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Impact statement

Accurate in vitro human models of the bone
extravasation site are critical for the
understanding of breast cancer metastasis
and the development of precision medi-
cine. We recapitulated the endosteal niche
with the exclusive use of primary human
cells to elucidate the effect of perivascular
cells and osteoblasts on breast cancer
metastasis. Thus, we were able to drive
cancer cells to a more invasive, migratory
phenotype using perivascular-like cells,
while osteoblast-like cells drove them to
quiescence, recapitulating the metastatic
niche and the initial phases of the bone
metastatic process. These data support
the thesis that phenotypic response from
cancer cells can be controlled by neigh-
boring cells and will support the engineer-
ing of an organ-on-chip approach which
allows the elucidation of a compounded
effect of more than one cell type involved in
the metastasis of breast cancer cells into
bone and provide a platform for their
mechanistic interrogation and therapy
development.

Abstract

Approximately 70% of advanced breast cancer patients will develop bone metastases,
which accounts for ~90% of cancer-related mortality. Breast cancer circulating tumor
cells (CTCs) establish metastatic tumors in the bone after a close interaction with local
bone marrow cells including pericytes and osteoblasts, both related to resident mesenchy-
mal stem/stromal cells (BM-MSCs) progenitors. In vitro recapitulation of the critical cellular
players of the bone microenvironment and infiltrating CTCs could provide new insights into
their cross-talk during the metastatic cascade, helping in the development of novel thera-
peutic strategies. Human BM-MSCs were isolated and fractionated according to CD146
presence. CD146+ cells were utilized as pericyte-like cells (PLCs) given the high expression
of the marker in perivascular cells, while CD146— cells were induced into an osteogenic
phenotype generating osteoblast-like cells (OLCs). Transwell migration assays were per-
formed to establish whether primary breast cancer cells (3384T) were attracted to OLC.
Furthermore, proliferation of 3384T breast cancer cells was assessed in the presence of
PLC- and OLC-derived conditioned media. Additionally, conditioned media cultures as well
as transwell co-cultures of each OLCs and PLCs were performed with 3384T breast cancer
cells for gene expression interrogation assessing their induced transcriptional changes with
an emphasis on metastatic potential. PLC as well as their conditioned media increased
motility and invasion potential of 3384T breast cancer cells, while OLC induced a dormant

phenotype, downregulating invasiveness markers related with migration and proliferation. Altogether, these results indicate that
PLC distinctively drive 3384T cancer cells to an invasive and migratory phenotype, while OLC induce a quiescence state, thus
recapitulating the different phases of the in vivo bone metastatic process. These data show that phenotypic responses from
metastasizing cancer cells are influenced by neighboring cells at the bone metastatic niche during the establishment of secondary

metastatic tumors.
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Introduction

Metastasis is the central event in cancer and accounts for
90% of cancer-related mortality." In the case of advanced
breast cancer, approximately 70% of patients will develop
bone metastases. A deeper understanding of how clinical
metastasis is initiated, particularly in key sites like bone, is
crucial for the development of precision treatment strate-
gies. Since probing the bone microenvironment in healthy
humans or cancer patients is fundamentally complex,
development of accurate in vitro human models of the peri-
vascular, primary central marrow, and endosteal niches of
the bone is critically important.

Bone metastatic invasion constitutes a multi-step pro-
cess, starting with extravasation of circulating tumor cells
(CTCs) into the bone marrow close to the endosteal surface,
followed by their close interaction with the local environ-
ment which determines the fate of the distant tumor before
it becomes clinically detectable.” Throughout these steps,
invading CTCs chemically and physically interact with dif-
ferent cellular players, all related with local progenitors of
mesenchymal phenotype (mesenchymal stem/stromal
cells, MSCs). A fraction of MSCs localize at the perivascular
space surrounding bone marrow sinusoids exhibiting a
pericytic phenotype,”™* controlling the extravasation of
CTC via secretion of the chemoattractant stromal cell-
derived factor 1 (Sdf-1) and capturing them through
CD146-dependent anchoring capabilities.>™ On the other
hand, MSCs serve as progenitors of bone-forming osteo-
blasts,®” which participate in the regulation of various bio-
logical phenomena determining the future of the
extravasated cancer cells. These include chemoresist-
ance®® and their entrance into a state of either dormancy
(i.e. quiescence) or growth following proliferation and
angiogenesis induction (i.e. angiogenic switch).

In order to study these complex cellular interactions,
several models have been utilized;>*"'® however, most of
these studies use murine cells in combination with human
tumor cells and immortalized cell lines. While valuable
information has been extracted from these studies, it is
important to consider that metastatic molecular mecha-
nisms have variations between species.'® Therefore, our
work aims to contribute to the understanding of the under-
lying mechanisms of breast cancer cell metastasis to bone,
by focusing on the influential effects that both pericytes and
osteoblasts have on invading breast cancer CTCs, using
human primary cells exclusively. In this study, we
exploited a dual role MSCs can have within the bone
marrow, reproduced using in vitro assays: first, as perisinu-
soidal pericytes interacting with invading CTCs; and
second as progenitors of bone-forming osteoblasts.
Human bone marrow-derived mesenchymal stem cells
(hBM-hMSCs) were fractionated based on their surface
expression of CD146, using CD146+ as pericyte-like cells
(PLCs), whereas CD146— were induced towards the osteo-
blastic lineage to produce osteoblast-like cells (OLCs,
Figure 1).*°* In doing so, along with transwell co-
cultures and conditioned-media cultures we recapitulated
the critical cellular components of the endosteal niche,*
which has been shown to play a critical role during

metastatic invasion of CTCs and subsequent induction of
quiescence of extravasated cancer cells.”

Materials and methods

hBM-MSCs culture and characterization

hBM-MSCs were obtained from consent-signed, de-identi-
fied healthy female patients (N=2, BMC2101 and
BMC2149). All hBM-MSCs were cultured as adhesion-
dependent cells in complete media containing low glucose
Dulbecco’s Modified Eagle Medium (LG-DMEM;
#12430054, Gibco, Grand Island, NY, USA) and 10% fetal
bovine serum (FBS; 89510194, VWR, Radnor, PA, USA) and
maintained in a humidified incubator at 37°C and 5% CO..
Cells were detached using TrypLE (#12604013, Gibco,
Grand Island, NY, USA) and were expanded to passage
4-5, at which point cells were plated for experiments or
stored at —80°C until further use.

All hBM-MSCs (passage 3) were characterized by the
minimum criteria including phenotypic expression. For
morphologic assessments and growth kinetics, hBM-
MSCs were plated at low confluence in complete media,
and plates were transferred into an IncuCyte® ZOOM
System (Essen BioScience, Inc., Ann Arbor, MI, USA) for
five days for live image analysis of growth kinetics.

Flow cytometric analysis of phenotype was performed
on all hBM-MSCs at passage 3. Briefly, cell suspensions
were stained with anti-human antibodies against positive
markers CD90, CD73, CD105, CD44 (Invitrogen, Waltham,
MA, USA), negative markers HLA-DR, CD34, CD45, and
CD31 (Miltenyi, Auburn, CA, USA), and corresponding
isotype controls along with Ghost Dye™ 780 Red
Viability dye (#13-0865, Tonbo Biosciences, San Diego,
CA, USA) for 20min at 4°C. Stained cells were washed
twice and transferred into the wells of a 96-well plate that
was loaded into a CytoFLEX S Flow Cytometer Platform
using CytoExpert software (Beckman Coulter, Brea, CA,
USA), as well as unstained controls. Acquisition of 20,000
events was achieved. Flow cytometric analysis of the phe-
notypic expressions of each marker was performed by
gating strategy of scatter, singlets, and live cells.

hBM-MSC fractionation

hBM-MSCs were fractionated by magnet-activated cell
sorting (MACS) based on the presence of CD146 using
CELLection Biotin Binder kit (#1153310; Invitrogen,
Waltham, MA, USA). Briefly, cells were washed with a
buffer consisting of Dulbecco’s phosphate-buffered saline
(DPBS; #14190144, Gibco, Grand Island, NY, USA) with
0.1% bovine serum albumin (BSA; A2153-50G, Sigma-
Aldrich, St. Louis, MO, USA) and 2mmol/L ethylenedi-
aminetetraacetic acid (EDTA; #E9884, Sigma-Aldrich, St.
Louis, MO, USA), followed by a 20-min incubation at 4°C
in the presence of 100ug biotinylated CD146 antibody
(#ab77928, Abcam, Cambridge, UK ). Cells were then
washed and resuspended in 1mL of buffer with 30 pL of
pre-washed Dynabeads and incubated at 4°C for 20 min
while rocking. Cell suspension was then increased to
5mL by adding buffer. The tube was placed in a magnetic



stand for 2 min. While in the stand, the supernatant which
contained CD146— cells was collected and transferred to a
new 15mL tube and the cells left in the first tube were
resuspended in 5mL of buffer. Both tubes were placed in
a magnetic stand to repeat the process three times to obtain
pure populations of cells. CD146— cells were used for oste-
ogenic induction and CD146+ cells were used as PLCs.

Osteogenic induction

CD146- hBM-MSCs from each donor (N =2) from passages
4-5 were plated at 26,000 cells/cm? in LG-DMEM supple-
mented with 10% FBS. Media was changed every two to
three days. Once confluency was reached, media was
switched to serum-containing LG-DMEM supplemented
with 1% (v/v) each of 10~° mol/L dexamethasone
(D2915, Sigma-Aldrich, St. Louis, MO, USA) and
12mmol/L ascorbic acid-2 phosphate (A8960, Sigma-
Aldrich, St. Louis, MO, USA). Media was changed every
three to four days until day 10 at which point 1%
200mmol/L p-glycerophosphate (G9422, Sigma-Aldrich,
St. Louis, MO, USA) was added to the media until day 21
of culture. Control hBM-MSCs continued to receive serum-
containing LG-DMEM only. Differentiations were per-
formed on transwell membranes with 3 um pores for trans-
well co-cultures, on fibronectin-coated glass coverslips for
immunofluorescent analysis, and on culture plates for
migration assays and bone matrix calcium quantification.

Immunofluorescent staining

OLCs and control hBM-MSCs from each donor (N =2) cul-
tured on glass cover slips were rinsed with PBS (10010023,
Gibco, Grand Island, NY, USA) and fixed with 4% parafor-
maldehyde (PFA; 15710, Electron Microscopy Sciences,
Hatfield, PA, USA) for 15min at room temperature fol-
lowed by three PBS washes. They were then permeabilized
with 0.25% Triton X-100 (1001976232, Sigma Aldrich, St.
Louis, MO, USA) and blocked for 1h with 5% normal
goat serum (500627, Molecular Probes, Eugene, OR, USA)
and 1% BSA. Samples were then incubated with Phalloidin
(A12379, Invitrogen, Waltham, MA, USA) and DAPI
(D3571, Molecular Probes, Eugene, OR, USA) diluted in
1% blocking buffer for 1h at 37°C, then washed again
three times. ProLong Platinum (P36970, Invitrogen,
Waltham, MA, USA) was used as mounting medium and
a fluorescence microscope was used to obtain images.

Bone matrix calcium quantification

Samples designated as OLCs or control hBM-MSCs from
each donor (n=3 per condition for each of the 2 donors)
were rinsed with distilled water and fixed with 4% PFA for
15min at room temperature. Wells were then rinsed again
with distilled water and covered with 1% alizarin red
(Ab5533, Sigma-Aldrich, St. Louis, MO, USA) solution for
1h at room temperature. Afterwards, wells were washed
for 15 min with distilled water until water came out clear. In
order to elute the stain, 10% cetylpyridinium chloride
(190177, MP Biomedicals, Solon, OK, USA) was added to
each well for 1h at room temperature. Elutions from each
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sample were plated in triplicate and absorbance at 584 nm
was obtained using a plate reader.

Breast cancer cell culture and characterization

Triple negative primary human breast cancer tumor cells
(cell identity 3384T, procured from the Live Tumor Culture
Core, University of Miami) from passage 125 were cultured
in BCMI-L media (Live Tumor Culture Core, University of
Miami). Media was changed every two to three days and
cells were characterized by phenotypic expressions of
breast cancer-related markers. Briefly, 3384T were prepared
as cell suspensions and stained with anti-human antibodies
against E-cadherin, Ep-CAM (Molecular Probes, Eugene,
OR, USA), vimentin, CD49f, N-cadherin, CXCR4
(Invitrogen, Waltham, MA, USA), and CD146 (Miltenyi,
Bergisch Gladbach, Germany). Cells were subsequently
washed twice and transferred into the wells of a 96-well
plate for flow cytometry acquisition and analysis as
described above.

Migration assay

3384T breast cancer cells were labeled with fluorescent
membrane dye PKH26 (PKH26GL, Sigma Aldrich, St.
Louis, MO, USA) according to manufacturer’s instructions,
and seeded on ThinCert membranes for 24-well plates with
8 um pores at 7500 cells/cm? and cultured for 24 h before
being placed in wells containing BCMI-L or wells with
OLCs derived from each donor (N =2) in BCMI-L media.
Membranes were fixed and mounted on days 1, 3, and 5.
Briefly, a cotton swab was used to wipe the apical side of
the ThinCerts to remove any cells that had not migrated.
Then the membranes were washed three times with PBS
and fixed with 4% PFA for 10min followed by another
three washes with PBS. Membranes were then mounted
using Prolong Platinum with DAPI Three cell counts
were performed manually by different individuals who
counted three random fields of view at 20X in each of
three membranes per condition per donor (n =3 for control,
experimental groups were pooled together to yield n=6).
Calculations included data obtained from both donors
(n=3 for each donor). Cells were required to express
both PKH26 and DAPI to be included in the count.

Breast cancer cell proliferation

Proliferation of 3384T breast cancer cells was assessed in
BCMI-L media, and in conditioned media collected from
OLCs or PLCs (conditions labeled as 3384T + OLCcy and
3384T + PLCcy, respectively). For preparation of the con-
ditioned media, OLCs and PLCs were cultured in BCMI-L
media from each donor (N =2) from passage 4-5 for 24 h.
The 3384T breast cancer cells at passage 125 were plated in
triplicate for each donor at low confluence and plates were
transferred into an IncuCyte® ZOOM System for five days
for time-lapse imaging and analysis of proliferation every
6h using IncuCyte ZOOM'’s Confluence Processing analy-
sis tool. Data presented is the average of that obtained from
both donors (n=3 for control, n=6 for experimental

groups).
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Transwell co-cultures

3384T breast cancer cells from passage 123 were seeded at
7500 cells/cm?. After 48 h transwell inserts were placed on
the wells with either OLCs or PLCs (conditions labeled as
3384T + OLCryw and 3384T 4 PLCry, respectively) from
each donor (N=2) from passage 4-5 (seeded at 7500
cells/cm? 48h prior) which were cultured in BCMI-L
media for 24h (Day 0). The 3384T breast cancer controls
were maintained in the wells without a transwell insert.
On days 1 and 3, 3384T +OLCry, 3384T 4+ PLCry, and
3384T were collected by incubation with 0.25% trypsin
(J63688, Alfa Aesar, Haverhill, MA, USA) for 3min at
37°C, neutralization with serum-containing DMEM and
then centrifugation at 500¢ for 4 min. Supernatants were
aspirated and RNAlater (AM7020, Invitrogen, Waltham,
MA, USA) was added to each sample for long-term storage
—20°C until RNA extraction.

Conditioned media cultures

The 3384T breast cancer cells from passage 123 were seeded
at 7500 cells/cm?. After 48 h media was changed to BCMI-L
(3384T), PLC-conditioned BCMI-L (3384T +PLCcy), or
OLC-conditioned BCMI-L (3384T 4+ OLCcy) from each of
two donors (Day 0). On days 1 and 3, 3384T,
3384T + PLCcp, and 3384T + OLCcy were collected and
processed as described above.

Gene expression analyses

RNA was extracted from samples of each condition (3384T
control, 3384T + OLCryw, 3384T + PLCry, 3384T + OLCcy,
and 3384T + PLCcy) using RNeasy Plus Mini Kit (74136,
Qiagen, Germantown, MD, USA) and then used to synthe-

(11754050, Invitrogen, Waltham, MA, USA) per manufac-
turers’ instructions. The resulting cDNA (1 ng) was used as
template for qualitative real-time polymerase chain reac-
tion (qRT-PCR) using SYBR GreenER kit (11762100,
Invitrogen, Waltham, MA, USA) per manufacturer’s
instructions to analyze mRNA expression levels of FGF13
(fibroblast growth factor 13) linked to cancer cell migration
and proliferation, CD9 (motility-related protein 1) a marker
of cancer cell motility, CD146 (melanoma cell adhesion mol-
ecule) which enables the binding of CXCR4 to Sdf-1 secret-
ed by osteoblasts, CX43 (connexin 43) a breast cancer tumor
suppressor, CXCR4 (C-X-C motif chemokine receptor 4)
involved in migration and proliferation as well as being
the ligand to Sdf-1 secreted by osteoblasts, CXCR2 (C-X-C
motif chemokine receptor 2) linked to proliferation and for-
mation of the metastatic niche, COL I (collagen I) involved
in tumor progression, COL IV (collagen IV) which protects
breast cancer cells from apoptosis, COL VI (collagen VI) a
marker of tumor progression, CDH1 (E-cadherin) which is
involved in invasion and cell differentiation in cancer cells,
CDH2 (N-cadherin) linked to migration and proliferation
of cancer cells, CDH11 (cadherin-11) involved in cancer cell
migration and invasion, VIM (vimentin) a marker of cancer
cell migration, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as a housekeeping control. The primers
used in this investigation are listed in Supplementary Table
S1. Samples were performed in triplicate and all Ct values
were normalized using GAPDH as a housekeeping gene
and fold expressions were calculated compared to 3384T
control group using the AACt method.

Additionally, gene expression profiles of day 3
3384T + OLCrw and 3384T + PLCrw were obtained using
RT? Profiler PCR Arrays specified for cancer stem cells

size cDNA using VILO Superscript cDNA Synthesis Kit = (PAHS-176Z, Qiagen, Germantown, MD, USA).
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Figure 1. Experimental design. h(BM-MSCs were isolated from human bone marrow and fractionated according to CD146 presence. CD146— cells were induced into
an osteogenic phenotype (OLCs) and CD146+ cells were determined to be pericyte-like cells (PLCs). Transwell migration assays were performed to determine if 3384T
were attracted to OLCs. Additionally, proliferation assays were performed where 3384T breast cancer cells were cultured for five days in OLCcy and PLCg. Finally,
transwell co-cultures of each OLCry and PLCr, were performed with 3384T breast cancer cells as well as cultures of 3384T breast cancer cells in OLCcy and PLCg.
The 3384T cells were collected on day 1 and day 3 for gene expression interrogation. (A color version of this figure is available in the online journal.)
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Figure 2. Phenotype of primary hBM-MSCs and osteogenic induction. (a) Surface antigen expression of markers (CD90, CD73, CD105, and CD44) demonstrated the
basal expression of primary hBM-MSCs. Additional, non-mesenchymal, markers (HLA-DR, CD45, CD34, and CD31) were negative. (b) Magnetic fractionation based
on the presence (green) or absence (red) of CD146; and quantification of CD146+ cells and CD146— cells post-fractionation (results from both patients were pooled,
n=6). (c) hBM-MSCs from two young healthy donors underwent osteogenic induction to obtain OLCs. OLCs obtained presented more cuboidal, spread-out mor-
phology compared to the spindle-like hBM-MSCs. (d) Significantly higher levels of calcium in OLCs matrix as revealed by alizarin red stain (n = 3 for each donor, scale
bars represent 300 um). ** indicates P < 0.01, *** indicates P < 0.001. (A color version of this figure is available in the online journal.)

According to the manufacturer’s instructions, qRT-PCR was
performed on each sample by combining 1 g of cDNA with
associated SYBR Green Mastermix (330503, Qiagen,
Germantown, MD, USA) and Invitrogen™ UltraPure™
Distilled Water (10977015, Invitrogen, Waltham, MA, USA)
which was then loaded into the wells of a profiler plate and
loaded into a CFX Connect'™ Real-Time PCR Detection
System thermocycler (BioRad, Hercules, CA, USA). All Ct
values were uploaded into Qiagen’s Gene Analysis Center
for normalization using all included housekeeping genes.
Relative gene expressions were normalized to 3384T control
group and represented as clustergrams for all genes.

All gene expression analyses include n=2 for controls
and n =4 for experimental groups, two from each donor,
where 1 indicates biological replicates.

Statistical analyses

Results are represented as mean =+ standard error mean for
all analyses using Prism v8 software (GraphPad, San Diego,
CA, USA). Data were analyzed using a two-tailed unpaired
t-test, with statistical significance defined as P <0.05.
Additionally, outliers from the migration assay were iden-
tified and removed using ROUT with Q=1%.

Results

hBM-MSC characterization

To confirm mesenchymal phenotype, hBM-MSCs from the
two healthy young female donors were immune-typified

using flow cytometry. The combination of both cell popula-
tions was positive (>95%) for CD90, CD73, CD44, and
CD105, as well as negative (<5%) for CD34, CD45, CD31,
and HLA-DR (Figure 2(a)), confirming their MSC

phenotypes.

PLC and OLC attainment

hBM-MSCs were fractionated by MACS to obtain two sub-
populations: CD146+ and CD146—. CD146+ hBM-MSCs
were defined as PLCs while CD146— hBM-MSCs were
used to induce osteogenesis to obtain OLCs. Post-
fractionation cell counts from both donors show CD146-+
cells accounted for 35.27% of all MSCs while CD146— cells
made up the remaining 64.7%. Flow cytometry results
(Figure 2(b)) indicated that 95.98% of cells in the PLC pop-
ulation expressed CD146 and no CD146— cells were
detected. Immunofluorescent staining was performed to
confirm osteoblast-like morphology and revealed that,
after osteogenic induction, OLCs present a more spread,
cuboidal phenotype when compared to control hBM-
MSCs which maintain spindle-like morphology (Figure 2
(). Alizarin red staining, used to determine the capacity of
OLCs to function properly, showed significantly more cal-
cium deposition in OLC ECM than in that of the control
hBM-MSCs (Figure 2(d)), suggesting that the OLCs
obtained were functional ECM-depositing osteoblastic
cells.
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Figure 3. Phenotype of primary breast cancer cells (3384T). Surface antigen expression of markers related to epithelial-to-mesenchymal transition (EpCAM,
E-cadherin, N-cadherin, vimentin) demonstrated the basal expression of primary breast cancer cells. Additional markers of interest were used to investigate the
mechanisms implicated in BCC aggressiveness (CD146, CD49f), migration (CXCR4, CD146), and chemoresistance (CD49f). (A color version of this figure is available in
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Figure 4. Migration assay showed time-dependent effect. The 3384T stained with PKH26 (red) migrated through ThinCert pores and membranes were fixed, stained
with DAPI (blue) and mounted on days 1, 3, and 5. Cells presenting both stains were counted (n =3 for control, n =6 for experimental group). Scale bar represents

100 pum. (A color version of this figure is available in the online journal.)

Breast cancer cell characterization

Given that these are primary human cancer cells, surface
antigen expression of markers was analyzed to determine
the basal expression of the 3384T breast cancer cells (Figure
3). EpCAM (3.93%), N-cadherin (3.22%), CXCR4 (0.69%),
and vimentin (1.22%) were minimally expressed while E-
cadherin (78.27%), CD146 (81.55%), and CD49f (81.62%)
were highly expressed. The results indicate that 3384T
breast cancer cells are highly aggressive, with migratory
potential, and considerable chemoresistance.?~>°

3384T breast cancer cell migration

Given the osteotropic nature of breast cancer CTCs, we
performed a migration assay to determine whether OLCs
would draw 3384T breast cancer cells. The cell counts (n =3
for control, n=6 for 3384T cultured in presence of OLCs)
show that on day 1, 3384T breast cancer cells cultured in
BCMI-L media alone migrated significantly more than
those in the presence of OLCs, while on day 3, 3384T cul-
tured with OLCs presented increased migration when
compared to controls cultured in BCMI-L media alone
(Figure 4). Overall, no correlation could be found, suggest-
ing the migratory effects may be time dependent.

Breast cancer cell proliferation

3384T breast cancer cells (n=3), 3384T +OLCcy (1 =6),
and 3384T + PLCcy (n=6) were used to determine prolif-
erative changes as a result of the conditioned media in an
effort to establish whether OLCs or PLCs would initiate a
tumorigenic-like phenotype in 3384T breast cancer cells
(Figure 5). Although not statistically significant, prolifera-
tion rates suggest that 3384 T breast cancer cells proliferated
slower in the presence of PLCcy compared to the control.
On the other hand, cells incubated with OLC¢ys did not
appear to have altered proliferation patterns (Figure 5(b)).
In both cases, the biggest difference between groups was
found around the 54 h mark.

Gene expression responses

Osteoblasts and pericytes have a key role in the extravasa-
tion and metastasis of breast cancer cells. In order to specif-
ically determine each of their roles, genetic expression
changes were used to determine the effects of OLCs and
PLCs, as well as their respective conditioned media, on
3384T breast cancer cells. RT-qPCR data from day 1
(Supplementary Figures S1 and S2) did not suggest clear
effects, while data derived from day 3 cultures showed sig-
nificant changes. In the case of 3384T+PLCpy and
3384T + PLCcy;, the following results were observed
(Figure 6): both conditions present low expression of E-
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cadherin, CXCR2, CXCR4, and FGF13; suggesting de-
differentiation of the cancer cells and increased invasion.
On the other hand, they present high expression of collagen
VI, linked to tumor progression. Furthermore,
3384T + PLCrw presented low expression of CD9 and
increased expression of Collagen I, while 3384T + PLCcp
underwent upregulation of Vimentin and Cadherin-11; all
of which have a key role in migration and invasion.
Additionally, 3384T + OLCrw and 3384T +OLCcy showed
decreased expression of Cadherin-11 and N-cadherin in
3384T breast cancer cells which relates to decreased migra-
tion and invasion, as well as increased expression of
Collagen VI, a tumor progression marker. 3384T + OLCryy
also underwent downregulation of CD9, FGF13, CD146,
CXCR4, and CX43, indicating decreased migration and
increased tumor potential, while culturing
3384T + OLCcy increased expression of CXCR2 which is
linked to tumor niche formation (Figure 7).

Additionally, RT® Profiler PCR Arrays specified for
cancer stem cells were used to determine gene expression
profiles of day 3 3384T +OLCpy and 3384T + PLCrw.
Genes were categorized according to function and the
data were arranged using unsupervised hierarchal cluster-
ing. In the panels related to metastatic behavior (Figure 8
(a)) 3384T +PLCrw presented substantial expression of
genes related to increased migration (ITGA4, ZEB2,
ALCAM, GATA3, PROM1, ABCB5 CXCL8, SNAII,
TWIST1, TWIST2, MUC1, ALDH1A1, PECAM1); as well
as a downregulation of CD24 and upregulation of CD44,
also linked to invasion and breast cancer stem cells.’~*
ITGB1 and PLAUR were upregulated, which are markers
of blood vessel remodeling.**~” The majority of tumorigen-
esis markers (ALDH1A1, PROM1, NOS2, ERBB2, CXCLS,
PLAUR, SNAI1, and ENG) were considerably upregulated.
While expression of AXL and LIN28B, cancer stem cell

TWIST2, ABCB5, ALDH1A1, and PROM1 were upregu-
lated. Lastly, with regards to proliferation markers, there
was downregulation of BMI1, IDM1, as well as upregula-
tion of PECAM1 which is a proliferation suppressor.®®

The 3384T +OLCrw underwent marked expression
changes when compared to the control (Figure 8(a)). It pre-
sented mixed expression alterations in the migration and
metastasis panel, most likely because these genes are also
involved in processes related to the establishment of a sec-
ondary tumor and stemness.” > The majority of the
changes seen in the proliferation panel (upregulation of
KLF7, THY1, PECA1, and PLAUR as well as downregula-
tion of BMI1 and ID1) are linked to decrease in prolifera-
tion. Although the tumorigenesis panel shows two
downregulated genes (ENG, BMI1), the rest were upregu-
lated. Finally, 3384T + OLCrw presented upregulation of
the majority of markers involved in stemness (except for
ZEB2, BMI1, and CD24) and downregulation of CD24 cou-
pled with upregulation of CD44, which is an important
indicator of cancer stem cells.

Regarding signal transduction effects, 3384T + OLCrwy
and 3384T+PLCrw presented a downregulation of
Hippo and Hedgehog pathways as well as the Wnt path-
way (Figure 8(b)) through inhibition by DKK1. On the other
hand, the Notch pathway had a combination of upregu-
lated and downregulated ligands and receptors (Figure 8
(b)). Additionally, RT* Profiler PCR Arrays also yielded
possible therapeutic targets (Figure 9(a)) based on specific
altered gene expressions including the upregulation of
DDR1, PTCHI1, DKK1, FZD7, STAT3, and ATM, as well as
the downregulation of CHEK1, ID1, GSK3B, NFKBI,
ABCG2, AXL, EPCAM, JAK2, TGFBR1, IKBKB, and SMO
in 3384T cultured in the presence of both OLCs and PLCs.
KLF17 was upregulated in 3384T 4+ PLCry and WEE1 was
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Discussion

Investigation of the paracrine interactions between the end-
osteal niche cellular components and invading breast
cancer CTCs is paramount to understanding the various
metastatic cascade steps, and secondarily to design novel
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therapies. Herein, we show that two important cell popu-
lations that are part of the endosteal niche, perisinusoidal
pericytes and osteoblasts, represented by PLCs and OLCs,
respectively, distinctively participate inducing phenotypic
changes in invading CTCs. The exclusive use of human
primary cells allowed in vitro studies that more closely
resemble human physiology than previously reported.
Specifically, we used primary hBM-MSCs to derive PLCs
and OLCs as well as primary breast cancer tumor cells
which according to surface antigen expression were
highly aggressive cells with migratory potential and con-
siderable potential chemoresistance.**" PLCs and OLCs
induced distinct phenotypes in primary breast cancer
cells 3384T. PLCs as well as PLCcy increased motility
and invasion potential in 3384T breast cancer cells while
OLCs appeared to induce a dormant phenotype in 3384T
breast cancer cells, decreasing markers of migration and
proliferation. These phenotypic changes mirror the behav-
ior or CTCs in vivo as they initially migrate through the
blood vessel wall while exposed to perivascular cells pre-
extravasation and then enter a quiescent stage once in the
bone parenchyma post-extravasation while in close contact
with osteoblasts. Additionally, both OLCs and PLCs down-

Hippo Pathway D‘l Wt Pathwey H regulated genes in the Hippo pathway, shielding cancer
ggi i§§ cells from apoptosis, while upregulating cancer stem cell
___';*i m‘"?.r and tumorigenesis markers.
— Notoh Pathway 1 Effects of PLCs on 3384T breast cancer cells
Hedgehog Pathway ﬂ 233 3384T + PLCryw experienced a considerable change in gene

expression (ITGA4, ZEB2, ALCAM, GATA3, PROM]1,
ABCB5, CXCL8, SNAIl1, TWIST1, TWIST2, MUCI,
ALDH1A1, PECAM1, E-cadherin, CD9, and collagen I)
related to increased migration, invasion, metastasis, and
aggressiveness.”¥?*?%42°171 Additionally, these cells have
downregulation of CD24 and upregulation of CD44 which
is also linked to invasion and distant metastasis.’>
Interestingly, collagen VI, ITGB1, and PLAUR were upre-
gulated, indicating an increase in markers associated with
vessel remodeling during the extravasation process.**~’
These findings correlate with the metastatic stage where
CTCs interact with PLCs. During extravasation, CTCs
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Figure 8. Transcription profile changes. Unsupervised hierarchical clustering of
genes shows altered expression of genes associated with (a) migration and
metastasis, proliferation, tumorigenesis, and stemness, as well as of genes
associated with (b) signal transduction in the Hippo, Hedgehog, Wnt, and Notch
pathways. The three culture conditions (3384T, 3384T + PLCry, 3384T + OLCry
at day 3) are represented on the top of each cluster (3384T control n=2, all
others n=4). (A color version of this figure is available in the online journal.)
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migrate through the blood vessel wall directly affecting its
composition and causing vascular leakiness’? in order to
invade the bone.

While there was some decreased expression of a few
tumorigenesis markers, including ATXN1, LIN28B, AXL,
and BMIL*7>7 in 3384T+PLCry, most of them
(ALDH1A1, PROM1, NOS2, ERBB2, CXCL8, PLAUR,
SNAIl, and ENG) were greatly upregulated, which indi-
cates increased tumorigenic phenotype, neovasculariza-
tion, and tissue remode1ir1g.37'44’46’47’50’63’76’77 This
phenotypic change suggests that cells in contact with PLC
are being primed to form distant metastasis.

When looking into stemness markers in 3384T + PLCry,
even though two of the cancer stem cell markers (AXL and
LIN28B)**”® were downregulated; ZEB2, KIT, TWIST1,
TWIST2, ABCB5, ALDH1A1, and PROMI, involved in
self-renewal, de-differentiation, and the establishment of
cancer stem cells,*>**°%79-8! were all significantly upregu-
lated. At the same time, there was E-cadherin downregula-
tion which is linked to loss of differentiation.”®*
Additionally, these cells presented an upregulation of
CD44 and downregulation of CD24. CD44"/CD24~ have
been shown to correlate with cancer-initiating cells,® and
more specifically, with breast cancer stem cells.*!
Altogether  this expression shift indicates that
3384T + PLCrw have increased stem properties in line
with initiating and maintaining a secondary tumor once
they reach the endosteal niche.

The 3384T +PLCryw presented an overall decrease in
proliferation, according to marker expression. There was
downregulation of BMI1, IDM1, CXCR2, and CXCR4, all
linked to cell proliferation,*** as well as upregulation of
PECAM1 which is a proliferation suppressor.®® While
PLAUR, which is also associated with increased prolifera-
tion, was upregulated, it is a critical marker for migration
and matrix remodeling as well, which are key aspects of
extravasation.”” Previous studies® *° have shown that
tumor cells present decreased expression of genes related
to proliferation when increasing expression of motility and
invasion genes. Additionally, findings indicate that 3384T
present with dedifferentiated phenotype (most notably due
to the downregulation of E-cadherin®®??) which has been
determined to be associated with increased invasion and
migration.”"

In order to isolate the effect of PLC on 3384T, condi-
tioned media experiments were performed. The
3384T + PLCcy presented low expression of E-cadherin,
linked to loss of differentiation and increased invasion.?**’
The 3384T + PLCc\m presented upregulated expression of
Collagen VI, involved in blood vessel remodeling, to a
higher degree than 3384T + PLCrw. While 3384T + PLCcp
did not experience transcriptional changes in CD9, or
Collagen I like 3384T-PLCrw did, they did present
increased expression of Vimentin and Cadherin-11, which
are linked to migration and invasion to bone.?**'~*
Overall, these differences from 3384T +PLCry suggest
that although PLC cytokines activate metastatic genotypes
in cancer cells, in the presence of cancer cells, PLCs

attenuate their invasion potential. In addition, and similar-
ly to 3384T + PLCrw, CXCR2 and CXCR4 were downregu-
lated in 3384T +PLCcy;, indicating a decrease in cell
proliferation.**® This was consistent with the slight
decrease observed in the proliferation assay which pre-
sented the largest decrease between 54 and 72 h, coinciding
with the time point at which these RT-qPCR and RT? sam-
ples were obtained (Figure 4).

Effect of OLC on 3384T breast cancer cells

3384T + OLCryw presented overall upregulation of tumori-
genesis and cancer stem cell markers, suggesting that OLCs
modify the cancer cells to initiate a tumor, establish the
metastatic site by remodeling the surrounding ECM, and
initiating angiogenic and neovascularization processes. In
addition to the stemness and tumorigenesis markers previ-
ously mentioned, 3384T + OLC presented an upregulation
of Collagen VI linked to tumor progression and inhibition
of cancer cell apoptosis.®**®

The 3384T-OLCrywy transcription level from the profiler
panel related to migration and metastasis (Figure 8(a))
appears to not have a clear trend; however, a closer look
reveals that the upregulated markers related to increased
migration are also critical in the establishment of a second-
ary tumor and are linked to processes such as colonization,
adaptation to a foreign environment, tumorigenesis, reca-
pitulation of the primary tumor, skeletal metastasis initia-
tion, and stemness.>”’®° This could be the reason why our
representative migration assay demonstrated no clear trend
and the migration of 3384T, which reinforces the complex-
ity of migratory pathways where some mobility markers
were upregulated while others were downregulated.

Most expression changes seen in the proliferation panel
(Figure 8(a)) yield a decrease in proliferation except for
PLAUR, which is related to matrix remodeling.”” In addi-
tion, there was a downregulation in expression of
Cadherin-11, N-cadherin, FGF13, CD146, and CXCR4,
which are all associated to migration, invasion, and
proliferation.””##*7~1% CD9 was downregulated suggesting
increased malignancy,””® even though there have been
reports of increased CD9 in osteotropic breast cancer
cells.'® Thus, OLCs appear to induce a quiescent pheno-
type in 3384T breast cancer cells, decreasing markers of
migration and proliferation. The adoption of a quiescent
phenotype agrees with the literature as osteoblasts play a
critical role in the induction of dormancy in post-
extravasation cancer cells."”

To isolate the effect of OLCs on 3384T breast cancer cells,
conditioned media experiments were performed. The most
important  differences that were found between
3384T +OLCryw and 3384T +OLCcy relate to migration
and proliferation markers which were downregulated in
3384T + OLCrw but to a lesser degree or not at all in
3384T + OLCcm (CD146, CD9, FGF13, N-cadherin). This
difference could explain why the proliferation assay did
not result in reduced proliferation of 3384T + OLCcyy, as
well as the fact that the biggest difference found in the
proliferation assay took place between 42 and 54h.



Nevertheless, there was an upregulation of CXCR2, which
is involved in the establishment and maintenance of the
metastatic niche most likely by promoting angiogene-
sig, 106107 Collagen I and CX43, both of which promote sur-
vival of cancer cells, were upregulated when compared to
3384T + OLCrw. Additionally, increased expression of
E-cadherin in 3384T +OLCcy when compared to the
other two groups could indicate a reversal to an epithelial
phenotype. Lastly, we speculate that the significant upre-
gulation of CXCR4 could be a response to Sdf-1 secreted by
OLCs. Altogether, the differences in 3384T + OLCcy sug-
gest, much like in 3384T + PLCcy,, that in the absence of
osteoblast-like cancer cells present a more aggressive geno-
type and that the presence of OLCs attenuate their meta-
static potential.

PLC and OLC modulate signaling pathways in 3384T
breast cancer cells

PLCs and OLCs induced important changes in the key cell
signaling pathways Hippo, Hedgehog, Wnt, and Notch.
Under both co-culture conditions, 3384T breast cancer
cells show decreased Hippo pathway gene expression
which in turn protects cancer cells from apoptosis.'”® Both
3384T+PLC and 3384T+OLC presented inactivated
Hedgehog as seen by the downregulation of GSK34'” as
well as the increase in PTCH1 which downregulates SMO,
thereby decreasing cancer cell proliferation."***! PLCs and
OLCs also had a similar effect on Wnt, given that DKK1 is
Wnt negative regulator'™? and the increase of WNT1
degrades f-catenin which also downregulates EPCAM
resulting in decreased cell proliferation."">"* Finally,
changes in Notch ligand and receptor expression as well
as the signal transducer MAMLI1 were observed in the
Notch pathway. Some of these changes have been previous-
ly reported to have specific effects on the pathway modu-
lating properties related to metastasis. DLL4 upregulation
has been linked to vascular remodeling and angiogene-
sis, "> NOTCH2 upregulation is associated with cancer
stem cell phenotype,"'> while decreased expression of
JAGland NOTCHI1 inhibits prolife1ratior1.1l7'118 Therefore,
the overall effect that PLCs and OLCs had on 3384T essen-
tial cell pathways was one of protection of cancer cells,
decreased proliferation and increased tumorigenesis, fall-
ing in line with what was discussed above.

Clinical relevance

Clinically relevant cancer therapeutic targets were also dra-
matically altered by PLCs and OLCs (Figure 9(a)). These
genes have been previously identified, and are currently
under pre-clinical and clinical investigation with therapeu-
tic inhibitors"” (Figure 9(b)). Discovering preliminary con-
cordance between the genes regulated in our study, and the
genes that are being targeted by candidate drugs in pre-
clinical to clinical development provides initial validation
that our PLC and OLC transwell co-culture set up could be
employed to discover more novel targets. In the future,
these interactions can be sequentially studied using
organ-on-chip technology which can integrate both PLCs

Mayo et al. Engineered endosteal niche

and OLCs in the same system in a more physiologically
relevant manner in order to better understand the com-
pounded effect of these critical cell populations as well as
additional ones such as endothelial cells or cancer-
associated fibroblasts. Additionally, microfluidics could
allow for cancer cells to be circulated in a tissue-
engineered endosteal niche, much like CTCs do in vivo, in
order to track them throughout the metastatic process,
exposing them to individual critical cell populations
sequentially or at the same time. This would enable the
elucidation of cell-cell and paracrine interactions that
drive the establishment of the metastatic niche and eventu-
ally, the stimuli that drive the colonizing cells to prolifera-
tion and formation of the secondary tumor.

Conclusions

In this study, we recreated the endosteal niche using pri-
mary human cells in order to understand the effect of
two of its most important cell populations (perivascular
cells and osteoblasts) on breast cancer metastasis and
the formation of the secondary tumor in bone. Overall,
the results indicate that primary hBM-MSC-derived peri-
vascular-like cells drive 3384T cancer cells to a more
invasive, migratory phenotype, while osteoblast-like cells
drive them to quiescence and the establishment of the met-
astatic niche, recapitulating cancer cell behavior in vivo.
These data provide a baseline to support the thesis that
phenotypic response from cancer cells can be controlled by
neighboring cells, which could explain why CTCs choose
specific sites to extravasate. While this study elucidated
the individual effects of each endosteal cell population,
an organ-on-chip approach would allow the interrogation
of a compounded effect with two or more different cell
types that play a part in the extravasation of breast
cancer cells into, as well as their establishment of a sec-
ondary site in, bone. This approach would also allow for
the sequential exposure of cancer cells to different critical
cell populations as it occurs in vivo (first they are exposed
to pericytes, then to osteoblasts) enabling a high fidelity
recapitulation of the metastatic niche in order to gain
insight into the metastatic process as well as uncovering
new therapy targets.
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