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Abstract

Background: Disseminated tumor cells (DTCs) in the bone marrow may exist in a dormant state for extended periods of
time, maintaining the ability to proliferate upon activation, engraft at new sites, and form detectable metastases. However,
understanding of the behavior and biology of dormant breast cancer cells in the bone marrow niche remains limited, as well
as their potential involvement in tumor recurrence and metastasis. Therefore, the purpose of this study was to investigate
the tumorigenicity and metastatic potential of dormant disseminated breast cancer cells (prior to activation) in the bone
marrow.

Methodology/Principal Findings: Total bone marrow, isolated from mice previously injected with tumorspheres into the
mammary fat pad, was injected into the mammary fat pad of NUDE mice. As a negative control, bone marrow isolated from
non-injected mice was injected into the mammary fat pad of NUDE mice. The resultant tumors were analyzed by
immunohistochemistry for expression of epithelial and mesenchymal markers. Mouse lungs, livers, and kidneys were
analyzed by H+E staining to detect metastases. The injection of bone marrow isolated from mice previously injected with
tumorspheres into the mammary fat pad, resulted in large tumor formation in the mammary fat pad 2 months post-
injection. However, the injection of bone marrow isolated from non-injected mice did not result in tumor formation in the
mammary fat pad. The DTC-derived tumors exhibited accelerated development of metastatic lesions within the lung, liver
and kidney. The resultant tumors and the majority of metastatic lesions within the lung and liver exhibited a mesenchymal-
like phenotype.

Conclusions/Significance: Dormant DTCs within the bone marrow are highly malignant upon injection into the mammary
fat pad, with the accelerated development of metastatic lesions within the lung, liver and kidney. These results suggest the
acquisition of a more aggressive phenotype of DTCs during metastatic latency within the bone marrow microenvironment.
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propensity for local and distant relapse, compared to patients
without DTCs in the bone marrow [8-10]. Despite the clinical
significance of D'TCs in the bone marrow, the biological relevance
remains controversial [11].

Introduction

Once considered the final step during cancer progression, recent
evidence implicates metastasis as an early event in breast cancer
[1-4]. Disseminated tumor cells (DTCs) may be present at distant
sites at the time of primary diagnosis of breast cancer in patients
that exhibit no outward signs of clinical metastases. As a
preferential site of metastasis for breast cancer [5], the detection
of DTCs in the bone of breast cancer patients has become an
important prognostic tool. It is estimated that DTCs can be
detected in the bone marrow for up to 40% of breast cancer
patients using the current detection technology [6,7]. As a strong

Although DTCs can be detected in the bone marrow of early
breast cancer patients, clinical manifestation of bone metastasis
and/or recurrence often does not emerge for years or even
decades after initial diagnosis [4,12]. The lag time between
detection of DTCs and manifestation of disease indicates the cells
have become dormant, persisting as viable but non-proliferating
cells [4,13,14]. The mechanisms by which the cells enter a
dormant state can be intrinsic, a result of genetic and/or

independent prognosticator, patients with DTCs in the bone
marrow have an overall worse prognosis, as well as a higher
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epigenetic modifications, or as a consequence of the microenvi-
ronment in which the cells reside [15]. Studies have shown
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significantly less chromosomal aberrations in DTCs in the bone
marrow as compared to cells in the primary tumor [1,3,16]
suggesting DTCs have not acquired the necessary genetic
alterations to overcome growth restraints. However, early DTCs
have also been shown to be genomically very unstable [17,18].
These conflicting reports concerning the intrinsic properties of
DTCs indicates it is unlikely intrinsic mechanisms alone can
account for the long dormancy periods observed by DTCs in the
bone marrow. Alternatively, the bone marrow microenvironment
has been implicated as a supportive niche for the existence of
disseminated breast cancer cells in a dormant state [19,20]. Breast
cancer cells localized close to the endosteum, the interface of bone
and marrow which serves as a supportive niche for hematopoietic
stem cells and a frequent site of cancer cell dissemination, were
shown to have long doubling times suggesting a possible quiescent
state [21]. Intercellular communication through gap junctions
between breast cancer cells and the bone marrow stroma close to
the endosteum has recently been suggested to play a role in the
maintenance of a dormant state [22]. Furthermore, in vitro studies
have demonstrated an inhibitory effect on proliferation and
acquisition of an invasive mesenchymal phenotype of breast
cancer cells upon co-culture with bone marrow stroma isolated
from breast cancer patients [15]. These findings illustrate the
significance of the cellular interactions within the bone marrow
microenvironment and the subsequent effects on the phenotype of
disseminated breast cancer cells.

Recent reports have presented data supporting the bi-direc-
tional flow of DTCs, demonstrating targeted homing of DTCs to
tumors present in the mammary fat pad and accelerated tumor
progression upon colonization by the DTCs [23,24]. The early
detection and persistence of DTCs in the bone marrow of breast
cancer patients signifies the bone marrow microenvironment may
function as a reservoir for DTCs [11]. It is highly probable that
cancer cells within the bone marrow microenvironment will re-
enter the circulation, disseminating to other organs or back to the
primary site of tumor formation. Therefore DTCs in the bone
marrow not only pose a threat to the development of metastatic
lesions in the bone, but may also contribute to the development of
metastases at other sites as well as tumor progression and/or
recurrence at the primary site.

Although implicated in recurrence at the primary site of tumor
formation and the development of metastatic disease, the
malignant potential of dormant breast cancer cells residing in
the bone marrow remains undetermined. We previously reported
detection of early disseminated human breast cancer cells by
measuring human DNA in the bone marrow of mice that
harbored mammary fat pad tumors derived from injection with
primary tumorspheres isolated from patient core biopsies. These
early disseminated breast cancer cells were detected prior to the
development of metastatic lesions that were detected by H+E
staining for up to 12 months post-injections [25]. These findings
prompted further investigation into the tumorigenicity and
metastatic potential of DTCs within the bone marrow. Herein,
we demonstrate a malignant and aggressive metastatic phenotype
of dormant breast cancer cells isolated from the bone marrow of
mice. These data offer compelling evidence that supports the
crucial role of the bone marrow microenvironment in both the
maintenance of dormancy and the conversion of breast cancer
cells to a more aggressive and rapid growth phenotype once cells
have exited the bone microenvironment.
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Materials and Methods

Cell Culture

Tumorspheres were isolated using a procedure previously
described by this laboratory [26] and derived from Dontu et al.
[27]. Briefly, breast cancer needle biopsies from primary tumors
were obtained during the routine care of patients with consent and
Tulane IRB approved protocol (IRB # 07-00042). Tissues were
mechanically and enzymatically dissociated then sequentially
filtered through a 100 um and 40 um pore filter (Fisher). After
washes with 1XPBS, the cell pellet was resuspended in DMEM/
F12 media containing 1x B-27 serum-free supplement (Invitro-
gen), 0.4% bovine serum albumin (BSA) (Sigma), 20 ng/ml
epidermal growth factor (EGF) (Sigma), 10 ng/ml basic fibroblast
growth factor (bFGF) (Sigma), 4 ug/ml insulin, human recombi-
nant (Sigma), and penicillin (100 U/ml)/streptomycin (100 U/ml)
and cultured in a 100 mm? ultra low attachment plate (Corning).
Cells were cultured for 10-14 days to allow tumorsphere
formation. Cells were pelleted every 3 days by centrifugation at
300xg for 10 min. and resuspended in complete DMEM/F12
media supplemented with fresh EGI and bFGF.

Animal experiments

Immunodeficient Nu/Nu female mice were purchased from
Charles River Laboratories (US). Mice were 25-35 days of age at
time of injection. All experiments were performed under approved
Tulane IACUC protocol IACUC # 2941 R-D). Cold 1XPBS and
a 27 gauge syringe was used to flush bone marrow from the femurs
of mice previously injected with tumorspheres isolated from
samples 5-9 into the mammary fat pad. Bone marrow was flushed
from non-injected age-matched mice and injected into the
mammary fat pad as a negative control. The flushed bone marrow
was washed twice in cold 1XPBS. To perform a cell count, an
aliquot of the isolated bone marrow was combined in a 1:1 ratio
with 0.4% trypan blue stain (BioWhittaker) and loaded onto a
hemocytometer. Immediately before injection, the bone marrow
was combined with 100 pl BD Matrigel Basement Membrane
matrix (BD Biosciences). Mice were anesthetized by i.p. injection
of 0.3 ml of a ketamine solution. Cell suspensions were injected
bilaterally into the third mammary fat pad. Mice were monitored
weekly for tumor formation by caliper measurement and for body
weight for up to twelve months. If no weight loss or other
indications of declining health were observed, animals were
euthanized twelve months post injection.

Hematoxylin and Eosin (H+E) Staining

Tissues were collected and placed in 10% neutral buffered
formalin (Fisher) equal to 20 times the tissue volume. Tissues were
incubated overnight at room temperature and then processed by
standard formalin fixation, paraffin embedding and sectioning by
The Center for Gene Therapy Histology Core Facility, Tulane
University Health Sciences Center. 5 um sections were depar-
affinized and rehydrated in a graded series of ethanol solutions,
from 100% to 75%. Sections were then stained using Gill’s
Hematoxylin and Eosin (Poly Scientific) followed by dehydration
through a graded series of ethanol solutions from 75% to 100%.
Image ] software was used to quantify the metastatic burden
within the tissues analyzed. To calculate the metastatic burden
present in the mouse organs, the number of pixels within the
defined area of the metastatic lesion/s was determined (x pixels).
Next, the total number of pixels within the field of view was
determined (y pixels). The metastatic burden within the field of
view was then calculated by dividing the pixels present in the
metastatic lesion/s by the total pixels comprising the field of view
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then multiplying by 100 [(x pixels/y pixels)*100] resulting in a
percent metastatic burden. The average of five fields of view (100 x
magnification) was used to determine metastatic burden present in
each organ analyzed.

Immunohistochemistry (IHC) of tumors and mouse tissue

For IHC, tissues were collected and placed in 10% neutral
buffered formalin equal to 20 times the tissue volume (Fisher).
Tissues were incubated overnight at room temperature and then
processed by standard formalin fixation, paraffin embedding and
sectioning by The Center for Gene Therapy Histology Core
Facility. IHC was performed using the Vectastain staining kit
(anti-rabbit, PK6101; anti-mouse PK6102, Vector Laboratories).
Briefly, 5 um sections were rchydrated (as described above)
followed by heat-induced, epitope retrieval performed in a
pressure cooker for 25 min. in Tris Buffer, pH 9 (Biocare
Medical). To inactivate endogenous peroxide, slides were incu-
bated in 0.3% hydrogen peroxide followed by a 10 minute wash in
dH5O then washed 3x3 min. each in PBS. Sections were
incubated in blocking buffer (10% normal goat serum diluted in
PBS) for 30 min. at room temp and subsequently incubated
overnight at 4°C with primary antibody diluted in blocking buffer.
Primary monoclonal antibodies used were E-cadherin (24E10,
Cell Signaling), estrogen receptor o (SP1, Thermo Scientific), and
anti-human Human Nuclear Antigen (HNA) (MAB1281, Chemi-
con). Primary polyclonal antibodies used were B-catenin (9563,
Cell Signaling) and fibronectin (ab2413, Abcam). The HNA
antibody was human specific. Antibodies for E-cadherin, estrogen
receptor o, PB-catenin and fibronectin were cross-reactive with
human and mouse proteins. The following day, sections were
washed 2 x5 min. in PBS-T. Biotinylated secondary antibody was
added to the sections for an incubation period of 30 min, followed
by 2x5 min. washes in PBS-T. Streptavidin/biotin HRP-conju-
gate was added to the sections for an incubation period of 30 min.
at room temperature followed by 2 x5 min. washes in PBS-T. The
signal was developed for a time that did not exceed 2 minutes
using the Vector DAB substrate kit, according to the manufac-
turers’ instructions. Sections were dehydrated (as described above)
and mounted using Permount (Fisher). Staining was visualized
using a bright field microscope and IP lab software.

Results

Tumorigenicity of disseminated cancer cells in the bone
marrow of mice previously injected with tumorspheres
into the mammary fat pad

Our previous study used tumorspheres derived directly from
breast cancer patient needle biopsies to establish primary tumors
in the mammary fat pad of nude mice [28]. Two months post-
injection of tumorspheres, human cancer cells were detected in the
bone marrow of mice without the development of detectable
metastatic lesions by H+E staining up to 12 months post-injection
[25], suggesting the disseminated breast cancer cells persisted in a
dormant state in the bone marrow microenvironment. However,
the viability and tumorigenicity of the disseminated breast cancer
cells detected in the bone marrow remained undetermined.
Therefore, the purpose of this study was to determine the
malignant and metastatic potential of the disseminated cancer
cells within the bone marrow upon injection into the mammary fat
pad.

Tumorspheres isolated from patient biopsy samples 5-9 formed
small, palpable tumors upon injection of =5x10° cells into the
mammary fat pad. These tumors metastasized to the bone (femur),
as detected by PCR for human-specific chromosome 17, however
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did not result in the development of macrometastatic lesions up to
12 months post-injection [25]. Total bone marrow was flushed
from the femurs of mice that were injected with tumorspheres
isolated from patient core biopsy sample 5-9 into the mammary
fat pad 8-10 months prior. 12.5x10° total bone marrow cells
(containing normal mouse bone marrow cells and human
metastatic breast cancer cells) were injected into the mammary
fat pad of NUDE mice (Figure 1A). Injection of 12.5x10° total
bone marrow cells from these femurs into the mammary fat pads
of mice [referred to as sample 5, 6, 7, 8 or 9 BM (Bone Marrow)]
resulted in the formation of large tumors in the mammary fat pad
2 months post-injection (Figure 1B, D). Injection of 12.5x10° total
bone marrow cells isolated from non-tumor bearing mice did not
result in tumor formation in the mammary fat pad (Figure 1C). To
determine whether normal mouse bone marrow cells affected
tumor formation by tumorspheres, 12.5x10° bone marrow cells
from non-tumor bearing mice were co-injected with sample 5-9
tumorspheres that were previously shown to form small, palpable
tumors [25]. Co-injection of normal mouse bone marrow cells
with sample 5-9 tumorspheres did not affect primary tumor size
(data not shown). Positive staining for HNA on 5 pm paraffin-
embedded sections of BM-derived tumors (representative micro-
graph of positive HNA staining of sample 5 BM tumor, Figure 1E)
demonstrated that the majority of cells within the tumors were of
human origin. Control sections of 5 um paraffin-embedded mouse
kidney from a non-tumor bearing mouse did not exhibit positive
HNA staining (Figure 1F), whereas 5 um paraffin-embedded
sections of a human MCF-7 xenograft tumor exhibited positive
HNA staining (Figure 1G) demonstrating the human specificity of
the HNA antibody. In addition to being highly tumorigenic,
samples 5-9 BM also exhibited metastatic potential with
metastatic lesions detected in the lung and liver for sample 5, 7,
and 8 BM, metastatic lesions detected in the lung only for sample 6
BM, and metastatic lesions detected in the liver only for sample 9
BM (Figure 1D). These data demonstrate that dormant metastatic
breast cancer cells in the bone marrow were highly tumorigenic
upon transplantation into the mammary fat pad, forming tumors
that were significantly larger than tumors formed by injection of
tumorspheres isolated from the original patient biopsies.

The tumors formed from the DTCs present in the injected bone
marrow consisted of small tumor cells with pleomorphic nuclei
that did not exhibit tubule formation (Figure 2A, B, C, D, E).
Using IHC, various markers were evaluated to demonstrate the
relative epithelial and mesenchymal features of the tumors. The
cell adherens junction protein E-cadherin is normally expressed in
the membrane of differentiated epithelial cells and more differen-
tiated breast cancer cells. B-catenin, a central mediator of the
WNT signaling pathway, binds to E-cadherin at the membrane in
conjunction with a complex of proteins connecting the adherens
junction to components of the cytoskeleton [29,30]. In the absence
of membrane E-cadherin, B-catenin is either rapidly degraded or
can translocate to the nucleus upon activation of WN'T signaling.
A low level of E-cadherin expression was variably detected in the
nucleus in sample 5, 6 and 9 BM tumors (Figure 2F,G,and J inset,
arrow), and no E-cadherin expression was detected in sample 7
and 8 BM tumors (Figure 2H and I). B-catenin expression was
variably detected in the membrane and nucleus of sample 5,6, 8
and 9 BM tumors (Figure 2K, L, N, O inset, arrow), with no
expression detected in sample 7 BM tumors (Figure 2M).
Fibronectin expression was detected in sample 5-9 BM
(Figure 2P, Q, R, S, T). Sample 5-9 BM were negative for
estrogen receptor alpha (ERa) (data not shown). These data
demonstrate that the tumors derived from dormant metastatic
breast cancer cells in the bone marrow exhibited a mesenchymal-
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A. Disseminated breast cancer cells in the bone marrow are highly tumorigenic and metastatic
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Figure 1. Tumor formation in the mammary fat pad upon injection of total bone marrow aspirates isolated from femurs containing
metastatic tumor cells. A. Experimental design to determine the tumorigenicity of disseminated human cancer cells in the bone marrow of mice
previously injected with tumorspheres into the mammary fat pad. Bone marrow, aspirated from femurs of mice previously injected with
tumorspheres into the mammary fat pad, was injected into the mammary fat pad of NUDE mice to determine the tumor-forming ability of dormant
cancer cells in the bone marrow. B. Injection of 12.5x10° cells/pad aspirated from the femurs of mice injected with tumorspheres resulted in large
tumor formation in the mammary fat pad two months post-injection. C. Injection of 12.5x10° cells/pad aspirated from the femurs of non-injected
mice resulted in no tumor formation in the mammary fat pad three months post injection. D. Summary of tumor formation and metastasis for sample
5-9 BM, including ER/PR/Her2 status of patients samples from which the parental tumorspheres were first derived. E. Representative positive HNA
staining of 5 um paraffin-embedded sections of sample 5 BM tumors demonstrated the presence of human cells. F. No positive nuclear HNA staining
of 5 um paraffin-embedded sections of mouse kidney from non-tumor bearing mouse (negative control). G. Positive HNA staining of 5 um paraffin-
embedded sections of a human MCF-7 xenograft (positive control). 200 x magnification in all panels.

doi:10.1371/journal.pone.0047587.9001

like phenotype when transplanted into the mammary fat pad of
NUDE mice.

Metastatic potential of disseminated cancer cells in the

bone marrow upon injection into the mammary fat pad

Paraffin-embedded sections of lungs, kidneys, and livers were
prepared from animals bearing primary tumors from sample 5-9
BM to determine the metastatic potential of the cells. Animals
were euthanized for the collection of organs on the basis of tumor
burden present in the mammary fat pad and/or declining health.
Metastatic lesions were detected by H+E in the lung for sample 5—
8 BM (Figure 3A, B, G, D, respectively), in the liver for sample 5,
7-9 BM (Figure 4A, B, C, D, respectively), and in the kidney for
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sample 5-9 BM (data not shown). Nuclear E-cadherin was
detected in the metastatic lesions of the lungs of sample 5, 7 and 8
BM (Figure 3E, G, H, respectively), however E-cadherin was
detected predominantly in the membrane in metastatic lesions in
the lung of sample 6 BM (Figure 3F). Metastatic lesions in the lung
for sample 5 and 6 BM exhibited variable expression of B-catenin
in the membrane and in the nucleus (Figure 31 and J, respectively),
whereas metastatic lesions in the lung for sample 7 and 8 BM
demonstrated variable nuclear expression only of B-catenin
(Figure 3K and L, respectively). E-cadherin was detected in the
membrane of metastatic cells in the liver of sample 5 and 8 BM
(4E and G, respectively); in contrast no E-cadherin expression was
detected in liver metastatic lesions of sample 9 BM (Figure 4H).
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Figure 2. Expression of markers for epithelial and mesenchymal lineages in tumor samples. A-E. H+E staining of tumors formed in the
mammary fat pad upon injection of bone marrow aspirated from the femurs of mice injected with tumorspheres isolated from samples 5-9 BM,
respectively. F-T. Representative IHC demonstrating patterns of expression of E-cadherin (F-J), B-catenin (K-O), and fibronectin (P-T) in sample 5-9
BM tumors. 200 x magnification in all panels.
doi:10.1371/journal.pone.0047587.g002

The majority of metastatic cells in the liver for sample 7 BM
demonstrated nuclear E-cadherin expression (Figure 4F), however
E-cadherin was detected in the membrane of a small population of
metastatic cells as well (data not shown). In conjunction with the
detection of E-cadherin in the membrane, metastatic cells in the
liver for sample 5 and 8 BM exhibited variable B-catenin
expression in the membrane (Figure 41 and K, respectively).
However, B-catenin expression was not detected in the metastatic
cells in the liver for sample 7 and 9 BM (Figure 4] and L,
respectively). Fibronectin expression was detected in metastatic
lesions in the lung for sample 5-7, and 9 BM and metastatic
lesions in the liver for sample 5, 7-9 BM (data not shown). These
data indicate that the metastatic cells within the liver for sample 5
and 8 BM exhibited an epithelial-like phenotype, however
metastatic cells for sample 5, 7 and 8 BM in the lung and sample
7 and 9 BM in the liver maintained a mesenchymal-like phenotype
similarly to that observed within the primary tumors in the
mammary fat pad.

Organ tropism of the metastatic cells and the metastatic
burden within the mouse organs

A comprehensive analysis of metastasis was performed at the
time of necropsy (upon excessive tumor burden and/or moribund
condition) to compare tropism of each sample to different organs
and quantify the relative metastatic burden within each organ for
cach sample as a measure of the ability of metastatic cells to
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colonize organ sites with outgrowth into larger lesions. It is likely
that metastatic lesions were present prior to termination of the
experiments. Future experiments will remove organs at various
time intervals post-injection to determine the time to development
of metastatic lesions in various organs. To determine differences in
tissue-specific tropism between samples, the number of each organ
with detectable metastases by H+E staining (lung, kidney and liver)
was counted without regard to size of the metastatic lesion. The
metastatic burden within each organ was then quantified as
described in the material and methods. The number (n) of lungs,
kidneys and livers analyzed for each sample is indicated in
Figure 5.

The tissue-specific tropism (without regard to the size of the
metastatic lesions) was comparable between sample 5-9 BM (data
not shown). Sample 5-9 BM exhibited greater metastatic burden
within the lung and liver as compared to the kidney, with the
overall largest metastatic burden detected in the lung (Figure 5A).
In comparison to their parental cell population (tumorspheres
isolated from patient core biopsies) for which the average
metastatic burden measured for sample 5-9 was below 20%, the
DTC-derived metastatic lesions in the lung and the liver exhibited
a higher metastatic burden with an average metastatic burden of
35% in the lung and 25% in the liver. The majority of metastatic
lesions were detected between 50-150 days post-injection of bone
marrow into the mammary fat pad for sample 5-9 BM (Figure 5B).
In comparison to the metastatic phenotype demonstrated by
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Figure 3. Metastatic lesions in the lungs of mice bearing mammary fat pad tumors that were derived from transplantation of bone
marrow aspirate containing metastatic tumor cells. A-D. H+E staining performed on 5 um paraffin-embedded sections of lung from sample
5-8 BM illustrates metastatic lesions. Metastatic lesions indicated by £; normal mouse tissue indicated by 8. 100 x magnification. E-H. IHC performed
on 5 um paraffin-embedded sections of lung from sample 5-8 BM using a monoclonal antibody to E-cadherin. I-L. IHC performed on 5 um paraffin-

embedded sections of lung from sample 5-8 BM using a polyclonal antibody to B-catenin.

doi:10.1371/journal.pone.0047587.g003

sample 59 tumors derived from tumorspheres isolated from
patient biopsies [25], sample 5-9 BM had a similar overall
metastatic phenotype however exhibited an accelerated develop-
ment of large metastatic lesions.

Discussion

The bone microenvironment has long been considered to play
an important role in the dormancy of disseminated breast cancer
cells [11,15,31,32]. However, low numbers of disseminated cells
and inaccessibility has hindered studies aimed at elucidating the
cellular and molecular mechanisms contributing to dormancy of
cancer cells residing in the bone marrow microenvironment.
Presented in this study is the first evidence of the malignant
potential of dormant breast cancer cells in the bone marrow that
had metastasized from a primary tumor in the mammary fat pad
derived from primary bTICs. The absence or low expression of
epithelial markers, including E-cadherin and fB-catenin, and the
elevated expression of fibronectin within the tumors indicated that
the cells adopted a more mesenchymal phenotype. However,
changes in the expression patterns of E-cadherin and B-catenin
within metastatic lesions present in the lung and liver suggested
that the cells retained a level of plasticity, enabling adaptation and
survival at the distant sites of metastasis. The injection of dormant
disseminated breast cancer cells present in the bone marrow
resulted in the formation of larger primary tumors in the
mammary fat pad, and accelerated development (up to 300 days
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earlier) of large metastatic lesions within the lung, liver and kidney
as compared to their “parental” tumorsphere cell population that
were derived directly from patient biopsies [25]. Taken together,
these data demonstrate that dormant human breast cancer cells
residing in the bone marrow microenvironment exhibit a highly
malignant and aggressive metastatic phenotype when removed
from the bone and transplanted into the mammary fat pad of
NUDE mice.

In our previous study, we demonstrated the formation of small
tumors in the mammary fat pad upon the injection of tumor-
spheres isolated directly from patient core biopsies [25]. The
tumors became palpable 3 months post-injection and maintained a
volume of about 100 mm?® for up to 12 months post-injection.
From these small tumors, cells disseminated to the bone (femur)
and entered a state of dormancy for up to 12 months post-
injection, with a small number of cells detected by PCR for human
chromosome 17, but without the development of larger metastatic
lesions that could be detected by H+E staining. Taking into
consideration the malignant capacity of the “parental” population
of cells within the tumorspheres, and the dormant state of cells
within the bone marrow, it is remarkable that injection of bone
marrow containing a small population of disseminated cancer cells
into the mammary fat pad resulted in the formation of large
tumors within 2 months post-injection. The aggressive malignant
phenotype exhibited by dormant tumor cells in bone marrow
highlights the importance of the biological changes occurring
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Figure 4. Metastatic lesions in the livers of mice bearing mammary fat pad tumors that were derived from transplantation of bone
marrow aspirate containing metastatic tumor cells. A-D. H+E staining performed on 5 um paraffin-embedded sections of liver from sample
5-7, and 9 BM illustrates metastatic lesions. Lesion indicated by £; normal tissue indicated by §. 100 x magnification. E-H. IHC performed on 5 um
paraffin-embedded sections of liver from sample 5-7, and 9 BM using a monoclonal antibody to E-cadherin. I-L. IHC performed on 5 um paraffin-
embedded sections of liver from sample 5-7, and 9 BM using a polyclonal antibody to B-catenin.

doi:10.1371/journal.pone.0047587.9004

during metastatic latency, indicating that dormancy is not static signals within the microenvironment. Comparing the gene
but rather the cells are continuously responding and adapting to expression profiles of the tumorsphere-derived tumors and BM
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Figure 5. Metastatic profile of bone marrow transplantation experiments. A. Graphical representation of the metastatic burden determined
for the lungs, kidneys, and livers analyzed by H+E staining from samples 5-9 BM. The metastatic burden in each organ was calculated by dividing the
pixels present in the metastatic lesion/s (x pixels) by the total pixels comprising the field of view (y pixels) then multiplying by 100 [(x pixels/y
pixels)*100] resulting in a percent value. Values are reported as mean +/— SD. B. Graphical representation of the percent metastatic burden,
previously calculated as above, compared to days post-injection of total bone marrow into the mammary fat pad for sample 5-9 BM. Values are
reported as mean +/— SD.

doi:10.1371/journal.pone.0047587.g005
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DTC-derived tumors could reveal the molecular mechanisms
contributing to the aggressive phenotype of DTCs post-metastatic
latency in the bone marrow. Furthermore, these data indicated a
vital role of stromal and/or cellular components within the bone
marrow microenvironment for the persistence of disseminated
breast cancer cells in a dormant state during metastatic latency.

To determine whether the non-tumorigenic mouse bone
marrow was conferring a growth advantage for tumor formation,
tumorspheres isolated from sample 5-9 were co-injected into the
mammary fat pad with 12.5x10° bone marrow cells isolated from
non-injected mice. The co-injection with non-tumorigenic mouse
bone marrow did not confer a growth advantage for tumor
formation by the tumorspheres; the resulting tumors were similar
in size to the small tumors formed by injection of tumorspheres
alone. Therefore, the presence of resident mouse bone marrow
cells did not account for the malignant phenotype exhibited by the
small population of cancer cells present in the isolated bone
marrow. However, since the cellular and molecular interactions
within the bone marrow microenvironment likely have reciprocal
effects on the resident bone marrow cells and the cancer cells, the
bone marrow from a non-injected mouse does not control for
possible changes in the bone marrow cells.

Previous studies have shown that the majority of DTCs in bone
reside within the endosteal niche and vascular niche [33-35]. The
endosteal and vascular niches are dynamic specialized compart-
ments with cellular and stromal compartments that contribute to
the maintenance and differentiation of hematopoietic stem cells
(HSCs) [36—-38]. HSCs are in close association with osteoblasts in
the endosteum that together provide signals to maintain HSCs in a
primitive, quiescent state and provide an anchor to the endosteal
niche [39-41]. Migration into the vascular niche from the
endosteal niche stimulates the regulated proliferation, differenti-
ation and mobilization of HSCs/HPCs (hematopoietic progenitor
cells) to the peripheral circulation [42,43]. The molecular
interactions between the cellular and stromal compartments in
the maintenance of HSC quiescence may similarly contribute to
the dormancy of cancer cells residing within the endosteal niche. It
has been hypothesized that breast cancer dormancy in bone is due
to interactions with resident cells within the bone marrow
microenvironment, such as mesenchymal stem cells, stromal cells,
and osteoblasts (reviewed in [44]). Reactivation of disseminated
breast cancer cells for recurrence may occur due to changes in cell-
cell signaling, increasing genetic instability, and/or migration of
the cancer cells to a different niche within the bone marrow.
However, the mechanisms for breast cancer dormancy in bone
and tumor recurrence remain unknown. The inherent require-
ment for the components of the endosteal niche and vascular niche
to be responsive to exogenous changes in the environment renders
these niches as possible targets for therapeutic manipulation [37].
Investigation into the reciprocal biological changes within the
endosteal niche and the cancer cells may elucidate molecular
targets within the microenvironment for the eradication of DTCs
prior to the development of macroscopic lesions.

The hormone receptor status of the DTCs in the bone marrow
is often altered when compared to the original primary tumor.
Fehm et. al. reported 71% of patients with estrogen receptor alpha
(ERo") primary tumors had ERa™ DTCs in the BM [45] and
Dietsch et. al. reported only 2 out of 11 patients with ERo"
primary tumors had ERo” DTCs in the BM [46]. In contrast,
patients with ERot primary tumors presented predominantly with
ERa DTCs in the BM [45]. Isolation of tumorspheres from
patient samples under non-adherent, serum-free conditions
enriches for breast stem/progenitor cells, or breast-tumor-initiat-
ing cell (bTICs). It is hypothesized that recurrent and metastatic
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disease are predominantly derived from the less differentiated cells
with stem-like characteristics that would retain the ability to
produce progeny with changes in the expression of key markers,
resulting in the observed alterations in ERo expression in
recurrent and metastatic disease as compared to the primary
tumor. Interestingly, both the tumorsphere-derived tumors and
their metastases and the DTC-derived tumors and their metastases
were negative for ERo despite the expression of ERa in patient
tumor samples 6, 8 and 9. Future experiments will determine the
expression of ERo within the tumorspheres isolated from the
patient samples, as well as the expression of ERa,, EM'T markers
and stem cells markers within early disseminated tumor cells
within the bone marrow and other sites of metastasis. Insight into
the phenotype of early disseminated tumor cells in the bone
marrow could lead to the identification of novel targets for the
eradication of DTCs during dormancy prior to the development of
recurrent and metastatic disease.

The loss of E-cadherin and B-catenin expression in the
membrane of epithelial cells can be indicative of an epithelial to
mesenchymal transition (EMT) [47,48]. It is hypothesized that the
metastatic process is initiated when tumor cells undergo either a
full or partial EMT, leading to the acquisition of mesenchymal
characteristics such as anchorage-independent
growth, and resistance to apoptosis [49,50]. The aberrant and/
or low levels of expression of E-cadherin and B-catenin in sample
5-9 BM tumors suggested that the cells with malignant potential
acquired some features of a mesenchymal phenotype. If dormant
tumor cells residing in the bone marrow microenvironment
exhibited a more mesenchymal phenotype, this could have
important implications on current techniques employed to detect
DTGCs in the bone marrow of patients, which predominantly
detect epithelial markers such as cytokeratins [7,17], Her2/neu
[51], Epcam [52], and Mucin [6]. The identification of new
markers for the detection of biologically relevant DTCs with
tumorigenic potential may improve the prognostic value of DTCs
in the bone marrow of breast cancer patients in terms of local and
distant recurrence.

Metastasis to the lung, liver and kidney demonstrated that the
dormant tumor cells within the bone marrow that formed primary
tumors in the mammary fat pad retained a similar metastatic
profile as the “parental” cells within the tumorspheres; however
the expression patterns of E-cadherin and B-catenin within the
metastatic lesions in the lung and liver derived from D'TC-derived
tumors differed from the lesions in the lung and liver derived from
tumorsphere-derived tumors [25]. Nuclear localization of E-
cadherin has been predominantly observed in pituitary adenomas
[53], esophageal squamous cell carcinoma [54], Merkel cell
carcinoma [53], solid pseudopapillary tumor of the pancreas
[56,57], clear-cell renal cell carcinoma [58], colorectal cancer (and
its liver metastases) [54] and ovarian granulosa cell tumors [59].
Although nuclear localization of E-cadherin has not conclusively
been described in breast cancer, one study identified nuclear E-
cadherin expression in 21% of FNAC smears from breast
carcinomas [60]. Nuclear expression of E-cadherin was found to
strongly correlate with higher grade tumors with more aggressive
biological behavior in the same study [60]. The down-regulation
of E-cadherin in breast tumors is usually a consequence of
transcriptional regulation or promoter methylation and is associ-
ated with invasion, metastasis and an overall worse prognosis for
patients [61-64]. However the extracellular and cytoplasmic
domain of E-cadherin has been shown to undergo proteolytic
cleavage, suggesting another regulatory mechanism of E-cadherin
in tumors. Cleavage of the extracellular domain of E-cadherin
results in the release of a soluble 80 kDa fragment that has been

invasiveness,

November 2012 | Volume 7 | Issue 11 | e47587



shown to disrupt cell-cell junctions by antagonizing the full length
E-cadherin [65,66]. In addition, the extracellular fragment of E-
cadherin has been shown to bind to and activate Her2 and Her3
cell signaling [67]. Interestingly, cleavage products of E-cadherin
were detected by Western blot in protein extracts prepared from
DTC-derived tumor samples (Figure S1). Cleavage of E-cadherin
at the membrane resulted in an 80 kDa extracellular fragment and
37 kDa intracellular fragment supporting the observation of
nuclear localization of E-cadherin by IHC.

MMP-3 and MMP-7 are two proteases implicated in the
extracellular cleavage of E-cadherin. Interestingly, the secretion of
active MMP-3 and MMP-7 by tumorspheres isolated from samples
5-9 was detected by zymography (unpublished results) however the
role of MMP-3 and/or MMP-7 in the aberrant expression of E-
cadherin observed in this model has yet to be determined. The
cytoplasmic domain of E-cadherin can undergo proteolytic cleavage
by caspase-3 and calpain, translocate to the nucleus and influence
cell signaling [65,68-70]. However, the mechanisms by which E-
cadherin translocates to the nucleus and its potential role in the
regulation of gene expression remain unknown. The aberrant
expression of E-cadherin detected within the tumorsphere-derived
tumors [25], as well as within the DTC-derived tumors and their
metastatic lesions in the lung and liver (as presented in this study),
provides initial evidence of nuclear E-cadherin in primary breast
cancer cells associated with metastasis and other cellular processes.
The nuclear localization of E-cadherin warrants further investiga-
tion to determine its possible role in tumor progression, metastasis
and dormancy. Future studies will be aimed at determining the
mechanism by which the cytoplasmic fragment of E-cadherin enters
the nucleus, possible interactions with other proteins in the nucleus
and any effects on transcription.

The disseminated cancer cells within the bone marrow
metastasized to the lung, liver and kidney, as well as the brain
and spleen (data not shown). Although the metastatic profiles of
the present BM DTC experiments and tumorsphere experiments
from our previous study [25] were comparable, there were a few
noted differences. The most notable difference between the BM
DTC experiments and the tumorsphere experiments [25] was the
accelerated development of detectable macrometastatic lesions in
the lung, liver and kidney from the BM DTCs. Whereas the
majority of metastatic lesions for sample 5-9 were detected at
=200 days post-injection of tumorspheres into the mammary fat
pad [25], the majority of metastatic lesions for sample 5-9 BM
were detected at =150 days post-injection. The larger primary
tumor size and the significantly earlier development of metastases
for the BM DTC-derived tumors suggests that the disseminated
breast cancer cells in the bone marrow acquired a proliferative
advantage through residence in the bone marrow as compared to
cells in the tumorsphere-derived tumors. These data may suggest
that cells within the bone marrow have the potential to further
disseminate to other organs with the proliferative capacity to
aggressively form metastatic lesions. Alternatively, the resident
bone marrow cells may undergo pre-conditioning as a result of
crosstalk with the DTCs or alterations in the microenvironment
caused by the presence of the DTCs in the bone. An eloquent
study by Kaplan et. al. demonstrated the recruitment of VEGFR1*
bone marrow derived cells (BMDCs) to tumor-specific sites of
metastasis, resulting in the establishment of a pre-metastatic niche
for the colonization of disseminated tumor cells [71]. This previous
study demonstrated the crucial role of BMDC:s in the early steps of
metastasis. Therefore, changes within the cells in the bone marrow
during metastatic latency may contribute to the highly aggressive
metastatic phenotype observed by DTCs in the bone marrow
upon injection of total bone marrow into the mammary fat pad.

PLOS ONE | www.plosone.org

Phenotypic Changes during Metastatic Latency

Investigation into the differences between disseminated tumor cells
from tumorsphere-derived tumors and BM DTC-derived tumors,
as well as changes within the resident bone marrow cells during
metastatic latency, may elucidate important pathways involved in
cancer cell dormancy.

The organ microenvironment has been implicated in this study as
well as previous studies as a possible target in the treatment of
metastatic disease. There would be two predominant desired
outcomes upon the manipulation of the organ microenvironment:
maintenance of dormancy or induced exit from dormancy. On the
one hand, the organ microenvironment could be manipulated by
exogenous signals to prevent the exit of DTCs from dormancy in an
attempt to prevent the development of macroscopic lesions.
Alternatively, suppression of the mechanisms contributing to
dormancy or activating the signals permitting the exit from dormancy
would eliminate metastatic latency allowing the use of cytostatic/
cytotoxic therapies to target the proliferating metastatic tumor cells.
The results presented in this study suggest that D'T'Cs acquire a highly
aggressive and malignant phenotype during metastatic latency
indicating that it may be dangerous to permit the persistence of
DTGCs in a dormant state for extended periods of time. Although
cytotoxic and/or cytostatic therapies have been shown to be
ineffective in treating metastatic disease, the lack of suitable models
has hindered investigation into the efficacy of either approach. Using
the model presented in the present study, future research can
mnvestigate the treatment of metastatic disease in a systems biology
approach, providing a means to determine potential effects on DTCs
through manipulation of the organ microenvironment.

Disseminated breast cancer cells in the bone are known to exist
in a dormant state for extended periods of time, maintaining the
ability to proliferate upon activation to form overt clinical lesions
[44,72,73]. However the mechanisms contributing to the main-
tenance of dormancy and subsequent exit from dormancy have yet
to be determined. Although the presence of DTCs in the bone
marrow provides a strong prognostic indicator for breast cancer,
many patients remain relapse-free even after 10 years. In this
study, we have presented data implicating the vital role of extrinsic
factors within the bone microenvironment in the dormancy of
disseminated cancer cells. We demonstrate the malignant potential
and aggressive metastatic profile of dormant cancer cells in the
bone marrow, suggesting stable modifications of DTCs occur
within the bone marrow microenvironment that facilitate malig-
nancy once cells exit the bone. Future studies investigating the
reciprocal cross-talk between disseminated cancer cells and
resident cells within the bone marrow microenvironment will
begin to expose the mechanisms involved in the regulation of
cancer cell dormancy that may lead to improved detection and
eradication of DTCs in the bone.

Supporting Information

Figure S1 Western blot analysis of tumors demonstrat-
ing extracellular and intracellular cleavage products of
E-cadherin. Western blot analysis of protein isolated from
sample 5 BM tumors demonstrates the presence of the 80 kDa
extracellular cleavage product and 37 kDa cytoplasmic cleavage
product of E-cadherin.
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