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Abstract. This aim of the present study was to investigate 
clonal growth behavior and analyze the proliferation char-
acteristics of cancer cells. The MCF‑7 human breast cancer 
cell line, SW480 human colon cancer cell line and SGC7901 
human gastric cancer cell line were selected to investigate 
the morphology of cell clones. Quantum dot‑based molecular 
targeted imaging techniques (which stained pan‑cytokeratin 
in the cytoplasm green and Ki67 in the cell nucleus yellow 
or red) were used to investigate the clone formation rate, 
cell morphology, discrete tendency, and Ki67 expression and 
distribution in clones. From the cell clone formation assay, 
the MCF‑7, SW480 and SGC7901 cells were observed to 
form clones on days 6, 8 and 12 of cell culture, respectively. 
These three types of cells had heterogeneous morphology, 
large nuclear:cytoplasmic ratios, and conspicuous pathological 
mitotic features. The cells at the clone periphery formed 
multiple pseudopodium. In certain clones, cancer cells at 
the borderline were separated from the central cell clusters 
or presented a discrete tendency. With quantum dot‑based 
molecular targeted imaging techniques, cells with strong Ki67 
expression were predominantly shown to be distributed at the 
clone periphery, or concentrated on one side of the clones. In 
conclusion, cancer cell clones showed asymmetric growth 
behavior, and Ki67 was widely expressed in clones of these 
three cell lines, with strong expression around the clones, or 
aggregated at one side. Cell clone formation assay based on 
quantum dots molecular imaging offered a novel method to 
study the proliferative features of cancer cells, thus providing 
a further insight into tumor biology.

Introduction

Uncontrolled proliferation is a hallmark of cancer cell 
behavior (1), with morphological manifestations in vitro in 
cell culture and in vivo during tumor proliferation, invasion 
and metastasis. During in vitro cell culture, cell proliferation 
lead to the formation of cell clones. The clone formation rate 
and morphological characteristics can reflect the biological 
behavior of cancer cells (2‑4).

Ki67, a cell‑cycle‑related non‑histone and a common 
predictive index of cell proliferation, is expressed during all 
cell cycle phases except for the G0 phase (5), particularly in 
breast cancer, stomach cancer, colon cancer, lung cancer, liver 
cancer, lymphoma and other malignant tumors (6,7). Quantum 
dots (QDs), are novel fluorescent nano‑particles with unique 
properties (8‑10), including broad and continuous excitation 
spectra, narrow and symmetrical emission spectra, strong 
brightness, high photostability and a long fluorescence life-
time. The QD‑based molecular probe technique has a distinct 
advantage for investigating the characteristics of tumor growth 
and invasion compared with fluorescent proteins or organic 
dyes, including size tunable light emission, enhanced signal 
brightness and resistance to photo bleaching  (11,12). Cell 
clone formation assays are an important technical method 
for detecting cancer cell proliferation potential, invasiveness 
and susceptibility to hazardous factors (13). The present study 
focused on three common cancer cell lines, MCF‑7 breast 
cancer cells, SW480 colon cancer cells and SGC7901 gastric 
cancer cells. These cells were used to detect the distribution 
and expression of Ki67 after the cell clone formation assay 
using the QD‑based molecular probe technique. This in vitro 
study was designed to simulate the early stages of tumor 
formation, in order to investigate cancer cell growth and the 
proliferation.

Materials and methods

Cell culture. The MCF‑7, SW480 and SGC7901 cells were 
obtained from the stock from the Medical Research Center, 
Zhongnan Hospital of Wuhan University (Wuhan, China). 
MCF‑7 cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM)/high glucose (HyClone, Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS; Zhejiang 
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Tianhang Biotechnology Co., Ltd., Huzhou, China) and 1% 
penicillin/streptomycin (HyClone). SW480 cells and SGC7901 
cells were cultured in RPMI‑1640 (HyClone) supplemented 
with 10% FBS and 1% penicillin/streptomycin. Cells were 
incubated in a humidified atmosphere of 95% air and 5% CO2 
at a constant temperature of 37˚C.

Cell clone formation assay. Tumor cells were digested by 
0.25% trypsin/0.02% EDTA solution at the logarithmic phase 
to make a single‑cell suspension with culture medium. Then, 
a cell counting chamber wsa sued to calculate the number 
of cells in a 10 µl single‑cell suspension under an inverted 
microscope. The cells were then delivered into six‑well culture 
plates containing a sterile glass cover‑slip in each well, with 
500‑1,000 cells added to each well. The medium was refreshed 
every 3 days until cell clones could be observed with the naked 
eye.

Immunostaining. This study followed the previously described 
QD‑based fluorescent immunostaining protocols for histological 
and cytological studies with slight modifications (14‑17). Briefly, 
the cells on the glass coverslips were fixed with 4% parafor-
maldehyde after washing with phosphate‑buffered saline (PBS, 
pH 7.2‑7.4; Bioyear Beijing Medical System Co., Ltd., Beijing, 
China). Bovine serum albumin (BSA, Biosharp, Wuhan, 
China), serving as a blocking buffer, was added and the cells 
were cultured for 30 min at 37˚C. Then, cells were stained with 
monoclonal mouse anti‑pan‑cytokeratin (CK) (cat. no. JY‑0077, 
Jiayuan Quantum Dots Co. Ltd., Wuhan, China, dilution 1:25 
for MCF‑7 cells, 1:50 for SW480 cells, 1:25 for SGC7901 cells) 
and rabbit anti‑Ki67 (cat. no. JY‑0047, Jiayuan Quantum Dots 
Co. Ltd.; dilution 1:100 for MCF‑7 cells, 1:250 for SW480 
cells, 1:100 for SGC7901 cells). The secondary antibodies were 
QDs‑525 goat F (ab') 2 anti‑mouse IgG conjugate (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA; dilution 
1:200, emitting green light at wavelength 525 nm), QDs‑585 
goat F (ab') 2 anti‑rabbit IgG conjugate (cat. no. Q‑11411MP; 
Invitrogen; Thermo Fisher Scientific, Inc.; dilution 1:200, emit-
ting yellow light at wavelength 585 nm) and QDs‑605 goat 
F (ab') 2 anti‑rabbit IgG conjugate (cat. no. QM 605; Jiayuan 
Quantum Dots Co. Ltd.; dilution 1:100, emitting red light at 
wavelength 605 nm). primary antibodies at 4˚C overnight and 
then with secondary antibodies at 37˚C for 2 h. The cover‑slips 
were finally mounted on glass slides. The primary antibodies 
were as follows: Monoclonal mouse anti‑pan‑cytokeratin (CK) 
(cat. no. JY‑0077, Jiayuan Quantum Dots Co. Ltd. dilution 1/25 
for MCF‑7 cells, 1/50 for SW480 cells, 1/25 for SGC7901 cells) 
and rabbit anti‑Ki67 (JY‑0047, Jiayuan Quantum Dots Co. Ltd. 
dilution 1/100 for MCF‑7 cells, 1/250 for SW480 cells, 1/100 for 
SGC7901 cells). The secondary antibodies were QDs‑525 goat 
F (ab') 2 anti‑mouse IgG conjugate (Invitrogen, Thermo Fisher 
Scientific, Inc., Waltham, MA, USA; dilution 1/200, emitting 
green light at wavelength 525 nm), QDs‑585 goat F (ab') 2 
anti‑rabbit IgG conjugate (Invitrogen, Thermo Fisher Scientific, 
Inc.; dilution 1/200, emitting yellow light at wavelength 585 nm) 
and QDs‑605 goat F (ab') 2 anti‑rabbit IgG conjugate (Jiayuan, 
China; dilution 1/100, emitting red light at wavelength 605 nm).

Image acquisition and evaluation. The QD‑stained slides were 
observed under an Olympus BX51 fluorescence microscope 

equipped with an Olympus DP72 camera (Olympus Optical 
Co., Ltd., Tokyo, Japan) and CRi Nuance multi‑spectral 
imaging system (Cambridge Research & Instrumentation, 
Inc., Woburn, MA, USA), at the excitation wavelength of 
330‑385 nm by ultraviolet light. A spectral cube for each slide 
was captured by CRi Nuance systems under the same condi-
tions at low magnification (x20). The QD fluorescent signal 
for each cube was analyzed by CRi Nuance software package 
according to the manufacturer's instructions. The quantified 
fluorescence signals of Ki67 and pan‑CK were calculated 
based on spectral unmixing. The ratio of Ki67 total fluores-
cence signal values to pan‑CK total fluorescence signal values 
was regarded as the average expression intensity of Ki67. The 
quantified fluorescence signals of pan‑CK were used to define 
the total number of cancer cells in clones. The clones were 
divided into three types based on the cell number in each 
clone, including small clones containing 14‑49 cells, medium 
clones containing 50‑100 cells, and large clones containing 
>100 cells.

Statistical analysis. Values are expressed as the medium for 
the average expression intensity of Ki67 in three types of 
cancer cells and in different sized clones, and a χ2 test was 
used for statistical analysis by SPSS 19.0 software package 
(IBM, Armonk, NY, USA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

Cell clone formation assay. After cell culture on days 6, 8 
and 12, the MCF‑7, SW480 and SGC7901 cells formed visible 
clones. According to the definition that cell cluster size >50 µm 
in diameter could be considered as a cell clone (18), a total of 
119, 123 and 120 clones were identified for MCF‑7, SW480 and 
SGC7901 cells, respectively.

Heterogeneous morphology of cell clones. As shown in Fig. 1, 
multiple morphological features of cells in different clones 
could be observed. The MCF‑7 cells in clones were spindle, 
triangular and various other irregular shapes (Fig.  1A). 
SW480 cells appeared as spindle, circular and irregular 
shapes (Fig.  1B), and SGC7901 cells were polygonal and 
spindle‑shaped (Fig.  1C). These three types of cells had 
heterogeneous morphologies and cells ranged in size. Large 
cells were always located in the center or on one side of the 
clones, whereas, the cells at the periphery of the clones were 
smaller and were actively dividing. It was common to observe 
large nuclear:cytoplasmic ratios, pathological mitotic features, 
and multiple nuclei and nucleoli. Cells at the clone periphery 
were also observed to form several outstretching pseudopodia.

Discrete tendency of cell clones. In the majority of the cell 
clones, the peripheral cancer cells exhibited outstretched pseu-
dopodia, whereas the remaining cells tended to deviate from 
the cancer cell clones and proliferate separately (Fig. 2).

Ki67 expression and distribution in cell clones. CRi Nuance 
multi‑spectral imaging system was used to obtain fluorescent 
signals of QDs, in which, yellow or red fluorescent signals 
represented the Ki67 expression in the cell nucleus. Ki67 
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expression in MCF‑7 cells showed different sizes of clumps, 
predominantly on one side of cell nucleus (Fig. 3A). In the 
majority of the SW480 cells (Fig. 3B) and SGC7901 cells 
(Fig. 3C), Ki67 protein tended to form clumps, which were 
evenly distributed in the cell nucleus. Ki67 expression in these 
three types of cells also showed homogeneous distribution in 
the cell nucleus (Fig. 3D‑F).

Distribution of cells with strong Ki67 expression. Ki67 was 
widely expressed in the three cancer cell types. The cells 
with strong Ki67 expression were distributed at the periphery 
of the clones or on one side of cell clones (Fig. 4). These cells 
presented two types of distribution, dispersed and aggre-
gated, the second type forming cell clusters. However, there 
were only a small number of clones in which all cells showed 

Figure 1. Morphological characteristics of cancer cell clones. (A) MCF‑7 breast cancer cells were shuttle, triangle or irregular in shape. (B) SW480 colon cancer 
cells were shuttle, circular or irregular in shape. Magnification 200x, Goat anti‑rabbit IgG‑585 of yellow QDs marked Ki67. (C) SGC7901 gastric cancer cells 
were polygonal or shuttle in shapes. x200, Goat anti‑rabbit IgG‑605 of red QDs marked Ki67. Scale bar=50 µm.

Figure 2. Discrete tendency of border cancer cells of the clones. The cells in blue box indicate the border cancer cells with outstretching pseudopodia in (A) 
MCF‑7 breast cancer cells, (B) SW480 colon cancer cells and (C) SGC7901 gastric cancer cells. A and B: x200, Goat anti‑rabbit IgG‑585 of yellow QDs 
marked Ki67; C: x200, Goat anti‑rabbit IgG‑605 of red QDs marked Ki67. Scale bar=50 µm.

Figure 3. Ki67 expression and distribution in different cell clones. (A) Different sized clumps located on one side of the cell nucleus in MCF‑7 breast cancer 
cells. (B) Different sized clumps evenly‑distributed in cell nucleus in SW480 colon cancer cell. (C) Different sizes of clumps evenly‑distributed in cell nucleus 
in SGC7901 gastric cancer cell. Homogeneous distribution of Ki67 was observed in the in cell nuclei of the (D) MCF‑7 breast cancer cells, (E) SW480 colon 
cancer cells, and (F) SGC7901 gastric cancer cells. Red arrows indicated different sizes of clumps and blue arrows indicated even‑distributed of Ki67 in 
the cell nucleus. (A and B: x200, Goat anti‑rabbit IgG‑585 of yellow QDs marked Ki67; C: x200, Goat anti‑rabbit IgG‑605 of red QDs marked Ki67. Scale 
bar=50 µm).

  C  B  A

  C  B  A

  E  D

  C  B  A

  F



GENG et al:  QD STUDY OF CANCER GROWTH BEHAVIOR3010

strong Ki67 expression. These results demonstrate the asym-
metry and asynchronism of cell proliferation in cell clones, 
with a portion of dominant cells showing active proliferation 
potential.

Average expression intensity of Ki67 in the three cancer cell 
types. According to the statistical analysis, the mean expres-
sion intensity of Ki67 in MCF‑7, SW480 and SGC7901 cells 
was 0.433 (0.036, 1.833), 0.810 (0.246, 2.428) and 0.532 (0.227, 
0.974), respectively (Fig. 5A). The mean expression intensity 
of Ki67 in small, medium and large clones of MCF‑7 cells 

was 0.429 (0.036, 1.833), 0.459 (0.072, 1.052) and 0.455 (0.128, 
0.801), no significant difference was identified among the three 
groups (P>0.05; Fig. 5B). For SW480 cells, the corresponding 
values were 0.836 (0.246, 1.939), 0.764 (0.301, 2.428) and 
0.820 (0.381, 1.608), again no significant difference was iden-
tified among the three groups (P>0.05; Fig. 5C). By contrast 
in SGC7901 cells, the mean expression intensity of Ki67 in 
small, medium, large clones were 0.440 (0.268, 0.974), 0.562 
(0.227, 0.972) and 0.512 (0.312, 0.840), and a significant differ-
ence was identified between the expression in the small and 
medium clones (P<0.05; Fig. 5D).

Figure 4. Heterogeneous distribution of cells with strong Ki67 expression. (A) Cells with strong Ki67 expression distributed at the periphery of MCF‑7 cancer 
cell clones. (B) Cells with strong Ki67 expression were distributed at one side of the SW480 cell clones. (C) Cells with strong Ki67 expression were distributed 
at one side of the SGC7901 cell clones. Red arrows indicate the cancer cells with strong Ki67 expression. (A and B: x200, Goat anti‑rabbit IgG‑585 of yellow 
QDs marked Ki67; C: x200, Goat anti‑rabbit IgG‑605 of red QDs marked Ki67. Scale bar=50 µm).

Figure 5. Average expression intensity of Ki67 in three types of cancer cells and in different sizes of clones. (A) Average expression intensity of Ki67 in 
different sized clones of MCF‑7 cells. (B) Average expression intensity of Ki67 in different sizes of clones of SW480 cells. (C) Average expression intensity of 
Ki67 in different sized clones of SGC7901 cells. (D) Average expression intensity of Ki67 in these three types of cancer cells. 
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Discussion

Clone formation assays are a widely used technique to investigate 
cell proliferation and invasion (19). QDs are novel fluorescent 
nano‑particles, which have shown great potential in diagnosis 
and treatment, for example in vivo and in vitro imaging and drug 
delivery (20‑22). In the present study, a cell clone formation assay 
was applied to simulate tumor development and progression 
in vitro, and this was analyzed using proliferating cell nuclear 
antigen Ki67 and pan‑CK marked by different QD‑conjugated 
probes. With the aid of QD‑based molecular targeted imaging 
techniques, cell clone formation could be used to demonstrate 
the distribution and expression of Ki67 in different types of 
cancer cells, and reveal the clonal growth behavior and prolif-
eration characteristics of the cancer cells.

Traditional double‑color fluorescent imaging techniques 
mark different cellular components separately and use image 
merging technology to compose a full image of the cell; 
however, this can not implement in situ, simultaneous or 
synchronous images of multiple cellular components, leading 
to errors in the integrity and completeness of cell image infor-
mation (23,24). By contrast, the present study took advantage 
of the in situ, synchronous, double‑color imaging technique 
which utilizes QD‑based molecular probes. It was able to 
capture the morphology of cancer cells in situ and simultane-
ously revealed Ki67 expression and distribution in the nucleus 
and pan‑CK expression in the cytoplasm. Furthermore, this 
information could be analyzed under CRi Nuance multi‑spec-
tral imaging systems to output the quantitative data of Ki67 
and pan‑CK expression in cancer cell clones, which indicated 
the effects of proliferation behavior of each type of cancer cell 
during the formation and development of whole clones.

Ki67, a cell‑cycle‑related non‑histone, is expressed at all 
cell cycle phases except for the G0 phase (5). In this study, Ki67 
protein tended to form clumps in MCF‑7 cells, which were 
evenly distributed in the cell nucleuss, predominantly located 
on one side of the cell nucleus. In the majority of the SW480 
and SGC7901 cells, Ki67 presented different sizes of clumps 
evenly distributed in the cell nucleus, which is consistent with 
the results of Scholzen and Gerdes (5), which demonstrated 
that Ki67 formed clumps during interphase, and was evenly 
distributed in the nucleus during mitosis. Cells to undergo 
mitosis had higher Ki67 expression levels. In addition, the 
tumor proliferation index (25), a traditional index of clinical 
pathology, could be represented by the ratio of Ki67 positive 
cells to the total number of cancer cells. In this study, the 
ratio of Ki67 total fluorescence signal values to pan‑CK total 
fluorescence signal values was regarded as the average Ki67 
expression intensity, which was 0.433 (0.036, 1.833), 0.810 
(0.246, 2.428) and 0.532 (0.227, 0.974), respectively, in MCF‑7, 
SW480 and SGC7901 cells. The average Ki67 expression 
intensity was highest in the SW480 cells and Ki67‑positive 
cells were undergoing mitosis according to the research 
of Scholzen and Gerdes (5). SGC7901 cells had the second 
highest intensity level. The MCF‑7 cells had the lowest inten-
sity level, which indicated the Ki67 positive cells in MCF‑7 
cells clones were primarily in the interphase stage of cell divi-
sion. These points indicated the average expression intensity of 
Ki67 could reflect cancer cell division and proliferation, and 
could be considered as a proliferation index of cancer cells.

Brabletz et al (26) reported that colon cancer cells may 
exhibit cell de‑differentiation in the invasive front area, with 
loss of an epithelial phenotype and the gain of a mesenchymal 
phenotype, which could facilitate the invasion and metastasis 
of tumor cells. Numerous other tumors also showed these 
characteristics (26‑28). The over‑expression of nuclear Ki67 in 
the invasive front area in breast cancer was positively associ-
ated with bone and liver metastasis (29). In the present study, 
in these three types of cancer cell clones, the cells with strong 
Ki67 expression were distributed at the clone periphery or at 
one side of the cell clones. In addition, in the majority of the 
cell clones, the cancer cells with outstretching pseudopodia 
were separated from clones or showed a tendency of discretion. 
These phenomena indicated that the cancer cells at the clone 
periphery exhibit greater proliferative and invasive activity. 
Thus, cell clone formation assays was an efficient method to 
simultaneously study proliferative and invasive characteristics 
of tumor cells.

In conclusion, this study adopted a QD‑based molecular 
targeted imaging technique, simultaneously showing the 
morphological characteristics of cancer cells and cell prolifera-
tion in the process of cancer cell clone formation in situ, which 
demonstrated that cancer cell proliferation was asymmetric 
and unsynchronized. The phenomenon that cancer cells within 
clones that had heterogeneity determined that cancer cells had 
uncontrollable and in‑coordinate proliferative features (30). 
Additionally, this suggested that there is theoretical feasibility 
and technical possibility to develop a differentiation strategy 
which may allow for the control and coordination of cancer cells.
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