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The Bone Morphogenetic Protein (BMP) pathway is a member of the TGFg signaling
family and has complex roles in cancer. BMP signaling is rarely mutated and can be
frequently overexpressed in many human cancers. The dichotomous role of BMPs as
both tumor promoters and suppressors appears to be largely context based in both the
cancer cell and the surrounding microenvironment. Myeloid cells including macrophages
and neutrophils have been shown to be tumor promoting when stimulated from BMPs.
We found that conditional deletion of BMPR1a in myeloid cells (LysMCre) restricts tumor
progression in a syngeneic mouse prostate cancer model. Specific changes occurred
in myeloid cells both in tumor bearing mice and tumor naive mice throughout multiple
tissues. We profiled myeloid subsets in the bone marrow, spleen and primary tumor and
found myeloid BMPR1a loss altered the differentiation and lineage capability of distinct
populations by histologic, flow cytometry and high dimensional mass cytometry analysis.
We further confirmed the requirement for BMP signaling with pharmacologic inhibition of
THP-1 and Raw264.7 activated into M2 macrophages with the BMP inhibitor DMH1.
M2 polarized primary bone marrow derived cells from LysMCre BMPR1a knockout mice
indicated a distinct requirement for BMP signaling in myeloid cells during M2 activation.
These results indicate a unique necessity for BMP signaling in myeloid cells during
tumor progression.

Keywords: BMP, tumor microenvironment, myeloid cells, prostate cancer, macrophage polarization

INTRODUCTION

The bone morphogenetic proteins (BMPs) are members of the transforming growth factor-g (TGF-
B) super-family and exhibit diverse roles during development and tissue homeostasis. BMPs bind to
two types of serine/threonine kinase transmembrane receptors, type I and type II. Type I receptors
consist of seven different activin receptor-like kinases (ALK) numbered 1 through 7. ALK-3, also
known as BMPR1a, acts as a type I receptor to activate downstream canonical Smad signaling in
cells after BMP ligand binding. Smad dependent BMP signaling in multiple cell lineages drives
inhibitor of differentiation-1 (ID1) gene expression. Induction of IDI suggests BMPs are regulators
of differentiation in a variety of cell types (1).
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BMPs were first discovered for their role in the formation of
bone (2). BMPs are involved in differentiation of mesenchymal
stem cells into bone forming osteoblasts and cartilage forming
chondroblasts to participate in skeletogenesis (1, 3). In BMPR-
I and BMPR-II mutant mice, embryos are unable to develop
and lack a mesoderm, indicating BMP signaling is necessary
for development of the mesoderm layer (4, 5). BMPs have been
shown to also regulate hematopoietic stem cells (HSCs) in the
bone marrow and control the size of the HSC compartment (6,
7). BMPs regulate myeloid potential indirectly through stromal
osteoblast lineages for increased homing of HSCs in bone
marrow (8, 9). Acute lymphoblastic leukemia cells produce BMP-
4 to impair differentiation of macrophages and dendritic cells,
and maintain a unique pro-tumorigenic microenvironment (10).
BMP-2 ligand promotes immunomodulation of macrophages
and their induction of bone marrow stroma ontogenesis (11). The
role of BMPs in bone formation and hematopoiesis has been well-
studied, yet during cancer progression the function of BMPs is an
emerging field.

BMPs have divergent roles in cancer, acting as both
suppressors and promoters of tumor progression under different
circumstances. Based on the cell type and surrounding tumor
microenvironment, BMPs take on differing actions in tumor
biology (12). A positive correlation exists between BMP
expression and clinical stages of cancer in human patients
(13). BMPs promote tumorigenesis and progression by driving
tumor invasion and angiogenesis, as well as supporting a
pro-tumorigenic microenvironment and metastasis (14). Our
previous work identified BMPs as a viable target in the tumor
and microenvironment, with the BMP inhibitor dorsomorphin
homolog 1 (DMH1) reducing tumor progression and metastasis
in a breast cancer mouse model (15). Conditional knockout of
BMPRI1a in a mammary tumor mouse model delayed tumor
initiation and prolonged survival (16). Inhibition of BMP
signaling impedes M2 polarization of macrophages, supporting
an anti-tumorigenic breast cancer microenvironment (15). Our
goal was to investigate the impact of BMP signaling inhibition
in myeloid cells in a prostate cancer mouse model. Under
precise conditions, BMPs exhibit a tumor promoting role in
prostate cancer, driving proliferation and invasion (17). BMP
signaling in prostate cancer drives bone metastasis, which is the
most common site of metastases for prostate cancer patients
(18). The LNCaP human prostate cancer cell line exhibits
increased proliferation upon BMP-2 treatment in the absence
of androgen, however when treated with androgen, BMP-2
inhibited cell growth (19). Apoptosis is induced by BMP signaling
in several cancer cell types, but can also be dependent on the
surrounding microenvironment to inhibit tumor growth (20).
In the PC-3 and DU-145 human prostate cancer cell lines,
BMP-7 induces p21P"1/WAFL t5 inhibit proliferation and tumor
growth (21). BMP-6 has also been found to inhibit growth in
DU-145 cells by inducing upregulation of p21¢/P1/WAF1 = 51g,
and p19 (22). In breast cancer, BMPs elicit dual roles, which
depend on specific cell types and conditions that require further
investigation (18).

In our study, we utilized a LysMCre mediated myeloid
specific BMPR1a conditional knockout mouse model along with

a syngeneic prostate tumor model. We show that BMPR1a in
myeloid cells plays a pro-tumorigenic role in prostate tumor
growth, and that loss of BMPR1a impairs tumor progression.
Myeloid differentiation in the bone marrow and spleen also
exhibit alterations to the immune compartments upon loss of
myeloid BMPR1a signaling. Utilizing the pharmacologic BMP
inhibitor DMH1, we found a requirement for polarization of
M2 macrophages. Our findings suggest that inhibiting BMPR1a
signaling may be a viable therapeutic approach for prostate
cancer patients.

MATERIALS AND METHODS

Cell Culture

The THP-1 cell line was obtained from the American Type
Culture Collection (ATCC) and cultured in RPMI-1640 Medium
(Corning) and 10% Fetal Bovine Serum (FBS) (Seradigm). The
Raw264.7 cell line was obtained from ATCC and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) high glucose
with sodium pyruvate (Corning) and 10% FBS (Seradigm). The
MyC-CaP cell line was obtained from Dr. Austin Kirschner at
Vanderbilt University with permission of ATCC and cultured
in DMEM (Corning) and 10% FBS (Seradigm). All cell lines
were routinely tested for mycoplasma infection by PCR and
authenticated by morphology and published growth rates
available from ATCC.

Mouse Models

LysMCre (Jax Stock #004781), BMPRIla floxed (MMRRC
UNC STOCK #030469), tdTomato, -EGFP (mTmG) Cre
reporter (Jax Stock # 007676) mice were bred onto an FVBn
(Jax Stock # 001800) background. Six week old male FVBn
mice expressing LysMCre™ . BMPR1a"’.mTmG™ (Control) or
LysMCre™.BMPR12". mTmG* (cKO) were used in tumor
naive and tumor bearing experiments (23, 24). All mice
contained at least one allele of the tdTomato/EGFP Cre
reporter of recombination (25). For tumor naive studies, the
spleen and bone marrow were harvested for experimental
analysis. For the tumor studies, 1 x 10° MyC-CaP cells in
100 pL PBS were injected subcutaneously into both flanks for
each mouse. Tumors were palpable at 15 days post injection
and tumor volume (length x width) was measured with
calipers every 2-3 days for 29 days. Once tumors reached
the maximum acceptable size at day 29, mice were sacrificed
and the spleen, bone marrow, and tumors were harvested for
experimental analysis. LysMCre*. BMPR1a/* mTmG* mice
were also maintained on a C57Bl6 background for primary
cell line development. Mice were bred and maintained at
Vanderbilt University and the Nashville Veterans Affairs
Medical Center (protocol number V/16/012) as well as
at the University of Colorado Anschutz Medical Campus
(protocol number 00553). All animal procedures
performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and
Use Committees.

were
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Primary Bone Marrow Derived BMPR1a
Control and cKO Cell Lines

The BMPR1a cell lines were derived from 5 month old male
C57Bl6 mice with the following genotypes:

LysMCre* . BMPR1a"Y*!.mTmG*/~ (Control) will be
referred to as PODS4 and LysMCret BMPRIaflo¥/flox
.mITmGT/~ (cKO) will be referred to as PODS5. Femur
and tibia bones were harvested from mice, sliced lengthwise
and placed in a T-75 vented tissue culture treated flask
(Greiner) with 20mL of DMEM (Corning) supplemented
with 10% FBS (Seradigm) and 3X antibiotic (Gibco). Cells
were cultured in a humidified incubator at 37°C and 5%
CO;. Media was changed at 48h, then the bone fragments
were removed between day 7 and 10 of culture. Cells
were expanded into two flasks prior to flow cytometry
sorting. Sorting was performed by the CU Cancer Center
Flow Cytometry Shared Resource using a MoFlo XDP
Cell Sorter (Beckman Coulter) with a 100 wm nozzle tip.
After multiple flow cytometry sorts, PODS4 double positive
cells expressing tdTomato and EGFP were collected, and
PODS5 single positive cells expressing EGFP were collected.
Both cell lines were expanded for macrophage polarization
experiments. Cell morphology and EGFP expression was
assessed at 20X on an Eclipse Ni inverted microscope (Nikon)
(Supplemental Figure 3B).

Histology and Immunohistochemistry (IHC)
Ex vivo tissues were harvested and immediately placed in 10%
formalin and fixed for 24 h. Tumors were butterflied and then
laid flat in a cassette to ensure the center of the tumors were
reached when sectioning. Then formalin was replaced with
70% ethanol for 24h prior to embedding in paraffin wax.
Formalin-fixed and paraffin-embedded (FFPE) tissue blocks were
sectioned at 5pum thickness with one section per stain, and
mounted on plus coated microscope slides. Unstained slides
were baked for 1h at 60° Celsius prior to paraffin removal
with xylenes and rehydration of tissue in graduated ethanol
rinses (100-95-70-50-PBS). Antigen retrieval was performed in
Citrate pH 6.0 for heat-induced epitope retrieval. Routine H&E
staining was performed in Harris hematoxylin (Vector Labs).
Primary antibodies for F4/80 (Bio-Rad 1:200), Ki-67 (Sigma
1:500), Cleaved Caspase-3 (Cell Signaling 1:100), BMPRIa
(Millipore 1:100) and pSMAD1/5/8 (Millipore 1:100) were used
for immunohistochemistry (IHC) staining. Signal was detected
by ImmPRESS polymer secondaries to appropriate host and
DAB chromogen substrate (Vector Labs) and counterstained
with Hematoxylin QS (Vector Labs). All bright field IHC and
H&E were scanned at 40X (0.22 um/pixel) magnification using
a ScanScope XT System (Aperio Technologies). To quantitate
IHC staining, a grid of up to 5 20X images per tumor were
captured, avoiding excessive stroma or necrotic tissues, on an
Eclipse Ni microscope (Nikon) and imported into Image] (U.S.
National Institutes of Health) to change contrast to blue and
auto-adjust threshold then measure the mean staining. The
mean measurement was then averaged across all images for
each tumor.

Flow Cytometry

Single cell suspension of spleens were prepared by crushing
the spleen between two microscope slides and filtered in a
70um cell strainer. Single suspension of bone marrow was
prepared by removing femurs from mice and flushing PBS
from a 25 gauge tuberculin syringe through the marrow cavity
and filtered by a 70 um cell strainer. Single cell suspension of
tumor were digested in neutral protease (Worthington Bio),
collagenase 3 (Worthington Bio), DNase (Worthington Bio) and
3X antibiotic (ThermoFisher Scientific). Prior to staining, all
cells were frozen in 90% FBS (Seradigm) and 10% dimethyl
sulfoxide (DMSO) (MP Biomedicals) and stored at —80°C to
allow for more uniform staining of samples and immediate
analysis without time limitations. Frozen single cells were thawed
in a 37°C water bath for 3min then washed in FACS buffer
before staining. The single cells were blocked in 5% FBS
(Seradigm), then stained for surface markers and filtered prior
to acquisition on the Fortessa cytometer (BD Biosciences). The
antibodies used are listed in Supplemental Table 2 (Biolegend).
Flow cytometry data analysis was performed on Flow]Jo (version
10 for Windows, BD Biosciences). The gating strategy is shown
in Supplemental Figure 1A.

CyTOF

Single cell suspension of spleens were prepared by crushing
the spleen between two microscope slides then washing with
PBS and filtering in a 70 wm cell strainer. Single suspension
of bone marrow was prepared by removing femurs from mice
and flushing PBS from a 25 gauge tuberculin syringe through
the marrow cavity and filtered by a 70 pm cell strainer. Single
cell suspension of tumor were digested in neutral protease
(Worthington Bio), collagenase 3 (Worthington Bio), DNase
(Worthington Bio), and 3X antibiotic (ThermoFisher Scientific).
Prior to staining, all cells were frozen in 90% FBS (Seradigm)
and 10% DMSO (MP Biomedicals) and stored at —80°C to
allow for more uniform staining of samples and immediate
analysis without time limitations. Frozen single cells were thawed
in a 37°C water bath for 3min then washed in PBS before
staining. Single cells were stained for surface markers then
intracellular markers and filtered prior to acquisition on the Mass
Cytometer (Fluidigm). Staining and acquisition was performed
by the Vanderbilt University Cancer and Immunology Core. The
antibodies used are listed in Supplemental Table 3 (Fluidigm).
High dimensional CyTOF analysis was performed on Cytobank
(premium.cytobank.org) and viSNE analysis was performed with
implementation of 1000 iterations, a perplexity of 30, and a
theta of 0.5. For viSNE clustering individual sample FCS files
were concatenated based on tissue, BMPRIla genotype, and
tumor or naive, then analysis was run for all stained channels.
The gating strategy is shown in Supplemental Figure 1B. Cells
were gated off of a DNA+ gate, followed by a Live Cell gate
then a CD45% gate to isolate immune cells. viSNE clustering
was implemented on all CD45" cells and included all staining
markers, with gates manually drawn around immune cell
populations based on positive staining for each immune marker
from the viSNE clusters.
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Macrophage Polarization With BMP
Inhibition

THP-1 cells were plated at 2 x 10° cells in triplicate 6-well
cell culture plates (Greiner Bio-One) in 2mL of culture media
and incubated for 48 h with 1 ug/mL phorbol 12-myristate 13-
acetate (PMA) (Millipore) to activate suspension monocytes
into differentiated adherent macrophages, along with 100 ng/mL
human IL-4 (RnD), and 100 ng/mL human IL-13 (RnD) to
polarize cells into M2 macrophages. Adherent Raw264.7 cells
were plated in triplicate at 1 x 10° cells in 6-well cell
culture plates (Greiner Bio-One) in 2mL culture media and
incubated for 48 h with 100 ng/mL mouse IL-4 (Biolegend), and
100 ng/mL mouse IL-13 (Biolegend) to polarize the macrophages
into M2 macrophages. Both THP-1 and Raw264.7 cells were
simultaneously treated with 10 uM DMHI1 (Selleckchem) (26) or
DMSO (MP Biomedicals) control. PODS4 and PODSS5 cells were
plated in triplicate at 2.5 x 10° cells in 2mL culture media per
well of 6-well cell culture plates (Greiner Bio-One) and incubated
for 48 h with 100 ng/mL mouse IL-4 (Biolegend), and 100 ng/mL
mouse IL-13 (Biolegend) to polarize the macrophages into M2
macrophages. No PMA was used to activate adherent Raw264.7,
PODS4, and PODSS5 cell lines into M2 macrophages. After 48 h
of incubation, cells were lysed and RNA was purified using
the RNeasy Plus Mini Kit (Qiagen). RNA quality was assessed
using Nanodrop 2000 Spectrometer (ThermoFisher Scientific)
and samples with a 260/280 ratio above 1.6 were used.

Gene Expression

The iScript cDNA Synthesis Kit (Bio-Rad) was used to generate
cDNA from 1 pg of total RNA. Real-time PCR reactions
were performed using the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on a CFX QPCR instrument (Bio-Rad). The
targets and primers used are listed in Supplemental Table 1.
All genes were run in technical and biological triplicate, with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the
housekeeping gene to normalize gene expression.

Statistics

Statistical analyses were performed using GraphPad Prism
(version 7.04 for Windows; GraphPad Software Inc.) and Excel
(version 2016 for Windows; Microsoft Corp.). All statistical tests
used a cutoff p-value of 0.05 for significance and were two-sample
one-tailed student ¢-tests with assumed heteroscedasticity. One-
tailed tests were used to compare values that are all >0 and
to enhance the power to reject the null hypothesis if the null
hypothesis is false (27).

RESULTS

Loss of Myeloid Cell BMPR1a Alters the
Myeloid Compartment

To investigate the role of myeloid BMPR1a in mouse models,
control (CTL) and conditional BMPR1a knockout (cKO) mice
were generated in the FVBn background. Under the myeloid
specific LysMCre promoter, BMPRla was deleted in cKO
mice, or a control lacking floxed alleles was used for CTL
mice. To observe differences in the myeloid compartment

dependent on BMPRI1a loss, bone marrow and spleens were
harvested from 6 week old male mice. Histological analysis
of bone marrow from CTL and BMPR1a cKO mice displayed
similar morphologies (Figure 1A). Flow cytometry analysis
of tissues highlighted changes in the myeloid populations
in the bone marrow (Figure1B). In the bone marrow of
BMPR1a cKO mice, CD11b+/Ly6C+ monocytes were reduced
(Figure 1B). Histological analysis of spleen from CTL and
BMPR1a cKO mice displayed similar morphologies (Figure 1C).
Flow cytometry analysis of spleens highlighted changes in
the myeloid populations (Figure 1D). In the spleen, clear
changes where observed upon BMPRIa knockout in myeloid
cells, with significant reduction for CD11b+ myeloid cells,
CD11b+/Ly6C+ monocytes, and CD11b+/Ly6G neutrophils
(Figure 1D).

Loss of Myeloid Cell BMPR1a Produces

Unique Innate Immune Clusters

To further explore the alternations in myeloid populations
after conditional BMPR1a knockout, we used mass cytometry
(CyTOF) to identify discrete changes in myeloid populations
upon loss of BMPRla. CyTOF analysis of samples allowed
expanded assessment of phenotypic and functional changes
of single immune cells compared to flow cytometry, with
enhanced clustering of high-dimensional analysis (28). CyTOF
analysis with viSNE clustering rather than biaxial gating in
flow cytometry allows for smaller cellular associations to be
identified and reduces the risk of gating out rare cell populations
(29). Bone marrow and spleen were collected from 6 week
old male CTL and BMPRla ¢KO mice. CyTOF staining
with a panel of 26 immune markers (Supplemental Table 3)
produced mixed staining for intracellular cytokines, with more
robust staining for surface immune phenotyping markers.
To generate ViSNE clusters, analysis was performed on
Cytobank where cells were gated off of a DNA+ gate,
followed by a live cell gate then a CD45+ gate to isolate
immune cells (Supplemental Figure 1B). viSNE clustering was
implemented on all CD45+4 cells and included all staining
markers, with gates for CD19+/CD20+ B cells, CD4+ T
cells, CD8+ T cells, CD69+ T cells, Grl+ (Ly6GC+)
cells, CD11b+ cells, and CD11c+ dendritic cells. Despite an
increase in parameters from flow cytometry to CyTOF analysis,
commercial antibodies are still limited for CyTOF staining,
resulting in the Ly6C and Ly6G expression analyzed by flow
cytometry being replaced with Grl for CyTOF. The resulting
viSNE depicts overlaying clusters based on co-expression of
immune markers.

In the naive bone marrow of CTL mice, B cells, CD4+
and CD8+ T cells, Grl+ cells, and CD11b+ cell clusters were
identified (Figure 2A). Based on biaxial gating from naive CTL
bone marrow on Grl and CD11b, two populations emerged—
a Gr1-/CD11b+ gate of 41.51% of cells, and a Gr14-/CDI11b+
gate containing 28.50% of cells. We observed alterations to
the differentiation and lineage capability of immune cells in
the bone marrow upon myeloid BMRIa loss (Figure 2B).
The CDI11b+ cell cluster decreased while the Grl+ cluster
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FIGURE 1 | Loss of myeloid cell BMPR1a alters the bone marrow and spleen compartment. Bone marrow and spleens from tumor naive control (CTL) and LysMCre
BMPR1a knockout (cKO) male mice were harvested. (A) H&E staining of bone marrow from naive CTL and cKO mice. Scale bars indicate 100 um. (B) Flow cytometry
analysis of bone marrow from naive CTL and cKO mice. Viability for naive bone marrow ranged from 7.33 to 14.8%. Mean graphed with SD, *indicates statistical
significance p < 0.05 and **indicates p < 0.01 by Student t-test. (C) H&E staining of spleen from naive CTL and cKO mice. Scale bars indicate 200 um. (D) Flow
cytometry analysis of spleen from naive CTL and cKO mice. Viability for naive spleen ranged from 6.93 to 37.7%. Mean graphed with SD, *indicates statistical
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increased in cKO mouse bone marrow. Biaxial gating on
Grl and CD11b staining inversed, with lower Grl-/CD11b+
cells at 14.79% and increased in Grl4+/CD11b+ cells to
53.52% in the cKO bone marrow. In the naive spleen of
CTL mice, B cells, CD4+, CD8+, and CD69+ T cells, along
with Grl+4 cells and CD11c+ cell clusters were characterized
(Figure 2C). A double positive Gr14/CD11b+ cell population
was identified in the spleen, with 3.17% of cells from naive
CTL spleens. Knocked out BMPRIa in myeloid cells altered

clustering of immune cells in ¢cKO spleens (Figure 2D). The
Grl+ cell cluster was decreased, along with the biaxial gating
on Grl+4/CD11b+ cells, reducing the population to 1.17% of
total cells.

Prostate Tumor Growth Is Restricted in
Myeloid BMPR1a Knockout Mice

We next wanted to examine if BMPRla loss in myeloid
cells influences prostate cancer progression. The mouse FVBn
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FIGURE 2 | Loss of myeloid cell BMPR1a produces unique innate immune clusters. Bone marrow and spleens from three control (CTL) and three LysMCre BMPR1a
knockout (cKO) male mice were harvested. Cells were stained with a 26 antibody panel for mouse immune cell identification and cytokine signaling and run on the
Helios CyTOF. VISNE analysis was preformed to identify unique immune cell clusters. (A) ViSNE of naive bone marrow from CTL mice (left), and biaxial gate (right) from
VISNE of Gr1 and CD11b staining. Viability for CTL naive bone marrow was 99.11%. (B) ViSNE of naive bone marrow from cKO mice (left), and biaxial gate (right) from
VISNE of Gr1 and CD11b staining. Viability for cKO naive bone marrow was 98.75%. (C) ViSNE of naive spleen from CTL mice (left), and biaxial gate (right) from VISNE
of Gr1 and CD11b staining. Viability for CTL naive spleen was 95.6%. (D) viSNE of naive spleen from cKO mice (left), and biaxial gate (right) from viSNE of Gr1 and

CD11b staining. Viability for cKO naive spleen was 95.69%.

syngeneic prostate cancer cell line MyC-CaP was subcutaneously
injected into the flank of CTL and BMPRIla ¢cKO male mice.
The MyC-CaP cell line is unique because it is an androgen
dependent model of mouse prostate adenocarcinoma, while the
majority of available prostate cancer lines are from human
patients and androgen independent due to hormone treatment
(30). Orthotopic and subcutaneous prostate cancer mouse
models using MyC-CaP cells have been extremely informative
in expanding syngeneic tumor studies (31, 32). After 15 days,
the tumors were palpable and growth was monitored by calipers.
Tumor volume progressed until tumors reached the maximum
acceptable size (2cm in any direction) at 29 days (Figure 3A).
The growth of these MyC-CaP tumors correlates with previous
tumor studies, with an increase in tumor volume without
significant alterations to tumor proliferation until day 29 (32).
At day 29, the BMPRIla cKO tumor volume reduction was
statistically significant (p = 0.05) (Figure 3A). At the endpoint
of study, the tumors were resected and analyzed by histology
for H&E (Figure 3B). Analysis of tumor pathology revealed
subtle changes in morphology of the tumors from the CTL
mice compared to the BMPRIA cKO (Figure 3B). Staining for
macrophages expressing F4/80 by IHC showed BMPR1la cKO
tumors exhibited strong macrophage infiltration (Figure 3C).
Flow cytometry analysis of the tumors confirmed significant
increase (p = 0.05) in macrophage F4/80+4 staining in the
BMPRIa cKO tumor mice compared to control (Figure 3D).
To assess if BMPRIla myeloid loss altered proliferation and

cell death in the tumor, tumor sections were stained for Ki-
67 and cleaved caspase-3 by IHC. No change in proliferation
was observed in CTL and BMPR1a c¢KO by Ki-67 staining (p =
0.94) (Supplemental Figures 2A,B). Staining for apoptosis with
cleaved caspase 3 did not change between CTL and BMPR1a cKO
tumors (p = 0.17) (Supplemental Figures 2C,D). Tumors were
also stained for BMPR1a and pPSMAD1/5/8 by IHC to determine
if myeloid BMPRI1a deletion impacts BMPR1a expression and
signaling in the tumor microenvironment. Staining for BMPR1a
and pSMAD1/5/8 was heterogeneous within the tumor and
surrounding stroma, with no difference in staining density
between CTL and cKO tumors (Supplemental Figures 2E,D).

Loss of Myeloid Cell BMPR1a Alters the
Myeloid Compartment in Tumor Bearing
Mice

We evaluated structure and composition changes in bone
marrow and spleen to determine if BMPR1a loss alters the
myeloid compartments of tumor bearing mice. Histology of
the bone marrow from the tumor mice appeared to have the
same structure and pathology in both control and knockout
(Figure 4A). Using flow analysis for immune cell markers
from the bone marrow, the populations of CD11b+ myeloid,
CD11b+/Ly6C+ monocyte, CD11b+/Ly6G+ neutrophil, and
F4/80+ macrophages were unchanged between CTL and cKO
tumor mouse groups (Figure 4B). In the spleen, histological
analysis showed no change in structure and pathology between
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FIGURE 3 | Prostate tumor growth is restricted in myeloid BMPR1a knockout mice. 1 x 10° MyC-CaP cells were injected into both flanks of six control (CTL)
syngeneic mice and six LysMCre BMPR1a knockout (cKO) syngeneic mice (n = 12). Tumors were palpable at 15 days post injection then were allowed to grow for
two additional weeks before tumors reached maximum acceptable size. (A) Flank tumor volume decreases in cKO mice. Tumor volume determined by caliper
measurements for height, width and length. Mean graphed with SEM, *indicates statistical significance p < 0.05 by Student t-test. (B) H&E staining of tumors. Scale
bars indicate 200 um. (C) IHC staining of tumors for F4/80 at day 29. Scale bars indicate 200 wm. (D) Flow cytometry analysis of tumor from CTL and cKO mice.
Viability for tumor ranged from 34.4 to 67.8%. Mean graphed with SD, *indicates statistical significance p < 0.05 and **indicates p < 0.01 by Student t-test.

control and knockout tumor mice (Figure4C). Flow analysis = and CD11b+/Ly6G+ neutrophil populations, but showed a
for immune cells in the spleen of tumor bearing mice exhibited  significant increase in F4/80+ macrophages in the BMPR1a cKO
no change in CD11b+ myeloid, CD11b+/Ly6C+ monocyte  tumor mice (Figure 4D).
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Loss of Myeloid Cell BMPR1a Produces
Unique Innate and Adaptive Immune
Clusters in Tumor Bearing Mice

CyTOF analysis of the tumor, bone marrow, and spleen of control
and BMPR1a knockout mice was performed to identify changes
in immune cell population clusters. The same 26 immune marker
panel and gating strategy was performed again to generate viSNE

clusters (Supplemental Table 3 and Supplemental Figure 1B).
ViSNE clustering was implemented on all CD45+ cells, with
gates for CD19+/CD20+ B cells, CD4+ T cells, CD8+ T
cells, CD69+ T cells, CD3+ T cells, Grl+ cells, CD11b+
cells, CD11c+ dendritic cells, and F4/80+ macrophages. The
bone marrow of tumor bearing mice exhibited B cell, CD4+
T cell, Cd8+ T cell, Grl+ cell, and CDI11b+ cell clusters
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(Figures 5A,B). Biaxial gating on Grl and CD11b expression
for bone marrow from CTL tumor mice exhibited two distinct
populations, 18.56% Gr1-/CD11b+ and 55.29% Gr1+4/CD11b+
(Figure 5A). In cKO tumor bearing bone marrow, no distinct
changes in ViSNE clusters were observed (Figure 5B). However,
the Gr1-/CD11b+ biaxial gated cell proportion was decreased to
14.87% in the bone marrow from cKO tumor bearing mice. In
the spleen, the same immune cell lineages were present as in the
bone marrow but clustering alterations were more pronounced
(Figures 5C,D). One immune cell population was identified that
was 14.26% Grl+4/CD11b+ in the CTL spleen (Figure 5C). In
BMPRI1a cKO tumor bearing spleens, Gr1+ cell, CD4+4 T cell,
and CD8+ T cell clustering was decreased while the B cell
cluster increased (Figure 5D). The cKO spleen Grl+4/CD11b+
population decreased to 11.46% of cells. The MyC-CaP tumors
displayed unique clusters for CD11b+- cells, Grl+ cells, CD11c+
cells, CD3+ T cells, and F4/80+ cells (Figures 5E,F). A unique
population of 40.25% F4/804/TNFa+ MI1-like macrophages
was found in CTL mouse tumors (Figure 5E). In the tumors
of BMPR1a cKO mice, no significant alterations to clustering
was observed, but an increase to 53.18% F4/80+/TNFa+ M1-
like macrophages indicated a shift of macrophages toward M1
polarization (Figure 5F).

Macrophage Polarization Is Altered by
BMPR1a Inhibition

To further investigate BMP dependent macrophage polarization,
macrophage cell lines were polarized into a M2 phenotype and
treated with BMP inhibitor DMH1. DMH1 was selected due
to its higher specificity for BMP type I receptors compared to
other BMP inhibitors including Dorsomorphin and its analog
LDN-193189 (33). In mouse Raw264.7 M2 macrophages, DMH]1
treatment resulted in distinct changes in polarization markers
by RT-PCR. A panel of both M1 (Il-18, Tnfa, Cxcll0, Nos2)
and M2 (II-10, TgfBl, IL-1ra, Vegfl64a, 1I-6, Mmp2, and
Mmpl12) canonical and emerging polarization markers were
used to highlight the distinct molecular phenotypes of BMP
signaling inhibition in mouse cells (34). With the inhibition of
BMP, we were able to see a reduction in Idl, a downstream
effector of BMP signaling in Raw264.7 cells (Figure 6A). DMH]1
treatment resulted in a variety of changes in mouse Raw264.7
M2 macrophages, increasing expression of some M2 markers
(Vegfl64a, II-1ra, II-6), while decreasing in others (1I-10, MMP-
12) (Figure 6A). Mouse Raw264.7 M2 macrophages also showed
a decrease in Cxcl10 and II-18, both M1 macrophage markers,
after inhibition of BMP signaling.

In the human THP-1 monocyte cell line, M2 activation with
DMHI1 treatment showed distinct results (Figure 6B). Human
macrophage polarization markers assessing M1 (CXCLI0, IL-
15 and NOS2) and M2 (IL-10, CCL13, TGFB1, MMP2,
MMPI12, ALOX15, VEGFa, and F13A1) canonical and emerging
biomarkers were used to identify alterations upon BMP
inhibition (35). BMP inhibition in M2 polarized THP-1 cells
resulted in several M2 markers increasing expression (IL-10
and CCL13), while others decreased (TGFB1, MMP2, MMP12,
ALOX15, VEGFa, and FI3AI). M1 markers were equally

divergent. CXCLIO0 and IL-15 expression increased while NOS2
expression decreased upon DMH1 treatment.

To reconcile the results of our mouse Raw264.7 and human
THP-1 cell line M2 polarization, we turned to our genetic
BMPRIa deletion mouse model. We generated primary bone
marrow derived cell lines from control and cKO tumor naive
mice from the C57Bl6 background (Supplemental Figure 3A).
These cell lines, referred to as PODS4 for the control
myeloid cells and PODS5 for the ¢cKO myeloid cells, both
exhibited similar morphologies and expressed EGFP indicating
recombination of the LysMCre (Supplemental Figure 3B).
Both cell lines were sorted by flow cytometry to collect
the double positive tdTomato and EGFP population for
PODS4 while PODS5 were sorted to collect the single
positive EGFP population (Supplemental Figure 3C). PODS4
and PODS5 were then polarized into a M2 phenotype and
assessed for BMP signaling and polarization changes. The
BMP effector Idl was significantly decreased in PODS5
M2 activated cells (Figure 6C). Interestingly, the other BMP
receptors Acvrl (Alk-2), Bmprlb (Alk-6), and Bmpr2 were
not universally altered upon BMPRla deletion. No change
in Acvrl and Bmprlb expression was observed, although the
relative abundance of Bmprlb was at the lower limits of
detection (Supplemental Figure 3D). Bmpr2 was reduced in the
PODS5 M2 cells by 2.3 fold (Supplemental Figure 3D). BMPR1a
knockout in PODS5 decreased the expression of M1 markers
Nos2, II-18 and Tnfa, while Cxcll0 was highly upregulated
(Figure 6C). M2 markers exhibited discordant changes in the
PODS5, with TgfB1, MMP12, and II-1ra decreasing expression
while II-6, Mmp2, and Vegfl64a increased.

Markers of polarization are used to assess if macrophages
possess a tumor promoting or tumor suppressing phenotype.
Across Raw264.7, THP-1, and PODS polarization markers, only
the M2 marker MMP12 decreased in M2 cells with inhibited BMP
signaling in all three cell lines. The remaining polarization genes
were not consistent in their expression for the cell lines, with
NOS2 (M1) and TGFB1 (M2) decreasing in THP-1 and PODS
cells upon BMPRIa activity inhibition while Vegfl64a (M2)
and II-6 (M2) increasing in Raw264.7 and PODS cells. Other
markers were unique to each cell line, with MMP2 (M2) and IL-10
(M2) exhibiting increased, decreased or no change in expression
with BMP inhibition. These findings highlight the complexity of
macrophage polarization and signaling, paralleling the context-
dependent role of BMPs. This disparate polarization in vitro will
lead to a greater diversity of a macrophage response in vivo given
that macrophages in patient tumors are not positionally uniform
or solely dependent upon IL-4 and IL-13 stimulation.

DISCUSSION

The dynamic role of BMPs in cancer have been demonstrated
by highlighting the importance of cellular and environmental
context when studying BMPs. Lineage commitment of cells are
driven by BMPs during development and cancer progression
(36). We demonstrate that BMPs alter the composition of
myeloid cells in lymphatic organs and modify gene expression
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FIGURE 5 | Loss of myeloid cell BMPR1a produces unique innate and adaptive immune clusters in tumor bearing mice. Bone marrow, spleens, and tumors from
control (CTL) and LysMCre BMPR1a knockout (cKO) male mice with flank MyC-CaP tumors were harvested. Cells were stained with a 26 antibody panel for mouse
immune cell identification and cytokine signaling and run on the Helios CyTOF. viSNE analysis was preformed to identify unique immune cell clusters. (A) ViSNE of bone
marrow from tumor bearing CTL mice (left), and biaxial gate (right) from ViSNE of Gr1 and CD11b. Viability for CTL tumor bearing bone marrow was 83.97%. (B) viSNE
of bone marrow from tumor bearing cKO mice (left), and biaxial gate (right) from VISNE of Gr1 and CD11b staining. Viability for cKO tumor bearing bone marrow was
82.7%. (C) VISNE of spleen from tumor bearing CTL mice (left), and biaxial gate (right) from VISNE of Gr1 and CD11b staining. Viability for CTL tumor bearing spleen
was 53.15%. (D) ViSNE of spleen from tumor bearing cKO mice (left), and biaxial gate (right) from VISNE of Gr1 and CD11b staining. Viability for cKO tumor bearing
spleen was 64.59%. (E) VISNE of tumor from tumor bearing CTL mice (left), and biaxial gate (right) from ViSNE of F4/80 and TNFa staining. Viability for CTL tumor was
41.21%. (F) viSNE of tumor from tumor bearing cKO mice (left), and biaxial gate (right) from ViSNE of F4/80 and TNFa staining. Viability for cKO tumor was 40.09%.

polarization markers in M2 polarized myeloid cell lines. In the  that global knockout of BMPRIa results in embryonic lethality
microenvironment of our primary prostate tumors, BMPRla  (24). Unique phenotypes have been reported in conditional
signaling status also influenced myeloid populations, exhibiting ~ BMPRIa deletion models. Our previous work in mammary
strong M1 macrophage infiltration in the BMPRla cKO  gland BMPRIa knockout studies resulted in a unique shift to
tumors. Furthermore, pharmacologic inhibition of polarized  alternate focal morphologies in the knockout tumors, exhibiting
human and mouse macrophages modulates M2-like gene  more desmoplastic, carcinoma-like or squamous cell carcinoma-
expression phenotypes. like features (16). While in osteoblasts, bone structure and

LysMCere is a useful conditional Cre system, with deletion in  strength is improved upon BMPR1a deletion (38). Combining
macrophages, mature macrophages and neutrophils, along with  all three systems for a LysMCre BMPRIla knockout model
monocytes and specific inflammatory and resident monocytes ~ with a double-fluorescence reporter enabled our study of
populations without significantly affecting other myeloid or ~ BMP signaling in myeloid cells. BMPs are required during
lymphoid populations (37). A double-fluorescent Cre reporter ~ hematopoietic precursor development and subsequent lineage
was used to ensure Cre activity, with mice expressing membrane  expansion (39). In this study, mice lacking BMPR1a via LysMCre
tdTomato without recombination, but switch to expressing  deletion were healthy and did not display any gross defects.
membrane EGFP upon Cre mediated excision (25). Conditional =~ This was somewhat surprising due to the overt developmental
knockout of BMPR1a was first used two decades after showing  requirements for BMPRla in many tissues, but indicated
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FIGURE 6 | Macrophage polarization is altered by BMPR1a inhibition. Myeloid cell lines were polarized into M2 macrophages and treated with the BMPR1a inhibitor
DMH1 for 48 h. RNA was isolated and RT-PCR was run to assess gene expression of BMPR1a target genes and macrophage polarization markers. (A) Gene
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and **indicates p < 0.01 by student t-test.

FIGURE 6 | expression of BMP signaling and M1/M2 polarization for Raw264.7 cell line polarized into M2 macrophages with DMH1 or DMSO treatment in triplicate.
Mean graphed with SD, *indicates statistical significance p < 0.05 and **indicates p < 0.01 by student t-test. (B) Gene expression of BMP signaling and M1/M2
polarization for THP-1 cell line polarized into M2 macrophages with DMH1 or DMSO treatment in triplicate. Mean graphed with SD, *indicates statistical significance p
< 0.05 and **indicates p < 0.01 by student t-test. (C) Gene expression of BMP signaling and M1/M2 polarization for PODS4 and PODS5 cell lines polarized into M2
macrophages in triplicate. Mean graphed with SD, ND indicates sample not detected and is below the limits of detection, *indicates statistical significance p < 0.05

the LysMCre BMPRIla mouse model suited the objective of
this study.

BMPs have also been found to impact myeloid cells when
they are transformed into leukemia. In early stages of leukemia,
BMPs are secreted by the surrounding microenvironment, but as
disease progresses the leukemia stem cell population undertakes
heightened BMP signaling (40). In our BMPRla ¢cKO mouse
model, we observed variations in the immune microenvironment
of tumor naive and tumor bearing mice. Research in chronic
myelogenous leukemia (CML) has uncovered BMPs as drivers
of leukemia stem cell survival and expansion of myeloid
progenitors to support disease progression (41). We observed
that CD11b+/Ly6C+ cells in tumor naive bone marrow and
spleen tissues decreased upon loss of BMPRIla signaling,
confirming the supporting role of BMPs in maintaining myeloid
progenitor cell populations. T cell and B cell populations were
not changed upon BMPR1a deletion in tumor naive mice. Tumor
bearing mice exhibited no changes in their CD11b+ myeloid,
CD11b+/Ly6C+ monocyte and CD11b+/Ly6G+ neutrophil
populations in ¢cKO mice, but macrophages were significantly
increased in the spleen and tumor. In the spleen of BMPR1a
cKO mice, T cells were decreased while B cell increased.
Tyrosine kinase inhibitor resistant CML patients exhibit higher
BMP4 production and its receptor BMPR1b to form a CML
promoting autocrine loop (42). Genetically inhibiting myeloid
BMP signaling reduces tumor progression in our mouse model,
confirming the requirement of BMPs in certain cancer contexts.
Acute myeloid leukemia (AML) patients who express high BMP-
4 and BMPR1a have higher relapse risk due to enhanced leukemia
stemness (43). Our study supports the concept that BMP
signaling in myeloid cells promotes undifterentiated phenotypes.

BMPs play a vital role in skeletal development and
homeostasis of bone remodeling mediated by osteoblasts and
osteoclasts. Crosstalk of BMPs mediate the balance between
osteoblast driven bone mineralization and osteoclast bone
resorption. Since osteoclasts originate from a myeloid lineage,
LysMCre BMPR1a deletion will also impact osteoclast monocyte
progenitors and may be included in the loss of undifferentiated
myeloid cells in cKO tissues (44). Osteoclast progenitors have
also been found to exhibit a CD11b4/Ly6CPM8" phenotype,
possibly contributing to the changes observed in myeloid cell
populations in this study (45). BMPRIla loss in osteoclasts
promotes osteoblast mediated bone mineralization (46). In
another BMPR1a mature osteoclast knockout study, osteoblastic
bone formation increased, confirming that BMPR1a signaling
from osteoclasts affects osteoblast function (47). Interestingly,
when BMPRIa is deleted in a osteoblast specific knockout
mouse model, bone mass was increased due to reduced
osteoclastogenesis, signifying the importance of downstream

BMP signaling by RANKL or sclerostin to regulate bone
biology (48). The number of osteoclasts and mineralization rate
decreased in the osteoblast BMPR1a knockout model, the bone
formation rate also decreased despite increased bone mass (49).
These studies highlight once again the context dependent and
discrete usage of BMPs in bone development and disease.

BMP signaling in cancer associated myeloid cells is similarly
complex, influencing macrophage polarization and subsequent
cancer progression. BMP-2 expression has been described in
a plethora of macrophage subtypes, with M1 macrophages
secreting particularly high levels of BMP-2 (50, 51). BMP-2 is also
involved in monocyte chemotaxis and cell adhesion, and prevents
their differentiation into M2 macrophages, demonstrating its
role in pro-inflammatory signaling (52). M2 macrophages
stimulate mesenchymal stem cell proliferation and osteogenic
differentiation through BMP-2 signaling (53). Conversely, in
acute lymphoblastic leukemia BMP-4 is secreted to drive
anti-inflammatory myeloid phenotypes, with dendritic cell
immunosuppressive polarization, reduced M1 pro-inflammatory
signature, and increased M2 macrophage generation (10). BMP-4
secreted from bladder cancer cell lines favored the polarization of
monocytes and macrophages into the M2 macrophage phenotype
(54). Similarly, in renal cell carcinoma BMP-6 production
supports M2 macrophages and subsequent cancer progression
(55). BMP-7 has also been shown to promote M2 polarization
to promote anti-inflammatory activity (56, 57). Wound healing
is enhanced by BMP-12 driving M2 polarization and effector
function (58). Taken together these studies demonstrate a
complex BMP ligand capacity to enforce a restricted macrophage
inflammatory subset. In our study, the loss of BMP signaling
in M2 polarized macrophages reduced the M2 pro-tumorigenic
phenotype. This suggests that BMPRI1a deletion in prostate
tumor macrophages may inhibit the growth of tumors in
vivo. Thus, targeting BMP signaling in macrophages may be
a viable cancer therapy approach for reducing prostate cancer
progression in patients.

In our previous breast cancer mouse model, treating mice
with DMHI1 reduced tumor progression and metastasis (15).
This study also demonstrated that systemic BMP inhibition
restricted M2 macrophage development in macrophages isolated
from tumors, with reduced Nos2, II-10, II-18, and Cox2
gene expression (15). In wild type monocytes from tumor
naive mice, DMHI1 treatment resulted in reduced M2 gene
expression by Argl, II-10, II-4, Mmp2, Mmp9, and Mmp13 (15).
This suggests that BMPs are required for a unique myeloid
and macrophage lineage that promotes cancer. Genetic and
pharmacologic inhibition of BMP signaling is sufficient to alter
the myeloid microenvironment of tumors as well as spleen
and bone marrow compartments in this study. Overall, a
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shift toward a M1 phenotype was observed upon BMPRla
deletion in myeloid cells, yet gene expression of M1 and M2
markers were variable across Raw264.7, THP-1, and PODS
cell lines. In cancer and many diseases, macrophages reflect
a broader and more complex phenotype than simply M1 or
M2 polarization (59). M1 and M2 signatures are no longer
thought of as exclusive, rather they often coexist as a spectrum
dependent upon cell type transcriptional responses (59, 60). A
combination of markers were used in our experiments to better
delineate macrophage polarization phenotypes, as individual
genes are not sufficient to specify macrophage subsets (61).
For example, II-6 is expressed in M1 and a subset of M2
macrophages, thus only in combination with other markers can
II-6 expression help understand macrophage polarization (62).
Aligning the expression of a M1 marker such as TNFo or a M2
marker such as IL-6 with functional activity will help determine
the signaling consequences in tumor associated macrophages.
Beyond reducing the M2 phenotype of macrophages, the
reduction in prostate tumor progression highlights a potential
new paradigm to rewire the tumor microenvironment toward
anti-tumor M1 macrophages.

Advanced prostate cancer patients face limited treatment
options as their disease progresses under androgen-deprivation
therapy and chemotherapy resistance. To alleviate tumor
therapy resistance, the tumor microenvironment has become
the target of basic and translational prostate cancer research
(63). Myeloid cells are an important component of the
tumor microenvironment and maintain signals in the stroma
surrounding the tumor to either promote or inhibit tumor
growth. Future studies into the role of BMPs in other
pro-tumorigenic and anti-tumorigenic mechanisms such as
phagocytosis can advance the field of therapeutic approaches
for prostate cancer (64). Prostate cancer metastasizes most
commonly to the bone, and induces tumor induced bone
disease that results in extended suffering before patients
succumb to the disease. Prostate cancer cells as well as
the stroma of the bone marrow are supported by BMP
signaling to drive bone metastases (65). A recent study
showed that inhibition of BMP signaling improved bone
health without increasing tumor growth in the bones of a
multiple myeloma mouse model (66). Our findings support
further investigation into how myeloid BMP drives tumor

REFERENCES

1. Katagiri T, Watabe T. Bone morphogenetic proteins. Cold Spring Harb
Perspect Biol. (2016) 8:a021899. doi: 10.1101/cshperspect.a021899

2. Urist MR. Bone: formation by autoinduction. Science. (1965) 150:893-
9. doi: 10.1126/science.150.3698.893

3. Berendsen AD, Olsen BR. Bone development. Bone. (2015) 80:14-
8. doi: 10.1016/j.bone.2015.04.035

4. Beppu H, Kawabata M, Hamamoto T, Chytil A, Minowa O, Noda T, et al. BMP
Type II receptor is required for gastrulation and early development of mouse
embryos. (2000) 221:249-58. doi: 10.1006/dbio.2000.9670

5. Mishina Y, Suzuki A, Ueno N, Behringer RR. Bmpr encodes a type I bone
morphogenetic protein receptor that is essential for gastrulation during mouse
embryogenesis. Genes Dev. (1995) 9:3027-37. doi: 10.1101/gad.9.24.3027

progression, and how to target BMP signaling in the metastatic
tumor microenvironment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The animal study was reviewed and approved by Vanderbilt
IACUC, Vanderbilt University.

AUTHOR CONTRIBUTIONS

PO conceived and designed experiments. CI, MP, DS, SN,
and PO performed experiments. CI and PO wrote and edited
the manuscript.

FUNDING

This work was supported by VA Grant 1KBX00002929 (PO)
and NIH grant P30CA046934 for the Colorado Cancer Center
Support grant. NIH RO1CA200681 (SN), the Vanderbilt TPSR
supported by NCI/NIH Cancer Center Support Grant 2P30
CA068485-14, and the Vanderbilt Mouse Metabolic Phenotyping
Center Grant 5U24DK059637-13 also supported this study.

ACKNOWLEDGMENTS

We thank Hannah Polikowsky and Jonathan Irish from
the Vanderbilt University Cancer and Immunology Core for
technical assistance with CyTOF. We also thank Dmitry Baturin
and Lester Acosta from the CU Cancer Center Flow Cytometry
Shared Resource for assistance with flow cytometry sorting.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00357/full#supplementary-material

6. Crisan M, Kartalaei PS, Vink CS, Yamada-Inagawa T, Bollerot K, van Ijcken
W, et al. BMP signalling differentially regulates distinct haematopoietic
stem cell types. Nature Commun. (2015) 6:8040. doi: 10.1038/ncom
ms9040

7. Zhang ], Niu C, Ye L, Huang H, He X, Tong W-G, et al. Identification of the
haematopoietic stem cell niche and control of the niche size. Nature. (2003)
425:836-41. doi: 10.1038/nature02041

8. Cook BD, Evans T. BMP signaling balances murine myeloid potential
through SMAD-independent p38MAPK and NOTCH pathways. Blood.
(2014) 124:393-402. doi: 10.1182/blood-2014-02-556993

9. Khurana S, Melacarne A, Yadak R, Schouteden S, Notelaers T, Pistoni M, et al.
SMAD signaling regulates CXCL12 expression in the bone marrow niche,
affecting homing and mobilization of hematopoietic progenitors. Stem Cells.
(2014) 32:3012-22. doi: 10.1002/stem.1794

Frontiers in Oncology | www.frontiersin.org

13

April 2020 | Volume 10 | Article 357


https://www.frontiersin.org/articles/10.3389/fonc.2020.00357/full#supplementary-material
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1016/j.bone.2015.04.035
https://doi.org/10.1006/dbio.2000.9670
https://doi.org/10.1101/gad.9.24.3027
https://doi.org/10.1038/ncomms9040
https://doi.org/10.1038/nature02041
https://doi.org/10.1182/blood-2014-02-556993
https://doi.org/10.1002/stem.1794
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Ihle et al.

BMPR1a Potentiates Prostate Tumor Macrophages

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Valencia J, Ferndndez-Sevilla LM, Fraile-Ramos A, Sacedén R, Jiménez E,
Vicente A, et al. Acute lymphoblastic leukaemia cells impair dendritic
cell and macrophage Differentiation: role of BMP4. Cells. (2019)
8:722. doi: 10.3390/cells8070722

Wei E Zhou Y, Wang J, Liu C, Xiao Y. The Immunomodulatory Role of
BMP-2 on macrophages to accelerate osteogenesis. Tissue Eng Part A. (2018)
24:584-94 doi: 10.1089/ten.tea.2017.0232

Jiramongkolchai P, P, Hong CC. Emerging roles of
the bone morphogenetic protein pathway in potential
therapeutic target for kinase inhibition. Biochem Soc Trans. (2016)
44:1117-34. doi: 10.1042/BST20160069

Choi YJ, Kim ST, Park KH, Oh SC, Seo JH, Shin SW, et al. The serum bone
morphogenetic protein-2 level in non-small-cell lung cancer patients. Med
Oncol. (2012) 29:582-8. doi: 10.1007/s12032-011-9852-9

Davis H, Raja E, Miyazono K, Tsubakihara Y, Moustakas A. Mechanisms of
action of bone morphogenetic proteins in cancer. Cytokine Growth Factor Rev.
(2016) 27:81-92. doi: 10.1016/j.cytogfr.2015.11.009

Owens P, Pickup MW, Novitskiy SV, Giltnane JM, Gorska AE, Hopkins CR,
et al. Inhibition of BMP signaling suppresses metastasis in mammary cancer.
Oncogene. (2015) 34:2437-49. doi: 10.1038/0nc.2014.189

Pickup MW, Hover LD, Guo Y, Gorska AE, Chytil A, Novitskiy
SV, et al. Deletion of the BMP receptor BMPRla impairs
mammary tumor formation and metastasis. Oncotarget. (2015)
6:22890-904. doi: 10.18632/oncotarget.4413

Ehata S, Yokoyama Y, Takahashi K, Miyazono K. Bi-directional roles of bone
morphogenetic proteins in cancer: Another molecular Jekyll and Hyde? Pathol
Int. (2013) 63:287-96. doi: 10.1111/pin.12067

Alarmo EL, Kallioniemi A. Bone morphogenetic proteins in breast cancer:
dual role in tumourigenesis? Endocr Relat Cancer. (2010) 17:R123-
39. doi: 10.1677/ERC-09-0273

Ide H, Yoshida T, Matsumoto N, Aoki K, Osada Y, Sugimura T, et al. Growth
regulation of human prostate cancer cells by bone morphogenetic protein-2.
Cancer Res. (1997) 57:5022-7.

Ye L, Mason MD, Jiang WG. Bone morphogenetic protein and bone
metastasis, implication and therapeutic potential. Front Biosci. (2011) 16:865—
97. doi: 10.2741/3725

Miyazaki H, Watabe T, Kitamura T, Miyazono K. BMP signals inhibit
proliferation and in vivo tumor growth of androgen-insensitive prostate
carcinoma cells. Oncogene. (2004) 23:9326-35. doi: 10.1038/sj.onc.1208127

Owens
cancer:

Haudenschild DR, Palmer SM, Moseley TA, You Z, Reddi
AH. Bone morphogenetic protein  (BMP)-6  signaling  and
BMP antagonist noggin in prostate cancer. Cancer Res. (2004)

64:8276-84. doi: 10.1158/0008-5472.CAN-04-2251

Clausen BE, Burkhardt C, Reith W, Renkawitz R, Forster I. Conditional gene
targeting in macrophages and granulocytes using LysMcre mice. Transgenic
Res. (1999) 8:265-77. doi: 10.1023/A:1008942828960

Mishina Y, Hanks MC, Miura S, Tallquist MD, Behringer RR.
Generation of Bmpr/Alk3 conditional knockout mice. Genesis. (2002)
32:69-72. doi: 10.1002/gene.10038

Muzumdar MD, Tasic B, Miyamichi K, Li L, Luo L. A global
double-fluorescent Cre reporter Genesis.  (2007)  45:593—
605. doi: 10.1002/dvg.20335

Hover LD, Young CD, Bhola NE, Wilson AJ, Khabele D, Hong CC,
et al. Small molecule inhibitor of the bone morphogenetic protein pathway
DMHI reduces ovarian cancer cell growth. Cancer Lett. (2015) 368:79-
87. doi: 10.1016/j.canlet.2015.07.032
Ruxton GD, Neuhduser M. When
hypothesis  testing? =~ Methods  Ecol
7. doi: 10.1111/§.2041-210X.2010.00014.x
Kimball AK, Oko LM, Bullock BL, Nemenoff RA, van Dyk LE, Clambey ET. A
beginner’s guide to analyzing and visualizing mass cytometry data. ] Immunol.
(2018) 200:3-22. doi: 10.4049/jimmunol.1701494

Mair E, Hartmann FJ, Mrdjen D, Tosevski V, Krieg C, Becher B. The end of
gating? An introduction to automated analysis of high dimensional cytometry
data. Eur. J. Immunol. (2016) 46:34-43. doi: 10.1002/eji.201545774

Watson PA, Ellwood-Yen K, King JC, Wongvipat J, LeBeau MM, Sawyers
CL. Context-Dependent Hormone-Refractory progression revealed through

mouse.

one-tailed
1:114-

should we
Evolution.

use
(2010)

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

characterization of a novel murine prostate cancer cell line. Cancer Res. (2005)
65:11565-71. doi: 10.1158/0008-5472.CAN-05-3441

Hughes RM, Simons BW, Hurley PJ. A murine orthotopic allograft
to model prostate cancer growth and metastasis. Bio Protoc. (2017)
7:€2137. doi: 10.21769/BioProtoc.2137

Ellis L, Lehet K, Ramakrishnan S, Adelaiye R, Pili R. Development of a
castrate resistant transplant tumor model of prostate cancer. Prostate. (2012)
72:587-91. doi: 10.1002/pros.21465

Hao J, Ho JN, Lewis JA, Karim KA, Daniels RN, Gentry PR, et al.
In vivo Structure-Activity relationship study of dorsomorphin analogues
identifies selective VEGF and BMP Inhibitors. ACS Chem Biol. (2010) 5:245-
53. doi: 10.1021/cb9002865

Jablonski KA, Amici SA, Webb LM, Ruiz-Rosado JDD, Popovich PG, Partida-
Sanchez S, et al. Novel markers to delineate murine M1 and M2 macrophages.
PL0oS ONE. (2015) 10:e0145342. doi: 10.1371/journal.pone.0145342

Becker M, De Bastiani MA, Parisi MM, Guma FTCR, Markoski MM, Castro
MAA, et al. Integrated transcriptomics establish macrophage polarization
signatures and have potential applications for clinical health and disease. Sci
Rep. (2015) 5:13351. doi: 10.1038/srep13351

Bach D-H, Park HJ, Lee SK. The dual role of bone morphogenetic proteins in
cancer. Mol Ther Oncolytics. (2017) 8:1-13. doi: 10.1016/j.0mt0.2017.10.002
Abram CL, Roberge GL, Hu Y, Lowell CA. Comparative analysis
of the efficiency and specificity of myeloid-Cre deleting strains
using ROSA-EYFP reporter mice. | Immunol Methods. (2014)
408:89-100. doi: 10.1016/j.jim.2014.05.009

Zhang Y, McNerny EG, Terajima M, Raghavan M, Romanowicz G, Zhang
Z, et al. Loss of BMP signaling through BMPRIA in osteoblasts leads
to greater collagen cross-link maturation and material-level mechanical
properties in mouse femoral trabecular compartments. Bone. (2016) 88:74-
84. doi: 10.1016/j.bone.2016.04.022

Johansson BM, Wiles MV. Evidence for involvement of activin A and
bone morphogenetic protein 4 in mammalian mesoderm and hematopoietic
development. Mol Cell Biol. (1995) 15:141-51. doi: 10.1128/MCB.15.1.141
Zylbersztejn F, Flores-Violante M, Voeltzel T, Nicolini F-E, Lefort
S, Maguer-Satta V. The BMP pathway: A unique tool to decode
the origin and progression of leukemia. Exp Hematol. (2018)
61:36-44. doi: 10.1016/j.exphem.2018.02.005

Laperrousaz B, Jeanpierre S, Sagorny K, Voeltzel T, Ramas S, Kaniewski
B, et al. Primitive CML cell expansion relies on abnormal levels of BMPs
provided by the niche and on BMPRIb overexpression. Blood. (2013)
122:3767-77. doi: 10.1182/blood-2013-05-501460

Grockowiak E, Laperrousaz B, Jeanpierre S, Voeltzel T, Guyot B, Gobert S,
et al. Immature CML cells implement a BMP autocrine loop to escape TKI
treatment. Blood. (2017) 130:2860-71. doi: 10.1182/blood-2017-08-801019
Voeltzel T, Flores-Violante M, Zylbersztejn F, Lefort S, Billandon M,
Jeanpierre S, et al. A new signaling cascade linking BMP4, BMPRIA,
ANp73 and NANOG impacts on stem-like human cell properties and patient
outcome. Cell Death Dis. (2018) 9:1011. doi: 10.1038/s41419-018-1042-7

Li A, Cong Q, Xia X, Leong WE Yeh J, Miao D, et al. Pharmacologic calcitriol
inhibits osteoclast lineage commitment via the BMP-Smadl and IkB-NF-kB
pathways. ] Bone miner Res. (2017) 32:1406-20. doi: 10.1002/jbmr.3146
Jacome-Galarza CE, Lee S-K, Lorenzo JA, Aguila HL. Identification,
characterization, and isolation of a common progenitor for osteoclasts,
macrophages, and dendritic cells from murine bone marrow and periphery.
J Bone Miner Res. (2013) 28:1203-13. doi: 10.1002/jbmr.1822

Shi C, Zhang H, Louie Ka, Mishina Y, Sun H. BMP signaling
mediated by BMPRIA in osteoclasts negatively regulates osteoblast
mineralization through suppression of Cx43. ] Cell Biochem. (2017)
118:605-14. doi: 10.1002/jcb.25746

Okamoto M, Murai J, Imai Y, Ikegami D, Kamiya N, Kato S, et al. Conditional
deletion of Bmprla in differentiated osteoclasts increases osteoblastic bone
formation, increasing volume of remodeling bone in mice. ] Bone Miner Res.
(2011) 26:2511-22. doi: 10.1002/jbmr.477

Kamiya N, Ye L, Kobayashi T, Mochida Y, Yamauchi M, Kronenberg HM,
et al. BMP signaling negatively regulates bone mass through sclerostin
by inhibiting the canonical Wnt pathway. Development. (2008) 135:3801-
11. doi: 10.1242/dev.025825

Frontiers in Oncology | www.frontiersin.org

April 2020 | Volume 10 | Article 357


https://doi.org/10.3390/cells8070722
https://doi.org/10.1089/ten.tea.2017.0232
https://doi.org/10.1042/BST20160069
https://doi.org/10.1007/s12032-011-9852-9
https://doi.org/10.1016/j.cytogfr.2015.11.009
https://doi.org/10.1038/onc.2014.189
https://doi.org/10.18632/oncotarget.4413
https://doi.org/10.1111/pin.12067
https://doi.org/10.1677/ERC-09-0273
https://doi.org/10.2741/3725
https://doi.org/10.1038/sj.onc.1208127
https://doi.org/10.1158/0008-5472.CAN-04-2251
https://doi.org/10.1023/A:1008942828960
https://doi.org/10.1002/gene.10038
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1016/j.canlet.2015.07.032
https://doi.org/10.1111/j.2041-210X.2010.00014.x
https://doi.org/10.4049/jimmunol.1701494
https://doi.org/10.1002/eji.201545774
https://doi.org/10.1158/0008-5472.CAN-05-3441
https://doi.org/10.21769/BioProtoc.2137
https://doi.org/10.1002/pros.21465
https://doi.org/10.1021/cb9002865
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1038/srep13351
https://doi.org/10.1016/j.omto.2017.10.002
https://doi.org/10.1016/j.jim.2014.05.009
https://doi.org/10.1016/j.bone.2016.04.022
https://doi.org/10.1128/MCB.15.1.141
https://doi.org/10.1016/j.exphem.2018.02.005
https://doi.org/10.1182/blood-2013-05-501460
https://doi.org/10.1182/blood-2017-08-801019
https://doi.org/10.1038/s41419-018-1042-7
https://doi.org/10.1002/jbmr.3146
https://doi.org/10.1002/jbmr.1822
https://doi.org/10.1002/jcb.25746
https://doi.org/10.1002/jbmr.477
https://doi.org/10.1242/dev.025825
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Ihle et al. BMPR1a Potentiates Prostate Tumor Macrophages
49. Kamiya N, Ye L, Kobayashi T, Lucas DJ, Mochida Y, Yamauchi M, et al. 59. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
Disruption of BMP signaling in osteoblasts through type IA receptor activation: time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/
(BMPRIA) increases bone mass. | Bone Miner Res. (2008) 23:2007- P6-13
17. doi: 10.1359/jbmr.080809 60. Franco LM, Gadkari M, Howe KN, Sun ], Kardava L, Kumar P, et al.
50. Pallotta I, Sun B, Wrona EA, Freytes DO. BMP protein-mediated Immune regulation by glucocorticoids can be linked to cell type-dependent
crosstalk  between inflammatory cells and human pluripotent transcriptional responses. (2019) 216:384-406. doi: 10.1084/jem.20180595
stem cell-derived cardiomyocytes. ] Tissue Eng Regen Med. (2017) 61. Wang LX, Zhang SX, Wu HJ, Rong XL, Guo J. M2b macrophage
11:1466-78. doi: 10.1002/term.2045 polarization and its roles in diseases. J Leukoc Biol. (2019) 106:345-
51. Dube PR, Birnbaumer L, Vazquez G. Evidence for constitutive bone 58. doi: 10.1002/JLB.3RU1018-378RR
morphogenetic protein-2 secretion by MI1 macrophages: constitutive 62. Xiao P, Dong C, Yue Y, Xiong S. Dynamic expression of microRNAs in M2b
auto/paracrine osteogenic signaling by BMP-2 in M1 macrophages. Biochem polarized macrophages associated with systemic lupus erythematosus. (2014)
Biophys Res Commun. (2017) 491:154-8. doi: 10.1016/j.bbrc.2017.07.065 547:300-9. doi: 10.1016/j.gene.2014.06.065
52. Pardali E, Makowski LM, Leffers M, Borgscheiper A, Waltenberger J. BMP-2 63. Wade CA, Kyprianou N. Profiling prostate cancer therapeutic resistance. Int
induces human mononuclear cell chemotaxis and adhesion and modulates Mol Sci. (2018) 19:904. doi: 10.3390/ijms19030904
monocyte-to-macrophage differentiation. J Cell Mol Med. (2018) 22:5429- 64. Feng M, Jiang W, Kim BYS, Zhang CC, Fu Y-X, Weissman IL. Phagocytosis
38. doi: 10.1111/jcmm.13814 checkpoints as new targets for cancer immunotherapy. Nat Rev Cancer. (2019)
53. Zhang Y, Bose T, Unger RE, Jansen JA, Kirkpatrick CJ, van den Beucken 19:568-86. doi: 10.1038/s41568-019-0183-z
JJJP. Macrophage type modulates osteogenic differentiation of adipose tissue 65. Nishimori H, Ehata S, Suzuki HI, Katsuno Y, Miyazono K. Prostate cancer
MSCs. Cell Tissue Res. (2017) 369:273-86. doi: 10.1007/s00441-017-2598-8 cells and bone stromal cells mutually interact with each other through bone
54. Martinez VG, Rubio C, Martinez-Fernandez M, Segovia C, Lopez-Calderén morphogenetic Protein-mediated Signals J Biol Chem. (2012) 287:20037-
E Garin MI, et al. BMP4 Induces M2 macrophage polarization and favors 46. doi: 10.1074/jbc.M112.353094
tumor progression in bladder cancer. Clin Cancer Res. (2017) 23:7388- 66. Gooding S, Olechnowicz SWZ, Morris EV, Armitage AE, Arezes ], Frost
99. doi: 10.1158/1078-0432.CCR-17-1004 J, et al. Transcriptomic profiling of the myeloma bone-lining niche reveals
55. Lee J-H, Lee GT, Woo SH, Ha Y-S, Kwon SJ, Kim W-]J, et al. BMP-6 in renal BMP signalling inhibition to improve bone disease. Nat Commun. (2019)
cell carcinoma promotes tumor proliferation through IL-10-dependent M2 10:4533. doi: 10.1038/s41467-019-12296-1
polarization of tumor-associated macrophages. Cancer Res. (2013) 73:3604-
14. doi: 10.1158/0008-5472.CAN-12-4563 Conlflict of Interest: The authors declare that the research was conducted in the
56. Urbina P, Singla DK. BMP-7 attenuates adverse cardiac remodeling mediated absence of any commercial or financial relationships that could be construed as a
through M2 macrophages in prediabetic cardiomyopathy. Am J Physiol Heart potential conflict of interest.
Circ Physiol. (2014) 307:H762-72. doi: 10.1152/ajpheart.00367.2014
57. Rocher C, Singla DK. SMAD-PI3K-Akt-mTOR pathway mediates BMP- Copyright © 2020 Ihle, Straign, Provera, Novitskiy and Owens. This is an open-access
7 polarization of monocytes into M2 macrophages. PLoS ONE. (2013) article distributed under the terms of the Creative Commons Attribution License (CC
8:¢84009. doi: 10.1371/journal.pone.0084009 BY). The use, distribution or reproduction in other forums is permitted, provided
58. Gelberman RH, Linderman SW, Jayaram R, Dikina AD, Sakiyama-Elbert S, the original author(s) and the copyright owner(s) are credited and that the original

Alsberg E, et al. Combined administration of ASCs and BMP-12 promotes an
M2 macrophage phenotype and enhances tendon healing. Clin Orthop Relat
Res. (2017) 475:2318-31. doi: 10.1007/s11999-017-5369-7

publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

15

April 2020 | Volume 10 | Article 357


https://doi.org/10.1359/jbmr.080809
https://doi.org/10.1002/term.2045
https://doi.org/10.1016/j.bbrc.2017.07.065
https://doi.org/10.1111/jcmm.13814
https://doi.org/10.1007/s00441-017-2598-8
https://doi.org/10.1158/1078-0432.CCR-17-1004
https://doi.org/10.1158/0008-5472.CAN-12-4563
https://doi.org/10.1152/ajpheart.00367.2014
https://doi.org/10.1371/journal.pone.0084009
https://doi.org/10.1007/s11999-017-5369-7
https://doi.org/10.12703/P6-13
https://doi.org/10.1084/jem.20180595
https://doi.org/10.1002/JLB.3RU1018-378RR
https://doi.org/10.1016/j.gene.2014.06.065
https://doi.org/10.3390/ijms19030904
https://doi.org/10.1038/s41568-019-0183-z
https://doi.org/10.1074/jbc.M112.353094
https://doi.org/10.1038/s41467-019-12296-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Loss of Myeloid BMPR1a Alters Differentiation and Reduces Mouse Prostate Cancer Growth
	Introduction
	Materials and Methods
	Cell Culture
	Mouse Models
	Primary Bone Marrow Derived BMPR1a Control and cKO Cell Lines
	Histology and Immunohistochemistry (IHC)
	Flow Cytometry
	CyTOF
	Macrophage Polarization With BMP Inhibition
	Gene Expression
	Statistics

	Results
	Loss of Myeloid Cell BMPR1a Alters the Myeloid Compartment
	Loss of Myeloid Cell BMPR1a Produces Unique Innate Immune Clusters
	Prostate Tumor Growth Is Restricted in Myeloid BMPR1a Knockout Mice
	Loss of Myeloid Cell BMPR1a Alters the Myeloid Compartment in Tumor Bearing Mice
	Loss of Myeloid Cell BMPR1a Produces Unique Innate and Adaptive Immune Clusters in Tumor Bearing Mice
	Macrophage Polarization Is Altered by BMPR1a Inhibition

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


