
Abstract. Background/ Aim: The present study was
performed in order to investigate the distribution of
transplanted bone marrow-derived cells (BMDCs) in normal
and neoplastic tissues. Materials and Methods: A
microchimeric mouse model harboring traceable BMDCs
was created by injecting labeled BMDCs into adenovirus-
expressing Cre (AdenoCre)-infected, irradiated, LSL-K-
rasG12D p53fl/fl mice. Results: In the normal mice,
transplanted cells were detected in the femur, tibia, lung,
heart, kidney and spleen of recipient mice. The transplanted
BMDCs were detected predominantly in the connective tissue
around the smaller bronchioles of normal lung parenchyma.
In the lung tumor-bearing mice, the transplanted BMDCs
were detected within the tumor tissue and more abundantly
in the connective tissue adjacent to the tumor mass.
Conclusion: This study provides morphological evidence of a
microchimeric experimental system that may promote further
research into the role of BMDCs in the carcinogenic process
and for the development of a novel therapy aimed at
targeting stromal cells and, eventually, tumor growth. 

Lung cancer is the leading cause of cancer-related death
worldwide, accounting for 26 to 28% of annual cancer deaths
in the United States, and is the second most frequently
diagnosed type of cancer in men and women (1). Lung tumors
typically arise from the epithelium of conducting airways or
alveolar parenchyma. The process of carcinogenesis and tumor
progression is significantly influenced by tumor-associated

stroma (TAS), providing tissue microenvironments (2). TAS
consists of extracellular matrix and a variety of cells that work
in concert, such as myofibroblasts, tumor-associated
macrophages, mast cells, neutrophils, and endothelial cells (3). 

In the past decade, several cell populations of bone
marrow-derived stem cells (BMDCs) were suggested to form
TAS; two of these populations are mesenchymal stem cells
(MSCs) and hematopoietic stem cells (HSCs) (4). These
BMDCs can be mobilized into the bloodstream, and
recruited to tumors, where they may promote tumor growth
and progression. However, the role of BMDCs in forming
TAS remains controversial. Several studies have shown a
significant contribution of BMDCs to tumor vascularization
(5), while others have reported that the presence of BMDCs
in TAS is artifactual rather than physiological (6).
Morphologically, the amount of TAS is significantly
increased in advanced adenocarcinoma, compared to earlier
stages of carcinogenesis, indicating that TAS formation is
significantly enhanced at the progression stage. 

Conditional double-mutant K-rasG12D p53fl/fl mice have been
developed as a model to study lung tumor development (7, 8). A
lox-stop-lox (LSL) cassette in the first intron of the K-ras gene
prevents the expression of the mutant allele until the stop
elements are removed by the activity of Cre recombinase (Cre).
Following administration of recombinant adenovirus expressing
Cre recombinase (Adeno-Cre), these mice go on to develop
lung tumors due to loss of p53 and induction of expression of
the oncogenic form of K-ras (8). The goal of this study was to
determine if BMDCs are the source of lung TAS, and to
examine their role in the pulmonary carcinogenic process using
a microchimeric mouse lung cancer model that harbors
traceable BMDCs in LSL-K-rasG12D p53fl/fl mice.

Materials and Methods

Breeding and genotyping of transgenic mice. Double-mutant LSL-
K-rasG12D p53fl/fl mice ( Duke University, Durham, NC, USA)
were used as recipients for BMDCs. K-rasG12D p53fl/fl mice were
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crossed and offspring were genotyped using tail clip DNA and Kras
F1, Kras R1 and SD5’ primers. Primer sequences were provided by
the laboratory of Dr. David Kirsch (Duke University): Kras F1: 5’-
GTCTTTCCCCAGCACAGT GC-3’, Kras R1: 5’-CTCTTGC
CTACGCCACCAGCTC-3’, SD5’: 5’-AGCTAGCCACCATGGC
TTGAGTAAGTCTGCA-3. Polymerase chain reaction (PCR) with
wild-type primers (Kras F1 and Kras R1) produced a 650 bp
product, while amplification with mutant primers (Kras R1 and
SD5’) resulted in a 550 bp product. Donor C57BL/6-Tg(CAG-
EGFP) 131Osb/LeySopJ transgenic mice were obtained from
Jackson Laboratories Inc. (Bar Harbor, Maine, USA). Hemizygous
males for Tg(CAG-EGFP) 131Osb were crossed with wild-type
females and green fluorescent protein (GFP)-positive offspring
were identified using a GFP Flashlight (NightSea LLC., Andover,
MA, USA) and appropriate goggles. Mice were housed in the
Laboratory Animal Resources at the College of Veterinary
Medicine, North Carolina State University. Animal experiments
were reviewed and approved by the Institutional Animal Care and
Use Committee, North Carolina State University.

Depletion of endogenous BMDCs by whole-body radiation. A week
prior to radiation, mice were started on a Nutra-Gel diet (Bio-serve,
Frenchtown, NJ, USA) and antibiotic (Trimethoprim-sulfa)
containing, autoclaved water. Recipient C57BL/6 mice were
weighed on the day of irradiation and after it was confirmed that
the recipient mice were in good health, their food was removed on
the day of irradiation, but water was provided. Mice were placed in
an autoclaved radiation disc (Braintree Scientific, Inc. Braintree,
MA, USA) and transported to the radiation room. A total of eight
mice were irradiated with a single dosage of 12 Gy using a Varian
Clinac 1800 instrument (Varian Associate, Inc., Palo Alto, CA,
USA). Mice were returned to their autoclaved cages containing
Nutra-Gel and antibiotic water.

Isolation and transplantation of BMDCs to irradiated mice. The
femur and tibia were collected from donor C57BL/6 mice (14 weeks
of age) and the bone marrow was flushed out using medium (RPMI
1640 with 2% FBS, 10 units/ml of heparin and antibiotics). The
clumps of cells were agitated and the cell suspension passed through
a 23-gauge needle and strained through a 40-μm cell strainer. Cells
were centrifuged, counted and resuspended in serum-free medium.
Within 24 h of radiation, mice received 5×106 donor BMDCs. The
mice were transplanted with BMDCs or vehicle via the lateral tail
vein. Two non-irradiated mice were used as controls for each
experiment. The mice receiving RPMI were euthanized on the third
day following radiation. Mice that received BMDCs were monitored
daily for up to two weeks for food consumption, weight gain,
impairment of mobility or inability to eat, drink, defecate or urinate,
rough hair coat, diarrhea, bacterial infection etc. Mice were
euthanized if weight loss was greater than 15%, or they exhibited
any of the above signs of distress. Samples collected from all mice
and fixed in 10% neutral-buffered formalin (NFB) included:
stomach, spleen, lung, liver, intestine, femur and tibia. Prior to
processing, bone samples were de-calcified and samples were
processed in paraffin and stained with hematoxylin and eosin (H&E)
using standard techniques.

Intranasal administration of virus for the development of lung
tumors. K-rasG12D p53fl/fl (n=12) and K-ras+/+ p53fl/fl (n=5) mice
were infected with 5.5 to 7.5×106 plaque forming units (PFU) of

Ad5CMVCre (AdenoCre) virus (Gene Transfer Vector Core,
University of Iowa, Ames, IA, USA) at 7 to 12 weeks of age. The
virus was pipetted into minimum essential medium (MEM), CaCl2
was added to the MEM-virus mix, which was then incubated at
room temperature for 20 min. Mice were anesthetized via
intraperitoneal injection of a mixture of ketamine and xylazine. In a
biosafety hood, the mouse was placed in the hand, ventral side up,
such that the head was positioned above its feet. Holding the end of
a pipet tip over the opening of one nostril, the virus was dispensed
dropwise until the entire volume of virus had been inhaled. The
mouse was placed on a recirculating warm water pad to recover.
Mice were infected with a volume ranging from 50-75 μl per
mouse. The mice were weighed every week and at 12 to16 weeks
post-infection the mice were euthanized. The liver, lung, kidney
spleen, heart, femur and tibia samples were collected, fixed
overnight in 10% NBF, and processed in paraffin for histological
sectioning using standard techniques. H&E-stained sections were
evaluated by a single pathologist for the presence and type
(adenoma or carcinoma) of lung tumor.

Production of a microchimera mouse lung cancer model harboring
GFP-labeled BMDCs. K-rasG12D p53fl/fl mice (7 to 10 weeks of age)
were anesthetized and administered 7.5×106 PFU per mouse of
AdenoCre virus according to the above protocol. Infected mice were
observed every day and weighed once a week. In the first trial mice
were irradiated at 10 days post-infection, while in a second trial,
mice were irradiated at 11 weeks post-infection according to the
above procedure. Within 24 h of irradiation, mice received donor
BMDCs from C57BL/6-Tg (CAG-EGFP)131Osb/LeySopJ mice (4 or
6 weeks of age). Isolation and transplantation of GFP- BMDCs was
carried out according to the above procedure. K-rasG12D p53fl/fl

recipient mice were injected with 7.5×106 BMDCs.

Detection of GFP-labeled BMDC in mouse tissues. Recipient mice
were euthanized at days 4-15 following radiation and examined for
tumors. The heart, liver, lung, femur, tibia, kidney and spleen were
collected and placed in fixatives. The femur and tibia were de-
calcified prior to paraffin embedding. The formalin-fixed samples
were embedded in paraffin and used for H&E staining and
immunohistochemical detection of GFP. Following de-paraffinization,
antigen retrieval was performed in a pressure chamber in the presence
of citrate buffer at pH 6. Endogenous peroxidase was quenched by
immersing the sections in 3% H2O2 in deionized water for 10 min
(de-calcified bone tissue) or 30 min (other tissues). GFP-positive
donor cells were identified in microchimeras using a rabbit polyclonal
GFP antibody (Abcam, Cambridge, MA, USA), and Vectastain ABC
kit and DAB substrate obtained from Vector Laboratories, Inc.
(Burlingame, CA, USA). Sections were counter-stained with
hematoxylin, then dehydrated and mounted with Permount. GFP mice
were used as positive controls for immunohistochemistry.

Lung tissues from individuals that were identified as chimeras
were also processed for direct observation of GFP. For direct GFP
detection, a piece of lung was placed in 4% paraformaldehyde and
frozen in OCT medium (Ted Pella, Inc., Redding, CA, USA) and
sectioned. Cryosections were warmed to room temperature,
hydrated in PBS and mounted in Vectamount containing 4’,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc.).
Transgenic GFP and K-rasG12D p53fl/fl mice with no transplantation
were used as positive and negative controls, respectively. Slides
were observed under epifluorescence using a MX6000 Series
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microscope (Meiji Techno UK Ltd, Axbridge, UK) and digital
images were obtained using Infinity Analyze Software (Lumenera
Corp. Ottawa, ON, Canada). The DAPI and GFP images were
merged using Adobe Photoshop.

Results
Production of mice with different genetic backgrounds.
Genotypes of the offspring mice were determined using
PCR. Breeding pairs of K-rasG12D p53fl/fl mice generated
offspring with K-rasG12D p53fl/fl (55%) and K-ras+/+ p53fl/fl

(45%) genotypes. Breeding between hemizygous C57BL/6-
Tg(CAG-EGFP)131Osb/LeySopJ males and wild-type
females produced wild-type and GFP-positive offsprings.
These mice with different genetic backgrounds were used for
further experiments.

Transplantation of bone marrow cells following irradiation.
Compared to bone marrow from age-matched unirradiated
mice (Figure 1a) a single dose of 12-Gy radiation significantly
reduced cell numbers in femur and tibia (Figure 1b), with
complete bone marrow depletion. In the irradiated mice that
received transplants of BMDCs, the bone marrow was
moderately cellular (Figure 1c), indicating the effective
replacement of bone marrow cells by the transplanted BMDCs.

Induction of lung tumors by intranasal administration of
AdenoCre virus. None of the K-ras+/+ p53fl/fl mice infected
with AdenoCre virus developed lung tumors at 12-16 weeks
following infection (Figure 2a), while 10 out of 12 (83%) K-
rasG12D p53fl/fl mice developed lung tumors (Table I).
Multiple lung tumors ranging from adenoma to
adenocarcinoma were observed in the majority of K-rasG12D

p53fl/fl mice (Figure 2b). All tumors appeared to be
bronchiolar alveolar carcinomas that formed near the
bronchioles. The mice sacrificed at 16 weeks post-infection
with AdenoCre virus had more advanced tumors than mice
at 12 to 13 weeks post-infection. Lung tumors exhibited
tubuloalveolar growth with occasional solid areas composed
of pleomorphic neoplastic cells. The neoplastic epithelial
cells were columnar to cuboidal and often demonstrated

criteria of malignancy, including marked anisokaryosis,
anisocytosis, prominent and multiple nucleoli and frequent,
often bizarre, mitotic figures (Figure 2c).

Fate of transplanted BMDCs in the mouse tissues. At four
weeks post-infection with AdenoCre virus, GFP-positive
donor cells were detected by immunohistochemistry in one
out of the five K-rasG12D p53fl/fl recipient mice. Numerous
donor cells were detected in the bone marrow of femur and
tibia and the lung, heart, spleen and kidneys. In the recipient
lung, GFP-positive cells were detected predominantly in the
connective tissue around the smaller bronchioles. 

At 12-14 weeks post-infection with AdenoCre virus, GFP-
positive cells were immunohistochemically detected in two
out of the four K-rasG12D p53fl/fl injected mice. Following
transplantation, GFP-labeled donor cells were detected in the
femur (Figure 3a and b), tibia, lung (Figure 3c and d), heart,
kidney and spleen. A large number of donor-derived cells
were identified in the lung of the recipient mice. The
presence of the GFP-expressing cells in the lung parenchyma
was confirmed by direct detection of GFP fluorescence in
frozen sections. Within the normal lung parenchyma, GFP-
labeled cells were detected predominantly in the connective
tissue around the smaller bronchioles (Figure 4a). In tumor-
bearing lung, GFP-expressing, donor-derived cells were
detected in TAS as well as surrounding the tumor tissue
(Figure 4b). 

Discussion

Using the microchimeric model system harboring GFP-labeled
bone marrow cells, we illustrated the distribution of the
cellular components derived from transplanted BMDCs within
multiple parenchymal organs including lung, heart, kidney,
spleen, and bone marrow. Additionally, the cells derived from
the transplanted BMDCs participated in the formation of TAS.
The identity of the cells derived from the transplanted BMDCs
warrants further study. Bone marrow is a reservoir of two
distinct populations of stem cells, HSCs and MSCs. HSCs are
the source of blood cells that are subsequently released to
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Table I. Lung tumor production in mice infected with AdenoCre virus.

Genotype Post-infection (weeks) Total Positive Negative Percentage

K-rasG12D p53fl/fl 15-16 5 3 2 60
12-13 7 7 0 100
Total 12 10 2 83

K-ras+/+ p53fl/fl 16 1 0 1 0
12 4 0 4 0

Total 5 0 5 0



circulation. Bone marrow MSCs represent 0.01-0.001% of all
nucleated cells and have been shown to generate various
stromal cells found in bone, adipose tissues, cartilage, and
smooth muscle (9). Some of these cells migrate to peripheral
tissues and become resident stromal cells in multiple organs.
Our data showed that the BMDCs migrated to the multiple
parenchymal tissues and became resident stromal cells. In the
lung, most of the migrated BMDCs were observed in the
connective tissue around the small bronchioles. Normally,
fibroblasts, endothelial cells, pericytes and inflammatory cells,
including macrophages, are found in the pulmonary
connective tissue around small bronchioles. Although the
identity of the BMDCs was not determined in the present
study, they were mesenchymal cells rather than macrophages
based on their morphological features. It has been suggested
that the role of MSCs in tissue growth and re-generation relies
on both the integration of MSCs into the tissues and on the
secretory activity of these cells (10). 

Recent insights revealed that cancer is not only a disease
of the transformed cells but is also influenced and dependent
on the microenvironment regulated by stromal cells (2).
Tumor progression and metastasis involves extensive
interactions of the aggressive cancer cells with the stromal

component (11). TAS consists of extracellular matrix and a
variety of cells that work in concert. It has been suggested
that both resident and bone marrow-derived MSCs play a
profound role in the formation of TAS (11). Myofibroblasts
are an important component of TAS and are thought to arise
from several cell types including tissue resident MSCs or
fibroblasts, and bone marrow-derived MSCs (12). Abundance
of myofibroblasts in the tumor stroma is associated with
clincopathological features such as invasive growth, lymph
node metastasis, and regional recurrence (13). One study
suggested that bone marrow-derived MSCs contribute up to
25% of the myofibroblast population in the tumor stroma in
a mouse model of pancreatic insulinoma (14). In our study,
GFP-labeled BMDCs were characterized as isolated,
elongated cells lacking organization. These cells were
present within the tumor in situ, but were more abundant at
the periphery of the tumor. The findings suggest that BMDCs
may play a significant role at the sites of expansion and
metastasis along the periphery of the developing tumor. 

Cytokines and growth factors produced by tumors may
participate in the recruitment of resident and distant
respondent cells such as MSCs. MSCs intravenously injected
via the tail vein of tumor-bearing mice migrated to the
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Figure 1. Bone marrow of femurs from a: A non-irradiated control mouse showing normal bone marrow cellularity; b: a mouse irradiated with
single dose of 12-Gy radiation followed by intravenous injection of vehicle, showing completely depleted bone marrow cells; c: a recipient mouse
irradiated with a single dose of 12-Gy radiation followed by intravenous injection of bone marrow-derived donor cells, exhibiting re-populated bone
marrow cells. Hematoxylin and eosin. Bars=200 μm.

Figure 2. a: Lung from a K-ras+/+ p53fl/fl mouse at 12 weeks post-infection with AdenoCre virus, exhibiting normal pulmonary architecture. b: Lung
from a LSL-K-rasG12D p53fl/fl mouse at 12 weeks post-infection with AdenoCre virus, showing multiple hypercellular areas representing neoplastic
foci. c: Higher magnification of lung tumor tissue from a LSL-K-rasG12D p53fl/fl mouse at 16 weeks post-infection with AdenoCre virus, showing
highly cellular area composed of pleomorphic neoplastic cells. Hematoxylin and eosin. Bars (a, b) =1 mm; (c) =50 μm. 



xenografts, derived from several cancer cell lines (15).
Anticancer treatment may affect the recruitment of MSCs to
tumor tissue. Irradiated tumors showed an increase in MSC
recruitment compared to unirradiated tumors (16). Migration
of MSCs may result from a dynamic interplay involving

cytokines from cancer cells and chemokine receptor up-
regulation on MSCs (17). In our study, BMDCs were more
abundant in the tumor tissue compared to the normal
pulmonary parenchyma. These findings indicate that tumor
tissue secretes chemoattractants that recruit BMDCs.
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Figure 4. Direct detection of the transplanted, green fluorescent protein (GFP)-expressing donor-derived cells using an epifluorescence microscope.
a: Normal lung parenchyma from a LSL-K-rasG12D p53fl/fl mouse injected with GFP-expressing bone marrow-derived cells (BMDCs). Note the
infiltration of GFP-BMDCs within the stroma supporting normal bronchioles. b: Tumor-bearing lung parenchyma from a LSL-K-rasG12D p53fl/fl

mouse injected with GFP-BMDCs. Note the infiltration of GFP-BMDCs primarily within the tumor-associated stroma. Nuclear stain with DAPI.
Bars=200 μm.

Figure 3. Immunohistochemical detection of the transplanted, green fluorescent protein (GFP)-expressing cells. a, b: Bone marrow from a LSL-
K-rasG12D p53fl/fl recipient mouse with intravenously-injected GFP- bone marrow-derived cells (BMDCs). c, d: Lung with tumor tissue from
a LSL-K-rasG12D p53fl/fl recipient mouse with intravenous injection of BMDCs. Note the positively (brown)-labeled GFP-BMDCs in the bone
marrow and stroma adjacent to lung tumors in the recipient mouse. Hematoxylin and eosin (a, c) and immunohistochemistry for GFP (b, d).
Bars (a, b) =100 μm; (c, d)=200 μm. 



Alternatively, factors may enhance the expression levels of
chemokine receptor in BMDCs, facilitating their migration
to tumor tissue. The innate cancer-homing capabilities of
MSCs have been considered as a valuable tool for treating
malignant diseases. Elucidation of the underlying mechanism
is necessary for the development of a novel therapeutic
strategy using MSCs. 

In conclusion, this study provides background information
including morphological evidence, promoting further
research into dissecting mechanisms that control migration
of BMDCs to tumor tissues, and the interactions between
BMDCs and tumor cells and/or resident stromal cells
facilitating tumor progression. Moreover, the microchimeric
system established in this study, may be a useful tool for
investigating novel therapies that aim to target stromal cells
and, eventually, tumor growth. 
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