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Abstract. The stroma affects the properties and dynamics 
of the tumor. Previous studies have demonstrated that bone 
marrow‑derived cells (BMDCs) possess the capability of 
differentiating into stromal cells. However, the characteristics 
and roles of BMDCs in oral squamous cell carcinoma remain 
unclear. The current study therefore investigated their locations 
and features by tracing green fluorescent protein (GFP)‑labeled 
BMDCs in a transplantation mouse model. After irradiation, 
BALB‑c nu‑nu mice were injected with bone marrow cells from 
C57BL/6‑BALB‑C‑nu/nu‑GFP transgenic mice. These recipient 
mice were then injected subcutaneously in the head with human 
squamous cell carcinoma‑2 cells. Immunohistochemistry for 
GFP, Vimentin, CD11b, CD31 and α‑smooth muscle actin 

(SMA), and double‑fluorescent immunohistochemistry for 
GFP‑Vimentin, GFP‑CD11b, GFP‑CD31 and GFP‑α‑SMA was 
subsequently performed. Many round‑shaped GFP‑positive cells 
were observed in the cancer stroma, which indicated that BMDCs 
served a predominant role in tumorigenesis. Vimentin(+) GFP(+) 
cells may also be a member of the cancer‑associated stroma, orig-
inating from bone marrow. Round or spindle‑shaped CD11b(+) 
GFP(+) cells identified in the present study may be macrophages 
derived from bone marrow. CD31(+)GFP(+) cells exhibited a high 
tendency towards bone marrow‑derived angioblasts. The results 
also indicated that spindle‑shaped α‑SMA(+) GFP(+) cells were 
not likely to represent bone marrow‑derived cancer‑associated 
fibroblasts. BMDCs gathering within the tumor microenviron-
ment exhibited multilineage potency and participated in several 
important processes, such as tumorigenesis, tumor invasion and 
angiogenesis.

Introduction

Solid tumors are composed of parenchyma and stroma, which 
participate in forming cancer‑stroma interactions that favor tumor 
invasive growth in the tumor microenvironment (TME) (1). 
Recently, some studies have focused on the cellular composition 
of the TME and suggested that the interactions between cancer 
cells and stroma may be crucial for progression of various types 
of carcinomas (2‑5). Cancer progression is recognized as the 
product of evolving crosstalk between cancer cells and various 
stromal constituents, including the extracellular matrix  (6) 
and fibroblasts. These stromal fibroblasts, which compose 
the major stromal compartment (7), are often termed myofi-
broblasts or cancer‑associated fibroblasts (CAFs). These cells 
play an extremely central role in the sophisticated process of 
tumor‑stroma interactions and subsequent carcinogenesis (8‑12). 
Many researchers have already identified the ‘reactive stroma’ 
as an inducer that helps to create a growth‑promoting TME, 
which is accompanied by modified extracellular matrix compo-
nents (13), elevated angiogenesis (14,15), modified fibroblasts 
(CAFs), etc. In the microenvironment of cancers including those 
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in the oral and maxillofacial regions, CAFs play a primary role 
in cancer development and progression at all stages (16‑18). 
The overall effects of CAFs and altered extracellular matrix in 
cancers are still poorly understood. Additionally, tumor‑asso-
ciated macrophages (TAMs), the specific type of macrophages 
present in cancer stroma, are involved in tumor growth and 
metastasis. These stromal‑specific fibroblasts and macrophages 
acquire abnormalities by interacting with cancer cells, along 
with gene expression and various biological properties in 
normal tissues (13). Tumor blood vessels also exist in TME and 
nourish not only cancer cells but also stromal cells. In this way, 
the cancer‑associated stroma promotes cancer development and 
progression in many ways.

Cancer‑stroma interactions depend on the organs in which 
the cancer develops, and the whole picture is now being 
revealed in several types of cancer (19). However, few articles 
have focused on cancer‑stroma interactions in oral squamous 
cell carcinoma (OSCC), and the cellular composition of the 
stroma in OSCC has not been fully elucidated in detail.

Recent studies have reported that bone marrow‑derived 
cells (BMDCs) act as not only a source of cells for tissue 
regeneration (20,21) but also as participants in tumor invasion 
and proliferation (22). In normal tissue, BMDCs differentiate 
into various kinds of cells (23,24) in normal head and neck 
sites such as intestinal mucosal epithelium and salivary 
glands  (25,26). Furthermore, BMDCs are thought to be 
recruited from bone marrow adjacent to injured tissue during 
wound healing and cancer progression. In tumors, circulating 
BMDCs possess the capability of differentiating into vascular 
endothelial cells, myofibroblasts, etc., (27‑29). Thus, BMDCs 
can differentiate into various cell types that constitute the 
stroma of the tumor. As described above, BMDCs are closely 
involved in tumorigenesis as well as cancer progression.

Although the multilineage differentiating ability of BMDCs 
has already been explored, the distribution, characteristics, and 
precise roles of BMDCs in tumorigenesis and cancer invasion 
of OSCC remain unclear. Thus, in this study, we investigated 
the locations and characteristics of stromal cells and how 
BMDCs affect cancer development and invasion of OSCC. 
We used a mouse bone marrow transplantation (BMT) model 
that was created by grafting bone marrow cells from green 
fluorescent protein (GFP) mice into BALB‑c nu‑nu mice. This 
GFP‑transplanted mouse model allows tracking of BMDCs 
via tracing of GFP‑positive cells. Then, these recipient mice 
were transplanted with a human oral cancer cell line (HSC‑2 
cells) injected into their head.

Materials and methods

Mouse strains and cell lines. All animal experiments were 
performed in accordance with relevant guidelines and regu-
lations and were approved by the institutional committees 
at Okayama University (OKU‑2017406). A total of sixteen 
female mice (4 C57BL/6‑BALB‑C‑nu/nu‑GFP transgenic 
mice and 12 BALB‑c nu‑nu mice) were used. The HSC‑2 
human oral squamous cell carcinoma cell line was purchased 
from JRCB Cell Bank and cultured in Dulbecco's modified 
Eagle's medium (DMEM) (Invitrogen) with 10% fetal bovine 
serum (FBS) and 100 U/ml antimycotic‑antibiotic at 37˚C in a 
humidified atmosphere with 5% CO2.

BMT model. BMT was carried out according to a standard 
protocol as described previously  (30). Bone marrow cells 
from GFP mice were collected by introducing DMEM 
(Invitrogen) into the marrow space. Cells were resuspended 
in Hanks' Balanced Salt Solution (Invitrogen) in a volume 
of approximately 1.0x107  cells/0.20  ml. Subsequently, 
8‑week‑old female nude recipient mice underwent 10 Gy of 
lethal whole‑body irradiation, and resuspended bone marrow 
cells were injected into the tail vein of recipient mice. The 
bone marrow in the tibial epiphysis was examined with GFP 
immunohistochemistry (IHC) 4 weeks after transplantation.

Head lesion tumor mouse model. In this study, we used 
oral squamous cell carcinoma cell line: HSC‑2, because we 
have already known that HSC‑2 induced abundant stroma 
in previous study (31). Four weeks after BMT, 12‑week‑old 
BALB‑c nu‑nu female mice that underwent GFP BMT were 
injected subcutaneously into the head with 1.0x106 HSC‑2 
cells. In implantation of HSC‑2, mice were anesthetized intra-
peritoneally with ketamine hydrochloride (75 mg/kg body 
weight), medetomidine hydrochloride (0.5 mg/kg body weight) 
and we confirmed whether mice were anesthetize atipamezole 
hydrochloride (1 mg/kg body weight) was injected subcuta-
neously when awakening. This anesthesia protocol has been 
improved with reference to Laboratory Animal Anaesthesia, 
3rd edition, and were approved by the institutional committees 
at Okayama University (OKU‑2017406). We confirmed mice 
anesthesia whether mice could return to lying face down when 
mice were laid supine position. Since this cancer cells injection 
in head lesion did not impacted negatively in the wellbeing of 
the all mice, twenty‑eight days later, all mice were sacrificed 
by isoflurane excess inhalation anesthesia (concentration more 
than 5%). Then we verified cardiac arrest by palpation and 
dislocated the cervical spine of the mice according to AVMA 
Guideline for Euthanasia of Animal 2013 Edition. And the 
specimens were harvested for analysis. We established humane 
endpoints such as eating and drinking problems, symptoms of 
distress (self‑harm, abnormal posture, respiratory problems), 
long‑term appearance abnormalities without signs of recovery 
(diarrhea, bleeding, dirt on vulva), rapid weight loss (more 
than 20% in several days), and the cancer tissue size to 3 cm or 
more. The experiment was discontinued if the mice's pain was 
judged to be intolerable and the mice were euthanized.

Histological examination. All embedded tissues were fixed in 
4% paraformaldehyde for 12 h and then decalcified in 10% EDTA 
for 3 weeks. Tissues were processed and embedded in paraffin 
wax via routine histological preparation and sectioned at 5‑µm 
thickness. The sections were used for hematoxylin‑eosin (H&E) 
staining, IHC, and double‑fluorescent IHC.

Immunohistochemistry. IHC was carried out using the 
antibodies detailed in Table I. Following antigen retrieval, 
sections were treated with 10% normal serum for 30 min, 
and then incubated with primary antibodies at 4˚C overnight. 
The immunoreactive site was identified via the avidin‑biotin 
complex method (Vector Lab).

Double‑fluorescent IHC staining. Double‑fluorescent IHC 
for GFP‑CD11b, GFP‑CD31, GFP‑Vimentin, and GFP‑Alpha 
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smooth muscle actin (α‑SMA) was performed using GFP 
monoclonal antibodies (Abcam). The secondary antibodies 
applied are detailed in Table II. Antibodies were diluted with 
Can Get SignalA (TOYOBO). After antigen retrieval, sections 
were treated with Block Ace (DS Pharma Bio‑medical) for 
30 min at room temperature. Specimens were incubated with 
primary antibodies at 4˚C  overnight and then incubated with 
secondary antibodies (1:200) for 1 h at room temperature. 
After the reaction, the specimens were stained with 1 mg/ml 
DAPI (Dojindo Laboratories).

Cell counting. Cell counting was performed in three areas 
(Fig.  1A): the skin side (Fig.  1B), the center part of the 
tumor (Fig. 1C), and the bone side (Fig. 1D). The subsequent 
histological analysis as well as findings of their characteristics 
were made according to these divisions. In each areas, cells 
were counted in five randomly chosen fields from selected 
regions (magnification, x200). Then, three members in our 
group manually and counted the numbers of GFP(+) cells as 
well as double‑positive cells using Image J1.47v [developed by 
Wayne Rasband, the National Institute of Health (NHS)]. In 
each areas, we measured the GFP(+) cells in cancer stroma 
and we calculated the ratio of GFP(+) cells in cancer stroma 
to determine the average of the 3 areas. The obtained average 
value was compared in each group, the rate of GFP(+) cells 
were compared in 3 areas.

Statistical analysis. All values are the mean  ±  standard 
deviation. Statistical analysis was performed using one‑way 
ANOVA and Tukey's tests. P<0.05 was considered to indicate 
a statistically significant difference. All calculations were 
made using PASW Statistics 18 (SPSS Inc.).

Results

Histopathological characteristics of the OSCC‑transplanted 
mouse model. On twenty‑eight day, the cancer cells were 
successful engraftment and the largest tumor mass diameter was 

15 mm and multiple tumors and metastasis were not observed 
in our study. From H&E staining results, HSC‑2 cancer cells 
grew with the stroma around and in the center of cancer tissues. 
In the center part of cancer tissues, keratinization, which is a 
typical finding of well‑differentiated squamous cell carcinoma, 
was observed (Fig. 1A). The cancer tissues were composed of 
loosely arranged spindle‑shaped or round‑shaped, relatively 
small cancer cells, which made contact with stromal cells on 
the skin side (Fig. 1B). Similarly, cancer cells were round or 
polygonal in shape in the center area. However, cancer cells 
along the periphery of the cancer stroma appeared to be poly-
morphic in shape, bigger, and had a darker nucleus and tighter 
connections (Fig. 1C). Interestingly, cancer cells seemed to be 
distributed around the front layers, and the most atypical cells 
were in the bone side of the tumor (Fig. 1D).

GFP‑positive cell location and cell shape. Abundant 
GFP‑positive cells infiltrated the TME of the three areas. The 
majority of them were located along the peripheral sides of 
the cancer parenchyma and seemed to parallel the tumor in the 
skin side (Fig. 1E) and bone side (Fig. 1G), which may represent 
the front layers. On the other hand, in the central part of the 
cancer tissue, GFP‑positive cells were not parallel to the cancer 
nest, but accumulated in the central part of the cancer stroma 
(Fig. 1F). GFP‑positive cells were round or spindle‑shaped in 
the skin side (Fig. 1E), whereas they appeared rounder and 
larger in the center side (Fig. 1F). Intriguingly, they were 
thinner and smaller in the bone side (Fig. 1G).

GFP‑positive cell counting analysis. The number of 
GFP‑positive cells in the three areas was counted (Fig. 1H). 
The number of GFP‑positive cells in the center side was 
significantly higher than in the other two sides (P<0.05).

Vimentin location and cell shape. The cancer stroma consists 
of mesenchymal cells, and thus, we performed staining for 
Vimentin, which is a popular marker of these cells. Almost 
all stromal cells were Vimentin positive in the three areas. 

Table Ⅰ. Antibodies used in immunohistochemistry.

				    Supplier
Primary antibody	 Immunized animal	 Antigen retrival	 Dilution	 (catalogue no.)

GFP	 Rabbit	 0.1% trysin at 37˚C, 5 min	 1:1,000	 MBL
				    (598)
	 Goat	 Heated in 0.01 mol/l citrate buffer for 1 min	 1:200	 Abcam
				    (ab6673)
CD11b	 Rabbit	 Heated in 0.01 mol/l citrate buffer for 1 min	 1:1,000	 Abcam
				    (ab133357)
CD31	 Rat	 0.1% trysin at 37˚C, 5 min	 1:500	 Abcam
				    (ab56299)
Vimentin	 Rabbit	 Heated in 0.01 mol/l citrate buffer for 1 min	 1:100	 Abcam
				    (ab16700)
α‑SMA	 Rabbit	 Heated in 0.01 mol/l citrate buffer for 1 min	 1:100	 Abcam (ab5694)

GFP, green fluorescent protein; α‑SMA, alpha smooth muscle actin; MBL, Medical and Biological Laboratories Co., Ltd.
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In the skin side, the GFP‑positive cells were spindle‑ and 
round‑shaped, and were distributed in the front layers (Fig. 2A). 
On the other hand, spindle‑shaped cells were seen along the 
peripheral edges of cancer nests in the center side, and these 
cells were obviously larger in size (Fig. 2B). In the bone side, 
most of the positive cells were spherical or dendritic, and were 
the smallest in the three areas. These cells morphologically 
resembled GFP‑positive cells (Fig. 2C).

Vimentin double‑f luorescent staining. Spherical or 
dendritic‑shaped Vimentin(+)GFP(+) cells were observed 
in the skin side (Fig. 2D), center side (Fig. 2E), and bone 
side (Fig. 2F).

Vimentin cell counting analysis. No significant differences 
were found among the three regions. However, Vimentin‑positive 
cells tended to increase in the following order: skin side, center 
side, bone side (Fig. 2G, left). Interestingly, the percent of 
dual‑positive cells in the bone side, which represents the front 
layers of the bone invasion area, was significantly the highest 
among the three areas of cancer (P<0.05; Fig. 2G, right). Also, 
the average percent among the three areas was calculated as 
27% (data shown in Fig. 2G, right).

CD11b location and cell shape. CD11b is a marker of various 
kinds of monocytes, especially macrophages, some of which 
are TAMs in tumors. Numerous studies have reported that 
CD11b plays a role in invasion as well as metastasis of cancer. 
Abundant CD11b‑positive cells infiltrated stromal tissues in 
the three areas. CD11b‑positive cells were spindle‑shaped, 
located in parallel with each other, and scattered along the front 
layers in the skin side (Fig. 3A) and bone side (Fig. 3C). Many 
spherical or dendritic‑shaped CD11b‑positive cells were found 
in the stroma of the center side (Fig. 3B), and were similar to 
GFP‑positive cells in shape. Moreover, CD11b‑positive cells 
were also observed around necrotic areas of the cancer center 
(Fig. 3B; x100, black arrows).

CD11b double‑f luorescent staining. Spindle‑shaped 
GFP‑positive cells co‑expressing CD11b were observed along 
the front layers mostly in the skin side (Fig. 3D) and bone side 

(Fig. 3F). These cells had critical impacts on cancer invasion. 
At the same time, these double‑positive, round or dendritic 
cells infiltrated necrotic areas of the cancer center (Fig. 3E).

CD11b cell counting analysis. The accumulation of 
CD11b‑positive cells tended to be higher in the central area, 
although no significant difference was observed (Fig. 3G, left). 
On the other hand, the percent of CD11b(+)GFP(+) cells in 
the bone side, which represented the front layers of the bone 
invasion area, was the highest among the three areas of cancer, 
although the difference was not significant (Fig. 3G, right).

CD31 location and cell shape. CD31 is a marker associated 
with angiogenesis and labels vascular endothelial cells of 
blood vessels in cancer tissues. Our findings were consistent 
with other experiments showing that CD31 was positive in 
vascular endothelial cells that formed lumens. The majority of 
the vessels in the skin side (Fig. 4A) and bone side (Fig. 4C) 
had smaller and narrower cavities. On the other hand, mature 
blood vessels with larger lumens and thicker walls were found 
in the center side of the tumor (Fig. 4B). In addition, spherical 
or dendritic cells with no evidence of lumen formation were 
CD31 positive. These spherical or dendritic CD31‑positive 
cells were located adjacent to the cancer invasive front both in 
the skin side (Fig. 4A) and bone side (Fig. 4C).

CD31 double‑fluorescent staining. In the skin side (Fig. 4D) and 
bone side (Fig. 4F), abundant spherical double‑positive cells 
were found to a higher extent than in the center side (Fig. 4E).

CD31 cell counting analysis. The number of CD31‑positive 
cells tended to be lower in the peripheral sides such as the 
skin side and bone side than in the central area of the cancer 
(Fig. 4G, left). However, the number of CD31(+)GFP(+) cells 
tended to be higher in peripheral sides than in the central area 
of the cancer (Fig. 4G, right).

α‑SMA location and cell shape. α‑SMA is considered to be 
a common marker of myoepithelial cells, especially CAFs, 
in many cancer types (32). Many α‑SMA‑positive cells were 
detected in the three areas of the cancer. These cells were 

Table Ⅱ. Antibodies used in double‑fluorescent immunohistochemistry.

Secondary antibody	 Immunized animal	 Fluorescent dye	 Supplier (catalogue no.)

Anti Goat IgG	 Donkey	 Alexa Flour 568	 Thermo
			   (A11057)
	 Donkey	 Alexa Flour 488	 Thermo
			   (A11055)
Anti Rat IgG	 Donkey	 Alexa Flour 488	 Thermo
			   (A21209)
Anti Rabbit IgG	 Donkey	 Alexa Flour 568	 Thermo
			   (A10042)
	 Donkey	 Alexa Flour 488	 Thermo
			   (A21441) 

Thermo, Thermo Fisher Scientific, Inc.
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Figure 1. Histopathological appearances and IHC for GFP. Hematoxylin‑eosin staining was performed. (A) Loupe image of head cancer tissue (Scale bar, 
2 mm; magnification, x20). Round or spindle‑shaped cancer cells were observed in (B)  the skin side, (C) the center side and (D) the bone side of the tumor. 
Scale bars in (B‑D), 100  µm (magnification, x400). GFP IHC staining was subsequently performed. GFP‑positive cells were mononuclear cells and round or 
dendritic cells, and were demonstrated on the (E) skin side, (F) center side and (G) bone side of the tumor. Scale bars in (E‑G), 1,500 µm (magnification, x400). 
(H) The number of GFP‑positive cells was significantly higher in the center side of the tumor compared with the skin and bone side. *P<0.01 and **P<0.001 as 
indicated. IHC, immunohistochemistry; GFP, green fluorescence protein; ns, no significance.
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arranged parallel to the front layers of the cancer in the skin 
side (Fig. 5A) and bone side (Fig. 5C). In the center side, 
most of the α‑SMA‑positive cells had accumulated around 
the borders between the cancer parenchyma and stroma, like 
a layer (Fig. 5B). The large majority of α‑SMA‑positive cells 
were spindle‑shaped cells with long cytoplasmic extensions, 
and were obviously different from the shape of GFP‑positive 
cells in the three regions.

α‑SMA double‑fluorescent staining. Almost no GFP‑positive 
cells were also α‑SMA positive, both in the skin side (Fig. 5D) 
and center side (Fig. 5E). In the bone side, however, a few 

α‑SMA(+)GFP(+) cells were detected (Fig. 5F) and had a 
round shape (Fig. 5G).

Discussion

Our experiments showed that GFP‑labeled BMDCs were 
abundant in the cancer stroma of OSCC. Also, we evaluated 
the distribution of various cellular constituents and morpho-
logical evidence for multilineage differentiation derived from 
transplanted BMDCs within the TME of OSCC using a BMT 
mouse model. The cancer stroma can be obviously detected with 
Vimentin because OSCC is an epithelial tumor and Vimentin 

Figure 2. IHC and immunofluorescence of Vimentin. IHC staining for Vimentin was performed on the (A) skin side, (B) center side and (C) bone side. All 
Vimentin cells were present in the stroma, including on the cancer side. Immunofluorescence double staining for Vimentin and GFP was subsequently performed. 
Double‑positive cells that were spindle or round‑shaped were exhibited in sections from the (D) skin side, (E) center side and (F) bone side. (G) The number 
of Vimentin‑positive cells (left) and the percent of double‑positive cells (right). No significant differences in the number of Vimentin‑positive cells among the 
three areas were observed. However, the percent of double‑positive cells in the bone side was significantly higher compared with the skin side and center side 
and the average percent of the three areas was 27%. Thin arrows presented in (D‑F)  indicate Vimentin (+) and GFP (+) double positive staining. The thick arrow 
in (F)  indicate the area of the bone side. Large scale bars in (A‑C), 200 µm (magnification, x100); smaller scale bars in (A‑C), 100 µm (magnification, x400); 
Scale bars in (D‑F), 100 µm (magnification, x200). **P<0.001 as indicated. IHC, immunohistochemistry; GFP, green fluorescence protein; ns, no significance.
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is a popular marker of mesenchymal cells. Thus, our results 
confirmed that the majority of stromal cells were Vimentin 
positive in the cancer stroma. Interestingly, Vimentin‑positive 
cells tended to increase in the order of the skin side, center 
side, and bone side. Recently, close associations between 
Vimentin and cancer development and progression as well 
as chemosensitivity were suggested by various gene profiling 
studies (33‑35). Also, Vimentin expression in colorectal cancer 
stroma is correlated with shorter survival of patients  (36). 
Double immunofluorescent staining showed that the percent of 
Vimentin(+)GFP(+) cells was about 27%, indicating that many 
BMDCs became incorporated into the cancer stroma and may 
play potential roles in tumorigenesis. Additionally, the percent 
of Vimentin/GFP double‑positive cells in the bone side, which 

is the front layer of the bone invasion area, was significantly 
the highest among the three areas of the tumor. The stroma 
of OSCC contained approximately 50% GFP‑positive cells 
(BMDCs) in the bone side (Fig. 2G, right). Compared with 
the other two sides of the tumor, more GFP‑positive cells 
had accumulated in the tumor center, mostly within tumor 
stromal cells; these cells were rounder and larger. Abundant 
GFP‑labeled BMDCs were previously described in gastric 
and colon cancer stroma (37,38). Udagawa et al showed that 
the rate of recruitment of BMDCs varies among different 
cancer types (39). Lung carcinoma is composed of 30‑40% 
non‑tumor cells recruited from bone marrow. In contrast, the 
same study showed that the recruitment was lower in a model 
of osteosarcoma. Thus, our results indicated that BMDCs may 

Figure 3. IHC and immunofluorescence of CD11b. IHC features of CD11b. Round or spindle‑shaped CD11b cells are observed in (A) the skin side, (B) center 
side and (C) bone side. Immunofluorescence double staining with CD11b and  GFP was subsequently performed. Merged cells are mostly spindle‑shaped in 
(D) the skin side and (F) bone side, whereas round‑shaped double‑positive cells are observed in (E) the center side. (G) The number of CD11b‑positive cells 
(left) and the percent of double‑positive cells (right) are presented. No significant differences were identified. Thin arrows in (D‑F)  represent CD11b (+) 
GFP (+) double positive staining. Larger scale bars in (A‑C), 200 µm (magnification, x100); smaller scale bars in (A‑C), 100 µm (magnification, x400). IHC, 
immunohistochemistry; GFP, green fluorescence protein; ns, no significance.
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participate in cancer progression and development, especially 
the process of cancer invasion, because BMDCs infiltrated 
into the invasive front of the tumor. Furthermore, BMDCs 
were recruited by the OSCC in the same proportion compared 
with other types of cancer (Fig.  2G, right). In addition to 
GFP‑positive cells, we traced other important cell types in 
the cancer stroma. Their characteristics and potential roles are 
discussed further below.

CD11b is generally known as a marker of monocytes, 
macrophages, and TAMs (40). TAMs are involved in tumor 
growth and metastasis (41). In our results, CD11b‑positive cells 
were round or spherical‑shaped near the necrotic areas in the 
center side of the cancer, and more than half of CD11b‑positive 

cells were GFP positive (Fig. 3G, right). Thus, these CD11b(+)
GFP(+) cells were thought to be macrophages that func-
tion to phagocytize necrotic tissues. On the other hand, 
CD11b‑positive cells that contacted the cancer parenchyma 
in the skin side and bone side were spindle‑shaped cells that 
were situated parallel with each other and were scattered along 
the front layers; more than half of these cells were GFP posi-
tive (Fig. 3G, right). Considering the characteristics of their 
distribution and shape, CD11b‑positive cells in the skin and 
bone side may represent TAMs. Our results indicated that 
CD11b‑positive cells may engulf necrotic tissue in the center 
area of the cancer and participate in cancer invasion around 
the peripheral areas of the cancer, especially in the bone side. 

Figure 4. IHC and immunofluorescence of CD31. IHC features of CD31 are presented. Most of the CD31 cells are observed along the front layers of the tumor 
in (A) the skin side and (C)  the bone side, whereas CD31 cells are distributed in the center of the stroma in (B) the center side. The majority of the positive cells 
were similar to lacunae vasorums. The lumens in the center side appeared larger than those in the skin and bone sides. Immunofluorescence double staining 
with CD31 and GFP was subsequently performed. Double‑positive cells are spindle‑shaped or rounded cells were observed in the (D) skin side, (E) center side 
and (F) bone side. (G) The number of CD31‑positive cells (left) and the percent of double‑positive cells (right) are presented. No significant differences were 
identified. Thin arrows in (D‑F)  represent CD31 (+) and GFP (+) double positive staining. Larger scale bars in (A‑C), 200 µm (magnification, x100); smaller 
scale bars in (A‑C) , 100 µm (magnification, x400); scale bars in (D‑F), 100 µm (magnification, x200). IHC, immunohistochemistry; GFP, green fluorescence 
protein; ns, no significance.
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Therefore, BMDCs likely play a crucial role, especially at the 
periphery of the cancer, as TAMs.

Angiogenesis of tumors has critical impacts on develop-
ment of the tumor. The details of the contribution of BMDCs 
to tumor angiogenesis are still unknown. However, bone 
marrow‑derived endothelial progenitor cells and tissue stem 
cells have been identified (42). Moreover, recent studies have 
provided increasing evidence that postnatal neovasculariza-
tion does not rely exclusively on sprouting of preexisting 

vessels, but also involves bone marrow‑derived circulating 
endothelial precursors (43). In our study, about half of the 
CD31‑positive cells were derived from bone marrow in the 
cancer stroma, and the number of CD31‑positive cells tended 
to be higher in the peripheral areas of the cancer compared to 
the center side. However, the opposite trend was observed for 
CD31(+)GFP(+) cells. Mature blood vessels with larger lumens 
and thicker walls were found in the center side, providing 
compulsory nutrition for tumorigenesis, compared with the 

Figure 5. IHC and immunofluorescence of α‑SMA. IHC features of α‑SMA are presented. Positive cells were scattered in different areas within (A) the skin 
side and (C) the bone side, but were parallel the front‑most layers. α‑SMA‑positive cells accumulated around the cancer parenchyma in (B) the center side. 
Immunofluorescence double staining with α‑SMA and GFP was subsequently performed. Almost no double‑positive cells were observed in (D) the skin 
side (square: skin area; triangle: stromal area; asterisk: tumor area) and (E) the center side. However, a few double‑positive cells in (F) the bone side  were 
observed. The area of double‑positive cells is magnified in (G). Thin arrows in (F)  represent α‑SMA (+) and GFP (+) double positive staining. Thick arrow in 
(F)  represents the area of the bone side. Larger scale bars in (A‑C), 200 µm (magnification, x100); smaller scale bars in (A‑C), 100 µm (magnification, x400); 
scale bars in (D‑F; F right image), 100 µm (magnification, x200); scale bar in (F; left image), 100 µm (magnification, x400). IHC, immunohistochemistry; 
SMA, smooth muscle actin; GFP, green fluorescence protein.
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peripheral sides of the cancer. Therefore, BMDCs are involved 
in tumor angiogenesis, and especially CD31(+)GFP(+) cells 
may participate in tumor angiogenesis in invasive areas owing 
to the higher quantity of BMDCs in tumor peripheral areas.

α‑SMA is a popular marker of myoepithelial cells 
and CAFs in tumors. We found many spindle‑shaped 
α‑SMA‑positive cells surrounding the cancer parenchyma. 
However, almost no α‑SMA(+)GFP(+) cells were seen. 
Therefore, in cancer stroma, α‑SMA‑positive cells are 
derived from recipient tissue. Several studies have explored 
the origins of CAFs, including resident fibroblasts  (44), 
smooth muscle cells, endothelial cells, epithelial cells 
(through epithelial‑mesenchymal transition), fibrocytes, and 
BMDCs such as mesenchymal stem cells (45,46). Moreover, 
another study discovered that BMDCs may change to 
cancer‑associated orthotopic myofibroblasts by the education 
of gastric cells (37). Another study indicated that about 20% 
of local CAFs were derived from mesenchymal stem cells 
present in the bone marrow using a gastric inflammatory 
carcinogenesis model (47). However, the methods of these 
reports were different from our study method. In the previous 
studies, only mesenchymal stem cells (MSCs) or adhesive 
cells of bone marrow were transplanted, on the other hand, 
in our study we transplanted all bone marrow cells. In 
previous studies, MSCs of bone marrow differentiated into 
CAFs. However, the bone marrow includes hematopoietic 
stem cells, mesenchymal stem cells, and somatic pluripotent 
progenitor cells, and mesenchymal stem cells only comprise 
0.001‑0.01% of cells in the bone marrow and mesenchymal 
stem cells content is very low (48). Thus, it is possible that 
mesenchymal stem cells failed to engraft following bone 
marrow transplantation in this study, but our methods 
mimicked in vivo condition. In terms of tumor stroma, there 
are almost two orientations, generally. One of origins is bone 
marrow, the other is host tissues around tumor. In our study, 
in oral squamous cell carcinoma, these α‑SMA(+) CAFs 
might originate mostly from host tissues rather than BMDCs. 
Therefore, our results showed that unlike these studies, in 
OSCC, CAFs originate mostly from the host tissue rather 
than BMDCs. We discovered very few α‑SMA(+)GFP(+) 
cells in the bone side after amplification. However, these cells 
may not be CAFs because the morphology of these cells was 
round, which distinguished them from CAFs. Our experi-
ments indicated that GFP‑positive BMDCs may play an 
important role in inducing CAFs because these GFP‑positive 
cells were distributed side by side with α‑SMA‑positive cells.

In conclusion, given all the findings we observed from 
the GFP mouse BMT model, BMDCs may participate in 
the processes of tumorigenesis and cancer development. The 
different distributions and morphological characteristics 
provide authentic evidence for the involvement of BMDCs 
in the development of cancer via differentiation into various 
kinds of cells in the cancer stroma, such as macrophages, 
fibroblasts, angioblasts, etc. Our results suggest roles for these 
cells in tumorigenesis due to their multilineage differentiation 
potential.
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