCs were cultured in serum-free medium 
supplemented with 100 ng/ml BSA, 2 mM l-glutamine and 50 U/ml penicillin 
at 37°C in a humidified incubator of 5% CO2. A combination of five cytokines 
was added: stem cell factor (SCF) (25 ng/ml), thromboietin (10 ng/ml), Flt3 
Ligand (Flt3-L) (10 ng/ml), interleukin-3 (IL-3) (10 ng/ml) and interleukin-6 
(IL-6) (10 ng/ml). After 8 weeks of culture, cytomorphology, flow cytometry, 
immunocytochemistry and immunofluorescence were used to identify stem 
cell characteristics.

Colon cancer cell culture and MTT assay
Four human CRC cell lines with different metastatic abilities were obtained 
from American Type Culture Collection: HCT116, SW480, SW620 and 
LOVO. The cells were cultured and stored according to the American Type 
Culture Collection instructions. The SW480 cells carrying wild-type green 
fluorescent protein (GFP) were constructed in our previous studies and des-
ignated SW480/EGFP+ cells. All cell lines were cultured in RPMI 1640 
(Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (FBS) 
(Gibco-BRL, Invitrogen, Paisley, UK). Cell lines were cultured at 37°C in a 
humidified incubator of 5% CO2.

CD133+ HUHPCs and CD133− HUCBCs from human umbilical cord blood 
were co-cultured with CRC cell lines (SW480, HCT116, SW620 and LOVO) 
at a ratio of 1:20 (CD133+ group and CD133− group, respectively). CRC cell 
lines without CD133+ or CD133− cells (Blank group) were also grown in the 
culture medium. Forty-eight hours after culturing, 2 × 103 cells of each group 
were seeded in 96-well plates. The cells were incubated for 1, 2, 3, 4, 5, 6 and 
7 days. Cell proliferation was analysed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma–Aldrich, St. Louis, 
MO) according to manufacturer’s guide. Briefly, MTT solution was added to 
each well at a final concentration of 5 mg/ml, and the plates were incubated at 
37°C for 4 h. After incubation, 100 μl of dimethyl sulfoxide was added to each 
well to dissolve the formazan formed, and absorbance was measured at 490 nm 
using a spectrophotometer. All measurements were performed in triplicate, and 
the experiments were repeated three times independently.

Plate colony formation assay
For each group, approximately 2 × 102 cells per well were added to three wells 
of a 6-well culture plate. For the colony formation assay, CRC cells and hemat-
opoietic cells were co-seeded at a 20:1 ratio. The cells were incubated at 37°C 
for 14  days, washed twice with phosphate buffered saline and stained with 
Giemsa solution. The number of colonies containing ≥50 cells was counted 
under a microscope plate and used in the following calculation: plate clone for-
mation efficiency = (number of colonies/number of cells inoculated) × 100%.

Cell invasion assay
Cell invasion experiments were conducted using plain Matrigel-coated tran-
swell chambers with 8-µm pores (BD Biosciences, San Jose, CA) in 24-well 
plates. The membrane at the bottom of the transwell chamber was evenly 
coated with 50 µl of Matrigel before the addition of cell suspensions. For each 
group, 2 × 105 cells in serum-free medium were placed into the upper com-
partment of the transwell chamber, and 600 µl RPMI 1640 medium containing 
20% FBS was added into the lower compartment. For the invasion assay, the 
radio of CD133+ HUHPC or CD133− HUCBCs to CRC cells was 1:20. After 
culturing at 37°C for 24–48 h, the non-invasive cells were wiped off with cot-
ton stickers. The migrating cells were stained with Giemsa and photographed 
under the microscope in five random visual fields (200×). Each experiment 
was repeated three times.

Animal experiments
Six-week-old female BALB/c nude mice were obtained from the Experimental 
Animal Centre of Southern Medical University. All animal experiments were 
conducted under a licence from the Regulations for the Administration of 
Affairs Concerning Experimental Animals and the Chinese national guideline 
for animal experiments, issued in 1988. All procedures involving animals and 
their care in this study were approved and performed by the Southern Medical 
University Institutional Animal Care and Use Committee (Permit Number: 
SCXK GUANGDONG 2010-0032). To evaluate in vivo tumour growth, 2 
× 106 SW480/EGFP+ cells mixed with 1 × 105 CD133− HUCBCs (SW480/
CD133−) were injected subcutaneously into the left dorsal flank of nude mice, 

whereas 2 × 106 SW480/EGFP+ cells mixed with 1 × 105 CD133+ HUHPCs 
(SW480/CD133+) were inoculated into the right flank of nude mice (n = 4 
per group). Mouse tumour sizes were measured with a calliper from day 5 
to day 23 after injection, and the tumour volume was determined as length × 
width2 × 1/2. All the mice were then killed, and the tumours were removed 
and analysed using haematoxylin–eosin (H&E) staining. For the orthotropic 
metastasis assay, nude mice were anaesthetized and their caecum was exterior-
ized by laparotomy. The subcutaneous tumours of the SW480/CD133− group 
and the tumours of the SW480/CD133+ group were cut into small pieces and 
embedded into the mesentery at the tail end of the caecum (n = 24 per group). 
To explore the function of HUHPCs in forming the ‘pre-metastatic niche’, six 
mice of each group were killed on weeks 2, 4 and 6 after tumour implantation, 
and the livers were removed and embedded in paraffin. Consecutive sections 
(4 μm) were made. In addition, the protein expression of CD133 in the liver 
tissues was determined using immunohistochemical analysis. On week 8, the 
remaining six mice of each group were killed, individual organs were removed 
and metastatic tissues were analysed using H&E staining. Whole-body optical 
images were visualized to monitor primary tumour growth and the formation 
of metastatic lesions.

2D-DIGE analysis and MS identification
Conventional 2-D electrophoretic analysis and mass spectrometry (MS) iden-
tification were performed according to the manufacturer’s guide. SW480 cells 
and SW620 cells were individually co-cultured with either CD133+ HUHPCs 
or CD133− HUCBCs for 48 h. Then, CD45 microbeads (Miltenyi Biotec, 
Germany) were used to separate the HUHPC cells from the CRC cells prior to 
lysis. After the separation, the SW480 cells and SW620 cells were scraped off, 
harvested using centrifugation (1000g, 15 min, 4°C) and washed twice with 
cold phosphate buffered saline. The cells were resuspended in 200  μl lysis 
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris base, 1% dithiothrei-
tol) with 1% protease inhibitors. For each sample, 50 mg of protein was labelled 
with 400 pmol of either Cy3 or Cy5 using minimal labelling (GE Healthcare). 
The Cy2 fluorophore (400 pmol) was used for labelling 50 mg of an inter-
nal standard protein for each sample. The labelling was performed on ice in 
the dark for 30 min, and the reaction was stopped by adding 10 mM lysine. 
A 50 mg aliquot of Cy3- and Cy5-labelled samples was combined before mix-
ing with 50 mg of the Cy2-labelled internal standard. The labelled proteins 
were separated using immobilized pH gradient strips (NL, pH 3–10, 24 cm) 
(GE Healthcare). Focused immobilized pH gradient strips were equilibrated 
and then loaded onto 12% sodium dodecyl sulfate–epolyacrylamide gels cov-
ered with Agarose. The second dimension separation was conducted with an 
Ettan DIGE 12 electrophoresis system (GE Healthcare). All electrophoresis 
procedures were performed in the dark. After sodium dodecyl sulfate–epoly-
acrylamide gels, the three analytical gels were scanned with a Typhoon 9410 
scanner (GE Healthcare) with appropriate excitation/emission wavelengths 
specific for Cy2 (488/520 nm), Cy3 (532/580 nm) and Cy5 (633/670 nm). The 
DeCyder 5.0 software (GE Healthcare) was used for two-dimensional differ-
ence in gel electrophoresis technology (2D-DIGE) analysis according to the 
manufacturer’s recommendation. The DeCyder differential in-gel analysis 
module was used for pairwise comparisons of each sample with the internal 
standard in each gel. The DeCyder biological variation analysis module was 
then used to simultaneously match all protein spot maps using the Cy3/Cy2 
and Cy5/Cy2 differential in-gel analysis ratios.

The spectra were analysed for peptide mass fingerprinting using the Biotools 
MS software on the in-house MASCOT server (Matrix science, London, UK). 
The Swiss-Prot database was used for protein identification. We specified the 
use of trypsin as the digestion enzyme. Peptide tolerance was set at 0.2 Da, and 
the decoy function was used. Protein identification with a Mowse score greater 
than 56 was considered significant (P < 0.05).

Western blotting analysis
SW480 cells and SW620 cells individually co-cultured with HUHPCs were 
separated with CD45 microbeads. Cell lysis and total protein extraction were 
performed on ice in radio immunoprecipitation assay buffer with 1% phenyl-
methylsulfonyl fluoride (KeyGen, Nanjin, China). The protein content was 
determined using the Bradford method. After the proteins were separated 
using 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, 
MA), the membranes were blocked for 1 h in Tris Buffer Saline Tween con-
taining 5% milk powder. The membranes were then incubated overnight at 
4°C with rabbit polyclonal antihuman antibodies to mitogen-activated protein 
4 kinase 4 (MAP4K4), stromal cell-derived factor-1 (SDF-1), matrix metallo-
peptidase 9 (MMP9), calumenin (CALU), peripherin (PRPH), leucine zipper, 
putative tumour suppressor 1 (LZTS1) and guanidinoacetate methyltransferase 
(GAMT) (diluted 1:1000; Santa Cruz Laboratories, Santa Cruz, CA) and the 
mouse polyclonal antihuman glyceraldehyde 3-phosphate dehydrogenase anti-
body (diluted 1:2000; Epitomics Corporation). The membranes were washed 
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three times with Tris Buffer Saline Tween and incubated with the secondary 
antirabbit and antimouse immunoglobulin/horseradish peroxidase for 1 h at 
room temperature. The signals were detected using enhanced chemilumines-
cence (KeyGen, Nanjin, China).

Statistical analysis
The results of all experiments are expressed as the mean ± standard deviation 
(SD) of at least three independent experiments. For in vitro and in vivo studies, 
the analysis of variance was used to compare the values of test and control 
samples. Data were considered statistically significant when P < 0.05(*).

Results

CD133+ HUHPCs were collected and positively selected
To investigate the effects of HUHPCs on the proliferation and invasion 
of tumour cells, we isolated CD133+/CD34+ cells from UCB using 
the MACS method. First, approximately (1.82 ± 0.15) × 107 mono-
nuclear cells were isolated with density centrifugation from each 35–
50-ml blood sample. The CD133+/CD34+ cells were then separated 
with MACS. The mean ± SD of the total cell number was (1.66 ± 
0.01) × 105. Then, the cells were cultured in cultivation medium sup-
plemented with growth factors (SCF, IL-3, IL-6 and Flt3-L), and the 
purity of the CD133+/CD34+ cells was assessed using flow cytom-
etry. Flow cytometry analysis revealed that most CD34+ cells (82 ± 
13) % also expressed CD133 (Figure 1A). Morphological characters 
of CD133+/CD34+ HUHPCs were observed (Figure 1B). CD133 and 
CD34, the markers of hematopoietic stem and progenitor cells, were 
also detected in the HUHPCs by immunofluorescence and immuno-
cytochemistry (Figure 1C and D).

CD133+ HUHPCs enhanced colon cancer cell growth and inva-
sion in vitro
The effects of the CD133+ HUHPCs on the proliferation, colony for-
mation and invasion properties of colon cell lines were investigated. 

To examine the potential impact of HUHPCs on the growth of CRC 
cells, four cancer cell lines were individually co-cultured with 
CD133+ HUHPCs (20:1 ratio) in 96-well plates for 24 h, and their 
proliferation rate was then measured. As shown in Figure 2A, colon 
cancer cell lines co-cultured with CD133+ HUHPCs grew mark-
edly faster than those co-cultured with CD133− HUCBCs or cul-
tured alone (P < 0.05). A colony formation assay was performed to 
assess the long-term impact of HUHPCs on cell growth and showed 
enhanced proliferation properties of the four colon cancer cell lines 
when treated with CD133+ HUHPCs. Thus, the cells co-cultured with 
CD133+ HUHPCs formed more abundant and larger clones than the 
control cells (P < 0.05, Figure 2B). Changes in cell motility and inva-
sion of the extracellular matrix are additional characteristics of metas-
tasis. We therefore performed a transwell assay to assess the potential 
impact of the CD133+ HUHPCs on the movement of colon cancer 
cells. Our results demonstrated that in the groups of cells co-cultured 
with CD133+ HUHPCs, the numbers of invasive cells were signifi-
cantly elevated relative to the control groups (P < 0.05, Figure 3A 
and B). Altogether, these results suggested that the proliferation and 
invasion abilities of colon cancer cells were regulated by the CD133+ 
HUHPCs.

CD133+ HUHPCs promoted tumour growth and metastasis in vivo
To further establish the tumour promoting effect of CD133+ HUHPCs 
on CRC cells, we injected into nude mice SW480/EGFP+ cells co-
cultured with either CD133+ HUHPCs or CD133− HUCBCs. The 
tumour growth curves of the SW480/CD133+ and SW480/CD133− 
groups in nude mice are shown in Figure  4A. Tumour growth in 
the SW480/CD133− group was slower than in the SW480/CD133+ 
group (P < 0.05, Figure 4A–C), further supporting the role of CD133+ 
HUHPCs in CRC tumourigenicity. An orthotropic metastasis assay 
was then conducted by implanting tiny masses of subcutaneous 
tumours into the caecum terminus of nude mice. To investigate the 

Fig. 1. Purification of human umbilical CD133+/CD34+ hematopoietic progenitor cells. (A) Flow cytometry analysis showing the percentage of HUHPCs 
expressing CD133/CD34 before (a) and after (b) purifying with MACS; Flow cytometry analysis showing percentage of HUHPCs expressing CD133/CD34 
after culturing for 8 weeks in different expansion conditions. (c) The percentage cells cultivated in the presence of fetal bovine serum; (d) the percentage of 
cells cultivated in the presence of BSA. (B) (a) H&E staining of sorted CD133+ cells (original magnification: ×200); (b) Light images of cells in BSA (original 
magnification: ×400). (C) Immunofluorescence images of CD133+/CD34+ HUHPCs stained for 4′,6-diamidino-2-phenylindole (blue), CD34 (green) and CD133 
(red) after 8 weeks of culture (original magnification: ×400). (D) Immunocytochemistry staining with anti-CD133 (left) and anti-CD34 (right) after 8 weeks of 
culture (original magnification: ×200).
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effect of HUHPCs on forming the ‘pre-metastatic niche’, six mice 
of each group were killed on weeks 2, 4, 6, and their hepatic tissues 
were processed into histological sections. Immunohistochemistry 
results showed that the haematopoietic progenitor cells expressing the 
CD133 protein clustered at the shape of the periportal or vascular area 
only in the SW480/CD133+ group (Figure 4D). To further define the 
timing of HUHPC arrival, a flow cytometric analysis was conducted 
for the HPCs in liver tissues. Before tumour implantation, the con-
tent of vascular endothelial growth factor receptor-1+ and CD133+ 
HUHPCs in the liver tissue was low, at less than 0.5%. From week 
two following tumour caecal implantation, but before the arrival of 
tumour cells, flow cytometric analysis demonstrated an enhanced 
percentage of HUHPCs co-expressing vascular endothelial growth 
factor receptor-1 and CD133 in mice of the SW480/CD133+ group. 
On the other hand, a low percentage of HUHPCs was detected in the 
liver tissue of the SW480/CD133− group on weeks 2, 4 and 6 fol-
lowing tumour implantation (Supplementary Figure  1, available at 
Carcinogenesis Online). These findings indicate that a ‘pre-metastatic 
niche’ may have been formed in the livers. To determine the effect 
of CD133+ HUHPCs on CRC metastasis in vivo, the remaining six 
mice of each group were killed on week 8, and their organs were sub-
sequently scanned for metastasis using a whole-body visualization 

system. Visible hepatic metastasis was found in 67% (4 of 6) of the 
mice in the SW480/CD133+ group, whereas mice of the SW480/
CD133− group showed no hepatic metastasis. The H&E staining 
showed metastatic lesions in the livers, distributed at the shape of the 
periportal area, consistent with the location of the CD133+ HUHPCs 
(Figure 4D). These results indicate that CD133+ HUHPCs promote 
tumour growth and metastasis in vivo.

CD133+ HUHPCs modulated the global protein profile in 
colon cells
To assess the effect of CD133+ HUHPCs on the protein expres-
sion profiles of SW480 and SW620 cells, we applied a difference 
across two-dimensional DIGE proteomic approach. The soluble pro-
teins recovered after cell lysis were labelled with the Cy3 and Cy5 
dyes, and the Cy2 dye was used to label the internal standard. After 
2D-DIGE, the Cy2, Cy3 and Cy5 images were scanned and analysed 
using the DeCyder 5.0 software. In the following software analysis, 
more than 1000 protein spots were detected on 2D-DIGE gels. Based 
on a quantitative image analysis, 16 protein spots showed a signifi-
cant difference in the SW480/CD133+ group compared with the 
SW480/CD133− group. Figure 5A shows a representative 2D-DIGE 
protein map of the SW480/CD133+ and SW480/CD133− groups. 

Fig. 2. Effect of HUHPCs on cell proliferation upon co-culturing with HCT116, SW480, SW620 and LOVO cells. (A) The vitality of colon cancer cells of the 
CD133+ group, CD133− group and Blank group was analysed using the MTT assay. (B) Representative images of colony formation by CRC cells 2 weeks after 
plating (left). The panel shows statistical data from the quantification of colony formation (right). The values shown are the means ± SD of triplicate experiments 
(*P < 0.05).

Fig. 3. Effect of HUHPCs on cell invasion upon co-culturing with HCT116, SW480, SW620 and LOVO cells. (A) The transwell assay was conducted to analyse 
the invasion of CRC cells. Representative fields of the migration of invasive cells on the membrane are shown (original magnification: ×200). (B) The average 
number of invasive cells per field is shown as the mean CRC cells ± SD (*P < 0.05).
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Protein expression changes were considered significant only when 
their values exceeded the threshold settings (fold change ≥1.6, P < 
0.05). The peptides recovered from the gel were subjected to matrix-
assisted laser desorption ionization-time of flight/time of flight 
mass spectrometry analysis, and the MS data were submitted to a 
MASCOT database search, providing the identification of 16 proteins 
(Supplementary Table 1, available at Carcinogenesis Online). Western 
blot results showed that the expression of MAP4K4, SDF-1, MMP9, 

CALU and PRPH was upregulated (Figure 5B). In the SW60 cells, 
six protein spots were differentially expressed between the SW620/
CD133+ and SW620/CD133− groups (Figure  5A, Supplementary 
Table 2, available at Carcinogenesis Online). Western blot analysis 
confirmed the downregulation of LZTS1 expression and the upregu-
lation of MAP4K4 and GAMT expression (Figure 5B). Most of the 
differentially expressed proteins, including MAP4K4, SDF-1, MMP9 
and LZTS1, are thought to be involved in central biological processes, 

Fig. 4. HUHPCs promoted tumour growth and metastasis in vivo. (A) Effects of CD133+ HUHPCs and CD133− HUCBCs on subcutaneous tumour generation 
(n = 4). Tumour volume was measured every 3–4 days for 23 days. The tumour size is expressed as the mean tumour volume ± SD. (B) External whole-body 
fluorescence images of mice were captured 23 days after injection. (C) Representative photographs of H&E staining of primary cancer tissues are shown 
(magnification: ×200). (D) The formed tumours were implanted into the caecum terminus of other nude mice (n = 24). (a) Six mice of each group were first 
killed on week 2. CD133+ HUHPCs were not observed in the livers of the SW480/CD133− group (n = 6, magnification: ×400). (b) Beginning on week 2, a 
few CD133+ HUHPC clusters appeared in the livers of the SW480/CD133+ group before tumourigenesis (n = 6, magnification: ×400) (red arrows indicate 
CD133+ cells). (c) CD133+ HUHPCs were not observed in the livers of the SW480/CD133− group on week 4 (n = 6, magnification: ×400). (d) On week 4, 
increasing CD133+ HUHPC clusters were observed in the livers of the SW480/CD133+ group (n = 6, magnification: ×400) (red arrows indicate CD133+ cells). 
(e) CD133+ HUHPCs were still not observed in the livers of the SW480/CD133− group on week 6 (n = 6, magnification: ×400). (f) Dispersed CD133+ HUHPC 
clusters present in the livers of the SW480/CD133+ group on week 6 (n = 6: magnification, ×400) (red arrows indicate CD133+ cells). On week 8, the remaining 
six mice of each group were killed. Fluorescence images of hepatic metastases of nude mice from the SW480/CD133− group (g, n = 6) and SW480/CD133+ 
HUHPCs group (h, n = 6) are shown. Representative photographs of H&E staining of metastatic cancer tissues are shown for the SW480/CD133− group (i, n = 6, 
magnification: ×200) and the SW480/CD133+ HUHPCs group (j, n = 6, magnification: ×200).

Fig. 5. CD133+ HUHPCs modulated the global protein profile in colon cells. (A) Differentially expressed proteins were identified by matrix assisted laser 
desorption ionization-time of flight/mass spectrometry (MALDI-TOF/MS). The distribution of all the differentially expressed protein spots in fluorescence DIGE 
gels is shown. (a) Merged images of the SW480/CD133− and SW480/CD133+ groups. (b) Merged images of the SW620/CD133− and SW620/CD133+ groups. 
Circles represent the differentially expressed protein master spots no. that had been successfully identified by MALDI-TOF/MS in SW480 cells (c) and in SW620 
cells (d). (B) The expression of several identified proteins in SW480 (left) and SW620 (right) cells was detected using western blot analysis: MAP4K4, SDF-1, 
MMP9, CALU, PRPH, LZTS1 and GAMT.
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such as cell communication, signal transduction, cell adhesion, mor-
phogenesis, metabolism, cell death and proliferation. Our results thus 
indicate that CD133+ HUHPCs might influence the cellular biologi-
cal behaviour of CRC cells by regulating important intercellular pro-
teins that are involved in various biological processes.

Discussion

The cellular tumour microenvironment represents an essential cellu-
lar factor in the process of carcinoma metastasis. Enhanced attention 
has focused on the importance of both ‘seed’ and ‘soil’ for metastatic 
progression (19–21). This ‘congenial soil’ comprises a myriad of spe-
cialized cells, including fibroblasts, infiltrating cells of the immune 
system, endothelial cells and mural cells of blood and lymph vessels, 
together with their extracellular matrices, which form a supportive 
environment for tumour progression (22–24). The physiological cells 
existing in the metastatic ‘microenvironment’ are recruited from the 
bone marrow (25). In line with the ‘seed and soil’ hypothesis, Kaplan 
et al. postulated that bone marrow-derived HPCs are key players in 
initiating these early changes, creating a receptive microenvironment 
at designated sites for distant tumour growth and establishing the ‘pre-
metastatic niche’. Another study suggested that abnormally high lev-
els of circulating HPCs (CD34+ and CD45+) are present in metastatic 
renal cell cancer (26). However, few experiments have addressed the 
role of HPCs in colon cancer. The current data prompted us to investi-
gate the cellular and molecular cross-talk between ‘seed’ and ‘soil’ in 
the metastasis of CRC, and our findings highlight the importance of 
HPCs in the growth and metastasis of CRC cells.

In the present study, we isolated and cultured human UCB-derived 
HPCs expressing CD133 and CD34 in vitro. The trans-membrane gly-
coprotein CD133 was originally regarded as a cell surface marker for 
hematopoietic stem cells (27,28). Most of the CD133+ cells also express 
the membrane protein CD34. We therefore measured CD133 and CD34 
expression in the UCB and selected the corresponding CD133+/CD34+ 
cells using flow cytometric analysis. In previous reports, FBS supple-
mented with a 5-cytokine combination of SCF, thromboietin, Flt3-L, 
IL-3 and IL-6 was used to expand CD133+/CD34+ HUHPCs. However, 
we found that HUHPCs growing in this culture medium maintain their 
stemness only for a short time and thus used BSA instead of FBS. We 
also observed that the majority of HUHPCs (80%) remained double-
positive CD133+/CD34+ and formed stem cell clone balls throughout 
the expansion period of 8 weeks in basal growth medium containing 
BSA and the five cytokines (SCF, thromboietin, Flt3-L, IL-3 and IL-6) 
mixed at an appropriate ratio (10:2.5:1:1:1:1). In all cases, optimized 
culture medium could improve expansion, increase the amount of clo-
nogenic HUHPCs and contribute to maintaining their stemness.

In our study, immunohistochemical analysis of human cancer pro-
gression revealed that the expression of CD133 was undetectable in the 
reactive lymphoid hyperplasia and in chronic tonsillitis organization 
tissues that were obtained from individuals without cancer, whereas 
CD133+ HPCs were found in metastatic lymph nodes and pre-meta-
static lymph nodes from CRC patients (Supplementary Figure 2, avail-
able at Carcinogenesis Online). These results suggest that CD133+ 
HPC clusters are recruited to pre-metastatic human tissue. In view of 
the high expression of CD133 in metastatic cancers, we were inter-
ested in studying the role of CD133+ HUHPCs in colon cancer pro-
gression and metastasis. Our functional studies show that CD133+ 
HUHPCs could promote proliferation, colony formation and invasion 
of CRC cells in vitro, indicating that CD133+ HUHPCs may act as 
a ‘tumour initiator’. Similarly, consistent with an interaction between 
colon cancer cells and CD133+ HUHPCs in vitro, the SW480/CD133+ 
cell group showed more notable cancer growth and metastatic foci than 
the SW480/CD133− group in vivo. Moreover, prior to the arrival of 
tumour cells, clusters of CD133+ HUHPCs were observed forming the 
‘pre-metastatic niche’ in the livers. The CD133+ HUHPCs thus seem to 
function as ‘sentinel cells’ and be influenced by the local organ micro-
environment and tumour cells. They may become a part of the tumour 
stroma and identify sites of future metastasis. Our results revealed that 
CD133+ HUHPCs were sufficient to promote the proliferation of CRC 

cells and allow the selection of CRC cell lines with a higher capacity to 
form liver metastasis. Altogether, these findings suggest that CD133+ 
HUHPCs in the tumour microenvironment play a critical role in colon 
cancer growth, progression and metastasis.

So far, the molecular mechanisms by which CD133+ HUHPCs 
influence colon carcinogenesis and cancer progression have not been 
well defined and have received little attention. 2D-DIGE is a new, 
widely used proteomic technology that can efficiently provide accu-
rate and reproducible differential expression values for proteins in 
two or more biological samples (29). Therefore, 2D-DIGE coupled 
with MS was used here to identify molecules associated with CD133+ 
HUHPCs that interact with either SW480 or SW620 cells. Because 
CD133+ HUHPCs influenced multiple functions of CRC cells, as 
described above, the identification of proteins involved in colon can-
cer biological processes as modulated by CD133+ HUHPCs was not 
surprising. For some of the differentially expressed proteins in our 
study, the results were further confirmed using western blot analysis. 
One of these, MAP4K4, had been reported previously to be a protein 
that is highly expressed in lung cancer tissues and plays important 
roles in transformation, invasiveness, adhesion and cell migration 
(30,31). Other proteins, such as SDF-1, are upregulated in many 
tumours, including colorectal carcinoma tissues (32). Preliminary 
data indicated that SDF-1 induced MMP-2 and MMP-9 upregulation 
in ovarian cancer cells, which was associated with increased ovar-
ian cancer cell proliferation and invasion (33). LZTS1 is a tumour 
suppressor gene that is frequently altered in human cancers of differ-
ent histotypes. It was reported previously that LZTS1 is downregu-
lated in high-grade bladder cancer and that its restoration suppresses 
tumourigenicity in urothelial carcinoma cells (34). LZTS1 is also 
downregulated in breast cancer (35). The functions of CALU, PRPH 
and GAMT await further study. Thus, the functional significance of 
CD133+ HUHPCs in tumour growth and metastasis is supported by 
the potential roles of some of the identified proteins. Furthermore, the 
proteomic results provide a basis for exploring novel potential mark-
ers for CRC initiation and metastasis and directions for further study 
of the role of CD133+ HUHPCs in cancer development and progres-
sion. The results also suggest novel potential markers for proteomic 
identification of molecular abnormalities that are important in cancer 
development and progression within the microenvironment.

In conclusion, our study demonstrates that CD133+ HUHPCs can 
initiate tumour growth and metastasis by regulating the expression of 
tumour proteins and suggest that these cells form the ‘pre-metastatic 
niche’ before the arrival of tumour cells. Based on these results, we think 
HUHPCs may act as a ‘tumour messenger’ or ‘tumour initiator’ to estab-
lish the tumour microenvironment in the process of tumour metastasis.

Supplementary material

Supplementary Material, Tables 1 and 2 and Figures 1 and 2 can be 
found at http://carcin.oxfordjournals.org/
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