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Introduction

For the detection and treatment of cancer, it is very 
important to elucidate the mechanism governing the 
formation of cancerous tissues. As far back as 1976, Nowell 

first proposed that cancer is an evolutionary “organism” (1).  

In a previous study, Maley et al .  comprehensively 

investigated Barret’s esophagus (2). They confirmed that 

the transition from precancerous lesions to cancer was 
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indeed an evolutionary process, with a cell population 
adapting to natural selection. This finding was confirmed 
in a study conducted by Anderson et al., which proved that 
the phenotype and morphology of tumors significantly 
changed when selective pressure was exerted on the tumor 
microenvironment (3). Furthermore, Merlo et al. defined 
cancer as a unique “ecosystem” and they explained the 
evolutionary nature of cancer progression (4). In summary, 
cancer can be considered as an “organism” that has evolved 
from a cell population in a unique microenvironment. 
The first evidence of a cancer stem cell was provided by 
Hamburger et al in 1977, who found that among the 1,000–
5,000 solid tumor cells, only one tumor cell could form cell 
clones in a soft agar (5). In 1997, acute leukemia stem cells 
were first successfully isolated by Bonnet and Dick (6). Later 
on, more cancer stem cells of specific immuno-phenotypes 
from chronic myeloid leukemia, glioma and breast cancer 
tissues were isolated (7-10). These studies have proven that 
cancer stem cells do exist in cancerous tissues.

Stem cells are early undifferentiated cells, and they have 
pluripotency and self-renewal capabilities (11). Under 
certain conditions, stem cells can differentiate into mature 
cells that perform different functions. A variety of tissues 
and organs can also be synthesized from stem cell culture. 
Therefore, stem cells are also called “universal cells” in 
the medical community. In the 1980s, Piersma et al. found 
that bone marrow stromal cells (BMSCs) differentiate into 
various interstitial tissues, such as bone, cartilage, fat and 
even muscle tissue (12,13). In the 1970s, Potter et al. and 
Pierce et al. first proposed the hypothesis that cancer stem 
cells originated from normal stem cells that have undergone 
a maturation arrest (14,15). We believe that cancer arises 
from the heterogeneous cell clusters, which gradually evolve 
after the differentiation of normal stem cells is interfered 
with in a microenvironment. In this study, rat BMSCs were 
selected as the model to explore this mechanism of cancer 
formation.

Methods

Materials

Six-week-old Wistar female rats weighing 150–160 g and 
Kunming female mice weighing about 22 g were purchased 
from the Institute of Laboratory Animal Sciences (CAMS 
and PUMC, Beijing, China). The experimental mice were 
maintained under specific pathogen-free (SPF) conditions 
at the Experimental Animal Center of Gansu University of 

Traditional Chinese Medicine (TCM) (Lanzhou, China). In 
this experiment, we performed all the animal procedures in 
accordance with the Guide for Care and Use of Laboratory 
Animals. All the experimental protocols were approved by 
the Animal Ethics Committee of Gansu University of TCM 
(Lanzhou, China). 

Isolation and culture of rat BMSCs and Hela cells 

Typically, the isolation of rat BMSCs is followed by the 
method reported by Tropel et al. (16). Wistar rats were 
killed by cervical dislocation, under sterile conditions. 
The femurs and tibiae were removed and immersed in a  
0.01 mmol/L phosphate buffer saline (PBS) solution and 
bone ends were exposed. A Dulbecco’s modified eagle’s 
medium (DMEM)/F12 (Hyclone, USA) medium was used 
to flush marrow until the bones turned pale. The resulting 
cell suspension was filtered with a 200-mesh sieve, cells were  
re-suspended in medium containing 10% fetal bovine 
serum (FBS) (Hyclone, USA) and 1% L-Gln (Hyclone, 
USA). The cells were then inoculated into a cell culture 
dish and incubated at 37 ℃ in a 5% CO2 atmosphere. The 
culture medium was replaced once every three days, and the 
non-adherent cells were discarded. When the cells reached 
70–80% confluency, they were passaged for the purification 
process. Then the pure BMSCs were stored in liquid 
nitrogen.

Frozen Hela cells were resuscitated and cultured in 
DMEM medium containing 10% FBS and 1% L-Gln, the 
cell culture was incubated at 37 ℃ in a 5% CO2 atmosphere. 
The medium was changed, and the cells were passaged 
every 2–3 days.

Induced differentiation of BMSCs into osteoblasts, 
adipocytes and neuroblasts

The second generation of BMSCs were divided into 
control and induction groups. Induced differentiation 
of BMSCs into osteoblast cells (short for DBOCs) was 
conducted by culturing in a complete culture medium 
containing 10 mmol/L β-glycerophosphate, 10−8 mol/L  
dexamethasone and 50 mg/mL Vitamin C (Amresco USA). 
The cells were cultured in this medium for 21 days, then 
an alkaline phosphatase (ALP) assay was performed to 
identify the differentiated cells in the medium (17). Induced 
differentiation of BMSCs into adipocyte cells (short for 
DBACs) was conducted by using the complete culture 
medium containing 10−6 mol/L dexamethasone, 0.25 mg/L  
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insulin and 0.05 mmol/L indomethacin (Amresco USA). The 
cells were cultured for 18 days, then the Oil red O (Amresco 
USA) staining method was used to identify the differentiated 
adipocytes in the medium (18). Finally, differentiation of 
BMSCs into nerve-like cells (short for DBNCs) was induced 
by culturing in the complete culture medium containing 
1 mmol/L β-mercaptoethanol. After maintaining the cell 
culture for 3 days, the medium was replaced with a serum-
free medium and the cells were further cultured for another 
3 days. An immunohistochemistry assay was performed to 
detect the neuron-specific enolase (NSE), which indicates 
the presence of nerve cells in the culture (19). 

Interruption of the induced differentiation of BMSCs into 
osteoblasts, adipocytes and neuroblasts

Induced differentiation of BMSCs into osteoblasts, 
adipocytes and neuroblasts was interrupted by a media 
change. The BMSC differentiation for inducing the 
DBOCs was interrupted at the different stages by discarding 
the induction media on days 1, 4, 7, and 10.5. The adherent 
cells were washed three times with a 0.01 M PBS, then they 
were cultured in the complete medium until day 21. In the 
course of inducing the DBACs, the BMSC differentiation 
culture was interrupted at different stages by discarding 
the induction media on days 1, 3, 6 and 9. The adherent 
cells were washed 3 times with 0.01 M PBS, then they 
were cultured in the complete medium until day 18. In the 
course of inducing the DBNCs, the BMSC differentiation 
culture was interrupted at different stages by discarding the 
induction media at 24, 44, 56 and 72 hours. The adherent 
cells were washed 3 times with a 0.01 M PBS, then they 
were cultured in the complete medium until day 6.

Soft agar colony formation experiment

Low melting point agarose (1.2%) (Bioworld, China) 
solution was prepared in triple distilled water. This solution 
was autoclaved and cooled to 37 ℃. Then it was mixed 
homogenously at 37 ℃ with an equal volume of 2×DMEM 
complete medium, which contained 20% FBS. Finally, the 
bottom agar layers were prepared by pouring this solution 
mixture into the cell culture plates. These plates were ready 
for use once the agarose gel solidified and cooled down 
to room temperature. Another 0.7% low melting point 
agarose solution was also prepared using triple distilled 
water. This solution was autoclaved and cooled to 37 ℃. 
Cell culture suspensions with a density of 1×103 cells/mL  

were prepared in a 2× DMEM medium for all 4 cell 
groups: induced differentiation group, interrupted group, 
negative control and positive control. The cell culture 
suspensions were mixed with an equal volume of 0.7% low 
melting agarose solution. Finally, they were poured onto 
the 1.2% soft agar solution to form a double agar layer. In 
the experiments, BMSCs and Hela cells were used as the 
negative and positive control groups respectively. The cells 
were cultured for 15 days at 37 ℃ in an incubator with 5% 
CO2 atmosphere (20). The colony formation rates were 
calculated using the following formula:

number of clonesColony formation rate = 100
number of inoculated cells

×

Animal tumorigenesis experiment

The selected clones from the soft agar gel were picked 
and cut into small pieces using sterile razor blades. These 
pieces were inoculated into a fresh DMEM/F12 medium. 
The clones were cultured in cell culture flasks for 3 days. 
The culture medium was discarded after 3 days, and the 
adherent cells were digested with 0.25% trypsin. The 
trypsinized cells were suspended in a small amount of a 
DMEM/F12 medium. After this, they were transferred into 
a new cell culture flask containing DMEM/F12 medium. 
These cells were cultured in the medium for 5 days, and, 
in this way, the soft agar cells were successfully enriched. 
The cells from the interrupted group, the negative control 
(BMSCs) group and the positive control (Hela cells) group 
were also obtained and the suspensions of these cells in a 
DMEM medium were prepared. Each cell suspension had 
a density of 2×107 cells/mL. All the 3 suspensions were 
stored at 4 ℃.

Twenty-four  hours  before  the  exper iment  the 
cyclophosphamide (CTX)-immunosuppressed mice were 
prepared by subcutaneously injecting a 200 mg/kg CTX 
(Bioworld, China) in 75 Kunming mice. Before inoculation, 
the CTX immunosuppressed mice were anesthetized for 
15–30 min, then surgery was conducted to open the back of 
each mouse and 0.2 mL of the requisite cell suspension was 
injected into one side of the renal fascia (21). The anatomy 
examinations were carried out to inspect the resultant tumor 
on days 7, 10, 14, 17 and 20 after surgery and inoculation. 

Identification of cell morphology

Wright-Giemsa stain and Hemotoxylin-eosin (HE) stain 
were purchased from Zhuhai Beisuo Biotechnology Co. 
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Ltd. (Zhuhai, China), and the staining procedures were 
performed as per manufacturer’s instructions.

Immunohistochemistry

Immunohistochemical staining procedures were performed 
as per manufacturer’s instructions. All antibodies were 
purchased from Beijing Biosynthesis Biotechnology Co., 
Ltd. (Beijing, China) and diluted as follows: CD34 (1:200), 
CD44 (1:200), NSE (1:200), Bone morphogenetic protein 4 
(BMP4) (1:300), S-100 (1:300), Nestin (1:300) and CD133 
(1:300).

Results

Induced differentiation of BMSCs into osteoblasts, 
adipocytes and neuroblasts isolation and culture of BMSCs

After the bone marrow cell suspension was prepared it 
was cultured for 8 days. The cultured cells were passaged 
six times at a cell density of 3×104 cells/mL. The Wright-
Giemsa staining of all the cells were adherent and most of 
them were spindle-shaped in their appearance. They had 
full cell bodies, clear contours, and grew in a spiral or comb 
pattern (Figure 1A). The cells showed a healthy morphology 
and high proliferative activity. Immunohistochemical 
staining confirmed the cell surface markers of CD44 
and CD34. The results showed that the BMSCs marker 
CD44 was positive in the cytoplasm (Figure 1B), but the 
hematopoietic stem cell surface marker CD34 was negative 
(Figure 1C), demonstrating typical surface markers of 
BMSCs. 

Induced differentiation of BMSCs 

After culturing the DBOC differentiation cells for  
21 days, the Wright-Giemsa staining of the cells (Figure 

2A) showed triangular or polygonal cells with large, round 
nuclei, and they underwent cell fusion to form dense 
mineralized nodules. Figure 2B illustrates the findings of the 
ALP activity assay: large brown-black particles or massive 
precipitates were observed in the cytoplasm, indicating that 
BMSCs had differentiated into a mature osteoblast.

After culturing the DBAC differentiation cells for  
18 days, the Wright-Giemsa staining (Figure 2C) showed 
that there were round or polygonal cells with enlarged 
cytoplasm, and lipid droplets were also visible in the 
cytoplasm. As shown in Figure 2D, the oil red O staining 
revealed that the cells were filled with orange-red lipid 
droplets, which appeared like strings of beads. The nuclei 
were pushed aside by these big lipid droplets. The results 
clearly indicate that the BMSCs had differentiated into 
mature adipocytes.

In this experiment, the DBNC differentiation cells were 
cultured for 72 hours, and an additional 3 days culture 
in serum-free medium. As shown in Figure 2E, Wrights-
Giemsa staining of cell culture revealed that the cells had 
bipolar or complex multipolar morphology, had developed 
branches to form pseudopodia, and the cytoplasm gradually 
shrunk toward the nucleus. Some of the adjacent cells had 
also formed a net like structure. As shown in Figure 2F, 
NSE immunohistochemistry staining revealed that the cell 
bodies were brownish-yellow in color. This indicates that 
the BMSCs had differentiated into mature neurons.

In the above three groups of experiments, different 
inducing conditions were used to successfully induce the 
BMSCs to differentiate into osteoblasts, adipocytes and 
neurons, indicating that the initial BMSCs were pluripotent 
in nature.

Interrupted differentiation into DBOCs, DBACs and DBNCs

Stem cells follow a specific differentiation process, and they 
eventually form mature cells that do not differentiate. We 

Figure 1 Identification of the BMSCs characteristics. (A) Wrights-Giemsa staining of the BMSCs; (B) the immunohistochemical staining of 
the CD44 antibody; (C) the immunohistochemical staining of the CD34 antibody.

A B C
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established stem cell models of interrupted differentiation 
by discarding and replacing the inducing media at different 
time intervals in the course of the differentiation culture. 
At the same time a variety of biochemical and immuno-
histochemical assays were conducted including Wright-
Giemsa staining, ALP activity assay, oil red O staining and 
NSE immuno-histochemical staining to assess the extent 
of induced differentiation of BMSCs into osteoblasts, 
adipocytes and neuroblasts when the interruption process 
was imposed.

Figure 3A,B,C,D,E,F shows the ALP activity of the cells 
undergoing induced differentiation toward DBOCs. Almost 
no ALP activity was observed in the negative control cell 
group, however, in the cells undergoing a differentiation 
process of the DBOCs, 1 day after induction culture, a very 
small amount of the brownish-black plaques appeared in 
the cytoplasm of cells, indicating an extremely low ALP 
expression. The number of plaques increased steadily 
in the DBOC differentiation cells on days 4 to 7 of the 
differentiation, indicating that the ALP expression increased 
as the differentiation progressed. The plaques seen in the 
DBOC differentiation cells on day 10.5 were significantly 
darker than the previous ones, indicating a higher ALP 
expression in the DBOCs obtained on day 10.5. The ALP 
expression reached maximal levels on day 21 during the 
differentiation culture, and a large amount of the brownish 

black plaques and massive precipitates in the cell cytoplasm 
of DBOCs were observed.

Figure 3G,H,I,J,K,L shows the oil red O staining results 
of the cells undergoing induced DBAC differentiation. In 
the negative control group of BMSCs, no lipid droplets in 
the cytoplasm were observed. Even in the DBAC induction 
cells on day 1 and 3 during differentiation, no significant 
lipid droplets were generated in the cytoplasm. The cells 
subject to interrupted differentiation of the DBACs on day 
6 showed tiny droplets in the cytoplasm and on day 9 the 
lipid droplets had attained a uniform size in the cytoplasm. 
Large lipid droplets in the cytoplasm of the DBAC 
differentiation cells formed after 18 days of differentiation 
culture. The lipid droplets were orange-red in color and 
appeared like strings of beads in the cytoplasm of DBACs. 

Figure 3M,N,O,P,Q,R  i l lustrates NSE immuno-
histochemical staining results of the interrupted DBNC 
differentiation cells. There was no expression of NSE in the 
cytoplasm of the BMSCs, which constituted the negative 
control group. Low expression of NSE was found in the 
DBNC differentiation cell group after 24 and 44 hours 
of induced differentiation. The expression of NSE was 
elevated in the cells obtained after 56 hours of induced 
differentiation for DBNC. Moreover, the expression of 
NSE increased significantly in the DBNC differentiation 
cells obtained after 72 hours of induced differentiation. 

Figure 2 Identification of the cell characteristics of the induced BMSCs differentiating into osteoblasts, adipocytes, and neuroblasts. (A) The 
Wrights-Giemsa staining of the DBOC differentiation cells for 21 days; (B) the expression of ALP in the DBOC differentiation cells for 21 
days; (C) the Wrights-Giemsa staining of the DBAC differentiation cells for 18 days; (D) the oil red O staining of the DBAC differentiation 
cells for 18 days; (E) the Wrights-Giemsa staining of the DBNC differentiation cells were cultured for 72 hours, and an additional 3 days 
culture in serum-free medium; (F) the expression of NSE in the DBNC differentiation cells were cultured for 72 hours, and an additional  
3 days culture in serum-free medium.
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These DBNCs were cultured for 3 days in a serum-free 
medium and the expression of NSE was the highest and 
developed clear brownish yellow color in the cytoplasm of 
DBNCs.

When interruption of the differentiation occurred 
at time-point close to the cell maturation time, the 
characteristics of the differentiated cells would more closely 
resemble those of mature cells, while bearing very low cell 
proliferation ability. In our studies induced differentiation 
of BMSCs were interrupted at different time points in the 
course of differentiation, and we obtained the differentiated 
cells at different stages indicated by different levels of 
characteristic biochemical and immuno-histochemical 
staining parameters. These differentiated cells at different 
levels were transferred into the complete culture medium. 
We found that the differentiated cells had preserved their 
characteristics at the interruption time point and maintained 
the same proliferation rate of the culture in the passages.

Soft agar colony formation experiment

Contrary to normal cells, it is well established that tumor 
stem cells or cancer cells do not have a contact inhibition 
in any medium and can penetrate through the semi-solid 
medium, and therefore are able to keep proliferating and 
form colonies in a semi-solid medium (22). In this study, 

the negative control group consisted of BMSCs, while 
the positive control group consisted of Hela cells. The 
differentiation interrupted group consisted of cells obtained 
in the course of interrupted differentiation of BMSCs. Soft 
agar colony formation experiments were performed with the 
cells of all the three groups. As shown in Figure 4A,B,C,D,E 
and Table 1, the colony formation ability of the interrupted 
differentiation cells for DBOCs, DBACs and DBNCs 
was shown to be the strongest when the interruption was 
conducted on day 4, day 3 and at 44 hours respectively, 
during the course of differentiation. Hela cells showed the 
highest potency of colony-forming. Colony forming cells 
were isolated from the soft agar medium and cultured for 
another 5 days. All the cells obtained from the interrupted 
differentiation of the BMSCs and showing a colony 
formation demonstrated vigorous growth in the following 
culture; they all featured a loss of contact inhibition, colony 
formation and strong proliferation. HE staining with these 
cells was conducted and it was observed that the cells had 
the characteristic features of malformed cells, such as a 
nuclear fission, multi-nucleation, phagocytosis, changes in 
the cytoplasm-nuclei-relation, large nuclei and deep staining 
(Figure 4F,G,H). On the other hand, there was no significant 
nuclear abnormality in BMSCs (Figure 4I). However, Hela 
cells displayed typical cancer cell characteristics, such as 
significant cell heterogeneity, large nuclei, deep staining 

Figure 4 Soft agar colony formation and HE staining for morphological identification of clonal cells. (A) The DBOCs in soft agar (from 
the cells interrupted on day 4); (B) the DBACs in soft agar (from the cells interrupted on day 3); (C) the DBNCs in soft agar (from the 
cells interrupted at 44 hours); (D) the BMSCs in soft agar; (E) Hela cells in soft agar; (F) HE staining of the enriched DBOCs in soft agar 
(from the cells interrupted on day 4); (G) HE staining of the enriched DBACs in soft agar (from the cells interrupted on day 3); (H) HE 
staining of the enriched DBNCs in soft agar (from the cells interrupted at 44 hours); (I) HE staining of the BMSCs; (J) HE staining of the 
enriched Hela cells in soft agar. Morphological abnormalities are indicated by colored arrows: nuclear fission, red; multi-nucleation, yellow; 
phagocytosis, green; changes in the cytoplasm-nuclei-relation, orange; large nuclei and deep staining, pink.
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and increased nuclear-cytoplasmic ratio (Figure 4J). These 
results suggested that the cells obtained from interrupted 
differentiation of BMSCs tend to abnormal evolution 
including loss of contact inhibition, high proliferation and 
cancerous cellular changes.

Animal tumorigenesis experiment with BMSCs undergoing 
interrupted differentiation

It was noticeable that partial stem cells after an interrupted 
differentiation acquired colony forming abilities, high 
proliferation and tend to have an abnormal evolution. 
It would be interesting to further investigate whether 
these cells may be necessarily tumorigenic in nature. 
Animal tumorigenesis experiments with the cells of all 
the above mentioned three groups were performed. 
The differentiation interrupted cells were screened and 
isolated from the soft agar experiment along with the Hela 
cells. The negative control BMSCs were prepared as cell 
suspensions with a density of approximately 2×107 living 

cells/mL for animal tumorigenesis experiments.
The cells of DBOC group on which interruption was 

conducted on the fourth day of differentiation were used 
to inoculate the mice. After 9 days of surgery, white, hard 
and enlarged hyperplasia was observed in the kidney; the 
lower part of the kidney showed adhesion to some soft 
tissues that were white in color. It was also noticeable 
that an abnormally enlarged spleen was severely adhesive 
to the kidney. By performing HE staining of the paraffin 
sections, the cells showed irregular shapes and sizes, 
significantly large and deeply stained nuclei, and a high 
nuclear-cytoplasmic ratio. These cells were particularly 
spread around the pancreatic tissue. There was significant 
necrosis in the central part of the connection between the 
pancreas and the kidney. The concentration of cancer cells 
was greater around the necrotic area. Pathological mitoses 
were also observed in cancer tissues. Immunohistochemical 
staining results showed the existence of BMP4 in the 
cytoplasm. Moreover, the cancer stem cell markers CD133 
in the cytoplasm and cell membrane of the cells were also 
detected (Figure 5A,B,C,D).

The cells of DBAC group on which interruption was 
conducted during the third day of the differentiation, were 
used to inoculate the mice for the animal tumorigenesis 
experiment. 14 days after inoculation, white hyperplasia 
was observed at the inoculation sites of the renal fascia, 
which were adhesive to some soft tissues of white color. HE 
staining of the paraffin sections revealed several irregularly 
sized tumor cells scattering around the kidney, with large 
nuclei and deep staining. The central part of the tumor 
tissue showed necrosis. Slight pathological mitoses in the 
tumor cells were also observed, so it was diagnosed as 
cancer tissue. Immunohistochemical staining detected the 
adipocyte marker S-100B in the cytoplasm. In addition, it 
was also observed that there was cancer stem cell marker 
CD133 in the cytoplasm and cell membrane of the cells 
(Figure 5E,F,G,H).

The cells of DBNC group on which interruption was 
conducted after 44 hours of differentiation were used to 
inoculate the mice for the animal tumorigenesis experiment. 
14 days after inoculation, the anatomy of the inoculated 
mice showed that although both the kidneys were swollen, 
only the latter kidney appeared hard and white in color. 
There was a significantly abnormal proliferation of white 
mass in the kidney, and a soft white tissue had completely 
covered the renal fascia. HE staining results of the paraffin 
sections revealed that the necrosis was significant around 
the renal fascia. Moreover, a large number of irregular 

Table 1 Soft agar clone formation rate

Interruption cells
Soft agar clone 
formation rate

Negative control BMSCs group 0%

Positive control Hela cell group 9.1%

Interruption of DBOCs for 1 day 0.31%

Interruption of DBOCs for 4 days 7.8%

Interruption of DBOCs for 7 days 0.25%

Interruption of DBOCs for 10.5 days 0%

Interruption of DBOCs for 21 days 0%

Interruption of DBACs for 1 day 0.71%

Interruption of DBACs for 3 days 7.19%

Interruption of DBACs for 6 days 0.64%

Interruption of DBACs for 9 days 0%

Interruption of DBACs for 18 days 0%

Interruption of DBNCs for 24 hours 0.42%

Interruption of DBNCs for 44 hours 6.89%

Interruption of DBNCs for 56 hours 0.37%

Interruption of DBNCs for 72 hours 0%

Interruption of DBNCs for 24 hours and  
cultured in serum-free medium for 3 days

0%
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tumor cells had grown around the necrotic area, and these 
tumor cells had invaded the normal kidney tissue. Multiple 
pathological mitoses were observed in the tumor tissues, so 
they were diagnosed as cancer tissues. Immunohistochemical 
staining detected the neural stem cell marker Nestin in the 
cell membrane. In addition, cancer stem cell marker CD133 
in the cytoplasm and the cell membrane was also detected 
(Figure 5I,J,K,L).

Animal tumorigenesis experiment for BMSCs and Hela cells

In the mice inoculated with BMSCs, both the kidneys 
appeared normal as they did not develop any abnormalities. 
This was confirmed by examining the anatomical picture 
and the paraffin sections of both the kidneys of these 
inoculated mice. Immunohistochemical staining did not 
find BMP4, S-100B, Nestin or any other tumor stem 
cell markers in the cells (Figure 5M,N,O,P,Q,R). In the 
mice inoculated with Hela cells, anatomical examination 
of the renal fascia showed that soft, white tissues were 
adhering and covering the normal renal tissues like a 
ball, indicating the unique adhesion properties of cancer 
cells. By performing HE staining of the paraffin sections, 
phagocytosis in the adipose tissues surrounding the kidney 
was observed, which was itself also being squeezed by 
the concentrated tumor cells. These cells had greater 
nuclear-cytoplasmic ratios and higher necrosis in the 
central parts. A clear boundary was visible between the 

necrotic tissue and the surrounding immune cells, such 
as neutrophils and lymphocytes. Because pathological 
mitoses appeared in the necrotic tissue, it was diagnosed 
as cancer tissue. Immunohistochemical staining revealed 
high levels of CD133 in the cytoplasm and cell membrane 
(Figure 5S,T,U). The above results also indicated that most 
inoculated cells died out in the microenvironment of renal 
fascia, although few cells evolved into cancerous tissue.

Discussion

Our studies provide new insight into the pathogenesis 
of tumors in respect to stem cells. The results primarily 
proved that tumors occur when the somatic stem cells (SSC) 
evolve and differentiate abnormally into heterogeneous cell 
clusters (Figure 6).

Prev ious  s tudies  have  made great  progress  in 
comprehending the evolution of the cancer genome and 
have elaborately explained the dynamic interplay between 
tumor cells and the microenvironment. However, scientists 
have barely been able to elucidate the mechanism of cancer 
(23-25), and the following aspects for the mechanisms of 
cancer still remain unclear: the pathogenesis of tumor stem 
cells, the mode of tumor evolution and the mechanisms for 
tumor metastasis in the microenvironment (26,27). In our 
experiments, the differentiation inducers were removed 
at certain stipulated time points, thereby interrupting the 
induced differentiation of stem cells at various stages. Thus, 

Figure 6 Schematic diagram for the abnormal differentiation and evolution of rat BMSCs and formation of tumor.
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in a new microenvironment, the stem cells differentiated 
and evolved (Figure 7) into heterogeneous cell clusters 
and the outcome was further investigated. The soft agar 
colony formation experiments with the cells undergoing 
differentiation interruption demonstrated that cancer stem 
cells do exist in heterogeneous cell clusters. Moreover, the 
mice tumorigenesis experiments confirmed the tumorigenic 
ability of these cell clusters.

It is worthwhile to mention that SSC are undifferentiated 
stem cells that exist in all differentiated tissues, and that 
these cells have the ability to differentiate and overcome 
their “developmental limitations”. They can even induce 
the cross lineage and ectoderm to differentiate into other 
tissue types. In a specific area of the tissue, SSC can exist 
in a dormant state for years. In general, they become active 
only when the tissue is injured or diseased. In other words, 
the totipotency of SSC is similar to that of embryonic stem 
cells (28,29). In our studies, BMSCs were chosen because 
they are well investigated in most studies of SSC, and 
BMSCs have the highest maturity among all types of SSC.

Stem cell differentiation is the process through which 
cells of the same origin gradually transform into cell 
populations of different morphologies, structures and 

functions. Stem cells get activated when an abnormality 
develops in the cells and/or microenvironment; however, 
stem cells may stop differentiating at a certain point. At this 
point, stem cells can still proliferate but not differentiate, 
leading to the formation of heterogeneous cell clusters. 
There are numerous ways to interrupt the induced 
differentiation of stem cells. In this experiment, we used the 
strategy of replacing the induction medium with the normal 
medium, but we did not add any blocking agent. Thus, we 
ensured that the interruption was effective and accurate. 

In molecular biology, stem cell differentiation is due to 
the selective expression of the cell genome in a small time-
space window. Therefore, the process of differentiation can 
be controlled, and even cells of a different origins and lines 
can be formed by simply turning on and off the expression 
of different genes. When the stem cell differentiation is 
interrupted, only the gene expression promoted by the 
specific inducer stops; however, the cells continue to be 
multipotent. In a new microenvironment, a different 
inducer may be used to trigger the stem cells deviating from 
the original differentiation pathway and evolving into the 
heterogeneous cell clusters. These clusters adapt easily with 
the new environment (30). Cellular evolution refers to the 

Figure 7 Schematic diagram for the stem cell differentiation process.
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survival of the fittest cells when subjected to cytogenetic, 
phenotypic and/or genotypic variations. In our experiments, 
the complete medium was used twice to effectively simulate 
the in-situ evolution of stem cells after the interruption of 
induced differentiation.

As shown in Table 2, there are four possible mechanisms 
for stem cells to differentiate into abnormal cells and 
forming heterogeneous clusters: (I) induced differentiation 
is interrupted but the cells continue to proliferate; (II) 
induced differentiation is interrupted, but the cells undergo 
genetic mutation and continue to proliferate; (III) induced 
differentiation is interrupted with the help of a new inducer, 
and the stem cells deviate from the original differentiation 
pathway to adapt with the microenvironment; and (IV) 
induced differentiation is interrupted due to a new inducer 
and a genetic mutation, but the cells adapt with the 
microenvironment.

This implies that the heterogeneous cell clusters possibly 
have the following characteristics: (I) histological similarity 
with cancer tissue sections, (II) sustained proliferation 
abilities, (III) the ability to mutate and to diversify under 
micro-environmental stress, (IV) histocompatibility with 
autologous cells and (V) the ability to synergize with the 
surrounding cells of the microenvironment.

Comparison of the characteristics of cancer cells and 
heterogeneous cell clusters also reveals more detailed 
information about the evolution of cancer. Recently, 
Hanahan et al. summarized the ten hallmarks of human 
cancer formation in the study “Hallmarks of cancer: 
the next generation” (31). Some of those characteristics 

are applicable to the heterogeneous cell clusters. The 
heterogeneous cell clusters show a sustained proliferation, 
which is a characteristic that is quite similar to the ability of 
cancer cells in “sustaining proliferative signalling evading 
growth suppressors, resisting cell death, and enabling 
replicative immortality”, and, are the same as the sustained 
proliferation of the heterogeneous cell clusters. Similarly, 
the cancer hallmark of “evading immune destruction” is 
akin to the histological compatibility of the heterogeneous 
cell clusters. While “metastasis” of cancer is the ability 
of cancer cells to invade different tissues, we may be able 
to define the metastatic property of heterogeneous cell 
clusters as the existence of SSC in all the differentiated 
tissues and their ability to generate new clusters with 
various microenvironment, activation factors, and inducers. 
In this work, we found that heterogeneous cells have 
many characteristics of stem cells, such as differentiation, 
regeneration ability and the ability to repair damaged tissues 
and organs by working synergistically with the surrounding 
stromal cells. So far, the tumorigenesis effect of these 
differentiation interrupted stem cells in humans remains 
unknown, and we will further investigate the effect of 
these stem cells on various characteristics of angiogenesis, 
including the creation of a tumor microenvironment, 
reprogramming of energy metabolism and the active 
invasion of cells. 

Conclusions

In summary, we have proven that the heterogeneous cell 

Table 2 Yielding types of the heterogeneous cell clusters

Heterogeneous 
cell cluster type

The first time The second times The N times

Evolution ResultInterrupt  
differentiation

Proliferation  
rate

Interrupt  
differentiation

Proliferation  
rate

Interrupt  
differentiation

Proliferation 
rate

1 Interrupt Sustained  
proliferation

Not  
happening

Not  
happening

Not  
happening

Not  
happening

Not  
happening

Heterogeneous 
cell cluster

2 Interrupt Persistent 
proliferation and 
genetic mutation

Not  
happening

Not  
happening

Not  
happening

Not  
happening

Evolution  
of genetic 
variation

Heterogeneous 
cell cluster

3 Interrupt – New  
differentiation

New  
proliferation 

rate

Not  
happening

Not  
happening

Differential 
evolution

Heterogeneous 
cell cluster

4 Interrupt – New  
differentiation

Persistent  
proliferation 
and genetic 

mutation

Multiple 
differential 
evolution

Multiple  
genetic  

mutation

Evolution of 
differentiation 
and genetic 

variation

Heterogeneous 
cell cluster
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clusters were formed by the abnormal differentiation and 
evolution of SSC, that these clusters have tumorigenic 
ability, and that they display the basic hallmarks of cancer 
cells. Therefore, we hypothesize that cancer tissues 
are basically heterogeneous cell clusters with sustained 
proliferation abilities, which are formed by the abnormal 
differentiation and the evolution of SSC.
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