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ABSTRACT

Bone marrow cells have the capacity to contribute to
distant organs. We show that marrow also contributes
to epithelial neoplasias of the small bowel, colon, and
lung, but not the skin. In particular, epithelial
neoplasias found in patients after hematopoietic cell
transplantations demonstrate that human marrow
incorporates into neoplasias by adopting the phenotype
of the surrounding neoplastic environment. To more
rigorously evaluate marrow contribution to epithelial
cancer, we employed mouse models of intestinal and
lung neoplasias, which revealed specifically that the

hematopoietic stem cell and its progeny incorporate
within cancer. Furthermore, this marrow involvement
in epithelial cancer does not appear to occur by
induction of stable fusion. Whereas previous claims
have been made that marrow can serve as a direct
source of epithelial neoplasia, our results indicate a
more cautionary note, that marrow contributes to
cancer as a means of developmental mimicry.

| INTRODUCTION |

Transplantation studies in animals and humans
have demonstrated that BMDCs contribute to
epithelial cells of a variety of tissues [1-4]. The
engraftment of epithelial cells of distant organs
by bone marrow cells occurs at very low levels
under normal physiologic conditions and has
questionable  functional  significance  [5].
However, contribution from marrow is enhanced
in settings of injury or disease, which is likely
related to the homing effects of inflammation [1,
6-9].

A recent murine study suggests that BMDCs
contribute to cancer arising from the stomach
lining [10]. Transplantation  experiments
performed in mice with chronic gastritis due to
Helicobacter infection showed that resultant
gastric carcinomas contained marrow-derived
dysplastic and neoplastic glands. This study
primarily emphasizes the importance of chronic
inflammation in  recruiting BMDCs. By
unknown mechanisms, gastric glands nearby
Helicobacter infection progress from dysplastic
and then neoplastic morphology. Given the
observation of marrow-derived cells within
gastric neoplasia, the authors purport that
marrow can be a primary source of epithelial
cancer. Furthermore, the study was restricted to
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animal investigations, and leaves open questions
regarding the clinical relevance.

These studies prompted us to more rigorously
investigate marrow contribution to epithelial
cancers in mice and humans. First, we address
the question of clinical relevance by presenting
human data which demonstrate minimal marrow
contribution to secondary cancers after
hematopoietic cell transplantations. However,
given the Ilow and sporadic levels of
incorporation, the data is suggestive of
developmental mimicry rather than marrow
acting as a primary source of neoplasia. To
validate our clinical findings, we employed
animal models of cancer, which demonstrate that
bone marrow can contribute, albeit at low levels,
to neoplasias of the gut and lung; again,
suggestive of developmental mimicry rather than
marrow as a seed of cancer. We also directly
address the question of which marrow cell
participates in this contribution to cancer. Since
the HSC has been observed to adopt the
phenotype of several extramedullary tissues,[11,
12] we questioned whether this potential
developmental mimicry in cancer may be due to
the HSC and its progeny. Using single HSC-
transplanted mice bearing lung cancer we show
that the progeny of HSC can incorporate in
cancer at low levels without evidence for stable
fusion.

RESULTS

Human Bone Marrow Incorporates into
Intestinal Adenomas in Transplant Patients
To address the clinical relevance of marrow
contribution to cancer, we identified two women
with neoplasias involving the colon after
hematopoietic cell transplantation from male
donors (Table 1). The colorectal adenomas were
found shortly post-transplant (< 2 months)
during colonoscopic evaluations for diarrhea. No
infectious etiologies were found to explain the
diarrhea; however, graft versus host disease
(GVHD) was found in surrounding tissues of
both patients. Coincident colonic adenomas were
identified and resected. We questioned whether
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these adenomas were of host or donor origin.
Because the adenomas were found shortly after
transplant, and considering the long latency
period of adenomas, it was likely that the
adenomas were present in the colons before
transplant and they were expected to be entirely
of host composition.

We sectioned and stained the adenomas for the
presence of donor-derived cells. As expected, the
neoplastic tissues demonstrated donor-derived
(Y chromosome positive) CD45 positive
leukocytes, which were predominantly located in
the lamina propria. To our surprise, however, the
adenomas also  contained  donor-derived
colonocytes in the adenoma epithelia (Figure 1).
The donor epithelial cells displayed features
consistent with neoplastic colonic adenoma cells
including crowding and distortion, loss of
polarity, and pronounced nuclear atypia. In
addition, the donor adenoma epithelial cells did
not express the hematopoietic surface protein,
CD45 (leukocyte common antigen), and had
surface protein expression typical of the
surrounding adenoma epithelial cells
(cytokeratin and mucin positive) (Figure 1 A, B).
Moreover, the bone marrow derived columnar
cells in the adenomas were located in the basal
strata of adenoma epithelia, which potentially
suggests recent immigration. In total, over 1000
adenoma epithelial cells were evaluated in both
patients, demonstrating 1 — 4% of adenoma
epithelial cells originating from donor BMDCs.
In order to address whether these marrow-
derived colonic adenoma cells were a result of
stable fusion, we performed XY FISH on 40
marrow-derived adenoma cells. Confocal
microscopy performed to enumerate X and Y
chromosomes within each donor cell nucleus
showed no evidence of a fusion sex chromosome
karyotype (i.e., XXY or XXXY) (Supplemental
Movie).

Bone Marrow Incorporates Into Murine
Intestinal Adenomas

Results from our human investigations suggested
that marrow has the capacity to incorporate
within tumors and adopt the phenotype of the
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surrounding neoplasia. However, we guestioned
if hematopoietic cell transplant prior to initiation
of intestinal neoplasia would demonstrate more
robust marrow contribution as reported by
Houghton, et al in a previous report of gastric
carcinoma [10]. Thus, we used adenomatous
polyposis coli (APC) gene mutant mice as
transplant recipients given their propensity to
develop intestinal adenomas [13].

Female mice (n=4) harboring the min mutation
of the APC gene (APC™")were transplanted with
whole bone marrow from male APC™" mice.
Three months post-transplant, the mice were
sacrificed and small bowels and colons were
resected. Adenomas were detected throughout
the intestines of all animals. To address the
question of whether the adenomas were of host
or donor origin, we utilized a combination
technique of immunohistochemistry and XY
FISH to identify neoplastic cells of donor (male)
origin. Analysis of the stained intestinal tissues
demonstrated donor derived columnar-like
epithelial cells in the adenomas of all small
bowel and colon specimens (Figure 1C). These
donor-derived adenoma epithelial cells were
identified by neoplastic features of nuclear
atypia, loss of polarity, and crowding. In
addition these donor adenoma epithelial cells
were cytokeratin positive (green) and harbored a
Y chromosome (red dots) (Figure 1C). Due to
the false positive concern of donor leukocytes
overlapping cytokeratin positive adenoma cells,
we performed triple surface protein staining
(cytokeratin, CD45RB (lymphocytes), and F4/80
(granulocytes/macrophages)) in addition to Y
FISH. Since CD45 immunostaining did not
reliably highlight leukocytes in these lightly
fixed tissues, which were paraffin embedded and
then treated with a FISH preparative regimen,
we found it necessary to use antibodies against
CD45RB and F4/80 to adequately identify
infiltrating leukocytes. Importantly, this triple
surface protein staining, DAPI nuclear staining
and FISH for Y chromosomes were performed
on the same slide, ensuring no false positive
interpretation due to overlapping leukocyte
nuclei. The evaluation of over 600 adenoma
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sections using this more rigorous approach found
evidence of donor-derived adenoma epithelial
cells (Figure 1C). However, the frequency of
marrow derived epithelial cells using this more
rigorous staining method detected marrow
contribution in intestinal neoplasias at a rate of
only 10 for every 50,000 adenoma cells.

To address the question of whether the donor-
derived adenoma cells represented fusion events
between BMDCs and adenoma cells, we
performed karyotype analyses using confocal
microscopy. Analysis of 24 donor-derived
adenoma cells did not show fusion karyotype
(XXY, XXXY) (Figure 1D).

Bone Marrow Does Not Contribute to Skin
Cancer in Humans Post-Transplant

The observation that bone marrow incorporates
into intestinal neoplasias led us to consider
whether BMDCs can contribute to other
epithelial malignancies. Through a cooperative
effort with the Center for International Blood &
Marrow  Transplant Research (CIBMTR,
Milwaukee, WI) we identified four women who
developed skin cancers after gender mismatched
hematopoietic cell transplants (Table 1). The
skin cancers developed 1 to 4 years after
transplant, and the patients had histories of
GVHD of the skin prior to cancer development.
Paraffin embedded skin neoplasias of squamous
and basal cell carcinoma histologies were stained
for hematoxylin and eosin to confirm diagnoses
(Figure 2A, 2D). Additional tissue sections were
then stained for cytokeratin using
immunohistochemistry and FISH for XY
enumeration (Figure 2). Combined epithelial and
karyotype analysis scrutinized over 5000 cells
per specimen, which amounted to a total of
20,000 cells analyzed. None of the skin cancer
cells from the four patients demonstrated male
epithelial cells incorporating within the cancers
(Figure 2C, 2F).
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Human Bone Marrow Contributes to Lung
Cancer

An additional woman who underwent gender
mismatched hematopoietic cell transplant was
found to have developed a lung cancer over four
years post-transplant (Patient 6, Table 1). Prior
to identification of her secondary squamous cell
lung cancer, she was afflicted with pulmonary
aspergillosis, and this was treated definitively
with antifungal therapy. To determine whether
the patient’s lung cancer was of host or donor
origin, specimens were analyzed by combined
immunohistochemistry for cytokeratin and FISH
for X and Y chromosomes. The lung cancer
demonstrated donor origin as evidence by male
cells co-expressing cytokeratin (Figure 3B).
Approximately 20% of the lung cancer cells
were of donor marrow origin. Confocal
microscopy was used to perform karyotype
analysis. XY FISH analysis of 12 donor marrow-
derived lung cancer cells by confocal
microscopy demonstrated no evidence of a
fusion karyotype (i.e., XXY, XXXY).

The Hematopoietic Stem Cell Contributes to
Lung Cancer in Mice

Previous reports of marrow as a source of gastric
cancer used in vitro testing to determine if the
hematopoietic stem cell (HSC) or the
mesenchymal stem cell (MSC) was the primary
source of cancer. Given the limitations of in vitro
systems, it was important for us to use an in vivo
experimental model to more rigorously examine
HSC contribution to cancer. Thus, we
transplanted a single, male, GFP tagged HSC
into (primary) female mice (n=120). After
hematopoietic chimerism was achieved (n=3),
we sacrificed these mice and transplanted their
bone marrow into secondary female recipients
(n=30). All secondary recipient mice achieved
donor hematopoietic chimerism. Secondary
recipient female mice (n=9) were then injected
with female murine lung cancer intramuscularly
in the hind limbs. As expected, analysis of the
lung cancers after 14 days of growth
demonstrated a prominent display of
intratumoral donor HSC-derived cells. These
cells were presumed to be inflammatory cells.
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However, staining of the lung cancer tissues for
the pan-leukocyte protein CD45 only found
small pockets of donor leukocytes, which
appeared small and round. We then questioned
whether the CD45 negative, HSC-derived cells
were differentiating into cells expressing cell
surface proteins normally associated with lung
cancers. Thus, we evaluated the cells for
evidence of cytokeratin surface protein
expression and XY FISH. Since the host mice
and the initial lung cancer cells had a female
karyotype, this permitted us to use a combination
of immunohistochemistry and FISH to track the
male HSC and its progeny. The tumors
demonstrated HSC-derived cells expressing
cytokeratin and Y chromosome (Figure 3C).
Even after a mere two weeks of tumor growth
nearly 1% of over 10,000 cytokeratin positive
cells contained a Y chromosome. To determine
whether these HSC-derived tumor cells were the
result of stable fusion, karyotype analysis was
performed. XY FISH analysis of 15 of these
donor-derived, cytokeratin positive cells found
none with a fusion karyotype.

DiscussION

We have previously shown that BMDCs can
contribute to distant organs [1, 6, 14]. Whereas
BMDC incorporation is minimal under normal
physiologic conditions [5], it becomes more
apparent in settings of injury and repair, likely
reflecting the response to inflammation [1, 6-9,
15]. Indeed, recent reports have highlighted the
role of chronic inflammation in promoting
marrow incorporation into cancer [10]. Given
these findings, we aimed to define the role of
BMDC participation in epithelial cancers. The
present study confirms previous reports, but
offers an alternate explanation that marrow cells
contribute to cancer as developmental mimicry
rather than as a direct source.

Initially we questioned the clinical relevance of
marrow contributing to epithelial neoplasias.
Given our experience in finding marrow
contribution to Dbrains of women after
hematopoietic cell transplantations [14], we used
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a similar study schema to address this question.
Specifically, we identified women who received
hematopoietic cell transplantations from male
donors, and subsequently developed epithelial
neoplasias. The risk of developing a new cancer
after blood or marrow transplantation is
estimated to be up to eight times higher than in
aged-matched controls [16]. Predisposing risk
factors such as radiation, chemotherapy and use
of immunosuppressants have been recognized.
However, another risk factor for secondary
neoplasia in the post-transplant setting may be a
history of antecedent epithelial inflammation due
to GVHD or other inflammatory process. Our
evaluation  of  post-transplant  epithelial
neoplasias demonstrated marrow engraftment,
but at low levels of incorporation. Whereas
previous murine studies have suggested that
marrow can act as a direct source of cancer, our
results offer an alternate explanation that marrow
participates at the level of developmental
mimicry, whereby hematopoietic cells have been
called into a neoplastic environment where they
can respond to developmental cues and adopt
similar phenotypes to the surrounding neoplastic
epithelial cells.

When chimeric tissues demonstrate low levels of
graft incorporation, fusion is a consideration. We
have previously demonstrated that the
hematopoietic stem cell is capable of fusion [17].
Furthermore, Pawelek, et al recently put forward
a theory of myeloid-cancer hybrid cells [18].
Using confocal  microscopy and XY
enumeration, we found no evidence of stable
fusion between marrow-derived cells and
neoplastic cells. Moreover, we developed a
same-slide technique of staining for epithelial
cells, leukocytes, nuclei, X chromosomes, and Y
chromosomes to evaluate for overlap of myeloid
and cancer cells. Using this technique, we found
clear evidence of marrow-derived epithelial cells
in adenomas and squamous cell lung cancer.

It has also been suggested that cells which arise
as fusion products may undergo “reduction
division”, dividing back into diploid cells. While
that might still be an explanation for these
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findings, it should be noted that in models where
fusion events have been described, most, if not
all, of the fused cells persist in the tissues
without complete resolution [19]. To address the
question of reduction division, we scored a total
of 40 Y positive human colonic adenoma cells
and 12 Y positive human lung cancer cells with
no evidence of hyperdiploidy. In the liver, where
cell fusion has been demonstrated in severe
disease stress states, it has been postulated that
28% of donor-derived hepatocytes are due to
reduction division, resulting in diploid daughter
cells [19]. Based on the probability of binomial
distribution, the chance that we would find as
many diploid donor-derived cancer cells amidst
a background fusion resolution rate of 28% is
over one in 1x10[22]. Thus, direct incorporation
of human marrow cells, rather than fusion
followed by absolutely complete and perfect
resolution of every fusion event, is the most
likely explanation of our current findings.

Fetal microchimerism is debatably an alternate
explanation of marrow transdifferentiation. In
this situation, male fetal stem/progenitor cells are
transferred into the maternal circulation and
persist for years.[20, 21] In this report, the
transplanted female patients had varying
obstetric histories. No definite correlation is
present strongly linking fetal microchimerism as
the cause of marrow involvement within
neoplasias. Furthermore, multiparous control
female human samples did not demonstrate Y
chromosome cells within epithelia. Finally, our
murine studies confirming marrow involvement
in epithelial neoplasias were performed using
nulliparous mice. Fetal microchimerism might
be an explanation, but direct incorporation is
more likely.

We also extend the clinical findings by
employing murine models to more rigorously
test the observed phenomenon of marrow
contributing to epithelial cancers. Spontaneous
adenomas in the small bowels and colons of
bone marrow transplanted APC™" mutant mice
demonstrated epithelial cells within the
adenomas that were of marrow origin. Several
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